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Editorial on the Research Topic
 Enzyme or Whole Cell Immobilization for Efficient Biocatalysis: Focusing on Novel Supporting Platforms and Immobilization Techniques



Biocatalysts represented by enzymes and enzyme-containing whole cells are generally fragile and easily inactivated in practical application conditions. The immobilization concept and techniques have been recognized as classic and powerful strategy for tackling such challenges (Hanefeld et al., 2009). Based on this background, a special Research Topic entitled Enzyme or Whole Cell Immobilization for Efficient Biocatalysis: Focusing on Novel Supporting Platforms and Immobilization Techniques had been organized and presented in the platform of Frontiers in Bioengineering and Biotechnology, which aimed to collect different insights and latest findings regarding but not limited to new theories, techniques and methodologies in this area. Over the past year since Sept. 2019, this Research Topic has attracted 242 authors from more than 10 countries to participate and contribute their manuscripts. Consequently, this special issue has selected and presented 40 peer-reviewed articles to meet the readers, including 31 Original Researches, four Brief Research Reports, four Reviews, and one General Commentary, which involved various aspects and every corner of this area.

When it refers to the concept of immobilization, a crucial thing that foremost comes to mind is the supporting platform, which belongs to the most concerned issues of this Research Topic. The design or discovery of novel enzyme/whole cell supporting materials with desired properties and performances (e.g., high biocatalysts loading efficiency, favorable chemical and mechanical stability, wide applicability, high biocompatibility, as well as low cost) are fairly important. In this context, multifarious immobilization carriers have been reported in this Research Topic, ranging from natural origin matrixes to artificial synthetic materials (e.g., porous, polymeric, nanostructured or magnetic materials) and more. From the aspect of natural origin matrixes, for instance, Lin et al. employed the deep eutectic solvents-treated chitosan as supporting platform for immobilizing papain, realizing enhanced thermostability of the guest enzyme, thanks to the microporous structure and suitable catalytic microenvironment of the immobilized enzyme. Other natural matrixes or their derivatives, including agarose spheres or beads (Li, Zhang et al., Ahumada et al.), pichia pastoris (Han et al.), glyoxyl- and octyl-agarose (Ubilla et al., Arana-Peña et al.), novel affinity tag ChBD-AB from Chitinolyticbacter meiyuanensis SYBC-H1 (Zhou, Chen et al.) and chitin (Zhou, Zhang et al.), were also well designed and employed for immobilization of various enzymes, demonstrating their green, sustainable, and high biocompatibility properties.

Synthetic materials are very intricate but prevalent and versatile supporting matrixes that have been widely employed. These materials can be empirically divided into inorganic carriers, cellular or mesoporous materials, polymeric materials, microcapsules, nanomaterials and magnetic materials, though they may show certain overlap in the taxonomy. Specifically, for instance, Wang, Owusu-Fordjour et al. developed various metal-chelated magnetic silica nanoparticles for immobilizing laccase, which were further used for apple juice clarification. Other representative and interesting artificial synthetic materials, such as metal ions modified hollow mesoporous silica spheres (HMSS-NH2-Metal, Zeng et al.), mesostructured cellular foams (Kumpf et al.), Fe3O4-based functional materials (Fe3O4@graphene oxide, Wan et al.; magnetic Fe3O4@polydopamine, Bi et al.; Fe3O4@chitosan, Liu et al.; Fe3O4@3-aminopropyltriethoxysilane, Moreira et al.), metal-organic frameworks (MOFs, Lei et al., Xia et al., Li et al., Wang et al., Xu et al.), mesoporous CaCO3 microspheres (Lee et al., Han et al.) and traditional resin materials (Guo et al., Yang et al.), were also rationally fabricated and employed, showing huge potential in improving the catalytic performances of the immobilized biocatalysts. Among them, it is worth noting that MOFs have emerged as attritive and efficient supporting matrixes for enzyme or whole cell immobilization, attribute to their unique features such as high specific surface area and pore volumes, tunable and uniform topological structure, as well as competent stability in certain environments (Liang et al., 2020). For instance, Wang, Zhang et al. developed a facile method for synthesis of Candida antarctica lipase-embedded MOFs (CalB@ZIF-8), which was successfully applied in size-selective transesterification reaction with higher catalytic activity and thermostability, due to the intrinsic micropores of the robust ZIF-8 shell.

In addition to abovementioned materials, some commercially available enzyme preparations in the immobilized forms were also employed, mainly focusing on their practical applications (Xia, Wan et al., Chen et al., Ma et al.). These fully-developed enzyme preparations are not only the beacons for the development of immobilized biocatalysts, but also the goals we want to approach or even surpass. Moreover, carrier-free (Zang et al.), hybrid nanoflower (Wu et al.) and functional nanomembrane (Mazzei et al.) for enzyme or whole cell immobilization were also recorded in this Research Topic. The review articles, presented by Rodriguez-Abetxuko et al., Xu et al., and Xia, Li et al., systematically introduced various kinds of supporting scaffolds for biocatalysts immobilization, which provide more information for the readers with further interests.

The advanced techniques for enzyme or whole cell immobilization and other relevant frontier methodologies are also the major concerns of this Research Topic. Generally, enzyme or whole cell can be immobilized on/in the selected supports via principal routes of adsorption, covalent binding, cross-linking or encapsulation (Taheri-Kafrani et al., 2000). Following the general principles, nevertheless, a large number of cutting-edge technologies emerged in our Research Topic articles. For instance, Han et al. constructed a novel cell surface display system for anchoring Thermomyces lanuginosus lipase (TLL) on the yeast cell wall, realizing a robust TLL whole cell biocatalyst with higher thermostability and alkaline pH resistance. In another report, Zhou, Chen et al. constructed a facile and efficient protein purification and immobilization system with novel ChBD-AB affinity tag, which exhibited advantages such as cost-saving, environmental-friendly, simple operation, rapidness, and high-purity. Similarly, a one-step programme for purification and immobilization of lysine decarboxylase (CadA) via fusion of a chitin-binding domain (ChBD) was established by Zhou, Zhang et al., which was further used for production of cadaverine from L-lysine. Surface modification of poly glycidyl methacrylate (PGMA) spheres via a combination of plasma and amination for multienzyme immobilization and cascade catalysis was reported by Liao et al., which is a representative case in the attempting of the cutting-edge technologies and concepts. Analogously, a layer-by-layer self-assembly strategy, raised by Li, Wen et al., for sequential co-immobilization of multienzyme within MOFs for further transformation of CO2, was also commendable. In terms of analytical methods, Yan et al. successfully developed a sensitive and reproducible SERS spectra technique for single bacterial cell analysis. Moreover, the bioreactors based on the immobilized enzymes, including the integrated biomembrane (Mazzei et al.), a packed bed reactor (Li, Zhang et al.), pickering emulsion-based microreactors (Lei et al.), magnetically stabilized fluidized bed (Wang, Owusu-Fordjour et al.), bubble column reactor (Chen et al.), and the biofiltration system packed with fly ash ceramsite (Sun et al.), are also the technological highlights given that they can greatly improve the catalytic performances. It should be emphasized that the abovementioned techniques, methodologies or concepts are probably not the pioneering works, but they do belong to the technical frontiers of this field, which will greatly promote the robust development of this area.

Beyond the supporting platforms and immobilization techniques, the catalytic process regulation of the immobilized biocatalysts is another attractive and crucial topic of this special issue. Solvent engineering-based regulating strategies, especially the biocatalysis in non-aqueous systems, have attracted substantial attentions. Deep eutectic solvents (DESs) are representative and prevailing non-aqueous mediums for regulation and optimization of biocatalytic reactions, which can be designed as non-toxic, non-volatile, non-flammable, or even biodegradable liquids for improving the substrate supply, conversion, and stability (Pätzold et al., 2019). In an Original Research article, Zang et al. employed the natural DESs as hydrolysis solvents for the carrier-free enzyme aggregate of rutin degrading enzyme, proving that DESs are valuable for improving enzyme activity and stability in practical conditions. The pre-treatment of the supporting materials, such as chitosan (Lin et al.) and chitin nanocrystal (Jiang et al.), by DESs also play a significant role for improving the performances of immobilized biocatalysts.

Organic solvents-based non-aqueous systems are also very important mediums for biotransformation reactions as they can modulates biocatalyst activity, selectivity, and stability. As a representative case, Yang, Nie et al. developed a cosolvent system containing tetrahydrofuran and isopropyl ether for enhancing the biosynthesis of aromatic esters of arbutin by immobilized lipase from Penicillium expansum. Results showed that the initial rate and substrate conversion of arbutin vanilylation were markedly enhanced as compared to the single tetrahydrofuran solvent. Similarly, a ternary cosolvent system (acetone/1-butanol/aqueous solution) was developed by Ahumada et al. for regulating the synthesis of butyl-β-galactoside using soluble or immobilized Aspergillus oryzae β-galactosidase, which is expected to favor the transgalactosylation reaction. Moreover, the organic solvents mediated regulation of the biocatalytic process of other lipases (Chen et al., Wang, Zhang et al., and Bi et al.) were also reported in our Research Topic. In addition to DESs and organic solvents, pickering emulsion-based medium for size-selective enzymatic catalysis of transesterification reaction by MOFs-immobilized lipase is another interesting case (Lei et al.). Beyond abovementioned strategies based on solvent engineering, a commonplace but indeed very effective method is the optimization of process parameters, which were also widely reported in this Research Topic (Arana-Peña et al., Peng et al., Chen et al., etc.).

Insights into the interaction mechanisms between enzyme/whole cell and the supporting platforms would benefit the in-depth rational design of efficient biocatalytic systems. In this respect, for example, Lee et al. employed a variety of modern instrument analytical techniques for characterization of the supporting platform (CaCO3 microspheres) and immobilized enzyme (carboxyl esterase), proving that the enzyme was entrapped and then cross-linked to form a stable enzyme@CaCO3 microsphere structure. In the case of the alcalase@HMSS-NH2-Metal, the authors demonstrated that alcalase was immobilized on the tailor-made platforms via a metal-protein affinity, where the binding interaction between metal ions and enzyme could promote the transformation of the enzyme secondary structure, resulting in the significantly improvement of catalytic activity and thermostability of alcalase (Zeng et al.). Another noteworthy article focusing on the mechanism explanation was reported by Chen et al., which investigated the conformational stability of porcine pancreatic lipase (PPL) in various non-aqueous solvents by using Molecular Dynamic (MD) simulation, indicating that DMSO was the prefer solvent given that the enzyme retained a loose and extended native backbone in this solvent. This study demonstrated the robust development and huge potential of the computational chemistry-based theories and methodologies for guiding the development of the biocatalysis area.

Multienzyme cascade and immobilization for biocatalysis, which is an emerging and hot concept in this area, has captured a lot of attentions from the contributors. In the multienzyme cascade, the reactions occur sequentially, in which the product of the previous reaction is used as the substrate of the next reaction (Ren et al., 2019). It is usually very difficult to design an ideal multienzyme cascade system because both the substrates and biocatalysts must be effectively activated, while the co-immobilization of multienzyme within suitable platform provides an alternative route for construction of efficient biocatalysts for multienzyme-involved reactions. In a representative Original Research article, Li, Wen et al. investigated the sequential co-immobilization of carbonic anhydrase, formate dehydrogenase and glutamate dehydrogenase within core-shell structured metal-organic works for adsorption and biotransformation of CO2 to formate, which exhibited a 13.1-times higher product yield attribute to the enrichment of substrate by the special layer-by-layer multienzyme system. In another case, Han et al. performed the co-immobilization of three enzymes on porous CaCO3 microspheres for production of inositol from starch, which displayed improved catalytic activity (~3.5 fold) than the individual immobilized enzymes, as well as enhanced thermostability and reusability than free enzyme mixture. The co-immobilization of glucose oxidase and catalase within modified PGMA spheres was also reported, showing extensive range of temperature and pH adaptability (Liao et al.).

In addition to multienzyme immobilization, Peng et al. explored the coexpression of (2R, 3R)-butanediol dehydrogenase (KgBDH) and glucose dehydrogenase (GDH) in recombinant Escherichia coli strain, followed by immobilization of the whole cell using a mixture of activated carbon and calcium alginate, realizing a cofactor self-sufficient whole cell biocatalyst for enantioselective synthesis of (R)-1-phenyl-1,2-ethanediol with product yield of 81% and >99% enantiomeric excess (ee) value. Moreover, beyond the Original Research articles, the frontiers of multienzyme immobilization and cascade were also well-summarized in the review articles. For example, Martínez-Rodríguez et al. presented a comprehensive review about the developments and advances of multienzymatic cascades for production of non-canonical α-amino acids. More specifically, Xu et al. summarized the progress of materials-based techniques for multienzyme immobilization from both aspects of the immobilization strategies and supporting materials. In addition, MOFs as novel and versatile supporting matrixes for multienzyme immobilization was also highlighted in the review of Xu et al. Despite the development of multienzyme immobilization and cascade is still in its infancy, these cases demonstrated the popularity and boundless potentiality of this emerging concept.

On the foundation of abovementioned items, the ultimate purpose of enzyme or whole cell immobilization is designed for the practical application, which involves a wide range of aspects. In this present Research Topic, the applications of immobilized enzymes or whole cells can be summarized as follows: (1) the biosynthesis of high value-added chemicals; (2) the elimination of environmental hazardous substances; and (3) the processing of food materials for the quality or safety purposes. For the purpose of high value-added chemicals preparations, e.g., Xia, Wan et al. successfully synthesized a hydrophobic propionyl neohesperidin ester (PNHE) by modification of neohesperidin using immobilized lipase, the resulting PNHE was used for antiproliferation and pro-apoptosis of human MCF-7 breast cancer cells with improved activity as compared to neohesperidin. Kumpf et al. investigated the identification, gene expression, purification and immobilization of uridine-5'-diphosphate-glucose (UDP-glucose) pyrophosphorylase for production of UDP-glucose, which is a fundamentally important molecule in biology, food, biopharmaceuticals as well as cosmetic chemistry. Biosynthesizes of other high-value added chemicals were also extensively reported in this Research Topic, including oleuropein aglycone (Mazzei et al.), butyl-β-D-galactoside (Ahumada et al.), lactulose (Ubilla et al.), nucleoside analogs (Acosta et al.), hesperetin-7-O-glucoside (HMG, Wan et al.), medium chain diacylglycerol (MCD, Chen et al.), butyric acid (Liu et al.), inositol (Han et al.), aromatic esters of arbutin (Yang, Nie et al.), cadaverine (Zhou, Zhang et al.), (R)-1-phenyl-1,2-ethanediol (Peng et al.), and biodiesel (Ma et al.). It is worth noting that the synthesizes of nucleoside analogs reported by Acosta et al.ss belong to the upstream edge of this Research Topic, which emphasized the developments of new enzymes by genetic engineering technology.

For the applications in the environmental aspect, a typical case is the transformation of CO2 to formate by using MOFs-based multienzyme immobilization system (Li, Wen et al.), providing an alternative and effective strategy for alleviating the CO2 crisis. In another interesting work, Sun et al. developed a new methane elimination system by using biofiltration packed with fly ash ceramsite (FAC). The use of FAC supporting material in methane biofiltration system would allow the industrial and scaled application of methane-oxidizing bacteria in methane elimination (Sun et al.). The production of biodiesel by using immobilized lipase, reported by Ma et al. can be also classified as an application in the environmental aspect.

In the food-related aspect, Li, Zhang et al. developed a packed bed reactor of immobilized L-asparaginase for reducing the formation of harmful acrylamide in the fluid food model system, which is useful from the perspective of food safety. Wang, Owusu-Fordjour et al. investigated the immobilizations of laccase on magnetic chelator nanoparticles and their applications in apple juice clarification, resulting in higher freeze-thaw and thermal stability of the apple juice. Moreover, the concentration of DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid) in glycerides by immobilized lipase was reported by Ma et al., which is another representative case of the food-related application. The abovementioned cases demonstrated the practicalities of the immobilized biocatalysts, however, it is a little pity that the applications of them in the fields of biosensing and disease diagnosis & therapy were not included in this Research Topic.

In summary, this Research Topic presents a comprehensive exhibition of the general knowledge and representative frontier developments about the field of enzyme or whole cell immobilization. The crucial aspects of this field, including the supporting platforms, immobilization or other relevant techniques, biocatalytic process regulations, mechanism interpretations, as well as the practical applications, are comprehensively included in the collected articles. This Research Topic provides an ideal platform for the peer experts to exhibit their latest achievements, and we hope that the anthology will provide useful references and inspirations to the peer readers. On the other hand, we should also recognize the deficiencies and limitations of this Research Topic, such as lack of phenomenal findings and imbalance in geographical distribution of contributors. Although there presents several intractably bottlenecks in this field, with the joint efforts of the researchers, we firmly believe that the enzyme or whole cell immobilization field will make remarkable achievements in the future.

We would like to thank all the authors, reviewers, and the Editorial Board members for their considerable contributions to support the implementation of this special Research Topic. We also sincerely appreciate Mr. Shan Liang for his selfless dedication throughout the whole process in proceeding the Research Topic.
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The main challenges in multienzymatic cascade reactions for CO2 reduction are the low CO2 solubility in water, the adjustment of substrate channeling, and the regeneration of co-factor. In this study, metal-organic frameworks (MOFs) were prepared as adsorbents for the storage of CO2 and at the same time as solid supports for the sequential co-immobilization of multienzymes via a layer-by-layer self-assembly approach. Amine-functionalized MIL-101(Cr) was synthesized for the adsorption of CO2. Using amine-MIL-101(Cr) as the core, two HKUST-1 layers were then fabricated for the immobilization of three enzymes chosen for the reduction of CO2 to formate. Carbonic anhydrase was encapsulated in the inner HKUST-1 layer and hydrated the released CO2 to [image: image]. Bicarbonate ions then migrated directly to the outer HKUST-1 shell containing formate dehydrogenase and were converted to formate. Glutamate dehydrogenase on the outer MOF layer achieved the regeneration of co-factor. Compared with free enzymes in solution using the bubbled CO2 as substrate, the immobilized enzymes using stored CO2 as substrate exhibited 13.1-times higher of formate production due to the enhanced substrate concentration. The sequential immobilization of enzymes also facilitated the channeling of substrate and eventually enabled higher catalytic efficiency with a co-factor-based formate yield of 179.8%. The immobilized enzymes showed good operational stability and reusability with a cofactor cumulative formate yield of 1077.7% after 10 cycles of reusing.

Keywords: metal-organic framework, sequential co-immobilization of enzymes, storage of CO2, CO2 reduction, improved conversion


INTRODUCTION

High emissions of greenhouse gas such as CO2 into the atmosphere have caused global environmental concern. To obtain a sustainable society, it is highly desirable to explore energy-efficient technologies for the conversion of CO2 to useful chemicals or fuels (e.g., methanol). Up to date, considerable efforts have been made to catalyse the hydrogenation of CO2 via chemical (Fogeron et al., 2018; Lim et al., 2019), electrochemical (Wang et al., 2016; Coskun et al., 2017; Miller et al., 2019), photochemical (Bachmeier et al., 2014; Tu et al., 2014; Wang D. et al., 2014; Wang and Wang, 2015; Xu et al., 2015; Sokol et al., 2018; Zhang L. et al., 2018), enzymatic conversions (Yang Z.-Y. et al., 2012; Fixen et al., 2016; Shah and Imae, 2017; Cai et al., 2018; Liu et al., 2018), or photocatalyst/biocatalyst integrated systems (Yadav et al., 2014). Compared with other methods, the transformation of CO2 to methanol by enzymatic catalysis is preferable due to the significant advantages of high selectivity and specificity, high efficiency, and mild operational conditions (Obert and Dave, 1999; Wang X. et al., 2014; Ji et al., 2015; Kuk et al., 2017; Nabavi Zadeh et al., 2018; Zhang Z. et al., 2018).

The reduction of CO2 to methanol by enzymatic cascade reactions mainly involves three enzymes, formate dehydrogenase (FateDH), formaldehyde dehydrogenase (FaldDH), and alcohol dehydrogenase (ADH) (Obert and Dave, 1999; Wang X. et al., 2014; Ji et al., 2015; Kuk et al., 2017; Nabavi Zadeh et al., 2018; Zhang Z. et al., 2018). FateDH converts CO2 to formic acid, which is subsequently reduced to formaldehyde catalysed by FaldDH. And formaldehyde is further converted to methanol by ADH at the final step. Although this enzymatic cascade reaction features high specificity, it has a relatively low yield with a methanol conversion of merely 43.8% reported by Dave et al. (Obert and Dave, 1999). The possible rate-limiting step is the first reaction in the sequence catalysed by FateDH since the reaction rate of formic acid oxidation is 30 times faster than CO2 reduction (Rusching et al., 1976). One of the conceivable reasons is the low substrate concentration due to the limited solubility of CO2 in water. As a result, the increase of CO2 substrate concentration in the solution may accelerate the forward conversion of CO2 to formic acid. This assumption was well-demonstrated by Zhang et al. who adopted ionic liquids with high CO2 solubility to assist the multi-enzymatic conversion of CO2 to methanol (Zhang Z. et al., 2018). The yield was increased to approximate 3.5-fold compared to the parallel control experiments.

Metal-organic frameworks (MOFs) belong to the category of organic-inorganic hybrid porous materials built from the coordination between organic linkers and metal ions as nodes (James, 2003; Long and Yaghi, 2009; Tranchemontagne et al., 2009). Compared with conventional porous materials, MOFs possess the advantages of ultrahigh surface area and porosity, uniform and controllable pore sizes, structural diversity, as well as diverse chemistry. The superior properties of MOFs facilitate their wide applications in various research areas. In particular, MOFs are porous materials desired for the adsorption and storage of gases, such as CH4, H2, and CO2 (Li et al., 2009, 2014; Murray et al., 2009; Farha et al., 2010; Liu et al., 2012; Yang S. et al., 2012; Chaemchuen et al., 2013; He et al., 2014; Tian et al., 2017). In this respect, we envisioned that the transformation of CO2 to formic acid catalysed by FateDH may also be speeded up if CO2 is adsorbed in MOFs and used as substrate. On the other hand, MOFs are also ideal solid supports for the immobilization of enzymes as they can maintain the biological activity of enzymes even under denaturing conditions (Lykourinou et al., 2011; Chen et al., 2012, 2018; Lyu et al., 2014; Gkaniatsou et al., 2017; Lian et al., 2017; Du et al., 2018; Liang et al., 2019). As a result, we intend to develop a MOF platform aiming at achieving the simultaneous storage of CO2 and co-immobilization of multienzymes for enhanced cascade reduction of adsorbed CO2 to formic acid.

Amine-functionalized MOFs are considered as a promising candidate to enhance CO2 capture capacity as the electronegative N atom has a strong affinity to the positive C atom of CO2. Tethering amine functionalities in MOFs can be realized by introducing the amine groups on unsaturated metal sites. Chromium(III) terephthalate MIL-101 has a three-dimensional framework consisting of two types of zeotypic mesopores connected by two microporous windows (Férey et al., 2005; Jhung et al., 2007). Except for its distinct merits such as large pore volume, high BET surface area, and excellent stability in water, MIL-101 also contains numerous potential open chromium sites (up to 3.0 mmol/g) (Hwang et al., 2008) with an unoccupied orbital that are expected to anchor amine functionalization via a strong binding interaction with the positive nitrogen atoms. It is also demonstrated that amine-functionalized MIL-101 has high CO2 capture capacities (Lin et al., 2013; Yan et al., 2013; Hu et al., 2014; Lin J.-L. et al., 2014; Cabello et al., 2015; Darunte et al., 2016; Huang et al., 2016; Emerson et al., 2018; Zhong et al., 2018; Liu et al., 2019). Thus, in our work, MIL-101(Cr) was fabricated and modified with a series of amines to achieve the efficient storage of CO2 substrate.

Three enzymes were chosen for the transformation of CO2 to formic acid, carbonic anhydrase (CA), formate dehydrogenase (FateDH), and glutamate dehydrogenase (GDH). The introduction of CA is to accelerate the hydration of CO2. Moreover, CO2 is a thermodynamically stable molecule with low reactivity, so the conversion of CO2 to methanol requires energy which is supplied by co-factor nicotinamide adenine dinucleotide (NADH). GDH was involved into the biocatalysis integrated system to achieve the continuous regeneration of NADH co-factor. To obtain multienzyme systems with enhanced activity, three principles are considered, substrate channeling, kinetics matching, and spatial distribution (Garcia-Galan et al., 2011; Zhang et al., 2015; Walsh and Moore, 2019). The current challenge for the design of multienzyme conjugates remains in the development of efficient strategies realizing the accurate control of enzyme positioning and spatial organization (Fu et al., 2012; Schoffelen and van Hest, 2012; Lin J.-L. et al., 2014). To conquer this limitation, in this work, we adopted a layer-by-layer self-assembly approach to achieve the sequential co-immobilization of multi-enzymes using MOFs in layered structure as the solid scaffold.

As illustrated in Scheme 1, amine-functionalized MIL-101(Cr) was first prepared for the adsorption of CO2 as substrate. The amine functionalities in MIL-101(Cr) then chelated Cu2+ via the formation of a complex followed by further coordinating with 1,3,5-benzenetricarboxylic acid (H3BTC). These reactions provided a high density of Cu2+ and H3BTC on the MOF surface, which then functioned as nucleation sites for the direct formation of HKUST-1 (Hong Kong University of Science and Technology) layers. On the surface of H3BTC@Cu2+@MIL-101(Cr), the first HKUST-1 layer encapsulated with CA was fabricated using a co-precipitation method via the self-assembly of metal ions, organic linkers, and enzymes. Based on the first HKUST-1 layer, the second HKUST-1 shell immobilizing FateDH and GDH was constructed using the identical approach. In this respect, when CO2 was gradually released from MIL-101(Cr), it got access to carbonic anhydrase and was hydrated to bicarbonate ion. The second HKUST-1 layer containing FateDH and GDH directly converted bicarbonate ion to formic acid. The presence of GDH in the second MOF layer achieved the continuous regeneration of NADH co-factor. We found that this sequential co-immobilization route significantly accelerated the cascade biocatalysis reaction rate. The increase of concentration of CO2 substrate by storing in MIL-101(Cr) also remarkably boosted the conversion yield.


[image: Scheme 1]
SCHEME 1. Schematic illustration of the preparation of HKUST-1@amine-MIL-101(Cr)-based multienzymes for the reduction of adsorbed CO2.




EXPERIMENTAL


Materials and Reagents

Terephthalic acid (99%), trimesic acid (99%), cystamine hydrochloride, and 2,3,4,5,6-pentafluorobenzyl bromide (99%) were purchased from J&K Scientific Ltd. (Beijing, China). Chromium nitrate, copper(II) acetate, and L-glutamic acid were bought from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Carbonic anhydrase (CA, bovine red blood cell), formate dehydrogenase (FateDH, lyophilized), and glutamate dehydrogenase (GDH, bovine liver) were provided by Sigma-Aldrich (St. Louis, MO, USA). Nicotinamide adenine quinone dinucleotide (NADH, 98%) was obtained from Aladdin Biotechnology Co., Ltd. (Shanghai, China). CO2 (>99%) and 13CO2 (>99%) were purchased from Beijing Ruyuan Ruquan Technology Co., Ltd. (Beijing, China). All other chemicals were obtained from Beijing Chemical Factory (Beijing, China). Double-distilled water was used in all experiments.



Instrumentation

The transmission electron microscopy (TEM) images of MOFs were performed using a JEOL 2100F transmission electron microscope (Hitachi, Ltd., Japan). Scanning electron microscopy (SEM) images of MOFs were taken with a JEOL JSM-6700F field emission scanning electron microscope (Hitachi High-Technologies, Tokyo, Japan). Elemental analysis of HKUST-1@amine-MIL-101(Cr) was carried out using an energy dispersive X-ray spectrometer Quantax 200 XF 5010 (Bruker, Germany). Powder X-ray diffractions of MOFs were obtained from a D/max-UltimaIII (Rigaku Corporation, Japan). X-ray photoelectron spectroscopy (XPS) measurements of MIL-101(Cr) and amine-MIL-101(Cr) were performed by a EscaLab 250Xi (Thermo Fisher Scientific, America). Nitrogen adsorption/desorption isotherms and pore size distributions of MOF scaffolds were collected at 77 K using V-Sorb2800P surface area and porosimetry analyzer (Gold APP Instruments Corporation, Beijing, China). High-pressure CO2 sorption measurements were carried out using an H-Sorb2600 high pressure and temperature gas sorption analyser (Gold APP Instruments Corporation, Beijing, China). The 13C spectrum of formic acid product was recorded on a 600 MHz Bruker AVANCE III (Bruker Corporation, Germany). A high-performance liquid chromatography (HPLC) 2030 system (Shimadzu, Kyoto, Japan) was applied to determine the concentrations of formate derivatives using a 5020-39001 WondaSil C18 column (15 × 4.6 cm i.d., 5 μm, GL Sciences) with UV detection at 280 nm.



Synthesis of Amine-MIL-101(Cr)

MIL-101(Cr) was first synthesized by well dispersing 3.2 g of Cr(NO3)3·9H2O, 1.3 g of trimesic acid, and 687 μL of HCl in 40 mL water. The mixture was reacted at 220°C for 8 h. After the reaction was completed, the unreacted crystalline acid was removed and the product was collected by centrifugation at 12000 rpm for 6 min. The MIL-101(Cr) product was washed with ethanol for three times, and then activated by keeping in 40 mL of 95% ethanol at 80°C for 8 h. The final MIL-101(Cr) product was dried under vacuum at 160°C for 8 h before further use.

MIL-101(Cr) was then modified with different amines including hexamethylenediamine (HMD), cystamine, and branched polyethyleneimine. Dried MIL-101(Cr) with an amount of 0.2 g was first well-dispersed in anhydrous methanol, and the amine with a weight ratio of 1:1 or 1:2 was added to the solution. The mixture was reacted for 10 min. The collected amine-MIL-101(Cr) was washed with methanol for 3 times and then dried at 120°C for 6 h before further use.



Synthesis of HKUST-1@amine-MIL-101(Cr)

For the preparation of HKUST-1@amine-MIL-101(Cr), Cu2+@amine-MIL-101(Cr) was first synthesized by well dispersing 30 mg amine-MIL-101(Cr) in 1 mL deionized water followed by the addition of 1 mL 50.1 mmol/L copper(II) acetate. After magnetic stirring at 1,200 rpm and 60°C for 1 h, the Cu2+@amine-MIL-101(Cr) product was thoroughly washed with water and collected by centrifugation. The Cu2+@amine-MIL-101(Cr) nanoparticles were then re-dispersed in 1 mL water, and 1 mL of 99.9 mmol/L 1,3,5-benzenetricarboxylic acid (H3BTC) was added to the solution. The mixture was reacted at 60°C for 1 h. After washing with methanol and water, the H3BTC@Cu2+@MIL-101(Cr) nanoparticles were re-dispersed in 1 mL water and mixed with 50.1 mmol/L copper(II) acetate and 99.9 mmol/L H3BTC. After reacting at 25°C for 2 h, the final H3BTC@Cu2+@MIL-101(Cr) product was washed thoroughly with water and collected by centrifugation.



Immobilization of Enzymes in HKUST-1@amine-MIL-101(Cr)

For enzymatic catalysis of CO2 reduction with NADH regeneration, three enzymes including carbonic anhydrase (CA), formate dehydrogenase (FateDH), and glutamate dehydrogenase (GDH) were immobilized in HKUST-1@amine-MIL-101(Cr) with HKUST-1 in layered structure. CA was encapsulated in the inner HKUST-1 layer, and FateDH and GDH were immobilized in the outer HKUST-1 shell.

H3BTC@Cu2+@MIL-101 nanoparticles were first prepared following the above synthetic approach. The first HKUST-1 layer encapsulated with CA was then synthesized by reacting 1 mL aqueous solution containing 50.1 mmol/L copper(II) acetate, 99.9 mmol/L H3BTC, and 5 mg CA at 25°C for 2 h. After washing with water, the bioconjugates were mixed with 1 mL aqueous solution comprising 50.1 mmol/L copper(II) acetate, 99.9 mmol/L H3BTC, 3 mg FateDH, and 3 mg GDH. The mixture was reacted for another 2 h to generate the second HKUST-1 layer containing FateDH and GDH. The final product was washed thoroughly with water and collected by centrifugation.



CO2 Storage

High pressure CO2 adsorption experiments were performed at 298.15 K and at pressure of 0–30 bar for 24 h using the H-Sorb2006 high pressure and temperature gas adsorption analyser. Before the adsorption of CO2, the MOFs (500 mg) were dried in a sample tube under vacuum at a temperature of 120°C overnight.



Enzymatic Catalysis of CO2 to Formic Acid

For the enzymatic catalysis of stored CO2 to formic acid using immobilized enzymes, the HKUST-1@amine-MIL-101(Cr) nanocomposites were dried using freeze-drying and used for the adsorption of CO2 at 298.15 K and 5 bar for 24 h. A mixture solution containing 10 mM L-glutamate and 2 mg/mL NADH in 6 mL of 50 mM phosphate buffer saline solution was purged with nitrogen for 0.5 h to remove the dissolved air. And 30 mg of HKUST-1@amine-MIL-101(Cr)-based multienzymes with stored CO2 was quickly added to the above solution. The cascade reaction was performed in a sealed flask at 25°C for different times.

For the enzymatic catalysis of bubbled CO2 using immobilized enzymes, a mixture solution containing 10 mM L-glutamate and 2 mg/mL NADH in 6 mL of 50 mM phosphate buffer saline solution was purged with nitrogen for 0.5 h to remove the dissolved air, and then was bubbled with CO2 for 1 h. And 30 mg of HKUST-1@amine-MIL-101(Cr)-based multienzymes were quickly added to the above solution. The reaction was performed in a sealed flask at 25°C for 6 h.

For the enzymatic catalysis of bubbled CO2 using free enzymes, a mixture solution containing 10 mM L-glutamate and 2 mg/mL NADH in 6 mL of 50 mM phosphate buffer saline solution was purged with nitrogen for 0.5 h to remove the dissolved air, and then was bubbled with CO2 for 1 h. And 5 mg CA, 3 mg FateDH, and 3 mg GDH were quickly added to the above solution. The reaction was performed in a sealed flask at 25°C for 6 h.

After reaction, the supernatant was collected by centrifugation. The formic acid product was derivatized by mixing 200 μL of the sample, 100 μL of 100 mM Na2HPO4, and 400 μL of 20 mg/mL pentafluorobenzyl bromide in acetone, and reacted at 60°C for 1 h. The derivatized product was detected by HPLC.




RESULTS AND DISCUSSION


Amine-Functionalized MIL-101(Cr) for the Storage of CO2

The transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images in Figures 1a,b exhibited the octahedral morphology of MIL-101(Cr) nanocrystals with apparent corners and edges, which were in good agreement with literatures (Férey et al., 2005; Hwang et al., 2008). Amine-functionalized MIL-101(Cr) was obtained by the modification of MIL-101(Cr) with a series of amines including HMD, cystamine, and branched PEI with different loadings (50% and 100%) [here denoted as amine-MIL-101(Cr)]. We found that the original morphology of MIL-101(Cr) was preserved after loading of amines confirming that the amine functionalization step had little damage to the generic MOF (Figures 1c–f). The powder X-ray diffraction (PXRD) patterns of amine-MIL-101(Cr) were also essentially identical with its pristine counterpart indicating that the high crystallinity and purity of MOF were well-maintained (Figure 2A). However, the intensity of diffraction peaks below 7° decreased due to the filling of MOF pores by amines. The similar phenomenon has been observed by other researchers (Lin et al., 2013; Lin Y. et al., 2014). XPS in Figure 3A revealed 6.0 at% Cr, 59.6 at% C, and 34.4 at% O in MIL-101(Cr), which corresponded well with its molecular formula C24O16H17Cr3 (Férey et al., 2005). After functionalization with different amines, the appearances of 13.6, 7.25, 21.6, and 22.4 at% N elements were observed in HMD-MIL-101(Cr), cystamine-MIL-101(Cr), PEI(50)-MIL-101(Cr), and PEI(100)-MIL-101(Cr), respectively, confirming the successful postsynthetic modification (Figures 3B–E). We also measured the nitrogen adsorption/desorption isotherms at 77 K and pore size distributions of pristine and amine-MIL-101(Cr) as depicted in Figure 4. As expected, the postsynthetic modification of MIL-101(Cr) with different amines significantly reduced the specific surface areas and pore volumes as the amine functionalities occupied partial pore space of MOFs. While the surface area of MIL-101(Cr) was 2,477 m2/g, this value was decreased remarkably to 1,922, 1,011, 1,314, and 1,160 m2/g for HMD-MIL-101(Cr), cystamine-MIL-101(Cr), PEI(50)-MIL-101(Cr), and PEI(100)-MIL-101(Cr) (Figure 4A). The pore size distribution in Figure 4B revealed that MIL-101(Cr) had two types of micropores with a pore width of 0.63 and 1.77 nm, respectively. The pore volume was 1.44 cm3/g. Surface modification with amines significantly decreased the number of larger pores. As shown in Figure 4B, the pore volume of bigger pores at around 1.77 nm in amine-MIL-101(Cr) was significantly decreased compared with generic MIL-101(Cr). And the pore volume for HMD-MIL-101(Cr), cystamine-MIL-101(Cr), PEI(50)-MIL-101(Cr), and PEI(100)-MIL-101(Cr) was reduced to 1.08, 0.68, 0.72, and 0.56 cm3/g (Table 1).
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FIGURE 1. Transmission electron microscopy (TEM) image of MIL-101(Cr) (a), and scanning electron microscopy (SEM) images of MIL-101(Cr) (b), HMD-MIL-101(Cr) (c), cystamine-MIL-101(Cr) (d), PEI(50)-MIL-101(Cr) (e), and PEI(100)-MIL-101(Cr) (f).
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FIGURE 2. (A) X-ray diffraction patterns of MIL-101(Cr) simulated, HMD-MIL-101(Cr), PEI(100)-MIL-101(Cr), cystamine-MIL-101(Cr), and PEI(50)-MIL-101(Cr), and (B) X-ray diffraction patterns of HKUST-1 simulated, HKUST-1@HMD-MIL-101(Cr), HKUST-1@cystamine-MIL-101(Cr), HKUST-1@PEI(100)-MIL-101(Cr), and HKUST-1@ PEI(50)-MIL-101(Cr).
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FIGURE 3. X-ray photoelectron spectroscopy measurements of MIL-101(Cr) (A), HMD-MIL-101(Cr) (B), cystamine-MIL-101(Cr) (C), PEI(50)-MIL-101(Cr) (D), and PEI(100)-MIL-101(Cr) (E).
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FIGURE 4. Nitrogen adsorption/desorption isotherms (A) and pore size distributions (B) of MIL-101(Cr) and its amine-functionalized counterparts. (C) CO2 adsorption capacities of HKUST-1, MIL-101(Cr), PEI(50)-MIL-101(Cr), PEI(100)-MIL-101(Cr), cystamine-MIL-101(Cr), and HMD-MIL-101(Cr). (D) CO2 adsorption capacities of HKUST-1@PEI(50)-MIL-101(Cr), HKUST-1@PEI(100)-MIL-101(Cr), HKUST-1@cystamine-MIL-101(Cr), and HKUST-1@HMD-MIL-101(Cr).



Table 1. The BET surface area and pore volume of MIL-101(Cr) and amine-MIL-101(Cr).
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Then we tested the gas adsorption performance of amine-MIL-101(Cr) for CO2. The CO2 adsorption isotherm at 298 K was illustrated in Figure 4C, and the results of CO2 sorption data at 5 bar and 298 K for four amine-MIL-101(Cr) were shown in Table 2. Apparently, amine-MIL-101(Cr) showed much higher adsorption capacity for CO2 compared with parent MIL-101(Cr). At 5 bar and 273 K, the CO2 adsorption capacity of PEI(100)-MIL-101(Cr) reached 8.25 mmol/g, which was 4.4-fold higher than that observed in MIL-101(Cr). Similarly, the CO2 adsorption capacities of HMD-MIL-101(Cr), cystamine-MIL-101(Cr), and PEI(50)-MIL-101(Cr) was 2.57, 3.11, and 4.48 mmol/g, respectively, which was 1.4~2.4 fold higher than that of unmodified MIL-101(Cr). The enhancement of CO2 storage capacity may be ascribed to the introduction of amine functionalities in the MOF pore environment, which donates electrons and improves the affinity of MOF materials toward CO2 molecules via dipole–quadrupole interactions (Zheng et al., 2011). Clearly, high loading of branched PEI provided more amine functionalities in MIL-101(Cr) according to the XPS results in Figure 3, which facilitated the enhancement of CO2 capture capacity. As a result, PEI(100)-MIL-101(Cr) exhibited the highest adsorption capacity for CO2. For comparison, we also tested the adsorption capacity of HKUST-1 for CO2, which was only 2.17 mmol/g at 5 bar and 298 K.


Table 2. The adsorption capacity of amine-MIL-101(Cr) for CO2 at 5 bar and 298 K.
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Construction of Multienzymatic Cascade System

Three enzymes including CA, FateDH, and GDH were immobilized in HKUST-1 using a layer-by-layer self-assembly approach. HKUST-1 was selected as the solid support for the immobilization of enzymes because of its good solvent tolerance and mild preparative conditions. To fully utilize the stored CO2 as substrate, the multienzyme system was constructed on the surface of amine-MIL-101(Cr). The enzymes were co-immobilized in HKUST-1 with layered structure to achieve the channeling of substrate. As illustrated in Scheme 1, using amine-MIL-101(Cr) as the core, the first HKUST-1 layer encapsulated with CA was fabricated followed by the second HKUST-1 layer containing FateDH and GDH. In this case, the CO2 substrate released from amine-MIL-101(Cr) first got access to CA and were hydrated to bicarbonate ions. The [image: image] intermediate then migrated directly to the FateDH enzyme and was converted to formic acid. GDH in the outer MOF shell was used to achieve the in situ regeneration of NADH co-factor for the continuous production of formic acid. The enzyme immobilization capacity was 267.4 mg/g for CA, and 669.6 mg/g for FateDH and GDH. It is worthy of note that the size of micropores of amine-MIL-101(Cr) does not match the large dimensions of enzymes. As a result, the immobilization of enzymes will not affect the CO2 adsorption capacities of amine-MIL-101(Cr).

As shown in Supplementary Figure 1, the formation of HKUST-1 on the surface of amine-MIL-101(Cr) turned the MOF aqueous solution from green to blue-green. Energy-dispersive X-ray spectroscopy (EDS) analysis revealed the appearance of 9.98, 2.53, 10.15, and 18.62 at% Cu in HKUST-1@HMD-MIL-101(Cr), HKUST-1@cystamine-MIL-101(Cr), HKUST-1@PEI(50)-MIL-101(Cr), and HKUST-1@PEI(100)-MIL-101(Cr), respectively, implying the formation of HKUST-1 layer. The XRD patterns of HKUST-1@amine-MIL-101(Cr) illustrated in Figure 2B revealed new peaks typical of HKUST-1 nanocrystals. Further characterizations with TEM (Figures 5a–d) and SEM (Figures 5e–h) also confirmed the successful generation of HKUST-1@amine-MIL-101(Cr) nanocomposites.


[image: Figure 5]
FIGURE 5. Transmission electron microscopy images of HKUST-1@HMD-MIL-101(Cr) (a), HKUST-1@cystamine-MIL-101(Cr) (b), HKUST-1@PEI(50)-MIL-101(Cr) (c), and HKUST-1@PEI(100)-MIL-101(Cr) (d). Scanning electron microscopy (SEM) images of HKUST-1@HMD-MIL-101(Cr) (e), HKUST-1@cystamine-MIL-101(Cr) (f), HKUST-1@PEI(50)-MIL-101(Cr) (g), HKUST-1@PEI(100)-MIL-101(Cr) (h), immobilized enzymes in HKUST-1@PEI(100)-MIL-101(Cr) (i), and immobilized enzymes in HKUST-1@PEI(100)-MIL-101(Cr) after repeated use for 10 cycles (j).


We next evaluated the gas adsorption capacity of HKUST-1@amine-MIL-101(Cr) for CO2. As shown in Figure 4D, the HKUST-1@amine-MIL-101(Cr) had much lower storage capacity for CO2 presumably as a result of the partial filling of the micropores. But this storage capacity for CO2 is still superior than using bubbled CO2 as its solubility in water is only of 33 mM (Zhang Z. et al., 2018).



Conversion of CO2 to Formic Acid

The newly constructed HKUST-1@amine-MIL-101(Cr)-based multienzymes containing CA, FateDH, and GDH were employed to reduce CO2 to formic acid using the stored CO2 as the starting substrate accompanied by NADH regeneration. The HCOOH synthesis reaction was carried out in batch mode containing 30 mg of MOF-based multienzymes and 2.2 mmol/L NADH in 6 mL reaction system. The preliminary reaction time was 2 h. The formic acid produced from the four multienzyme systems were calculated and compared in Figure 6A and Supplementary Table 1. Clearly, larger CO2 adsorption capacity of MOFs corresponded to higher HCOOH production yield. The HKUST-1@PEI(100)-MIL-101(Cr) multienzyme system exhibited the highest HCOOH production amount of 4.0 ± 0.92 mmol/L due to its largest adsorption capacity for CO2, which was 24 ± 5.5 μmol. This is equal to 71.1% conversion yield taking into consideration that 33.75 μmol of CO2 was stored in HKUST-1@PEI(100)-MIL-101(Cr) at 5 bar and 298 K.


[image: Figure 6]
FIGURE 6. (A) Production amount of HCOOH catalyzed by HKUST-1@HMD-MIL-101(Cr), HKUST-1@cystamine-MIL-101(Cr), HKUST-1@PEI(50)-MIL-101(Cr), and HKUST-1@PEI(100)-MIL-101(Cr) immobilized enzyme systems. (B) Formic acid production at different reaction times. (C) Production amount of HCOOH catalyzed by HKUST-1@PEI(100)-MIL-101(Cr) immobilized enzymes using adsorbed CO2 as substrate, HKUST-1@PEI(100)-MIL-101(Cr) immobilized enzymes using bubbled CO2 as substrate, and free enzymes using bubbled CO2 as substrate. (D) 13C NMR spectrum of formic acid produced from HKUST-1@PEI(100)-MIL-101(Cr) immobilized enzymes using adsorbed CO2 as substrate. (E) Reusability of HKUST-1@PEI(100)-MIL-101(Cr) immobilized enzymes with respect to the number of reaction cycles in which the adsorbed CO2 was used as substrate.


To further increase the conversion yield of CO2, we also optimized the reaction time. The production amount of HCOOH from the adsorbed CO2 catalysed in HKUST-1@PEI(100)-MIL-101(Cr) multienzyme system was depicted as a function of reaction time. As shown in Figure 6B and Supplementary Table 2, the highest HCOOH amount of 5.0 ± 0.22 mmol/L was obtained at a reaction time of 6 h which represented a conversion yield of 88.9%. Obviously, the stored CO2 was not completely transformed to formic acid. One of the possible reason is the partial release of CO2 because the whole enzymatic catalysis process is performed at 1 bar. We also observed that the produced HCOOH amount decreased with the elongation of reaction time. This can be partly explained by the fact that the reaction rate of CO2 to HCOOH catalysed by FateDH is much slower than its reverse reaction (HCOOH to CO2) (Rusching et al., 1976; Zhang Z. et al., 2018). As we know, the production of 1 mol formic acid consumes 1 mol NADH. When the regeneration of NADH catalysed by GDH is not as effective as its consumption, the deficiency of NADH may cause the transformation of formic acid to CO2.

For comparison, we also performed the enzymatic reactions catalyzed by immobilized enzymes and free enzymes using bubbled CO2 as the substrate. As shown in Figure 6C, the production amount of HCOOH catalysed by free enzymes using bubbled CO2 as substrate was only 0.38 ± 0.03 mmol/L. By using the immobilized enzymes to catalyse the bubbled CO2, the produced HCOOH increased to 3.52 ± 0.13 mmol/L. The conversion using bubbled CO2 as substrate was also calculated based on the CO2 solubility of 33 mM in water (Zhang Z. et al., 2018), which was only 10.67% for immobilized enzymes and 1.15% for free enzymes, far <100%. Clearly, the produced HCOOH catalysed by the immobilized multienzyme system using stored CO2 as substrate was more than 13.1-times higher than that of the corresponding free enzyme systems. These results clearly demonstrated the superiority of our new strategy. The immobilization of enzymes in HKUST-1 layered structure is kinetically advantageous over free enzymes. The adsorbed CO2 was gradually released from amine-MIL-101(Cr) and was directly converted to bicarbonate ions by CA which was encapsulated in the inner layer. The intermediate bicarbonate ions were then in situ consumed by FateDH immobilized on the outer MOF layer without diffusion through long distance. The porous structure of MOF allowed efficient diffusions of substrate and products. This synthetic route facilitated the channeling of substrate and eventually enabled higher rate of the cascade reaction. Moreover, the use of adsorbed CO2 as substrate provided CA and FateDH with a high CO2 concentration stored in a slow-releasing MOF system as required by CA and FateDH, which allowed much more production of formic acid.

To further demonstrate that the formic acid was produced from catalysing the CO2 adsorbed in MOFs instead of free CO2 in the air. 13CO2 was stored in MOFs and used as substrate catalysed by HKUST-1@PEI(100)-MIL-101(Cr)-based multienzymes. The final product was analyzed by 13C NMR. Figure 6D displayed the prominent peak of 13C at 174.6 ppm which belonged to H13COOH. The surface morphology of HKUST-1@PEI(100)-MIL-101(Cr) immobilized enzymes was also characterized by SEM. As shown in Figure 5i, the immobilization of enzymes did not change the shape and morphology of MOF scaffolds.



NADH Regeneration With Glutamate Dehydrogenase (GDH)

NADH is the co-factor functioning as a terminal electron donor and hydrogen donor in the cascade enzymatic reaction. The production of 1 mol formic acid from CO2 consumes 1 mol costly NADH generating NAD+. As the presence of NAD+ suppresses the reduction of CO2 to formic acid and accelerates its reverse oxidation reaction, the efficient regeneration of NADH is highly desirable. Enzymes such as glucose dehydrogenase (Obón et al., 1998; Marpani et al., 2017; Zhang Z. et al., 2018), xylose dehydrogenase (Marpani et al., 2017) and GDH (Ji et al., 2015) have been successfully used for the regeneration of NADH. In our work, GDH was adopted to attain the continuous conversion of NAD+ to NADH.

We investigated the effects of NADH concentration on the overall reaction efficiency by varying the added NADH amount in the reaction solution at a final concentration between 0.5 and 2.8 mM while keeping the immobilized enzymes amount constant. The NADH-based HCOOH yield (YHCOOH) was calculated according to the following equation.

[image: image]

where CHCOOH is the HCOOH concentration (mM) at a reaction time of 6 h, and CNADH, initial is the initial NADH concentration (mM).

As shown in Table 3, the production of HCOOH raised up to 5.04 mM when the NADH concentration increased from 0.5 to 2.8 mM, while YHCOOH decreased from 353.88 to 179.82%. This trend was similar to the work reported by Zhang et al. in which the sequential co-immobilization of five enzymes in hollow nanofiber was achieved and used for the synthesis of methanol from CO2 (Ji et al., 2015). As reported by Pinelo et al. (Zhang Z. et al., 2018), the reaction rate for reducing NAD+ to NADH is much higher than its reverse oxidation reaction catalysed by FateDH. The same finding was also observed in our work. NADH was efficiently regenerated by GDH encapsulated in the outer MOF shell. The catalytic performance of our newly designed HKUST-1@PEI(100)-MIL-101(Cr) immobilized systems compares well with the values obtained from other immobilized enzymes published by other groups shown in Table 4.


Table 3. HCOOH production at different NADH concentration.

[image: Table 3]


Table 4. Comparison of the NADH-based methanol or HCOOH yield produced using HKUST-1@PEI(100)-MIL-101(Cr) immobilized enzymes and other immobilized systems reported in published literatures.
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Operational Stability and Reusability

The operational stability and reusability of enzymes immobilized in HKUST-1@PEI(100)-MIL-101(Cr) were evaluated by testing the HCOOH production amount after repeated catalysis of adsorbed CO2 for 10 cycles. After one batch of reaction for 6 h, the MOF scaffold containing enzymes were dried using freeze drying and used for the adsorption of CO2 at 5 bar and 298 K before the next batch of catalysis. As shown in Figure 6E, the NADH-based HCOOH yield (YHCOOH) was still 86% even after 10 cycles of reusing. A cumulative HCOOH yield of 1077.7% was obtained from the 10 reusing cycles of this reaction system indicating the good operational stability and reusability of the immobilized enzymes.

We also tested the chemical tolerance of the MOF scaffold. The HKUST-1@PEI(100)-MIL-101(Cr) nanocomposite obtained from 10 cycles of reusing was subjected to SEM measurement. As shown in Figure 5j, there was no change in the morphology of MOF support indicating its high chemical stability. The gas storage capacity of HKUST-1@PEI(100)-MIL-101(Cr) nanocomposite after 10 cycles of reusing was also evaluated. As illustrated in Figure 4D, the repeated reaction did not lead to any decrease in the CO2 uptake capacity thus confirming the reusability of the MOFs as adsorbent for the storage of CO2.




CONCLUSIONS

We have developed a new MOF scaffold that functions as adsorbent for the storage of CO2 as well as solid support for the sequential co-immobilization of multienzymes via a layer-by-layer self-assembly approach. This new strategy used the adsorbed CO2 as substrate, facilitated the channeling of substrate, and eventually enabled high catalytic efficiency with a continuous regeneration of NADH co-factor. Improved operational stability and reusability were also observed in immobilized enzymes implying the great potential of our new strategy for the biotransformation of CO2 used in industrial applications.
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Multiple enzyme systems are being increasingly used for their high-efficiency and co-immobilization is a key technology to lower the cost and improve the stability of enzymes. In this study, poly glycidyl methacrylate (PGMA) spheres were synthesized using suspension polymerization, and were used as a support to co-immobilize glucose oxidase (GOx) and catalase (CAT). Surface modification was carried out via a combination of plasma and amination to promote the properties of the catalyzer. The co-immobilized enzymes showed a more extensive range of optimum pH and temperature from 5.5 to 7.5 and 25 to 40°C, respectively, compared to free enzymes. Furthermore, the maximum activity and protein adsorption quantity of the co-immobilized enzymes reached 25.98 U/g and 6.07 mg/g, respectively. The enzymatic activity of the co-immobilized enzymes was maintained at ~70% after storage for 5 days and at 82% after three consecutive cycles, indicating that the immobilized material could be applied industrially.
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INTRODUCTION

Immobilizing biocatalysts has been of interest for the higher resulting activities and stabilities than those of free enzymes in biotechnological and industrial applications (Bilal et al., 2019). Presently, multiple enzymes are used to manufacture more products (Touahar et al., 2014; Ren et al., 2019). Co-immobilized enzymes could address the disadvantages of high-cost, non-recyclable nature, and low stability of free enzymes (Cui et al., 2017). Therefore, tethering multi-enzymes on a solid scaffold to facilitate biotransformation in a cell-free manner is a developmental strategy (Khattak et al., 2014; Schmid-Dannert and Lopez-Gallego, 2019). Gu et al. (2019) co-immobilized laccase and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) to obtain an efficient beaded biocatalyst for the degradation of indole, where ABTS improved the catalytic performance of laccase by promoting transfer of electrons or hydrogen atoms in the enzymatic redox reaction. Gao et al. (2019) co-immobilized chloroperoxidase (CPO) and glucose peroxidase on a titanium dioxide (TiO2) thin film for cascaded decolorization of Orange G dye. In this system, the hydrogen peroxide (H2O2) generated in situ by glucose peroxidase was directly utilized by CPO.

The porous solid material poly glycidyl methacrylate (PGMA), which was chosen as an optimal candidate for co-immobilizing GOx and CAT in this study, provides a suitable platform for consecutive reactions thus improving the reaction rate of enzymes (Jia et al., 2014). Particularly, the particle and pore sizes of the carrier are important factors affecting the catalytic efficiency of the immobilized enzyme. In addition, PGMA exhibited suitable physical properties such as hardness and controllable particle size, which were conducive to the recovery of enzymes, with a pore size that can be adjusted by changing the synthesis method and conditions (Li et al., 2014). Wang et al. (2018) fabricated three monodispersed PGMA/polystyrene-based spheres as carriers to achieve saturation adsorption capacity and selective adsorption of bovine serum albumin (BSA). The protrusions, holes, and pore canals of the spheres increased their specific surface area and overcame the diffusional limitations. Huang et al. (2018) synthesized porous poly (styrene-divinylbenzene) resin carriers with a 30 nm pore size and 72 m2/g specific surface areas, with an equilibrium adsorption amount of nuclease P1 of 4.02 mg/g. In addition, the low toxicity, less waste generation, and low-cost factors also met the needs of industrial production.

Carrier surface properties play a vital role in enzymatic reactions between substrates and biocatalysts. Surface modification is an effective strategy to improve surface properties by introducing various surface functionalities (Talbert and Goddard, 2012; Rodrigues et al., 2013). Low temperature plasma treatment technology is the preferred method of surface treatment over other traditional modifications because of its specific qualities such as lower operating costs, no discharge of additional waste, clean operating processes, and high operational safety (Cheng et al., 2014; Minati et al., 2017). The molecules or ions in the reaction chamber collide to form a plasma flow under special conditions, are highly active with sufficient energy to form multiple chemical bonds, and possess many polar functional groups on their exposed carrier surfaces. Wu et al. (2019) treated corn starch with an atmospheric pressure plasma jet (30 min), which increased the solubility and paste clarity of the ingredients to meet the food application needs. Kahoush et al. (2019) treated virgin carbon felt with cold remote plasma to increase the wettability of non-woven carbon fiber felts.

For the immobilization process, modified PGMA with versatile epoxy groups could cross-link with enzyme to form the so-called short spacer arm, aldehyde-ammonia bond, in the presence of glutaraldehyde (GA). This immobilization method is similar to that reported in previous articles (Du et al., 2009; Nguyen et al., 2019). To the best of our knowledge, the enzyme activities of GOx/CAT on aminated PGMA with surface modifications induced by plasma treatment have not been investigated.

The combination of GOx and CAT, allows GOx to catalyze the oxidation of glucose to produce gluconic acid and H2O2 (in the presence of oxygen as an electron acceptor), which then simultaneously inactivates GOx. Addition of CAT could catalyze the conversion of H2O2 to water and oxygen (Oliveira Mafra et al., 2019). Co-immobilization of GOx and CAT could provide an effective strategy to achieve this cascade reaction. In this study, PGMA was used as a support and was synthesized from glycidyl methacrylate (GMA) using suspension polymerization in our laboratory. The effect of preparation conditions on the size and morphological of the spheres was investigated, and different rotational speeds and formulations of porogens were used systematically. Spheres with optimal reaction conditions were selected to immobilize the biocatalyst. Plasma treatment was combined with surface treatment of samples to improve the material properties and immobilization effects. Furthermore, the reusability and storage stability of the co-immobilized enzymes were analyzed. The complete schematic design of the immobilization process is shown in Figure 1.


[image: Figure 1]
FIGURE 1. The complete schematic design of the immobilization process.




MATERIALS AND METHODS


Materials and Chemicals

GMA and ethylenedimethacrylate (EDMA) were purchased from Nine-Dinn Chemistry, Co., Ltd. (99%, Shanghai, China). Polyvinyl alcohol (PVA) and 2,2-azobisisobutyronitrile (AIBN) were purchased from Damao Chemical Reagent Factory (Tianjin, China). 1,3,5-Trially-1,3,5-triazine-2,4,6-trione (TAIC) was purchased from HaoHong Biomedical Technology Co., Ltd. (Shanghai, China). GA (AR, 50%) was commercially obtained from Rhawn Chemical Technology Co., Ltd. (Shanghai, China). Ethylenediamine was purchased from Taicang Hushi Reagent Co., Ltd. (Shanghai, China). Nano-calcium carbonate (CaCO3) was obtained from Yuanye Bio-Technology Co., Ltd. (70–100 nm, 99% purity, Shanghai, China). Toluene and normal heptane were purchased from Fuyu Fine Chemical Co., Ltd. (Tianjin, China). GOx (6,500 U/g) and CAT (50,000 U/g) were provided by Novozymes Biotechnology Co., Ltd. (Nanjing, China).



Preparation of Poly Glycidyl Methacrylate Spheres

PGMA spheres were prepared using modified suspension polymerization as previously reported (Arica et al., 2009; Oh et al., 2010). Briefly, a 250 mL flask with three necks was used for the preparation with 6.83 mL GMA as the crosslinking monomer in the presence of 2.74 mL TAIC and 2.5 mL EDMA as the crosslinker, an aqueous solution of PVA (1% [v/v]) as the dispersant, and 7.77 mL toluene and 0.01 g nano-CaCO3 as the porogen. The polymerization reaction was performed with continuous stirring for 2 h at 75°C after adding 2% AIBN as an initiator under a nitrogen atmosphere, and the mixture was then heated at 85°C for 2 h. The obtained spheres were indurated for 24 h in absolute ethanol, washed with distilled water followed by vacuum freeze-drying, and were finally stored at 4°C for further use.



Modification of Spheres Using Amination/Plasma Treatment

The initial porous spheres (0.25 g) were packed in a glass container covered with two-layer gauze and were placed in a reaction chamber filled with air at −98.0 kPa under vacuum evacuation. Then, the carriers were first treated with the output of the radio frequency (RF) power supply, followed by air plasma operated at 40 kHz and were delivered at 80 W for 60 s, with an airflow rate set to 200 mL/min. This process was repeated three times, ensuring that the samples were rotated to treat all sides of the spheres as equally as possible. A sketch of the plasma system is shown in Figure 2.


[image: Figure 2]
FIGURE 2. The process of PGMA modification by the plasma system.


The plasma power modification was performed as follows: carriers of the same mass were treated with different plasma powers to determine the optimum power of plasma treatment for enzymatic activity improvement.

The PGMA and activated Ps-PGMA were suspended in 2% (v/v) ethylenediamine solution while stirring for 4 h at 60°C, followed by continuous washing with 0.8 M phosphate-buffered saline (PBS, pH 7) until no ethylenediamine was left on the carrier. The obtained material was designated as NH2-PGMA and NH2-Ps-PGMA and stored at 4°C.

Four types of the modification process sequence were discussed: (a) PGMA were treated with the plasma system or (b) ethylenediamine solution separately; (c) PGMA were immersed in the ethylenediamine solution followed by plasma treatment; (d) PGMA were modified by plasma and then treated with ethylenediamine solution.



Preparation and Characterization of Co-immobilized Enzymes

GOx and CAT were diluted with 0.8 M phosphate buffer, 0.2% (w/v) 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 0.2% (w/v) N-hydroxysuccinimide (NHS) were added to the enzyme solution, and the mixture was kept for 30 min at 4°C. Then, 0.25 g PGMA was added to the mixed enzyme solution for 15 min, followed by 1% GA for crosslinking for 1.5 h. Afterwards, 5 mL saturated ammonium sulfate was added to the mixture while vibrating at 30°C for 1 h, followed by washing with 0.8 M phosphate buffer (pH 7) to remove the unbound or loosely bound enzyme. The supporter co-immobilized with the enzymes was named NH2-Ps-PGMA-GOx/CAT.

Fourier transform infrared (FTIR) spectroscopy was conducted using a Thermo Nicolet 10 FTIR instrument (China) to determine the varied surface chemical groups of the PGMA, Ps-PGMA, and NH2-Ps-PGMA as well as NH2-Ps-PGMA-GOx/CAT. All the dried samples were recorded within 400–4,000 cm−1 with a resolution of 2 cm−1.

Samples were characterized using scanning electron microscopy (SEM) with the Regulus 8220 SEM system (China) after sputter-coating with an ultrathin layer of gold to examine the external and internal morphology of the spheres.



Assay of Co-immobilized and Free Enzyme Activity

Determination of the free enzyme activity of the mixture: A standard glucose solution (pH 6) with a concentration of 5 mg/mL was prepared and a dilution of 1 mL GOx and CAT solution was added to 5 mL of the glucose solution. After reacting at 30°C for 10 min, the enzymes were immediately inactivated at 100°C, the mixture was centrifuged for 5 min, the supernatant was collected and diluted properly, and the residual glucose concentration was determined using the SBA-40D biosensor analyzer (Biology Institute of Shandong Academy of Sciences, China).

Assay of immobilized enzyme activity (Mahdizadeh and Eskandarian, 2014): Briefly, 0.25 g of the carrier was mixed with 5 mL of the standard glucose solution (pH 7). The reaction was allowed to run at 35°C for 10 min and then the residual reducing glucose concentration was measured using the SBA biosensor analyzer after diluting appropriately.

One unit of the immobilized enzyme was defined as the amount of enzyme that catalyzed the oxidation of 1 μmol glucose/min at 35°C and pH 7.

The GOx activity was calculated using the following equation:
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where, C0 is the initial glucose concentration detected at the optimal pH and temperature (mg·mL−1), c is the final glucose concentration of the sample detected under the same conditions (mg·mL−1), V is the volume of the reaction system solution of the substrate and enzyme, f represents the dilution multiples, and 10 is the reaction time (min).

The maximum consumption of the substrate was considered to be 100%, and then the relative activity was calculated as follows:

[image: image]
 

Optimum Temperature and pH of Free and Co-immobilized Enzymes

The effect of temperature on the free and co-immobilized enzymes was investigated by hydrolyzing 5 mg/mL glucose in phosphate buffer at various temperatures from 25 to 45°C for 10 min.

The optimal pH was determined based on the activities of free and co-immobilized enzymes over a range from pH 5.0 to 8.0 for 10 min at 35°C.



Kinetics of Free and Immobilized Enzyme Activity

The enzyme kinetic activity was determined by adding 1 mL properly diluted free enzyme and 0.25 g immobilized enzyme to 10 mL glucose solution at concentrations ranging from 0 to 5 mg/mL. The reaction was controlled for exactly 10 min with stirring to determine the initial reaction rate and then the Michaelis-Menten constant (Km) and maximum reaction velocity (Vmax) were calculated using the Lineweaver-Burk analysis.



Reusability and Stability of Co-immobilized Enzymes

The enzymatic activity assay was conducted in multiple cycles for each sample as described in section Assay of Co-immobilized and Free Enzyme Activity. This procedure was conducted in 7 reaction cycles (10 min each) during which 5 mg/mL glucose solution was oxidized under optimal conditions. After each cycle, the catalyst spheres were collected and washed three times with phosphoric acid buffer (pH 7) to remove the residual substrate that adhered to the surface of the support material, which was then reintroduced into the next cycles.

In the storage stability study, the activity of the co-immobilized enzymes was measured for 10 days after each experimental cycle, and the co-immobilized enzymes were stored at 4°C.




RESULTS AND DISCUSSION


Carrier Optimization and Characterization

The specific surface area and interior pore size of the spheres are both important in enzyme immobilization and should not be considered negligible in designing the skeletal structure of the immobilized material. The specific surface area of the spheres is determined by the size of the PGMA spheres and therefore, spheres were synthesized at various rotational speeds (Hu et al., 2019). The sizes of the supporters varied as the rotational speed changed (200, 350, 500, and 650 rpm) (Figure S1). The spheres synthesized at 650 rpm were too small to be recovered and difficult to formulate into regular spheres. This observation indicated that the porous material should be of a suitable size, which depended on using an optimum speed (500 rpm).

The surface and internal pore sizes of the spheres play a vital role in effective binding of the enzyme proteins to the material, and diverse porogens would eventually affect the pore sizes of the material (Miao et al., 2019). In this study, the supports were prepared with different types of porogens (Figure S2). The surface of the supports consisted of a single liquid porogen (toluene), which presented as an irregular aperture that may be related to its properties (Torres et al., 2008). During polymerization, part of the pore collapsed because of the change in reaction temperature, resulting in the volatilization of the porogen before the carrier had hardened. The use of a toluene/heptane mixture as the porogen would cause fragmentation instead of formation of complete spheres. When a solid-liquid porogen was used, the nano-CaCO3 adequately retained the pore shape.

To investigate the effect of sphere size on co-immobilization of the two enzymes, the activity of co-immobilized enzymes on spheres prepared at different rotational speeds was determined in Figure 3A. In contrast to spheres with a medium diameter, larger-sized spheres possessed a larger pore volume, which made it easier for the enzyme to be lost under harsh environments. Small diameter spheres with pores that were too small formed extremely complicated channels, which impeded contact between the enzymes and substrates, consequently decreasing the relative activity. In addition, excessive rotational speed could result in fragmentation of spheres and decreased enzyme activity (Mouarrawis et al., 2018).


[image: Figure 3]
FIGURE 3. (A) Effect of rotational speed: variations of particle size and morphologies of spheres prepared using four rotational speeds: (a) 200, (b) 350, (c) 500, and (d) 650 rpm. (B) Effect of three porogen formulas: (a) single liquid (toluene only), (b) mixed liquid (toluene/heptane), and (c) solid-liquid porogen (toluene/nano-calcium carbonate [CaCO3]). (C) Surface modification protocol on relative activity of co-immobilized enzymes: (a) PGMA were treated with the plasma system; (b) PGMA were treated with the ethylenediamine solution; (c) PGMA were immersed in the ethylenediamine solution followed by plasma treatment; (d) PGMA were modified by plasma and then treated with ethylenediamine solution. All the activity measures were repeated thrice to ensure accuracy. n = 3, bars (*P < 0.05; **P < 0.01; ***P < 0.001).


The effect of various porous frameworks prepared from different porogens on the immobilization was studied. As shown in Figure 3B, the carrier composed of a solid-liquid porogen (toluene and nano-CaCO3 0.05 g) clearly exhibited better relative activity than that composed of the single liquid (toluene only) and mixed liquid (toluene/heptane); the latter leads to fragmentation of spheres. Compared to spheres prepared with liquid porogen, the increased surface area of spheres formulated with the solid-liquid porogen contributed to improving enzyme adsorption capacity, leading to higher enzymatic activity. Optimized PGMA that provides appropriate positions and distances for co-immobilized catalysts is expected to promote the overall cascade process by regulating porosity (Bolivar et al., 2011).



Surface Modification of Carrier Using Plasma/Amination Treatment

Effective binding of porous materials and enzymes is impossible by direct adsorption only and consequently, modification of carriers is indispensable to this process. There are abundant epoxy groups on the surface of the supporter, which react directly with amino, hydroxyl, and thiol groups (Rodrigues et al., 2014). In this study, amination and plasma treatment were chosen as modification methods before immobilization. Earlier studies have shown that amination can be used to convert epoxy groups into amino groups (Rodrigues et al., 2011). Furthermore, plasma treatment was used to facilitate the electrostatic attraction and randomly increase the number of various groups on the carrier surface (Vasiliev et al., 2019). The effect of using amination or plasma alone is obviously weaker, and the surface properties of the carrier were improved by the combined use of plasma and ethylenediamine. Plasma treatment has the advantage of introducing various groups randomly. Consequently, performing plasma treatment first, followed by ethylenediamine may allow more effective groups induced by plasma to convert into amino groups, thereby increasing the modification effect. In Figure 3C, experimental analysis of the treatment sequence revealed that the treatment showing a higher relative activity was plasma treatment followed by amination. To optimize the plasma treatment method, plasma power as an important factor affecting enzyme activity was used based on a previous report (Martins et al., 2009) and consequently, the activity of the immobilized enzyme was enhanced by changing the plasma strength. Figure S3A shows the trend of enzyme activity alteration with different plasma power treatments. Increasing the power of plasma treatment promoted the formation of active sites on the carrier surface. The probability of carriers combined with the enzymes was increased, which enhanced the enzymatic activity. However, further increase in power caused the enzymatic activity to reach a plateau. We presumed that the active groups were saturated, or the spatial location was limited, causing the enzymatic activity to show a tendency to stabilize.

Compared with the traditional surface optimization method, the plasma technology used in this work was cleaner and convenient. The carrier modified by plasma or amination alone has similar morphology and chemical properties compared with the previous experimental results. This work has combined the use of two methods, and the effect of the immobilized enzyme has been improved. In future experiments, we will investigate the effect of enzyme immobilization of various materials under the combined treatment, and find a general mechanism to explain the immobilization process.



Optimization of Immobilization Conditions and Characterization

After surface modification, optimization of the immobilization process is essential to obtain the best immobilization efficiency (Schoffelen and van Hest, 2012). GA acts as a bi-functional cross linker that reacts with amino groups of enzymes and activated carriers (Barbosa et al., 2014). The main reaction in the immobilization process is the GA/amino reaction and therefore, the effects of a series of GA concentrations, 0.25–2.5%, on immobilization were examined. The results showed that the highest enzymatic activity was achieved when the concentration reached 1%, and these results are shown in Figure S3B.

To verify that the enzymes were successfully immobilized on the modified carrier, SEM and FTIR spectroscopy were used and the morphologies of PGMA, Ps-PGMA, NH2-Ps-PGMA, and NH2-Ps-PGMA-GOx/CAT are presented in Figures 4A–D. Initially, the surface of unmodified PGMA, which had a porous structure with numerous cavities, became smoother following the use of the plasma systems. After plasma treatment, a layered structure with wrinkles was clearly observed on Ps-PGMA, indicating that the plasma subsequently produced conformal coatings on the surface of PGMA, which were in accordance with those reported by another study (Bu et al., 2019). The results suggest that the physical morphology and chemical groups were changed by plasma treatment (Mostofi Sarkari et al., 2019). After amination, the relatively higher amount of functional (mostly amino) groups of NH2-Ps-PGMA provided an appropriate size of the environment for co-immobilizing GOx/CAT, although the differences in images were not obvious after the amination process. Finally, the images of NH2-Ps-PGMA-GOx/CAT showed that the spatial position of the pore structure, which had been invisible after the multistep modification processes, was occupied by functional groups and enzymes. In addition, the decrease in surface roughness might verify that the enzymes were successfully immobilized on the modified PGMA.
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FIGURE 4. Scanning electron microscopy (SEM) images of sphere surfaces. (A) PGMA: initial poly glycidyl methacrylate (PGMA) sphere, (B) Ps-PGMA: plasma-treated (activated) PGMA sphere (C) NH2-Ps-PGMA: activated Ps-PGMA sphere subjected to amination treatment, and (D) NH2-Ps-PGMA-GOx/CAT: NH2-Ps-PGMA sphere immobilized with glucosidase (GOx) and catalase (CAT).


FTIR spectroscopy was performed to corroborate the chemical bonding behaviors of the immobilization process. For Figure 5, the spectrum was partly similar to that reported previously (Bayramoglu et al., 2011; Zhuang et al., 2019) on account of the homologous materials, but the plasma treatment caused discrepancies. The IR spectra of the four samples (PGMA, Ps-PGMA, NH2-Ps-PGMA, and NH2-Ps-PGMA-GOx/CAT) showed the vibrational frequencies and size of the characteristic peak in each processing stage of the immobilization process, indicating that chemical interactions likely occurred on the surface of these materials during the carrier modification and co-immobilization processes. The sharp, intense characteristic peak of the original material at 1,147 and 1,733 cm−1 indicated the stretching vibrations of epoxy C-O-C and carboxyl C=O, respectively, suggesting the presence of abundant oxygen-containing functional groups in PGMA. The spectra confirmed the integration of new functional groups on the surface of Ps-PGMA. The peaks were partly strengthened, and some new peaks appeared concurrently, which demonstrated surface modification by the air plasma treatment. A significant reduction in the characteristic peaks of -C=O and C-O-C suggested the introduction of amino groups on NH2-Ps-PGMA following ethylenediamine treatment. The reduction of adsorption peaks of -NH2 at 3,444 cm−1 and -C=O at 1,733 cm−1 indicated the successful introduction of a short spacer arm by the achievement of an intense multipoint covalent attachment between an enzyme molecule and a rigid support.


[image: Figure 5]
FIGURE 5. Fourier transform infrared (FTIR) spectra of PGMA, Ps-PGMA, NH2-Ps-PGMA, and NH2-Ps-PGMA-GOx/CAT.




Optimum Catalytic Conditions for Free and Co-immobilized Enzymes

To elucidate the effect of acid-alkali tolerance of free and immobilized enzymes on enzymatic catalysis, the optimum pH was determined. The results in Figure 6A show that after covalent crosslinking on the carrier, the co-immobilized enzymes exhibited higher relative activity than that of the free enzymes at pH 5.5–7.5. This observation revealed that the pH stability of the enzymes was enhanced after co-immobilization on PGMA. The optimum pH for the free and co-immobilized enzymes would positively affect the spatial structure of the enzymes by changing the conformation of the active site and the ionic form of functional groups (Li et al., 2018).


[image: Figure 6]
FIGURE 6. Properties of free and co-immobilized enzymes. (A) The effect of temperature on the free and co-immobilized enzymes was investigated from pH 5.0 to 8.0 for 10 min at 35°C. (B) The effect of temperature on the free and co-immobilized enzymes was investigated from 25 to 45°C for 10 min.


To investigate the effect of temperature on enzyme stability, their catalytic activity at different temperatures was tested (Vardar et al., 2018). Figure 6B shows the behavior of co-immobilized and free enzymes assessed from 25 to 45°C. The optimal temperature for free enzymes was in the range of 25–35°C, whereas that of the co-immobilized enzymes was broader at 25–40°C. The immobilization and modification process thus had a positive effect on enzyme stability. The improved thermal stability may be due to the multipoint interaction via amino groups and GA of the enzymes with the support material, which likely reduced the temperature-induced conformational changes of the enzymes, protecting them from inactivation (Huang et al., 2011). The results showed that GOx/CAT-PGMA possessed the highest enzymatic activity at pH 7.0 with an optimal temperature of 35°C.



Enzyme Protein Adsorption and Kinetics

To study the adsorption capacity of enzymatic proteins on multi-hollow microspheres prepared using different treatment methods, a dynamics experiment was conducted. The adsorption capacity of PGMA, Ps-PGMA, NH2-PGMA, and NH2-Ps-PGMA under the same conditions is clearly shown in Figure 7. During the adsorption process, all the carriers showed varying adsorption capacities for the enzymes, and reached the adsorption equilibrium in approximately 40 min. The adsorption capacity of NH2-Ps-PGMA was clearly shown to be higher than that of the original PGMA carrier, achieving approximately 53% equilibrium adsorption capacity. Furthermore, the adsorption capacity of Ps-PGMA and NH2-PGMA carriers was higher than that of PGMA and, particularly, was further improved by the combination of plasma treatment and amination modification. This phenomenon can be explained by the enhanced adsorption ability of the porous material with a high surface area. Because of its chemical properties, the pore structure surface contains abundant active (including highly reactive epoxy) groups, which could subsequently bind enzyme protein by convenient conversion to groups such as hydroxyl, amine, and carboxyl (Kling and Ploehn, 1995). Therefore, plasma treatment and amination of the porous carrier generated more binding sites for the enzymes, thereby accelerating the adsorption efficiency and increasing adsorption capacity (Torres-Salas et al., 2011).
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FIGURE 7. Adsorption capacity of poly glycidyl methacrylate (PGMA), plasma-treated PGMA (Ps-PGMA), aminated PGMA (NH2-PGMA), and plasma-treated and aminated PGMA (NH2-Ps-PGMA) in 1 h at 35°C and pH 7. Insert map shows catalytic kinetic plots of free and co-immobilized enzymes. All activity measurements were repeated thrice to ensure accuracy.


To compare the catalytic kinetic parameters of the free and co-immobilized enzymes, a kinetic experiment was performed. The Vmax of the co-immobilized enzymes (0.960 mM/[L·min]) was slightly lower than that of the free enzymes (1.018 mM/[L·min], insert chart in Figure 7). The Km of the co-immobilized enzymes (2.874 mM/L) was higher than that of the free enzymes (2.284 mM/L). The conformational changes of the enzyme molecules due to the covalent immobilization could reduce the accessibility of active sites of immobilized enzymes to the substrate molecules (Tse et al., 1987). The Km and Vmax of the enzymes differed little before and after immobilization. This observation could be attributable to the protection of enzyme activity of the co-immobilized enzyme by nanochannels on the surface and inside the spheres (Yu et al., 2014). Generally, the catalytic efficiency of the enzymes was maintained at a higher level after immobilization than that of the free enzymes. This observation suggests that the enzymes in the multi-enzyme system were in close proximity, enabling the creation of a microenvironment that promptly eliminated the by-products and mitigated the side effects of intermediates. In contrast to diffusion into an ambient environment, the product of the previous enzyme was directly transferred to the other as the substrate (Hwang and Lee, 2019). Therefore, the immobilization process used in this study achieved the goal of maintaining high enzyme catalytic efficiency.



Reusability and Storage Stability of Co-immobilized Enzymes

To validate the availability and effectiveness of the co-immobilized enzymes in practical operations, the recyclability and storage stability of the four co-immobilized enzyme systems were determined. The results of the reusability assessment are summarized in Figure 8A. After three consecutive cycles, NH2-Ps-PGMA-GOx/CAT maintained ~82% of its initial activity, which was superior to the performance of PGMA-GOx/CAT, indicating that combined use of both modification methods improved the rigidity of the enzyme proteins, preventing their dissociation (Fernandez-Lafuente, 2009). In addition, increasing the number of cycles rapidly decreased the activity of Ps-PGMA-GOx/CAT. This effect might have occurred because the random active groups introduced by plasma treatment were not as stable as the amino groups of NH2-PGMA-GOx/CAT, resulting in partial loss or inactivation of co-immobilized enzymes during recycling.
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FIGURE 8. Reusability and storage stability of poly glycidyl methacrylate (PGMA), plasma-treated (activated) PGMA (Ps-PGMA), aminated PGMA (NH2-PGMA), and plasma-treated and aminated (NH2-Ps-PGMA) under optimum conditions: (A) the enzymatic activity assay was conducted for 7 reaction cycles under optimal conditions (35°C, pH 7), the carrier was recovered and washed three times with phosphoric acid buffer (pH 7) after each cycle, then reintroduced into the next cycles. (B) The catalytic activity was measured under optimal conditions (35°C, pH 7) for 10 days after each experimental cycle, and the catalyzer was stored at 4°C.


The storage stabilities of the co-immobilized enzymes were tested, and the result is shown in Figure 8B. The enzymatic activity was approximately 70% after storage for 5 days, which indicated good storage stability of the co-immobilized enzymes. Furthermore, Ps-PGMA-GOx/CAT exhibited better storage stability than that of NH2-PGMA-GOx/CAT, and NH2-Ps-PGMA-GOx/CAT exhibited the best stability. Mild treatment and use of fewer organic reagents reduced the activity damage to NH2-Ps-PGMA-GOx/CAT and extended the storage time of the enzymes (Siar et al., 2019).




CONCLUSIONS

A novel co-immobilizing process for GOx/CAT was developed. PGMA was synthesized and modified using plasma/amination treatment under mild conditions, followed by process optimization. NH2-Ps-PGMA used for enzyme immobilization exhibited the maximum protein adsorption capacity and superior enzymatic activity compared to free enzymes and the other three formulations. NH2-Ps-PGMA-GOx/CAT showed similar affinity and catalytic rate for substrates to that of free enzymes, with a wider temperature and pH range, and superior storage stability, and reusability. The co-immobilized enzyme could be further applied for future production of gluconic acid, and this method could be used to develop a platform for co-immobilization of various enzymes in other industries.
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DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid) contained in glycerides have been reported to be more advantageous for their intake than their counterpart in the form of free fatty acid or fatty acid esters. This work attempts to achieve the flexible concentration of DHA and EPA in glycerides as well as biodiesel production via a two-step process catalyzed by lipases. In the first step, several commercial lipases were investigated and Novozym ET2.0 demonstrated the highest potential in selective concentration of DHA and EPA. Over 85% of EPA and other fatty acids were converted to its corresponding FAEEs (fatty acid ethyl esters), while over 80% of DHA remained in glycerides under the optimized conditions. After the first step ethanolysis, the oil phase was subject to molecular distillation and a 97.5% biodiesel (FAEE) content could be obtained. Further flexible enrichment of DHA and EPA in glycerides was realized by immobilized lipase Novozym 435-mediated transesterification of glycerides (remaining in the heavy phase after molecular distillation) with DHA- or EPA-rich EE, and glycerides with 67.1% DHA and 13.1% EPA, or glycerides with 41.1% EPA and 38.0% DHA could be obtained flexibly. This work demonstrated an effective approach for DHA and EPA enrichment combined with biodiesel production through enzymatic catalysis.

Keywords: biodiesel, docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), lipase, transesterification


INTRODUCTION

Due to the important physiological effects on human body, ω-3 polyunsaturated fatty acids (ω-3 PUFAs), especially eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6), have drawn a lot of attention (Hixson et al., 2015). DHA has been recognized to be the most important and abundant ω-3 fatty acid (FA), which is essential in the development of the central nervous systems such as the brain and retina of human body at the early stage of life, indicating the necessity of DHA for infants and pregnant women; meanwhile, EPA has been verified to be effective in preventing cardiovascular diseases in adults (Dyall, 2015). Herein, products enriched in either or both DHA and EPA would be significant for promoting different health benefits for consumers with varying ages, health conditions, or geographic locations (Antypa et al., 2009). Fish oil has been known to be the most important raw material for the enrichment of DHA and EPA. However, the content of DHA and EPA in natural fish oil is limited (Moreno-Perez et al., 2015); thus, the concentration of DHA and EPA from fish oil is necessary and has been broadly researched in recent years (Shimada et al., 1997b; Akanbi et al., 2013; Shanmugam and Donaldson, 2015; Yan et al., 2018; Zhang et al., 2018).

Both chemical and enzymatic methods have been applied in the concentration of DHA and EPA, and enzymatic processes are more recommended considering the milder reaction conditions, higher catalytic activity and substrate selectivity (Akanbi et al., 2013; Shanmugam and Donaldson, 2015). Especially, the enzymatic process has been thought to be more advantageous for maintaining the structure of DHA and EPA, as no aggressive agents are used and the reaction temperature is relatively low during the enzymatic catalysis (Valverde et al., 2012). The lipase's specifics, the reaction process, as well as the acyl donor and the acyl acceptor may influence the enzymatic process, resulting in varied effects on DHA/EPA's enrichment (Shimada et al., 1997b; Valverde et al., 2012, 2013, 2014; Wang et al., 2012; Akanbi et al., 2013; Bhandari et al., 2013, 2015; Shanmugam and Donaldson, 2015; Sampath et al., 2018; Yan et al., 2018; Zhang et al., 2018).

Currently, most of the commercial products of PUFAs are ethyl ester derivatives (Zhang et al., 2018), and lots of researches have been focusing on the enrichment of DHA and EPA in the form of ethyl esters (Shimada et al., 1997b; Yan et al., 2018). However, PUFAs in the form of ethyl esters have lower bioavailability and are harder to be metabolized by human body compared to the form of free fatty acids (FFAs) and glycerides; meanwhile, FFAs are easily oxidized and unstable, thus making glycerides the most suitable form for the supplement of PUFAs in the human body (Wang et al., 2012). There are some researches attempting to obtain natural glyceride concentrates of PUFAs from fish oil by utilizing the selectivity of lipases, including the lipase-mediated selective hydrolysis, alcoholysis, and esterification process. Sampath et al. (2018) concentrated PUFAs in glycerides via selective hydrolysis of Sardine oil catalyzed by a bioimprinted cross-linked Candida rugosa lipase, which was effective in catalyzing the hydrolysis of ester linkages of non-PUFA glycerides. Bhandari et al. (2013, 2015) synthesized glyceride mixture enriched in DHA through the immobilized Candida antarctica lipase B (CAL-B)-catalyzed esterification of glycerol with DHA-rich FAs obtained by lipase-catalyzed selective esterification of tuna-FFA. Akanbi et al. (2013) enriched DHA in the rest glycerides by lipase-catalyzed ethanolysis of Sardine oil, and <5% of DHA was converted. Valverde et al. (2012, 2013, 2014) realized the selective concentration of DHA and EPA in glycerides via different lipase-mediated alcoholysis of fish oil with different acyl acceptors. At present, although the enrichment of PUFAs in glycerides catalyzed by lipase could be realized by a one-step process like selective hydrolysis or alcoholysis (Valverde et al., 2012, 2013, 2014; Akanbi et al., 2013; Sampath et al., 2018) and a two-step process like selective esterification-esterification (Bhandari et al., 2013, 2015), the related researches paid no attention to the different physiological effects of DHA and EPA, and the ratio of DHA/EPA in the glycerides is settled and non-adjustable; in addition, few researches focused on the utilization of the non-PUFAs in the fish oil, causing the waste of the raw material.

In this work, a lipase-mediated two-step process was proposed to prepare glycerides enriched with flexible ratio of DHA and EPA as well as the preparation of biodiesel simultaneously (Scheme 1).


[image: Scheme 1]
SCHEME 1. Flexible concentration of DHA and EPA in glycerides and biodiesel preparation from fish oil.


Several commercial lipases and different acyl acceptors were tested for the investigation of the catalytic selectivity of lipases toward DHA and EPA. Lipase Novozym ET2.0-mediated ethanolysis of fish oil was eventually selected as the first step; after the lipase-mediated first step, molecular distillation was applied to obtain DHA-enriched glycerides and biodiesel (FAEEs). In the second step, immobilized lipase Novozym 435 was adopted to catalyze the transesterification of glycerides (remaining in the heavy phase after the molecular distillation) with DHA- or EPA-rich EE. Through this enzymatic two-step process, flexible enrichment of DHA and EPA in glycerides as well as the preparation of biodiesel from fish oil could be effectively realized, realizing the thorough utilization of fish oil raw material.



MATERIALS AND METHODS


Materials

Fish oil was kindly donated by Hai Zhiyuan Co., Ltd (Guangzhou, China). DHA-rich ethyl esters were purchased from Xi'an Renbang Biological Technology Co., Ltd (Shanxi, China) (76.4% DHA, 13.9% EPA). EPA-rich ethyl esters were purchased from Jiahuitai Biotechnology Development Co., Ltd (Sichuan, China) (48.5% EPA, 31.8% DHA).

Free lipase Novozym ET2.0 (Eversa®Transform2.0) (from Aspergillus oryzae, activity ≥100 LCLU/g) was purchased from Novo Industries (Copenhagen, Denmark). Immobilized lipases Novozym 435 (from Candida antarctica, activity 10,000 PLU/g) and Lipozyme TL IM (from Thermomyces lanuginosus, activity 170 IUN/g) were obtained from Novozymes (Copenhagen Denmark). Porcine Pancreas Lipase (activity 30,000 U/g, PPL) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).

FA methyl esters (C14:0~C22:6), heptadecanoic acid methyl ester as internal GC standard, and MAGs, DAGs, and TAGs for HPLC analysis were purchased from Sigma-Aldrich (St. Louis, MO). Other reagents of analytical grade were obtained commercially with analytical grade.



Lipase-Mediated Alcoholysis of Fish Oil for Biodiesel and PUFA Concentration


Different Lipase-Catalyzed Methanolysis of Fish Oil for Biodiesel Production

The reactions were conducted as follows: 50.0 g of fish oil, methanol/oil molar ratio 5:1 (equally added four times at 1-h intervals from 0 to 3 h), 2% lipase (w/w, oil), and 10% water (w/w, oil); the mixture was placed in a 250-ml three-neck round bottom flask equipped with a mechanical stirrer at 1,000 rpm and immersed in a thermostat water bath of 45°C for lipase Novozym ET2.0 and PPL. For immobilized lipases Novozym 435 and Lipozyme TL IM, the mixture consisted of 20 g of fish oil, methanol/oil molar ratio 5:1 (equally added four times at 1-h intervals from 0 to 3 h), and 2% lipase (w/w, oil), and placed in a 50-ml conical flask placed in a thermostatic shaking table under 45°C, 180 rpm. Samples were taken from the reaction mixture at specified times and then centrifuged at 80°C, vacuum degree 0.02 MPa to steam the methanol and get the oil layer for analysis.



Alcoholysis of Fish Oil Catalyzed by Novozym ET2.0

Alcoholysis of fish oil catalyzed by lipase Novozym ET2.0 was carried out in the same reaction unit described in Different Lipase-Catalyzed Methanolysis of Fish Oil for Biodiesel Production involving Novozym ET2.0. Different reaction conditions were systematically investigated and optimized.

Different acyl acceptors including methanol, ethanol, 1-propanol, and 1-butanol were studied (under the conditions of alcohol adding strategy 1, alcohol/oil molar ratio 5:1, water dosage 10 wt%, lipase dosage 2 wt%, 45°C, and 1,000 rpm).

Alcohol adding strategies (strategy 1: equally added four times at 1-h intervals from 0 to 3 h, strategy 2: equally added eight times at 1-h intervals from 0 to 7 h) were investigated under conditions of ethanol/oil molar ratio 5:1, water dosage 10 wt%, lipase dosage 2 wt%, 45°C, and 1,000 rpm. Water dosage (5, 10, 15, 20%, w/w, oil) was investigated under the conditions of ethanol adding strategy 1, ethanol/oil molar ratio 5:1, lipase dosage 2 wt%, 45°C, and 1,000 rpm. Different alcohol/oil molar ratios (3:1, 4:1, 5:1, and 6:1) were studied under the conditions of ethanol adding strategy 1, water dosage 15 wt%, lipase dosage 2 wt%, 45°C, and 1,000 rpm. Different reaction temperatures (35, 40, 45, and 50°C) were compared under the conditions of ethanol adding strategy 1, ethanol/oil molar ratio 5:1, water dosage 15 wt%, lipase dosage 2 wt%, and 1,000 rpm.

Samples were taken from the reaction mixture at specified times and then centrifuged at 80°C, vacuum degree 0.02 MPa to steam the alcohol and get the oil layer for analysis.




Molecular Distillation

After Novozym ET2.0-mediated ethanolysis of fish oil, molecular distillation was used to separate fatty acid ethyl esters (FAEEs) from the reaction mixture. The conditions were as follows: 100.0 g crude product mixture, feeding rate 1.0 ml/min, evaporator vacuum 2–5 Pa, rotation speed 200 rpm, and evaporator temperature 110°C. Both the light phase and the heavy phase were collected for properties determination, and then molecular distillation was further used for the separation of EPA-EE from the light phase, with the condition of feeding rate 1.0 ml/min, evaporator vacuum 2–5 Pa, rotation speed 200 rpm, and evaporator temperature 80°C.



Novozym 435-Catalyzed Transesterification of Glycerides (Remaining in the Heavy Phase After the Molecular Distillation) With DHA- or EPA-Rich EE

The immobilized lipase-catalyzed process was conducted in a 50-ml conical flask and placed in a thermostatic shaking table under 45°C at 200 rpm. The reaction mixture consisted of 5.0 g heavy phase, 20.0 g DHA-EE or EPA-EE {the molar ratio of the exposed hydroxyl group in heavy phase [calculated from the mass ratio of MAGs and DAGs in heavy phase (Zhang et al., 2018)] to ethyl ester of 1:5}, 10% lipase (w/w, heavy phase), and 5.0 g of 3-Å molecular sieves. Samples were taken from the reaction mixture at specified times for GC and HPLC analysis.



Analytical Method


Determination of FA Ester Yield and Analysis of FA Composition of Fish Oil

The calculation of FA ester yield is as follows:

[image: image]

where the FA ester content is determined by the following procedure: weigh 6–8 mg of oil sample exactly and 0.6 ml of heptadecanoic acid methyl ester (internal standard, C17:0) ethanol solution (1.11 mg/ml). The sample was mixed by a shaker and then 0.5 μl was injected for GC analysis.

The convertible FA content is determined by the standard procedure AOAC 991.39 (Association of Analytical Communities) with the detailed procedure described as follows: weigh 25.0 mg original fish oil exactly in a tube with 2.0 mg heptadecanoic acid methyl ester as the internal standard, and then add 1.5 ml NaOH-CH3OH solution (0.5 mol/L, heated for 15 min at boiling water bath) and 2.0 ml 14% BF3-CH3OH solution (w/v) (heated for 30 min at boiling water bath). After cooling down to 30–40°C, add 1 ml of hexane and shake for 30 s, then add 5 ml of saturated NaCl solution and shake it until phase separation, take the upper hexane layer out, and inject 0.5 μl of the sample for GC analysis (Lv et al., 2012); at the same time, the FA composition of fish oil could also be determined with the assistance of standards of FA methyl esters.

GC analysis conditions: FID (Flame Ionization Detector) (Agilent 7890A, Agilent Technologies, Santa Clara, CA, USA) and CP-FFAP CB capillary column (25 m × 0.32 mm × 0.30 μm, Agilent J&W GC Columns, Folsom, CA, USA). The initial column temperature was set at 180°C and held for 0.5 min and then heated to 250°C at the rate of 10°C/min and held for 6 min. The temperature of detector and injector was set at 250 and 245°C, respectively.



Analysis of the Positional Distribution of FAs in Fish Oil and the FA Composition of Glycerides

The positional distribution of FAs in TAGs of fish oil was determined by the method described in Sahin et al. (2005). In this case, 0.1 g of fish oil, 5 ml of Tris–HCl buffer (pH = 8.0), and 40 mg of PPL were used. The hydrolysis products were applied to a thin-layer chromatography (TLC) plate (50 × 200 mm) coated with silica gel and developed in a TLC tank, the developing solvent was a mixture of hexane/ethyl ether/acetic acid (70:30:1, v/v/v). The bands were sprayed with 0.1% 2,7-dichlorofluorescein in methanol and visualized under ultraviolet (UV) light at 365 nm; then, the corresponding MAGs band was scraped off and further methyl esterified by adding 1 ml of 0.5 mol/L NaOH-CH3OH solution (reacting for 15 min in boiling water bath) and 1 ml of BF3-CH3OH solution (reacting for 30 min in boiling water bath). Then, the extractant with hexane was collected for GC analysis. The GC analysis gave the FA profile at the sn-2 position of original TAGs. From the total content of a given FA in TAGs and the content of this FA at the sn-2 position, the content at the sn-1 or sn-3 position may be calculated by the equation:
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The analysis of FA composition of glycerides was determined as follows: 50 mg of the oil mixture was applied to the TLC method, then the corresponding glycerides (MAGs, DAGs, and TAGs) bands were scraped off and further methyl esterified, and the extractant with hexane (FA methyl esters) was collected for GC analysis.



Analysis of Glycerides by HPLC

The detailed procedure was the same as that described in Ma et al. (2018). The glycerides including triacylglycerides, diacylglycerides, and monoacylglycerides in the oil mixture were analyzed by a Shimadzu 20A HPLC system (Shimadzu Corp., Kyoto, Japan) equipped with an ELAD-LTII low-temperature–evaporative light scattering detector. C18 column (5 μm, 250 mm × 4.6 mm) (Dikma Technology, PLATISIL ODS, China) was used for the separation at 40°C. The mobile phase consisted of acetonitrile–acetic acid (V/V, 99.85:0.15, %) and dichloromethane, which was pumped with a gradient elution program at the rate of 1.5 ml/min (Table 1). The drift pipe temperature was maintained at 40°C, and the nitrogen pressure was controlled at 320 kPa. Fifteen microliters of the sample and 1 ml of hexane were precisely measured and mixed thoroughly, and then 20 μl of the aforementioned mixture was injected for glyceride analysis. The glyceride content was calculated by the standard curve obtained by external standard.


Table 1. Gradient elution program of HPLC for separating glycerides.
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The glyceride content (monoacylglycerides, diacylglycerides, and triglyceride) was calculated by the standard curve obtained by external standard. The quantitative analysis was accomplished according to the standard lines of MAGs, DAGs, and TAGs established by external method. About 15 μl of the sample and 1 ml of hexane were precisely measured and mixed thoroughly, and then 20 μl of the mixture was injected for glyceride analysis, and the glyceride content was calculated according to the standard curves of MAGs, DAGs, and TAGs.





RESULTS AND DISCUSSION


Lipase-Mediated Alcoholysis of Fish Oil for Biodiesel Preparation and PUFA Concentration


Comparison of Different Lipase-Catalyzed Methanolysis of Fish Oil

It has been reported that different lipases have varied selectivity toward DHA and EPA (Lyberg and Adlercreutz, 2008; Valverde et al., 2012, 2013). In this research, lipases Novozym ET2.0, Novozym 435, PPL, and Lipozyme TL IM were applied in catalyzing the methanolysis of fish oil, and the selectivity of the above lipases toward DHA and EPA was investigated.

Figure 1 showed that although Novozym 435 provided the highest FAME yield, the selectivity of the lipase toward DHA and EPA was the weakest. Lipozyme TL IM showed higher selectivity toward DHA but lower FAME yield compared to Novozym 435 and Novozym ET2.0, while PPL showed almost no catalytic activity. Considering the total FAME yield and the selectivity toward DHA and EPA, lipase Novozym ET2.0 had the highest potential during the methanolysis of fish oil compared to other three lipases. To further study whether the different distribution of DHA and EPA in fish oil influenced the catalytic selectivity during lipase-mediated methanolysis, the positional distribution of FAs in original fish oil and the glycerides after the enzymatic methanolysis were investigated, respectively, by the TLC method described in Analysis of the Positional Distribution of FAs in Fish Oil and the FA Composition of Glycerides and the results are shown in Table 2.


[image: Figure 1]
FIGURE 1. Methanolysis of fish oil catalyzed by lipases. (A) Effect of time. (B) Effect of lipase.



Table 2. Analysis of positional distribution of FAs.
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From Table 2, it could be seen that both DHA and EPA were almost averagely distributed in the three positions of glycerol backbone in original fish oil as well as in the three positions of the glyceride mixture after Novozym ET2.0-mediated methanolysis of fish oil (Mbatia et al., 2010; Tengku-Rozaina and Birch, 2014), indicating that the difference in the conversion of DHA and EPA presented in Figure 2 was due to the varied selectivity of lipase toward them rather than the difference of their original positional distribution.


[image: Figure 2]
FIGURE 2. Novozym ET2.0-mediated alcoholysis of fish oil. (A) Effect of time. (B) Effect of different acyl acceptor.




Novozym ET2.0-Mediated Alcoholysis of Fish Oil With Different Acyl Acceptors

The above study revealed that lipase Novozym ET2.0 had good performance in catalyzing the methanolysis of fish oil for the selective concentration of DHA and EPA. Further, Novozym ET2.0-mediated alcoholysis of fish oil with different acyl acceptors (methanol, ethanol, 1-propanol, and 1-butanol) was carried out since different acyl acceptors have been reported to affect the catalytic performance of lipase (Shimada et al., 1997a; Valverde et al., 2014). As shown in Figure 2A, it could be seen that the highest ester yield was achieved with methanol, but the selectivity toward DHA was lower than that of the other three alcohols (Figure 2B). With ethanol and 1-propanol as the acyl acceptors, high ester yield and selectivity could be achieved. The spatial conformation of the binding site of lipase is a tunnel-like cavity (Pleiss et al., 1998), and the binding process of DHA chain may be harder if the steric hindrance of the alcohol is higher, thus reducing the conversion degree of DHA to ester, while the binding process of other FA chains would not be affected when using different alcohols as acyl acceptors (except for 1-butanol).



Optimization on Novozym ET2.0-Mediated Selective Ethanolysis of Fish Oil

In order to obtain higher ester yield and promote enzymatic selective catalysis toward DHA and EPA, effect of ethanol adding strategy, water dosage, ethanol/oil molar ratio, and reaction temperature were optimized systematically in the following study. Figure 3A showed that ethanol adding strategy 2 (equally added eight times at 1-h intervals from 0 to 7 h) provided higher FAEE yield than strategy 1 (equally added four times at 1-h intervals from 0 to 3 h). The deactivation of ethanol on lipase could be reduced by increasing the adding times, lowering the amount of ethanol each time.


[image: Figure 3]
FIGURE 3. Optimization on Novozym ET2.0-mediated ethanolysis of fish oil. (A) Effect of time. (B) Effect of water dosage. (C) Effect of ethanol/oil molar ratio. (D) Effect of temperature.


A certain amount of water has been demonstrated to be necessary for the Novozym ET2.0-mediated process (Lv et al., 2017). In this research, water dosages of 5, 10, 15, and 20% (w/w, oil) were selected for investigating the effect of water on Novozym ET2.0-mediated ethanolysis of fish oil (Figure 3B). Results showed that FAEE yield increased with water dosage from 5 to 15% and decreased when the water dosage was 20%.

The effect of ethanol/oil molar ratio (3:1, 4:1, 5:1, and 6:1) on Novozym ET2.0-mediated ethanolysis of fish oil is shown in Figure 3C. Higher FAEE yield was obtained when the ethanol/oil molar ratio was increased from 3:1 to 5:1, but the FAEE yield decreased when the molar ratio was further increased from 5:1 to 6:1.

Reaction temperatures of 35, 40, 45, and 50°C were selected to investigate the effect of temperature on the ethanolysis process. Figure 3D shows that the FAEE yield increased when the temperature was increased from 35 to 40°C and maintained stable during 40–45°C, and the FAEE yield decreased when the temperature was further enhanced.

Under the optimized conditions (ethanol adding strategy 1, water dosage 15 wt%, ethanol/oil molar ratio 5:1, and 40°C), a FAEE yield of 79.8% could be achieved after 9 h of reaction (Figure 4A), where more than 85% of EPA and other FAs were converted to their corresponding esters, while most of the DHA remained in the glycerides (Figure 4B), providing basis for further rational concentration of DHA or/and EPA in triglycerides.


[image: Figure 4]
FIGURE 4. Lipase-mediated ethanolysis of fish oil under optimized conditions. (A) Effect of time. (B) Conversion of different FAs to their esters.





Separation of Biodiesel (Ethyl Esters) From Glycerides With Molecular Distillation

After the above lipase-mediated ethanolysis, the reaction mixture was subject to centrifugation and the oil phase was collected for further molecular distillation to separate ethyl esters from glycerides (Wang et al., 2009), which would avoid the potential negative effect of high temperature on the stability of DHA.

The FAEE content in heavy phase was decreased to 10.8% after one-stage molecular distillation and the FA composition of heavy phase and light phase are listed in Table 3.


Table 3. FA composition of heavy phase and light phase.

[image: Table 3]

After the molecular distillation, the DHA content in heavy phase was promoted to 50%, significantly higher than that of original fish oil (16.3%), and most DHA was in the form of MAGs and DAGs, realizing the first-step concentration of DHA in glycerides effectively, while it can be used as the “bone” for further concentration of DHA and EPA onto the glycerides, as shown in Scheme 1.

The light phase was further subject to the second-stage molecular distillation for the separation of EPA-EE and FAEEs (biodiesel) and a FAEE (biodiesel fraction) content of 97.5% could be obtained.

Through the above lipase-mediated selective ethanolysis and molecular distillation, enrichment of DHA in glycerides, concentration of EPA-EE, and biodiesel preparation were achieved successfully. The DHA-enriched glyceride mixture in heavy phase consisted of 65.8% MAGs and 34.2% DAGs, and in the following study, further concentration of DHA and EPA in glycerides was explored by introducing extra DHA or EPA into the glyceride backbone through lipase-catalyzed transesterification of DHA or EPA enriched EE (ethyl ester) with the glycerides contained in heavy phase.



Further Concentration of DHA or EPA in Glycerides Through Lipase-Catalyzed Transesterification

To realize the flexible and high concentration of DHA and EPA in glycerides, lipase Novozym 435-catalyzed transesterification of heavy phase (obtained from the first step) with DHA- or EPA-rich EE was carried out.

Novozym 435-catalyzed transesterification of heavy phase with DHA-rich EE was firstly carried out to further promote the enrichment of DHA in glycerides. Figure 5 clearly indicated that most of MAGs was consumed to produce DAGs at the early stage (0–7 h). Meanwhile, when the reaction time exceeded 12 h, the content of DAGs in glycerides decreased rapidly due to the formation of TAGs. After 72 h reaction, the glyceride mixture consisted of 46.2% TAGs, 49.3% DAGs, and 4.5% MAGs, indicating that most MAGs converted to DAGs or TAGs successfully with the catalysis of Novozym 435. The related reactions involved in this process are presented in Scheme 2.


[image: Figure 5]
FIGURE 5. Novozym 435-catalyzed transesterification of heavy phase with DHA-rich EE.



[image: Scheme 2]
SCHEME 2. Enzymatic transesterification of glycerides in heavy phase (MAGs and DAGs) with DHA-EE.


After Novozym 435-catalyzed transesterification of heavy phase with DHA-rich EE for 72 h, the DHA content in glycerides was significantly promoted to 67.1% with the total content of PUFAs around 80.2% (Figure 6), which could be used as an ideal healthcare product for infants and pregnant women (Wang et al., 2009; Rogers et al., 2013; Dyall, 2015; Echeverría et al., 2017). For some cases, enrichment of DHA and EPA simultaneously in glyceride is preferred, since it can be used as the product for preventing cardiovascular diseases in adults. Herein, Novozym 435-mediated transesterification of heavy phase with EPA-rich ethyl esters was also investigated as described in Novozym 435-Catalyzed Transesterification of Glycerides (Remaining in the Heavy Phase After the Molecular Distillation) With DHA- or EPA-Rich EE and EPA content in glycerides was promoted to 41.1% with a DHA content of 38.0%. The investigation indicated that through Novoyzm 435-mediated transesterification, either DHA or EPA could be effectively enriched in glycerides, with the total content of PUFAs being more than 75%.


[image: Figure 6]
FIGURE 6. Novozym 435-catalyzed transesterification of glycerides with DHA- or EPA-rich EE (72 h).





CONCLUSION

This work introduced a novel process to achieve the high and flexible concentration of DHA and EPA in glycerides combined with the effective production of biodiesel. Novozym ET2.0 demonstrated high potential in selective enrichment of DHA and EPA for its potent selectivity toward them. Through Novozym ET2.0-mediated selective ethanolysis, most EPA and other FAs were converted to its corresponding FAEE, while most DHA remained in glycerides. The common FAEEs (biodiesel fraction) could be separated effectively from EPA-EE through molecular distillation and the final biodiesel content of 97.5% could be obtained. Further enrichment of DHA and EPA in glycerides could be achieved by Novozym 435-catalyzed transesterification of glyceride (remaining in heavy phase after the molecular distillation) with DHA- or EPA-rich EE and glycerides with 67.1% DHA and 13.1% EPA, or glycerides with 41.1% EPA and 38.0% DHA could be obtained flexibly, providing alternative reasonable nutrition supplement for different consumer groups. This work demonstrated a novel process for the thorough utilization of fish oil, with which the combined production of biodiesel as well as the flexible enrichment of DHA and EPA in glycerides could be achieved effectively, having great prospect for practical industry application.
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(R)-1-phenyl-1,2-ethanediol is an important synthon for the preparation of β-adrenergic blocking agents. This study identified a (2R,3R)-butanediol dehydrogenase (KgBDH) from Kurthia gibsonii SC0312, which showed high enantioselectivity for production of (R)-1-phenyl-1,2-ethanediol by reduction of 2-hydroxyacetophenone. KgBDH was expressed in a recombinant engineered strain, purified, and characterized. It showed good catalytic activity at pH 6–8 and better stability in alkaline (pH 7.5–8) than an acidic environment (pH 6.0–7.0), providing approximately 73 and 88% of residual activity after 96 h at pH 7.5 and 8.0, respectively. The maximum catalytic activity was obtained at 45°C; nevertheless, poor thermal stability was observed at >30°C. Additionally, the examined metal ions did not activate the catalytic activity of KgBDH. A recombinant Escherichia coli strain coexpressing KgBDH and glucose dehydrogenase (GHD) was constructed and immobilized via entrapment with a mixture of activated carbon and calcium alginate via entrapment. The immobilized cells had 1.8-fold higher catalytic activity than that of cells immobilized by calcium alginate alone. The maximum catalytic activity of the immobilized cells was achieved at pH 7.5, and favorable pH stability was observed at pH 6.0–9.0. Moreover, the immobilized cells showed favorable thermal stability at 25–30°C and better operational stability than free cells, retaining approximately 55% of the initial catalytic activity after four cycles. Finally, 81% yields (195 mM product) and >99% enantiomeric excess (ee) of (R)-1-phenyl-1,2-ethanediol were produced within 12 h through a fed-batch strategy with the immobilized cells (25 mg/ml wet cells) at 35°C and 180 rpm, with a productivity of approximately 54 g/L per day.
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INTRODUCTION

Chiral 1-phenyl-1,2-ethanediol (PED) plays an essential role in the synthesis of fine chemical compounds, pharmaceutical industry compounds, and liquid crystals (Cazetta et al., 2014; Li et al., 2014). The enantiomer (R)-PED is used as an important synthon for the fabrication of (R)-norfluoxetine, (R)-fluoxetine (Cui et al., 2017), and β-adrenergic blocking agents (Kamal et al., 2005). In recent decades, the preparation of chiral chemical compounds by biocatalysis has attracted considerable interest because of their high enantioselectivity, environmental friendliness, and mild reaction conditions (Ni and Xu, 2012; Choi et al., 2015; Lin and Tao, 2017). Compared with enzymatic catalysis, whole-cell biocatalysis has several advantages, including easy preparation, cofactor regeneration, and protection of intracellular enzymes (Wachtmeister and Rother, 2016). However, the biocatalytic reaction of wild strains was often confronted with some shortcomings owing to the low levels of functional enzymes, such as long reaction time, low levels of substrate, and high cell catalyst counts (Lü et al., 2007; Hu et al., 2010).

Some alcohol dehydrogenases from microorganisms have been reported to asymmetrically reduce 2-hydroxyacetophenone (HAP) to (R)-PED (Chen et al., 2015; Sudhakara and Chadha, 2017). Kurthia gibsonii SC0312 (K. gibsonii SC0312) isolated by our group is able to prepare chiral PED with high enantioselectivity (Peng et al., 2019). Nevertheless, the functional enzymes from K. gibsonii SC0312 for the preparation of chiral PED were yet unknown. Investigation of the functional enzymes and the enzymatic characteristics was therefore essential. Escherichia coli (E. coli) is a common host for the expression of heterologous genes because of its well-studied genetic background, rapid growth, and high expression levels (Lin and Tao, 2017; Wang P. et al., 2017). The use of alcohol dehydrogenases in oxidation–reduction reactions generally requires the participation of cofactors, such as NAD(P)+ or NAD(P)H (Kroutil et al., 2004). On the other hand, E. coli generally does not contain enough cofactors for oxidation–reduction reactions, and the use of additional cofactors decreases the cost efficiency. The construction of a cofactor regeneration system is capable of increasing cost efficiency by adding inexpensive cosubstrates (Liu et al., 2017). Glucose dehydrogenases (GHDs) are often used in the construction of enzyme-coupled systems (Hollmann et al., 2010) for the regeneration of either NADPH or NADH (Wichmann and Vasic-Racki, 2005).

Whole cells generally confront dissatisfactory usability and recyclability after operation in catalytic reaction (Wang L. et al., 2017). Cell immobilization technology may address the issues. Cell entrapment is a typical immobilization approach with advantages that include high cell density, easy recyclability, and facile preparation (dos Santos Belgrano et al., 2018). The use of calcium alginate for cell entrapment has attracted considerable attention because of its good biocompatibility and easy preparation (Ha et al., 2009). Most efforts have focused on enhancing the mechanical strength of calcium alginate beads, for instance, by forming a protective layer on the beads by using chitosan and dopamine (Chen et al., 2012; Kim et al., 2014) and introducing the supporting material polyvinyl alcohol (Wei et al., 2018). Another notable issue in cell entrapment is mass transfer limitation. However, few studies have focused on improving the catalytic rate of immobilized cells by entrapment.

In this study, we discovered an alcohol dehydrogenase from K. gibsonii SC0312, which is used for the preparation of (R)-PED by the reduction of HAP with high enantioselectivity. The gene encoding the enzyme was first cloned and expressed in E. coli BL21(DE3) strain, and the enzymatic characteristics were assayed after purification by Ni-NTA agarose. Second, both the enzyme and the GHD were coexpressed in an E. coli BL21(DE3) engineered strain, and the recombinant cells were immobilized with a mixture of calcium alginate and active carbon. Finally, we constructed a highly enantioselective aqueous reaction system for the fabrication of (R)-PED by the reduction of HAP by using the immobilized cells coexpressing alcohol dehydrogenase and GDH (Scheme 1).
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SCHEME 1 Biotransformation of HAP to (R)-PED by immobilized BL21(DE3)-pETduet1-KgBDH-BsGDH in buffer.




MATERIALS AND METHODS


Biological and Chemical Materials

Kurthia gibsonii SC0312 and Bacillus subtilis 168 were stored in our laboratory. The host cells E. coli DH5α and E. coli BL21(DE3) as well as the plasmids pET28a and pETDuet1 were purchased from Novagen. The kits used for the recycling of genes and plasmids were obtained from Sangon Biotech (Shanghai, China). The restriction enzymes and the T4 DNA ligase were brought from Thermo Fisher ScientificTM. HAP (97%) was purchased from Aladdin (China). Other reagents were obtained from commercial sources. The clone and expression of genes as well as enzymatic purification are described in the Supplementary Material.



Characteristics of the Functional Enzyme for the Asymmetric Reduction of HAP

The enzyme 2,3-butanediol dehydrogenase (KgBDH) from K. gibsonii SC0312 was found to asymmetrically reduce HAP to (R)-PED. The HAP reduction activity of KgBDH was assayed at different pH levels (pH 5–10) and temperatures (20–60°C) by determination of the absorbance of NADH at 340 nm. The reaction system encompassed PB (50 mM, pH 7.5), HAP 5 mM, NADH 0.2 mM, and an appropriate amount of KgBDH. The reaction system without cofactors was set as the control group. The effects of metal ions (0.2 mM) on the KgBDH activity were also evaluated, and the control group did not include the metal ions. The amount of KgBDH oxidizing 1.0 μmol of cofactor per minute at 40°C and pH 7.5 was defined as one unit of enzyme activity. The protein level of the KgBDH solution was measured with the Bradford method.

The pH stability and the thermal stability of KgBDH were also assayed. The pH stability of the enzyme was measured by incubation in PB (pH 6.0–8.0, 4°C). The thermal stability of KgBDH was measured by incubation in PB (50 mM, pH 7.5) within the temperature range of 20–50°C. The enzyme solution was regularly withdrawn for measurement of the reduction activity of KgBDH during the incubation process. The kinetic parameters of KgBDH for the reduction of HAP were measured at 40°C in PB (50 mM, pH 7.5). The levels of HAP ranged from 0.5 to 5 mM, and the concentration of NADH was at 0.2 mM.



Cell Immobilization by Calcium Alginate and Activated Carbon

A recombinant E. coli BL21(DE3) strain with cofactor regeneration was constructed (shown in the Supplementary Material), which coexpressed KgBDH and glucose dehydrogenase (BsGDH) from B. subtilis 168. The E. coli BL21(DE3) cells coexpressing both KgBDH and BsGDH [E. coli BL21(DE3)-KgBDH-BsGDH] were first cultured overnight at 37°C and 160 rpm in LB broth containing 100 mg/L ampicillin. Then 1 ml of the overnight culture was inoculated into 100 ml fresh LB broth with 100 mg/L ampicillin, followed by culture at 37°C and 160 rpm. When the OD600 of the cell cultures reached 0.6–0.8, IPTG (0.1 mM) was injected to induce the expression of the target genes, followed by incubation at 20°C and 160 rpm for 20 h. The cells were collected by centrifugation (6,000 × g, 3 min) at 4°C and washed twice by normal saline. The cells were suspended in Tris–HCl buffer (50 mM, pH 7.5) until the immobilization of the cells. For cell immobilization, 1.0 g wet cells were mixed with 20 ml of sodium alginate (2%, w/v) containing active carbon granules (200 mg). Subsequently, the mixture was dripped into 0.2 mol/L CaCl2 with a needle to form beads. The formed beads were continuously hardened at 4°C for 3 h. Finally, the immobilized cells were stored at 4°C until use. The E. coli BL21(DE3)-KgBDH-BsGDH cells immobilized by calcium alginate (2%) were prepared as above. Comparisons were made among free cells, cells immobilized by calcium alginate, and cells immobilized by a mixture of activated carbon and calcium alginate. In addition, scanning electron microscopy (SEM) images of the cells immobilized by the mixture of activated carbon and calcium alginate were taken.



Effects of pH and Temperature on the Immobilized Cells and Operational Stability

The catalytic activities of the immobilized cells for the reduction of HAP at different pH values and reaction temperatures were determined. Two buffers were applied to evaluate the effect of pH on the catalytic activity of the immobilized cells: sodium acetate (100 mM, pH 6.0–7.0) and Tris–HCl (50 mM, pH 7.5–9.0). The temperature ranged from 25 to 45°C. The reactions were conducted at 20 mM HAP, 40 mM glucose, 180 rpm, as well as the designed buffer pH and temperature. The catalytic rate was calculated according to the amount of PED generated after 30 min of reaction.

The pH stability and the thermal stability of the immobilized cells were also assayed. The immobilized cells were incubated in the reaction buffers above for 24 h at 4°C, and then the residual catalytic activity was analyzed. Similarly, the thermal stability of the immobilized cells preincubated in Tris–HCl (50 mM, pH 7.5) at the specified temperatures for 12 h was determined, and the catalytic activity was determined as described above.

The reusability of the immobilized cells was accessed by determining the residual activity for four reuse cycles. The adsorptive product on the surface of beads was wiped off using a Tris–HCl buffer (50 mM, pH 7.5). Meanwhile, to better minimize the influence of the residual product, a system consisted of Tris–HCl (50 mM, pH 7.5) and washed beads was employed to determine the residual amount of the product in the washed beads. Each cycle was conducted in a Tris–HCl buffer (50 mM, pH 7.5) under the designed conditions: 20 mM HAP, 40 mM glucose, 35°C, and 180 rpm for 3 h. The initial reaction rate was calculated according to the amount of (R)-PED after reaction for 30 min minus the residual amount of the product in the washed beads. Comparisons were made among free cells, cells immobilized by calcium alginate, and cells immobilized by a mixture of activated carbon and calcium alginate.



Production of (R)-PED by Fed-Batch Feeding of HAP

The reaction system consisted of 4 ml Tris–HCl buffer (50 mM, pH 7.2), 80 mM HAP, 160 mM glucose, and immobilized cells (wet cell weight of 100 mg) and incubated at 35°C and 180 rpm; 320 mmol HAP and 640 mmol glucose were repeatedly added to the reaction system when HAP was nearly depleted. During the reaction process, sodium bicarbonate was used to neutralize the produced acids and to maintain the reaction system at a suitable pH level (pH 6.5–7.5). The levels of (R)-PED were monitored before supplementation with HAP during the reaction. The yield of the product was defined as the ratio of the amount of generated (R)-PED to that of the theoretical product. The enantiomeric excess (ee) of (R)-PED was calculated with the following equation:
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where CR and CS are the levels of (R)-PED and (S)-PED, respectively.



Analytical Methods

The product (R)-PED concentration and the optical purity were analyzed by high-performance liquid chromatography (HPLC). The levels of (R)-PED were determined by Waters HPLC 1525 instrument equipped with a detector and XBridge-C8 column (4.6 mm × 250 mm, 5 μm, Waters, United States) using water and acetonitrile (6:4, v/v) as the mobile phase at 215 nm and 0.5 ml/min (Supplementary Figure S1a). The enantiomeric excess was monitored by Agilent HPLC 1100 instrument equipped with a UV detector at 215 nm, with an OB-H as the analytic column (4.6 mm × 150 mm, 5 μm, Agilent, United States) and hexane and isopropanol (9:1, v/v) as the mobile phase at 215 nm and 0.7 ml/min (Supplementary Figure S1b). The results are expressed as mean ± standard deviation, and all experiments were performed at least in duplicate.



RESULTS AND DISCUSSION


Clone and Expression of Functional Genes From K. gibsonii SC0312

SDS-PAGE was used for examining the expression of enzyme protein in the engineered strain. Figure 1 and Supplementary Figure S2 show that the eight putative enzymes were successfully expressed in the E. coli BL21(DE3) strain. On the basis of the analysis of the catalytic activity of whole cells and the crude enzyme solutions, only KgBDH was able to reduce HAP, with high enantioselectivity of >99% for (R)-PED production (data not shown). The amino acid sequence analysis of KgBDH is shown in Supplementary Figure S3. InterProScan prediction1 suggested that the GroES-like domain of KgBDH is located at amino acids 1–177, and the enzyme is a medium-chain alcohol dehydrogenase containing a GXXGXXG cofactor binding motif (Bottoms et al., 2002). The conserved zinc-binding site GHEXXGXXXXX[GA]XX[IVAC], which is often present in the medium-chain zinc-containing alcohol dehydrogenase family, was found in KgBDH (González et al., 2001). However, the active-site motif YXXXK, which is usually present in the short-chain alcohol dehydrogenase superfamily, was absent in KgBDH (Zhang et al., 2014).
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FIGURE 1. SDS-PAGE of KgBDH. L1: Control, total proteins from BL21(DE3)-pET28a-KgBDH strain without IPTG. L2: Whole cell, total proteins from BL21(DE3)-pET28a-KgBDH strain with 0.1 mM IPTG. L3: Supernatant, soluble proteins from BL21(DE3)-pET28a-KgBDH strain with 0.1 mM IPTG. L4: Purified KgBDH.




Enzymatic Characteristics of the Functional Enzyme

The impacts of buffer pH, reaction temperature, and metal ions on the activity of KgBDH for the reduction of HAP were studied (Figure 2). KgBDH presented good catalytic activity at pH 6.0–8.0, and the changes in the relative activity within the pH range examined were slight (Figure 2A). The pH stability assays demonstrated an enhanced trend in the residual catalytic activity of KgBDH with an increase in buffer pH when the pH was varied from 6.0 to 8.0 (Figure 2B). For instance, the residual activity of KgBDH remained at approximately 73 and 88% after 96-h incubation at pH 7.5 and 8.0, respectively. Figure 2C describes the effect of temperature on the catalytic activity of KgBDH. The highest catalytic activity was achieved at 45°C, and an increase in temperature resulted in significantly lower activity, especially at 60°C. In terms of the thermal stability of KgBDH, relatively excellent reduction activity was observed at temperatures of 20–30°C, at which more than 80% catalytic activity was retained within 24 h. However, as the incubation temperatures increased above 30°C, a rapid decline in the catalytic activity was observed during the incubation. For instance, less than 40 and 20% catalytic activity were retained after 9-h incubation at 35 and 40°C, respectively. The results suggest that the enzyme is more suitable for application at room temperature. Figure 2E shows the impact of metal ions on the catalytic activity of KgBDH. The examined metal ions had no activating effect on the functional enzyme. Additionally, three metal ions, Cu2+, Fe3+, and Zn2+, visibly decreased the reduction activity of KgBDH. Table 1 shows the kinetic parameters of KgBDH on the reduction of HAP. The apparent Km and kcat were 5.4 mM and 4.9 s–1, respectively, and the kcat/Km was 0.9 s–1 mM–1. The reduction activity of the enzyme for HAP was 6.7 U/mg. Several enzymes with high enantioselectivity for the fabrication of chiral PED by the reduction of HAP were shown in Supplementary Table S3. Compared with other functional enzymes, KgBDH showed excellent performances in enantioselectivity or reduction activity.
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FIGURE 2. The effects of pH, temperatures and metal ions on the catalytic properties of KgBDH. The reduction activity (A) and stability (B) of KgBDH at different pH. The reduction activity (C) and stability (D) of KgBDH at different temperatures. The reduction activity of KgBDH at different metal ions (E).



TABLE 1. Kinetic parameters of KgBDH for the reduction of HAP.
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Characteristics of the Immobilized Cells

As depicted in Figure 3A, SDS-PAGE analysis indicated that KgBDH and BsGDH were successfully coexpressed in E. coli BL21(DE3). Figures 3B and C show the appearance and micrograph of the immobilized E. coli BL21(DE3)-KgBDH-BsGDH cells by the mixture of calcium alginate and activated carbon. The SEM micrograph in Figure 3C shows the cells entrapped in the beads. First, we compared the catalytic rates of the whole cells, the immobilized cells by calcium alginate, and the immobilized cells by the mixture of calcium alginate and activated carbon. To better calculate the produced (R)-PED, the adsorption models of PED in the calcium alginate beads and the activated carbon–calcium alginate beads were established. As shown in Supplementary Figure S4, the constructed Freundlich adsorption models adequately represent the adsorption of PED in the beads. The reaction catalytic rate of the cells embedded in the activated carbon–calcium alginate beads, compared with that of free whole cells, showed a slight difference, whereas a visible decline in the catalytic rate of the cells embedded in the calcium alginate beads was observed (Supplementary Figure S3c). Moreover, the cells in the activated carbon–calcium alginate beads showed a 1.8-fold higher reaction rate than that in the calcium alginate beads. Prior report has indicated that Paracoccus sp. strain KT-5 immobilized by activated carbon degraded pyridine with a higher reaction rate than that of the free cells (Qiao et al., 2010). Additionally, regardless of the adsorption capacity of activated carbon, the degradation time of pyridine at 1476 mg/ml by the immobilized cells was shorter than that at 978 mg/ml by free cells. Mörsen and Rehm (1990) have reported that microbial cells immobilized by activated carbon displayed a more rapid phenol-degrading rate than those immobilized by sintered glass, probably because of the rapid adsorption of phenol by activated carbon. Our previous work has also indicated that the catalyst with better adsorption hydrolyzes cellobiose more rapidly to form glucose (Hu et al., 2014). We therefore speculated that the adsorption effect of active carbon might be responsible for the stimulation, because the rapid adsorption was beneficial in increasing the effective contact between the cells and the substrate.
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FIGURE 3. SDS-PAGE of coexpression of KgBDH and BsGDH in the engineered E. coli (A) and the immobilized cells (B) as well as their SEM (C). L1: Total proteins from BL21(DE3)-pETduet1-KgBDH-BsGDH strain with 0.1 mM IPTG. L2: Soluble proteins from BL21(DE3)-pETduet1-KgBDH-BsGDH strain with 0.1 mM IPTG. L3: Total proteins from BL21(DE3)-pETduet1-KgBDH-BsGDH strain without IPTG.


Figure 4 describes the effects of buffer pH and reaction temperature on the catalytic activity of the immobilized cells as well as operational stability. As shown in Figure 4A, the impacts of buffer pH on the catalytic activity and stability of the cells immobilized by the mixture of activated carbon and calcium alginate were studied. The buffer pH exhibited an important influence on the catalytic activity of the immobilized cells. The catalytic rate was enhanced with an increase in buffer pH from pH 6.0 to the maximum at pH 7.5. Continuously increasing the buffer pH led to a sharp decline in the catalytic activity. Figure 4A also indicates that the immobilized cells performed excellent pH stability within the pH range from 6.0 to 9.0. Slight differences in the catalytic rate of the immobilized cells were observed after 12-h incubation in the buffer of various pH values, thus indicating that the immobilized cells could be stored in a wide pH range. The initial reaction rate of the immobilized cells continued to increase when the temperature was varied from 25 to 45°C (Figure 4B). However, the thermal stability assay of the immobilized cells indicated that the residual catalytic activity rapidly decreased as the temperature increased from 25 to 45°C. In comparison, the residual catalytic activities after 12-h incubation at 25 and 30°C remained at approximately 100% and above 90%, respectively; nevertheless, when the incubation temperature was 35 and 40°C, the catalytic activities remained at approximately 56 and 19% after 12 h, respectively. The results suggest that the immobilized cells are suitable for the reaction temperatures ≤35°C. As shown in Figure 4C, the two immobilized cells had better operational stability than the free cells. The two immobilized cells had similar trend in the operational stability. The cells immobilized by the mixture of calcium alginate and activated carbon retained approximately 55% of the initial catalytic activity after four reuse cycles, a level higher than that of free cells, which retained approximately 20% of their initial catalytic activity.
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FIGURE 4. Effect of buffer pH and temperature on the immobilization cells and their operation stability. Reaction conditions: 20 mM HAP, 40 mM Glucose, 180 rpm, 25 mg/ml wet cells in beads. (A) 35°C, sodium acetate (100 mM, pH 6.0–7.0) and Tris–HCl (50 mM, pH 7.5–9.0); (B) 25–45°C, Tris–HCl (50 mM, pH 7.5–9.0); (C) 35°C, Tris–HCl (50 mM, pH 7.5–9.0).




Synthesis of (R)-PED by a Fed-Batch Strategy

On the basis of the above results, the buffer pH and reaction temperature for the reduction of HAP by the immobilized cells were chosen at 7.5 and 35°C, respectively. Supplementary Figure S5 demonstrates the impact of HAP concentration on the synthesis of (R)-PED. The HAP concentration was evaluated at 80 mM, given the high expression level of target protein in the engineered strain. As shown in Supplementary Figure S5a, 83–86% of (R)-PED yields were achieved at the end of the reactions when the HAP concentrations were 80–100 mM. In addition, excellent enantioselectivities (>99%) were observed. However, when the HAP concentration reached 150 mM, part of HAP was insoluble, which would decrease the reaction efficiency. We also used DMSO as a cosolvent (Cui et al., 2017) to improve the solubility of HAP; on the other hand, 150 mM HAP was still not completely dissolved in the reaction systems containing 10 or 15% DMSO (v/v) (Supplementary Figure S5b). We then employed fed-batch feeding of HAP to increase the concentration of the substrate (Figure 5). Approximately 195 mM (R)-PED (81% yield) was produced after two-batch feeding of HAP within 12 h, and the optical purity of (R)-PED was >99%. A productivity of approximately 54 g/L per day was achieved. In comparison to the fabrication of (R)-PED from the reduction of HAP by microbial cells, as shown in Table 2, our preparation approach provided some advantages, such as cofactor regeneration, easy reuse, and even a high substrate level. In this study, in comparison to Cui’s work, the catalytic reaction had some shortcomings, such as lower substrate loading and product yield. However, the biocatalyst loading in our study was significantly less than that in Cui’s work (25 mg/ml wet cells versus 30 mg/ml lyophilized cells), and the immobilized cells were more easily reused than the free cells, thus making our system competitive. The improvement in HAP solubility in the reaction system is key in enhancing reaction efficiency. Some studies (Liese et al., 1996; Peng et al., 2020) have found that HAP is easily soluble in organic solvents. The use of organic solvents efficiently improved the substrate concentration and eased the inhibition effect of HAP to whole cell biocatalysts. The delightful results suggested that the application of an organic-aqueous two-liquid phase system may increase the substrate concentration in the asymmetric reduction of HAP for fabrication of (R)-PED by E. coli BL21(DE3)-KgBDH-BsGDH cells.
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FIGURE 5. Preparation of (R)-PED by a fed-batch strategy.



TABLE 2. The preparation of (R)-PED by asymmetric reduction of HAP using biocatalytic approach.
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CONCLUSION

KgBDH from K. gibsonii SC0312 was capable of reducing HAP to (R)-PED in high enantioselectivity. A constructed recombinant E. coli BL21(DE)-KgBDH-BsGDH strain was used to produce (R)-PED through the asymmetric reduction of HAP by using glucose as a cosubstrate. E. coli BL21(DE)-KgBDH-BsGDH cells immobilized by the mixture of activate carbon and calcium alginate showed a 1.8-fold improvement in the initial rate over that of cells immobilized by calcium alginate. Furthermore, high levels of HAP (240 mM) were reduced to (R)-PED by E. coli BL21(DE)-KgBDH-BsGDH cells immobilized by the mixture of activate carbon and calcium alginate by a fed-batch strategy, affording 195 mM yield and >99% ee. Further studies should focus on the improvement of HAP concentration for the asymmetric reduction of HAP to (R)-PED by E. coli BL21(DE)-KgBDH-BsGDH cells.
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The lipase from Pseudomonas fluorescens (PFL) has been immobilized on octyl-agarose beads under 16 different conditions (varying pH, ionic strength, buffer, adding some additives) at two different loadings, 1 and 60 mg of enzyme/g of support with the objective of check if this can alter the biocatalyst features. The activity of the biocatalysts versus p-nitrophenyl butyrate and triacetin and their thermal stability were studied. The different immobilization conditions produced biocatalysts with very different features. Considering the extreme cases, using 1 mg/g preparations, PFL stability changed more than fourfolds, while their activities versus pNPB or triacetin varied a 50–60%. Curiously, PFL specific activity versus triacetin was higher using highly enzyme loaded biocatalysts than using lowly loaded biocatalysts (even by a twofold factor). Moreover, stability of the highly loaded preparations was higher than that of the lowly loaded preparations, in many instances even when using 5°C higher temperatures (e.g., immobilized in the presence of calcium, the highly loaded biocatalysts maintained after 24 h at 75°c a 85% of the initial activity, while the lowly loaded preparation maintained only 27% at 70°C). Using the highly loaded preparations, activity of the different biocatalysts versus pNPB varied almost 1.7-folds and versus triacetin 1.9-folds. In this instance, the changes in stability caused by the immobilization conditions were much more significant, some preparations were almost fully inactivated under conditions where the most stable one maintained more than 80% of the initial activity. Results suggested that immobilization conditions greatly affected the properties of the immobilized PFL, partially by individual molecule different conformation (observed using lowly loaded preparations) but much more relevantly using highly loaded preparations, very likely by altering some enzyme-enzyme intermolecular interactions. There is not an optimal biocatalyst considering all parameters. That way, preparation of biocatalysts using this support may be a powerful tool to tune enzyme features, if carefully controlled.

Keywords: lipase modulation, interfacial activation, lipase immobilization, immobilization conditions, protein intermolecular interaction


INTRODUCTION

Lipases are among the most used enzymes at both academic and industrial level (Jaeger and Eggert, 2002; Salihu and Alam, 2015). These enzymes are reasonably stable, do not require cofactors and can catalyze a wide range of reactions (Schmid and Verger, 1998; Reetz, 2002, 2013), including promiscuous reactions (Hult and Berglund, 2007; Kapoor and Gupta, 2012), under a wide variety of reaction conditions (Brzozowski et al., 2000; Szczęsna Antczak et al., 2009; Sharma and Kanwar, 2014; Kumar et al., 2016).

Enzyme immobilization is nowadays more than a tool to solve the problem of enzyme reuse (Mateo et al., 2007; Garcia-Galan et al., 2011; Di Cosimo et al., 2013; Liese and Hilterhaus, 2013); a proper enzyme immobilization may solve many enzyme deficiencies, like enzyme stability (Iyer and Ananthanarayan, 2008; Bommarius and Paye, 2013; Stepankova et al., 2013), enzyme activity, selectivity or specificity (Rodrigues et al., 2013) inhibitions (Mateo et al., 2007) even enzyme purity may be enhanced via a well-designed immobilization protocol (Barbosa et al., 2015).

The main characteristic of lipases is that they are interfacial enzymes, that is, enzymes that are able to perform their function at the interface of drops of their natural substrates (triglycerides) (Schmid and Verger, 1998; Reis et al., 2009). This is possible by their special structure: they have one conformation where the active center is isolated from the medium by a polypeptide (lid or flat), in equilibrium with another form where this lid moves and exposes the active center to the medium (Brzozowski et al., 1991; Van Tilbeurgh et al., 1993; Verger, 1997). This form has a large and hydrophobic pocket exposed to the medium and it is the active one (Brzozowski et al., 1991; Van Tilbeurgh et al., 1993; Verger, 1997). The equilibrium between both forms may be easily modulated by the medium conditions, and in the presence of drops of a water insoluble substrate, the lipase becomes strongly adsorbed via the areas around the active center, giving a very stable form (Brzozowski et al., 1991; Verger, 1997; Carrasco-López et al., 2009). This adsorbed lipase form is in fact more stable than the enzyme in conformational equilibrium (Derewenda et al., 1994).

Due to this mechanism of action, lipases have a strong tendency to become adsorbed on any hydrophobic surface. That way they are not only adsorbed on oil drops (Beverung et al., 1999; Reis et al., 2008), but also on hydrophobic proteins (Palomo et al., 2003b; Wang et al., 2016; Zhang et al., 2017), the open form of another lipase molecule (Palomo et al., 2003a, 2004, 2005), or in any hydrophobic support (Manoel et al., 2015; Rodrigues et al., 2019). In fact, immobilization of lipases on this kind of supports is one of the most popular methods to immobilize this enzyme, as it permits the one step immobilization, purification, hyperactivation and stabilization of lipases (Bastida et al., 1998; Fernandez-Lafuente et al., 1998; Rodrigues et al., 2019). The immobilization is not a standard hydrophobic immobilization, but it is based on the interfacial activation of the lipase on the support (Manoel et al., 2015; Rodrigues et al., 2019).

The conformation of the lipase molecules is very flexible because this mobility of its structure. The features of these enzymes tend to be very sensible to changes in the reaction medium (Palomo et al., 2002). Although the immobilization using hydrophobic supports is based on weak physical interactions, it involves many groups of the enzyme, that is, the adsorption is caused by many weak enzyme-surface interactions and becomes quite strong (Rodrigues et al., 2019). The most serious problem of this immobilization protocol is the risk of enzyme release under drastic conditions or in the presence of detergent-like substrates or products (Rueda et al., 2015; Hirata et al., 2016; Rios et al., 2019c; Rodrigues et al., 2019). This may be solved using different strategies, e.g., intermolecular crosslinking (physical or chemical), use of heterofunctional supports (Rueda et al., 2015, 2016; Suescun et al., 2015; Rios et al., 2019c), trapping of the enzyme in some solid matrix (Wiemann et al., 2009; Bhattacharya et al., 2012; Nieguth et al., 2017), etc. In fact, the immobilization of lipases on hydrophobic supports via interfacial activation is used for the preparations of the most popular commercial immobilized lipase biocatalysts: Novozym 435 (Ortiz et al., 2019).

Using the lipase from Thermomyces lanuginosus (TLL), it was shown that depending on the pH employed in enzyme immobilization on hydrophobic resins, the enzyme regioselectivity may be altered. This permitted obtaining some preparations able to hydrolyze the position 2 of glycerides (Abreu Silveira et al., 2017) although TLL is recognized as a sn 1, 3 lipase (Fernandez-Lafuente, 2010). Later, using a very low enzyme load on the support (to avoid any enzyme molecule-enzyme molecule interaction) very different features of immobilized enzymes were detected (activity, specificity, stability) after immobilization on octyl-agarose under very different conditions (Lokha et al., 2020). This means that not only the structure of the lipase molecules were different under different conditions, but also that the immobilization on octyl-agarose beads was able to keep this different enzyme conformation, even though the immobilization was reversible and involved a unique mechanism and enzyme-support orientation (Rodrigues et al., 2019).

In this new study, the effect of the immobilization conditions on the final properties of the lipase from Pseudomonas fluorescens (PFL) has been studied. PFL is a lipase presenting a large lid and it is very used in literature (Xie, 1991; Gilbert, 1993; Rosenau and Jaeger, 2000; Rios et al., 2018; Sánchez et al., 2018) and has been used as model in different studies, like the lipase-lipase interactions that promote the formation of lipase-lipase aggregates involving two open lipase structures (Fernández-Lorente et al., 2003; Palomo et al., 2004, 2005). The comparison of the effect of the immobilization conditions on the features of the biocatalyst when using highly loaded and a lowly loaded biocatalysts is presented. Using the lowly loaded biocatalysts it may be studied how the individual immobilized lipase molecules are affected by the conditions of the immobilization. Using the highly loaded biocatalysts, it may be analyzed if the immobilization conditions may affect the enzyme-enzyme interactions (Fernandez-Lopez et al., 2017; Zaak et al., 2017b). That way, the main objective of this paper is to analyze if the changes in the immobilized enzyme properties detected using TLL can be extrapolated to other enzymes, and if enzyme-enzyme alterations can alter these effects.

Lipase immobilization on octyl-agarose beads is so fast that the enzyme molecules can pack together (Barbosa et al., 2012) and this packing may be different depending on the immobilization conditions (Fernandez-Lopez et al., 2017; Zaak et al., 2017b).

The immobilization conditions utilized in this study were selected to ensure that the enzyme was fully stable, but where some effects on lipases properties had been described in literature. That way, pH values from 5 to 9 were used. The pH during operation greatly affects the performance of this enzyme, but the immobilized enzyme is fully stable in this pH range (Rios et al., 2019b). Additives like glycerin (Lozano et al., 1994; Haque et al., 2005; Tiwari and Bhat, 2006) and increasing concentrations of NaCl (Zaak et al., 2017b), described to stabilize some lipases immobilized on hydrophobic supports were also utilized. Glycerin should favor the open form of the lipase, as it is more hydrophobic than water (that way favoring lipase immobilization (Manoel et al., 2015; Rodrigues et al., 2019) and simultaneously it should weak the enzyme-support interactions [with a negative effect on enzyme immobilization (Manoel et al., 2015; Rodrigues et al., 2019)]. The use of high ionic strength should have the contrary effect, favoring the closed form of the lipase but making the adsorption stronger. Ca2+ has been also used, as it can stabilize some lipases immobilized on these supports (Fernandez-Lopez et al., 2015, 2016; Arana-Peña et al., 2018; Cipolatti et al., 2018).

On the other hand, phosphate anions have been described to have a very significant destabilizing effect on lipases immobilized on these supports (Zaak et al., 2017a; Arana-Peña et al., 2018), including PFL (Rios et al., 2019c). Comparing two enzyme loads, it may be possible to determine if the enzyme-enzyme interactions can alter the effect of the immobilization conditions on the biocatalysts performance.

As hydrophobic support, octyl-agarose beads have been selected, this support has been used to immobilize PFL in many instances (Sztajer et al., 1991; Bastida et al., 1998; Fernandez-Lorente et al., 2003; Rios et al., 2019a) and agarose beads may have some applied interest (Zucca et al., 2016). PFL immobilized on this support become more stable than the enzyme covalently immobilized via multipoint attachment (Dos Santos et al., 2015).



MATERIALS AND METHODS


Materials

p-Nitrophenyl butyrate (pNPB), triacetin and lipase from P. fluorescens (PFL–0.132 mg of protein/mg of powder, determined by Bradford method (1976), were purchased from Sigma-Aldrich (Spain). R- and S-methyl mandelate were from Alfa Aesar (Fisher scientific Spain). CL-4B octyl-Sepharose beads were bought from GE Healthcare (Spain). All other reagents and solvents were of analytical grade.



Methods

All experiments were performed in triplicates and data are supplied as mean values and standard deviation.


Immobilization of PFL on Octyl-Agarose Beads

10 g of octyl-agarose beads was added into 100 mL of PFL solutions at the different immobilization conditions. The enzymatic solutions were prepared using 16 different immobilization buffers that differ in pH (5.0, 7.0, and 9.0) and in the presence of additives (NaCl, glycerol, CaCl2 or phosphate anions). The pH was adjusted after the addition of PFL into the buffer solutions. The immobilization was monitored by measuring the enzyme activity in supernatants and suspensions. The biocatalysts were produced offering 1 mg/g or 60 mg of enzyme/g of support. After immobilization of PFL, the suspension was washed thoroughly with distilled water, with 5 mM Tris at pH 7.0 and stored at 6–8°C.



Enzyme Activity Using Different Substrates


pNPB hydrolysis

The enzyme activity was determined by measuring the release of p-nitrophenol caused by the hydrolysis of pNPB. A 50 mM pNPB solution in acetonitrile was prepared as substrate. Therefore, 50 μL of substrate were added into 2.5 mL of 25 mM sodium phosphate buffer at pH 7.0 and 25°C. The reaction was initialized by adding 50–100 μL of enzyme (free or immobilized enzyme) and quantified at 348 nm (ε under these conditions is 5150 M–1 cm–1) (Lombardo and Guy, 1981) during 90 s, under magnetic agitation. One enzyme activity unit (U) was defined as 1 μmol hydrolyzed substrate per minute.



Triacetin hydrolysis

The reaction was performed using 50 mM of triacetin in 50 mM sodium phosphate buffer at pH 7.0. At this pH, the produced 1,2 diacetin suffers acyl migration and a mixture with 1,3 diacetin is obtained (Hernandez et al., 2011). 0.05–0.1 g of wet immobilized enzyme was added to the substrate solution at 25°C, under stirring. The activity of the immobilized enzyme was determined by the production of 1,2 diacetin and 1,3 diacetin, at conversion degrees between 15 and 22%. This conversion was measured using a HPLC (Kromasil C18 column of 15 cm × 0.46 cm). A solution of 15% acetonitrile-85% Milli-Q water was used as mobile phase with a flow rate of 1 mL/min. The compounds were determined with a UV detector at 230 nm and the retention times were about 4 min for both reaction products and 18 min for substrate.



R- or S-methyl mandelate hydrolysis

The reaction was performed using 50 mM of R- or S- methyl mandelate in 50 mM of sodium phosphate buffer at pH 7.0. A mass of 0.05–0.1 g of biocatalyst was added to the substrate solution at 25°C, under continuous stirring. The product was determined in an HPLC using a Kromasil C18 column (15 cm × 0.46 cm) with UV/VIS detector at 230 nm. A solution of 35% acetonitrile/65% Milli-Q water with 10 mM of ammonium acetate at pH 2.8 was used as mobile phase with a flow rate of 1 mL/min. Retention times for methyl mandelate and mandelic acid were 4.2 and 2.4 min, respectively.



Thermal Inactivations

The immobilized enzyme preparations (0.2–0.25 g) were incubated in 4–5 mL of 50 mM of Tris buffer at pH 7.0 at 70°C (lowly loaded biocatalysts) or 75°C (highly loaded biocatalysts). Periodically, samples were withdrawn and their activities were measured using pNPB as substrate. Residual activities were calculated as a percentage of the initial activity and half-lives were determined directly using the inactivation curves (when the activity of the biocatalyst was 50% of the initial one).



RESULTS AND DISCUSSION


Preparations and Characterization of Lowly Loaded PFL Biocatalysts


Immobilization of PFL on Octyl-Agarose Beads Under Different Conditions

Pseudomonas fluorescens was immobilized under different conditions using 1 mg of enzyme/g of octyl-agarose beads. First, it was checked that the PFL activity remained unaltered after 10 h of incubation under those conditions (not shown results). Figure 1 shows some of the most extreme cases.
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FIGURE 1. Immobilization courses of low loaded PFL preparations (1 mg/g). Immobilization conditions: (A) 5 mM of sodium acetate buffer with 30% glycerol at pH 5.0; (B) 5 mM of Tris buffer with 30% glycerol at pH 7.0; (C) 250 mM of sodium phosphate buffer at pH 7.0 and (D) 5 mM of sodium bicarbonate buffer with 250 mM NaCl at pH 9.0. Other specifications are described in section “Methods.” Solid squares: reference; solid triangles: suspension and solid circles: supernatant.


In all cases, the immobilization yields were fairly similar (more than 90%) and the immobilization had some positive effects on enzyme activity, although the intensity of these effects changed with the immobilization conditions. This ranged from 115 to 200% (Figure 1). Immobilization was more rapid in absence of glycerol; this reagent should slow down the immobilization but at the same time increases the percentage of individual and open forms of lipases.



Activity of the Different PFL Biocatalysts Versus Different Substrates

The biocatalysts were washed with 5 mM Tris at pH 7.0 and stored at 6–8°C for 1 week, to check if the changes in the features of the enzyme were permanent or can be reversed just by incubating under the same conditions for some time. Then, the activities were determined using pNPB, methyl mandelate and triacetin. The activity versus methyl mandelate, both S and R isomers, was too low to have a precise determination with all the biocatalysts, but the activities with the other two substrates may be found in Table 1.


TABLE 1. Activities versus different substrates and half-lives of different PFL biocatalysts prepared under different immobilization conditions.

[image: Table 1]First, the results obtained using pNPB will be presented. The immobilization at pH 7 (5 mM Tris) gave biocatalysts with lower activities than those immobilized at pH 5 or 9, although differences were not very large (around 20%). Increasing concentration of NaCl had a mixed effect on the immobilization. On one hand, it makes the interactions between the enzyme and the support stronger. On the other hand, the lipase molecule tends to be closed, and the only form that can be immobilized on the support is the open form (Manoel et al., 2015; Rodrigues et al., 2019). Moreover, this may alter the enzyme structure, making the exposition of internal hydrophobic groups to the medium more difficult. The increase of the NaCl concentration in the immobilization media performed at pH 5 had a very small effect on the final biocatalysts activity, while at pH 7 a progressive increase on enzyme activity was found (reaching a 20%) and at pH 9, the most active sample among the biocatalysts prepared in this paper was obtained when using 250 mM NaCl (increasing the activity of the biocatalyst immobilized at pH 9 in absence of NaCl by a 15%). The addition of 30% glycerol during the immobilization had the opposite effect on the immobilization on the support compared to the NaCl, favoring the open form while decreasing the strength of the lipase adsorption (Manoel et al., 2015; Rodrigues et al., 2019), and it can also have some effects on the enzyme structure (Lozano et al., 1994; Haque et al., 2005; Tiwari and Bhat, 2006). This additive slightly increased enzyme activity versus pNPB when immobilized at pH 5 (5%) and 7 (17%), while the effect was slightly negative when the enzyme was immobilized at pH 9 (6%). The addition of CaCl2 during the immobilization at pH 7 slightly increased the enzyme activity (near 25%), while the increase in the sodium phosphate concentration (an anion that is negative for enzyme stability) in the immobilization process at pH 7 increased the biocatalyst activity by almost 30%. That way, the difference between the most (the enzyme immobilized at pH 9 in the presence of 250 mM NaCl) and the least (PFL immobilized at pH 7 in Tris) active biocatalyst reached a value of 50% using pNPB as substrate.

Using triacetin as substrate, the activity of the biocatalyst prepared at pH 5 was 10% higher than that prepared at pH 7, while the immobilization of PFL at pH 9 gave again the most active biocatalyst (20% higher than immobilized at pH 7). The increase of the NaCl concentration had positive effects on the expressed activities at all pH values, using 250 mM NaCl at pH 7 the activity of the preparation increased by around 20%, when immobilized at pH 5 or 9 the increase in activity was very moderate (just around 5%). The effect of 30% glycerol was clearly positive when immobilizing the enzyme at pH 5 and 7, while it was negative when immobilizing the enzyme at pH 9 (decreasing the activity to less than 80%). The resulting catalyst was the least active biocatalyst versus triacetin among the biocatalysts that have been prepared in this paper. The use of increasing concentrations of sodium phosphate in immobilizations at pH 7 produced a significant increase in enzyme activity (by almost 50%), while the addition of CaCl2 produced the most active biocatalyst (almost 55% more active than the biocatalysts prepared without additives). That way, the maximum difference in enzyme activities versus triacetin was around 60% when the enzyme was immobilized at pH 7 in the presence of CaCl2 or when the enzyme was immobilized at pH 9 and in the presence of 30% glycerin. The effects of the different variables were similar using pNPB or triacetin, although the most active biocatalysts were different for each substrate.



Effect of the PFL Immobilization Conditions on the Biocatalysts Stability

Table 1 shows the half-lives of the different PFL preparations when incubated at 70°C and in Tris buffer at pH 7.0. As it was found using TLL (Lokha et al., 2020), the values were quite different depending on the immobilization conditions. Regarding the effect of the immobilization pH, the least stable biocatalyst was that prepared at pH 5, with a half-live around threefolds lower than that of the biocatalyst prepared at pH 7, while the immobilization at pH 9 gave better stability than the immobilization at pH 5. The presence of growing concentrations of NaCl during the immobilization improved the final enzyme stability at pH 5 (by a 55%), while immobilizing at pH 7 was negative (by 65%), and with almost no effect at pH 9.

The addition of glycerin during PFL immobilization had different effects on the half-lives depending on the pH value, although the differences were negligible: at pH 5 and 9, it was slightly positive while at pH 7, the effect was slightly negative. This last biocatalyst presented a very stable fraction, the inactivation was quite multiphasic with a very stable fraction accounting for around 45% of the catalytic activity (see Figure 2). The addition of CaCl2 at pH 7 during immobilization did not have a significant effect on the biocatalysts half-lives. This result is surprising considering the effects using highly loaded preparations (see below). The addition of growing concentrations of sodium phosphate presented a significant and positive effect, comparing the half-live of the enzyme immobilized in 5 mM and 250 mM sodium phosphate, the difference in this parameter was more than fourfolds. That way, differences in stability ranged from a half-live of 90 min for the enzyme immobilized at pH 5 to a value of 410 min for the enzyme immobilized in the 250 mM sodium phosphate at pH 7. Figure 2 shows some inactivation courses to exemplify the differences between the biocatalysts with higher differences in their stabilities.
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FIGURE 2. Inactivation courses of low loaded PFL preparations (1 mg/g). The biocatalysts were inactivated at 70°C, in presence of 50 mM Tris buffer, pH 7.0. Other specifications are described in section “Methods.” Solid squares: Immobilization in 5 mM buffer Tris with 30% glycerol at pH 7.0; Solid triangles: Immobilization in 5 mM buffer Tris at pH 7.0; Solid circles: Immobilization in 5 mM buffer sodium acetate at pH 5.0.




Preparations and Characterization of Highly Loaded PFL Biocatalysts


Immobilization of PFL on Octyl-Agarose Beads

Figure 3 shows some representative examples of the immobilization of PFL on octyl-agarose beads at a load of 60 mg/g at 16 different conditions. Table 2 shows the immobilization yield for each immobilization condition. In this instance, immobilization yield was neither identical nor almost full for all the conditions, ranging between 68 and 93%. At pH 5 and 7, the immobilization yields were fairly similar while at pH 9 the immobilization yield increased by around 8%. The increase of NaCl concentration almost did not affect the immobilization rate in all the range of studied pH values. At pH 5 and 9, the presence of glycerol slightly decreased the immobilization rate and that way also affected immobilization yields (by around 6%) while at pH 7 the immobilization rate is strongly affected, decreasing this parameter around 20% (these is the biocatalyst with the lowest enzyme loading). The presence of CaCl2 had no effects in the immobilization yield, while the phosphate anions decreased the immobilization yield by around 13%. This may be relevant, because the lower the immobilization rate, the lower the packing effects of the immobilization (Zaak et al., 2017b).
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FIGURE 3. Immobilization courses of high loaded PFL preparations (60 mg/g). Immobilization conditions: (A) 5 mM of sodium acetate buffer at pH 5.0; (B) 100 mM of buffer sodium phosphate at pH 7.0; (C) 5 mM of Tris buffer with 30% of glycerol at pH 7.0 and (D) 5 mM of sodium bicarbonate buffer with 250 mM NaCl at pH 9.0. Other specifications are described in section “Methods.” Solid squares: reference; solid triangles: suspension and solid circles: supernatant.



TABLE 2. Immobilization yield and final loading of the highly loaded PFL biocatalysts prepared under different conditions.
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Activity With Different Substrates of Different PFL Preparations Obtained by Immobilization Under Different Conditions

The activity of the 16 preparations of PFL was evaluated with pNPB and triacetin (Table 3), again the activity versus methyl mandelate was too low to give reliable data (results not shown).


TABLE 3. Activities versus different substrates and half-lives of different PFL biocatalysts prepared under different immobilization conditions.

[image: Table 3]Starting with the activity versus pNPB (Table 3), firstly we observe a significant decrease in enzyme specific activity, very likely caused by diffusional problems, which decreased the expected mass activity of the biocatalysts (that increased by six- to seven-folds while the enzyme loading increase 40–55) (Hamilton et al., 1974; Müller and Zwing, 1982; Berendsen et al., 2006; Shen and Chen, 2007; Fernandez-Lopez et al., 2017; Zaak et al., 2017b).

At high enzyme loading, the effect of the immobilization pH in the activity versus pNPB did not follow the same pattern than using low enzyme loading. Now, the highest activity is obtained when immobilizing PFL at pH 5, around 10% higher than the activity of the enzyme immobilized at pH 7 and 30% higher activity than when immobilizing at pH 9 [even when at pH 9 the immobilization yield was higher (Table 2)]. That is, now at pH 9 the biocatalyst activity was lower than when immobilizing at pH 7, in opposition to the results obtained using low loading.

At low enzyme loading, activity increased when increasing the concentration of NaCl at all pH values. Now, the effect is even negative at pH 5 and 7, and it is not significant at pH 9 (although the immobilization yield was very similar in the presence or absence of NaCl). The presence of glycerin during the immobilization at pH 7 was also negative using highly loaded preparations, while using low loading this effect was positive. This effect could be partially related to the lower immobilization yield in this instance (Table 2). At pH 5 the effect is negligible, at both enzyme loadings, while at pH 9 now the effect is positive, while at low loading was negligible (Table 3).

The presence of CaCl2 at pH 7 during immobilization greatly decreased the activity of the biocatalyst (by one third) while at low loading the effect of this additive was positive (Tables 1, 3). The use of growing concentration of sodium phosphate also decreased enzyme activity, while at low loading, this effect was positive (Tables 1, 3). The marginal effect of these conditions on the final immobilization yield should be considered (Table 2), that way the changes are due to real changes in intrinsic enzyme features.

When using triacetin as substrate, an increase in immobilized enzyme specific activity (per mg of immobilized enzyme) may be found in almost all cases. The expected results should be a decrease in enzyme specific activity due to diffusional substrate limitations, that can be consumed more rapidly that can penetrate inside the biocatalysts particle. This will be discussed later.

The effect of the immobilization pH on enzyme activity using triacetin as substrate is very different to that found using pNPB. Using highly loaded preparations, the activity at pH 5 and 7 was closely similar, while when immobilizing the enzyme at pH 9, the activity was 1.7-folds lower (Table 3) (it should be remarked that at pH 9 the immobilization yield was the highest one). This is in full disagreement with the results obtained using the lowly loaded biocatalysts, where the highest activity was obtained when immobilizing the enzyme at pH 9. The increase in NaCl concentration has neither a clear tendency nor a significant effect at the different pH values, small increases or decreases could be observed. Glycerol also presented a negligible effect when immobilizing the enzyme at pH 5 while the activity decreased when the enzyme was immobilized at pH 7 (by one third) and increased the activity by a 20% when immobilizing the enzyme at pH 9. Again, the effects were in some instances opposite to those found using low loadings, and although the enzyme loads of the biocatalysts were not identical, the differences do not explain the effect on biocatalyst activity.

The addition of CaCl2 at pH 7 during the immobilization had a slightly negative effect on enzyme activity, while the use of progressively higher concentration of sodium phosphate had no clear effect on enzyme activity (just a very slight decrease). Again, this does not fit the results obtained using the lowly loaded preparations.

The results, comparing highly loaded and lowly loaded, suggest that enzyme-enzyme interactions may play a very important effect on the immobilized enzyme features and on how the immobilization medium affect these enzyme properties. These effects were very clear in some cases, e.g., specific activity of the enzyme immobilized at low loading at pH 5 was around 3 U/mg but at high loading was 6 U/mg. However they were not so clear in other instances, for example when immobilizing the enzyme at pH 9 both biocatalysts exhibited almost identical specific activity (3.3 U/mg for the lowly loaded, 3.2 U/mg for the highly loaded). The fact that the specific activity versus triacetin is higher in some instances using the higher loadings is quite unexpected, because some diffusional problems may be expected using larger enzyme loadings, and this should reduce enzyme activity (Hamilton et al., 1974; Müller and Zwing, 1982; Berendsen et al., 2006; Shen and Chen, 2007; Fernandez-Lopez et al., 2017; Zaak et al., 2017b). One likely explanation could be the promotion of internal pH gradients that could increase the enzyme activity even using some phosphate in the reaction (that can act not only as buffer but as proton transporter), but the activity of immobilized PFL is slightly higher at pH 7 than at more acidic pH values even using lowly loaded preparations (not shown results). That way, this internal pH gradient can be discarded as an explanation of this improved activity. Discarding this, the most likely explanation is that enzyme-enzyme interactions occur in almost all immobilization conditions that alter the enzyme conformation and that way, the final enzyme catalytic features (e.g., enzyme activity).

The sometimes strong discrepancies between the effects of the immobilization conditions when using low and high loadings are another clue that suggests that protein-protein interactions may occur and greatly alter enzyme features. This is the likeliest explanation for the very significant discrepancies between both biocatalysts, and suggests the complexity of the preparation of optimal biocatalysts of PFL lipase via interfacial activation on hydrophobic support, an immobilization method apparently simple (Rodrigues et al., 2019). Using high loadings, the understanding and control of the phenomena are even more difficult than using lowly loaded biocatalysts where enzyme-enzyme interactions may be discarded. In the case of low enzyme loading, it is possible to assume that the differences of the biocatalysts prepared under different conditions are funded mainly on the fixation of different individual enzyme molecules conformations (see Scheme 1). Using high loadings, another likely explanation may join that (see Scheme 2). First, the immobilization conditions may alter the enzyme-enzyme interactions, producing other conformational changes. Moreover, the acceleration or slowdown of the immobilization process may give different distances between immobilized enzyme molecules, and this can alter the relevance of the enzyme-enzyme interactions (Zaak et al., 2017b).
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SCHEME 1. Scheme of the likely effects of immobilization conditions in the preparations of lowly loaded enzyme biocatalysts.
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SCHEME 2. Scheme of the likely effects of immobilization conditions in the preparations of highly loaded enzyme biocatalysts.




Effect of the PFL Immobilization Conditions on the Biocatalysts Stability

Table 3 shows the half-lives of the different highly loaded biocatalyst. The inactivation experiments had to be performed at 75°C, as the enzyme stability of the highly loaded preparations was much higher than that of the lowly loaded preparations. That way, at 70°C the activity remained almost unaltered after 5 h using the highly loaded preparations. This effect of enzyme-enzyme interactions on enzyme stability had been previously described, but it is clearly visible using this enzyme (Fernandez-Lopez et al., 2017; Zaak et al., 2017b; Rios et al., 2019c).

Considering the effect of the immobilization pH, the most stable preparation was that immobilized at pH 9, and the least stable one was that immobilized at pH 7 (a 70% longer half-live when immobilized at pH 9) (Table 3). These qualitative results did not fit the values observed using low loading (Table 1) where the enzyme immobilized at pH 7 was clearly the most stable one, suggesting that enzyme-enzyme intermolecular interactions may play an important role also in enzyme stability. Increasing the concentration of NaCl at pH 5 and 7 during the enzyme immobilization, the effect on enzyme stability was not significant. However, immobilizing the enzyme at pH 9, the highest half-life was obtained when immobilizing PFL in the presence of 250 mM NaCl (by almost a 60%). The addition of glycerol during the immobilization process improved the stability at pH 7 and 9 (around 45%), and it was not significant when immobilizing the enzyme at pH 5. These results did not fit again the results when using low enzyme loading in the biocatalysts (Table 1).

The presence of CaCl2 during the immobilization produced a much more stable biocatalyst than the enzyme immobilized in the absence of this additive (Table 3). This occurred even though calcium has not effects when added in the inactivation solution of immobilized PFL (Rios et al., 2019c). In fact, this biocatalyst maintained over 80% of the activity after 24 h, while the biocatalysts prepared in absence of this compound presented a half-life of only 1.5 h. Using lowly loaded preparations, this positive effect was almost negligible (see Table 1). In a similar way, the presence of sodium phosphate was positive, even the use of just 5 mM permitted to improve the enzyme stability by a twofold factor compared to the enzyme immobilized in Tris buffer. Using 100 and 250 mM of this buffer during the immobilization, the biocatalyst stability became extremely high, and after 24 h it was still possible to measure almost 60% of the initial activity. Again, the positive effect of this buffer was much smaller using the lowly loaded preparation. It should be remarked that phosphate was very negative for enzyme stability when it was added in the inactivation buffer (Rios et al., 2019c). That way, predicting the effect of a variable in the final properties of the immobilized enzyme was quite difficult.

These results reinforced the strong effects of the enzyme-enzyme interactions on the features of the highly loaded biocatalysts, and the importance of the immobilization medium in tailoring these interactions.

Figure 4 shows the inactivation at 75°C and pH 7 of some of the most and the least stable preparations. Supplementary Figure S1 shows a comparison of the inactivations of the high loaded (at 75°C) and low loaded (at 70°C) biocatalysts. The inactivations courses are almost identical when the enzyme is immobilized at pH 5 (but with 5°C of difference) while when prepared in the presence of calcium cations, the highly loaded biocatalysts was much more stable than the enzyme immobilized at low loading under similar conditions, inactivated at 5°C lower temperature.
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FIGURE 4. Inactivation courses of high loaded PFL preparations (60 mg/g). The biocatalysts were inactivated at 75°C, in presence of 50 mM Tris buffer, pH 7.0. Other specifications are described in section “Methods.” Solid squares: Immobilization in 5 mM Tris buffer with 10 mM CaCl2 at pH 7.0; Solid circles: Immobilization in 100 mM sodium phosphate buffer at pH 7.0; Solid triangles: Immobilization in 5 mM sodium bicarbonate buffer with 250 mM NaCl at pH 9.0; Empty squares: Immobilization in 5 mM Tris buffer at pH 7.0.




CONCLUSION

The immobilization of PFL on octyl-agarose via interfacial activation under different conditions produces biocatalysts with very different activity and stability properties. Using highly loaded preparations, the enzyme-enzyme interactions produced further changes in the enzyme features, changes that are modulated by the immobilization conditions. The modulation of the enzyme-enzyme interactions is strong enough to fully alter the effect of the immobilization conditions on enzyme properties just by altering individual enzyme molecule features. The results suggest that immobilization of lipases, at least using PFL and previously shown using TLL, via interfacial activation on hydrophobic supports must be carefully controlled, as changes in enzyme concentration, pH, additives, ionic strength, etc., may strongly affect the final immobilized enzyme performance. Once this fact is known, this PFL modulation of properties by controlling the immobilization conditions may be used as a tool to increase the library of biocatalyst, increasing that way the possibilities of finding some biocatalysts of a lipase with the desired properties.
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Lysine decarboxylase (CadA) can directly convert L-lysine to cadaverine, which is an important platform chemical that can be used to produce polyamides. However, the non-recyclable and the poor pH tolerance of pure CadA hampered its practical application. Herein, a one-step purification and immobilization procedure of CadA was established to investigate the cadaverine production from L-lysine. Renewable biomass chitin was used as a carrier for lysine decarboxylase (CadA) immobilization via fusion of a chitin-binding domain (ChBD). Scanning electron microscopy, laser scanning confocal microscopy, fourier transform infrared spectra, elemental analysis, and thermal gravimetric analysis proved that the fusion protein ChBD-CadA can be adsorbed on chitin effectively. Furthermore, the fusion protein (ChBD-CadA) existed better pH stability compared to wild CadA, and kept over 73% of the highest activity at pH 8.0. Meanwhile, the ChBD-CadA showed high specificity toward chitin and reached 93% immobilization yield within 10 min under the optimum conditions. The immobilized ChBD-CadA (I-ChBD-CadA) could efficiently converted L-lysine at 200.0 g/L to cadaverine at 135.6 g/L in a batch conversion within 120 min, achieving a 97% molar yield of the substrate L-lysine. In addition, the I-ChBD-CadA was able to be reused under a high concentration of L-lysine and retained over 57% of its original activity after four cycles of use without acid addition to maintain pH. These results demonstrate that immobilization of CadA using chitin-binding domain has the potential in cadaverine production on an industrial scale.
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GRAPHICAL ABSTRACT. One-step purification and immobilization of lysine decarboxylase for converting L-lysine to cadaverine via fusion of chitin binding domain.




INTRODUCTION

Polyamides (PA) are an essential polymer and widely used in engineering plastics, sportswear, sutures and catheters, owing to the excellent mechanical and thermal strength (Park et al., 2014; Jiang and Loos, 2016; Kim et al., 2018). Polyamides are mostly produced from chemicals extracted from fossil fuels (6.6 million tons per year), which contributes to the greenhouse effect and serious environmental pollution (Hong et al., 2004; Kind et al., 2011). Thus, environmentally friendly PA synthetic procedures have drawn increasing attention (Wang et al., 2018).

Cadaverine (1,5-diaminopentane), a bio-based chemical, can be combined with various bio-based diacids for the production of fully bio-based PAs, such as PA 5.4, PA 5.6, PA 5.10, and PA 5.12, which exhibit properties consistent with petroleum-based PAs (Buschke et al., 2011; Jiang and Loos, 2016; Seo et al., 2016).

To date, the bio-production of cadaverine has mainly been achieved by microbial fermentation and whole cell conversion from renewable resources. Microbial fermentation using engineered E. coli (Qian et al., 2011) and C. glutamicum (Kind et al., 2010; Kim et al., 2018) is a promising approach, which can produce relatively high yields and results in less impact on the environment. Whole-cell overexpressed lysine decarboxylase (LdcC or CadA) used as a catalyst is another attractive and greener approach (Park et al., 2015; Kloss et al., 2018); this method has the capability of producing cadaverine with high yields and high efficiency, and is environmentally friendly. In our previous study, recombinant E. coli overexpressing CadA was able to produce cadaverine at concentration of 228.0 g/L, which was the highest concentration reported to date (Ma et al., 2015b). In addition, biocatalysis using pure enzyme is also an efficient and well-established approach. However, the increase of pH and accumulation of product cadaverine during the reaction process could cause inactivation of CadA (Ma et al., 2017). Further, non-recyclable of free enzyme increases the cost, which inhibits its practical application (Singh and Kayastha, 2012; Guo et al., 2018).

Immobilization is an efficient method to enhance stability and reusability of enzymes, and this method allows for the easy separation of products (Liang et al., 2020). Several literatures involving immobilization of CadA for cadaverine production have been reported, while the loss of enzyme active and the low immobilization efficiency were observed (Seo et al., 2016; Park et al., 2017). Immobilization of enzymes via affinity adsorption is now recognized as a favorable method due to a simple and mild preparation procedure, strong binding affinity, and proper

exposure of the enzyme active site (Chiang et al., 2009). This method is also capable of simultaneous enzyme purification and immobilization.

The chitin-binding domain (ChBD) is a portion of some chitin hydrolysis enzymes and can specifically bind to chitin (the second most abundant natural polysaccharide after cellulose) via an affinity tag, which makes ChBD a popular choice for enzyme immobilization via protein fusion (Hashimoto et al., 2000; Simsek et al., 2013). ChBD has been employed to immobilize trehalose, levansucrase, β-galactosidase, and heparinase on chitin with excellent enzymatic outcomes (Chiang et al., 2009; Pham et al., 2017; Xu et al., 2017; Jiang et al., 2018).

In our previous study, a multi-functional chitinase (CmChi1) that contained two ChBDs from the bacterium Chitinolyticbacter meiyuanensis SYBC-H1 was expressed and characterized and showed excellent affinity toward the substrate chitin (Zhang et al., 2018). Here, we investigated cadaverine production from L-lysine by CadA immobilization on chitin based on fusion with ChBD from CmChi1. The characteristics and immobilization of the ChBD-CadA fusion protein were studied. In addition, repeated utilization of immobilized ChBD-CadA was also investigated.



MATERIALS AND METHODS


Chemicals

L-Lysine hydrochloride, cadaverine, and chitin were purchased from Sigma-Aldrich (Shanghai, China). The molecular reagents were purchased from Takara Bio (Dalian, China). Other analytical grade chemicals and solvents were purchased from local suppliers.



Strains, Plasmid, and Primers

The previously constructed plasmids pETDuet-CadA (Ma et al., 2015a), pET28a(+)-Cmchi1 (Zhang et al., 2018), and pET28a(+)-gfp were used as templates for cloning of the CadA gene, chitin binding domain (ChBD) gene, and green fluorescent protein (GFP) gene, respectively. The plasmid pETDuet-CadA was used as the expression vector for gene fusion. E. coli DH5α and E. coli BL21(DE3) cells (Novagen Co., Shanghai, China) were used as cloning and expression host, respectively, which were cultivated in Luria-Bertani (LB) broth or on 2% agar plates containing 50 μg/mL kanamycin.

Oligonucleotide primers used for PCR amplification were designed using Snap GeneTM 1.1.3 software1 and synthesized by Genscript Biotech (Nanjing, China). The forward and reverse primers containing endonuclease restriction sites used in this study are listed in Supplementary Table S1.



Genes Cloning and Recombinant Plasmid Construction

PCR amplification with DNA polymerase was performed in a 50 μL reaction system and included 4 μL dNTPs, 0.5 μL of each primer, 1 μL fast Pfu DNA polymerase, 1 μL plasmid template, and the remaining volume was sterile water. The PCR amplification conditions were 95°C for 2 min, followed by 30 cycles of 95°C for 20 s, 53°C for 20 s, 72°C for 20 s; the extension procedure was carried out at 72°C for 5 min.

To construct the expression plasmid of the fusion gene ChBD-CadA, the fragment of CadA from plasmid pETDuet-CadA was amplified with DNA polymerase using primers F1 and R1. The fragment of ChBD from plasmid pET28a (+)-ChBD was amplified with the primers F3 and R3. The ChBD products were purified with the TIANquick MiDi Purification Kit and then digested using BamHI and HindIII restriction enzymes and inserted into the BamHI and HindIII sites of pET28a (+) expression plasmid to obtain the recombinant plasmid pET28a (+)-ChBD. The purified CadA product was digested using HindIII and NotI and inserted downstream of ChBD in pET28a (+)-ChBD to obtain the recombinant plasmid pET28a (+)-ChBD-CadA.

The construction of expression plasmid of fusion gene CadA-ChBD was the same as that for pET28a (+)-ChBD-CadA. The CadA fragment was amplified with primers F2 and R2 and digested using NcoI and BamHI and inserted upstream of ChBD in pET28a (+)-ChBD to obtain the recombinant plasmid pET28a (+)-CadA-ChBD.

For construction of the expression plasmid for pET29a (+)-gfp -ChBD-CadA, the gfp fragment from pET28a(+)-gfp was amplified using primers F4 and R4, and then the purified PCR product was double digested by NdeI and BamHI and ligated upstream of ChBD-CadA plasmid pET28a (+)-ChBD-CadA, resulting in plasmid pET28a (+)-gfp-ChBD-CadA. The transformants were characterized via colony PCR tests and sequenced by Genscript Biotech (Nanjing, China).



Expression and Preparation of CadA, ChBD-CadA, and GFP-ChBD-CadA

The recombinant plasmids were transformed into E. coli BL21 (DE3) cells, and colonies were picked from agar plates and incubated in 100 mL fresh LB medium containing 50 μg/mL kanamycin) in a 500 mL shake flask at 37°C for 8–10 h with shaking at 200 rpm. Then, 20 mL of the pre-culture was used as the seed culture and was inoculated in a 1.4-L INFORS HT Multifors fermenter (Infors Biotechnology Co., Ltd., Beijing, China) containing 1 L LB medium and 50 μg/mL kanamycin at 37°C, with an aeration ratio of 1 vvm (vessel volume per minute) and agitation speed of 250 rpm, until the optical density at 600 nm (OD600) reached 0.6–0.8. The recombinant CadA, ChBD-CadA, and GFP-ChBD-CadA were induced at 37°C, 30°C, and 18°C, respectively, with a final concentration of 0.1 mM isopropyl-β-d-thiogalactopyranoside (IPTG) for 20 h. Consequently, the harvested cells were suspended with 100 mM acid-disodium hydrogen phosphate buffer at pH 6.2 for controlling the OD600 to 10 and disrupted by JY92-IIN ultrasonication (Ningbo xinzhi biotechnology, Ltd., Ningbo, China), and the lysate was centrifuged at 8000 × g for 10 min. The supernatant was used as a crude enzyme and was preserved at −20°C prior to use.



Optimization Experiments of the ChBD-CadA Immobilization on Chitin

The adsorption experiments were performed in a 1 mL reaction volume containing 10 g/L chitin and 1.50 mg/mL of the crude enzyme with activity of 68.67 U/mL in a 2 mL centrifuge tube at 200 rpm stirring under various conditions.

The effects of varying temperatures (20°C, 25°C, 30°C, 35°C, and 40°C), times (2 min, 5 min, 10 min, 30 min, 60 min, and 120 min), pH (5.0, 5.6, 6.2, 6.8, 7.4, and 8.0), and protein concentrations (0.40 mg/mL, 0.80 mg/mL, 1.20 mg/mL, 1.60 mg/mL, and 2.00 mg/mL) on enzyme immobilization were investigated. The supernatant was collected after centrifugation at 6000 × g for 5 min at 4°C. The concentrations of protein and CadA activities before and after immobilization were assayed. Each assay was carried out in triplicate and the averages with standard deviations are presented.



Characterization of Chitin Before and After ChBD-CadA Immobilization

Scanning electron microscopy (Hitachi S-3400, Tokyo, Japan) was conducted to investigate the immobilized ChBD-CadA on chitin. The chitin before and after ChBD-CadA immobilization was dried by an auto critical-point dryer and spread on copper grids coated with a carbon support film, followed by coating with gold prior to observation at 10 kV.

Laser scanning confocal microscopy (Zeiss LSM880, Ostalbkreis, Germany) was performed to explore the chitin before and after GFP-ChBD-CadA immobilization.

Fourier transform infrared spectra (FTIR) of chitin before and after immobilization with ChBD-CadA were performed by a Nicolet NEXUS 670 FT-IR instrument.

The elemental analysis (EA) of the chitin, ChBD-CadA, and I-ChBD-CadA were determined using a Vario EL Cube instrument (Elementar Analysensysteme GmbH, Hanau, Germany).

Measurements of Thermal gravimetric analysis (TGA) were conducted using a NETZSCH TG 209 F1 Libra thermo gravimetric analyzer. The heating rate was 10°C/min from 30°C to 800°C under nitrogen atmospheres (100 mL/min).



Comparison of Properties of Free CadA, ChBD-CadA and I-ChBD-CadA

The optimum temperature for activity of CadA, ChBD-CadA, and I-ChBD-CadA were examined in the range of 25–65°C. For thermal stability, enzymes without substrate were incubated in 100 mM acid-disodium hydrogen phosphate buffer (pH 6.2) at 30–55°C for 2 h and the residual activities were determined.

The effect of pH on the enzymes was tested using 100 mM citric acid-disodium hydrogen phosphate buffer at pH 5.0–8.0 and 45°C. To determine pH stability, the enzymes without substrate were incubated at various pH values and 45°C for 3 h, and the residual activities were determined.

To estimate the kinetic parameters of CadA, ChBD-CadA, and I-ChBD-CadA, the initial velocities were determined by incubating 10 μg/mL purified enzyme with L-lysine concentrations ranging from 1 to 8 mM at 45°C in 1 mL reaction volume containing 100 mM citric acid hydrogen phosphate disodium buffer (pH 6.2) and 0.1 mM PLP for 20 min, and then terminated by heating at 100°C for 5 min. The determination of enzyme activity was according to the release of cadaverine.

The Km and Vmax values were obtained by Lineweaver–Burk Plots (Price, 1985), when the reaction of CadA was linearly with concentration of L-lysine (1–8 mM).



The Batch Production of Cadaverine Using I-ChBD-CadA

To investigate the optimal substrate concentration, conversion was performed in 20 mL reaction mixture containing a final concentration of 100 mM citric acid hydrogen phosphate disodium buffer (pH 6.2), 0.1 mM PLP, and various concentrations of L-lysine (100.0, 150.0, 200.0, and 250.0 g/L) in a 200 rpm shaking incubator at 45°C for 60 min.

Batch production of cadaverine was performed with 200.0 g/L L-lysine under the same conditions. The concentration of L-lysine and cadaverine were measured at different time intervals.

The molar (M) yield of cadaverine was calculated according to the following equation:
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Repeated Use of the I-ChBD-CadA

The initial concentration of L-lysine (200.0 g/L) was used to test the reusability of I-ChBD-CadA. When the production rate of cadaverine slowed in each reaction, the reaction solution was centrifugation at 6000 × g for 10 min, and the precipitate was washed two times with ddH2O. The sediment was re-suspended in buffer (100 mM citric acid-disodium hydrogen phosphate buffer, pH 6.2) and then fresh substrate was fed into the bioconversion system for the next reaction.



Analytical Method

All recombinant protein samples were analyzed by reductive sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with 20 mM β-mercaptoethanol incubation. A premixed protein marker (Takara Biotechnology Co., Ltd., Nanjing, China) containing 180-, 140-, 100-, 75-, 60-, and 45-kDa protein bands was used as the molecular mass standard.

The molecular mass of recombinant proteins was calculated using the ExPASy Protparam tool.2 The deduced amino acid sequence of the fusion protein was used to predict the 3D structures using the RaptorX tool.3

The L-lysine concentration was determined using an SBA-40E immobilized enzyme biosensor (Institute of Biology, Shandong, China).

High-performance liquid chromatographic (HPLC) analysis of cadaverine was performed on an Agilent 1290 Infinity system (Agilent Technologies, Santa Clara, CA, United States) equipped with fluorescence detector (FLD G1321B; Agilent Technologies, Santa Clara, CA, United States). Specific steps were conducted according to our previous study (Ma et al., 2015b).

Protein concentrations were determined by absorption at 280 nm using the Bradford method with bovine serum albumin as the standard (Bradford, 1976).

The CadA activity assay used L-lysine hydrochloride as the substrate. A mixture (1 mL) containing 500 μL enzyme, 100 mM citric acid hydrogen phosphate disodium buffer (pH 6.2), 0.1 mM PLP, and 450 mM (100.0 g/L) L-lysine was incubated at 45°C and 200 rpm was incubated for 20 min, and then terminated by heating at 100°C for 5 min. One unit of CadA activity (U) was defined as the amount of enzyme required to produce 1 mmol cadaverine per minute at 45°C and pH 6.2.



RESULTS AND DISCUSSION


Construction and Expression of Fusion Gene

Four expression plasmids pETDuet-CadA, pET28a(+)-ChBD-CadA, pET28a(+)-CadA-ChBD, and pET28a (+)-gfp-ChBD-CadA, containing the sequences of the recombinant CadA, ChBD-CadA, CadA-ChBD, and GFP-ChBD-CadA, respectively, were constructed and successfully transformed into E. coli BL21(DE3) cells.

The expression of four genes was analyzed by SDS-PAGE. As shown in Supplementary Figure S1, the crude enzyme of E. coli BL21(DE3) harboring pET28a(+)-CadA-ChBD shows no target band (lane 3), which suggests CadA-ChBD cannot be expressed in E. coli BL21(DE3). E. coli BL21(DE3) harboring the pETDuet-CadA, pET28a(+)-ChBD-CadA, and pET28a(+)-gfp-ChBD-CadA indicates clear bands at approximately 80.0 kDa (lane 2) for CadA, 95.0 kDa (lane 4) for ChBD-CadA, and 119.0 kDa (lane 5) for GFP-ChBD-CadA. These sizes are in agreement with those calculated from the amino acid sequence of CadA (80.4 kDa), ChBD-CadA (96.2 kDa), and GFP-ChBD-CadA (∼119.4 kDa), respectively, and correspond to those of ChBD (∼15.3 kDa) and CadA (∼80.5 kDa)(Park et al., 2017) and GFP (∼24.1 kDa) (Zhang et al., 2017).

The optimal temperature of CadA expression in E. coli BL21(DE3) was 37°C, which was consistent with other reports and our previous studies (Ma et al., 2015a; Seo et al., 2016). However, ChBD-CadA formed inclusion bodies at 37°C, and its optimal temperature of expression was 30°C in this study (data not shown). Meanwhile, the expression level of ChBD-CadA decreased by around 1/3 (68.67 U/mL crude enzyme) compared to that of CadA (99.57 U/mL crude enzyme) according to analysis of SDS-PAGE and CadA activity (Supplementary Figure S1 and Supplementary Table S2). These results suggested that the fusion of ChBD affected the expression of CadA gene. Other studies also reported that the gene expression will decline after fusion of ChBD or other genes (Pham et al., 2017), which are similar with this study.



Simultaneous Purification and Immobilization of ChBD-CadA by Chitin

The immobilization of ChBD-CadA on chitin was analyzed by SDS-PAGE. As shown in Figure 1, the band of ChBD-CadA can be seen in lanes of crude enzyme (lane 1) and was significantly reduced after chitin adsorption (lane 2). Meanwhile, the single band of ChBD-CadA was obtained after SDS elution (lane 4). These results suggest that the majority of ChBD-CadA can be efficiently bound to chitin due to the high specific affinity of ChBD for chitin. Other studies also reported that ChBD possesses significant binding affinity for various enzyme immobilizations (Pham et al., 2017; Xu et al., 2017).
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FIGURE 1. SDS-PAGE analysis of ChBD-CadA immobilization. Lane M, protein Marker; lane 1, the crude enzyme of ChBD-CadA; lane 2, the crude enzyme of ChBD-CadA after chitin adsorption; lane 3, rinsing fractions of complex of chitin of ChBD-CadA immobilized. lane 4, the eluent of the ChBD-CadA immobilized on chitin by SDS (1.0 M). The adsorption condition was conducted with chitin at 10 g/L and 25°C for 30 min at pH 6.8 and a protein concentration of 1.60 mg/mL.


The external environment will have various effects on enzyme immobilization (Huang et al., 2018). The relevance between chitin and immobilization time is shown in Figure 2A. The ChBD-CadA was almost completely immobilized on chitin within 10 min with a maximum specific activity of 86.33 U/mg, which was consistent with our previous result of chitinase (CmChi1) adsorption by chitin. Skujins et al. (1973) reported the adsorption reaction between chitin and ChBD in chitinase was very fast and was nearly accomplished within 2 min (Skujins et al., 1973). With extended adsorption time, the concentration of protein adsorbed didn’t obviously increase, nor did the specific activity or CadA activity. These observations may be the result of an adsorption equilibrium of chitin being established at 10 g/L.
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FIGURE 2. (A) The effect of time on CadA adsorption (temperature, 25°C; pH, 6.8; protein concentration, 1.50 mg/mL). (B) The effect of temperature on CadA adsorption (time, 10 min; pH, 6.8; protein concentration, 1.50 mg/mL). (C) The effect of pH on CadA adsorption (time, 10 min; temperature, 25°C; protein concentration, 1.50 mg/mL); (D) The effect of protein concentration on CadA adsorption (time, 10 min; temperature, 25°C; pH, 6.2). Data listed were performed in triplicate and reported as the average with standard deviations for assays.


The adsorption of ChBD-CadA on chitin at various temperatures is compared in Figure 2B. The results show the protein adsorption increased with increasing temperature. The CadA activity adsorbed from 20–40°C possessed no obvious differences to the maximum reached at 25°C (58.13 U/mL) with specific activity of 86.33 U/mg. A previous report indicated that temperature of 10–25°C was favorable for the ChBD of chitinase adsorption on chitin (Pang et al., 2007). Thus, 25°C was chosen for subsequent experiments due to the optimal adsorption and specific activity.

The effect of various pH values on ChBD-CadA immobilization is illustrated in Figure 2C. Both the concentration of protein and immobilized CadA activity increased from pH 5.0 to 6.2 and decreased after pH 6.2. The maximum concentration of protein (0.72 mg/mL) and immobilized CadA activity (62.93 U/mL) was obtained at pH 6.2, with the highest specific activity of 87.28 U/mg. This result suggested that the affinity adsorption between chitin and ChBD-CadA was most favorable under weak acidic conditions. The phenomenon could be explained that the chitinase (CmChi1) showed a better activity at weak acidic conditions (Zhang et al., 2018). Thus, the ChBD from CmChi1 also possessed a similar property.

As shown in Figure 2D, the protein concentration absorbed was enhanced as the protein concentration increased. The absorbed CadA activity also increased from 17.78 U/mL to 63.62 U/mL relative to a shift in protein concentration from 0.40 mg/mL to 1.20 mg/mL. Following this increase, the protein concentration and CadA absorbed remained constant, showing that the optimized concentration of protein using chitin of 10 g/L as carrier was 1.20 mg/mL.

Based on the above results, the optimal immobilized conditions were as follows: temperature, 25°C; time, 10 min; pH, 6.2; protein concentration, 1.20 mg/mL, which can bind with CadA activity of 68.67 U/mL and 93% immobilized ratio. Pham et al. (2017) also reported that the immobilized ratio of fusion protein can reach 99% and 91.0% using the ChBD of chitinase A1, respectively.



Characterization of Immobilized Enzyme on Chitin

The ChBD-CadA immobilization on chitin was confirmed by scanning electron microscopy, as shown in Figure 3. The chitin without immobilized enzyme presented as a fibrous and porous structure. Some aggregates of protein (ChBD-CadA) were observed on the surface of chitin after immobilization. Our previous study also showed that the protein molecules were clearly found on the surface of chitin in the affinity adsorption of chitinase containing ChBD on chitin (Zhang et al., 2016).
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FIGURE 3. Scanning electron images (10 KV, 50000×) showing the morphology image of chitin before (A) and after (B) ChBD-CadA immobilization.


The I-ChBD-CadA was also investigated with laser scanning confocal microscopy via fusion with GFP. As shown in Figure 4A, chitin appears white without green fluorescence and green fluorescence was apparent under a UV lamp before and after GFP-ChBD-CadA immobilization. In addition, laser scanning confocal microscopy was used to assess the GFP-ChBD-CadA immobilization. No green fluorescence was present in chitin before the enzyme immobilization (Supplementary Figure S2), and the surface of chitin showed significant green fluorescence after enzyme immobilization (Figure 4B).
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FIGURE 4. (A) Photograph of chitin under the UV lamp (365 nm) before and after enzyme adsorption. Samples (2 mL) were centrifuged at 12,000 r/min. (B) Laser scanning confocal microscope image (excitation: 488 nm, emission: 507 nm, at 25 × magnification) of chitin powder after ChBD-CadA adsorption.


Fourier transform infrared spectra of chitin, ChBD-CadA, and I-ChBD-CadA were studied (Supplementary Figure S3). The characteristic absorption bands of chitin were at 1554 cm–1 (amide II bond), 1619 cm–1, and 1655 cm–1 (amide I, single H-bond, and double H-bond, respectively), 3255 cm–1 (N-H-stretching) and 3424 cm–1 (O-H-stretching band) (J. Brugnerotto et al., 2001). ChBD-CadA possessed characteristic peaks at 1554 cm–1 and 1660 cm–1, which correspond to the stretching vibration of the protein-specific amide II bond (-NH-) and amide II bond (C = O), respectively (Liang et al., 2015). After immobilization, the peaks (1619 cm–1 and 1655 cm–1) of chitin were covered by peak (1660 cm–1) of ChBD-CadA, which indicated that ChBD-CadA had been immobilized on chitin.

The TGA curves of CadA, ChBD-CadA, and I-ChBD-CadA are shown in Supplementary Figure S4. The TGA curve of I-ChBD-CadA was different from that of chitin but shared similar tendency with ChBD-CadA. For chitin, a weight loss of ∼5% was observed in the range 30–110°C due to the evaporation of water (Kaya et al., 2016). While in the range 280–400°C, most of the weight loss has been accomplished, leading to a carbonaceous material residue (Qiao et al., 2015). In the range 30–200°C, the weight of ChBD-CadA and I-ChBD-CadA slowly declined about 14wt% and 12wt% because of the removal of water. In the range 200–270°C, ChBD-CadA had an obviously weight loss (∼10wt%), as well as I-ChBD-CadA, which indicated the decomposition of the enzyme molecule.

The elemental analysis of chitin and I-ChBD-CadA shows that the C, H, N of I-ChBD-CadA are 41.52%, 6.42%, and 6.55%, respectively, which are between that of chitin and ChBD-CadA (Supplementary Table S3). These results also confirmed the effective immobilization of the ChBD-CadA on chitin.



The Effect of ChBD on 3D Structure of CadA

The 3D structure prediction of CadA was investigated in this study. The prediction showed that the 3D structure of CadA was a decamer (Supplementary Figure S5A) in its active structure, which agreed with other reports (Kanjee et al., 2011). The predictions of ChBD and CadA monomer structures are shown in Supplementary Figure S5B and Supplementary Figure S5C, respectively. The 3D structure of ChBD-CadA showed the structures of ChBD and CadA were not significantly different than before the fusion. The result can be explained by the sequence of 4 residues (VVGG) in the C-terminus of ChBD, and the restriction sites (KL) between ChBD and CadA might be a flexible linkage between ChBD to CadA. Meanwhile, the prediction indicated that the two ChBD domains were both arranged well separated from the CadA monomer (located at the right and inner), whether viewed from the front (Supplementary Figure S5D) or from a rotation of 90° (Supplementary Figure S5E). This indicates that the ChBD domain is free to maintain the original adsorption function while in associated with CadA, and at the same time does not affect the formation of CadA decamer (active form), which are in agreement with the results of this study.

The binding mechanism of ChBD-CadA on chitin was also studied. The amino acids residues (His31, Thr32, Trp39, Trp126, and Trp127) in the functional domains of ChBD from CmChi1 are highly conserved, compared with that of reported ChBD (Hashimoto et al., 2000). Among, these residues (His31, Thr32, Trp39, and Trp127) are located on one face of the conformation and are much exposed to the chitin surface (Supplementary Figure S6), which are proposed to bind with the GlcNAc residues of chitin chains through hydrophobic and π/π interactions (Bernard et al., 2004; Kikkawa et al., 2014).



The Comparison of CadA, ChBD-CadA, and I-ChBD-CadA

The effect of temperature on the activity of CadA, ChBD-CadA, and I-ChBD-CadA were next examined. As shown in Figure 5A, the optimal temperature of CadA was 55°C, which agreed well with a previous report (Kou et al., 2018). The free ChBD-CadA showed an optimal temperature at 45°C, which demonstrated that the optimal temperature of CadA changed after fusion with ChBD. In addition, immobilization of ChBD-CadA did not affect its optimal temperature, but increased the temperature arrange.


[image: image]

FIGURE 5. (A) The optimum temperature for CadA (■), ChBD-CadA (•), and I-ChBD-CadA (○). The optimal temperature was performed at various temperatures under their optimum pH (100 mM acid-disodium hydrogen phosphate buffer, pH 5.6 for CadA, pH 6.2 for free and immobilized ChBD-CadA). Relative activity was expressed as a percentage of maximum activity (99.57 U/mL for CadA and 68.67 U/mL for both free and immobilized ChBD-CadA) under the reaction conditions. (B) The temperature stability for CadA (■), ChBD-CadA (•), and I-ChBD-CadA (○). To determine the thermostability, the residual activity was measured in their optimum pH (same as in Figure 7A legend) after the enzyme was treated for 3 h at different temperatures. The original activity without pre-incubation was taken to be 100% (87.54 U/mL for wild-type free CadA and 61.33 U/mL for both free and immobilized ChBD-CadA). (C) The optimum pH for CadA (■), ChBD-CadA (•), and I-ChBD-CadA (○). The optimum pH was measured at 45°C in 100 mM acid-disodium hydrogen phosphate buffer with various pH values. Relative activity was expressed as a percentage of maximum activity (104.22 U/mL for wild-type free CadA, 84.79 U/mL for free and immobilized ChBD-CadA) under the reaction conditions. (D) The pH stability for CadA (■), ChBD-CadA (•), and I-ChBD-CadA (○). The optimum pH was incubated at 45°C for 3 h in 100 mM acid-disodium hydrogen phosphate buffer with various pH values. Residual activity was expressed as a percentage of the initial activity measured without pre-incubation.


For prolonged enzyme reactions, the thermal stability was tested. As shown in Figure 5B, the temperature stability of CadA decreased after fusion with ChBD. However, the immobilization of ChBD-CadA enhanced its temperature stability, especially at temperatures above 50°C.

The effect of pH on the CadA, ChBD-CadA, and I-ChBD-CadA were also tested, and the results can be seen in Figure 5C. The optimal pH of CadA was 5.6, and the activity dropped quickly when pH > 7.5, which was consistent with the previous study (Kou et al., 2018). The phenomenon may be the result of a loss of quaternary structure in which the decamer of CadA (high activity) transforms to the dimer structure (low activity) at pH > 7.5. ChBD-CadA and immobilized ChBD-CadA both showed maximum activity at pH 6.2, but maintain more than 73% of their highest activity at pH 8.0, which showed that the alkali resistance of CadA was improved after fusion with ChBD. Meanwhile, the pH range of ChBD-CadA showed no obvious change after immobilization.

Compared to CadA, the stability of ChBD-CadA was improved from pH 6.8 to 8.0 (Figure 5D). In addition, immobilization of ChBD-CadA can further enhance its pH stability; more than 75% of the highest activity can be obtained at pH 8.0.

The kinetic parameters of CadA, ChBD-CadA and I-ChBD-CadA for L-lysine were provided (Table 1). Vmax, Km, and Kcat of ChBD-CadA were 23.04 nmol/min/μg, 0.66 mM, and 0.13 min–1, respectively, which were similar with that of CadA. The result suggested that the fusion of ChBD possessed little effect on the activity of CadA. However, the Vmax (14.57 nmol/min/μg) and Kcat (0.07 min–1) of I-ChBD-CadA were lower than that of ChBD-CadA, which indicated that the activity of ChBD-CadA decreased after immobilization. Pham et al. (2017) also found the activity of β-galactosidases declined after immobilization on chitin, which was similar with our study.


TABLE 1. Kinetic parameters of CadA, ChBD-CadA, and I-ChBD-CadA.
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The Batch Production of Cadaverine Using Immobilized ChBD-CadA

Achieving a high concentration of product is very important in the industrial production of chemicals (Guo et al., 2018). Thus, the effects of L-lysine concentration on batch production of cadaverine using immobilized ChBD-CadA were first evaluated. Cadaverine increased from 68.3 g/L to 114.5 g/L as the concentration of L-lysine increased from 100.0 to 200.0 g/L along with a weak decline of yield from 98 to 84%, as shown in Figure 6A. With the further increase of L-lysine (250.0 g/L), the concentration and yield both decreased significantly to 50.2 g/L and 25%, respectively, which suggests that the immobilized ChBD-CadA exhibited apparent substrate inhibition at high concentrations of L-lysine. Thus, the initial concentration of L-lysine (200.0 g/L) was used to study the batch production of cadaverine using immobilized ChBD-CadA. As shown in Figure 6B, the concentration of cadaverine increased rapidly in the first 30 min, and was followed by a gradual decrease in production intensity. This result may be explained by the CadA activity being inhibited at high concentrations of cadaverine. Finally, a cadaverine concentration of 135.6 g/L with a molar yield of 97% was achieved in 120 min. Especially, the conversion can be conducted without pH control, compared with other reports (Park et al., 2015; Kloss et al., 2018). In their studies, the production of cadaverine by whole-cell biotransformation need extra acid to maintain the pH around 6.0. The reason can be explained that immobilized ChBD-CadA maintained good activity under the final pH (8.0) as described above.
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FIGURE 6. (A) The effect of L-lysine initial concentration on cadaverine production. (B) The batch production of cadaverine using I-ChBD-CadA.




The Repeated Use of Immobilized ChBD-CadA

The reusability of immobilized enzymes plays an important role in industrial bioconversions (Sheldon and van Pelt, 2013). Thus, the reusability of the I-ChBD-CadA was determined using L-lysine at 200.0 g/L. As shown in Figure 7, the concentration of cadaverine increased over time and the substrate was almost completely transformed to cadaverine with approximately 95–97% yield every batch. From cycle 1 to cycle 4, the time to completely convert was gradually increased from 2 to 3.5 h, along with the decline of residual enzyme activity from 65.40 U/mL to 39.14 U/mL. However, the residual protein maintained similar amount (Table 2). These results indicated that the loss of enzyme activity after reuse led to the extension of conversion time from cycle 1 to cycle 4, not the release of ChBD-CadA from chitin. Consequently, an average concentration of cadaverine (135.1 g/L) was obtained within 10 h and an activity of 57% was retained through four cycles, and a total of 540.4 g of cadaverine in 4 L conversion reactions was achieved. Seo et al. (2016) reported a 75–80% conversion yield over five reaction cycles by fusion with phasin immobilization of CadA on intracellular PHA (Seo et al., 2016). Park et al. (2017) reported that a 53% residual activity was obtained after the 10th recycle using cross-linked enzyme aggregates of CadA (Park et al., 2017). These results demonstrated that the immobilization of CadA on chitin permits enzyme reuse. However, the concentrations of cadaverine used in their studies were both far lower than that of this study.
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FIGURE 7. The repeated use of I-ChBD-CadA.



TABLE 2. Results of the I-ChBD-CadA reuse.

[image: Table 2]The microscopy surface of chitin after repeated use was also investigated. As shown in Supplementary Figure S7, the surface of chitin after reuse maintained an original structure, which suggested that the chitin possesses a good stability.

These results showed that the immobilized ChBD-CadA on chitin for cadaverine enzymatic production is feasible and possesses potential industrial application for cadaverine production.



CONCLUSION

In this study, chitin was used as the carrier for efficient CadA immobilization via fusion with ChBD for the production of cadaverine from L-lysine. The ChBD-CadA fusion protein showed better pH stability compared with wild type of CadA. Further, it was capable of being directly immobilized from crude enzyme with CadA activity of 93% under optimal conditions, and the I-ChBD-CadA was used to convert L-lysine at 200.0 g/L, achieving 135.6 g/L of cadaverine with a 97% molar yield. In addition, the I-ChBD-CadA can be reused in high substrate concentration without the addition of any acids. This is first report of lysine decarboxylase immobilization via ChBD fusion aimed at the industrial production of cadaverine. The process provides the others to design similar immobilization with various applications.
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Pectate lyases (Pels) can be used in the textile industrial process for cotton scouring and ramie degumming, and its hydrolyzed products oligo galacturonic acid, are high-value added agricultural and health products. In our previous studies, an alkaline pectate lyase PEL168 mutant, PEL3, was obtained with improved specific activity and thermostability. Here, a facile and rapid method for preparing an immobilized PEL3-inorganic hybrid nanoflower was developed, as it could improve its biocatalytic performance. With 0.02 mg/mL (112.2 U/mL) PEL3 in PBS buffer, five different divalent ions, including Mn2+, Ca2+, Co2+, Zn2+, and Cu2+, were used as inorganic component. The results showed that PEL3/Cu3(PO4)2 hybrid nanoflowers presented the highest relative activity with 2.5-fold increase, compared to the free PEL3. X-ray diffraction analysis confirmed that the composition of PEL3/Cu3(PO4)2 hybrid nanoflowers were pectate lyase PEL3 and Cu3(PO4)2⋅5H2O. The optimum temperature and pH of PEL3/Cu3(PO4)2 hybrid nanoflowers were ascertained to be 55°C and pH 9.0, respectively, exhibiting subtle difference from the free PEL3. However, the PEL3/Cu3(PO4)2 hybrid nanoflowers maintained 33% residual activity after 24 h incubation at 55°C, while the free PEL3 completely lost its activity after 18 h incubation at 55°C. Furthermore, over 50% residual activity of the PEL3/Cu3(PO4)2 hybrid nanoflowers was remained, even after four times of repetitive utilization, demonstrating its promising stability for practical application.

Keywords: pectate lyases, enzyme immobilization, hybrid nanoflowers, thermostability, textile industry


INTRODUCTION

Pectate lyases (Pels, EC 4.2.2.2) cleave α-1, 4-linked unesterified galacturonic acid motif of pectin by β-elimination, generating an unsaturated C4–C5 bond at the non-reducing end of the newly formed oligo galacturonic acid (OGA) (Sakai et al., 1993). Pels have potential application in textile industry, especially as ramie degumming and cotton scouring, which can replace conventional chemical process and produce high quality textiles with environment friendly (Zheng et al., 2001; Jayani et al., 2005). In addition, the hydrolyzate of pectin, OGA, has potential application in agriculture, especially used as potent plant growth promoter, as well as to improve anti-diseases ability in plants. OGA can be also used in health care industries, as an active ingredient of “functional foods” which are similar in appearance to conventional foods that are consumed as part of a normal diet and have physiological benefits to reduce the risk of chronic disease beyond basic nutritional functions (Clydesdale, 1997; Babbar et al., 2016). Due to its industrial applications, isolation and purification of Pels from wide-type strains such as Bacillus (Klug-Santner et al., 2006), Erwinia (Lojkowska et al., 1995), and Aspergillus (Dinu et al., 2007) were widely reported. Also, gene cloning and heterologous expression, molecular modification, and construction of high yield strain, etc., were studied and reported (Zhang et al., 2013; Kohli and Gupta, 2015; Liang et al., 2015; Wang et al., 2018).

Generally, Pels were active in alkaline condition, and additional Ca2+ are required for efficient enzymatic action. However, few natural Pels were found to be economically efficient for industrial applications because of their low activity or poor stability under the moderate temperature 40–70°C and alkaline pH 8–11, which was required processing conditions for industry (Zhang et al., 2013; Liang et al., 2015). Therefore, under the industrial processing conditions, Pels with higher activity and stability are still in demand. At present, directed evolution and rational design were the most successful strategies applied for engineering natural enzymes, and some successful examples of modified Pels have been reported to be compatible with the target industrial process (Liang et al., 2015; Wang et al., 2018). However, lacking of long-term operational stability and difficulty in reusability of Pels still hamper their use in industrial process. To overrule the above challenges, enzyme immobilization is one of the effective solutions (Ulf et al., 2009).

Enzyme immobilization has been considered as an efficient strategy to improve the specific activity and stability of enzyme, as it has the advantage of reusability, thereby reducing enzyme cost and high industrially feasible (Sheldon and Sander, 2013). The traditional methods of enzyme immobilization are binding, entrapping, and cross-linking enzyme to carriers (resins, polysaccharides, mesoporous silica, etc.) (Sheldon and Sander, 2013). Nevertheless, the disadvantages of these immobilization methods are obvious. For instance, binding force is too weak to release enzyme from carriers, and the activity was always decreased by conformational changes or accidently cross-linking the active sites of enzyme (Jesionowski et al., 2014). Recently, some novel strategies for enzymatic immobilization were developed based on new immobilized supporters such as nanomaterials, magnetic materials, and chemical modified supporters (Yang et al., 2016; Zucca et al., 2016; Liu et al., 2017). Among them, a facile and rapid preparation of protein–inorganic hybrid nanoflowers was first accidently discovered by Ge et al. (2012).

In protein–inorganic hybrid nanoflowers method, protein with metal ions in phosphate buffer saline (PBS) formed a flower-like nanoparticles using copper phosphate as the inorganic component in mild condition (25°C). Protein has a role of inducing crystal phosphate to form crystal nucleus to bury itself in the structural center of nanoflowers. This enzyme immobilization method has been used in catalase (Shi et al., 2014), bovine serum albumin (BSA) (Ge et al., 2012), lipase (Zhang et al., 2016b), horseradish peroxidase (Lin et al., 2014a), α-chymotrypsin (Yin et al., 2015), α-amylase (Wang et al., 2013), trypsin (Lin et al., 2014b), and papain (Zhang et al., 2016a), using different metal ions as the inorganic component. Most of the protein–inorganic hybrid nanoflowers showed improved activity and thermostability. As it was a recently developed technology, protein–inorganic hybrid nanoflower strategy has not been applied in Pels yet.

In our previous studies, a pectate lyase PEL168 from Bacillus subtilis 168 was cloned, characterized, and molecular modified (Zhang et al., 2013; Wang et al., 2018). A triple-site mutagenesis mutant K47D/V132F/R272W (PEL3) was obtained with specific activity of 5610 U/mg at 1 mM Ca2+, which showed the highest activity of reported alkaline Pels, and an extended T50 to 330 min at 50°C (Wang et al., 2018). In order to further improve the thermostability and reusability of PEL3, a facile and rapid method of preparing immobilized enzyme PEL3–inorganic hybrid nanoflowers was developed in this study. As the first report of preparing organic–inorganic hybrid nanoflowers of Pels, the thermostability of PEL3 inorganic hybrid nanoflowers was improved significantly, and it also could be reusable well.



MATERIALS AND METHODS


Materials

Escherichia coli Rosetta (DE3)/pET28a-pel3 for the expression of pectate lyase PEL3 was constructed in our previous work (Wang et al., 2018). Glycine with purity 98.5% and polygalacturonic acid (PGA) with purity 90% were purchased from Sigma-Aldrich (St. Louis, MO, United States). CuCl2, ZnSO4, MnSO4, CoCl2, CaCl2, KCl, NaCl, Na2HPO4, KH2PO4, Tris–HCl, and NaOH were purchased from Sinopharm Chemical Reagent Co., Ltd. All above chemicals were analytical grade. PBS buffer (10 mM) was prepared as follow: 4.00 g of NaCl, 0.10 g of KCl, 0.72 g of Na2HPO4, and 0.12 g of KH2PO4 were dissolved in 500 mL deionized water.



Preparation of PEL3–Inorganic Hybrid Nanoflowers

For the synthesis of the protein–inorganic hybrid nanoflowers with improved catalytic performance, five different metal ions including Cu2+, Ca2+, Mn2+, Co2+, and Zn2+ were screened. First, we expressed and purified PEL3 according to our previously published method (Wang et al., 2018). Then, the purified protein PEL3 was diluted in PBS (pH 7.4) to get the protein solution of 0.02 mg/mL. Then, 16 μL of 1 M CuCl2, CaCl2, MnSO4, CoCl2, or ZnSO4 in milliQ water and 2 mL protein solution were gentle mixed, respectively, and followed by incubation at 25°C for 3 days. The purified PEL3 in PBS buffer without any metal ions mentioned above was incubated at 25°C for 3 days as a control. Finally, PEL3–inorganic hybrid nanoparticles were separated by centrifugation. The precipitates were washed thrice with PBS buffer, and dried by vacuum freeze-drying for further characterization. At the same time, the supernatant was collected to measure the protein concentration. The loading rate of PEL3 was calculated as “(1 - concentration of PEL3 in supernatant/initial concentration of PEL3) × 100%.” The effects of initial concentration of PEL3 on loading rate of PEL3, and morphology of the hybrid nanoflowers were also investigated. PEL3/Cu3(PO4)2 nanoparticles were produced when the concentration of PEL3 was augmented to 0.035, 0.05, or 0.07 mg/mL, respectively, while other conditions remained unchanged.



Characterization of PEL3/Cu3(PO4)2 Hybrid Nanoflowers as Materials

The morphology of the nanoflowers were observed by Scanning Electron Microscope (SEM, JEOL JSM-7100F) at 10 kV. For SEM, the samples were sputtered coated with gold. Fourier Transform Infrared (FT-IR) spectra were acquired on a CY2000 FTIR spectrometer (Beijing Zhonghui Technology Co., Ltd). The measurements were performed using KBr pressed pellet method. Each sample was scanned at a range of 500–4000 cm–1 wavenumbers. Powder X-ray diffraction (XRD) patterns were recorded on a D8 Advance diffractometer (Bruker) with a monochromatized Cu Kα radiation source and a wavelength of 0.1542 nm.



Enzymatic Characterization of PEL3/Cu3(PO4)2 Hybrid Nanoflowers

The activity of pectate lyase PEL3 was evaluated by measuring the level of galacturonic acid released in the enzymatic reactions with 0.2% (w/v) PGA as substrate, followed by A235 method (Wang et al., 2018). The effects of temperature on the enzymatic activities of free PEL3 and PEL3/Cu3(PO4)2 hybrid nanoflowers were measured in the temperature range of 20–70°C in glycine–NaOH buffer (pH 9.0). The effects of pH on the enzymatic activities were assayed in the glycine–NaOH buffers of pH ranging from 8.6 to 9.4 at 55°C.

Thermal stability of free PEL3 and PEL3/Cu3(PO4)2 hybrid nanoflowers were investigated by determining the residual activities after pre-incubation in glycine–NaOH buffer (pH 9.0) at 55°C with different time (0, 0.5, 1, 2, 4, 6, 12, 18, and 24 h). The residual activity (%) was the ratio between the activity of every sample and the maximum activity of the sample. The reusability of free PEL3 and PEL3/Cu3(PO4)2 hybrid nanoflowers was performed at 55°C in glycine–NaOH buffer (pH 9.0) with the method mentioned above. The same enzyme activity assay was used in three recycles. For every repetitive cycle, the hybrid nanoflowers were collected from the reaction solution and washed with PBS buffer for three times.



RESULTS


Purification of PEL3 and Screening Metal Ions for Preparation of Pectate Lyase PEL3/Inorganic Hybrid Nanoflowers

The pectate lyase PEL3 used for the preparation of hybrid nanoflower was purified and evaluated by SDS-PAGE, and the purified PEL3 appeared as a single band with a molecular mass of about 46 kDa (Figure 1A), consistent with the theoretically calculated value. Since the best protein–inorganic hybrid nanoflowers can be prepared using different metal ions as the inorganic part, five different metal ions including Cu2+, Ca2+, Mn2+, Zn2+, and Co2+ were screened. The results showed that the loading rate of PEL3 was nearly 100% with all metal ions tested in the synthesis of hybrid nanoflower, but the relative activity of free PEL3 incubated at 25°C for 3 days and PEL3/inorganic hybrid nanoflowers were different (Figure 1B). Among these PEL3–inorganic hybrid nanoparticles, PEL3/Cu3(PO4)2 hybrid nanoflowers presented the highest relative activity with a nearly 2.5-fold increase, when compared to the free PEL3 incubated at 25°C for 3 days. Comparably, the relative activity of PEL3/Co3(PO4)2 hybrid nanoparticles and PEL3/Zn3(PO4)2 hybrid nanoparticles were increased by 1.6-fold and 1.4-fold compared to the free PEL3, respectively. Surprisingly, the activity of free PEL3 was significantly improved by nearly fourfold in the presence of 1 mM Ca2+ (Wang et al., 2018), but the activity of PEL3/Ca3(PO4)2 hybrid nanoparticles was only remained 13% of free PEL3.
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FIGURE 1. (A) SDS-PAGE analysis of purified pectate lyase PEL3. (B) Screening metal ions for preparation of PEL3/inorganic hybrid nanoflower. (C) SEM image of PEL3/Cu3(PO4)2 hybrid nanoflowers.


To identify the formation of regular hybrid nanoflowers, the precipitates of PEL3 and Cu3(PO4)2 were observed by SEM. The average particle size of the hybrid nanoflowers was about 20 μm. It showed that Cu2+ could promote the formation of PEL3/Cu3(PO4)2 hybrid nanoflowers with appearance of blooming flowers (Figure 1C).



The Effects of Initial Concentration of PEL3 on Preparation of PEL3/Cu3(PO4)2 Hybrid Nanoflowers

The morphology of protein–inorganic hybrid nanoparticles prominently has an influence on catalytic efficiency (Ge et al., 2012), and the concentration of protein affects the morphology (Wang et al., 2013). To estimate the effects of different concentration of pectate lyase PEL3 on the morphology of PEL3/Cu3(PO4)2 hybrid nanoflowers, different initial concentrations of PEL3 were used in preparation of hybrid nanoflowers. After increasing the concentration of PEL3 in the reaction solution from 0.02 to 0.07 mg/mL, it was observed that the loading rate of PEL3 by immobilization was only slightly decreased (Figure 2A). However, the morphology of the nanoparticles completely changed (Figure 2B). The particles showed gradual change from flower-like to spheroidicity-type with intermediate crack. When adding Cu2+ to 0.02 mg/mL PEL3 solution, the nanoparticle took present of flower blooming with obvious petals (Figure 2Bi). Increasing the concentration of PEL3 to 0.035 mg/mL caused that the morphology of nanoparticles changed to sphere with many small petals on the surface (Figure 2Bii), and continuing to increase the PEL3 concentration to 0.05 mg/mL led to more intensive petals (Figure 2Biii). Finally, when the PEL3 concentration was increased to 0.07 mg/mL, many small cracks emerged on the surface of spherical nanoparticles (Figure 2Biv). It was shown that the growth speed of thickness of petals was more from center to edge with the increasing concentration of PEL3. And 0.02 mg/mL was the optimum concentration of PEL3 for preparation of PEL3/Cu3(PO4)2 hybrid nanoflowers, as it could synthesize flower-like structure and also PEL3 could be utilized maximally. We also attempted to evaluate with lower concentration of PEL3, however, we could not accurately quantitate the PEL3 concentration lower than 0.02 mg/mL by Bradford or Nanodrop assay. In addition, the activity of these nanoparticles were not evaluated since several previous studies indicated that high surface area of the nanoflower particles facilitated mass-transfer, which contributed the enhanced activity of protein–inorganic hybrid nanoflowers (Ge et al., 2012; Wang et al., 2013). Therefore, our results indicated that the initial concentration of PEL3 had a significant effect on morphology of PEL3/Cu3(PO4)2 hybrid nanoflowers.
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FIGURE 2. (A) Effects of initial concentration of PEL3 on loading rate. (B) Effects of initial concentration of PEL3 on morphology of Pel3/Cu3(PO4)2 hybrid nanoparticles. SEM image of PEL3/Cu3(PO4)2 hybrid nanoparticles with different concentration of PEL3 for preparation: (i) 0.02 mg/mL; (ii) 0.035 mg/mL; (iii) 0.05 mg/mL; and (iv) 0.07 mg/mL.




Characterization of PEL3/Cu3(PO4)2 Hybrid Nanoflower as Materials

The composition of PEL3/Cu3(PO4)2 hybrid nanoflower was characterized by X-ray powder diffraction (XRD) and Fourier transform infrared (FT-IR). The XRD spectrums of free PEL3, Cu3(PO4)2 nanoparticles and a typical PEL3/Cu3(PO4)2 hybrid nanoflowers were shown in Figure 3A. All the diffraction peaks in the XRD spectrum of Cu3(PO4)2 nanoparticles were in good agreement with Cu3(PO4)2⋅5H2O, which can be indexed by JCPDS (72–2356). The peaks at 18.79, 29.48, and 47.57° in spectrum of PEL3/Cu3(PO4)2 nanoflowers belonged to Cu3(PO4)2⋅5H2O nanoparticles, indicating that inorganic composition of the as-prepared hybrid nanoflowers was Cu3(PO4)2⋅5H2O. Besides, the peaks at 12.50° and 20.25° attributed to PEL3 were also observed in the spectrum of PEL3/Cu3(PO4)2 hybrid nanoflowers.
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FIGURE 3. (A) X-ray diffraction patterns of pure PEL3, Cu3(PO4)2 nanoparticles and PEL3/Cu3(PO4)2 hybrid nanoflower. (B) FTIR spectra of pure PEL3, Cu3(PO4)2 nanoparticles and PEL3/Cu3(PO4)2 hybrid nanoflower. Red Pentagram are peaks attributed to Pel3, blue Pentagram are peaks attributed to Cu3(PO4)2.


The FT-IR spectra of the samples from 500 to 4000 cm–1 are shown in Figure 3B. Distinctive absorption peaks of free PEL3 occurred at 1340–1430, 1670, and 3350 cm–1 for –CONH. The strong typical absorption peaks at 1058, 985, and 620 cm–1, which were observed in the spectrum of Cu3(PO4)2 nanoparticles, were attributed to P-O vibrations. It could be speculated that the characteristic absorption peaks of free PEL3 and Cu3(PO4)2 were maintained in spectrum of PEL3/Cu3(PO4)2 hybrid nanoflowers. These results proved that the nanoflowers were formed by pectate lyase PEL3 and Cu3(PO4)2⋅5H2O.



Effects of Temperature and pH on the Activity of Free PEL3 and PEL3/Cu3(PO4)2 Hybrid Nanoflowers

Both the free PEL3 and PEL3/Cu3(PO4)2 hybrid nanoflowers presented the highest relative activity at 55°C (Figure 4A) and pH 9.0 (Figure 4B) toward PGA, while the relative activity of PEL3 was reduced about 20% after immobilization (Figures 4A,B). As PEL3 was an alkaline enzyme, the relative activity of PEL3 was retained above 50% from pH 8.6 to 9.4, even though it was immobilized as hybrid nanoflower. These results showed that the treatment of hybrid nanoflower did not affect the optimum temperature and pH of Pel, while the relative activity was slightly decreased.
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FIGURE 4. (A) Effects of temperature on the activity of free PEL3 and PEL3/Cu3(PO4)2 hybrid nanoflower. (B) Effects of pH on the activity of free PEL3 and PEL3/Cu3(PO4)2 hybrid nanoflower. (C) Effects of thermostability of free PEL3 and PEL3/Cu3(PO4)2 hybrid nanoflower. (D) Reusability of PEL3/Cu3(PO4)2 hybrid nanoflower. Each value of the assay was the arithmetic means of triplicate measurements.




Reusability of PEL3/Cu3(PO4)2 Hybrid Nanoflowers

Enzyme immobilization could also benefit its reusability by improving the activity and stability to reduce the actual cost (Sheldon and Sander, 2013). The reusability of PEL3/Cu3(PO4)2 hybrid nanoflowers was investigated in this study. As shown in Figure 4D, the enzyme activity of the repetitive cycled hybrid nanoflowers diminished slowly as the cycle number increased. The hybrid nanoflowers can retain 56% of its initial activity after three times of consecutive reuse. It could be concluded that the designed immobilized PEL3 exhibited good operational stability and reusability, but it remained to be further improved.



DISCUSSION

Our studies demonstrated a facile and rapid strategy to achieve PEL3/Cu3(PO4)2 hybrid nanoflowers with improved thermostability and reusability. Pectate lyase PEL3 involved in our work was engineered, expressed, and purified by our previous works (Zhang et al., 2013; Wang et al., 2018). Comparably, the commercial enzymes such as BSA, laccase, lipase, α-amylase, etc., with uncertain purity were normally reported from different studies to generate hybrid nanoflowers (Ge et al., 2012; Wang et al., 2013; Zhang et al., 2016b). Although it is convenient to obtain large amount of enzymes by purchasing, commercial enzymes will be added some protective agents to extend their shelf life. It is uncertain if any of those ions or ingredients in commercial enzyme will influence the preparation of nanoparticles and catalytic performance. For PEL3, we can obtain a large amount of purified enzymes from the genetically engineered strain. This is the first report to present the research on protein–inorganic hybrid nanoflowers with knowledge of the purity and composition of the enzyme.

In this study, only 0.02 mg/mL PEL3 were used for preparing the PEL3/Cu3(PO4)2 hybrid nanoflowers, and the initial high concentration of PEL3 cannot form nanoparticle like flower-structure. The reasons for the above phenomenon was that PEL3 induced Cu3(PO4)2 to form a crystal nucleus, while PEL3 was embedded in the center of flower structure. The increase of PEL3 prompted the rapid and massive formation of PEL3/Cu2+, thus leading to a fast generation and growth of Cu3(PO4)2 nanoparticles with small particle in situ. In previous reports, most of the enzyme amount used for generation of nanoflowers particle was at least 0.2 mg/mL (Lee et al., 2015), except for α-lactalbumin/Cu3(PO4)2, laccase/Cu3(PO4)2, carbonic anhydrase/Cu3(PO4)2, and lipase/Cu3(PO4)2 hybrid nanoflowers (Ge et al., 2012). Comparably, the PEL3 used in preparation of PEL3/Cu3(PO4)2 hybrid nanoflowers was only 0.02 mg/mL, which was more than 10-fold less. In addition, the loading rate of PEL3 was approximately 100%, showing a complete utilization of PEL3 in the synthesis of PEL3/Cu3(PO4)2 hybrid nanoflowers. Moreover, PEL3 showed the highest activity among the reported alkaline Pels, less enzyme in the hybrid nanoflowers was enough to act on much substrate.

The preparation of protein–inorganic hybrid nanoflowers was first reported by using copper phosphate as the inorganic part (Ge et al., 2012). Although copper has been widely used for preparation of many nanoflowers, some reports also showed that copper phosphate was not the best choice in some cases. For example, the enzyme activity of lipase/Cu3(PO4)2 hybrid nanoflowers were evaluated to exhibit 5% decrease compared to free lipase, while lipase/Zn3(PO4)2 hybrid nanoflowers were increased 1.43-fold (Ge et al., 2012; Zhang et al., 2016b). Moreover, α-amylase/CaHPO4 hybrid nanoflowers (Wang et al., 2013), BSA/Mn3(PO4)2 hybrid nanoflowers (Zhang et al., 2015), and papain/Zn3(PO4)2 hybrid nanoflowers (Zhang et al., 2016a) were exhibited excellent catalytic performance. Besides that, cobalt ion has not been used in preparation for protein–inorganic nanoflower in the past, but it was always used in the preparation for immobilization carriers (Khan et al., 2017). Thus, in this study, five different ions including cobalt ion were screened for preparation of PEL3-inorganic hybrid nanoflowers. The results showed that copper phosphate was the optimum inorganic component of PEL3-inorganic hybrid nanoparticles and PEL3/Co3(PO4)2 hybrid nanoparticles presented 1.6-fold increased activity with almost 100% loading rate (Figure 1B). However, the activity of PEL3/Cu3(PO4)2 hybrid nanoflowers was decreased about 20% comparing to free PEL3 (Figures 4A,B), similar to the results of lipase/Cu3(PO4)2 hybrid nanoflowers (Ge et al., 2012). This indicates that metal ions sometimes can cause the denaturation of enzyme and thus diminish enzymatic activity during the self-assembly process (Wu et al., 2015).

As well as we know, most Pels are Ca2+-dependent metalloenzyme (Sharma et al., 2013). In our previous studies, both 1 and 5 mM Ca2+ improved 400% activity of PEL3 (Wang et al., 2018). Theoretically, adding Ca2+ in the preparation of enzyme/calcium phosphonate hybrid nanoparticles can promote the activity of Ca2+-dependent enzyme. It demonstrates the allosteric effect occurred when interacted with Ca2+ in aqueous solutions. According to this principle, Wang et al. (2013) designed and synthesized the α-amylase/CaHPO4 nanoflower, which improved the activity of α-amylase significantly. However, PEL3/calcium phosphonate hybrid nanoparticles almost lost the activity (Figure 1B). The reason of this phenomenon may be that the allosteric effect does not happen during PEL3/calcium phosphonate hybrid nanoparticles preparation, and the high concentration of calcium binds to calcium binding sites to inhibit its activity.

Pectate lyases PEL168 was produced from probiotic bacteria B. subtilis, which is safe for application in food, feed and textile industry (Sharma et al., 2013; Kohli and Gupta, 2015). Therefore, it has been identified and expressed in E. coli BL21 (DE3) for characterization and analysis of protein structure (Arefeh et al., 2010). In order to suit for industrial application of pectate lyases PEL168, Zhang et al. (2013) expressed PEL168 in Pichia pastoris, and the recombinant protein was glycosylated with removing pectin from ramie efficiently, which is an ideal candidate for further optimization and engineering for bio-degumming. This enzyme was also expressed in E. coli with high catalytic efficiency through fusion of amphipathic peptide strategy (Zhang et al., 2013). In addition, Wang et al. (2018) engineered PEL168 to obtain the benefit mutant PEL3 with increased specific activity and thermostability. The bioscouring assay exhibited that PEL3 can obviously improve the wettability and softness of fabrics, suggesting its potential application in textile industry (Wang et al., 2018). The first case for enzyme immobilization of pectate lyases (PGL) from B. subtilis was reported by Ran et al. (2017), PGL was successfully immobilized on the surface of polyhydroxyalkanoate (PHA) nanogranules by fusing PGL to the N-terminal of PHA synthase from Ralstonia eutropha via a designed linker. The activity of PGL–PHA compared to the free PGL was decreased almost 15%, and immobilization process did not affect the optimal pH and temperature of the free Pels, which was also observed with PEL3/Cu3(PO4)2 hybrid nanoflowers. However, PGL–PHA only retained less than 20% of its initial activity after incubation at 55°C for 12 h, while PEL3/Cu3(PO4)2 hybrid nanoflowers retained almost 40% of its initial activity after incubation at 55°C for 24 h. After re-use for three cycles, PGL–PHA could hold above 70% of its initial activity, but PEL3/Cu3(PO4)2 hybrid nanoflowers only retained around 56% of its initial activity. It may be due to PEL3/Cu3(PO4)2 hybrid nanoflowers higher specific activity, only small amount was used for activity assay. After each reaction, PEL3/Cu3(PO4)2 hybrid nanoflowers were recovered through centrifugation, which caused a magnificent loss especially when the pellet is very small. Although the operational stability of PEL3/Cu3(PO4)2 hybrid nanoflowers remains to be improved. It assumed that the actual activity loss should be less than 44% after re-use for three cycles. Therefore, owing to its highest specific activity in the reported alkaline Pels (Wang et al., 2018), PEL3 immobilized as hybrid nanoflowers with good thermostability and reusability are potential for industrial applications.



CONCLUSION

In conclusion, the resultant hybrid nanoflower formed by PEL3 and copper phosphate exhibited excellent thermostability and good reusability compared with free pectate lyase PEL3. Therefore, the hybrid nanoflower materials as catalysts have great potential in industrial applications. It is also the first time to report organic–inorganic hybrid nanoflowers of Pels.
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Highly efficient and regioselective synthesis of pharmacologically interesting aromatic esters of arbutin catalyzed by immobilized lipase from Penicillium expansum in co-solvent systems was successfully carried out. As compared to tetrahydrofuran solvent, the initial rate and substrate conversion of arbutin vanilylation were markedly enhanced in tetrahydrofuran-isopropyl ether (20%, v/v). Moreover, the effects of three reaction parameters (enzyme amount, temperature and substrate molar ratio of vinyl vanillic acid to arbutin) on 6′-O-vanilloyl-arbutin synthesis were scrutinized and the key process parameters were optimized using response surface methodology (RSM). The experimental data were fitted well to a second order polynomial model by using multiple regression analysis. The best combination of variables was 50°C, 93 U/mL and 11 for the reaction temperature, the enzyme amount and mole ratio of arbutin to vinyl vanilic acid, respectively, and which the reaction rate, substrate conversion and regioselectivity were as high as 8.2 mM/h, 93 and 99%. It was worth noting that a variety of aromatic esters of arbutin were obtained with much higher conversion (93–99%) at these optimal conditions.

Keywords: arbutin, aromatic esters, enzyme catalysis, response surface methodology, co-solvent


INTRODUCTION

Arbutin as a soluble glycosylated phenol (hydroquinone-β-D-Glucopyranoside), is naturally derived from numerous plant species such as Arctostaphylos uva-ursi, Vaccinium vitis-idaea, Bergenia crassifolia, Arbutus unedo, and Heliciopsis lobata (Oliver et al., 2001; Pop et al., 2009; Qi et al., 2016; Jurica et al., 2017). Arbutin exhibits several pharmacological effects, such as antioxidant, antimicrobial, antiinflammatory, antihyperglycaemic, antitumor, alpha-amylase inhibitory and tyrosinase inhibitor (Taha et al., 2012; Migas and Krauze-Baranowska, 2015; Jurica et al., 2017; Ahmadian et al., 2019; Zhao et al., 2019). It is reported that arbutin ester derivatives displayed higher biological activity than the precursor compounds (Tokiwa et al., 2007; Chigorimbo-Murefu et al., 2009; Watanabe et al., 2009; Xu et al., 2014). For example, 6′-O-caffeoylarbutin showed a twice-higher antimelanin activity and twice-lower toxicity than those of arbutin (Xu et al., 2014).

Aromatic acids exist widely in nature and have many interesting biological properties such as anti-oxidant, anti-microbial and anti-tumor. For example, vanillic acid and its derivatives have multiple physiological functions including antioxidative, anti-inflammatory, antihypertensive effects, and so on (Prince et al., 2011; Yrbas et al., 2015; Vinothiya and Ashokkumar, 2017; Rasheeda et al., 2018). Recent studies have shown that phenolic acids esters displayed potent biological activities than the precursors (Chigorimbo-Murefu et al., 2009; Ishimata et al., 2016). For instance, methyl vanillate exhibited about three-fold stronger degranulation inhibitory activity than that of the original compound (Ishimata et al., 2016). Arbutin ferulate showed a higher antioxidant activity than the ferulic acid (Chigorimbo-Murefu et al., 2009). Therefore, the ester derivatives of arbutin and aromatic acids are expected to possess stronger bioactivities. The application of such novel derivatives may be extended to the food and pharmaceutical field as well as in cosmetics.

Enzymatic acylation of polyhydroxy compounds has become a promising approach because of high regioselectivity, environmental friendliness, and mild reaction conditions (Chen et al., 2013; Caufin et al., 2014; Li et al., 2015; Miyazawa et al., 2015; Kumar et al., 2017; Milivojević et al., 2017). Solvents have undergone several generations of development in biocatalysis. Compared to the aqueous medium, biocatalysis in nonaqueous media exhibits unique industrial advantages, such as the inhibition of water-dependent side reactions (Klibanov, 2001; Lee and Dordick, 2002; Zhang et al., 2014; Li et al., 2015). Consequently, several nonconventional reaction media, including organic solvents, ionic liquids and deep eutectic solvents have been widely used in biocatalysis (Yang and Pan, 2005; Huang et al., 2014; Xu et al., 2017; Yang et al., 2017; Peng et al., 2020). Compared with the traditional organic solvents, polyhydroxy compounds have a higher solubility in hydrophilic solvents, but the hydrophilic ones can easily deactivate the enzyme. Co-solvent mixtures of hydrophilic and hydrophobic solvents have recognized as an attractive approach for the synthesis of polyhydroxyl ester derivatives (Li et al., 2006; Zhao et al., 2011; Brabcova et al., 2014). However, the enzymatic acylation of arbutin in cosolvent mixtures has been rarely reported. It has been proven that the enzyme immobilization is a promising strategy for improving the biocatalytic performance (Liang et al., 2020). Here we first explored the effects of co-solvent mixtures on arbutin acylation with vinyl vanillate catalyzed by the immobilized lipase from Penicillium expansum (PEL). Moreover, the influneces of enzyme amount, substrate molar ratio and reaction temperature on arbutin acylation with vinyl vanillate in mixed system were investigated by response surface methodology (RSM) with 3 factors and 5 levels to establish the optimal biocatalytic reaction system for arbutin vanillic acid ester (Scheme 1). The synthesis of a group of aromatic esters of arbutin in co-solvent mixtures was also studied by using the immobilized PEL.



MATERIALS AND METHODS


Materials

Arbutin was obtained from Sigma-Aldrich (United States). Vinyl benzoate and vinyl cinnamate were provided by Alfa Aesar. The D4020 macroporous adsorbent resins were purchased from Nankai University Chemical Co., Ltd. China. Crude PEL powder was supplied by Shenzhen Leveking Bio-engineering Co., Ltd., China. The immobilized PEL was prepared following our previous procedure (Yang et al., 2012). The glycine-NaOH buffer (0.05 M, pH 9.4) containing crude lipase powder was agitated (150 rpm at 35°C) for 1 h, and then the supernatant was obtained after centrifugation (5000 rpm at 4°C). Afterward, activated resin (the crude enzyme dosage and resin with a mass ratio of 10:1) was added to the above supernatant, and the resulting mixture was agitated (150 rpm, 35°C, 4 h), filtered, washed and freeze-dried. The transesterification activity of the immobilized PEL was calculated to be 31.6 U/g. One unit of lipase activity (U) corresponds to the enzyme amount required to synthesize 1 μmol arbutin butyrate per minute (The reaction was performed at 35°C and 200 rpm in tetrahydrofuran containing 0.04 mmol arbutin, 0.2 mmol vinyl butyrate, and enzyme preparation). The vinyl esters of vanillic acid, p-methoxy cinnamic acid, p-hydroxycinnamic acid, and 3,4-dimethoxycinnamic acid were synthesized according to our previous methods (Yang et al., 2012). All other chemicals were of analytical grade and used as such.



Procedure for Enzymatic Acylation of Arbutin

In a typical experiment, 2 mL of a co-solvent mixture containing 0.04 mmol arbutin, vinyl vanillic acid and the immobilized PEL was incubated at 200 rpm and 50°C. The samples were collected at pre-determined time intervals and detected by HPLC. Samples without the addition of enzyme were also used in parallel as controls. The conversion was expressed as the ratio of consumed to initial arbutin. The initial reaction rate (V0) was defined as the amount of substrate reduction per unit time in the initial stage, in which the substrate concentration decreased linearly with the reaction time.



Response Surface Experiment Design

Three independent variables (reaction temperature, enzyme dosage and a molar ratio of vinyl vanillic acid to arbutin) were used to develop the central composite design (CCD). The response was the initial reaction rate. The levels for independent factors were given in Supplementary Information. The Design-Expert 8.0 software was used for experimental design and data analysis:

[image: image]

Where Y is the predicted response (initial reaction rate), βk0, βki, βkii, and βkij are the constant, linear coefficients, quadratic coefficients and interaction coefficients, respectively. Xi and Xj are independent variables.



HPLC Analysis

An Agilent HPLC system coulped with a UV detector was used for the samples analysis. A Zorbax SB-C18 column (4.6 mm×250 mm, 5 μL) was employed for the separation, where the absorption wavelength, flow rate and column temperature was 282 nm, 1 mL/min and 30°C, respectively. Gradient elution with water/methanol of 40/60 (v/v) from 0 to 3.0 min, and then water/methanol of 20/80 (v/v) at 5.0 min was used.
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SCHEME 1. The acylation of arbutin with viny vanillic acid in co-solvent mixtures.




Structure Determination

The structure of synthetic compounds was determined by 13C NMR and 1H NMR on Bruker DRX 400 MHz NMR spectrometer. NMR data are provided in the Supplementary Information.



RESULTS AND DISCUSSION


Effect of Reaction Medium

The catalytic properties of enzymes, such as enzyme activity, regioselectivity, and stability can be regulated by changing the reaction medium (Klibanov, 2001). As shown in Table 1, the reaction proceeded with a markedly higher rate and substrate conversion in the co-solvent mixture than those in THF. For example, the moderate or good conversion rate was observed in THF containing 25% (v/v) hexane, isooctane and cyclohexane. The highest substrate conversion (70% for 76 h) was recorded in THF-isopropyl ether, while THF only yielded 30% conversion for 96 h. The reason might be the incorporation of the hydrophobic solvents, which protected the enzyme from deactivation caused by polar THF (Li et al., 2006; Zhao et al., 2011; Brabcova et al., 2014). In addition, although hexane, isooctane, and cyclohexane are more hydrophobic than isopropyl ether, the conversion obtained in the co-solvent mixture containing isopropyl ether is better than that in hexane, isooctane, and cyclohexane. It was interesting to note that 6′-O-vanilloyl-arbutin was the only product in entire tested reaction medium.


TABLE 1. Immobilized PEL-catalyzed acylation of arbutin with vinyl vanillic acid in co-sol vent mixtures.

[image: Table 1]Table 2 showed that the reaction rate and substrate conversion rate increased with the enhancement of isopropyl ether concentration when the volumetric concentration of isopropyl ether was less than 20% in the co-solvent mixture. The reason may be that the addition of nonpolar solvents reduces the inactivation of enzymes. Further higher isopropyl ether content above 20% led to a drop in the substrate conversion and reaction rate, which might be caused by the decreased solubility of the substrate. The content of the hydrophobic solvent had little effect on the regioselectivity.


TABLE 2. Effect of isopropyl ether content on regioselective acylation of arbutin with vinyl vanillic acid catalyzed by immobilized PEL.

[image: Table 2]


Effect of Enzyme Amount, Substrate Mole Ratio and Reaction Temperature

As shown in Figure 1A, the reaction rate accelerated significantly with the rise of enzyme dosage from 25 to 75 U/mL, while with the further increase of enzyme dosage, the reaction rate did not change clearly. During the arbutin acylation with vinyl vanillic acid, there is a hydrolytic side reaction of the vinyl vanillic acid. Therefore, it is necessary to add excessive acyl donors to the reaction to ensure efficient acylation. As depicted in Figure 1B, the initial reaction rate and the substrate conversion significantly enhanced with increasing molar ratio up to 10, the optimal ratio of vinyl vanillic acid to arbutin. The temperature has a great influence on the catalytic properties of enzymes and the thermodynamic equilibrium of a reaction (Li et al., 2006, 2015). The optimum temperature was 50°C in the investigated temperature range (Figure 1C). Additionally, the reaction maintained excellent regioselectivity under the above experimental conditions.


[image: image]

FIGURE 1. (A) Effect of enzyme dosage on arbutin acylation with vinyl vanillate catalyzed by immobilized PEL. (B) Effect of substrate molar ratio on arbutin acylation with vinyl vanillate catalyzed by immobilized PEL. (C) Effect of temperature on arbutin acylation with vinyl vanillate catalyzed by immobilized PEL. Reaction conditions: 0.04 mmol arbutin, 2 mL THF-isopropyl ether (20%, v/v), 200 r/min.




Model Fitting

The above results indicate that the reaction temperature, enzyme amount and substrate molar ratio have a great impact on the reaction rate, but little influence on the maximum conversion rate and regioselectivity. For this reason, CCD experiments with a 3-factor-5-level were performed to determine the most suitable reaction conditions leading to the highest reaction rate. As shown in Table 3, the highest and lowest reaction rates were obtained in trials #8 and #12, respectively. The values of regression coefficients of Eq. 1 were computed according to the experimental results of CCD. So the second-order polynomial Eq. 2 was obtained.


TABLE 3. Experimental design and results of the CCD design.

[image: Table 3]
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Where A is reaction temperature, B is enzyme dosage, C is molar ratio of vinyl vanillic acid to arbutin.

The analysis of variance (ANOVA) for the model and the statistical parameters of experimental values were shown in Table 4. The analyzed results of RSM model showed that the quadratic model was statistically more sui for the description of the lipase-catalyzed synthesis of 6′-O-vanilloyl-arbutin with the model (p < 0.0001), and the lack of fit (p = 0.4070) was not significant, indicating that the model offers a good fit for the experimental values in the presence of noise. Similarly, Hakalin et al. (2018) and Zhu et al. (2013) demonstrated the suitability of RSM for enzymatic synthesis of some ester derivatives.


TABLE 4. ANOVA analysis and statistical parameters of the model.

[image: Table 4]From the statistical analysis in Table 4, the high R2 value (0.9996) and adjusted R2 value (0.9993) indicated that the proposed model could provide an excellent estimate for the prediction of the responses. Meanwhile, a rather low value of the coefficient of variance (C.V.) demonstrated that experimental modeling had an extreme low dispersion degree, which indicated that the proposed quadratic model provides a suitable approximation for the responses prediction. According to the established models, the enzyme dosage (F value of 5014.30) and the substrate molar ratio (F value of 18289.72) were the most significant model linear terms that meaningfully affect the arbutin acylation with vinyl vanillate catalyzed by lipase PEL. However, the temperature (F value of 3.56) had a less significant effect on the investigated reaction (Table 4).



Response Surface Plot and Contour Analysis

Response surface plot and contour graph can directly reflect the influence of each factor on the enzymatic arbutin acylation with vinyl vanillate. The effects of the temperature (A), enzyme dosage (B) and substrate molar ratio (C) on the reaction were illustrated in Figure 2. All response surface plot and contour graph (Figure 2) showed similar trends in the acylation rate and hence optimal influence conditions were obtained through a comprehensive analysis of interactions among these factors. From the above, enzyme dosage and molar ratio were the most determinant factors for the enzymatic acylation of arbutin with vinyl vanillic acid.
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FIGURE 2. Response surface plot for arbutin acylation with vinyl vanillic acid catalyzed by immobilized PEL (A) represents the interaction of enzyme dosage with temperature; (B) represents the interaction of substrate molar ratio and temperature; (C) represents the interaction of enzyme dosage and substrate molar ratio. Reaction conditions: 0.04 mmol arbutin, 2 mL THF-isopropyl ether (20%, v/v), 200 r/min.


Figure 2A illustrated the response surface plot of temperature and enzyme dosage on the enzymatic arbutin acylation with vinyl vanillate at the fixed substrate molar ratio 7.5. The amount of enzyme had a substantial effect on the initial reaction rate, which increased with the increment of the enzyme amount. The maximum value (7.3 mM/h) was obtained when the enzyme amount reached 100 U/mL (level 1). The reaction temperature also had a certain influence on the initial reaction rate with the extreme value close to 50°C (level 0). Further increase in temperature beyond 50°C could slow down the reaction in THF-isopropyl ether (20%, v/v) mixtures. Figure 2B illustrated a mutual interaction of substrate molar ratio and temperature on the arbutin acylation with vinyl vanillate. The steep response surface showed the substrate molar ratio and the interaction between the substrate molar ratio and the reaction temperature had a more significant effect on the reaction rate. A marked enhancement of initial rate was recorded with the increasing ratio up to 10 (level 1), at which the initial rate reached 7.8 mM/h. The influence of the reaction temperature on the initial reaction rate is similar to Figure 2A. Figure 2C showed the response surface plot of the interaction between the enzyme amount and the substrate molar ratio. The steeper response surface diagram indicated their interaction on the transesterification reaction was highly significant. The maximum response value (8.1 mM/h) could be obtained when the enzyme amount and the substrate molar ratio approached 100 U/mL and 10, respectively.

In summary, it can be seen from the 3D plot and contour maps (Figure 2) that the influence of various interactions between factors on the initial rate is significant, and the differences of influence degree can be seen from the steepness and smoothness of the contour map. The significance of individual factors (substrate molar ratio >the enzyme amount >the reaction temperature) was determined by the pairwise comparison (Table 4). Moreover, the optimal reaction temperature (49.9°C), enzyme amount (93.1 U/mL) and the substrate molar ratio (10.9) for arbutin acylation with vinyl vanillate were estimated via the second-order partial derivative of the quadratic polynomial regression Eq. 2. The initial reaction rate reached 8.2 mM/h under the optimized conditions, which was equivalent to the predicted value (8.1 mM/h). Meanwhile, the substrate conversion was as high as 93% and the regioselectivity kept 99%.



Time Course and Scale-Up of the Enzymatic Reaction and Operational Stability in the Co-solvent

The reaction process of arbutin acylation with vinyl vanillate under the above-optimized conditions was investigated and results are shown in Figure 3A. The substrate conversion increased rapidly to about 28 h, and then a slower rise, probably because of the reduced substrate concentration. In addition, acetaldehyde, the side product released from vinyl vanillic acid, might partially deactivate the biocatalyst, resulting in the deceleration of the reaction (Weber et al., 1997; Rasalkar et al., 2004). The maximal substrate conversion reached 93% at 62 h (Figure 3A), while THF only provided 30% conversion for 96 h (Yang et al., 2010). To examine the potential of “home-made” immobilized PEL in the synthesis of 6′-O-vanilloyl-arbutin, the enzymatic process was carried out on a scale of 0.5 g arbutin. After the reaction, the enzyme was filtered off, and the solvent was removed in vacuum which could be readily recovered and reused. The residue was then purified through flash column chromatography using petroleum ether/ethyl acetate (1/3) as the mobile phase. The product 6′-O-vanilloyl-arbutin was obtained with an isolated yield of 88%. The immobilized lipase PEL maintained 71% of its original activity in THF-isopropyl ether after being reused for 11 batches (Figure 3B), much higher than the result obtained in THF (Yang et al., 2010), which demonstrated that the addition of hydrophobic solvent to the polar reaction media markedly improved the operational stability.
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FIGURE 3. Time course of enzymatic acylation with vinyl vanillate (A) and operational stability of immobilized PEL (B) in co-solvent mixtures. Reaction conditions: 0.04 mmol arbutin, 0.44 mmol vinyl vanillic acid, 93 U/mL immobilized PEL, 2 mL THF-isopropyl ether (20%, v/v), 50°C, 200 r/min.




Synthesis of Aromatic Esters of Arbutin in the Co-solvent

In order to investigate the general-applicability of mixed solvents, the enzymatic synthesis of various arbutin aromatic esters possessed potent biological activities was investigated under the optimum conditions described above (Table 5). 1H NMR and 13C NMR analysis showed that 6′-O-monoesters of arbutin were exclusively achieved in the reaction. It was worth mentioning that various aromatic esters of arbutin were obtained in the co-solvent with much higher conversion and reaction rate than in THF (Yang et al., 2012). For example, in the p-hydroxycinnamoylation (Entry 4), p-methoxycinnamoylation (Entry 5) and 3, 4-dimethoxycinnamoylation (Entry 6), the maximum substrate conversion increased from 36 to 97%, 80 to 99%, and 70 to 99%, respectively. As shown in Table 5, the substituents in the phenyl moiety of the acyl donors showed a negative impact on the reaction. For example, arbutin benzoylation achieved 99% conversion efficiency after 50 h (Entry 1), while arbutin acylation with vinyl vanillate with 93% after 62 h (Entry 2), which might due to the unfavorable steric hindrance of the -OH and -OCH3 substituents in the phenyl moiety. Likewise, the replacement of vinyl cinnamate (99% at 46 h) with vinyl p-hydroxycinnamic acid (97% at 62 h), vinyl p-methoxycinnamic acid (99% at 56 h) and vinyl 3,4-dimethoxycinnamic acid (99% after 60 h) as the acyl donor greatly reduced the reaction rate. Table 5 also showed that different substituents have distinct effects on the enzyme reactions. For instance, the reaction rate with vinyl p-methoxy cinnamic acid (99% at 56 h) was greater than that with vinyl p-hydroxycinnamic acid (97% at 62 h), although the hydroxyl is less hindered than the methoxyl. The reason might be the acyl-binding site in the enzyme active site is hydrophobic, thus more hydrophilic acyl (p-hydroxycinnamic acid) resulting in a more significant negative effect on the catalytic performances of the enzyme (Li et al., 2009; Dettori et al., 2018). A 99% conversion was achieved with p-methoxycinnamoylation at 56 h and 3,4-dimethoxycinnamoylation at 60 h, which indicated that the enzyme activity in the p-methoxylcinnamoylation was slightly higher than that in the 3,4-dimethoxycinnamoylation due to the steric strain of extra 3-methoxy in vinyl 3,4-dimethoxycinnamic acid. In addition, the reaction rate in cinnamoylation (Entry 3) was higher than that in benzoylation (Entry 2), which might be the arm prolongation between carbonyl and phenyl in vinyl cinnamate that reduced the steric strain of the rigid phenyl.


TABLE 5. Effect of various acyl donors on regioselective acylation of arbutin catalyzed by immobilized PEL in co-solvent mixtures.
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CONCLUSION

This study demonstrated that co-solvent systems could significantly enhance the catalytic activity and stability of the immobilized Penicillium expansum lipase in the acylation of arbutin with vinyl vanillic acid. The optimal reaction conditions were scrutinized by RSM and determined as 50°C, 93 U/mL and 11 for the reaction temperature, the enzyme amount and mole ratio of arbutin to vinyl vanillic acid, respectively. Under these ideal conditions, the substrate conversion efficiency reached 93%. In addition, the above reaction conditions were suitable for the synthesis of a group of other arbutin aromatic esters with >97% conversion rate. Thus, the optimization of enzymatic acylation of arbutin in co-solvent systems was successfully developed by RSM.
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Methane is a greenhouse gas and significantly contributes to global warming. Methane biofiltration with immobilized methane-oxidizing bacteria (MOB) is an efficient and eco-friendly approach for methane elimination. To achieve high methane elimination capacity (EC), it is necessary to use an exceptional support material to immobilize MOB. The MOB consortium was inoculated in biofilters to continuusly eliminate 1% (v/v) of methane. Results showed that the immobilized MOB cells outperformed than the suspended MOB cells. The biofilter packed with fly ash ceramsite (FAC) held the highest average methane EC of 4.628 g h–1 m–3, which was 33.4% higher than that of the biofilter with the suspended MOB cells. The qPCR revealed that FAC surface presented the highest pmoA gene abundance, which inferred that FAC surface immobilized the most MOB biomass. The XPS and contact angle measurement indicated that the desirable surface elemental composition and stronger surface hydrophilicity of FAC might favor MOB immobilization and accordingly improve methane elimination.

Keywords: methane-oxidizing bacteria, immobilization, methane biofiltration, fly ash ceramsite, surface property


INTRODUCTION

Methane is the second-largest greenhouse gas, which has approximately a 25 times global warming potential than that of carbon dioxide for a 100-year horizon (Veillette et al., 2012; Limbri et al., 2013). Methane is emitted from natural and anthropocentric processes, including wetlands, oceans, forests, paddy fields, manure management, livestock, landfills, coal mines, and biogas upgrading process (Conrad, 2009). 55% of anthropogenic methane emissions hold methane concentrations lower than 3% (v/v), and the emitted lean methane is consequently difficult to be treated by the thermal oxidation process (Melse and Van der Werf, 2005; Ramirez et al., 2012a).

Methane could be naturally oxidized by methane-oxidizing bacteria (MOB). MOB are widely distributed aerobic microorganisms, which use methane as carbon and energy sources (Im et al., 2011; Ramirez et al., 2012b). As depicted in Figure 1, MOB initially oxidize methane into methanol by methane monooxygenase (MMO), and then methanol is converted into formaldehyde by methanol dehydrogenase (MDH). A part of formaldehyde is oxidized into formate by formaldehyde dehydrogenase (FADH) and subsequently converted into CO2 by formate dehydrogenase (FDH). Another part of formaldehyde is assimilated into ribulose monophosphate pathway (RuMP, for Type I methanotrophs) or serine pathway (for Type II methanotrophs) to produce biomass (Kalyuzhnaya et al., 2015). Compared to the thermal oxidation process, the biological conversion is highly qualified for control of methane emission because it permits advantages of mild operation conditions, efficient elimination capacity (EC) and low cost (Ge et al., 2014). MOB consortium is the mixed culture dominated by MOB and simultaneously contains foreign microorganisms. Commonly, MOB are the functional bacteria that oxidize methane, and the accompanying foreign microorganisms supply key nutrients for MOB or remove toxic metabolites. Compared to MOB single strain, MOB consortium usually keeps better growth, higher metabolic activity, and desirable stability, which might accordingly perform more effectively and stably during practical continuous methane elimination (Jiang et al., 2016).


[image: image]

FIGURE 1. Metabolic pathway of methane in MOB cells.


Methane-oxidizing bacteria consortia have been inoculated in biofilters packed with various support materials, such as active carbon, perlite, stones, and polypropylene spheres, to mitigate methane emissions (Kim et al., 2014b; Karthikeyan et al., 2017; Wu et al., 2017). Compared to the suspended MOB cells, the immobilized MOB cells on support materials performed better in methane elimination because of the higher biomass concentration, more excellent metabolic activity and superior tolerance to severe environmental conditions (Cohen, 2000). The bacterial immobilization usually occurs at the interface between cell and support material (Xie et al., 2012). The surface properties of support material, including roughness, porosity, hydrophilicity, charge, and chemical composition can markedly influence on the bacterial immobilization (Farrokhzadeh et al., 2017; La et al., 2018). These surface properties affect MOB immobilization, and further have effects on MOB growth and metabolic activity, and consequently alter the performance of MOB biofiltration. Therefore, the characterization on surface property of support material and the estimation on immobilized MOB biomass are essential, which might be conductive to investigate the effects of surface property of support material on MOB immobilization, and be helpful to figure out the underlying reasons for biofiltration performance in methane elimination.

Ceramsite is a lightweight porous sphere prepared from solid waste, including clay, sludge, shale and fly ash (Merino et al., 2005; Laursen et al., 2006). With advantages of high porosity, inert surface, low cost and excellent durability, ceramsite can provide sufficient area for bacterial adhesion and is an appropriate support material for bacterial immobilization (Qiu et al., 2014; Shi et al., 2015). In our previous study, the MOB consortium has been inoculated in ceramsite to eliminate methane in batch experiments. The results showed that the MOB cells incorporated with black and red ceramsite prepared from fly ash and clay, respectively, kept improved methane ECs, which were 54.4% and 64.4%, respectively, higher than that of the suspended MOB cells during disposing 1% (v/v) of methane (Sun et al., 2018c). In this study, to verify the superiority, availability and stability of ceramsite in biofiltration for methane elimination, three lab-scale biofilters packed with fly ash ceramsite (FAC), clay ceramsite (CC) and active carbon, respectively, as support materials were constructed. The methane ECs of biofilters were periodically and continuously tested. The characterization on surface property of support material was carried out, and the immobilized MOB biomass on support material was determined.



MATERIALS AND METHODS


Enrichment Process

The MOB consortium was enriched from the soil, which was harvested from Xiaojianxi Landfill in Qingdao, Shandong, China. The enrichment processes were in compliance with the reported methods, and the nitrate mineral salts (NMS) medium with pH of 6.8 was used to provide nutrient elements for MOB (Sun et al., 2018c). Before inoculation, the MOB consortium was cultivated under methane concentration of 20% (v/v) at 25°C with continuous shaking of 140 rpm. The MOB consortium was successionally subcultured every 3 days.



Preparation and Characterization of Support Material

The FAC and CC were purchased from the Octagon Water Purification and Building Material Factory (Henan, China) as support materials. The active carbon (AC, AKE, Foshan, Guangdong, China) was also regarded as a kind of support material. The FAC, CC, and AC were milled into particles and sieved to the size of 2.0–3.0 mm. To remove the biomass and ashes, the particles were boiled for 1 h in distilled water and washed five times by distilled water, and subsequently dried at 105°C for 48 h.

The X-ray photoelectron spectroscopy (XPS) for support material was carried out by a multifunctional imaging electron spectrometer (ESCALAB250Xi, Thermo Fisher Scientific, Waltham, Massachusetts, United States). To evaluate surface hydrophilicity of support material, the water contact angle on surface of support material was measured by a contact angle meter (XG-CAM, XYCXIE, Shanghai, China).



Biofilter Configuration and Test

The biofilters were fabricated by Haiyanyakeli Co., Ltd. (Qingdao, Shandong, China). The biofilter configuration is illustrated in Supplementary Figure S1. Four hollow biofilters with heights of 40 cm and diameters of 4 cm were made from polymeric methyl methacrylate (PMMA). One biofilter without support material was named MC. Three biofilters named MFAC, MCC, and MAC were filled with FAC, CC, and AC, respectively, to the heights of 25 cm. Each biofilter was inoculated with 150 mL of MOB consortium slurry (2.47 ± 0.06 g L–1) and then filled with NMS medium to the height of 35 cm. To fully mix up the content, each filled biofilter was gently shaken by hand for 5 min. Butyl rubber stoppers were used to seal the feeding and drainage ports to make biofilters gas tight. To provide adequate nutrient elements, 0.1 L of liquid was daily drained from each biofilter through drainage port and an identical volume of fresh NMS medium was added via feeding port (Ramirez et al., 2012b). The biofilters were incubated at 25°C. The gas mixture of methane, carbon dioxide and air at a mixing ratio of 1:15:84 (v/v/v) was prepared by Heli Gas Co., Ltd. (Qingdao, Shandong, China) and was fed through gas inlet on the bottom of each biofilter at a gas flow rate of 0.9 L h–1. The configuration and operating parameters of biofilters are listed in Table 1.


TABLE 1. The configuration and operating parameters of biofilters.

[image: Table 1]The gas samples were periodically gathered from each gas outlet and the methane concentrations of samples were determined by gas chromatography (GC-2014, Shimadzu, Nakagyo-ku, Kyoto, Japan) equipped with a flame ionization detector and a WAX-DA column (30.0 m × 0.32 mm × 0.50 μm). Nitrogen was used as carrier gas, and temperatures for detector, vaporizer and oven were 150, 150, and 120°C, respectively. The methane EC was defined as the mass of methane eliminated by MOB immobilized on per weight of support material during per hour, and was calculated using the Equation 1:
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where R was the inlet gas flow rate (L h–1), Mc was the molar mass of CH4 which was 16 g mol–1, Cin and Cout were the inlet and outlet methane concentrations (%), respectively, Vb was the biofilter bed volume (m3) and Vm was the gas molar volume which was 22.4 L mol–1.



Scanning Electron Microscopy (SEM)

Ten pieces of support materials were collected from MFAC, MCC, and MAC at the 20th day of biofilter operation. The particles were rinsed with distilled water for three times to remove the unattached bacterial cells from their surfaces. The samples were immersed in 4% of glutaraldehyde for 5 h at 4°C, and washed three times by 0.2 mol L–1 of phosphate buffer (pH 7.0) for 15 min. Subsequently, the samples were dehydrated by 50%, 70%, 80%, 90%, and 95% of ethanol by submerging samples at each concentration for 15 min, and then dehydrated two times by 100% of ethanol for 20 min. The treated samples were freeze-dried by a lyophilizer (10 N, SCIENTZ, Ningbo, Zhejiang, China) for 24 h, and sputter-coated with a thin layer of metallic gold (E-1010, Hitachi, Chiyoda, Tokyo, Japan). Microphotographs of the samples were carried out by a scanning electron microscope (SU8010, Hitachi, Chiyoda, Tokyo, Japan).



Quantitative PCR (qPCR) Analysis

The biomass of MOB immobilized on support material was tested through the qPCR analysis based on pmoA gene detection. The pmoA gene encodes a subunit of particulate methane monooxygenase enzyme (pMMO) in MOB cells, and the copy number of pmoA gene could convincingly reflect the MOB biomass (Kolb et al., 2003; He et al., 2012). At the 20th day of biofilter operation, triplicate samples, each contains 0.25 g of support material, were randomly harvested from each biofilter and stored at −80°C in a freezer before DNA extraction. The DNA samples were extracted by FastDNA Spin kit for Soil (TIANGEN, Beijing, China). 0.8% (w/v) agarose gel was used to check the quality of DNA samples. Afterward, Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, California, United States) was applied to quantify DNA samples. The pmoA gene in each DNA sample was amplified by forward primer A189f (5′-GGNGACTGGGACTTCTGG-3′) and reverse primer Mb661r (5′-CCGGMGCAACGTCYTTACC-3′) (Martineau et al., 2010; Sun et al., 2018a).

The qPCR assays were conducted by a Rotor-Gene Q real-time PCR cycler (ABI7500, Applied Biosystems, Waltham, United States). Each qPCR reaction with 18 μL of total volume contained 10 μL of 2 × MasterMix (Cw0716, CWBIO, Beijing, China), 2 μL of diluted template DNA, 0.5 μL of A189f forward primer (10 μmol L–1), 0.5 μL of Mb661r reverse primer (10 μmol L–1), and 5 μL of sterile distilled water. The protocol for qPCR was as follow: initial denaturation at 90°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 40 s; the Fluorescence signal was obtained after each cycle at 60°C for 1 min; and the melt curve obtained from 60°C to 99°C with a rate of 0.05°C s–1. The qPCR assays of successive 10-fold dilutions (101∼105) of plasmid Puc-T inserted with pmoA gene were performed in triplicate to obtain the standard curve (Sun et al., 2018a).



RESULTS


Surface Property of Support Material

The XPS and contact angle measurement were conducted to detect the surface elemental composition and the surface hydrophilicity of support material, respectively. The surface elemental compositions are shown in Table 2. The ceramsite surface was dominated by O, which took 31.66% and 29.02% on surfaces of FAC and CC, respectively. Si was another predominant element of ceramsite surface, which occupied 24.45% and 26.22% on surfaces of FAC and CC, respectively. The C was the most principal element on AC surface and with a percentage of 87.97%, while O merely accounted for 7.73% on AC surface. Fe content occupied with 0.89%, 1.62%, and 0.21% on surfaces of FAC, CC and AC, respectively. For Al content, it was identified with 14.29%, 15.58% and 0.81% on surfaces of FAC, CC, and AC, respectively.


TABLE 2. The surface properties of support materials.

[image: Table 2]The water contact angle on support material could be calculated using the reported method and reflects the hydrophilicity of material surface (Wang et al., 2015). As shown in Table 2 and Supplementary Figure S2, the water contact angles on surfaces of FAC, CC, and AC were 42.0 ± 4.4°, 46.7 ± 1.5°, and 131.7 ± 0.6°, respectively. With a smaller water contact angle, the material might hold a stronger hydrophilic surface (Sun et al., 2018a). Evidently, compare to AC surface, the ceramsite surface presented superior hydrophilicity, and the FAC surface possessed the strongest hydrophilicity among three support materials.



Methane Elimination Performance

As illustrated in Figure 2, the methane EC of MFAC dramatically increased during the initial period and achieved a value of 5.610 g h–1 m–3 at 143.5 h, and subsequently maintained at a stable level, which indicated that the biofilter entered into a stable operation. The methane EC of MCC increased with fluctuations during the initial period and reached a value of 4.860 g h–1 m–3 at 156.5 h, and afterward went into a stable level. The methane ECs of MC and MAC robustly increased during a short initial period, and reached 3.234 g h–1 m–3 and 3.287 g h–1 m–3 at 36.5 h, respectively, and then turned to be stable. Among four biofilters during the whole operation duration, the highest methane EC was achieved by MFAC at 422.5 h, which was 5.814 g h–1 m–3. For MC, MCC and MAC, the highest methane ECs during their individual operations were 4.194, 4.860 and 4.505 g h–1 m–3, respectively. For each biofilter, the initial period with ever-increasing methane EC could be regarded as the start-up phase, which was mainly for the bacterial adhesion and the biofilm formation on support material. After that, four biofilters successively went into stable operations and stably eliminated methane. The average methane EC after 100 h was estimated to reflect the methane elimination ability of each biofilter. The average methane ECs of MFAC, MCC, and MAC attained 4.628, 3.989 and 3.556 g h–1 m–3, which were 33.4%, 15.0%, and 2.5% higher than that of MC (3.469 g h–1 m–3), respectively. The results demonstrated that MFAC was the most effective methane eliminator, and followed by MCC, MAC, and MC.
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FIGURE 2. Methane ECs of biofilters packed with different support materials.




SEM of MOB Immobilized on Support Material

The SEM images of support materials harvested from MFAC, MCC, and MAC at the 20th day showed that, a great number of non-motile, short and slightly curved rod bacterial cells with the width of 0.5–1.0 μm and the length of 1.0–2.0 μm adhered to surfaces of FAC, CC, and MAC, which were morphologically similar to the reported MOB cells (Figure 3; Dedysh et al., 2002). It implied that MOB immobilization has been achieved on surfaces of support materials in biofilters.


[image: image]

FIGURE 3. SEM images of MOB immobilized on support materials. (A,B,C) for FAC; (D,E,F) for CC; (G,H,I) for AC.




Evaluation on Biomass of MOB Immobilized on Support Material

To investigate the biomass of MOB immobilized on surface of support material, the qPCR analysis based on pmoA gene detection was conducted. The pmoA gene abundance on surface of support material is illustrated in Figure 4. The pmoA gene copy numbers on surfaces of FAC, CC, and AC were 290205 ± 18861, 207999 ± 7636, and 196242 ± 3532 copies (g support material)–1, respectively. The FAC surface held the highest pmoA gene abundance, which were 39.5% and 47.9% higher than that on CC surface and AC surface, respectively. The results inferred that FAC surface immobilized the most MOB biomass.


[image: image]

FIGURE 4. pmoA gene abundance on surface of support material.




DISCUSSION


Surface Property of Support Material

As shown in Table 2, FAC surface possessed the highest O content, followed by CC surface. Compared to ceramsite, AC surface had the poorest O content. The results indicated that FAC surface might hold the greatest number of O-containing groups among three support materials. The sufficient O-containing groups on surface could possibly lead to a strong surface hydrophilicity (Bao and Dai, 2014). Both FAC surface and CC surface mainly contained O and Si, which indicated that SiO2 might be the main framework of ceramsite. The CC surface kept the highest Fe content, which might be the reason for the red color of its appearance, and also indicated that CC surface possibly contained a great amount of Fe2O3. Evidently, ceramsite surface contained higher contents of metal elements than AC surface, including Fe and Al, which inferred that ceramsite surface presumably consisted of a variety of metal oxides. In aqueous environment, the metal hydroxides might be formed on ceramsite surface instead of metal oxides, and the covalent bonds could consequently be formed between bacterial cells and metal hydroxides, which might facilitate the bacterial adhesion and immobilization (Cohen, 2000). Additionally, the sufficient metal elements might possibly provide additional mineral elements for bacteria and consequently be beneficial for their growth and metabolic activity. Collectively, according to the results of surface elemental compositions of support materials, ceramsite surface held higher contents of O and metal elements compared to AC surface, which might lead to the stronger hydrophilicity and sufficient metal oxides on ceramsite surface, and accordingly exhibited preferable biocompatibility for bacterial immobilization.

The FAC surface with the smallest water contact angle kept the strongest hydrophilicity, followed by CC surface, and AC surface comparatively showed the largest water contact angle and was revealed to be highly hydrophobic (Table 2 and Supplementary Figure S2). The hydrophilic surface could favor the adhesion of bacteria with hydrophilic cell surfaces, while the hydrophobic surface could favor the adhesion of bacteria with hydrophobic cell surfaces (Muller et al., 2008). For bacteria with hydrophilic cell surfaces, the FAC surface with the strongest hydrophilicity might favor the bacterial adhesion, and thereby permitted the favorable biocompatibility for bacterial immobilization.



Methane Elimination and MOB Immobilization Performances

The average methane ECs of MFAC, MCC, and MAC were higher than that of MC, which suggested that the biofilters packed with support materials outperformed in methane elimination than biofilter with the suspended MOB cells (Figure 2). The SEM images of support materials collected from biofilters revealed that the MOB immobilization occurred on surfaces of FAC, CC, and AC (Figure 3). Commonly, compared with the suspended bacteria, the immobilized bacteria exhibit higher biomass density, favorable metabolic activity, and preferable resistance to severe environmental conditions (Cohen, 2000). Accordingly, the better performances of MFAC, MCC, and MAC in methane elimination could be attributed to the MOB immobilization occurred on surfaces of FAC, CC, and AC, respectively. Apart from the improving effect of MOB immobilization, the high porosity and ample pore volume of support materials might be another improving factor. The gas could enter into these pores, which might prolong the gas retention time in biofilters and enhance the contact chance between MOB cells and methane, and consequently further promoted methane elimination (Karthikeyan et al., 2017; Wu et al., 2017). Similarly, in existing studies, the active carbon prepared from biogas digestate has been used as support material to immobilize MOB consortium in a biofilter to dispose 0.9% (v/v) of methane, and reached a methane EC of 2.08 g h–1 m–3, which was almost four folds of that of the suspended MOB cells (Wu et al., 2017); A lad-scale methane biofilter regarding tobermolite as support material was installed to mitigate 5% (v/v) of methane, and the methane ECs ranged from 27.72 g h–1 m–3 to 28.96 g h–1 m–3 were obtained (Kim et al., 2014a) (Table 3).


TABLE 3. Study cases of MOB biofilters.

[image: Table 3]The methane ECs of MFAC and MCC were higher than that of MC, which revealed that the biofilters packed with ceramsite behaved more efficiently than that with AC during methane elimination. Among these biofilters, the MFAC was the most effective methane eliminator (Figure 2). The qPCR analysis convincingly reflected the biomass of MOB immobilized on the surfaces of FAC, CC, and AC, and revealed that FAC surface possessed the highest pmoA gene abundance and was markedly higher than that on CC surface and AC surface, which demonstrated that FAC surface possibly immobilized the most MOB biomass among three support materials (Figure 4). The most MOB biomass on FAC surface might be possibly ascribed to the preferable surface property of FAC, which favored MOB adhesion and immobilization. With the most immobilized MOB biomass on FAC surface, the MFAC accordingly achieved the best performance in methane elimination.

Taking the results of XPS and contact angle measurement into consideration, the surface elemental composition and hydrophilicity of support material might be the influential factors on MOB immobilization. According to the surface elemental compositions of support materials, the ceramsite surface contained higher contents of O and metal elements than AC surface, which implied that FAC and CC kept abundant metal oxides on their surfaces (Table 2). The sufficient metal oxides on ceramsite surface could be converted into metal hydroxides in aqueous environment, and consequently the covalent bonds could be formed between metal hydroxides and MOB cells, which were beneficial to MOB immobilization and resulted in more MOB biomass on ceramsite surface (Cohen, 2000). Additionally, Fe has been reported to be an essential trace element for MOB growth and metabolism (Hirayama et al., 2011; Han et al., 2013). With higher Fe content, the ceramsite might possibly provide additional Fe element for MOB growth and metabolic activity, and could consequently contribute to the promotion of methane elimination. Accordingly, compared to AC, the favorable surface elemental composition of ceramsite might be an underlying reason for better performances of MFAC and MCC in MOB immobilization and methane elimination. Li and Logan have prepared 11 types of metal oxide-coated (Si-m, Si-a, Si-Sn, TiO2, SnO2, A12O3, Fe2O3, Co/Fe/Cr/O, SnO2:Sb, SnO2:F, and Ti/Fe/O) glasses to immobilize eight bacteria, and the results indicated that the metal oxides-coated glass surfaces could facilitate bacterial adhesion and persisted more cell adhesion number than the uncoated glass surface (Li and Logan, 2004).

The surface hydrophilicity could also significantly affect the efficiency of bacterial immobilization. It was mentioned that the bacteria with hydrophilic cell surfaces were likely to adhere to the hydrophilic material surface (Muller et al., 2008). The microbial community analysis performed in the previous study unveiled that the functional methanotrophs in inoculated MOB consortium were genera Methylomonas and Methylocaldum (Supplementary Figure S3). These two genera use methane as sole carbon and energy sources for growth, which might be the major methane oxidizers in MOB consortium. They were assigned to Type I methanotrophs (Hirayama et al., 2011; Wei et al., 2016). Starostina et al. (1997) argued that the cell surfaces of Type I methanotrophs were mainly hydrophilic. In this study, the contact angle measurement revealed that FAC presented the strongest hydrophilic surface among three support materials (Table 2 and Supplementary Figure S2). With the strongest surface hydrophilicity, FAC might favor the adhesion of hydrophilic methanotrophs genera Methylomonas and Methylocaldum, and consequently led to more MOB cells immobilized on FAC surface. The qPCR analysis also indicated that FAC surface kept the greatest copy number of pmoA gene, which implied that FAC surface might immobilize the most MOB biomass among three support materials (Figure 4). Due to the most MOB biomass on FAC surface, the MFAC consequently achieved superior methane EC than MCC and MAC. Accordingly, compared to CC and AC, the stronger surface hydrophilicity of FAC might be another underlying reason for the better performance of MFAC in methane elimination. Bao and Dai (2014) suggested that the improved surface hydrophilicity of carbon fiber could favor microbial immobilization on its surface, and they used HNO3 to modify carbon fiber and promote its surface hydrophilicity, and the modified carbon fiber kept a microbial immobilization ratio which was 93.9% higher than that of the unmodified carbon fiber.

In this work, a MOB consortium was inoculated in biofilters packed with FAC, CC, and AC, respectively, to continuously eliminate 1% (v/v) of methane. The biofilters with immobilized MOB cells exhibited higher methane ECs than that of the biofilter with the suspended MOB cells. The MFAC and MCC, the biofilters with MOB inoculated in ceramsite FAC and CC, both behaved better than that in AC due to their more favorable surface elemental compositions, which benefited for MOB immobilization. The MFAC, the biofilter with MOB immobilized on FAC, kept the highest average methane EC of 4.628 g h–1 m–3 among four biofilters, which was 33.4% higher than that of the biofilter with the suspended MOB cells. The qPCR analysis inferred that FAC surface immobilized the most MOB biomass among three support materials, which might be owed to the strong surface hydrophilicity of FAC that possibly in favor of MOB immobilization. Collectively, the preferable surface elemental composition and strong surface hydrophilicity of FAC possibly favored MOB immobilization and consequently improved methane elimination of biofilter. The results in this study could provide a few suggestions for future work on methane biofiltration, which are listed as follows:

(1) To improve methane EC, increasing immobilized MOB biomass on support material might be feasible;

(2) The selection of support material is critical, and the support  material  with  favorable  surface  biocompatibility might be an appropriate choice for supporting MOB immobilization;

(3) In methane biofiltration, the support materials with strong surface hydrophilicity and hydrophobicity, might be qualified for MOB cells with hydrophilic and hydrophobic surfaces, respectively;

(4) To facilitate MOB immobilization, the support material keeping abundant metal oxides on surface could be a desirable candidate;

(5) The adequate O-containing groups on support material surface could favor MOB immobilization;

(6) Support material with exposed porous structure on surface is strongly recommended, which might benefit for MOB immobilization as well prolong methane retention time in biofilter.

Due to the remarkable advantages, the methane biofiltration hold a huge application potential in eliminating methane and mitigating global warming. This work intended to optimize EC of methane biofiltration via applying exceptional support material with desirable surface property. The FAC, CC, and AC were utilized as support materials for MOB immobilization to construct methane biofilters, the methane elimination was significantly improved by FAC and moderately promoted by CC and AC. To figure out the underlying reasons for diverse performances of different support materials, the immobilized MOB biomass on support material was investigated, meanwhile the surface elemental composition and hydrophilicity of support material were characterized, thus the correlation among surface property, immobilized MOB biomass and methane EC of biofilter was elaborately discussed. This work firstly discussed the influential mechanism of surface property of support material on MOB immobilization and methane elimination in lab-scale continuous experiments, which might provide reliable evidences and helpful advices for support material selection for methane biofiltration.

Certainly, this study also has few limitations. On the one hand, the first, second, and third emission standards of methane in China were 0.5% (v/v), 1.0 (v/v), and 1.0% (v/v), respectively, however, the lowest average outlet methane concentration in this work reached to 0.78% (v/v) by MFAC, which failed to meet the first emission standard, and consequently the further improvement work on methane biofilter needs to be undertaken. According to the results in this work, the optimization on surface biocompatibility of support material via chemical modification might possibly be a feasible approach to facilitate MOB immobilization and methane elimination. On the other hand, the superiority and stability of ceramsite have been tested in batch and lab-scale continuous experiments in our completed studies, which need to be further verified in methane biofiltration with a larger scale in practical applications, thereby the scale-up on methane biofiltration using ceramsite as support material and its practical applications in actual methane emission sites need to be proceeded in further study.



CONCLUSION

The exceptional support material with biocompatible surface property could efficiently immobilize MOB cells and make MOB achieve high biomass density, metabolic activity, desirable stability and resistance, which is helpful to reach a decent methane EC during biofiltration. The FAC, a kind of ceramsite prepared from fly ash, could effectively immobilize MOB cells due to its favorable surface elemental composition and strong surface hydrophilicity, and might be an exceptional support material for methane biofiltration. The use of FAC support material in methane biofiltration might facilitate the industrial and scaled application of MOB in methane elimination.
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In vitro synthetic enzymatic biosystem is considered to be the next generation of biomanufacturing platform. This biosystem contains multiple enzymes for the implementation of complicated biotransformatiom. However, the hard-to-reuse and instability of multiple enzymes limit the utilization of this biosystem in industrial process. Multi-enzyme immobilization might be a feasible alternative to address these problems. Herein, porous microspheres are used as carriers to co-immobilize multiple enzymes for producing inositol from starch. At first, all the enzymes (i.e., α-glucan phosphorylase aGP, phosphoglucose mutase PGM, inositol 1-phosphate synthase IPS, and inositol monophosphatase IMP) for converting starch to inositol were immobilized on porous microspheres individually to check the effect of immobilization, then all the enzymes are co-immobilized on porous microspheres. Compared to reaction system containing all the individual immobilized enzymes, the reaction system containing the co-immobilized enzymes exhibit ∼3.5 fold of reaction rate on producing inositol from starch. This reaction rate is comparable to that by free enzyme mixture. And the co-immobilized multi-enzyme system show higher thermal stability and recovery stability than free enzyme mixture. After 7 batches, the immobilized enzymes retain 45.6% relative yield, while the free enzyme mixture only retain 13.3% relative yield after 3 batches. Co-immobilization of multiple enzymes on porous microspheres for biomanufacturing would shed light on the application of in vitro synthetic enzymatic biosystem in industrial scale.

Keywords: multi-enzymes, immobilization, inositol, porous microspheres, cascade biocatalysis


INTRODUCTION

In vitro synthetic enzymatic biosystem refers to the use of several enzymes and co-enzymes in a cascade for the production of desired compounds (Paloma et al., 2011; Zhang Y.P. et al., 2017). This biosystem represents the next generation of biomanufacturing for many advantages compared to the microbial fermentation, which is current dominant biomanufacturing platform. These advantages include high product yield, high reaction rate, highly engineering flexibility, and easy industrial scale-up and better system robustness (You et al., 2013; Zhang, 2015; Zhang Y.P. et al., 2017). Many in vitro synthetic enzymatic biosystems have been designed and constructed to produce various chemicals from low to high value, such as hydrogen, inositol, antibiotics, and antitumor drugs (Kim et al., 2017, 2018; Lee et al., 2017; Wang et al., 2017; You et al., 2017; Lu et al., 2018). Recently, an in vitro synthetic enzymatic biosystem of producing inositol has been successfully scaled up in a reactor of 20 ton (You et al., 2017). This enzymatic biosystem contains four key enzymes: α-glucan phosphorylase (αGP, EC 2.4.1.1), phosphoglucose mutase (PGM, EC 5.4.2.2), inositol 1-phosphate synthase (IPS, EC 5.5.1.4), and inositol monophosphatase (IMP, EC 3.1.3.1), converting starch into inositol (Figure 1A). αGP catalyzes starch to glucose 1-phosphate (G1P) in the presence of inorganic phosphate, PGM catalyzes G1P to glucose 6-phosphate (G6P), IPS converts G6P to inositol 1-phosphate (I1P), and inositol is produced by dephosphorization of I1P catalyzed by IMP, releasing inorganic phosphate, which can be reused by αGP to produce G1P. As the last two steps catalyzed by IPS and IMP are irreversible, resulting in high inositol product yield from starch.
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FIGURE 1. (A) Scheme of in vitro synthetic enzymatic pathway for inositol synthesis from starch. (B) The scheme preparation process of immobilized enzymes on porous microspheres.


For applying in vitro synthetic enzymatic biosystem in industrial scale, enzyme cost accounts for one of the most important parts. The enzyme cost was determined by many aspects, including enzyme expression level, enzyme activity, enzyme stability, and enzyme recycling. Enzyme expression level can be improved by selection of the promoters and transcriptional activation regulation as well as codon-optimization (Mechold et al., 2005; Hu et al., 2013). Enzyme activity and stability can be improved by many protein engineering methods, such as random mutagenesis, and site-saturated mutagenesis (Rha et al., 2009; Bommarius and Paye, 2013; Li G. et al., 2016; Zhou et al., 2018; Huang R. et al., 2018). Actually, enzyme recycling could be the determinant characters for enzyme cost in industrial application. Enzyme recycling can be performed by ultrafiltration using different types of membranes (Pizzichini et al., 1991; Sen et al., 2012). However, fultrafiltration increase the complexity of industrial process. Enzyme immobilization allows for easy enzyme recycling, whereas at the same time, enzyme immobilization could improve enzyme stability, and reactivity (van de Velde et al., 2000; Jiang et al., 2009; Schoffelen and van Hest, 2012; Jia et al., 2013; Sheldon and van Pelt, 2013; Liang et al., 2016; Pitzalis et al., 2017; Talekar et al., 2017; Yu et al., 2017; Zhao et al., 2018).

Many kinds of carriers have been used for enzyme immobilization, such as microspheres, nanoparticles (Ren et al., 2011; Li et al., 2014; Li Z. et al., 2016), capsules (Shi et al., 2013; Zhang S. et al., 2017), gels (Yang et al., 2017), metal-organic frameworks (MOFs; Liang et al., 2020), and magnetic nanofiber composite (Huang W.-C. et al., 2018) etc. Among them, porous microspheres have many advantages as carriers for enzyme immobilization (Cai et al., 2013). First, highly developed porous structure of the microspheres increases the specific surface area of the microspheres, allowing the microspheres to have a high enzyme loading. (Han et al., 2015; Wang et al., 2015; Han et al., 2016; Yu et al., 2017) Second, the well-developed pore structure in the microspheres can effectively promote the rapid transfer of substrate and products, reducing mass transfer inhibition, and enhancing the catalytic activity of enzymes (Liang et al., 2016). Finally, the unique pore environment within the microspheres endows the enzyme a favorable microenvironment, thereby improving the enzyme’s stability. Thus many researchers used porous microspheres for enzyme immobilization, and these advantages of porous microspheres are well suited for simultaneous immobilization of multiple enzymes (Li et al., 2010; Chao et al., 2014; Han et al., 2015; Wang et al., 2015; Han et al., 2016).

In this work, porous microspheres were used as immobilization carriers to co-immobilize all the enzymes of an in vitro synthetic enzymatic biosystem for inositol production from starch. In order to verify the effect of the porous microspheres as an enzyme carrier on inositol production, all the enzymes were immobilized on porous microspheres individually to check the effect of immobilization. After checking that immobilized enzymes had much higher stability than free enzymes without losing activity significantly, especially IPS that was the rate-limited enzyme. Then all the enzymes were co-immobilized on porous microspheres. The inositol production rate of co-immobilized multi-enzymes was much higher than that of the mixture of individual immobilized enzymes, this production rate of co-immobilized multi-enzymes was comparable to that of the free enzyme mixture. However, the recycle stability of co-immobilized multi-enzymes was much higher than the free enzyme mixture, showing great potential in industrial application. This study established the groundwork for the use of porous microspheres to co-immobilize cascade enzymes in in vitro synthetic enzymatic biosystems.



EXPERIMENTAL


Materials

All chemicals were reagent grade or higher, purchased from Sigma-Aldrich unless otherwise noted. Maltodextrin with a dextrose equivalent (DE) of about 10 was purchased from Zhucheng Dongxiao Biotechnol Co (China). The enzymes included alpha-glucan phosphorylase (αGP, EC 2.4.1.1) from Thermotoga maritima, (PGM, EC 5.4.2.2) from Thermococcus kodakarensis, (IPS EC 5.5.1.4) from Archaeoglobus fulgidus, and (IMP EC 3.1.3.1) from T. maritima. These enzymes were produced by Escherichia coli BL21(DE3) in our lab by T&J-A type 5L∗2 Parallel Bioreactor (T&J Bio-engineering Co.,LTD, Shanghai, China) as previously described (You et al., 2017).



Enzyme Immobilization on Porous Microspheres

A typical preparation process of porous microspheres was according to the procedure reported in the previous literature (Han et al., 2015). Briefly, porous CaCO3 templates were firstly prepared by the co-precipitation of equivalent CaCl2 and Na2CO3 solution. 10 mL of 330 mM Na2CO3 solution was rapidly added into 10 mL of 330 mM CaCl2 solution. The mixture was stirred for 30 s. And the porous microspheres templates were then collected by centrifugation and washed with Tris-HCl solution (pH 8.5) for several times. Next, the CaCO3 templates were dispersed in 6 mg/mL dopamine solution under mechanical stirring for 5 h. The polydopamine loaded CaCO3 microspheres were finally collected and denucleated by 50 mM EDTA treatment. Thus the porous microspheres were obtained. For the immobilization of the single enzyme, a certain amount of porous microspheres (100 mg dry weight) were dispersed into the enzyme solution. The mixture of porous microspheres and enzyme was gently stirred for 2 h. Then, the enzyme-conjugated porous microspheres were collected by centrifugation (Figure 1B). For the immobilization of multi-enzymes, the four enzymes were mixed according to the protein concentration ratio of αGP: PGM: IPS: IMP = 0.5: 0.5: 3: 0.4 and then mixed with a certain amount of porous microspheres (100 mg dry weight), followed by the immobilization of a single enzyme.



The Calculation of Enzyme Loading on Porous Microspheres

The loading amount of enzymes onto the porous microspheres was estimated according to Bradford’s method. Briefly, the absorbance at 595 nm was measured after blending the Coomassie brilliant blue reagent with free enzymes or supernatant solution from separation and washing solution. The loading capability was calculated using Eq. (1):
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where C1 and V1 represented the initial concentration and the volume of the enzymes, respectively; C2 and V2 represented the residual concentration and the volume of the enzymes in the supernatant solution, respectively; M was the total quantity of porous microspheres.



Activity Assay of Free Enzymes and Immobilized Enzymes

The activity of free and immobilized alpha-glucan phosphorylase (αGP) was assayed at 70°C in 100 mM HEPES buffer (pH 7.2) containing 5 g/L maltodextrin and 10 mM phosphate (pH 7.2). The product glucose 1-phosphate (G1P) in the supernatant was measured by a glucose hexokinase/glucose 6-phosphate (G6P) dehydrogenase assay kit supplemented with excess PGM.

The activity of free and immobililzed PGM was assayed at 70°C in 100 mM HEPES (pH 7.2) containing 10 mM G1P. The product G6P in the supernatant was measured by a glucose hexokinase/G6P dehydrogenase assay kit.

The activity of free and immobilized IPS was assayed at 70°C in 100 mM HEPES buffer (pH 7.2) containing 10 mM G6P in the present of excess IMP. The inorganic phosphate released from I1P was measured by the mild pH phosphate assay (Saheki et al., 1985).

The activity of free and immobilized IMP was assayed 70°C in 100 mM HEPES buffer (pH 7.2) containing 10 mM G6P in the present of excess IPS. The inorganic phosphate released from I1P was measured by the mild pH phosphate assay (Saheki et al., 1985).

One unit of enzyme activity was defined as the amount of enzyme that generated 1 μmole of product per min.

The performance of free enzyme mixture, co-immobilized multi-enzyme system, and mixture of solely immobilized enzymes were characterized by one-pot biosynthesis of inositol from maltodextrin. Maltodextrin was first pretreated by isoamylase (IA) to debranch a-1,6-glucosidic linkages at 85°C for 3 h in 5 mM sodium acetate buffer (pH 5.5) containing 0.5 mM MgCl2. The ratio of maltodextrin and IA was 2000:1 (weight/weight). Then the inositol production process was conducted in 1% IA treated maltodextrin containing 100 mM HEPES (pH 7.2), 50 mM phosphate, 5 mM MgCl2 as well as free enzyme mixture, and co-immobilized multi-enzyme system and mixture of solely immobilized enzymes at 70°C. In order to compare the catalytic performance of free enzyme mixture, co-immobilized multi-enzyme system and mixture of solely immobilized enzymes, the protein content of each enzyme in the three system was αGP 0.5 mg/mL, PGM 0.5 mg/mL, IPS 3 mg/mL, and IMP 0.4 mg/mL. The protein concentration of the enzymes was the same in the three systems The concentration of inositol was determined by HPLC equipped with Bio-Rad HPX-87H column with 5 mM H2SO4 as a mobile phase and a refractive index detector.



Thermal Stability of Free and Immobilized Enzymes

The thermal stability was evaluated by the residual activity, which was measured in the reaction buffer mentioned in the last paragraph of section “Activity assay of free enzymes and immobilized enzymes”, after incubating free and immobilized enzymes in 70°C or 80°C for different times. The thermal denaturation kinetics of enzymes was expressed by the first-order exponential equation, and the thermal denaturation constants (kd) were calculated according to Eq. (2).

[image: image]

Where A was the activity of enzymes after incubation, A0 was the activity of enzymes before incubation and t was the incubation time.

The half-life (t1/2) value for enzyme thermal denaturation was calculated by Eq. (3).
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Recycling Stability of Free and Immobilized Enzymes

The recycling stability of immobilized enzymes was investigated by measuring the relative activity of enzymes during the process of circular reaction under the assay conditions. For the recycling of immobilized IPS, immobilized IPS was used to produce inositol from 1% IA treated maltodextrin according to the above experiment in section “Activity assay of free enzymes and immobilized enzymes”, and the amount of enzymes was αGP 0.5 mg/mL, PGM 0.5 mg/mL, IPS 3 mg/mL, and IMP 0.4 mg/mL. The reaction time was set at 2 h. The amount of inositol produced in the first cycle was set as 100%. After each cycle of inositol production was finished, the porous microspheres were recycled by centrifugation at 5000 g for 5 min. The recycled porous microspheres were washed by 100 mM HEPES (pH 7.2) containing 50 mM phosphate and 5 mM MgCl2 for three times, and then was further used in the next cycle of the production of inositol from new 1% IA-treated maltodextrin with the addition of new αGP 0.5 mg/mL, PGM 0.5 mg/mL, and IMP 0.4 mg/mL.

For the recycling of free enzyme mixtures, free enzyme mixtures were used to produce inositol from 1% IA treated maltodextrin according to the above experiment in section “Activity assay of free enzymes and immobilized enzymes”, and the amount of enzymes was αGP 0.5 mg/mL, PGM 0.5 mg/mL, IPS 3 mg/mL, and IMP 0.4 mg/mL. The reaction time was set at 2 h. The amount of inositol produced in the first cycle was set as 100%. After each cycle of inositol production was finished, the free enzyme mixtures was recovered by ultrafiltration using 10 KDa ultrafiltration tube at 4°C. The recovered free enzyme mixtures were washed by 100 mM HEPES (pH 7.2) containing 50 mM phosphate and 5 mM MgCl2 for three times, and then were further used in the next cycle of the production of inositol from new 1% IA-treated maltodextrin.

For the recycling of co-immobilized multi-enzymes, porous microspheres co-immobilized multi-enzymes was used to produce inositol from 1% IA treated maltodextrin according to the above experiment in section “Activity assay of free enzymes and immobilized enzymes”, and the amount of enzymes was αGP 0.5 mg/mL, PGM 0.5 mg/mL, IPS 3 mg/mL, and IMP 0.4 mg/mL. The reaction time was set at 2 h. The amount of inositol produced in the first cycle was set as 100%. After each cycle of inositol production was finished, the porous microspheres were recycled by centrifugation at 5000 g for 5 min. The recycled porous microspheres were washed by 100 mM HEPES (pH 7.2) containing 50 mM phosphate and 5 mM MgCl2 for three times, and then was further used to produce inositol from new 1% IA treated maltodextrin for the next cycle.



pH Stability of Free and Immobilized Enzymes

The pH stability of free enzyme mixture and co-immobilized multi-enzymes was investigated by measuring the relative activity of enzymes after incubating in diffferent pH values (pH 5–9) for 2 h. For free enzyme mixture, free enzyme mixture was recovered by ultrafiltration after incubating in different pH conditions. For co-immobilized multi-enzymes, co-immobilized multi-enzymes was recovered by centrifugation after incubating. Then, free enzyme mixture and co-immobilized multi-enzymes were used to produce inositol from 1% IA treated maltodextrin according to the above experiment in section “Activity assay of free enzymes and immobilized enzymes”.



RESULTS AND DISCUSSION


Analysis of in vitro Synthetic Enzymatic Biosystem for Inositol Production

In our research group, an in vitro synthetic enzymatic biosystem containing multi-enzymes was constructed before to convert starch into high-value inositol (You et al., 2017). This synthetic pathway was composed of four key enzymes:αGP, PGM, IPS, and IMP (Figure 1A). As the last two steps catalyzed by IPS and IMP were irreversible, inositol production yield of more than 90% from 10 g/L IA treated maltodextrin was achieved in our previous research (You et al., 2017). Because of the high potential of this inositol production method in industrial scale to replace the traditional method which was acid hydrolysis of phytate to inositol, co-immobilization of all the cascade enzymes might further decrease the product cost of enzymatic production of inositol.



Immobilization of Rate-Limited Enzyme (IPS) of the Pathway for Inositol Production

In this in vitro biosystem for inositol production, αGP, PGM, and IMP all had at least a magnitude of higher catalytic activity than IPS, thus IPS was the rate-limiting enzyme. Before all the enzymes for inositol production were immobilized by using porous microspheres as described above (Figure 1B), the rate-limited enzyme IPS should be a starting point. If the rate-limiting enzyme could be immobilized successfully, there was a high probability of the success for the co-immobilization of all the cascade enzymes.

Inositol 1-phosphate synthase was first immobilized on porous microspheres. The loading capacity of porous microspheres to IPS could reach 266 mg protein/g carriers. Then the enzymatic characterization of immobilized IPS was carried out. As shown in Table 1, the specific activity of immobilized IPS showed a certain degree of decrease. The specific activity value of immobilized IPS was only 34.3% of the free enzyme counterpart. However, the thermal stabilities of immobilized IPS under 70°C or 80°C was much higher than free IPS. As shown in Figure 2, the relative activity of immobilized IPS was largely maintained under 70°C or 80°C. Specifically, the immobilized IPS maintained 68.8 and 82.3% residual activity after incubation at 70°C for 48 h and at 80°C for 24 h, respectively, while the free enzyme maintained only 29.5 and 34.9% residual activity, respectively. The half-lives of immobilized IPS were 3.6 and 2.7 times higher than free IPS at 70°C and 80°C, respectively (Table 2).


TABLE 1. Relative activity of each enzyme before and after immobilization.
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FIGURE 2. Themostability of free and immobilized IPS at 70°C and 80°C.



TABLE 2. t1/2 before and after immobilization at 70°C or 80°C.

[image: Table 2]Although the specific activity of the immobilized enzyme decreased, the thermal stability of the immobilized enzyme was remarkably improved. This might be ascribed to the following reasons: The conformation of the enzyme molecule immobilized on the porous microspheres was somewhat changed compared to the free enzyme (Mannen et al., 2001; Liu et al., 2013; Secundo, 2013). In addition, the immobilization led to an increase in the steric hindrance between the enzyme and the substrate (Ying et al., 2002; Zhang et al., 2012; Rodrigues et al., 2013; Jahangiri et al., 2014; Zhang et al., 2014) which caused a decrease in the activity of the immobilized enzyme. However, the unique structure of the porous microspheres could impart a good microenvironment to the immobilized enzyme molecules, reduce the influence of external adverse factors on the enzyme molecules, and thereby improve the thermal stability (Han et al., 2015; Han et al., 2016).

Subsequently, immobilized IPS was used to produce inositol along with the free αGP, PGM, and IMP at 70°C within 12 h. As shown in Figure 3, the product inositol yields of in vitro biosystems containing immobilized and free IPS was 70.0 and 81.3%, respectively. These two values are not far away, however, the biosystem containing free enzyme only took 2 h to achieve the yield of 81.3% and the biosystem containing immobilized IPS took 12 h to achieve the yield of 70.0%, this result meant that the reaction rate of the biosystems containing immobilized IPS showed much lower activity than that containing free IPS because of the lower activity of immobilized IPS. Then the recycling stability of immobilized IPS was investigated. As shown in Figure 4, the relative activity for immobilized IPS was approximately 62.9% after 9 cycles, in which cycle period was set to 2 h. The results showed that the immobilized IPS had good recyclability. The results of the catalytic activity and stability of the immobilized IPS described above indicated that the porous microspheres were suitable for immobilization of the rate-limiting enzyme in in vitro synthetic enzymatic biosystem for inositol production from maltodextrin.
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FIGURE 3. The inositol production as a function of reaction time catalyzed by the reaction systems containing free and immobilized IPS.
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FIGURE 4. Recycling stability of free and immobilized IPS.




Immobilization of αGP, PGM, and IMP

After the immobilization of the rate-limiting enzyme was successfully immobilized on porous microspheres, the other three enzymes were immobilized in the same manner. The enzyme loading amounts of these three enzymes immobilized on porous microspheres were not different from IPS. The enzymatic activities of these three immobilized enzymes were examined. As shown in Table 1, the specific activity values of all the immobilized enzymes showed various degree of decrease compared to their free enzyme counterparts. Specially, the specific activities of immobilized αGP, PGM, and IMP were 47.6, 60.56, 40.8% of their free enzyme counterparts at the assayed conditions (pH 7.2, 70°C), respectively. However, the thermal stabilities of immobilized enzymes was much higher than free enzymes at 70°C or 80°C. As shown in Supplementary Figure S1, the immobilized αGP maintained 89.8% or 85.2% residual activity after incubation for at 70°C 24 h or 80°C for 8 h, respectively, while the free enzyme maintained only 50% residual activity. For PGM, the immobilized enzyme maintained 46.2% or 46.6% residual activity after incubation at 70°C for 18.5 h or at 80°C for 4.5 h, while the free enzyme maintained only 20.9% or 28.7% residual activity, respectively. For IMP, the immobilized enzyme maintained 72.2% or 70.5% residual activity after incubation at 70°C for 24 h or 80°C for 8 h, respectively, while the free enzyme maintained only 59.3% or 37.2% residual activity, respectively. As shown in Table 2, the half-lives of immobilized enzymes for αGP, PGM, and IMP were 2.8, 1.9, and 1.4 times of their free enzyme counterparts at 70°C, while these values were 4.4, 2.5, and 1.8 times at 80°C. These results indicated that all the enzymes in the in vitro biosystem for inositol production from starch could be immobilized on porous microspheres.



Co-immobilization of αGP, PGM, IPS, and IMP for Inositol Production

As mentioned earlier, the co-immobilization of multiple enzymes could reduce the distance of the enzymes, resulting in a high probability of the increased reaction rate. After learning that αGP, PGM, IPS, and IMP could be immobilized by porous microspheres individually, these four enzymes were co-immobilized on porous microspheres for inositol production. All the four enzymes were pre-mixed in the ratio mentioned in Methods section, followed by the immobilization on the porous microspheres. The loading capacity for these four enzymes on porous microspheres was about 155 mg protein/g carrier (aGP 17.6 mg/g carrier; PGM 17.6 mg/g carrier; IPS 105.7 mg/g carrier; and IMP 14.1 mg/g carrier).

The co-immobilized multi-enzymes on the porous microspheres were used to produce inositol from 1% maltodextrin. The activity of the co-immobilized multi-enzyme system was compared to biosystems containing the mixture of free enzymes or immobilized single enzymes. As shown in Figure 5, inositol yield for co-immobilized multi-enzyme system was 69.4% in the first 2 h, which was slightly higher than that of free enzyme mixture (63.1%). And at hour 8, inositol yield of the immobilized multi-enzyme system was 79.4%, which was a little lower than that of the free enzyme mixture (88.9%). This result indicated that there was no big difference in catalytic efficiency between the co-immobilized enzyme system and the free enzyme system. However, co-immobilized multi-enzymes exhibited a much higher initial reaction rate and product yield than the mixture of the immobilized single enzyme. Generally speaking, immobilized enzymes always showed lower activity than free enzymes, this phenomenon was also appeared in this study. However, if multi-enzymes were immobilized simultaneously, the distance between the cascade enzymes became short, this proximity effect might result in the fast utilization of intermediates (You et al., 2012; You and Zhang, 2013; Bao et al., 2018), and the well-developed pore structure in the microspheres provided excellent microenvironment for the transfer of substrate, intermediates and product, resulting in the high reaction rate of co-immobilized multi-enzyme system.
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FIGURE 5. The inositol production as a function of the reaction time catalyzed by free enzyme mixture, co-immobilized multi-enzymes, and mixture of solely immobilized enzymes.


Given the potential industrial application of our in vitro synthetic enzymatic biosystem for inositol production, therefore, the recovery stability of the co-immobilized multi-enzyme system was investigated. After the enzymes were immobilized, the co-immobilized enzymes could be separated from the reaction solution by simple centrifugation after the production process. On the basis of the result of Figure 5, the reaction time of each cycle was set at 2 h. As indicated in Figure 6A, the co-immobilized multi-enzymes system retained about 45.6% of its initial activity after 7th cycles of enzyme use. However, free enzyme mixture was recycled through the ultrafiltration and only maintained a 13.3% relative yield of inositol production after 3 cycles. The recycling of multiple enzymes help to reduce the production costs of in vitro synthetic enzymatic biosystems. In addition, the immobilization of multiple enzymes could help simplify the separation process and improve product quality during product separation (Sheldon and Brady, 2018). The cost of free enzyme mixture was $150/kg based on the high density fermentation in T&J-A type 5L∗2 Parallel Bioreactor in our lab. The cost of co-immobilized multi-enzymes was $750/kg based on the materials and the operation process. Based on the experimental data in this study, for free enzyme mixture, 0.077 g of enzymes was needed to produce one gram inositol, so the cost of 1 kg of inositol was about $11.55. For co-immobilized multi-enzymes, 0.013 g of enzymes was needed to produce one gram inositol, so the cost of 1 kg of inositol was about $9.75. Compared to free enzyme mixture, the cost of co-immobilized multi-enzymes was reduced by 15.6% to produce equal amount of inositol. The co-immobilization of multiple enzymes not only increased the recycling of multiple enzymes, decreasing the enzyme cost for biomanufacturing, and but also improved the thermal stability of multiple enzymes. The thermal stability of the co-immobilized multi-enzymes at 70°C was measured. As shown in Figure 6B, after incubation at 70°C for 24 h, the inositol concentration produced by the treated free multi-enzymes was only 16.7% of that produced by the untreated free multi-enzymes. However, after incubation at 70°C for 24 h, the inositol concentration produced by the treated co-immobilized multi-enzymes was 34.9% of that produced by the untreated co-immobilized multi-enzymes. Compared with the half-life of free multi-enzymes being only 9.7 h, the half-life of co-immobilized multi-enzymes could be extended to 17.3 h. In addition, no protein was detected in the supernatant of co-immobilized multi-enzymes after 24 h of incubation. Therefore, the decrease in the remaining enzyme activity in recycling experiments was due to heat inactivation. Moreover, the pH stabilities of free enzyme mixture and co-immobilized multi-enzymes were investigated. Both free enzyme mixture and co-immobilized multi-enzymes maintained high catalytic activity under alkaline conditions, while the catalytic activity decreased significantly under acidic conditions. Compared with free enzyme mixture, the pH and temperature stability of co-immobilized multi-enzymes were both improved (Supplementary Figure S2).
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FIGURE 6. Recycling stability of free enzyme mixture and co-immobilized multi-enzymes (A) and the thermostability of free enzyme mixture and co-immobilized multi-enzymes (B).




CONCLUSION

In conclusion, porous microspheres were used as carriers for immobilizing multiple enzymes to produce inositol from starch. Compared to free enzyme mixture, co-immobilized multi-enzymes on porous microspheres showed higher thermal stability and recycling stability. Despite the activity loss of every individual enzyme on porous microspheres, co-immobilized multi-enzyme biosystem showed comparable reaction rate with the free enzyme mixture, which may due to the effect of substrate channeling. Because enzyme cost can be decreased by enzyme co-immobilization, this study shed light on reducing the product cost of in vitro synthetic enzymatic biosystems in industrial scale by enzyme co-immobilization.
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The introduction of inorganic nano-materials may endow microbial cells with unique new features, including greater resistance to adverse abiotic stress. The aim of this work was to enhance the acid tolerance of Clostridium tyrobutyricum ATCC 25755 by coating cells with self-assembled Fe3O4@chitosan (Fe3O4@CS) microspheres, and thereby increase the production of butyric acid. The optimal coating efficiency of 81.19% was obtained by systematically optimizing the three operational parameters temperature, rpm and mass ratio, which were determined to be 37°C, 80 rpm and 1:2, respectively. Physicochemical characterization was used to assess the superparamagnetism, thermostability and subsize of Fe3O4@CS attached to the cells. Compared to free cells, C. tyrobutyricum coated with Fe3O4@CS (CtFC) exhibited stronger acid tolerance at low pH. At a pH of 4 or 5, the levels of ROS, MDA, LDH, and SOD caused by the acid environment in free cells were significant higher than in CtFC. Moreover, without adding NaOH, CtFC fermentation showed a higher butyric acid titer (37.60 vs. 31.56 g/L) compared to free-cell fermentation. At the same time, an average butyric acid yield of 0.46 g/g in each repeated-batch fermentation was also obtained by taking advantage of the biocatalyst’s reusability and convenient separation from the fermentation broth via an external magnetic force. Overall, the developed CtFC illustrates a new paradigm for developing an economical and reusable biocatalyst for industrial application in butyric acid production.

Keywords: Clostridium tyrobutyricum, butyric acid, Fe3O4@chitosan, protective exoskeleton, acid stress, repeated-batch fermentation


INTRODUCTION

Butyric acid is well-known as a typical short-chain fatty acid (SCFA), and is widely applied in various products including food, perfumery, pharmaceuticals and animal feed supplements (Jiang et al., 2018; Oh et al., 2019). Although current industrial butyric acid production is dominated by chemical synthesis, the striving for sustainable development inspired increasing research on bio-based production of butyric acid from renewable resources (Lee et al., 2016). In order to fulfill high-efficiency and economic production of bio-based butyric acid, research efforts have focused on metabolic engineering (Jang et al., 2014; Suo et al., 2018), process development (Jiang et al., 2011; Luo et al., 2020) and low-cost biomass feedstocks utilization (Chi et al., 2018; Xiao et al., 2018). Clostridium tyrobutyricum is a Gram-positive, strictly anaerobic and spore-forming Bacillus that produces butyric acid from a number of substrates, including glucose, lactose, xylose, and glycerol (Jiang et al., 2009; Fu et al., 2017). It is widely considered the major butyrate production strain, offering final concentreation as high as 86.9 g/L (Jiang et al., 2011). However, the industrial development of biotechnological butyrate production is seriously restrained by the strains’ sensitivity to oxygen stress, acid stress, and substrate toxicity, as well as the difficult product separation. To address this challenge, preliminary studies in synthetic biology and genetic engineering have been conducted to develop elaborate mechanisms and enhance cellular adaptive responses to abiotic stresses (Liu et al., 2017; Wu et al., 2017). However, these approaches still face significant limitations due to complexity, epigenetics, mutations, and so on (Endy, 2005; Purnick and Weiss, 2009; Kim et al., 2016). As a result, a widely applicable strategy for strengthening the adaptability of living cells without relying on genetic engineering is highly anticipated (Jiang et al., 2012). Some microorganisms such as Bacillus subtilis form an endospore coating, also defined as a robust multilayer shell, to protect the bacterial genome under stress conditions (McKenney et al., 2013). The biological self-protection mechanisms of B. subtilis inspired artificial strategies for preparing mechanically durable coatings on the surface of cells. Recently, several studies reported that some polymers, inorganic nanoparticles, and MOFs could be used to produce protective cytoprotective exoskeletons against ambient stress. For instance, crystallizing the MOF material ZIF-8 on the surface of Saccharomyces cerevisiae resulted in a protective shell that can increase cell viability under adverse conditions (Liang et al., 2016). A combination of layer-by-layer self-assembly with biomimetic silicification was successfully applied to form silica coats on living cells without damage (Yang et al., 2009). Similarly, vesicles were developed to serve as protective shells, which served as living modules in certain synthetic cells (Elani et al., 2018). The construction of organism-material hybrids spawned the development of new features, which may lead to superior resistance to stress stimuli.

Magnetic nanomaterials based on Fe3O4, such as nanoparticles with a high specific surface area, good biocompatibility, high affinity and low mass transfer resistance, have been applied as a carrier for the immobilization of enzymes and drug delivery (Atacan and Özacar, 2015). As a hydrophilic macromolecular biomaterial, chitosan was used as an adhesive substance for coating cells with Fe3O4 nanoparticles to further enhance the biocompatibility of a prepared Fe3O4@chitosan (Fe3O4@CS) compound (Liu et al., 2011). The functional -NH2 and -OH groups of chitosan promote the stable covalent binding of the Fe3O4@CS compound onto the surface of bacteria (Liu et al., 2011). Moreover, studies have reported that the Fe3O4@CS compound can create a better microenvironment around cells (Vinila et al., 2014; Xiao et al., 2017). Based on these characteristics, the Fe3O4@CS compound deemed to have promising prospects as cytoprotective exoskeletons for living organisms against abiotic stimuli.

In our study, a protective coating of C. tyrobutyricum by the Fe3O4@CS (termed as CtFC) compound was prepared by co-precipitation via the cross-linking reaction of glutaraldehyde. To obtain the optimal coating efficiency on C. tyrobutyricum, an L9 (33) orthogonal array with temperature, rpm and the mass ratio of the Fe3O4@CS to the DCW as three operational parameters was used. The oxidative and cellular damage of free cells and CtFC at low pH was determined to assess the protective effect of the Fe3O4@CS shell on C. tyrobutyricum cells in an acidic environment. The reusability and separation of CtFC from the fermentation broth may facilitate the development of novel biocatalysts for the high-yield production of butyric acid.



MATERIALS AND METHODS


Reagents

Ferric chloride, ferrous chloride, glutaraldehyde (25%) and Span-80 were purchased from Xilong Chemical Company (Guangdong, China). Chitosan and acetic acid were purchased from Sinopharm Chemical Reagent, Co. (Shanghai, China). Petroleum ether, ethanol (95%), ammonium hydroxide and liquid paraffin were procured from Myrell Chemical Technology (Shanghai, China). Unless otherwise specified, all chemical reagents were of analytical grade.



Strains, Media, and Culture Conditions

Clostridium tyrobutyricum ATCC 25755 was purchased from Guangdong culture collection center (Collection number: GIM 1.262), and cultured anaerobically at 37°C in Reinforced Clostridial Medium (RCM) containing (per liter): 10 g tryptone (OXOID, United Kingdom), 10 g beef extract (Hopebio, China), 5 g NaCl, 3 g yeast extract (OXOID, United Kingdom), 3 g anhydrous sodium acetate, and 0.5 g L-cysteine. Glucose were prepared as the carbon source in a separate anaerobic solution and added to the basal medium after autoclaving. Oxygen was removed by sparing with high-purity nitrogen (99.99%) and confirmed by adding resazurin to a final concentration of 0.05%.



Synthesis of Magnetic Fe3O4 Nanoparticles

The procedure for preparing Fe3O4 nanoparticles was based on a modified co-precipitation method (Liu et al., 2011). First, 5.459 g ferric chloride and 2.060 g ferrous chloride were dissolved in 100 mL of deionized water in a three-necked flask (250 mL) and stirred under N2 at 800 rpm and 60°C for 1 h to allow the synthesis of nanoparticles particles in a magnetic force oil bath. Ammonium hydroxide was added dropwise to adjust the pH of the solution to between 9 and 10 during stirring. Magnetic precipitate was collected and isolated using a strong magnet (60 mm × 20 mm × 10 mm), washed with ethanol several times until reaching a neutral pH value, and dried at 50°C in an electric thermostatic drying oven. Fe3O4 nanoparticles were collected by grinding and used for further experiments.



Preparation of Magnetic Fe3O4@CS Nanoparticles

Synthetic Fe3O4 (0.4 g) was added to a chitosan-acetic acid solution (0.28 g chitosan dissolved in 15 mL of 5% acetic acid solution) to achieve a molar ratio of Fe3O4: chitosan of 1:1, and dispersed by ultrasound for 30 min. Liquid paraffin (60 mL) and Span-80 (1 mL) were added into the mixture of Fe3O4@CS to prepare an emulsion, which was subsequently stirred for 30 min at 40°C. Then, 2 mL of 25% glutaraldehyde solution was added, after which the reaction solution was heated and stirred vigorously at 60°C for 3 h. The Fe3O4@CS nanoparticles were obtained from the reaction mixture by lyophilization at −55°C in a FDU-1200 freeze-dryer (EYELA, Tokyo) for 48 h, followed by washing three times with petroleum ether, deionized water and ethanol, respectively.



Optimization of the Formation of the Fe3O4@CS Exoskeletons Coating on the Surface of C. tyrobutyricum Cells

The Fe3O4@CS nanoparticles were sterilized by soaking in deionized water. A suspension of C. tyrobutyricum was prepared by suspending cells cultured under anaerobic conditions at 37°C for 12 h in 100 mL of sterile saline. To optimize the efficiency of the Fe3O4@CS cell coating, an orthogonal test was performed (Wei et al., 2013). An L9 (33) orthogonal array with temperature, rpm and the mass ratio of the Fe3O4@CS to the DCW as three operational parameters was used. The coating efficiency (C%) was determined and calculated according to the equation:
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where A0 is the initial value of the optical density (OD) at 600 nm of the cell suspension, and Ai is the final OD600 of the cell suspension after CtFC was collected using a magnetic field. The optimized surface coating parameters were assessed on the basis of the optimal coating efficiency.



Physical Characterization

The synthetic Fe3O4, Fe3O4@CS, and CtFC obtained under the optimal surface coating parameters were selected for physical characterization. Scanning electron microscopy images and energy dispersive spectrometry (EDS) of samples were recorded on a SU8020 SEM (Hitachi, Japan) at an accelerating voltage of 15.0 kV. A vibrating sample magnetometer (VSM; model 7410, United States) was used to examine the magnetic properties with a magnetic field from 30 to −30 kOe at room temperature. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed on a TGA/DSC1/1600HT analyzer (Mettler-Toledo, Switzerland) in air to determine the thermal stability of the samples. Fourier transform infrared spectroscopy (FTIR) spectra of the samples were recorded on a Spectrum GX instrument (Perkin-Elmer, United States) in the wave number range of 4000–500 cm–1 at RT. The powder X-ray diffraction patterns were recorded on a X’pert Pro MPD diffractometer (PANalytical, Netherlands) to study the crystal structure of the samples. The crystallite size of Fe3O4 was calculated in Jade software, using the Scherrer equation:
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where the Scherrer constant K is 0.89, B is the full width at half maximum of the sharp peaks, γ is the wavelength of X-ray diffraction, and θ is the measured diffraction angle (Vinila et al., 2014).



Effects of Environmental Acidity on the Growth Curves, Cell Viability, and Membrane Potential of Free Cells and CtFC

Clostridium tyrobutyricum cells coated with Fe3O4@CS were incubated anaerobically at different pH values (3.0, 4.0, 5.0, 6.0, 7.0) at 37°C for 12 h. Free cells were used as the control group. The growth performance of the experimental group and control group was evaluated by measuring the cell density. Cell viability and membrane potential were determined using a Mitochondrial Membrane Potential Detection Kit (C1071; Beyotime, Shanghai, China). The cells were harvested by centrifugation for 5 min at 1,000 g and resuspended in 50 mM phosphate buffered saline (PBS, pH 7.0). A total of 50,000 cells collected by centrifugation were resuspended with 188 μL Annexin V-FITC. The mixed solution was prepared by adding 2 μL Mito-Tracker Red CMXRos, 5 μL Annexin V-FITC, incubated for 30 min at 25°C, and then placed in an ice bath. Finally, sample smears were visualized under a Leica DMi8 fluorescence microscope (Leica Microsystems, Germany). The whole process was carried out in the dark by using aluminum foil.



Effects of Environmental Acidity on ROS, SOD Activity, MDA and LDH Content in Free Cells and CtFC

Before the indicators were measured, free cells and CtFC cultured for 12 h were preprocessed by removing the culture supernatant by centrifugation at 12,000 g for 2 min at 4°C, and washed with PBS (pH 7.0) twice. Superoxide dismutase (SOD) activity was measured using the xanthine oxidase/nitroblue tetrazolium (NBT) detection method (Sun et al., 2016). SOD activity was reflected by the inhibition of the reduction of NTB by superoxide radicals from the xanthine-xanthine oxidase reaction system. The harvested cells were suspended in 1 mL of extracting solution per 5 × 106 cells and homogenized using an ultrasonicator (HN-150Y; Hanuo Instruments, Shanghai, China) at 200 W for 6 min (ultrasonication time: 3 s; rest time: 10 s). The cell supernatants of the control group and experimental group were collected by centrifugation at 8,000 g for 10 min at 4°C, and the absorbance at 560 nm was measured using a Multiskan Sky microplate reader (Thermo Fisher Scientific, United States).

The lactate dehydrogenase (LDH) content used to evaluate the membrane integrity was measured via the oxidation of lactic acid into pyruvic acid. The reaction mixture was incubated for 30 min at 25°C and then the absorbance at 450 nm was measured.

The concentration of malondialdehyde (MDA) was determined using the modified method of Choudhary et al. (2007). The homogenate prepared by adding 1% trichloroacetic acid o the bacterial cells was cleared by centrifugation at 10,000 g for 10 min. The obtained supernatant was heated at 100°C for 30 min with 5% thiobarbituric acid and then cooled in an ice-bath. Then, the mixture was centrifuged at 5,000 g for 5 min, and the absorbance at 532 and 600 nm was recorded.

The ROS levels were measured using the method of Hong et al. (2009). The cells were resuspended in PBS containing 10 mM DCFH-DA, incubated in the dark for 60 min at 25°C, and then washed twice with PBS. The relative SOD, LDH, MDA and ROS levels were calculated according to the following formula:
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where Q1 and Q2 are the mean absorbances of the control group and experimental group, or the fluorescence intensity values in the ROS level measurement.



Butyric Acid Fermentation

Batch fermentation of butyric acid using CtFC was carried out in a 2-L NBS fermentation tank with 1 L of culture medium with 80 g/L glucose as the carbon source. To start the fermentation, 50 mL of cell suspension in serum bottle was inoculated to the fermentation tank until the cellular growth entry into the stationary phase. The pre-calculated quantity of nanocomposite Fe3O4@CS was then added into the bioreactor to form the CtFC compound. Next, the CtFC was separated from the fermentation broth and washed with PBS three times using an external magnetic field. The fresh liquid medium with the initial pH was added to the anaerobic bioreactor to regenerate CtFC under the same culture conditions to proceed the fermentation of butyric acid. In the repeated batch mode, the fresh liquid culture was replaced several times whenever the glucose concentration in the fermentation broth was close to zero. The fermentation broth collected during several fermentation processes was taken at regular intervals for further analysis.



Statistical Analysis

Cell density was evaluated by measuring the optical density (OD) at 600 nm using an SP-752 spectrophotometer (Shanghai Spectrum, China). The concentrations of butyric acid and acetic acid were determined by high performance liquid chromatography (HPLC) on a Model L-2000 system (Hitachi, Japan) equipped with an Aminex HPX-87H organic acid analysis column (100 mm × 7.8 mm, Biorad, Marnes-la-Coquette, France), with 2.5 mM H2SO4 as the mobile phase at a flow rate of 0.6 mL/min. The analytes were detected using with a UV detector at 210 nm (G1314A, Agilent HPLC 1100 series).



RESULTS AND DISCUSSION


Optimizing the Cell Coating Efficiency of Fe3O4@CS

The statistical analysis and quantitative evaluation of the effect of the different factors on the coating efficiency was conducted based on an orthogonal experimental design. The three crucial parameters that affect the coating efficiency are listed in Table 1. A total of nine group experiments were performed and the respective results are shown in Table 2. According to the results of the orthogonal experiment, optimal coating conditions were centered around a temperature of 37°C, and the optimal coating efficiency was 80.61%, which exceeded the published cell coating efficiency of carboxyl Fe3O4 (Huang et al., 2018). These result implied that the specified temperature parameter was the most influential factor, which was consistent with a study by Guo et al. (2017), who found that temperature was conducive to the diffusion of Fe3O4 particles. In addition, a decreased temperature led to a decrease of coating efficiency. Relatively superior coating efficiency was observed at a stirring speed of 80 rpm and a mass ratio of Fe3O4@CS to the DCW of 1:2. Based on these data, we concluded that a higher temperature and a lower mass ratio of Fe3O4@CS to DCW improved the coating efficiency. The range analysis was performed to reflect the significance levels of the three influencing factors on the cell coating efficiency (Yu et al., 2008). Table 2 also shows that the significance levels of these three influencing parameters was in the order temperature (0.3584) > speed (0.0795) > mass ratio (0.0560). The intelligent visualization software (version 1.0, China), which utilizes dimension-reduction mapping to analyze the experimental results, was used to further explore the optimization direction and identify the optimal coating conditions based on the contour of the objective function (Yan and Bogle, 2007). As can be seen in Figure 1, nine experimental groups were marked by the nine points in the mapping diagram, and the black line represents the contour for the coating efficiency of each group (Song et al., 2016). The optimal point can be mapped inversely to the original multidimensional space by utilizing an inversion mapping algorithm and represented in terms of ratio data. Based on this, taking points 2 and 6 as references and using a step size of 2, the predicted optimal point marked by a full red solid rim was acquired through extrapolation in the direction of the arrow. The optimal point was encompassed a temperature of 37°C, a speed of 80 rpm and a mass ratio of Fe3O4@CS to the DCW of 1:2. To confirm the reliability of the optimal point, a verification experiment was conducted, and the results were in excellent agreement with the actual data (81.19 vs. 80.61%). Moreover, the p-value (60.20) and F-value (0.016) in the variance analysis (Table 3) confirmed that temperature was the most influential factor. The 98.49% value of R-sq in the fitting degree of the model (Table 4) underscored the high degree of agreement with the measured data.


TABLE 1. Factors and parameters of orthogonal experimental design.
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TABLE 2. The design of L9(33) orthogonal experiment and range analysis of influencing factors on coating efficiency.
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FIGURE 1. Contours on the mapping plane for the coating efficiency of Fe3O4@CS microspheres on C. tyrobutyricum. The green circles and numbers represented sample data, full line represented contours, long arrow represented the direction of data optimizing.



TABLE 3. The variance analysis results.
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TABLE 4. The fitting degree of the model.
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Synthesis and Characterization of Fe3O4, Fe3O4@CS, and CtFC

CtFC obtained under the optimal coating conditions was selected for physical characterization. Figure 2 illustrates that CtFC comprises three components: the Fe3O4 particles for magnetic separation, chitosan for cell coating, and C. tyrobutyricum for butyric acid production. Abundant functional groups on the cell surface offer a good environment for the self-assembly of Fe3O4@CS (Ding et al., 2015). The morphology of Fe3O4 particles, Fe3O4@CS and CtFC is shown in Figure 3. The imaging results demonstrated that the Fe3O4@CS was dispersed on the surface of the cells. The average particle size of 10–15 nm was calculated based on SEM images. EDS analysis detected carbon (64.64%), nitrogen (23.04%), oxygen (8.2%), and iron (4.12%). The TG-DSC curves (Figure 4) showed the thermal properties of the obtained Fe3O4 nanoparticles and Fe3O4@CS. Compared to the Fe3O4 particles, the TGA curve indicated that Fe3O4@CS went through three weight change processes under 800°C, which were related to the loss of residual water, followed by the decomposition and combustion of chitosan, respectively. These findings were in agreement with the DSC curve. The amount of chitosan bound to the Fe3O4 particles can be estimated on the basis of the percentage of weight loss in the TGA curve and the average mass content was 49.81% (Li et al., 2008). As can be seen in Figure 5, the hysteresis loops illustrated the superior saturation magnetization (Ms) of the prepared Fe3O4 particles, with 80 emu/g, which outperformed the Fe3O4 particles obtained by Luo et al. (2017), with an Ms value of 66.6 emu/g. The katabatic Ms value of Fe3O4@CS indicated that coating with chitosan blocked the Ms of pure Fe3O4 particles to a certain degree. In addition, the indistinguishable Ms value of Fe3O4@CS and CtFC may also be explained by the SEM findings that Fe3O4@CS was attached to the cell surface, so that the Ms was not affected. The XRD patterns of Fe3O4 nanoparticles, Fe3O4@CS and CtFC are depicted in Figure 6. All three samples showed the characteristic peaks of Fe3O4 at 30.1, 35.5, 43.1, 53.4, 57.0 and 62.6°, with their corresponding indices (220), (311), (400), (422), (511) and (440), which was highly matched with the trans-spinel structure of Fe3O4 MNPs (JCPDS, no. 65-3107) and confirmed that the Fe3O4 nanoparticles were well-crystallized. It also illustrated that the coating process of chitosan and Fe3O4@CS both did not bring about a phase change of Fe3O4. The average crystallite size of Fe3O4 calculated using the Scherrer equation was 10.9 nm, which was in good agreement with the size estimated from the SEM images. The mechanism driving the coating of cells by Fe3O4@CS was explored by analyzing the FTIR spectra (Figure 7). The characteristic peak at 579.31 cm–1, assigned to the Fe-O bending vibration, was present in all three samples, which was in agreement with the reported crystalline lattice of Fe3O4 (Zhang et al., 2010). New characteristic peaks at 1069.47 and 1071.63 cm–1 (C-O-C stretching vibration), 2908.14 cm–1 (stretching vibration of -CH2) and 3440.62 cm–1 (stretching vibrations of O-H and N-H bonds) were observed in the IR spectra of Fe3O4@CS and CtFC. These peaks can be explained by the primary layer of chitosan (tightly chemisorbed) on Fe3O4 nanoparticles. The interaction between the cells and Fe3O4@CS resulted in the displacement of the absorption peak in the fingerprint region (600–1800 cm–1) and a change of partial peak width, which may be related to hydrogen bonding and electrostatic repulsion (Li et al., 2009). Furthermore, all observed peaks of CtFC maintained a high degree of similarity with those of Fe3O4@CS, suggesting that the main structure of the Fe3O4@CS microspheres was not altered by surface coating the cells.
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FIGURE 2. Schematic illustration of the generation process of CtFC and the repeated-batch fermentation of butyric acid by utilizing CtFC.
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FIGURE 3. SEM images of naked Fe3O4 nanoparticles (A), Fe3O4@CS microspheres (B), and CTc (C). EDS spectra of CTc (D).
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FIGURE 4. TGA (A) and DSC (B) curves of Fe3O4 particles and Fe3O4@CS.
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FIGURE 5. Magnetic hysteresis loops of Fe3O4 nano particles, Fe3O4@CS and CtFC.
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FIGURE 6. XRD pattern of Fe3O4 particles, Fe3O4@CS microspheres and CtFC.
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FIGURE 7. FT-IR spectra of Fe3O4 particles, Fe3O4@CS microspheres and CtFC.




Protective Effect of Fe3O4@CS on Cells Under Acid Stress


Growth Curve, Cell Viability, and Membrane Potential

The effects of different pH values on the growth performance of free cells and CtFC were investigated after 12 h of anaerobic culture. As shown in Figure 8, CtFC exhibited obviously higher growth curve, with OD600 values from 0.50 at pH 3 to 4.23 at pH 7. At pH 5 there was a 60.7% increase of the OD600 value compared to free cells. Figure 9 showed the cell viability detected using the green fluorescent probe AnnexinV-FITC and mitochondrial membrane potential assessed using the red fluorescent probe Mito-Tracker Red CMXRos, for both free cells and CtFC grown at different pH values. With the decrease of pH, the numbers of green fluorescent free cells increased, indicating that the acidic environment was adverse for cell growth and had a negative effect on cell viability. More green fluorescent CtFC were also visualized. At the same time, the larger number of red fluorescent CtFC indicated a better stability of the membrane potential at different pH values compared to the free cells. Significant quantitative differences between free cells and CtFC were found for green fluorescence at pH 3, as well as red fluorescence at pH 6 and 7. These results suggested that Fe3O4@CS was efficacy precipitated as a coating shell, which protected C. tyrobutyricum from acid stress.
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FIGURE 8. Effects of different pH on growth curves of free cells and CtFC.
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FIGURE 9. Cell viability and membrane potential detection of free cells and CtFC at different pH.




Oxidative and Cellular Damage

Physiological indicators of free cells and CtFC were also measured to investigate the protective mechanism of Fe3O4@CS as a wrapping shell on the surface of the cells. As shown in Figure 10A, the ROS levels of CtFC were lower than those of free cells from pH 3 to 7, and were negatively correlated with the rise of pH in both groups. At low pH, the amount of ROS in the free cells and CtFC was high, indicating that the acid environment induced oxidative stress in C. tyrobutyricum. The amount of ROS in free cells was significantly higher than in CtFC at pH 4 and 5, while the difference was not as pronounced at pH 3. At pH 7, there were still significant ROS levels in free cells and CtFC, which was likely related to the intrinsic oxygen sensitivity of the anaerobic clostridia. Figure 10B revealed the changes in the amounts of LDH in free cells and CtFC exposed to different pH values. At pH 4 and 5, the relative LDH level in CtFC was significantly lower than that of free cells, especially at pH 5, which indicating that the shell formed by Fe3O4@CS protected the cell membrane from the acid attack. Interestingly, the amount of LDH in free cells at pH 5 was slightly higher than at pH 4, which reduced the negative correlation between LDH levels in free cells and the pH value. However, in a wide pH range of 3 to 7, the LDH levels in CtFC were negatively correlated. The content of MDA was shown in Figure 10C. It was clearly visible that the MDA level of CtFC gradually decreased as the environmental pH was lowered. Surprisingly, the amount of MDA at pH 3 was higher in CtFC than in free cells. The phenomenon could be explained that a highly acidic environment may induce the release of the Fe3O4@CS exoskeletons and the formation of naked Fe3O4 to some extent, while a handful of naked Fe3O4 left on the surface of the cells may bring mild cytotoxicity (Guo et al., 2017). The protection of the Fe3O4@CS shell thus greatly improved the acid tolerance, which was supported by the observation that the MDA level of CtFC was distinctly lower than that of free cells at pH 4 and 5. The SOD level was also measured to investigate the oxidation resistance induced by acid stress of free cells and CtFC cultured anaerobically for 12 h. As can be seen in Figure 10D, in a wide pH range of 3 to 7, the content of SOD in CtFC was negatively correlated. At pH 5, the amount of SOD in free cells was significantly higher than in CtFC, indicating that the oxidative stress response of free cells without the protection of the Fe3O4@CS coating was significantly activated. These results indicate that an overly acidic environment could induce the dissociation of weak acidic groups in polysaccharide components of the cell wall of C. tyrobutyricum and the surface proteins, which may lead to the shedding of Fe3O4@CS nanoparticles from the cell surfaces (Huang et al., 2018). As a result, C. tyrobutyricum with a Fe3O4@CS coating could gradually become revert to the form of free cells. This also explained to some extent why the ROS levels, MDA concentration, LDH content and SOD activity of free cells and CtFC were not significantly different at pH 3.
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FIGURE 10. Relative ROS (A), LDH (B), MDA (C), and SOD (D) levels in free cells and CtFC at different pH (3, 4, 5, 6, and 7) (p < 0.05).




In situ Repeated-Batch Fermentation of Butyric Acid Using CtFC

For microbiological butyric acid production, a mass of base (NaOH) is needed to maintain pH stable because of the excess acids accumulation resulting in the pH decrease of the fermentation broth (Wu et al., 2017). This Fe3O4@CS microspheres were proved to have the ability of acid protection, which may assist C. tyrobutyricum overcoming acid stress from fermentation environment. Based on this, batch fermentation of butyric acid between free cells and CtFC were investigated without adding NaOH. The results showed that pH decrease caused by the absence of NaOH led to the low concentration and yield of butyric acid in free cells, while had not significant effect in CtFC fermentation (Figure 11). As can been seen in Figure 11, the CtFC fermentation produced more butyric acid and reached a higher final concentration of 37.60 g/L, which was 19% higher than that from free-cell fermentation (37.60 vs. 31.56 g/L). The final butyric acid yield of 0.47 g/g was obtained with CtFC, which was as high as with free-cell C. tyrobutyricum under optimal pH (e.g., pH 6) via the addition of NaOH in traditional operations (Jiang et al., 2009). The above results suggested that the presence of Fe3O4@CS microspheres improved the defense ability of C. tyrobutyricum against the substrate toxicity and acidic environment during butyric acid fermentation. Moreover, avoiding the need for NaOH addition may improve the economics of industrial butyric acid production.
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FIGURE 11. Batch fermentation of butyric acid in C. tyrobutyricum (A) and CtFC (B) without adding NaOH.


The superparamagnetism of Fe3O4 nano particles endowed enabled convenient separation and recycling of the whole-cell biocatalyst. Consequently, C. tyrobutyricum with the coating of Fe3O4@CS was both convenient and improved the accumulation of butyric acid in the fermentation process. To assess the superior properties of butyric acid production using CtFC, batch fermentations of 24 h were repeated 10 times. As presented in Figure 12, CtFC exhibited very good operational stability, with 15.36 g/L of butyric acid in the first batch and 14.40 g/L butyric acid in the 10th batch. The butyric acid yield from glucose in all batch fermentations ranged from 0.48 to 0.45 g/g, and an average butyric acid yield of 0.46 g/g, which was higher than the 0.43 g/g average butyric acid yield reported by Huang et al. (2018). The result indicated there was no lag phase in all 10 batches. In addition, compared to free-cell fermentation, a higher butyrate/acetate ratio (11.89 vs. 6.12 g/g) was obtained in CtFC in repeated-batch fermentations, indicating some physiological modifications related to intracellular pH maintenance has been achieved in CtFC which can drive more metabolic flux toward butyric acid synthesis pathways (Huang et al., 2016, 2018).
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FIGURE 12. Repeated-batch fermentation of butyric acid in C. tyrobutyricum and CtFC. The original concentration of glucose in each batch was set at 32 g/L.




CONCLUSION

To our best knowledge, this is the first study in which an ordered and disperse acid-protective coat was generated by the self-assembly of Fe3O4@CS microspheres on the surface of C. tyrobutyricum cells. The optimal parameters for coating C. tyrobutyricum with Fe3O4@CS were determined by an orthogonal test, and were found to encompass a temperature of 37°C, a stirring speed of 80 rpm, and a mass ratio of Fe3O4@CS to DCW of 1:2. The superparamagnetism, thermostability, and subsize of Fe3O4@CS attached to the cell surface was determined visually and via physicochemical characterization. The analysis oxidative and cellular damage revealed higher levels of ROS, MDA, LDH, and SOD in free cells compared to the CtFC under acidic conditions, especially at pH 4 or 5, indicating the significant protective effect of the Fe3O4@CS microspheres. A higher butyric acid titer (37.60 vs. 31.56 g/L) was obtained in CtFC fermentation compared to free-cell fermentation without NaOH supplementation. Additionally, CtFC exhibited almost the same acid-producing activity when reused for 10 cycles with the butyric acid yield ranging from 0.48 to 0.45 g/g. These results suggested the potential of Fe3O4@CS microspheres in acid protection of C. tyrobutyricum. Based on this, the reusability and convenient separation of Fe3O4@CS microspheres provide the possibility for economical bio-production of butyric acid in large scale.
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Novozym® 435, an immobilized lipase from Candida antarctica B. (CALB), was used as a biocatalyst for the synthesis of high purity medium chain diacylglycerol (MCD) in a bubble column reactor. In this work, the properties of the MCD produced were characterized followed by determining its practical application as an emulsifier in water-in-oil (W/O) emulsion. Two types of MCDs, namely, dicaprylin (C8-DAG) and dicaprin (C10-DAG), were prepared through enzymatic esterification using the following conditions: 5% Novozym® 435, 2.5% deionized water, 60°C for 30 min followed by purification. A single-step molecular distillation (MD) (100–140°C, 0.1 Pa, 300 rpm) was performed and comparison was made to that of a double-step purification with MD followed by silica gel column chromatography technique (MD + SGCC). Crude C8-DAG and C10-DAG with DAG concentration of 41 and 44%, respectively, were obtained via the immobilized enzyme catalyzing reaction. Post-purification via MD, the concentrations of C8-DAG and C10-DAG were increased to 80 and 83%, respectively. Both MCDs had purity of 99% after the MD + SGCC purification step. Although Novozym® 435 is a non-specific lipase, higher ratios of 1,3-DAG to 1,2-DAG were acquired. Via MD, the ratios of 1,3-DAG to 1,2-DAG in C8-DAG and C10-DAG were 5.8:1 and 7.3:1, respectively. MCDs that were purified using MD + SGCC were found to contain 1,3-DAG to 1,2-DAG ratios of 8.8:1 and 9.8:1 in C8-DAG and C10-DAG, respectively. The crystallization and melting peaks were shifted to higher temperature regions as the purity of the MCD was increased. Dense needle-like crystals were observed in MCDs with high purities. Addition of 5% C8-DAG and C10-DAG as emulsifier together in the presence of 9% of hydrogenated soybean oil produced stable W/O emulsion with particle size of 18 and 10 μm, respectively.

Keywords: immobilized lipase, Candida antarctica lipase B, medium chain fatty acid, diacylglycerol, purification, water-in-oil emulsion, dioctanoylglycerol, didecanoylglycerol


INTRODUCTION

Diacylglycerol (DAG) is made up of two fatty acids esterified to a glycerol backbone. It exists in trace amount in oils of animal and plant sources and exhibits great prospects for industrial application. Approximately 70% of the DAG exists in the form of 1,3-DAG while 1,2-DAG mainly occurs as intermediates from metabolism (Wang et al., 2010). These two isomers differ in terms of the binding positions of the fatty acid acyl groups and hydroxyl groups on the glycerol skeleton and among these isomers, 1,3-DAG is more thermodynamically stable. DAG has been approved by the Food and Drug Association (FDA) as Generally Recognized as Safe (GRAS) food ingredient and it is widely used as emulsifier in various food systems (margarines, mayonnaise, ice-cream, and etc.). The acclaimed health benefits of DAG include the suppression of body fat accumulation, lowering the postprandial serum triacylglycerol, cholesterol and glucose level, and improving bone health (Lee et al., 2019). Attributed to the DAG structure, it can be digested and absorbed via different metabolic pathways compared to the triacylglycerol (TAG). Due to the limited amount of DAG that can be extracted from natural sources, DAG can be synthesized via two major pathways, i.e., chemical and enzymatic methods. Although chemical method is often being employed in the industry, this process involves the use of high reaction temperatures at 220–260°C. This is a major drawback as it causes degradation of the thermosensitive polyunsaturated fatty acids, lipid oxidation, and development of undesirable odor, rancidity and color change in the end product. Besides, the use of chemical catalyst is reported to be environmental unfriendly (Xu, 2000). Therefore, synthesis of DAG through the enzymatic pathway has started to gain popularity for its mild reaction temperatures and low energy consumption (Liu et al., 2016).

Lipases acquired from Candida antarctica B. (CALB), Rhizomucor miehei (RM IM) and Thermomyces lanuginosus (TL IM) are widely employed as biocatalysts during the enzymatic synthesis of DAG. The CALB enzyme is among the most stable commercialized lipases as reviewed by Ortiz et al. (2019). Novozym® 435 is produced by Novozymes which is a CALB lipase immobilized on a hydrophobic carrier (acrylic resin). The preparation of DAG using this particular immobilized enzyme through the reaction pathways of glycerolysis (Wang et al., 2018; Zhong et al., 2018), esterification (Liu et al., 2016; Zhang et al., 2017) and hydrolysis (Babicz et al., 2010) has been reported in the literature. Among these reaction pathways, preparation of DAG by enzymatic esterification is of interest in this work due to the limitations of other reaction pathways, i.e., the excess hydrolysis in TAG during hydrolysis reaction and the adsorption of glycerol on the carrier surface of immobilized lipase which limits the contact between lipase and oil phase during glycerolysis (Liu et al., 2016). Some of the more current CALB catalyzed esterification of DAG has been reviewed by Phuah et al. (2015). Most of the reported reactions involved the use of organic solvent as often, solvent is needed to increase the reaction rate and to lower the viscosity of the mixture consisting of fatty acids and glycerol which both are immiscible.

Medium chain fatty acid (MCFA) generally consists of fatty acids of 6–10 carbons such as the caprylic acid (C8) and capric acid (C10). MCFA is a functional lipid that shows several nutritional and physiological functions especially in the prevention and treatment of metabolic syndromes such as obesity, lipid metabolism, diabetes and hypertension (Nagao and Yanagita, 2010). MCD is a functional lipid that has beneficial effects in the management of obesity and the improvement of lipid metabolism for DAG is less likely to be stored in the adipose tissue. Sek et al. (2002) compared the digestion profiles of long and medium chain TAG, mixture of C8/C10 MAG- DAG, and long chain TAG (soybean oil and mixture of C18 MAG-DAG). It was found that the digestion of MAG/DAG mixtures (C8/C10 and C18) was more rapid than TAG. In the small intestine, MCFA does not form chylomicrons which resulted in energy expenditure through beta-oxidation as reported by Kim et al. (2017) whereby C8,10-DAG enriched oil reduced body fat mass by stimulating lipolysis in white adipose tissue and thermogenesis in brown adipose tissue. In terms of application, medium chain length (C8, C10) mono-, di- and triacylglycerols have the potential to be used in pharmaceutical formulation development of poorly soluble compounds to increase their oral bioavailability (Fliszar et al., 2006). The C8,10-DAG also showed promising results as a delivery system to promote the cutaneous delivery of lycopene and improve the antioxidant activity in the skin (Lopes et al., 2010).

The preparation of high-purity medium chain diacylglycerol (MCD) has great market potential and broad application prospects. Production of structured DAG from MCFAs using biocatalysts is rather a new direction in the field of structured lipids and oil industry. DAG rich in MCD and medium-long chain DAG (MLCD) were prepared by Li et al. (2018) obtaining 39.3% of MCD and 47.3% of MLCD. Das and Ghosh (2019) compared two synthesis ways to prepare MCD (C8-DAG) using enzyme and chemical catalysts both under solvent-free conditions using a stirred tank reactor and obtained DAG yields of 58 and 53% when catalyzed by RM IM and Novozym® 435, respectively. However, it has been reported that the preparation of DAG via esterification using mechanical stirring were not encouraged attributed to the viscous and immiscible state of substrate mixtures (Baeza-Jiménez et al., 2013). This could be a contributing factor for the long reaction time (RM IM, 18 h and Novozym® 435, 6 h) needed for the esterification synthesis of C8-DAG by Das and Ghosh (2019). Utilization of a bubble column reactor (BCR) has been introduced by Hilterhaus et al. (2008) which offered advantages over the conventional stirred tank reactor. Esterification of viscous reactants in a solvent free system can be performed while being able to prevent damage of the enzyme that was caused by mechanical stirring through gas bubbling technique. There is still a lack of literature reporting on the application of BCR for preparing C8 and C10 followed by purification and characterization of the DAGs.

This work aims to prepare dioctanoylglycerol (C8-DAG) and didecanoylglycerol (C10-DAG) via enzymatic esterification catalyzed by immobilized lipase and to obtain high DAG yield under short reaction time. Single-step purification using molecular distillation (MD) and double-step purification using MD followed by silica gel column chromatography (SGCC) was performed to increase DAG yield. Characterization of the MCD in terms of acyl compositions, thermodynamic properties and microscopic structures were performed and the potential application of the MCD that was prepared using the immobilized enzyme as an emulsifier in water-in-oil (W/O) emulsion was determined.



MATERIALS AND METHODS


Materials

Caprylic acid, C8 (purity ≥ 99%), capric acid, C10 (≥ 99%), and glycerol (≥ 99%) were purchased from Tianjin Chemical Reagent, Co., Ltd. (Tianjin, China). Novozym® 435 (immobilized Candida antarctica lipase B) was obtained from Novozymes (China) Biotechnology (Liaoning, China). Emulsifiers such as monoglyceride citrate (CITREM) was obtained from Danisco A/S (Brabrand, Denmark), Span 80 was obtained from Sigma (St. Louis, MO, United States) and polyglycerol polyricinoleate (PGPR) was obtained from Palsgaard Industry A/S (Juelsminde, Denmark). Rapeseed oil (acid value < 0.2%) and fully hydrogenated soybean fat (HSF) were purchased from the local market and Bunge (New York, NY, United States), respectively. Hexane, acetone, petroleum ether, diethyl ether and ethyl acetate (Tianjin Chemical Reagent, Co., Ltd., Tianjin, China) were of analytical grade.



Enzymatic Synthesis of MCD by Bubble Column Reactor

Fatty acids (C8, C10) of 69 g and glycerol of 331 g, corresponding to a molar ratio of 1:7.5, were added into a BCR (Foshan Handway Technology, Co., Ltd., Guangdong, China) followed by the addition of 5% (w/w) of Novozym® 435 and 2.5% of deionized water. Selection of the reaction conditions was based on preliminary tests (results not shown) and reference to methods and parameters reported by Liu et al. (2016), whereby the optimal reaction conditions were adapted. Figure 1 shows the schematic diagram of the BCR. During the reaction, nitrogen was bubbled up to the reactor (50.0 cm l x 5.0 cm i.d.) that was filled with substrate and enzyme at a constant flow rate of 10.6 cm/min. The synthesis was carried out at 60°C for 30 min. Nitrogen was recirculated in the system to minimize the consumption using a pneumatic pump. After the reaction was completed, the product was centrifuged at 5000 rpm for 15 min using a high-speed centrifuge (Legend Micro 17R, Guangzhou Bio-Key Technology, Co., Ltd., China) and was allowed to stand for 10–20 min for phase separation. DAG (upper layer) was collected for analysis and the excess glycerol (bottom layer) was discarded.
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FIGURE 1. Schematic diagram of a bubble column reactor used for the enzymatic synthesis of medium chain diacylglycerol.




Purification


Molecular Distillation

Crude MCD product obtained from Section “Enzymatic Synthesis of MCD by Bubble Column Reactor” was purified using a molecular distillator (MD-80, Guangzhou Hanwei Instrument Equipment, Co., Ltd., Guangzhou, China). Purification of MCD was performed at 0.1 Pa, wiped film speed of 300 rpm, and at three different temperatures of 100, 120, and 140°C. Heavy phase (DAG and TAG) and light phase (FFA and MAG) obtained after purification were collected and analyzed.



Silica Gel Column Chromatography

A second-step purification using SGCC was performed to increase the purity of the MCD obtained after MD. A preliminary experiment was conducted to determine the suitable type of solvent for elution; petroleum ether: diethyl ether (4:1) and petroleum ether: ethyl acetate (4:1). Mixture of petroleum ether: ethyl acetate was then selected as the eluent/mobile phase for the SGCC purification process due to the separation and purification was more efficient as shown in Supplementary Figure S1.




Composition of MCD

The MCD composition was analyzed using the method from Wang et al. (2009). A 50.0 mg sample was dissolved in 5.0 mL of n-hexane and the solution was filtered through a 0.45 μm filter membrane. The analysis was performed using Agilent gas chromatography system (GC-7820A, Agilent, Santa Clara, CA, United States), equipped with a flame ionization detector (FID) detector and a DB-1ht capillary column (15 m × 0.25 mm, 0.1 μm) (Agilent, Santa Clara, CA, United States). The column pressure was maintained at 20.0 psi and temperature of 380°C. Samples were injected at a volume 0.5 μm with a split ratio of 20:1. The initial oven temperature was set at 50°C for 1 min and increased to 100°C at 50°C/min. The temperature was then raised to 220°C at 80°C/min and to 290°C at 30°C/min. Finally, the temperature was raised to 330°C at 50°C/min for 2 min, and to 380°C at 50°C/min for 3 min.



DAG Isomers Ratio by NMR

The method of Laszlo et al. (2008) with some modifications was used to determine the ratio of 1,3-DAG to 1,2-DAG isomers using nuclear magnetic resonance spectrophotometer (NM-2, Shanghai Niumai Electronic Technology, Co., Ltd., Shanghai, China). Approximately 10 to 20 mg of purified DAG sample was dissolved in 0.5 mL deuterated chloroform (CDCl3) and was then loaded into a nuclear magnetic tube for testing. The conditions for the spectra detection was set at 25°C, pulse width of 12.76 μs, spectral width of 10330.6 Hz, detection frequency 500 MHz, acquisition time of 3.1720 s, and a total of 80 scans.



Thermodynamic Analysis

Thermodynamic analysis was conducted on a thermogravimetric analyzer (DSC-1, Mettler Toledo, Switzerland). A sample weight of 6 to 10 mg was placed in aluminum pan and was heated according to the following temperature settings and under nitrogen atmosphere at a flow rate of 45 mL/min to obtain a crystallization curve. The temperature program was set as follows: initial temperature of 20°C and was heated to 80°C at 40°C/min and held for 5 min, followed by cooling at −5°C/min to −40°C and held for 5 min. The sample was further heated to 80°C at a rate of 5°C/min to obtain a melting curve. Thermodynamic properties were obtained by analyzing the melting and crystallization curves.



Crystal Morphology

Samples of purified MCD were heated at 80°C for 5 min and were then cooled to −5°C at 5°C/min. A polarized light microscope (Zeiss Axiovert 200M light microscope, Carl Zeiss Jena, Germany) was used to observe the crystal morphology of the purified MCD.



Surface Morphology

The surface morphologies of purified MCD samples were observed with a scanning electron microscope (SEM; Nova NanoSEM 430, FEI, Netherlands). Sample (15 to 30 mg) was placed on a clean sample holder under a temperature range of −10 to 10°C, chamber vapor pressure of 7.00 × 102 Pa and a relative humidity of 100% with acceleration voltage at 20 kV.



Preparation of W/O Emulsion

Although MCD acquired from the double-step purification steps (MD followed by SGCC) were of higher purity, by taking into account the lower yield and higher production cost for the MD + SGCC samples, DAG W/O emulsion was prepared using the MCD obtained from the single-step MD purification. Emulsion formulation includes 80% v/v canola oil, 5% emulsifier (C8-DAG or C10-DAG), 20% v/v of deionized water and HSF of different amounts (1, 3, 5, 7, and 9% v/v). The oil phase and emulsifier were mixed at 500 rpm for 2 min using a Polytron homogenizer (PT2500E, Kinematica, Switzerland) and aqueous phase was then added into the oil phase drop-wise followed by mixing at 10000 rpm for 5 min. Emulsion was kept at 4°C and analysis were carried out within the next 24 h.



Emulsion Crystal Morphology and Particle Size Distribution

The crystal morphology was observed using the E-SEM as described in Section “Surface Morphology.” Particle size distribution of emulsion was determined according to the method of Ghosh et al. (2011) using a nuclear magnetic resonance (NMR) analyzer (mq20, bruker, Bremer, Germany). The emulsion droplet size distribution was obtained using the s v5.2 revision 4a version software at a pulse gradient separation of 210 ms and a pulse width of 8.



Statistical Analysis

All experiments were performed in triplicate. Data were analyzed by analysis of variance (ANOVA) and the mean was compared at the 95% significance level using the Duncan multiple range test (p < 0.05) using Origin 8.5 software and SPSS 16.0 software (IBM, United States).




RESULTS AND DISCUSSION


Enzymatic Synthesis and Purification of MCD

The composition of C8-DAG and C10-DAG obtained by the immobilized lipase catalyzed esterification (crude MCD) and after purification, respectively, are shown in Table 1. From the reaction, 41.8% of C8-DAG and 44.5% of C10-DAG were synthesized. The DAG yield obtained was comparatively higher to the results reported in the literature, whereby Das and Ghosh (2019) obtained an approximate C8-DAG yield of less than 10% at similar reaction time of 30 min. It can be proposed that the higher DAG yield acquired under short reaction time in this work was ascribed to the usage of a BCR which was more suitable for esterification processes compared to the stirred tank reactor due to the viscous nature of the substrate mixture. The findings in this work were in accordance to the results reported by Liu et al. (2016) in the fast production of long chain DAG using a BCR. Preparation of DAG through the esterification method often involves the formation of water which imparts the reaction. In this work, the ratio of glycerol to fatty acid used was high (7.5:1). The excess glycerol was able to absorb the water formed during esterification and increased the reaction rate (Liu et al., 2011, 2012), obtaining a yield of 41% C8-DAG at 30 min. The addition of water at the concentration of 2.5% also aided in activating and maintaining the structure, flexibility and stability of the enzyme (Tao et al., 2013).


TABLE 1. Comparison of the compositions of C8-DAG and C10-DAG before and after purification using molecular distillation.
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The highest DAG yield was obtained from MD performed at 120°C, recording DAG of 80.72 and 83.79% for C8-DAG and C10-DAG, respectively. When the distillation temperature increased (from 100 to 120°C), the MAG content in MCD reduced significantly while the DAG and TAG content increased. At higher distillation temperature, the boiling point of MCD was achieved and hence higher amount of MCD was carried into the distillate stream. Nonetheless, at higher distillation temperature of 140°C, the concentration of DAG was significantly lower than that at 120°C. Under high temperatures, the DAG underwent esterification to form TAG, as observed with the increment of TAG at 140°C. Yeoh et al. (2014) reported the purification process at higher temperature caused the acyl migration of 1,3-DAG into the thermodynamically unstable intermediate 1,2 (2,3)-DAG which then resynthesized into TAG and MAG. Hence, the best distillation temperature was at 120°C for both C8-DAG and C10-DAG, obtaining DAG with a purity of 80% (C8-80% DAG) and 83% (C10-83% DAG), respectively. A second-purification step using SGCC was performed in order to further increase the purity of the MCD. A purity of 99% was attained for both C8-DAG (C8-99% DAG) and C10-DAG (C10-99% DAG). The purity increased by a difference of 18.28% and 15.21% for C8-DAG and C10-DAG, respectively, as both the MAG and TAG were effectively separated from the MCD.

Figure 2 shows the 1H NMR spectrums of the one-step purified and double-step purified C8-DAG and C10-DAG. The respective proton NMR assignments are reported in Table 2. From Figure 2, the hydrogen atom of the -CH3 functional group is the most electronegative, so it appears in the position at the down field region. According to the electronegativity of the functional group hydrogen atom and the characteristic peak integration area ratio, the position of each functional group in the product was identified. The multiple peaks in position (E) for both C8-DAG and C10-DAG corresponded to the presence of 1,2-DAG and 1,3-DAG, hence the region of interest was between 3.5 and 4.5 ppm. The 1,3-DAG was less electronegative than 1,2-DAG due to the differences in terms of their molecular arrangements. The chiral carbon atom of 1,3-DAG was bonded to a hydroxyl group and a hydrogen atom, weakening the electronegativity of the chiral carbon and recorded a chemical shift around 4.2 ppm. 1,2-DAG was more electronegative due to the high electronegativity of hydroxyl groups compared to other carbon atoms, shifting the signal to downfield region with a chemical shift around 3.7 ppm. By integrating the peaks for both MD purified C8-DAG and C10-DAG (Figures 2A,B), the ratios of 1,3-DAG and 1,2-DAG were 5.8:1 and 7.3:1 respectively. As for the peaks obtained from the DAG samples after the double-purification steps (Figures 2C,D), the ratios of 1,3-DAG and 1,2-DAG were 8.8:1 and 9.8:1, respectively. The higher ratio of 1,3-DAG was attributed to the use of Novozym® 435 which can potentially be 1,3-regioselective. Similar findings has been reported by Duan et al. (2013) whereby high 1,3-diolein yield (93.7%) was obtained in comparison to the yield of 1,2-diolein (2.6%) in the reaction catalyzed by Novozym® 435.


TABLE 2. 1H NMR assignments of the DAG in purified C8-DAG and C10-DAG.
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FIGURE 2. 1H NMR spectrums of (A) 80% C8-DAG, (B) 83% C10-DAG, (C) 99% C8-DAG, and (D) 99% C10-DAG and the assignments to the functional groups of molecules are reported in Table 2.




Thermodynamic Properties and Micro-Morphology

Figure 3 shows the (a) crystallization and (b) melting curves of 80% C8-DAG, 83% C10-DAG, 99% C8-DAG and 99% C10-DAG. The main temperature peaks and the enthalpies of the samples were summarized in Table 3. Both 80% C8-DAG and 99% C8-DAG showed one crystallization peak at −21.15 and −2.56°C, respectively. Similarly, crystallization peak for 83% C10-DAG was at lower temperature than that of 99% C10-DAG, recording peaks at 15.55 and 22.12°C, respectively. It was postulated that this phenomenon was attributed to the presence of TAG in the MCD samples of lower purity, causing the reduction in the crystallization temperature as TAG formed crystals by van der Waals force instead of hydrogen bonds (Silva et al., 2015). In terms of the melting curve, the 80% C8-DAG showed melting behavior at −23.62°C and was completely melted at 9.76°C while 99% C8-DAG showed two melting peaks at −22.64 and 21.21°C. The melting curve of C10-DAG showed unresolved peaks (peak II and III in 83% C10-DAG, peak I and II in 99% C10-DAG), attributed to the transition of unstable crystal to stable crystal form during the melting process. The sharp peak for all high purity (99%) MCD indicated that nucleation and crystal growth were faster, forming large crystal structures (Jansen and Birch, 2009).


TABLE 3. Peak temperatures and cooling/melting enthalpies of C8-DAG and C10-DAG obtained from single- and double-step purification process.
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FIGURE 3. (A) Crystallization and (B) melting curves of C8-DAG and C10-DAG after single- and double-step purification.


PLM is widely used for observing the microscopic morphology of crystals in oil systems. Figure 4 shows the PLM images of MCDs obtained from the single- and double-step purification. Two types of polarized microstructures can be observed; the lighter structures represented the crystals while the dark fragments represented the liquid. From Figure 4A, the formation of crystals in the 80% C8-DAG was not observed and this was due to the low crystallization temperature of the DAG at −18.36°C as discussed in the previous section. From Figure 4B, fine needle-like crystals were observed with crystal size of less than 30 μm whereas in Figures 4C,D, the crystals were tightly packed together, suggesting the crystallization process occurred through flocculation. DAG normally exists in the form of flocculent crystal which was made up of mainly β-crystals. Studies have shown that the formation of β-crystal started from fine particles and when it reached a certain stage, they started to form needle-like crystals (Himawan et al., 2006). Overall, the crystal particles in C8-DAG were smaller than that of C10-DAG. Comparing the crystal morphologies in between the DAG of lower purity (80 and 83%) to that of high purity DAG (99%), all the DAGs showed the formation of needle-like crystals while the crystals in high purity DAG were more compact with larger crystal size.
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FIGURE 4. PLM images of medium chain diacylglycerols from single-step purification (A) 80% C8-DAG and (B) 83% C10-DAG and from double-step purification (C) 99% C8-DAG and (D) 99% C10-DAG.


Figure 5 shows the ESEM images of DAG obtained from the double-step purification process. Images of DAGs of lower purity were not shown as both the 80% C8-DAG and 83% C10-DAG existed in liquid state at −10 to 10°C and hence the surface morphology was not able to be detected using the ESEM. The C8-DAG showed irregular crystal network structures with many large voids at −10°C. It was evident that the crystal network of C8-DAG gradually loosed its structure into the amorphous state and completely melted when the temperature was increased to 10°C. This observation corresponded to the thermodynamic results obtained whereby the C8-DAG had a lower melting point compared to that of C10-DAG (Figure 3). Therefore, under similar temperature of 10°C, C10-DAG still maintained its network structure whereas the C8-DAG had completely melted. On the other hand, the C10-DAG showed a crystal network which was of more regular shape with smaller voids at −10°C. Similarly, as the temperature increased, the crystal networks started to dissociated. However, comparing to that of C8-DAG, the C10-DAG showed the present of cross-linked aggregate structure on the surface at 10°C attributed to the higher melting point of C10-DAG.
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FIGURE 5. ESEM images of (A) C8-DAG and (B) C10-DAG with purity of 99% under different temperatures of –10 to 10°C.




Preparation of W/O Emulsion

A preliminary experiment was conducted to determine the effect of different emulsifiers during the preparation of W/O emulsion, i.e., 1% CITREM, 1% SPAN 80, and 1% PGPR. From the emulsion microstructure (Supplementary Figure S2), the use of 1% PGPR produced the most desirable emulsion (water droplet size of 3 μm) attributed to its low HLB value and the long carbon chain structure. Hence, in order to achieve the similar effect of emulsification provided by PGPR, 5% of MCD (calculated based on the HLB values) was added during the preparation of emulsion. The HLB value is shown in Supplementary Table S1. It was found that the addition of 5% of DAG failed to stabilize the emulsion and the water droplets were dispersed with a particle size of 10 μm (Supplementary Figure S2). It was proposed that the addition of HSF which has higher melting point was able to stabilize the emulsion system. Hence, the effect of adding HSF at different concentration in the W/O emulsion preparation was determined. The lower purity MCD (80% C8-DAG and 83% C10-DAG) was used for the preparation of W/O emulsion instead of the MCD with higher purity of 99% by taking the time and cost factor into consideration.

When only HSF was present in the emulsion system (0% of DAG), there was no occurrence of interfacial crystallization in the emulsion (Supplementary Figure S3) and the crystal was formed mainly in the continuous oil phase. The addition of 5% of DAG in combination with 1 to 9% of HSF showed significant surface activity in the emulsion as shown in Figure 6. The addition of 5% DAG to 1% HSF promoted the surface activity and crystallization occurred at the oil-water interface. This was due to the presence of the hydroxyl group in the DAG carbon chain that extended to the water phase through hydrogen bonding while the acyl chain in HSF-TAG through the van der Waals force, was absorbed into the oil phase. When the interaction between HSF-TAG on the interface continues to accumulate, the DAG mediated fat crystallization at the oil-water interface. Thus, the water droplets in the oil phase were stabilized (Rousseau, 2013). When 3% of HSF was added, the water droplets were covered with formation of crystals; addition of 5% of HSF showed the formation of crystals at the oil-water interface and the presence of some crystals in the continuous phase; addition of 7% of HSF showed the amount of crystals in the continuous phase increased to form a denser crystal network; addition of 9% of HSF showed the continuous phase was substantially filled with crystals and the emulsion structure was denser. Hence, the DAG was able to promote the formation of interfacial crystallization of HSF on the water droplet surface. As the concentration of HSF increased, the interfacial crystallization approached saturation and the crystal networks appeared in the continuous phase with higher number of crystals. The structure becomes denser and the stability of the emulsion was further enhanced.


[image: image]

FIGURE 6. Microscopic images of fat crystals in the emulsion system prepared using a mixture of C8-DAG and HSF [(A) 5% C8-DAG + 1% HSF; (B) 5% C8-DAG + 3% HSF; (C) 5% C8-DAG + 5% HSF; (D) 5% C8-DAG + 7% HSF; (E) 5% C8-DAG + 9% HSF]; Mixture of C10-DAG and HSF [(F) 5% C10-DAG + 1% HSF; (G) 5% C10-DAG + 3% HSF; (H) 5% C10-DAG + 5% HSF; (I) 5% C10-DAG + 7% HSF; (J) 5% C10-DAG + 9% HSF].


The emulsion droplet size was analyzed using a pfg-NMR nuclear magnetic resonance spectrometer as shown in Figure 7. The average droplet size of C8-DAG and C10-DAG added with 1% of HSF were 32 and 35 μm, respectively. As the content of HSF increased, the particle size distribution curve shifted to the left whereby the average droplet size decreased. C8-DAG and C10-DAG added with 9% of HSF showed an average droplet size of 18 and 10 μm, respectively. The distribution curve was also narrower compared to the lower concentration of HSF, indicating a more uniform distribution of droplet size and hence a more stable emulsion.
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FIGURE 7. The droplet size of water-in-oil emulsion produced with 5% of (A) C8-DAG and (B) C10-DAG in combination with different percentage of hydrogenated soybean fat (HSF).





CONCLUSION

In this work, immobilized lipase Novozym® 435 was successfully employed to catalyze the esterification between glycerol and fatty acids to produce C8-DAG (41%) and C10-DAG (44%) in a bubble column reactor during a short period of time (30 min). After one-step purification (MD), the purity of MCD was increased to 80–83% and the double-step purification increased the purity to above 99%. Novozym® 435 can be potentially 1,3-regioselective as the concentration of 1,3-DAG produced was significantly higher than that of 1,2-DAG. The thermodynamic properties (melting and crystallization properties) and crystal morphologies of MCDs were altered post-purification. The produced MCD showed great potential to be applied in a W/O emulsion preparation as a stable W/O emulsion was obtained using MCD (C8-DAG purity of 80% and C10-DAG with purity of 83%) in combination with HSF.
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The immobilization of Thermomyces lanuginosus lipase on polydopamine-functionalized Fe3O4 magnetic nanoparticles (Fe3O4@PDA-TLL) as a nanobiocatalyst was successfully performed for the first time, and the Fe3O4@PDA-TLL was used for regioselective acylation of natural hyperoside with vinyl decanoate. The effects of several crucial factors, such as the reaction solvent, substrate molar ratio, temperature, and immobilized enzyme dosage, were investigated. Under optimum conditions, the reaction rate, 6″-regioselectivity, and maximum substrate conversion were as high as 12.6 mM/h, 100%, and 100%, respectively. An operational stability study demonstrated that the immobilized enzyme could maintain 90.1% of its initial maximum conversion even after reusing it five times. In addition, further investigations on the kinetic parameters, like Vmax, Km, Vmax/Km, and Ea, also revealed that the biocompatible Fe3O4@PDA could act as an alternative carrier for the immobilization of different enzymes.

Keywords: magnetic nanoparticle, hyperoside, immobilization, Thermomyces lanuginosus lipase, acylation


INTRODUCTION

Hyperoside (also known as quercetin-3-O-galactoside or 3-O-β-D-galactopyranosyl quercetin), a type of flavonoid-O-glycoside, is the major pharmacological component of many traditional medicinal plants, such as Hyperin perforatum L., Geranium carolinianum L., Zanthoxylum bungeanum, Crataegus pinnatifida Bunge, and so forth (Pei et al., 2017). Extensive clinical studies have demonstrated that hyperoside exerts multiple bioactivities compared with those of quercetin, including anti-inflammatory, antidepressant, antitumor, and antihepatitis activities (Ku et al., 2015; Guan and Liu, 2016; Ahn and Lee, 2017; Guo et al., 2019).

Recently, natural product modification chemistry based on their privileged molecular skeletons has attracted increasing attention in the fields of biochemistry and pharmacology for the purpose of improving their biological activities and physicochemical properties (Guo, 2017; Li and Lou, 2018). As was shown in the review by Newman and Cragg (2016), 46% of the 1562 natural product agents approved over the past 34-year period are derived from their derivatives or analogs bearing natural compound pharmacophores. For example, flavonoid glycoside and their analogs usually exhibit the physicochemical properties of unsatisfactory lipid solubility, poor stability, and low bioavailability, owing to their exiting active natural polyphenol-rich structures, which limits their applications in lipophilic systems (Newman and Cragg, 2016; Yang et al., 2018). In order to circumvent these drawbacks, preparation of their ester derivatives has proved to be a promising strategy (Newman and Cragg, 2016; Rupasinghe, 2016). Warnakulasuriya and Sudan have reported that quercetin-3-O-glucoside derivatives with long aliphatic chains could significantly reduce the primary hepatocytes’ injury and improve inhibition of hepatocellular carcinoma cells compared to quercetin-3-O-glucoside itself (Sudan and Rupasinghe, 2015; Warnakulasuriya and Rupasinghe, 2016). Besides, recent experiments also provided evidence that ester derivatives of rutin (Xin et al., 2018), polydatin (Wang et al., 2017), anthocyanidin (Cruz et al., 2018), and naringin (de Araújo et al., 2017) exhibited enhanced biological activities, pharmacological activities, and structure stabilities compared to their corresponding parental compounds.

Over the past few years, structural modifications by employing enzymatic methodology have clearly become an important topic in carbohydrate chemistry. This has been described as the preferred method, possessing a short synthetic route, impressive selectivity, and environmental friendliness compared to the multistep chemical approaches (de Araújo et al., 2017; Dunbar et al., 2017). However, it is embarrassing that the documented commercially available enzymes (e.g., Novozym 435, lipozyme TLIM, and PSIM), which act as the central role in catalytic processes, usually suffer from high cost and unsatisfactory organic solvent tolerance (Gonçalves Filho et al., 2019). Recently, magnetic Fe3O4 nanoparticles functioned with polydopamine (Fe3O4@PDA) have emerged as a desirable alternative to traditional materials for constructing immobilized enzymes (Liang et al., 2020). However, although several reports on Fe3O4@PDA-based immobilized enzymes, including cellulose, lipase, and ethanol dehydrogenase, have demonstrated the superiority of this method with a high ratio of enzyme to substrate, satisfactory enzyme stability, and facilitation of the separation and recovery for reuse (Chen et al., 2017; Liang et al., 2020), very few reports pay close attention to the enzymatic kinetic parameters, like Vmax, Km, Vmax/Km, to unravel the behavior of the nanobiocatalyst. As a result of this, in this study, for the first time, the immobilized Fe3O4@PDA-Thermomyces lanuginosus lipase (Fe3O4@PDA-TLL) was selected as the promising nanobiocatalyst to identify its kinetic behavior in non-aqueous enzymatic systems, in which the model reaction was the regioselective acylation of hyperoside with vinyl decanoate (Scheme 1).
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SCHEME 1 Fe3O4@PDA-TLL-catalyzed regioselective decanoylation of hyperoside.




MATERIALS AND METHODS


Materials

Thermomyces lanuginosus lipase (TLL, 3921 U/g) was obtained from Novozymes Co., Ltd., China. Hyperoside (≥98%) was from Sigma-Aldrich. Dopamine hydrochloride, 2-methyl tetrahydrofuran (MeTHF), and t-amyl alcohol were provided by Aladdin. Vinyl decanoate (≥99%) was purchased from TCI. All other chemicals were obtained from commercial sources and were of analytical grade. All the used organic reagents were previously dried by 4 Å molecular sieves for 48 h.



Preparation of Fe3O4@PDA-TLL

The magnetic Fe3O4 nanoparticles were prepared according to the conventional coprecipitation method described by Lou et al. (Cao et al., 2017). A certain amount of magnetic Fe3O4 nanoparticles was dispersed and ultrasonically treated for 10 min in deionized water. Then, the same molar quantity of dopamine hydrochloride was added into the above suspension. The pH of the mixture was adjusted to 8.5 by the addition of 1.5 mol/L NaOH solution. After stirring for 24 h at room temperature, the polydopamine-coated magnetic nanoparticle (Fe3O4@PDA) was formed and collected with an external magnet and washed three times with deionized water. For enzyme immobilization, 2.4 mL of TLL (260 mg/mL) solution and 0.4 g of Fe3O4@PDA were mixed and added into 12 mL of phosphate buffer (50 mmol/L, pH 8.5) at 25°C. After stirring at 200 rpm for 4.0 h, the immobilized TLL was separated and continuously washed until no protein was detected. The TLL-loaded Fe3O4@PDA was named Fe3O4@PDA-TLL.



Assay of Fe3O4@PDA-TLL Activity

The activity of Fe3O4@PDA-TLL was determined using the p-nitrophenyl palmitate (p-NPP) method with slight modifications (Soni et al., 2018). An assay reaction mixture containing 0.1 g immobilized enzyme, 0.9 mL Tris-HCl buffer (50 mM, pH 8.0), and 0.1 mL p-NPP solution (a quantity of 30 mg p-NPP was dissolved in 10 mL isopropanol) was incubated at 37°C for 10 min. After this, 5.0 mL 95% ethyl alcohol was added to inactivate the enzyme and measure the absorption at 410 nm. One unit of activity (U) was defined as the amount of enzyme required to produce 1.0 μmol p-nitrophenol (p-NP) in 1.0 min under the above conditions. The specific activity of the Fe3O4@PDA-TLL was 8022 U/g.



Enzymatic Synthesis of Hyperoside Ester Derivative

In a typical experiment, 3.0 mL solvent containing 0.03 mmol hyperoside, a certain amount of Fe3O4@PDA-TLL and vinyl decanoate was incubated in a 10 mL Erlenmeyer shaking flask in a rotary shaker. Rotate speed was set at 200 rpm and the operating temperature was set as desired. Then, 20 μL of the reaction mixture was withdrawn at specified time intervals and diluted 50-fold with mobile phase. The mixture was centrifuged at 10,000 rpm for 5.0 min and the upper layer was drawn for HPLC analysis.



Operational Stability of Fe3O4@PDA-TLL

The operational stability of Fe3O4@PDA-TLL was determined using recycling reactions. When the maximum hyperoside conversion was achieved in each reaction, the suspension was centrifuged and the supernatant was decanted. The reused enzyme was washed three times with the fresh reaction solvent and added into 3.0 mL MeTHF containing 0.03 mmol hyperoside and 0.33 mmol vinyl decanoate at 55°C and 200 rpm. Then, enzyme residual activity and maximum substrate conversion were measured. The initial activity and maximum conversion received in the first batch were defined as 100%.



Determination of Kinetic Constants and Apparent Activation Energy (Ea)

The concentrations of the hyperoside used to determine the kinetic constants of enzymatic acylation in different solvents were THF (2.0–20 mM), MeTHF (2.0–20 mM), dioxane (5.0–35 mM), and t-butanol (2.0–20 mM). All experiments were conducted under the optimal reaction conditions obtained by a single-factor experiment. The kinetic constants (Km and Vmax) were calculated from Hanes-Woolf plots. Ea was calculated according to the linear regression analysis of the Arrhenius plot.



HPLC Analysis and Structure Determination of the Esters

The reaction mixture was analyzed by HPLC on a 4.6 mm × 250 mm (5 μm) Zorbax XDB-C18 column (Agilent Technologies Industries Co., Ltd., United States) using an Agilent G1311A pump and a UV detector. The mobile phase was a mixture of methanol and water (80/20, v/v) with a flow rate of 1.0 mL/min. The UV absorption wavelength for HPLC analysis and retention times for hyperoside and 6″-O-decanoyl hyperoside were 360 nm, 2.50 min, and 6.11 min, respectively. All reported data were averages of experiments performed at least in duplicate. The product was purified by silica gel chromatography with an eluent consisting of petroleum ether/ethyl acetate/methanol (5/10/2, v/v/v). Structural assignments were made on the basis of the changes in the 13C NMR (100 MHz) and 1H NMR (400 MHz) spectra caused by the acylation (Bruker DRX-400 NMR Spectrometer, Bruker Co., Germany). Results from the NMR spectroscopy were recorded as follows: 1H NMR (DMSO-d6) δ: 12.63 (1H, s, 5-OH), 7.64 (1H, dd, J = 8.5, 2.2 Hz, H-6′), 7.49 (1H, d, J = 2.2 Hz, H-2′), 6.81 (1H, d, J = 8.5 Hz, H-5′), 6.39 (1H, d, J = 2.0 Hz, H-8), 6.18 (1H, d, J = 2.0 Hz, H-6), 5.38 (1H, d, J = 7.8 Hz, H-1″), 5.21 (1H, br s, -OH), 4.95 (1H, br s, -OH), 4.69 (1H, br s, -OH), 4.11 (1H, dd, J = 11.4, 8.4 Hz, H-5″), 3.91 (1H, dd, J = 11.4, 3.8 Hz, H-6″a), 3.61 (1H, m, H-4″), 3.50–3.40 (3H, m, H-3″, 6″b, H-2″), 2.00–1.93 (2H, m, H-2″′), 1.24–1.01 (14H, m, H-3″′-9″′), 0.86 (3H, t, J = 7.1 Hz, H-10″′). 13C NMR (DMSO-d6) δ: 177.9 (C-4), 172.9 (C-1″′), 164.6 (C-7), 161.7 (C-5), 156.6 (C-2), 153.6 (C-9), 148.9 (C-4′), 145.3 (C-3′), 133.7 (C-3), 122.4 (C-6′), 121.5 (C-1′), 116.2 (C-2′), 115.6 (C-5′), 104.2 (C-10), 101.8 (C-1″), 99.1 (C-6), 93.9 (C-8), 75.0 (C-5″), 73.4 (C-3″), 71.4 (C-2″), 68.8 (C-4″), 63.6 (C-6″), 33.7 (C-2″′), 31.8 (C-8″′), 29.3–28.8 (C-4″′-7″′), 24.7 (C-3″′), 22.6 (C-9″′), 14.4 (C-10″′).



RESULTS AND DISCUSSION


Effect of the Reaction Medium

In non-aqueous biotransformation reactions, the reaction medium plays a determinant role and modulates the enzyme properties, like enzyme activity, selectivity, and stability (Elgharbawy et al., 2018). To date, no empirical rules could be used for reference to guide the use of media during enzymatic synthetic processes; trial and error procedures were still used as an essential method for solvent choice. In this content, the acylation of hyperoside was performed in 11 organic solvents with different natures, as listed in Table 1.


TABLE 1. Effect of medium on Fe3O4@PDA-TLL-catalyzed decanoylation of hyperoside.

[image: Table 1]
It can be clearly seen that the solvent polarity affected the reaction rate and substrate conversion more dramatically than the regioselectivity. However, the catalytic performance of Fe3O4@PDA-TLL could not be correlated well with log P-values ranging from −1.30 to 1.43 of the organic solvent, which is in agreement with our previous reports (Wang Z. Y. et al., 2015; Wang et al., 2016). Fortunately, the immobilized Fe3O4@PDA-TLL evidenced the moderate to good catalytic behavior in most of the tested solvents, and the highest reaction rate and conversion were found in the eco-friendly MeTHF with 7.1 mM/h and 78.5%, respectively. DMSO, DMF, and pyridine severely deactivated the immobilized enzyme activities. Except for the well-known factor of solvent polarity affecting the hydration water of the enzyme molecule, the solvent penetration ability into the enzyme active site, enzyme protein conformation change, and solubility of the substrate and product unavoidably influenced the enzymatic processes (Yang et al., 2004; Sanchez-Fernandez et al., 2017). With regarding to the regioselectivity, it was interesting to find that Fe3O4@PDA-TLL showed favor toward the 6″-OH of hyperoside in all the media assayed. The most possible reason might be that the polyphenol hydroxyl structure of the hyperoside afforded the specific substrate-binding pattern in the catalytic pocket of the enzyme active site. Therefore, the more active and less-hindered 6″-primary hydroxyl may enter into the active site of the enzyme more easily than other hydroxyls to attack the acyl-enzyme transition-state intermediate and form the 6″-O-monoester derivative.



Optimization of Fe3O4@PDA-TLL Production of Decanoyl Hyperoside

To further understand and improve the catalytic performance of the new immobilized Fe3O4@PDA-TLL, several key variables, such as the substrate molar ratio, reaction temperature, and enzyme dosage in the reaction, were examined in detail. In general, an excessive amount of acyl donors is normally required, owing to the presence of side reactions of enzymatic hydrolysis of vinyl ester and acylated product (Amanda Gomes Almeida et al., 2017). As depicted in Figure 1A, the substrate molar ratio displayed a great effect on the behavior of the immobilized biocatalyst. A striking improvement in initial reaction rate and substrate conversion was observed with increasing the molar ratio of vinyl decanoate to hyperoside up to 11, which is the optimal ratio of the double substrates. Figure 1B shows the enzymatic decanoylation of hyperoside affected by the temperature, with 55°C being optimal; a high temperature may induce a significant conformational unfolding of the enzyme, resulting in decreasing the initial rate and conversion. Moreover, the optimum enzyme dosage was 180 mg with the excellent conversion of 99.0%, and no substantial variation in acylation rate occurred while further increasing the enzyme dosage up to 240 mg (Figure 1C). Additionally, it is worth emphasizing that change in the TLL immobilized carrier of Fe3O4@PDA had a marginal effect on the regioselectivity among the examined key reaction conditions. Very similar results concerning the primary hydroxyl regioselectivity were also obtained by Ghasemi and co-workers in the regioselective acetylation of prednisolone using TLL lipase glutaraldehyde-mediated immobilization on Fe3O4 nanoparticles (Ghasemi et al., 2013).
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FIGURE 1. Regioselective decanoylation of hyperoside catalyzed by Fe3O4@PDA-TLL. (A) Effect of the molar ratio of vinyl decanoate to hyproside (0.03 mmol hyproside, 3.0 mL anhydrous MeTHF, 180 mg enzyme, various amounts of vinyl decanoate at 45°C, 200 rpm). (B) Effect of the temperature (0.03 mmol hyperoside, 0.33 mmol vinyl decanoate, 3.0 mL anhydrous MeTHF, 180 mg Fe3O4@PDA-TLL at different temperatures, 200 rpm). (C) Effect of the enzyme dosage (0.03 mmol hyperoside, 0.33 mmol vinyl decanoate, 3.0 mL anhydrous MeTHF, various amounts of the Fe3O4@PDA-TLL at 55°C, 200 rpm).




Time Course of Enzymatic Reaction and Operational Stability

The time course of the Fe3O4@PDA-TLL-mediated preparation of the 6″-O-decanoyl derivative of hyperoside is shown in Figure 2. The hyperoside conversion went up rapidly within 300 min and then there was a smooth rise, possibly due to the lower concentration of the double substrates. During the enzymatic acylation process, 6″-O-decanoyl hyperoside was the end product, with a regioselectivity of 100%.


[image: image]

FIGURE 2. Process curve of Fe3O4@PDA-TLL-catalyzed decanoylation of hyperoside. Reaction conditions: 0.03 mmol hyperoside, 0.33 mmol vinyl decanoate, 3.0 mL anhydrous MeTHF, 180 mg Fe3O4@PDA-TLL, 55°C, 200 rpm.


From an industrial point of view, good operational stability and reusability of the catalyst are necessary for fine chemical production. Wang X. Y. et al. (2015) successfully immobilized TLL onto the Fe3O4@chitosan nanoparticles and checked their reusability. The results revealed that the Fe3O4@chitosan-TLL showed a preferable stability and retained 70% of its initial activity after ten reuses. Figure 3 shows that the Fe3O4@PDA-TLL exhibited satisfactory stability. Although the enzyme kept 77.3% of its original activity in MeTHF after being reused for five batches, the relative maximum conversion still remained about 90.1%, suggesting that this immobilized enzyme displayed good organic solvent tolerance and that the immobilized carrier can greatly improve the reuse times of the enzyme as well as the efficiency of the process.
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FIGURE 3. Operational stability of Fe3O4@PDA-TLL in MeTHF. Reaction conditions: 0.03 mmol hyperoside, 0.33 mmol vinyl decanoate, 3.0 mL anhydrous MeTHF, 180 mg Fe3O4@PDA-TLL, 55°C, 200 rpm.




Determination of Kinetic Constants and Apparent Activation Energy (Ea)

In order to gain an in-depth insight into the superiority of this Fe3O4@PDA-TLL, organic solvents containing THF, MeTHF, dioxane, and t-butanol were selected to measure the kinetic parameters, including Km, Vmax, and Vmax/Km, by using the linear form of Hanes-Woolf plots. As illustrated in Figure 4, the new immobilized TLL exerted the highest affinity in MeTHF for the substrates, which was evidenced with the highest Vmax (59.6 mM/h) and lowest apparent Km (52.7 mM) values in the above enzymatic acylation systems containing the tested solvents. Excellent catalytic efficiency with the highest Vmax/Km of 1.13/h also demonstrated that MeTHF was the most effective medium in this enzymatic reaction.


[image: image]

FIGURE 4. Effect of the hyperoside concentration on enzymatic acylation in various media (inset of Hanes–Woolf plot). Reaction conditions: different concentrations of hyperoside, vinyl decanoate (11 equiv.), 3.0 mL anhydrous solvent [(A) THF, (B) MeTHF, (C) dioxane, (D) t-butanol], 180 mg Fe3O4@PDA-TLL, 55°C, 200 rpm.


Furthermore, the apparent activation energy (Ea) for the acylation is also assayed using Arrhenius plots (Figure 5). The Ea value of 16.3 KJ/mol for the MeTHF system afforded by Fe3O4@PDA-TLL was much lower than those received in other media (20.8–33.1 KJ/mol), indicating that MeTHF is beneficial to accelerate the enzymatic reaction and enhance this immobilized enzyme’s stability. These kinetic studies on the reactions described above are very similar to the TL IM (T. lanuginosus lipase immobilized on granulated silica)-mediated acylations (Wang et al., 2016), which suggests that the replacement of the immobilized carrier still retained the excellent characteristics of the enzyme itself and that Fe3O4@PDA could act as an alternative carrier for enzyme immobilization.
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FIGURE 5. Arrhenius plots of Fe3O4@PDA-TLL-catalyzed acylation of hyperoside in various media. Reaction conditions: 0.03 mmol hyperoside, 0.33 mmol vinyl decanoate, 3.0 mL anhydrous solvent, 180 mg Fe3O4@PDA-TLL, different temperatures (in the range of 35–55°C), 200 rpm.




CONCLUSION

In conclusion, T. lanuginosus lipase was successfully immobilized onto the biocompatible nanoparticles of Fe3O4@PDA and showed satisfactory performance, with absolute 6″-position, higher initial rate, and substrate conversion during the synthesis of the decanoyl derivative of hyperoside. Detailed investigations on the operational stability and kinetic studies also addressed that the immobilization of enzymes, using this method, could be a good and practical option for various industries. These findings will undoubtedly enrich the application of the novel immobilized carrier in the biotransformation fields.
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Hesperetin-7-O-glucoside (HMG) is a precursor for synthesizing a sweetener named neohesperidin dihydrochalcone, and the coordination toward flavonoids of metal ions tends to increase the water solubility of flavonoids. In order to achieve effective synthesis of HMG, an immobilized enzyme catalysis platform was constructed using an immobilized rhamnosidase on Fe3O4@graphene oxide (Fe3O4@GO), a novel reaction pathway based on the platform was designed for preparing a hesperidin complex as a soluble substrate, and ammonium hydroxide as a ligand dissociation agent to obtain HMG. The Fe3O4@GO was characterized by Fourier transform infrared (FT-IR), X-ray diffraction (XRD), scanning electron microscope (SEM), and thermal methods (TG/DSC) analysis to evaluate the immobilization matrix properties. The enzyme activity in free and immobilized form at different pH and temperature was optimized. The reusability of immobilized enzyme was also determined. In addition, the kinetic parameters (Km and Vmax) were computed after experiment. Results indicated that rhamnosidase immobilized on Fe3O4@GO using a green cross-linker of genipin hydrolyzed successfully and selectively the soluble hesperidin-Cu (II) complex into HMG-Cu (II), a permanent magnet helped the separation of immobilized enzyme and hydrolytes, and ammonium hydroxide was an effective ligand dissociation agent of translating HMG-Cu (II) into HMG with high purity determined by ultraviolet-visible (UV-Vis) spectra analysis and time-of-flight mass spectrometry (TOF-MS). As a result, a novel and high-effective biosynthesis pathway of HMG based on a selectively catalytic reaction platform were constructed successfully. The pathway based on the platform has great potential to produce valuable citrus monoglycoside flavonoid HMG, and the designed reaction route are feasible using the hesperidin-Cu (II) complex with good solubility as a reaction substrate and using ammonium water as a dissociation agent.

Keywords: biosynthesis, immobilized rhamnosidase, Fe3O4@graphene oxide, hesperetin-7-O-glucoside, hesperidin-Cu (II)


INTRODUCTION

Flavanones belong to a unique class of polyphenols containing three main aglycones: hesperetin, eriodictyol and naringenin (Manach et al., 2003). These glycosylated flavonoids are important components of citrus and play a vital role in human health (Carceller et al., 2019). Hesperidin, has been identified as the most abundant flavonoid in citrus peel, followed by naringin, a derivative of hesperidin (Nogata et al., 2006). Some studies have found that hesperidin possesses anti-inflammatory, lipid-lowering, antioxidant and anticancer biological and pharmacological properties (Bok et al., 1999; Choi et al., 2001). Moreover, it can also form metal complexes through the coordination of carbonyl and hydroxyl groups with metal ions to enhance water solubility and bioavailability (Ioannou et al., 2018). Under the action of rhamnosidase, the main hydrolyzed products were monoglycoside flavonoids named HMG which possesses a variety of pharmacological and biochemical activities, as well as anti-inflammatory, antiviral, and anticancer effects (Grazul and Budzisz, 2009). HMG is prepared mainly by chemical hydrolysis, but the reaction conditions are difficult to control. During the acid hydrolysis process, hesperidin is easy to over-hydrolyze the target product HMG to produce hesperetin, resulting in a low HMG yield and environmental pollution. Therefore, the preparation of HMG by chemical method is not suitable for industrial production, while the enzymatic method has the advantages of high specificity and green production. Hydrolyzing hesperidin using rhamnosidase can also obtain HMG, however, the poor solubility of hesperidin limits HMG yield. Perhaps soluble hesperidin-Cu (II) is a potential substitute substrate for hesperidin according to our former study.

Alpha-L-rhamnosidase [EC 3.2.1.40] is an enzyme that exclusively severs the terminal α-L-rhamnose from numerous rhamnosides and has been noted to be widely distributed in nature (Cui et al., 2007). It is not among the most studied glycosidase, but an important biotechnology enzyme. The hydrolysis of rhamnoside has crucial application values in debittering grapefruit juice and other citrus juices (Birgisson et al., 2007; Soria et al., 2012). Besides, there are other applications in the following: enhancing the wine aroma after hydrolysis of terpene glycoside precursors (Manzanares et al., 2003), using as an agent for structural study of glycosides to hydrolyzes L-rhamnosides specifically (Monti et al., 2004), and preparation of raw materials to synthesize several compounds of prospect in the food industry by hydrolysis of natural glycosides (Carceller et al., 2019).

However, free enzyme systems are not widely accepted in industry due to the long processing time, the difficulty in product recovery and enzyme reuse (Cardelle-Cobas et al., 2016). Immobilized enzymes play an important role in food and pharmaceutical benefited from their low cost and simple fixation process. For cells or enzymes, immobilized biocatalysts perform better than free cells or enzymes. It is generally known that the advantages of immobilized enzymes include the residual recovery of products and substrates, the promoted reusability of catalysts (Park and Chang, 2000), inhibition of reducing product (Kosugi and Suzuki, 1992). Due to unique properties like lager specific surface area and high chemical stability, graphene oxide (GO) as a precursor of graphene, has been widely applied in biotechnology and industry (Lomeda et al., 2008; Zhang et al., 2012; Zhao et al., 2014), such as GO has become a suitable carrier material for various enzyme immobilization that considered to be an appropriate method to increase stability and facilitate reuse, and these properties are why they have been used as nanocatalysts in other studies (Maleki and Paydar, 2015; Maleki and Rahimi, 2018). Certainly, enzyme activity after immobilization leading to a significant loss is still a main problem to solve. Until now a mass of carrier and composite materials have been tested for immobilized enzyme (Cheng et al., 2012; Wei et al., 2012). Using magnetic carrier can remarkably improve product enzymes and other components in the reaction mixture degrees of separation versus the pure carrier or non-magnetic materials (Demirel et al., 2004; Jiang et al., 2012). Zhang et al. (2020) considered magnetic nanoparticles to be a significant approach for targeted drug delivery. And magnetic nanocatalysts have also been reported because they are easily separated from the reaction mixture (Maleki et al., 2019). As a result, the preparation of magnetic immobilized enzyme materials has research significance and application value.

Ammonium hydroxide is a common complexing agent whose complexing ability exceeds that of hesperidin and its derivatives like HMG. After the complexing of ammonium and metal, HMG changes from complexing state to free state. Based on the characteristics that the complex of the ammonium-metal complex is easily soluble in water, while the solubility of HMG is poor when the solvent is acidic or neutral, it is separated from the complexing agent and metal complex, thus obtained a high-purity HMG extract. However, this novel dissociation approach has seldom been reported in relevant literatures.

In this paper, a novel and high-effective biosynthesis pathway was developed to produce HMG based on the construction of immobilized rhamnosidase reaction platform using Fe3O4@GO (Figure 1). This study committed to explore the feasibility and operability of the novel HMG-synthesizing pathway. Synthesis of the Fe3O4@GO composite materials was the first step for immobilized enzyme, and its structure was characterized by FT-IR, XRD, SEM, and thermal methods analysis. In addition, the enzymatic properties of free enzyme and immobilized enzyme were also tested. Fe3O4@GO as an immobilized framework support can increase the reuse rate of the enzyme to save resources, and the enzyme activity stability was improved compared to that before immobilization. Moreover, there was a synergistic effect with the product, it can promote the separation of the enzyme and the hydrolysate, to a certain extent, was conducive to the conversion rate of the product. Ammonium hydroxide was used as the ligand dissociation agent to compete with the HMG-copper complex in the enzymatic hydrolysate to combine with copper, so that HMG was extracted and verified by TOF-MS analysis.
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FIGURE 1. (A) Scheme of biosynthesis HMG and (B) enzyme-immobilized platform construction based on Fe3O4@GO composite.




MATERIALS AND METHODS


Materials

Graphene oxide was purchased from Zhongsen Leadership Technology Co., Ltd (Shenzhen, China). Ferrous sulfate heptahydrate was obtained from Tianjin Damao Chemical Reagent Factory (Tianjin, China). Iron(III) chloride hexahydrate was purchased by Fuchen Chemical Reagent Co., Ltd (Tianjin, China). Genipin was provided by Liuzhou Qianrong Health Industry Co., Ltd (Liuzhou, Guangxi, China). Hesperidin, rhamnosidase (2.15 U) were provided by Shanghai Yuanye Biotechnology Co., Ltd. (Dongying, Shandong, China). D296 macroporous strong basic anionic exchange resin (referred to as D296 resin) was provided by Zhengzhou Qinshi Technology Co., Ltd. (Zhengzhou, China). Ethanol, copper dichloride, citric acid, and sodium citrate were of analytical grade.



Preparation and Characterization of Catalyst


Synthesis of Fe3O4@GO

The Fe3O4@GO was synthesized with a slight modification as described in literature (Kassaee et al., 2011). In the presence of GO, the composite was prepared from ferric chloride and ferrous sulfate heptahydrate at a molar ratio of 2:1. 100 mg of GO in 50 mL of distilled water was ultrasonicated for 30 min, FeCl3 and FeSO4 (8 × 10–3 and 4 × 10–3 mol/L, respectively) were added and stirred vigorously at room temperature. After dissolution, the temperature was raised to 80°C and ammonium hydroxide was dropped into the solution to raise the solution pH to 10.0. The sample was cooled to room temperature after an agitation at 60°C for 1 h. The resulting black precipitate was centrifuged at 8000 rpm for 5 min and washed three times with ethanol (95%), finally dried in air naturally.



Immobilization of Rhamnosidase on Fe3O4@GO

The immobilization of the rhamnosidase was performed as follows: 5 mg Fe3O4@GO was dispersed in 4 mL citrate buffer (50 mM), pH = 6.0, and 1 mL rhamnosidase and 0.1% genipin were added and placed in a centrifuge tube under vibration in a thermostatic oscillator (DDHZ-300, Shanghai, China) with a speed of 170 rpm and kept at 30°C for 24 h. The immobilized enzyme was collected with a permanent magnet, then washed thoroughly with 50 mM citrate buffer pH = 6.0 and stored at 4°C until use.



Characterization


SEM

The morphologies of all dried GO and Fe3O4@GO were characterized by a scanning electron microscope (EVO18, ZEISS, Germany). The sample was sputtered with gold, the images of the coating sample were observed at 1000 times magnification under the acceleration voltage of 10.0 kV.



FT-IR spectra

In order to identify the possible structure difference between GO and Fe3O4@GO, the two samples for FT-IR measurement within the range 500–4000 cm–1 were prepared by mixing with potassium bromide (KBr), respectively, and then compressed into thin pellets (Vector33, Bruker, Germany) (Zhang et al., 2010).



XRD

The crystal morphology and the structure of GO and Fe3O4@GO powder were assessed with XRD analysis. The pattern of the sample was recorded on a Bruker polycrystalline X-ray diffraction (Cu-Kα radiation, λ = 1.5406 Å) at a scanning speed of 120/min in the 2θ range of 10–90°.



Thermal study

TG-DSC curves were observed with a Simultaneous Thermal Analyzer (STA449 F3, NETZSCH, Germany), 4 mg of samples were used, and a continuous heating ramp of 10 kmin–1 from 30°C to 500°C was adopted in a nitrogen atmosphere.



Integration and Separation of Hesperidin and Its Coordination With Cu2+

The preparation of hesperidin copper complex has been slightly modified according to the method previously used by our research group (Gao et al., 2018). The hesperidin-loaded D296 resins were packed into an ion exchange column (22 mm × 480 mm). The eluent made of methanol solution containing copper chloride flowed out at a rate of 4 mL per minute and samples were collected using an automatic partial collector (40 mL per tube). And the sample with the highest absorbance at the specific absorption peak was concentrated in a rotary evaporator (RE-52AA, Shanghai, China) at 50°C. The concentrated solution was cooled to room temperature and dried with a freeze dryer (SCIENTZ-18N, Ningbo, China) for 24 h to obtain a brown and slightly yellow hesperidin-Cu (II) complex.



Catalytic Experiments


Determination of the Enzyme Activity

An aliquot hesperidin-copper complex solution (10 mL, 0.1 mg/mL) was prepared with citric acid buffer 50 mM (pH 6.0) as the reaction substrate and preheated in an oscillator at 60°C for 5 min, followed by adding rhamnosidase to start the catalysis. After oscillating for 1 h (170 r/min), it was immediately removed and inactivated with boiling water for 30 min. The solution after enzyme elimination was centrifuged at 4000 r/min for 20 min, then the supernatant was passed through the 0.22 μm filter membrane. The content of hesperidin-Cu, HMG-Cu in the reaction solution was determined by HPLC. One enzyme unit (U) was considered the amount required for enzyme liberation of 1 μg HMG per minute under the described reaction conditions.



Determination of the Optimum pH

The activity of free and immobilized rhamnosidase (1.98 U) was assayed in buffers of varying pH 2.0–9.0. The buffers used were glycine-HCl (pH 2.0), sodium citrate (pH 3.0, 4.0, 5.0, and 6.0), sodium phosphate (pH 7.0 and 8.0) and Tris–HCl (pH 9.0). Measurements of enzyme activity were carried out under the conditions described above.



Determination of the Optimum Temperature

The activity of free and immobilized rhamnosidase was measured in 0.05 M sodium acetate buffer (pH 6.0) at different temperatures (20–80°C) under the same experimental methods as indicated before.



Thermal Stability

The thermal stability of the enzyme was assayed by heating the free and immobilized enzyme at the temperatures of 60°C in sodium citrate buffer solution (50 mM, pH 6.0) for altering times in the absence of substrate. Subsequently, the hesperidin-copper solution (as the substrate) was added and the measurement of the enzyme activity was determined as described above.



Determination of Kinetic Parameters

For determining the Michaelis–Menten constant (Km) and the maximum rate of the reaction (Vmax), an activity experiment was conducted by varying the concentration of the substrate (from 20 to 100 μg/mL). The double reciprocal curves of Lineweaver–Burk were plotted to calculate Km and Vmax values according to Michaelis-Menten equation (1) as follows:

[image: image]

where the slope was [image: image], the intercept was [image: image].



Production and Validation of HMG

After the reaction on the immobilized rhamnosidase, the mixture was separated by a permanent magnet, thus the biocatalyst was removed, washed and reused. The analysis of products was performed by HPLC. Excess ammonium hydroxide as a dissociation agent was used and added to the supernatant, then stirred for 1 h and pH was adjusted to neutral, the mixture stood for 30 min. A white precipitate was obtained through centrifuging the turbid liquid, washed three times with distilled water and then dried in a freeze drier. UV-Vis spectroscopy was determined by a TU-1901 spectrophotometer (Beijing, China), the spectral scanning region of the target product (70% ethanol as solvent) was from 200 to 500 nm, and the differences of the spectra were compared before and after dissociation. In addition, the molecular weight of the target product was verified by mass spectrometry.



RESULTS AND DISCUSSION


Characterization of Fe3O4@GO


SEM Analysis

The surface morphology of Fe3O4@GO and GO was observed by SEM under 1KX magnification, and the images were presented in Figure 2. The surface of GO had some wrinkles and the edges curled slightly (Patel et al., 2017). The Fe3O4 particles can be seen that it adhered and dispersed on the surface of GO.


[image: image]

FIGURE 2. Surface morphology of GO (A) and Fe3O4@GO (B).




FT-IR Analysis

Variation in molecular structure was determined by infrared spectroscopy and the spectra of GO and Fe3O4@GO was shown in Figure 3. In the spectrum of GO, the peak appeared at 1729 cm–1 attributed to the stretching band of C = O in carboxylic acid or carbonyl moieties, the rest peaks of 3604, 1399, 1220 cm–1 could be corresponding to the stretching vibration of O-H, C-O, O-H groups (Kassaee et al., 2011). The Fe3O4@GO spectrum differed in that the peak of O-H at 3736 cm–1 was obviously weaken, and the Fe-O stretching peak approximately at 480 cm–1 could be seen, which confirmed Fe3O4 particles successfully anchored onto the GO (Fan et al., 2017). In addition, the Fe3O4@GO curve was a little blue-shift relative to the GO curve, the reason may be that the large Fe3O4 particle loaded on the surface of GO, leading to a change in the charge density (Peng-Fei et al., 2000).


[image: image]

FIGURE 3. Infrared spectra of GO (A) and Fe3O4@GO (B).




XRD Analysis

In order to investigate the effect of Fe3O4 on molecular crystal structure, X-ray diffraction patterns of GO and Fe3O4@GO powders were determined as shown in Figure 4. The diffraction peaks of GO were obviously different from that of the combined Fe3O4@GO composite material. GO curve demonstrated well distinguished characteristic diffraction peaks at the 2θ values 9.42, 25.25, 42.27°, respectively. But a portion of Fe3O4@GO scattering from the crystalline domains was diffuse and displayed poor crystalline feature compared with GO (Liu et al., 2010; Mondal et al., 2014), only a slightly strong diffraction peak appeared at 35.46°, perhaps it was the introduction of Fe3O4 that caused the change in crystal morphology. The three diffraction peaks in GO can also be found in Fe3O4@GO pattern, may indicate that the basic skeleton of GO had not changed.


[image: image]

FIGURE 4. X-ray diffraction patterns of GO and Fe3O4@GO.




TG-DSC Analysis

As shown in Figure 5, thermodynamics data including TG, DSC, and DTG was determined using a simultaneous thermal analyzer. In the TG and DTG thermograms, the degradation of GO (Figure 5A) was divided roughly into three steps (de Jesus et al., 2019). Firstly, the weight loss (14.96%) due to free water evaporation was observed at 31–126°C for GO. The mass loss of the second stage within the temperature range of 126–213°C was 25.64%, the reason for the mass loss may be related to the loss of the combined water. In the last process, the residual weight remained 43.8% after increasing the temperature till 500°C. However, the Fe3O4@GO (Figure 5B) powders showed a two-step weight decrease (7.76, 19.96%) because of free water evaporation within the temperature range of 30–127°C and Fe3O4@GO combustion at temperatures between 127 and 500°C (remained 72.38%), which was similar to the literature (Patel et al., 2017). As can be seen from the DTG curves, the temperature corresponding to the peak of Fe3O4@GO was slightly higher and since its mass loss was obviously smaller than that of GO, it could be concluded that the thermal stability improved to some extent after being combined with iron. The DSC curves showed two exothermic peaks of GO and Fe3O4@GO at 189.1, 203.1°C, respectively, which were in accord with the second phase of weight loss by TG (Mohan et al., 2019). Due to the evaporation of combined water, which was an endothermic process as depicted by the endothermic peak of DSC curve (Yi et al., 2017).


[image: image]

FIGURE 5. TG-DSC-DTG curves of GO (A) and Fe3O4@GO (B).




The Magnetic Property

Graphene oxide and Fe3O4@GO of the same mass were diffused in distilled water, and it was found that GO was evenly dispersed, while Fe3O4@GO was precipitated after a period of time. Through the water retention experiment, it was found that the value decrease of Fe3O4@GO compared to GO may be due to the presence of adsorbed iron. The low water retention capacity of Fe3O4-loaded GO may improve physical stability (Altundogan, 2005). When placing a permanent magnet on the side, the magnetic particles were effectively separated in a short time, which could be seen from Figure 6 (Hua et al., 2014). Perhaps the magnetic property benefits to the following separation of hydrolytes with immobilized enzyme on Fe3O4@GO.


[image: image]

FIGURE 6. Images of GO (A) and Fe3O4@GO (B).




Interaction Between Hesperidin-Cu (II) Complex and Immobilized Enzyme

The hesperidin-Cu (II) complex (Figure 1) was obtained by the method of separation reaction integration mentioned above. And the formation of the complex was confirmed and the carbonyl group and the hydroxyl group in hesperidin were involved in the coordination reaction in our former research (Chen and Zhu, 2018). Due to the “concentration effect” or the “embedding effect” of rutinose on the ligand: coordination caused copper ion buried in the water-insoluble glycoside ligand (hesperetin) in the middle of the complex molecule (Yu et al., 2007). As a result, copper ions had no space to interact with Fe3O4@GO, while the rutinose part of hesperidin reacted with glycosidase, so the copper would not affect the enzyme and immobilized enzyme materials.



Effects of Reaction pH and Temperature on Enzyme Activity

The water solubility difference between the two was measured by the standard curve method, and it was found that the complex of the same quality was 3.36 times more soluble than that of hesperidin, thus the effect of pH on enzyme activity was determined using hesperidin-Cu(II) as the substrate within a pH region of 2.0 to 9.0. Figure 7A demonstrated the pH-activity profiles for free and immobilized rhamnosidase. The optimum pH of the immobilized enzyme was 6.0, the same as that of the free enzyme. The influence of the microenvironment around the active site of enzyme protein on the hydrogen-ion concentration could be observed by comparing the pH of the two. And the result demonstrated that the support hardly altered the proton distribution between the aqueous phase and the microenvironment surrounding the active site of the enzyme (Busto et al., 2007). The immobilized enzyme presented better tolerance of low pH than the free rhamnosidase. The activity of the free enzyme at pH 2.0 remained only 5.96%, while the other still maintained 43.7% activity under the same experimental conditions (Khan et al., 2017).


[image: image]

FIGURE 7. (A) Influence of pH on relative activity of free and immobilized rhamnosidase (—■—) free enzyme and (—▲—) immobilized enzyme. (B) Influence of temperature on relative activity of free and immobilized rhamnosidase (—■—) free enzyme and (—▲—) immobilized enzyme.


The relative activity of the free and immobilized rhamnosidase as a function of temperature was shown in Figure 7B. The optimal temperature for free and immobilized enzymes was noticed to be same at 60°C. The trend of the curve indicated that the free enzyme was easily affected by the temperature, but the temperature variation had less effect on the immobilized enzyme. Because the immobilization reduced the activation energy of the enzyme, leading to the improvement of the catalytic efficiency for the immobilized rhamnosidase (Soares and Hotchkiss, 1998). In the range of 70–90°C the free enzyme retained at least 90% activity, therefore, showed good resistance to high temperatures.



Thermal Denaturation

The thermal denaturation plots for free and immobilized enzyme were depicted in Figure 8. It can be seen that the free enzyme exhibited 43.4% activity at the time of 120 min while the immobilized rhamnosidase retained 85.3% activity in the similar experimental conditions. The reason may be that the immobilized matrix endowed with the enzyme rigidity again, making it more resistant to thermal denaturation.


[image: image]

FIGURE 8. Thermal denaturation of free and immobilized rhamnosidase.




Kinetic Parameters Investigation

The kinetic parameters (Km and Vmax) of rhamnosidase in free and immobilized forms were summarized in Table 1. Km value is a characteristic value independent of substrate and enzyme concentration, which is often used to evaluate the ability of enzymes and substrates to form complexes. As can be seen from the current data, the Km value of immobilized enzyme was higher than that of free enzyme, indicating that both free and immobilized enzymes had high affinity to the substrate (Yang et al., 2019). Vmax represents the maximum reaction rate under a certain amount of enzyme, that is, the reaction rate when the enzyme is completely saturated with substrate, proportional to the enzyme concentration. Vmax of the immobilized enzyme (0.7612) was slightly higher than that with free enzyme (0.7467), certifying Fe3O4@GO was a good carrier while maintaining the enzyme activity.


TABLE 1. Kinetic parameters of free and immobilized rhamnosidase.

[image: Table 1]


Reusability Assay

Analysis of the reusability can provide cost-effectiveness for the use of enzymes in economically viable catalytic processes (Haider and Husain, 2007). As depicted in Figure 9, results showed that the relative activity decreased by only 1.89% after the first cycle and kept 60.1% after 10 cycles, indicating that the recycling stability of immobilized enzyme was enhanced by the introduction of Fe3O4@GO, which endowed the enzyme better rigidity.


[image: image]

FIGURE 9. Reusability of the immobilized rhamnosidase.




Production of HMG

The enzymatic hydrolysate was separated from the immobilized enzyme by a permanent magnet, and the product conversion was measured by HPLC. Excess ammonium hydroxide as a dissociation agent was used and added to the supernatant to free target product, the obtained precipitate was washed and dried, characterized by UV-Vis spectroscopy. The characteristic absorption peaks at 390 and 287 nm had a blue shift to 334 and 284 nm, which was corresponding to the HMG spectra and indicated the success of the solution dissociation (Figure 10).


[image: image]

FIGURE 10. UV–Vis spectra of HMG and ligand-dissociation product.




Mass Spectra

The target product was dissolved by chromatographic methanol and the TOF mass spectra was plotted as shown in Figure 11. The two most intense peaks were observed at m/z 486.9 and at m/z 502.9, confirming the product was consistent with HMG. The 486.9 Da peak was explained by the composition of a unit plus, i.e., [M + Na+]–, whereas the peak of 502.9 Da was due to the presence of K+, suggesting the possible molecular formula of M was C22H24O11 (the possible structure as depicted in Figure 11). The reason might be that the target sample contained oxygen on the carbonyl group, which was the action site for easy binding with Na+ or K+. The residual two ions in the mobile phase, the system pipeline and other places could easily combine with the compound and form sodium-containing or potassium-containing fragment peaks (Pasch et al., 2001).


[image: image]

FIGURE 11. TOF-MS spectra of the target product HMG.




CONCLUSION

Hesperetin-7-O-glucoside, a kind of highly bioactive citrus flavonoids, has been successfully created by constructing a high-effective and green biosynthesis pathway. The green pathway integrates following steps like the construction of Fe3O4@GO as a matrix, the immobilization of the rhamnosidase on the matrix as a biosynthesis platform, the enzyme hydrolysis using a novel substrate of hesperidin-Cu (II) and the immobilization enzyme, the magnetic separation of hydrolytes with the enzyme, and the ligand dissociation of HMG-Cu(II) using ammonium water. Ionic liquid can be used as a new solvent or cosolvent for organic synthesis or biocatalytic transformation (Lou et al., 2006). Considering the problem of saving technological process, in the future research, we will explore whether ionic liquid can improve the solubility of hesperidin, so as to directly act as a substrate reaction and avoid the steps of complexation and dissociation.

Firstly, the magnetic Fe3O4@GO was prepared as a matrix material, easily realizing the objectives of high immobilization efficiency, feasible enzyme recycling, and good separation of hydrates with the immobilized rhamnosidase. In addition, genipin was used as a green cross-linker in the immobilization process. The characterization was used to determine the difference before and after combining Fe3O4, including FTIR, XRD, SEM and thermal analysis. Results indicated that Fe3O4@GO could be an ideal carrier for enzyme immobilization based on its effective dispersing properties and structure with good rigidity.

Secondly, by comparing the effect of pH and temperature on immobilized enzyme and free enzyme, the immobilized rhamnosidase was less affected by temperature and pH during the reaction process, and its thermal stability was improved in comparison with that of free rhamnosidase. Furthermore, the kinetic values (Km and Vmax) of immobilized enzyme calculated a little higher than the free enzymes, confirming that the affinity between enzyme and substrate was improved by immobilization. The immobilized rhamnosidase also showed slightly better activity after successive utilization of 10 runs. In addition, the immobilization enzyme can easily be separated with hydrolytes through the attraction of a permanent magnet.

Thirdly, by introducing ligand dissociation agent like ammonium water competing for combination with metal ions, the obtained object enzymatic hydrolysate of HMG was separated from copper and precipitated. The ultraviolet spectrum indicated that the ligand dissociation matter was successfully created, and mass spectrometry was performed to verify that the product obtained was the target material HMG. Table 2 listed the differences between some references’ results and this study, proving the novelty of the reaction pathways and materials used in the paper.


TABLE 2. The methods differences between literatures.

[image: Table 2]So, the constructed pathway is successful because it is based on hesperidin hydrolysis using a immobilization rhamnosidase on Fe3O4@GO as a biosynthesis platform with good rigidity, magnetic separation property and reusability, and it is also based on the good ligand solubility using hesperidin-Cu (II) as enzyme substrate and good ligand dissociation property using ammonium water as a ligand dissociation agent. In addition, the raised biocatalyst pathway based on the biosynthesis platform, may possess a great sustainable and green application prospect by creating HMG or other flavonoids on a large scale.
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The industrial exploitation of protease is limited owing to its sensitivity to environmental factors and autolysis during biocatalytic processes. In the present study, the alcalase microarray (Bacillus licheniformis, alcalase@HMSS-NH2-Metal) based on different metal ions modified hollow mesoporous silica spheres (HMSS-NH2-Metal) was successfully developed via a facile approach. Among the alcalase@HMSS-NH2-Metal (Ca2+, Zn2+, Fe3+, Cu2+), the alcalase@HMSS-NH2-Fe3+ revealed the best immobilization efficiency and enzymatic properties. This tailor-made nanocomposite immobilized alcalase on a surface-bound network of amino-metal complex bearing protein-modifiable sites via metal-protein affinity. The coordination interaction between metal ion and alcalase advantageously changed the secondary structure of enzyme, thus significantly enhanced the bioactivities and thermostability of alcalase. The as-prepared alcalase@HMSS-NH2-Fe3+ exhibited excellent loading capacity (227.8 ± 23.7 mg/g) and proteolytic activity. Compared to free form, the amidase activity of alcalase microarray increased by 5.3-fold, the apparent kinetic constant Vmax/Km of alcalase@HMSS-NH2-Fe3+ (15.6 min−1) was 1.9-fold higher than that of free alcalase, and the biocatalysis efficiency increased by 2.1-fold for bovine serum albumin (BSA) digestion. Moreover, this particular immobilization strategy efficiently reduced the bioactivities losses of alcalase caused by enzyme leaking and autolysis during the catalytic process. The alcalase microarray still retained 70.7 ± 3.7% of the initial activity after 10 cycles of successive reuse. Overall, this study established a promising strategy to overcome disadvantages posed by free alcalase, which provided new expectations for the application of alcalase in sustainable and efficient proteolysis.

Keywords: alcalase microarray, hollow mesoporous silica spheres (HMSS), metal ion modified nanocomposite, metal-protein affinity, alcalase immobilization, proteolysis


HIGHTLIGHTS

- Fabrication of alcalase microarray based on metal-protein affinity.

- Alcalase@Fe3+ revealed much better performance than Ca2+, Zn2+and Cu2+.

- Proteolysis activity of immobilized alcalase increased 2.1-fold than that of free one.

- Activation of alcalase by coordination with metal ions was confirmed by FT-IR.

- The alcalase microarray still retained 70.7% of activity after 10 cycles.



INTRODUCTION

Protease, like alcalase, is notable for its high biocatalytic activity and extensive adaptability in various fields (Jin et al., 2010; Zhang et al., 2018). However, the industry application of protease is hampered by its low operational stability, difficulties to recover and autolysis behavior (Öztürk et al., 2012). Benefiting from the development of modern biotechnology, enzyme immobilization provides a straightforward way to overcome these drawbacks (Bernal et al., 2018b). Immobilizing the enzyme on solid materials could enhance enzyme stability and enabled enzyme to reuse. Moreover, the autolysis posed by free protease could also be inhibited (Zhou and Hartmann, 2013). So far, there are four main methods for enzyme immobilization, such as physical adsorption, covalent binding, cross-linking of enzymes and entrapment (Xiao et al., 2018). Unfortunately, those conventional immobilization methods (e.g., physical adsorption, covalent binding, etc.) would lead to the losses of enzyme biocatalytic activity inevitably due to enzyme leakage and/or partial denaturation (Zhou and Hartmann, 2013). In this context, an efficient immobilization method should be developed which balance among catalytic activity, operational stability and economic applicability.

The concept of protein affinity for metal ions is well-known in the form of immobilized metal (ion) affinity chromatography (IMAC). In recent years, the application of metal-protein affinity has been extended to many fields except separation of protein. In particular, the potential application of metal-protein affinity in enzyme immobilization has gradually attracted extensive attention of researchers. Different from traditional immobilization method, this novel enzyme immobilization method was based on the interaction between electron donor groups (carboxy, amino, imidazole and thiol groups, etc.) present on protein surface and metal ions which secured on matrix by multidentate chelators (Ueda et al., 2003). Therefore, different combinations of metal ions and multi-dentate chelates could be used to obtain functional carriers with different affinity to target enzymes (Torres et al., 2004). It should be noted that the final structure of metal ions which chelated with the chelating group must contain free coordination sites for adsorption or binding with enzymes (Ueda et al., 2003). In many cases, the pre-coordination of metal ions with multidentate chelators could not only reduce the adverse effects of metal ions for enzyme structure but also improve the biocatalytic activity and operational stability of enzyme through stabilizing conformation of its catalytic sites (Wang et al., 2019). On the other hand, metal-protein affinity based on multiple forces including electrostatic interaction and metal-organic coordination could reduce the leaching of immobilized enzymes due to environmental factors, thereby retaining the biocatalytic activity during processing (Lai and Lin, 2018). Therefore, metal-protein affinity immobilization as a high-efficiency and sustainable procedure has a broad application prospect in enzyme immobilization.

In addition to proper immobilization method, suitable supports for targeted enzyme was also essential for immobilization (Dong et al., 2019b; Jankowska et al., 2019). In order to gain higher enzyme loading capacity and biocatalytic activity, it is always highly desirable to invent novel supports with high-performance (Antecka et al., 2018; Elizarova and Luckham, 2018; Zdarta et al., 2019; Jankowska et al., 2020). Recently, Hollow Mesoporous Silica Spheres (HMSS) have inspired prominent research interests due to their fascinating properties including high surface areas, ordered mesopores and abundant modifiable site on surface (Teng et al., 2019). To be specific, the highly specific surface area of HMSS provided an essential prerequisite for efficient mass transfer during the catalysis process (Hartmann and Kostrov, 2013). In addition, uniform and ordered mesopores of HMSS constructed a proper microenvironment for enzyme, which could increase the enzyme stability and reduce denaturation of enzyme (Hartmann and Jung, 2010). Besides, the abundant modifiable sites on HMSS surface were allowed to design specific surface properties for targeted enzyme. Up to now, HMSS had been successfully used in immobilization of lipases and alcalase (Ibrahim et al., 2016; Dong et al., 2019a).

Herein, we reported a novel alcalase microarray based on metal ions modified amino-functionalized HMSS as a sustainable and efficient catalysis platform for proteolysis. HMSS was utilized as matrix, (3-aminopropyl) trimethoxy silane (APTMS) was used to graft amino group on HMSS surface. Then, the terminal amino groups on HMSS-NH2 surface worked as linkers to anchor metal ions, thus alcalase could be immobilized on a surface-bound network of amino-metal complex bearing protein-modifiable sites. Among different alcalase@HMSS-NH2-Metal (Zn2+, Ca2+, Fe3+, Cu2+), the alcalase@HMSS-NH2-Fe3+ revealed the best immobilization efficiency, enzymatic properties and operational stability. Overall, this study established a promising strategy to overcome disadvantages posed by free alcalase, which provided new expectations for the application of alcalase in sustainable and efficient proteolysis.



MATERIALS AND METHODS


Materials

Alcalase 2.4 L (protease from Bacillus licheniformis) (>2.4 U/g solution) was obtained from the Novozymes, (3-aminopropyl) trimethoxy silane (APTMS), N-benzoyl-L-arginine ethylester (BAEE), fluorescein isothiocyante (FITC) and cetyltrimethylammonium bromide (CTAB) were purchase from Sigma-Aldrich. Toluene, acetone and sodium metasilicate nonahydrate (Na2SiO3·9H2O), ethanol and other chemicals were supplied by Sinopharm Chemical Reagent (Shanghai, China) and were of analytical reagent grade. Albumin from bovine serum (BSA), O-Phthalaldehyde (OPA), L-arginine, dithiothreitol (DTT) and bicinchoninic acid (BCA) Protein Assay Kit were obtained from Shanghai Yuan Ye biotechnology. Purified water was obtained with a Milli-Q apparatus (Millipore, Bedford, MA, USA).



Preparation of Metal Ion Modified Amino-Functionalized Mesoporous Silica Spheres (HMSS-NH2-Metal)

The method of HMSS synthesis and purified was according to previous reports with slightly modified (Zheng et al., 2015; Dong et al., 2019a). The detailed prepared process of HMSS was described below: 78.0 g CTAB and 92.0 g solid Na2SiO3·9H2O were added into 1,200 mL ultrapure water, and stirred vigorously at 30°C until the solution became clear. Subsequently, 75 mL ethyl acetate was quickly added into the clear solution with 30 s vigorous stirring. Then, the mixture was standing for 5 h at 30°C without any stirring. Next, the mixture solution was aged at 90°C for 48 h. Then, the mixture solution was filtered to gain the solid products and dried at room temperature. Finally, the dried HMSS was calcined at 550°C for 5 h in the muffle furnace and stored dry for further use. At the next stage, HMSS nanoparticles were modified by (3-aminopropyl) trimethoxy silane (APTMS) grafting amino group on HMSS surface (Bernal et al., 2018a). 1.0 g of native HMSS was added in contact with 30 mL of toluene at 10% of APTMS. After the reflux at 105 °C for 6 h, the material was filtered and washed with water-acetone solution. Subsequently, metal ion ligand anchor on HMSS-NH2 surface was performed as described previously with minor modification (Yang et al., 2010). Briefly, 1.0 g HMSS-NH2 was directly adding in a 25 mL ethyl alcohol which containing 1.5 mmol of different metal ions (CaCl2, ZnCl2, FeCl3, CuCl2), the mixture was stirred under a nitrogen atmosphere for 48 h at room temperature, the final products were filtered washed with acetone and ethyl alcohol, and air-dried for 24 h. The nanoparticles denoted as HMSS-NH2-Ca2+, HMSS-NH2-Zn2+, HMSS-NH2-Fe3+, HMSS-NH2-Cu2+ according to the different metal ions contained in the solution.



Immobilization of Alcalase on HMSS-NH2-Metal

Firstly, 25 mL alcalase solution (Alcalase 2.4L) was incubated at 4°C for 15 min, 200.0 mg HMSS-NH2-Metal was added into 10 mL ultrapure water and dispersed with ultrasound assist for 3 min. Then, the solution which dispersed 200.0 mg HMSS-NH2-Metal was directly injected into alcalase solution, mild magnetic agitation at 4°C for 30 min. Subsequently, the mixture was centrifuged (10,000 rpm, 10 min) and the precipitate was washed three times by ultrapure water. The enzyme solution protein content before and after immobilization was determined by bicinchoninic acid (BCA) assay. The resulting alcalase@HMSS-NH2-Metal was lyophilized and stored at 4°C prior to use.



Stability and Activity Evaluation of Immobilized Alcalase

Equal units of amidase activity and same protein content of free and immobilized alcalase were used in all assays.

N-benzoyl-L-arginine ethylester (BAEE) was used as substrate to evaluate the amidase activity of free alcalase and immobilized alcalase under the same conditions (25°C, pH 7.5). The hydrolytic cleavage of the easter linkage in BAEE could be catalyzed by alcalase, the produce N-α-benzoyl-L-arginine (BA) could be quantified by UV spectrometer (UV-1900, Shimadzu) at 253 nm. The calculation of enzymatic activity was shown in the following equation (Zhang et al., 2018):

[image: image]

where U is the enzymatic activity of alkaline protease (U/mg), ΔA253 is the absorbance changed at 253 nm, GE is the amount of alcalase (free alcalase, alcalase@HMSS-NH2-Metal, mg), T is the reaction time (min).

The effects of different pH values and temperature on the activity of free alcalase and immobilized alcalase were studied by previous BAEE method. The 50 mM phosphate buffer (pH 6.5–9.0) was used to evaluate the effect of different pH on the activity of free alcalase and immobilized alcalase with same protein content. Thermal stability was determined incubating the immobilized enzyme (50 mM phosphate buffer, pH 7.5) at 85°C for 30, 60, 90, 120, and 150 min. The residual activity was determined and compared with the initial activity at assayed temperature.

In addition, the reusability of alcalase@HMSS-NH2-Fe3+ and alcalase@HMSS-NH2 was also evaluated with BAEE method. Briefly, alcalase@HMSS-NH2-Fe3+ and alcalase@HMSS-NH2 was dispersed into 2 mL of phosphate buffer (50 mM, pH 7.5). Then, 1 mL of DTT (30 mM) was added to the previous mixture and incubated at 40°C for 10 min. Subsequently, 3 mL of BAEE (10 mM) was added to the above mixture and incubated at 40°C for 5 min. Upon completion of one cycle, the alcalase microarray was separated by centrifugation and taken out directly. Then, the recovered alcalase@HMSS-NH2-Fe3+and alcalase@HMSS-NH2 were rinsed three times with 50 mM phosphate buffer (pH 7.5) to remove residual substrate. Next, the recover alcalase microarray was resuspended in a fresh reaction mixture. The residual enzyme activity of each cycle was calculated by taking the initial activity as 100%.



Characterization of HMSS Carrier and Immobilized Alcalase

The surface morphologies of the samples were observed by scanning electron microscopy (SEM; SU8010, Hitachi, Tokyo, Japan) at 200 kV. Microstructure and compositional distribution of synthetic nanoparticles were investigated by STEM coupled with energy dispersive X-ray spectroscopy (EDX) elemental map (TEM; TECNAI G2 20S-TWIN, Hillsboro, OR, USA). Fourier transform infrared (FT-IR) spectra of synthetic nanoparticles were certified on an FTIR spectrometer (Bruker, Karlsruhe, Germany). Fluorescence confocal laser scanning microscopy (CLSM) images were attained on an Olympus IX71-A12FL and Nikon A1 confocal microscope (excitation wavelength = 488 nm).



Determination of Enzymatic Kinetic Parameters

Serial concentration of BAEE (0.10, 0.08, 0.05, 0.02, 0.01, 0.008, 0.005 mol/L) were used to evaluate the catalytic activity of free alcalase and alcalase@HMSS-NH2-Fe3+. The enzymatic activity in this study was in line with Michaelis-Menten mechanism. The fundamental kinetic characteristics were calculated by the Michaelis-Menten constant (Km) and maximum reaction velocity (Vmax). The kinetic parameters Km and Vmax were determined by plotting Lineweaver-Burk double reciprocal plot and the initial rates were obtained by plotting concentration vs. time. The kinetic parameters are calculated from the following equation:

[image: image]

Where V and C are the initial reaction rates (mol/(L·min)) and initial concentration of BAEE (mol/L), respectively.



Proteolysis Activity Evaluation of Free and Immobilized Alcalase

The BSA was dissolved in 50 mM phosphate buffer (pH 7.5) at 10.0 mg/mL concentration and used in this study. Free alcalase was in aqueous form, alcalase@HMSS-NH2-Fe3+, alcalase@HMSS-NH2 were completely dispersed in distilled water (80 mg protein equivalent/mL) before use. The catalysts with same protein equivalent was added to 10 mL BSA solution and incubated at 40°C for 0, 20, 40, 60, 80 min. At the end of incubation, the samples were heated at 100°C for 15 min to inactivate the enzyme. The degree of hydrolysis (DH) was determined by the OPA method according to the previous report (Nielsen et al., 2001). At last, the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze the molecular weight distribution of the hydrolysate produced by catalysts, the electrophoretogram was analysis by ChemiDocTM XRS+ system (Bio-Rad, USA).




RESULTS AND DISCUSSION


Characterization of the HMSS Carriers and Immobilized Alcalase

Metal ions, especially transition metal ions, could form coordination complexes easily due to their underfilled d-orbit (Ivanova and Spiteller, 2017). In this study, Ca2+, Zn2+, Fe3+, and Cu2+ were selected to pre-coordination with HMSS-NH2. As shown in Table 1, HMSS-NH2 modified by Fe3+ exhibited the highest loading capacity for alcalase, up to 227.8 ± 23.7 mg/g. This result could be explained by principles of Lewis acids and bases theory (Lai and Lin, 2018): the electron donor groups present on enzyme surface were classified as Lewis base, and the metal ions were classified as Lewis acid, the loading capacity of pre-coordination metal ions for enzyme was governed by the strength and number of coordinate covalent bonds formed between enzyme and metal ions. In other words, the metal ions contained more residual coordination site after pre-coordination possess stronger loading capacity for the target enzyme. Although all those metal ions (Ca2+, Zn2+, Fe3+, and Cu2+) had six theoretical coordination sites, but Fe3+ had a larger atomic radius than other metal ions, which could bate the steric hindrance during the metal-protein binding process (Dunn et al., 2006). Amidase activity was commonly used to evaluate the hydrolysis ability of protease to peptide bonds (-CO-NH-). In this study, alcalase@HMSS-NH2-Fe3+ showed the highest amidase activity among all the metal ions. The increase of amidase activity could be attributed to the activation effect of pre-coordinated Fe3+ for alcalase.


Table 1. The result of HMSS-NH2 modified with different metal ion for alcalase immobilization.

[image: Table 1]

The SEM images of HMSS-NH2-Fe3+ were shown in Figure 1 with different magnification. It was obviously seen that HMSS-NH2-Fe3+ maintained homogeneous spherical shape and possessed similar internal cavity and surface mesoporous structure as HMSS. Meanwhile, the average diameter of HMSS-NH2-Fe3+ was determined to be 2.3 μm. In order to gain better insight into synthesized nanoparticles, the microstructure and compositional distribution of HMSS-NH2, HMSS-NH2-Fe3+ and alcalase@HMSS-NH2-Fe3+ were further investigated by STEM coupled with energy dispersive X-ray spectroscopy (EDX) elemental maps. The element maps of eigen element were used to perform qualitative and quantitative the compositional details of different carriers and immobilized alcalase (Chang et al., 2014). As shown in Figure 2, the TEM images and Si element mapping images verified that these as-synthesized nanoparticles possessed same spherical dense Si skeleton structure apparently. According to EDX maps and spectra of Fe, C and N element, the increase of the bright spot density in Fe element maps and significant increase of Fe peak in EDS spectra (Figure S1) of HMSS-NH2-Fe3+ providing direct evidence of the successful loading of Fe3+ on HMSS-NH2 surface. Besides, the C, N element were shown similar distribution and intensity in HMSS-NH2 and HMSS-NH2-Fe3+. The above result could be attributed to the same source (APTES) of C, N element in both two nanoparticles. After the immobilization of alcalase, foreseeable increase of intensity of C, N and S element in the EDS spectra of alcalase@HMSS-NH2-Fe3+ accompanied with the increasing number of bright spots representing C, N and S element were observed. The increase of C, N and S elements could be attributed to the immobilization of alcalase on HMSS-NH2-Fe3+ surface, alcalase as a protein-based biological macromolecule, which contained a large number of C, N and S elements. Furthermore, the distribution of C, N and S elements in alcalase@HMSS-NH2-Fe3+ were dense and uniform, which indicated that the immobilization of alcalase on nanoparticle surface was uniform. Besides, to further confirmed the immobilization of alcalase, alcalase@HMSS-NH2-Fe3+ was fluorescently labeled by FITC, and an extensive dialysis was performed until no release of free FITC into solution. FITC is an amine reactive fluorescent probe which labels protein by forming a covalent bond between its isothiocyanate group and the primary and secondary amine groups of lysine (Shah et al., 2019). As shown in Figure S2, the distinct green fluorescence in CLSM image of alcalase@HMSS-NH2-Fe3+ provided a persuasive confirmation for the successful immobilization of alcalase.


[image: Figure 1]
FIGURE 1. SEM images of HMSS-NH2 with different magnification. (a): Mag = 3.0 kx, 10 μm, (b,c): Mag = 50 kx, 200 nm.



[image: Figure 2]
FIGURE 2. STEM images and Si, N, C, S and Fe element maps of HMSS-NH2 (1), HMSS-NH2-Fe3+ (2), and alcalase@HMSS-NH2-Fe3+ (3).


FT-IR spectra of HMSS-NH2, HMSS-NH2-Fe3+, and alcalase@HMSS-NH2-Fe3+ were carried out to compare the compositions of different nanoparticles and revealed the interactions between alcalase and HMSS-NH2-Fe3+. According to Figure 3, the Si skeleton structure of matrix could be confirmed by the Si-O bending vibration at 803 cm−1 and Si-O symmetrical stretching vibration at 469 cm−1 (Al-Oweini and El-Rassy, 2009). Further, the intense Si-O covalent bonds vibrations appear mainly in the 1,250–1,000 cm−1 range revealing the existence of a dense silica network, where oxygen atoms play the role of bridges between each two silicon sites, which were observed in all samples (Al-Oweini and El-Rassy, 2009). The characteristic absorption peak of 3,365 cm−1 was ascribed to absorb hydrogen-bonded water molecules and SiO-H group on the surface of synthesized nanoparticles. Comparing with HMSS-NH2, the intense peaks appearing at 1,610 cm−1 in HMSS-NH2-Fe3+ spectra could be attributed to the stretching vibration of N-H (Bernal et al., 2018a), which indicated that the HMSS-NH2 was successfully modified by Fe3+. After alcalase immobilization, absorption peaks at 3,365 and 2,940 cm−1 in alcalase@HMSS-NH2-Fe3+ spectra clearly differentiated. In addition, the spectral shifting and intensity variations of protein amide I bands at 1,640 cm−1, amide II bands at 1,542 cm−1and amide III bands at 1,300 cm−1 were also confirmed the immobilization of alcalase.


[image: Figure 3]
FIGURE 3. FT-IR spectra of HMSS-NH2, HMSS-NH2-Fe3+ and alcalase@HMSS-NH2-Fe3+.




Enzymatic Performance Evaluation of Free and Immobilized Alcalase

The insufficient stability of enzyme under processing conditions is the major barrier for enzyme industrial application, high temperature, or inappropriate pH value would cause the reversible or irreversible denaturation of enzyme, which would cause the losses of enzyme activity (Orfanakis et al., 2018; Liao et al., 2019). Thus, in order to check whether the prepared biocatalyst was suitable under catalytic conditions, the effects of temperature and pH value on free alcalase and alcalase@HMSS-NH2-Fe3+ were further evaluated. As shown in Figure 4, the immobilization of alcalase on HMSS-NH2-Fe3+ carriers exhibited significant influence on activity and stability of alcalase. According to Figure 4A, both alcalase@HMSS-NH2-Fe3+ and free alcalase reached maximum activity at pH 7.5, which indicated that the optimum pH of alcalase did not change after immobilization. However, the immobilization alcalase showed much higher relative activity than free alcalase both in acidic and basic pH regions. For example, the relative activities of free alcalase were 71.7 ± 2.1% and 56.2 ± 2.8% at pH 6.5 and 9.0, respectively. Under the same pH condition, the relative activities of alcalase@HMSS-NH2-Fe3+ were 81.9 ± 0.6% and 66.6 ± 2.4%, respectively. The increase of pH stability frequently associated with proton donor or acceptor groups (hydroxy, amino ect.) on the support, which could adjust the pH of surrounding environment of immobilization enzyme (Bayramoglu et al., 2013). Thus, it implied that alcalase@HMSS-NH2-Fe3+ had a much stronger pH tolerance than the free alcalase, which would reduce the losses of enzyme activity caused by inappropriate pH condition during the practical application.


[image: Figure 4]
FIGURE 4. Effect of pH value (A) and temperature (B) on the activity of free alcalase and alcalase@HMSS-NH2-Fe3+. (C) Thermal stability of the acalase@HMSS-NH2-Fe3+ and free alcalase.


In addition, thermal stability was also a crucial factor in the application of alcalase (Cardelle-Cobas et al., 2016). As shown in Figure 4B, the alcalase@HMSS-NH2-Fe3+ exhibited higher optimum temperature (55°C) than free alcalase (50°C). This change of optimum temperature could be due to the coordinate covalent bonds formation between alcalase and support caused by pre-coordinated Fe3+ on support, which might increase the conformational inflexibility of enzyme and prevent it from distortion or dissociation by heat exchange (Hu et al., 2015). Furthermore, alcalase@HMSS-NH2-Fe3+ showed more stable performance than free alcalase. Alcalase@HMSS-NH2-Fe3+ maintained high relative activity above 82.5 ± 1.1% in the temperature range of 40°C to 65 °C. However, the relative activity of free alcalase was decreased from 100 ± 0.8% to 52.1 ± 1.4% with the increase of temperature from 50 to 65 °C. Meanwhile, the study of thermal stability of free and immobilized alcalase showed a similar result. The alcalase@HMSS-NH2-Fe3+ retained 80.5 ± 2.4% initial activity after incubation at 85°C for 150 min. However, the residual activity of free alcalase decreased to 46.2 ± 4.2% after treated at 85°C for 60 min (Figure 4C). The higher thermal tolerance might be attributed to the protection of favorable carrier (HMSS) and metal-protein affinity immobilization strategy. These above results revealed that acalase@HMSS-NH2-Fe3+ exhibited more stable enzymatic performance at harsh conditions than free alcalase.



Kinetic Analysis of the Amidase Activity of Free Alcalase and Alcalase@HMSS-NH2-Fe3+

The optimal conditions for the free alcalase and alcalase@HMSS-NH2-Fe3+ were used to study the kinetic parameters. The Lineweaver-Burk double reciprocal plot of free and immobilization alcalase was shown in Figure 5 and Table 2. From the calculated data, the Km for alcalase@HMSS-NH2-Fe3+ was 2.3 μmol/L, which was lower than the free alcalase (2.4 μmol/L). This finding suggested that the affinity between the substrate and the acalase@HMSS-NH2-Fe3+ was higher than that of free alcalase (Zhang et al., 2017). Similarly, compared to free state, the Vmax of acalase@HMSS-NH2-Fe3+ was shown a remarkable increase, from 20.0 to 35.8 μmol/(L·min). The apparent kinetic constant Vmax/Km of alcalase@HMSS-NH2-Fe3+ (15.6 min−1) was 1.9-fold higher than that of free alcalase (8.3 min−1). Those significant (P < 0.05) increases of catalytic performance could be attributed to multiple factors. Firstly, highly ordered frameworks of HMSS-NH2-Fe3+ provided a uniform and relatively independent microenvironment for alcalase to defense extremely harsh conditions and decreased the possibility of autolysis. Secondarily, the large specific surface of HMSS-NH2-Fe3+ provided an essential prerequisite for efficient mass transfer during the catalysis process. Last but not least, the binding of alcalase with pre-coordination Fe3+ resulted in the favorable change in conformation of the alcalase, which enhanced the catalytic performances of immobilized alcalase.
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FIGURE 5. Lineweaver-Burk double reciprocal plots of free alcalase and acalase@HMSS-NH2-Fe3+.



Table 2. Kinetics parameters of the free and immobilized lipase.
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Effect of Metal-Protein Affinity Immobilization on the Structure and Activity of Alcalase

The aforementioned results have indicated that metal-protein affinity immobilization strategy could significantly enhance the biocatalytic activity and stability of alcalase. These enhancements of enzymatic performance could be attributed to the changes of secondary structure of alcalase (Greener and Sternberg, 2018), because the active site of alcalase was formed at the interface between α and β-domains in its secondary structure (Ma et al., 2011). Thus, in order to provide intuitive evidence for the enzymatic activation and stabilization of metal-protein affinity immobilization strategy, the free alcalase and alcalase@HMSS-NH2-Fe3+ FTIR spectra of the amide I region (1,700–1,600 cm−1) were further determined based on the Gaussian multi-peak fitting. Figure 6 showed the Gaussian multi-peak fitting results of amide I region (1,700–1,600 cm−1) of free alcalase and alcalase@HMSS-NH2-Fe3+, the band located at 1,610–1,640 cm−1, 1,640–1,650 cm−1, 1,650–1,658 cm−1 and 1,660–1,700 cm−1 was assigned to β-sheet, random coil, α-helix, and β-turn content, respectively (Qi et al., 2019). Furthermore, the contributions of each fraction of secondary structure were summarized in Table 3.


[image: Figure 6]
FIGURE 6. Fourier transform infrared (FT-IR) spectra of (A) free alcalase and (B) immobilized alcalase by Gaussian multi-peak fitting.



Table 3. Fraction of secondary structures and amidase activity of free alcalase and alcalase@HMSS-NH2-Fe3+.
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According to the results of Figure 6 and Table 3, the immobilization of alcalase based on metal-protein affinity immobilization strategy significantly changed the secondary structure of alcalase, which resulted in the increased amidase activity of alcalase@HMSS-NH2-Fe3+, from 10.5 ± 2.7 to 55.5 ± 6.2 U/mg. In free state, alcalase showed a loose structure, manifested as high random coil content, up to 51.9 ± 0.3%. The environmental sensitivity of alcalase (temperature, pH value etc.) was caused by the loose secondary structure, which was mentioned in Figure 4. After immobilization, a notable reduction of random coil content was observed, from 51.9 ± 0.3% to 41.1 ± 0.1%. Meanwhile, the contents of α-helix (12.9 ± 0.1 to 17.1 ± 0.1%), β-sheet (24.1 ± 0.2 to 28.7 ± 0.1%) and β-turn (11.1 ± 0.1 to 13.1 ± 0.1%) were increased in varying degrees. The above results indicated that the alcalase after immobilization possess more regularity and flexibility secondary structure than free alcalase, which caused the significant enhancement of biological activity and stability of alcalase.



Proteolysis Activity of Free and Immobilized Alcalase

Proteolysis, as an important biocatalysis process, was widely used in the food industry and proteome analysis (Zhang et al., 2019). The albumin from bovine serum (BSA) was adopted as a model protein to evaluate the proteolysis activity of alcalase@HMSS-NH2-Fe3+, alcalase@HMSS-NH2 and free alcalase under the same conditions. As shown in Figure 7, alcalase@HMSS-NH2-Fe3+ exhibited highest proteolysis efficiency for BSA in 60 min. The hydrolysis degree (DH) of BSA reached 65.7 ± 4.2% at the proteolysis terminal point which was 1.5-fold and 2.1-fold higher than that of alcalase@HMSS-NH2 and free alcalase, respectively. The outstanding proteolysis performance of alcalase@HMSS-NH2-Fe3+ could be ascribed to the combination of favorable carrier (HMSS) and metal-protein affinity immobilization strategy. The immobilization of alcalase on HMSS-NH2-Fe3+ not only provided high-efficiency mass transfer and proper microenvironment for proteolysis, but also favored the activity and stability of by changing the secondary structure of alcalase.


[image: Figure 7]
FIGURE 7. Hydrolysis degree of BSA with free alcalase, alcalase@HMSS-NH2 and alcalase@HMSS-NH2-Fe3+ as the biocatalyst. Hydrolysis conditions: biocatalysts: BSA =1:10 (w/w), 40°C, pH 7.5.


In addition, the molecular weight (MW) distribution of hydrolysates produced by three forms of biocatalyst visually demonstrated the outstanding catalytic performances of alcalase@HMSS-NH2-Fe3+. According to Figure S3, the complete disappearance of BSA band in lane.1 indicated that alcalase@HMSS-NH2-Fe3+ hydrolyzed all BSA (MW: 66.4 kDa) into smaller molecular weight components. And at the same processing time, alcalase@HMSS-NH2 and free alcalase only hydrolyzed 62.2 and 23.2% of BSA, respectively.



Comparisons of Recycle of Different Immobilized Alcalase

The reusability of alcalase@HMSS-NH2-Fe3+ and alcalase @HMSS-NH2 was compared to investigate the potentiality of these biocatalysts in industrial applications. Commonly, there are three main factors, which would cause the deactivation of immobilized enzyme over industrial applications: the presence of frictional shear in batch stirring reactions, incomplete recovery and extreme environmental factors. These factors could cause the inactivation and leakage of enzyme, thus result in the losses of enzymatic activity. As shown in Figure 8, it could be concluded that the residual activity remained up to 70.7 ± 3.7% after 10 cycles, but the alcalase@HMSS-NH2 was only retained 4.1 ± 2.1% of its initial activity after 6 cycles. In comparison, the immobilized alcalase on amino-functionalized Fe3O4 nanoparticles (Hu et al., 2015) lost more than 50% of its initial activity after 10 cycles; similarly, the alkaline protease nanoflowers-PVA composite hydrogel (Zhang et al., 2018) only retained 18.2% of its initial activity after 10 cycles. Based on these results, it could be deduced that the alcalase microarray based on metal-protein affinity immobilization method could efficiently reduce the bioactivities losses of alcalase caused by enzyme leaking and autolysis during the catalytic process.


[image: Figure 8]
FIGURE 8. The reusability of acalase@HMSS-NH2-Fe3+ and acalase@HMSS-NH2. The reaction was incubated at 40°C, pH 7.5 for 5 min with 3 mL BAEE (10 mM) as substrate.





CONCLUSIONS

In this study, a novel alcalase microarray (alcalase@HMSS-NH2-Fe3+) with excellent biocatalytic performance was successfully constructed based on metal ion modified amino-functionalized HMSS. The tailor-made nanocatalyst combined the advantages of HMSS and metal-protein affinity immobilization strategy, which endowed ultra-high activity and exceptional stability for alcalase@HMSS-NH2-Fe3+. The novel immobilization strategy based on metal-protein affinity enhanced the activity and stability of alcalase@HMSS-NH2-Fe3+ via changing the conformation of the secondary structure of alcalase. Compared with the free alcalase, the amidase activity and hydrolysis efficiency of alcalase@HMSS-NH2-Fe3+ increase by 5.3-fold and 2.1-fold, respectively. The strategy could enhance the reusability of alcalase@HMSS-NH2-Fe3+ greatly and the alcalase microarray still retained most of its initial activity after 10 cycles of successive reuse. In conclusion, this study established a promising strategy to overcome the disadvantages posed by free alcalase, which provided new expectations for the application of alcalase in sustainable and efficient proteolysis.
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A new protein immobilization and purification system has been developed based on the improved plasmid vectors, designated pETChBD-X, which contained the gene coding for two novel chitin-binding domains ChBD-AB, factor Xa cleavage site and adapted for gene fusions. The ChBD-AD from Chitinolyticbacter meiyuanensis SYBC-H1 was used as a novel affinity tag to anchor fusion proteins to chitin granules. The granules carrying the ChBD-AD fusion proteins can be isolated by a simple centrifugation step and used directly for some applications. Moreover, when required, a practically pure preparation of the soluble recombination protein can be obtained after Factor Xa cleavage. The efficiency of this system has been demonstrated by reaching 95% of protein absorbed to chitin within 30 min and recycling over 75% of interest protein after Factor Xa cleavage to separate interest protein and fusion tag. Furthermore, 65% L-glutamate oxidase with this fusion tag could be purified and immobilized within only one step and to be reused in converting L-glutamate to α-ketoglutaric acid directly, the average conversion rate kept above 65% even within four batches of enzyme conversion reaction.

Keywords: chitin-binding domain, fusion tag, affinity chromatography, protein purification, protein immobilization, enzyme conversion


INTRODUCTION

Chromatography is an important biological technique used for separating, identifying, and purifying target proteins from a mixture based on different characteristics such as size and shape, total charge, hydrophobic groups present on the surface and so on (Coskun, 2016). Nowadays, a variety of chromatography methods are widely applied in various occasions where protein purification or immobilization are required. Thus, by fusing the coding sequence of the interest protein with different tag sequences, which have high affinity to a ligand, these protein can be efficiently purified for identification and characterization (Li et al., 2017).

Protein affinity tag is an indispensable tool for recombinant protein expression and purification. The invention and application of these fusion tags including C-myc, HA, FLAG, poly-arginine or histidine, streptavidin binding tag, et al., have undoubtedly facilitated the in-depth research and practical application of various proteins (Jin and Amarasinghe, 2015). However, traditional affinity chromatography methods are always high cost and cumbersome operation, thus it appears important to develop new affinity chromatography methods to overcome these shortcomings.

Carbohydrate-binding module (CBM) including ChBD is found extensively in glycoside hydrolases, it is a sort of non-catalytic domain performing carbohydrate-binding activity and promoting the association of the enzyme with the substrate (Boraston et al., 2004). In view of high absorbing capacity to substrate, CBM proteins show potential application in feed industry, biomedicine, environmental protection and molecular biology (Oliveira et al., 2015). Recently, CBMs have been developed as useful affinity tags applied in purification and immobilization of proteins. For example, Rodriguez et al. (2004) used cellulose binding-domain as affinity tag and the purity of target protein reached over 95%; Demishtein et al. (2010) used a modified CBM as affinity tag and finally recovered about 90% of target protein; Liao et al. (2012) reported an example of one-step purification and immobilization of thermophilic polyphosphate glucokinase by using a family 3 cellulose-binding domain as fusion tag; Qin et al. (2019) realized one-step immobilization and purification of enzymes by carbohydrate-binding module family 56 tag fusion. All the examples above concluded that CBMs are practical and reliable fusion tags which have great potential for applications in biology research. When being used as affinity tags, CBMs usually possess two obvious advantages: high specificity and low cost. In general, the ability of binding specific substrates is unique to CBM, this uniqueness can prevent non-specific binding of other protein. In addition, the substrates which can bind CBMs, such as cellulose, chitin, xylan, starch and so on, are usually low-cost because of their widespread in nature.

In this work, we successfully truncated two potential chitin-binding domains (ChBD-AB) of chitinase CmChi1 from Chitinolyticbacter meiyuanensis SYBC-H1 according to amino acid analysis and confirmed its affinity ability to chitin which may be valuable in applying as fusion tag (Zhang et al., 2018). We constructed a novel protein immobilization and purification system with these ChBD-AB, and the universal plasmid vector (pETChBD-X, X represents gene encoding interest protein) contained the gene coding the two novel chitin-binding domains ChBD-AB, factor Xa cleavage site has been improved. The usefulness of these vector were exemplified by fusions to the typical genes encoding green fluorescent protein (GFP) and L-glutamate oxidase (LGOX). The visible purifying process and efficiency of purification and immobilization were evaluated. One-step immobilized L-glutamate oxidase (LGOX) in converting L-glutamate to α-ketoglutaric acid (α-KG) directly were established. This may provide a useful purification and immobilization platform for researching and application of recombinant proteins.



MATERIALS AND METHODS


Reagents and Strains

Chitin powder was purchased from Sinopharm Chemical Reagent, Co. (Beijing, China). Molecular biological reagents including DNA polymerase and restriction enzymes (Nde I, Xho I) purchased from TaKaRa Biotechnology, Co. (Dalian, China). Exnase required for one step cloning was purchased from Vazyme Biotech, Co. (Nanjing, China). Relevant molecular reagents kits including bacteria genomic DNA kit, plasmid miniprep kit, gel mini purification kit and SDS-PAGE kit were purchased from Zoman Biotechnology, Co. (Beijing, China).

The lysogeny broth (LB) contained 10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl. Expression vector pET-29a were used to fusion target gene fragments while Escherichia coli BL21 (DE3) was used as host strain in this work. All strains were cultivated in LB medium.



Plasmid and DNA Manipulations

The ChBD-AB gene, which was encoding two ChBDs modules of chitinase CmChi1, was amplified by polymerase chain reaction (PCR) from genome of Chitinolyticbacter meiyuanensis SYBC-H1 and a fragment encoding factor Xa cleavage site was added at the primer. The PCR reactions were performed for 32 cycles (95°C for 30 s, 60°C for 30 s, 72°C for 90 s), followed by a 10 min extension at 72°C. Then the amplified PCR products were purified and ligated into the pET29a vector. This way, one universal plasmid vector pETChBD-X was generate (Figure 2).

Then, the gene fragments encoding GFP and LGOX respectively were inserted multi clone site (MCS) by one step cloning for further study. After transformation into E. coli DH5α, the positive transformants were screened and verified by DNA sequencing. plasmid pETChBD-GFP and pETChBD-LGOX with a C-terminal His 6-tag were obtained. The recombinant plasmid was transformed into competent E. coli BL21(DE3) for protein expression. Sequencing service was supplied by GenScript Biotech Co. (Nanjing, China).



Overexpression and Purification of Proteins

Escherichia coli BL21(DE3) harboring pETChBD-X, pETChBD-GFP, and pETChBD-LGOX were inoculated into LB medium containing kanamycin at final concentration of 50 mg/L and incubated at 37°C with a rotation speed of 180 rpm. After the optical density (OD600) of the culture broth reached 0.6–0.8, isopropyl β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM, and the culture was further grown at 20°C and with a rotation speed of 120 rpm for 24 h.

The bacterial cells were harvested by centrifugation at 2124 × g and 4°C for 10 min, washed twice with equilibration buffer (20 mM Tris-HCl buffer, pH 7.0) at 4°C and then disrupted by ultrasonication. After, the cell debris was removed by centrifugation at 12,580 × g and 4°C for 20 min, and the supernatant was retained as crude extract. The target recombinant proteins ChBD-AB was purified by Ni-NTA agarose column. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out to analyze purification steps of the target proteins using standard methods.



Preparation of Ultrasonic Wave Chitin Powder and Colliodial Chitin

Ultrasonic wave chitin powder (UWCP) was prepared by ultrasonic crusher previously described. 20 g/L of chitin powder suspension was treated by sonication, the parameters were set to 25 kHZ, 300 W for 20 min. During the whole process, the suspension was cooled with ice water.

The preparation of colloidal chitin (CC) was referred to Inokuma et al. (2013) method. 10 g chitin powder was soaked by 40 mL acetone for 2 min and then been mixed with 100 mL concentrated hydrochloric acid (35%). The mixture were stirred with magnetic stirrer until it became transparency and then pored into 2000 mL cold ethanol (50%). After being fully stirred, the solution was left in the refrigerator overnight at 4°C with 100 mL of 35% hydrochloric acid. The mixture was stirred with magnetic stirrer until it became transparency and then pored into 2000 mL cold ethanol. Repeat the above steps and rinse colloidal chitin for several times until the pH value of the resuspension was around 6.0. Finally, colloidal chitin was prepared at 1% concentration.



Chitin-Binding Assay

Chitin was added to solution containing purified ChBD-AB protein, then the suspension was incubated under different conditions. After the adsorption was completed, solid was removed by centrifugation. Residual protein concentration in supernate was detected. In this way, the adsorption rates were calculated as follows:
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Detection of protein concentration was referred to Bradford method (Campion et al., 2017). Four factors were taken into account to investigate the effects on absorption: material of adsorbent, temperature, adsorbent concentration and incubating time. Four principal factors are systematically examined using orthogonal design of experiments (L9 matrix) based on the results of single-factor experiments, different experiments were designed according to different conditions and factors were independent and non-interference. Statistical analysis was used to identify the order of principal factors in terms of adsorption rates. Results including optimal condition and impact level of different factors were analyzed using MINITAB 14 software (Wu and Leung, 2011).

With regards to ChBD-GFP and ChBD-LGOX, lysates were used directly for adsorption under the optimal condition and the absorption effects were detected by SDS-PAGE. The absorption rate of ChBD-GFP was characterized by measuring the quality of GFP which was converted from the fluorescence intensity (Cha and Kwon, 2018) and absorption rate here was calculated as the above formula. The fluorescence intensity was detected by Hitachi F7000 fluorescence spectrophotometer. The absorption rate of ChBD-LGOX was characterized by measuring the activity of LGOX to quantitatively analyze the absorption effect of recombinant enzyme. The absorption rate was characterized by enzyme activity and was calculated as follows:
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One unit of LGOX activity was defined as the amount of enzyme that released 1 μmol H2O2 per minute. LGOX activity was measured by using a 4-aminoantipyrine method (Niu et al., 2014). The optimum catalytic conditions of different LGOX were determined under standard activity conditions using several buffers with various pH and temperature. The thermal-stability and pH-stability of free and immobilized LGOX are determined under standard activity conditions after enzyme being incubated at different conditions for 30 min, and the residual activity was determined. All binding assays above were carried out at the condition of optimal pH of chitinase CmChi1 (Zhang et al., 2018). All measurements were taken in triplicate and experiments were repeated three times to evaluate the standard deviation.



Elution of GFP Protein From UWCP

Chitin loaded with immobilized GFP was suspended again by phosphate buffer solution (PBS) and right amount of Factor-Xa (0.2∼0.3 U/100 μg interest protein) was added. After incubation at 4°C for one night, the insoluble was separated by centrifugation while target protein was retained in the supernatant. The recovery rate was calculated as follows:
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Production of α-KG by Transformation of L-Glutamic Acid via Immobilized LGOX

The enzymatic conversion adopted an optimized condition: 110 g/L L-glutamate, 1.5 U/mL immobilized LGOX and 250 U/mL catalase, which was used for removing H2O2 and its toxicity, in each batch of reaction (Niu et al., 2014). At the end of each batch of reaction, the product and the enzyme will be separated by centrifugation. After repeating the above steps for several times, the product concentration was determined by high performance liquid chromatography (HPLC) against a α-KG standard using a calibration curve, and then the α-KG yield from L-glutamate was calculated.



RESULTS


Analysis of Putative ChBDs From CmChi1

Amino acid sequence analysis revealed that CmChi1 encoded two chitin-binding modules named module A and B, respectively (Figure 1A), and both A and B belong to ChBD3 family which is widely existing in chitinases. The main structure of ChBD3 family domain is a discrete β-sandwiche and several short α-helixes between β-sandwiche providing a site for substrate binding (Vaaje-Kolstad et al., 2010). Multiple amino acid secquence alignments of the two domains revealed that ChBD-A show only 40.4% identity with ChBD of Chitinase A1 from Bacillus circulans WL-12 (Hashimoto et al., 2000; Ferrandon et al., 2003). The ChBD-AB show high similarity with some chitinases which have not been biochemically characterized according to phylogenetic analysis (Figure 1B). These results demonstrated that the ChBD-AB of CmChi1 are novel ChBDs which have potential value for research and application.


[image: image]

FIGURE 1. Amino acid sequence analysis of ChBD-AB. (A) Domain architecture of CmChi1. Domain A and B were predicted to work as chitin-binding domains which promoting the association of the enzyme with the substrate. To explore the utilization value, A and B were truncated expressed from CmChi1. (B) Phylogenetic analysis of chitin-binding domain A and B. Result of phylogenetic analysis indicates that both A and B has some degree of similarity with reported ChBDs and chitinases partially.
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FIGURE 2. Vector plasmid with ChBD-AB as fusion tag. The common plasmid contains gene encoding ChBD as fusion tag and a Factor Xa cleavage site to separate tag and interest protein. Gene encoding interest protein can be fused at multi clone site directly.




Parameter Optimization of Chitin-Binding Activity of ChBD-AB

The recombinant protein ChBD-AB with a C-terminal 6 × His tag was successfully expressed and purified by Ni-NTA. SDS-PAGE results showed that there were obvious specific bands same with purified proteins in the lanes with chitin matrix in chitin-binding assay (Figure 4). This phenomenon indicated that heterogenous expressed protein ChBD-AB performed great abilities of binding chitin.
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FIGURE 3. Application strategy of affinity chromatography system based on ChBD-AB. Interest protein fused ChBD can be absorbed by chitin on the purpose of separation from impurities. Obtained absorbed protein is able to be applied in repeating enzymatic conversion reaction or resolve into buffer through Factor Xa site cleavage.
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FIGURE 4. SDS-PAGE analysis of chitin-binding characterization of ChBD-AB. When compared with solution containing purified ChBD-AB (lane 1), the specific band represented ChBD-AB disappeared in the supernate after absorption (lane 2) and the protein ChBD-AB was detected in a large quantity in absorbent chitin (lane 3).


Four different factors were investigated including adsorption materials, temperature, absorbent concentration and incubating time. According to experimental data, UWCP performed best activity for binding protein ChBD-AB as the absorption rate reached 68% in 30 min while that of CC and CP were 58 and 25%, respectively (Figure 5A). For UWCP performed best in binding essay, it was used as absorbent for further optimization. The effects of temperature on adsorption efficiency was investigated. The ChBD-AB protein and UWCP were mixed and incubated at 4, 10, and 20°C respectively. For reducing the potential damage to target protein, temperature beyond 20°C is not considered in here. Absorption rate at 4 and 10°C was similar about 43%. When the temperature went up to 20°C, the adsorption rate increased significantly to 68%. Obviously, the best absorption rate was at 20°C (Figure 5B).
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FIGURE 5. Single factor optimization of binding. (A) Impact of absorbent on binding. (B) Impact of temperature on binding. (C) Impact of concentration of absorbent on binding. (D) Impact of time on binding.


As shown in Figure 5C, protein ChBD-AB performed best level of absorption rate reached 66% at 30 g/L UWCP. When the concentration rised up from 10 to 30 g/L, the absorption rate rised up from 43 to 66% simultaneously. Nonetheless, the absorption rate decreased rapidly to 48% as the concentration of UWCP rised up to 40 g/L. Absorption rate was also assayed by incubation of protein ChBD-AB with UWCP for different incubation time. As shown in Figure 5D, the velocity of adsorption decreased significantly in 5 to 60 min, and the absorption rate reached 81% at 60 min. In this case, the usual experience is to choose the fastest growing stage of adsorption within 60 min.

After that, orthogonal experiments be further used for optimization of Chitin-binding activity of ChBD-AB. Experimental parameters here were set according to the results of single factor experiments. There were nine experiments to optimize binding condition. Among these experiments, the best absorption conditions were 30 g/L UWCP, at 20°C for 15 min with a highest absorption rate as 94.74% (Table 1). Further data analysis identified the optimum conditions was 30 g/L UWCP, at 20°C for 30 min when the absorption rate could reach over 95%.


TABLE 1. Orthogonal experiments of binding.
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Visible Protein Purification Process

After incubation of ChBD-GFP and UWCP, ChBD-GFP was recovered after Factor-Xa cleavage (Figure 3). These results demonstrated the whole purification process clearly (Figure 6). And the absorption rate was detected as 91.03% through the conversion of fluorescence intensity to quality, every gram UWCP was observed at a total loading of 3055 μg protein (Table 2). After digestion using Factor Xa, totally 75.05% of GFP without ChBD was recovered while the supernatant finally changed to clear green (Figure 6). SDS-PAGE analysis also showed the high efficiency of purification and purity of target protein (Figure 7).


[image: image]

FIGURE 6. Visible purification process of GFP. (a) Cell lysate containing interest protein. (b) Cell lysate after interest protein absorbed by chitin. (c) Absorbent chitin with immobilized interest protein. (d) Buffer and absorbent chitin with immobilized interest protein before thrombin digestion. (e) Buffer and absorbent chitin after thrombin digestion.



TABLE 2. Purification process of recombinant GFP.
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FIGURE 7. SDS-PAGE analysis of purification process of GFP. Band of interest protein ChBD-GFP disappeared in cell lysate after binding (lane 2) when compared with cell lysate before binding (lane 1), the majority of interest protein was retained in precipitate (lane 3). After thrombin digestion, GFP without ChBD could be resolved in buffer with high purity (lane 4).




One-Step Immobilization and Repeated Use of LOGX

ChBD-LGOX show strong ability to bind UWCP, and the process of purification and immobilization can be simplify to one step (Figure 3). According to the enzyme activity assay, high amounts of intact fusion protein are obtained with a 65% of absorption rate. Meanwhile the immobilized ChBD-LGOX showed much better thermal and pH stability than free enzyme (Figure 8).
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FIGURE 8. Stability analysis of immobilized and free LOGX. (A) pH stability. (B) Thermal stability. Immobilized enzyme showed much better stability than free enzyme.


At enzymatic conversion assay of L-glutamate to α-ketoglutaric acid, the immobilized ChBD-LGOX showed relatively good reusability. The highest titer of -KG reached 105 g/L from 110 g/L L-glutamic acid, with conversion ratio 96% within 24 h at the first batch (Figure 9). However, the conversion rate of ChBD-LGOX decreased significantly at subsequent batches, and the conversion ratio remained of only 35% after four batches. We speculated that the yield of repeating enzymatic conversion decreased may due to the loss enzyme activity, which was consistent with the results of temperature stability (Figure 8B).
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FIGURE 9. Repeating use of LOGX in enzymatic conversion of α-KG. Imobilized LGOX fused with ChBD could be reused in converting L-glutamate to α-ketoglutaric acid directly. Experiments show that this method is feasible as expected.




DISCUSSION

This paper described the construction of a universal fusion vectors pETChBD-X allowing expression of fusion proteins which can be affinity purified by a one-step procedure. The purification is based on novel ChBD-AB tag of CmChi1 which under physiological conditions binds to cheap chitin waste. After parameter optimization, the optimal binding condition was 30 g/L UWCP and incubating at 20°C for 30 min. These conditions are very advantageous for recombinant protein purification. Firstly, chitin is a kind of absolutely non-polluting material as it is natural. Secondly, the time, cooling and reagent costs will be further compressed by optimization. Generally speaking, many reported cases of protein purification based on carbohydrate-binding domain usually need overnight incubating such as Myung et al. (2011) immobilized phosphoglucose isomerase through cellulose-binding module-tagged thermophilic enzyme which took a lot of time to incubate. The operation at 20°C was near room temperature and operation process can be greatly simplified with adsorption and centrifugation. For example, Ramirez et al. (2013) used a CBM as fusion tag to immobilize endo-b-N-acetylglucosaminidase and the system should be incubated at 4°C which increased thermal insulation costs greatly. What’s more, the price of chitin is very low and the preparing process of UWCP is relatively simple as well. Thirdly, the whole process of purification or immobilization is simple, only incubation and centrifugation are needed.

By all accounts, the protein purification and immobilization method provided in this study is suitable for large-scale industrial application because of its unique advantages. Recombinant protein ChBD-GFP also showed good bonding property, 91% interest was absorbed under the same condition and 75% was recovered after factor-Xa digestion. The visualization process intuitively reflects these steps and SDS-AGE analysis confirmed the high-purity of interest protein. Recovery yield data is much higher than reported cases, for instance, Leister applied chitin-binding domain in immobilizing β-galactosidases and received activity retention of 55% (Leister, 2014); Ramirez et al. (2013) immobilized pectinase on an alginate-coated chitin support by adsorption and the yield of immobilized protein was 70% and the enzyme retained 60% of the initial activity.

Another recombinant protein ChBD-LGOX was successfully purified and immobilized in single step which revealed the convenience of this method. High amounts of intact fusion protein are produced which can be immobilized on UWCP in a yield (65%). Moreover, the stability of enzyme was significantly enhanced after immobilization. This is consistent with some reported cases, for example, the cis-epoxysuccinate hydrolases fused with cellulose-binding domain and immobilized on cellulose showed better stability than its wild-type version (Cui et al., 2012); Chern and Chao (2005) immobilized D-allantoinase by using chitin-binding domain from Bacillus circulans WL-12, the active half-life of immobilized enzyme was greatly prolonged. The characterization of ChBD-LGOX changed especially the enzymatic activity decreased by a big margin which revealed an obvious disadvantage of this immobilization approach. Stereospecific blockade between fusion tag and target protein might be the main reason for this phenomenon, further research is needed to overcome this shortage. When applied in enzymatic conversion, the immobilized enzyme also showed good value, average conversion rate kept above 65% even within four batches of conversion reaction, averagely 72 g/L α-ketoglutarate could be produced from 110 g/L L-glutamate. Though the yield was relatively low when compared with reported cases, such as Ödman et al. (2004) Used a coupled system L-glutamate dehydrogenase/NADH oxidase to convert nearly 100% L-glutamateto to α-ketoglutarate, the most significant advantage of the enzymatic conversion method in this study is that immobilized enzyme could be used repeatedly. Although the yield of repeating enzymatic conversion decreased by a big margin, this is mainly due to the relatively poor stability of the enzyme itself. Thus, the recombinant enzyme ChBD-LGOX may after all be accepted as an appropriate tool for producing α-ketoglutarate with energy saving and low consumption.



CONCLUSION

In summary, the ChBD-AB affinity tag system described here provides a novel tool for an innovative alternative method for purifying, immobilizing, and spreading fusion proteins. Great advantages including low cost, no pollution, easy operation, rapidness, and high-purity suggested that the plasmid vector pETChBD-X has potential value in immobilization and purification of enzymes.
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INTRODUCTION

Chitin nanocrystal (ChiNC) is a unique bio-based nanomaterial extracted from chitin. This nano-biopolymer is biocompatible, biodegradable, and antimicrobial. In recent decades, ChiNC exhibits great potential in several fields, such as bio-medicine (Sahraee et al., 2017) and biocatalysis (Huang et al., 2018). In the recent publication from our research group, a green preparation method for ChiNC was established by using deep eutectic solvent (DES) as media and the relative ChiNC product was proved to be an excellent enzyme carrier for lipase immobilization. In this commentary, we would like to add some information for the design of the recyclable ChiNC nanocrystal enzyme carriers by using DES as media, which provides insight in enzyme immobilization.



CHALLENGES IN DEVELOPING MILD AND GREEN METHODS IN PREPARING CHINC ENZYME CARRIERS

According to the previous studies, acid hydrolysis (Gopalan and Dufresne, 2003; Goodrich and Winter, 2007) and oxidation (Fan et al., 2008) are common ways of producing ChiNC. However, there are some drawbacks in these methods.

In the acid hydrolysis, abundant acid medias (mineral acids and/or organic acids) were used. Unfortunately, these acid medias were difficult to recycle. This leads to waste of resources and pollution. For example, during a typical acid hydrolysis process of ChiNC, treating 1 g of chitin materials would consume about 30 mL 3 mol/L HCl at first. In the following process, about 5–10 times of water (150 to 300 mL) was required for dilution (thus, the HCl media cannot be reused). In addition, this process needs to be repeated for more than three times. Moreover, 3.6 g of NaOH was used to neutralize the HCl media. In general, to treat 1 kg chitin, about 30 L 3M HCl solution, 3.6 kg solid NaOH, and more that 600 L water was consumed. Besides, as for TEMPO(2,2,6,6-Tetramethyl-1-piperidinyloxy)-oxidation, to fabricate the ChiNC with abundant carboxyl groups, 1 mol TEMPO and more than 100 L water are needed to treat 1 kg of chitin. Thus, designing the ChiNC preparation process by using hydrolytic media with low volatility and reusability is urgently needed to solve this problem.

Deep eutectic solvents (DESs) are mixtures consisting of hydrogen bond donor and acceptor pair with low volatility. Thus, DESs exhibit great potential as recyclable reaction medias. Moreover, it is important to choose a good diluent. The following requirements need to be met as a suitable diluent: (1) the diluent should be completely miscible with DES to form a homogeneous mixture solution; (2) since the high viscosity of the DES resulted in lower sedimentation efficiency, the diluent should have relatively low viscosity to reduce the viscosity of the mixture media; (3) in order to separate and recycle the dilute and DESs from the mixture media, the dilute should be volatile with a suitable boiling point. In our previous experiments, ethanol was found to fulfill all the above requirements. Also, it is noteworthy that the ChiNC is easy to sedimentate in the ethanol media.

Thus, in our latest publication, a type of acidic DESs (p-toluenesulfonic acid/choline chloride, PTA-ChCl) was used. The preparation process was designed as follows (Figure 1): (1) chitin raw material was treated with PTA-ChCl DES to form ChiNC; (2) the mixture was diluted by about absolute ethanol and centrifuged to separate the ChiNC product and mixture media (containing PTA-ChCl and absolute ethanol); (3) the ChiNC product was furtherly washed with absolute ethanol; (4) PTA-ChCl and absolute ethanol was separated from the mixture media obtained in step (2) by distillation or rotational evaporation. In these preparation process, the PTA-ChCl and ethanol can be reused.


[image: Figure 1]
FIGURE 1. The scheme of the ChiNC preparation process by using DES as media.




FUTURE PERSPECTIVE

There are several aspects that need further exploration in using DESs to prepare ChiNC nanocarriers. Firstly, the effects of different DESs treatments on the physical and chemical properties of the ChiNC nanocarriers need to be further investigated. This can help researchers to design more efficient and greener ChiNC preparation processes. Secondly, a clear understanding of the interaction between ChiNC enzyme carriers and enzyme is lacking. Until now, the mechanism of the interaction of the enzyme and carriers at the atomic and molecular level still require further investigation. Thus, molecular dynamic simulation and quantum chemistry is a promising way to better explain the underlying mechanism at the atomic and/or molecular level.
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Nucleoside-2′-deoxyribosyl-transferases (NDTs) catalyze a transglycosylation reaction consisting of the exchange of the 2′-deoxyribose moiety between a purine and/or pyrimidine nucleoside and a purine and/or pyrimidine base. Because NDTs are highly specific for 2′-deoxyribonucleosides they generally display poor activity on modified C2′ and C3′ nucleosides and this limitation hampers their applicability as biocatalysts for the synthesis of modified nucleosides. We now report the production and purification of a novel NDT from Archaeoglobus veneficus that is endowed with native ribosyltransferase activity and hence it is more properly classified as an N-ribosyltransferase (AvNRT). Biophysical and biochemical characterization revealed that AvNRT is a homotetramer that displays maximum activity at 80°C and pH 6 and shows remarkably high stability at high temperatures (60–80°C). In addition, the activity of AvNRT was found to increase up to 2-fold in 4 M NaCl aqueous solution and to be retained in the presence of several water-miscible organic solvents. For completeness, and as a proof of concept for possible industrial applications, this thermophilic and halotolerant biocatalyst was successfully employed in the synthesis of different purine ribonucleoside analogs.

Keywords: nucleosides, extremophiles, nucleoside 2′-deoxyribosyltransferase, transglycosylation, homology modeling


INTRODUCTION

Nucleoside analogs (NAs) comprise a group of synthetic molecules that mimic natural nucleosides and have been widely used as anticancer agents and to treat some viral and fungal infections since the late 1960's (De Clercq, 2005; Parker, 2009; Jordheim et al., 2013). More recently, NAs are also receiving increased attention because of their potential to be repurposed to fight bacterial drug resistance (Thomson and Lamont, 2019).

Nowadays, the biocatalytic synthesis of NAs is gaining momentum over the traditional multistep and more environmentally harmful chemical methods (Lewkowicz and Iribarren, 2017; Fernández-Lucas and Camarasa, 2019). Enzyme-catalyzed synthesis by whole cells or purified proteins offers several advantages, such as one-pot reactions, controlled stereo-, regio-, and enantiospecificities, and mild reaction conditions. In this regard, the most commonly used synthetic route for the synthesis of NAs is the transglycosylation reaction catalyzed by nucleoside phosphorylases or 2′-deoxyribosyltransferases (Fresco-Taboada et al., 2013; Lapponi et al., 2016; Del Arco and Fernández-Lucas, 2018; Kamel et al., 2019a; Lewkowicz and Iribarren, 2019; Trelles et al., 2019).

Nucleoside-2′-deoxyribosyltransferases (NDTs) are the most representative members of the N-deoxyribosyltransferase family (NDT family) which belongs to the N-(deoxy)ribosyltransferase-like superfamily (PFAM entry CL0498), also including ADP-ribosyl cyclase-like families. NDTs catalyze the interchange of the 2′-deoxyribose moiety between a purine and/or pyrimidine 2′-deoxynucleoside (donor) and a purine and/or pyrimidine base (acceptor) (Kaminski, 2002; Fernández-Lucas et al., 2010; Fresco-Taboada et al., 2013; Crespo et al., 2017; Del Arco et al., 2019a). According to their substrate specificity, NDTs are usually classified as: (i) type I NDTs (PDT), which perform this type of transglycosylation reaction between purine bases (Fresco-Taboada et al., 2013; Pérez et al., 2018) and (ii) type II NDTs (NDT), which do not discriminate between purines and pyrimidines (Kaminski, 2002; Fernández-Lucas et al., 2010; Fresco-Taboada et al., 2016). Interestingly, NDTs are highly regioselective for natural bases and a high number of nucleobase derivatives (Fresco-Taboada et al., 2013; Acosta et al., 2018). However, several examples of NDT-mediated glycosylation at multiple sites have been recently reported for several size-expanded purines (Ye et al., 2014) and azole derivatives (Vichier-Guerre et al., 2017).

Despite their great potential for performing important chemical transformations, the use of NDTs as industrial biocatalysts for the synthesis of nucleoside analogs is often hindered by their strict preference for 2′-deoxyribonucleosides. In this respect, several attempts have been made for tailoring NDT active sites toward new substrate specificities on the ribose moiety (Kaminski et al., 2008; Kaminski and Labesse, 2013; Del Arco et al., 2019b; Li et al., 2019). Additionally, most of the reported NDTs up to date are mesophilic enzymes, with the exception of NDTs from cold-adapted Bacillus psychrosaccharolyticus (Fresco-Taboada et al., 2014) and the extremophilic cyanobacteria Chroococcidiopsis thermalis PCC 7203 (CtNDT) (Del Arco et al., 2018a). Consequently, mesophilic enzymes usually display low stability and short lifespan under the harsh conditions usually required for industrial processes, such as extreme pH values, high temperatures or the presence of organic solvents. The use of enzymes from microorganisms naturally living in extreme environments has proved to be a successful approach to circumventing the abovementioned drawbacks associated to industrial implementation. More specifically, the choice of enzymes from thermophiles for the synthesis of nucleosides and nucleotides offers, among other advantages, the possibility of using high-temperature reactions, resulting in higher substrate solubilization and increased overall reaction rates (Almendros et al., 2012; Del Arco et al., 2017, 2018a,b, 2019c; Atalah et al., 2019; Kamel et al., 2019b; Zhou et al., 2019).

Another interesting source of “extremozymes” (Elleuche et al., 2014) are halophilic organisms (De Lourdes Moreno et al., 2013). Halophilic enzymes (commonly named haloenzymes) are usually active and stable at high salt concentrations, but sometimes also withstand extreme high temperatures and pH values, as well as the presence of organic solvents and other chaotropic agents. Because of this, halophiles are a promising source of useful enzymes for industry nowadays.

Herein we report the expression, purification and the biochemical characterization of a novel putative NDT enzyme naturally encoded in the motile archaeal coccus Archaeloglobus veneficus. This enzyme appears as the first wild-type NDT to act on ribonucleosides and therefore we think it is more appropriately classified as an N-ribosyltransferase (NRT). Interestingly, AvNRT is a homotetramer with remarkable activity and stability at extremely high temperatures, and also shows a significant ionic strength dependence. For completeness, the enzymatic production of different modified purine nucleosides was carried out to assay the potential of AvNRT as an industrial biocatalyst for the synthesis of nucleoside analogs.



MATERIALS AND METHODS


Materials and Chemicals

Cell culture medium reagents were purchased from Difco (St. Louis, USA). Triethyl ammonium acetate buffer was provided by Sigma-Aldrich (Madrid, Spain). All other reagents and organic solvents were purchased from Symta (Madrid, Spain). Nucleosides and nucleobases were provided by Carbosynth Ltd., (Compton, UK).



Cloning, Expression and Protein Purification

After exhaustive in silico mining of unusual NDT candidates, we found a gene which encodes a putative NDT from Archaeoglobus veneficus SNP6 (European Nucleotide Archive code: AEA46496.1; UniProtKB code F2KPY9). The corresponding nrt gene was purchased from GenScript (USA) as a NdeI-EcoRI fragment subcloned into the expression vector pET28b(+). The N-terminal His6-tagged AvNRT was expressed by growing the E. coli BL21(DE3)pET28bAvNRT transformed cells in Luria Bertani medium supplemented with kanamycin 50 μg/mL. Protein overexpression was induced by adding 0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) to exponential cultures and the cells were further grown for 3 h. Cells were harvested by centrifugation at 3,600 × g, the resulting pellet was resuspended in 10 mM sodium phosphate buffer pH 7, and cellular disruption was performed using a digital sonifier. The lysates were centrifuged at 16,500 × g for 30 min at 4°C, the supernatant was heated at 70°C for 20 min, and insoluble material was removed by centrifugation. The cleared lysates were then loaded onto a 5-mL HisTrap FF column (GE Healthcare), pre-equilibrated in a binding buffer (20 mM Tris-HCl buffer, pH 7.5, with 100 mM NaCl and 20 mM imidazole). Bound proteins were eluted using a linear gradient of imidazole (from 20 to 500 mM). Fractions containing AvNRT were identified by SDS-PAGE, pooled, concentrated and loaded onto a HiLoad 16/60 Superdex 200 prep grade column (GE Healthcare) pre-equilibrated in 20 mM sodium phosphate, pH 7. Fractions containing AvNRT were identified by SDS-PAGE. Protein concentration was determined spectrophotometrically by UV absorption 280 nm using a ε280 = 9,970 M−1cm−1.



Analytical Ultracentrifugation Analysis

Sedimentation velocity experiments for AvNRT were carried out in 20 mM Tris-HCl (pH 8, 20 °C, 50,000 × g) using an Optima XL-I analytical ultracentrifuge (Beckman-Coulter Inc.) equipped with UV-VIS absorbance and Raleigh interference detection systems, an An-60Ti rotor and standard (12 mm optical path) double-sector center pieces of Epon-charcoal. Sedimentation profiles were recorded at 292 nm. Sedimentation coefficient distributions were calculated by least-squares boundary modeling of sedimentation velocity using the continuous distribution c(s) Lamm equation model as implemented by SEDFIT 14.7 g.

Baseline offsets were measured afterwards at 200,000 × g. The apparent sedimentation coefficient distribution, c(s), and sedimentation coefficients were calculated from the sedimentation velocity data using SEDFIT (Brown and Schuck, 2006). The experimental sedimentation coefficients were corrected to standard conditions (water, 20°C, and infinite dilution) using SEDNTERP software to obtain the corresponding standard values (s20,w).



Enzyme Activity Assay

The standard activity assay (enzymatic hydrolysis of ribo- or 2′-deoxyribonucleosides) was performed by incubating 10–50 μL of free extracts or 11.2–22.4 μg of pure enzyme with a 40 μL solution containing 1 mM ribo- or 2′-deoxyribonucleoside in 50 mM sodium phosphate buffer, pH 6. The reaction mixture was incubated at 80 °C for 20 min (300 rpm). The enzyme was inactivated by adding 40 μL of cold methanol in an ice bath and heating for 5 min at 100 °C. After centrifugation at 9,000 × g for 10 min, the samples were half-diluted with water and nucleobase production was analyzed and quantitatively measured using HPLC. Under such conditions, one activity unit (U) was defined as the amount of enzyme (mg) producing 1 μmol/min (IU) of resulting nucleobase from corresponding nucleoside under the assay conditions. All determinations were carried out in triplicate and the maximum error was <5%. The statistical dispersion of the replicates was determined according to standard deviation analysis.



Influence of pH, Temperature and Ionic Strength on Enzyme Activity

In order to stablish the optimal operational conditions, we assayed the effect of different reaction parameters on enzyme activity, such as pH, T and ionic strength. The optimum pH of AvNRT was initially determined according to the standard activity assay using guanosine (Guo) as substrate, and sodium citrate (pH 4–6), MES buffer (pH 5.5–7) or sodium phosphate (pH 6–8.5) as reaction buffers (50 mM). The optimum temperature was determined using the standard assay over a 40–100°C temperature range. In a similar way, the effect of ionic strength on enzyme activity was measured at different NaCl concentrations ranging from 0 to 4 M.



Thermal Stability

In order to assess optimal storage conditions, AvNRT was kept at 4 and−80°C in 10 mM sodium phosphate buffer (pH 7) for 365 days. Periodically, samples were taken, and the enzymatic hydrolysis of guanosine was evaluated. Storage stability was defined as the relative activity between the first and successive reactions. Moreover, the thermal stability was further studied by incubating 22.4 μg of pure enzyme in 10 mM sodium phosphate buffer, pH 7, for 24 h at different temperatures (60–80°C).



Influence of Water-Miscible Solvents on Enzyme Activity

To determine the enzymatic activity in non-conventional media, the enzymatic hydrolysis of guanosine was assayed in the presence of different protic and aprotic organic solvents. To this end, 11.2 μg of pure enzyme were added to a 40 μL solution containing 1 mM guanosine in 50 mM sodium phosphate buffer pH 6, in the presence of 20% (v/v) polar protic (MeOH, EtOH, isopropanol, glycerol, ethylene glycol, and propylene glycol) and aprotic co-solvents (acetonitrile, acetone, chloroform, N, N-dimethylformamide, DMSO and ethyl acetate). The reaction mixture was incubated at 80°C for 20 min (300 rpm).



Enzymatic Synthesis of Nucleosides

To assess the transglycosylation activity of AvNRT, 22.4 μg of pure enzyme were incubated in a reaction mixture containing 0.75 mM guanosine or 2′-deoxyguanosine and 0.75 mM purine nucleobase (2,6-diaminopurine, 6-methoxyguanine, adenine, 2-fluoroadenine and 2-chloroadenine), in 50 mM sodium phosphate buffer, pH 6, NaCl 4 M. The reaction mixtures were incubated at 80°C and 300 rpm in an orbital shaker for different reaction times (10–120 min).



Bioinformatics Analysis, Homology Modeling and Molecular Dynamics Simulations

The pairwise amino acid sequence alignment was performed with BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.cgi), using UniProtKB and PDB as reference databases. Multiple sequence alignment of amino acid sequences from NDTs and (d)NMP glycosidases was carried out using CLUSTALΩ (https://www.ebi.ac.uk/Tools/msa/clustalo/). The resulting figure was generated by the ESPript server 3.0. (http://espript.ibcp.fr/ESPript/ESPript/). Several 3D structural models of an AvNRT homodimer were built using the threading methods implemented in the Phyre 2.0 (Kelley et al., 2015) and Swiss-Model (Biasini et al., 2014) servers by providing the amino acid sequence deposited in UniProtKB under the code F2KPY9. The best protein templates of known 3D structure were the dimeric PDTs from Leishmania mexicana and Trypanosoma brucei, and the tetrameric putative NDT from Enterococcus faecalis v583 (PDB entries 6QAI, 2A0K, and 3EHD, respectively). None of these models by itself, however, provided full consistency and we found it necessary to make a composite using the information derived from the multiple sequence alignment performed by the Dali server (Holm and Laakso, 2016) on NDT structural neighbors (Figure S1) and previously employed for the modeling of CtNDT (Del Arco et al., 2018a). The RCD+ server (López-Blanco et al., 2016) was employed to generate alternative loop conformations of the intrinsically disordered regions. The AMBER force field (Salomon-Ferrer et al., 2013) was used for progressive energy refinement in explicit solvent followed by molecular dynamics and simulated annealing according to a previously described protocol (Del Arco et al., 2019b). PyMOL was used for structure visualization, molecular editing, and figure preparation (Delano, 2002).



Analytical Methods

Nucleoside production was analyzed quantitatively with an ACE 5-μm C18-PFP 250 mm × 46 mm column (Advanced Chromatography Technologies) pre-equilibrated in 100% triethyl ammonium acetate. Elution was carried out by a discontinuous gradient, 0–13 min, 100 to 90% triethyl ammonium acetate and 0 to 10% acetonitrile, and 13–20 min, 90 to 100% triethyl ammonium acetate and 10 to 0% acetonitrile. Retention times for the reference nucleobases and nucleosides (hereafter abbreviated according to the recommendations of the IUPAC-IUB Commission on Biochemical Nomenclature) were as follows: 2,6-diaminopurine (2,6-DAP), 10.1 min; 2,6-diaminopurine-2′-deoxyribose (2,6-DAPdRib), 13.5 min; 2,6-diaminopurine riboside (2,6-DAPRib), 2-fluoroadenine (2-FAde), 10.5 min; 2′-deoxy-2-fluoroadenosine (dFAdo), 15.2 min; 2-fluoroadenosine (FAdo), 13.2 min; 2-chloroadenine (2-ClAde), 12.3 min; 2′-deoxy-2-chloroadenosine (dClAdo), 16.2 min; 2-chloroadenosine (ClAdo), 14.6 min; 6-methoxyguanine (6-MeOGua), 11.7 min; 6-methoxy-2′-deoxyguanosine (6-MeOdGuo), 16.8 min; 6-methoxyguanosine (6-MeOGuo), 14.7 min; adenine (Ade), 10.2 min; 2′-deoxyadenosine (dAdo), 14.5 min; adenosine (Ado), 13.8 min; cytosine (Cyt), 3.9 min; 2′-deoxycytidine (dCyd), 7.6 min; guanine (Gua), 7.1 min; 2′-deoxyguanosine (dGuo), 11.0 min; guanosine (Guo), 10.2 min; hypoxanthine (Hyp), 6.8 min; 2′-deoxyinosine (dIno), 10.1; inosine (Ino), 9.2; uracil (Ura), 4.2 min; 2′-deoxyuridine (dUri), 8.2 min; uridine (Uri), 7.0 min. To confirm the reaction products, commercial nucleoside analogs were used as HPLC standards.




RESULTS AND DISCUSSION


Bioinformatics Analysis of AvNRT

The N-(deoxy)ribosyltransferase-like superfamily (N-ribosyltransferase clan, PFAM entry CL0498) comprises proteins which commonly adopt a flavodoxin-like fold and possess a well-conserved active site architecture. This superfamily encompasses the NDT and ADP-ribosyl cyclase-like families, as well as another family that includes the hypothetical protein PA1492 from Pseudomonas aeruginosa with uncharacterized function but known three-dimensional structure (PDB entry 1T1J). Within the NDT family we can distinguish two different subfamilies, i) strict N-deoxyribosyltransferases, NDTs (Kaminski, 2002; Fresco-Taboada et al., 2013) and ii) (2′-deoxy)nucleoside-5'-monophosphate N-glycosidases, (d)NMP glycosidases (Ghiorghi et al., 2007; Dupouy et al., 2010; Sikowitz et al., 2013; Zhao et al., 2014). Even though both types of enzymes display the canonical “NDT domain” (Pfam PF05014), they possess different substrate specificities. On the one hand, NDTs catalyze the transglycosylation reaction between nucleobases showing a strict specificity for 2′-deoxynucleosides, with very low affinity for ribonucleosides and modified 2′- or 3'-nucleosides (Fernández-Lucas et al., 2011, 2013). On the other hand, (d)NMP glycosidases catalyze the enzymatic hydrolysis of the glycosydic C–N bond in (d)NMPs. However, neither NMP nor dNMP glycosidases have been reported to be active in transglycosylation reactions to date. The different specificity between NMP and dNMP glycosidases is thought to be mostly due to the presence of either a Phe or a Tyr side chain close to the catalytic Glu residue (Sikowitz et al., 2013; Del Arco et al., 2019b) (Figure 1).
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FIGURE 1. Multiple sequence alignment of type I NDTs (PDTs) from Lactobacillus helveticus (LhPDT), Trypanosoma brucei (TbPDT), and Leishmania mexicana (LmPDT), a type II NDT from Lactobacillus leichmannii (LlNDT), and NMP glycosidases from Streptomyces rimofaciens (SrCMP, MilB), Clostridium botulinum (CbCMP, BcmB), Rattus norvegicus (RnDNMP, Rcl). Amino acids for each polypeptide sequence were independently numbered. Active site residues are indicated by an inverted black triangle (▼) and highlighted in yellow in the AvNRT amino acid sequence. An asterisk (*) indicates single, fully conserved residues; a colon (:) indicates conservation of strong groups; and a period (.) indicates conservation of weak groups.


Inspired by these reported findings, we recently designed an engineered NDT variant with improved ability to act on ribo- and 2′-deoxyribonucleosides (Del Arco et al., 2019b). Unfortunately, the 2′-deoxynucleoside/ribonucleoside selectivity ratio still indicated a marked preference for 2′-deoxynucleosides. Nonetheless, these findings supported the possible existence of promiscuous wild-type NDTs in Nature.

In our search for atypical NDTs, we found a putative NDT encoded in the Archaeoglobus veneficus SNP6 genome (NCBI Reference Sequence: NC_015320.1). The pairwise amino acid sequence alignment against the UniProtKB database revealed that this putative NDT displays the abovementioned canonical “NDT domain” and further BLASTP searches against the Protein Data Bank showed a low sequence identity with a putative NDT from Enterococcus faecalis (30%, PDB entry 3EHD) and a type II NDT from Bacillus psychrosaccharolyticus, BpNDT (36%, PDB entry 6EVS) (Fresco-Taboada et al., 2018), with high sequence coverage in both cases (77–97%). The percentage of identity with the type I NDT from Leishmanhia mexicana (Crespo et al., 2017) (PDB entry 6QAI) was 41%, but the sequence coverage was below 35%.

Multiple sequence alignment of the putative NDT with well-studied family members revealed that the essential amino acids proposed for nucleoside binding, as well as the catalytic glutamic residue, are conserved in the amino acid sequence of AvNRT. These findings strongly support a similar active site architecture. However, the presence of a Phe residue at position 7 instead of the Tyr residue commonly observed in NDTs, suggested to us that this gene might encode a putative intracellular N-ribosyltransferase (NRT) that could naturally accept ribonucleosides as substrates (Figure 1).



Three-Dimensional Model of AvNRT

The AvNRT protomer is predicted to have the conserved NDT molecular architecture that places the most important residues for nucleoside recognition (from, at least, two subunits) in a suitable orientation for nucleophilic attack on C1' by the carboxylate of Glu85 (Figures 2A,B). Pro11 and Pro42 play a prominent role in making up the active site cavity where one of the Asp79 carboxylate oxygens and the carboxamide nitrogen of Asn113# recognize the O5' of the sugar moiety of the substrate while the backbone NH of Ala10 hydrogen bonds to O3'. The heteroaromatic ring of the nucleobase would thus get sandwiched between the phenyl rings of Phe12 and Phe13, on one side, and the hydrophobic sidechains of Phe56 and Leu119# on the opposite side. The Met120# sidechain sulfur appears close to the H1' atom, which suggests that it likely plays a role, together with the carboxylate of Asp62, in stabilization of the oxocarbenium reaction intermediate, as proposed for other NDTs (Pérez et al., 2018; Del Arco et al., 2019a,b).
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FIGURE 2. (A) Schematic of the binding of guanosine (Guo) to the active site of AvNRT. Asn113# and Met115# from the NLM motif (in blue) belong to another monomer making up the obligate dimer that is necessary for nucleobase and sugar recognition. The catalytic glutamate (Glu85) is colored in green and the direction of attack to C1' is indicated by an arrow. The nature of the proton donor to N7, either from the same dimer or from the other dimer making up the tetramer, is presently unknown. (B) 3D view of the active site in a homology model of AvNRT. Note the hydrogen bonds (dashed yellow lines) that help orienting the carboxylate of the catalytic Glu85 for nucleophilic attack on C1' (red broken line). Enzyme residues relevant for the discussion are shown as sticks and have been labeled. (C) Detail of the two disulfide bonds involving Cys77 (Cβ and S atoms are shown in space-filling representation) putatively found at the core of the tetramer comprising dimers A:B (green:cyan) and dimers C:D (magenta:orange). Note their central positioning and proximity to the four NLM motifs and the catalytic Glu85 (sticks). This arrangement is likely to have a bearing on the catalytic activity due to mutual conformational dependencies of both monomers and dimer of dimers. (D) Overlaid ensemble of five AvNRT tetramers obtained after the molecular dynamics equilibration of the initial structure and subsequent simulated annealing procedure. Note how the side chain phenyl ring of Phe13 in each monomer provides a suitable flat surface for a stacking interaction with the guanidinium of Arg104 from the equivalent monomer in another dimer, hence contributing to tetramerization. Glu76 and Asp102 are proposed to contribute to dimer and tetramer stabilization by providing a buttressing effect to Arg104. The cartoon representation of the four individually colored monomers and the display of the disulfides as sticks are used for simplicity and ease of visualization. The figure was prepared with PyMOL (Delano, 2002) using ray tracing.


We have previously highlighted (Crespo et al., 2017; Del Arco et al., 2018a) that the length of the α3 helix in NDTs is directly related to the enzyme's oligomeric state (~20, ~16, and 14 residues in dimeric, hexameric, and tetrameric enzymes, respectively). Since the residues involved in (A:B-C:D) tetramer stabilization of the putative Ef NDT (PDB entry 3EHD) and CtNDT (Del Arco et al., 2018a) are also conserved in AvNRT (Figure S1) it seems highly feasible that two obligate AvNRT dimers associate into a biologically relevant tetramer (Figures 2C,D). Thus, the 74DGECID79 loop preceding the catalytic Glu85 would be located at the core of the AvNRT tetramer. Besides, the close proximity of the Cys77 side chains strongly suggests the existence of disulfide bridges between C77(A)-C77(B) and C77(C)-C77(D), that is, one cystine per dimer. This tetrameric arrangement, which surely plays a key role in modulating conformational stability and flexibility at high temperatures, is also facilitated by the stacking of the planar guanidinium of Arg104 in the 101TDYR104 motif onto the phenyl ring of Phe13 in the opposite subunit, i.e., Arg104(A) on Phe13(C), Arg104(B) on Phe13(D), Arg104(C) on Phe13(A), and Arg104(D) on Phe13(B). Stabilization of Arg104 is ensured by buttressing interactions from the carboxylates of Glu76 and Asp102. The side-chain hydroxyl of Thr101, in turn, accepts a hydrogen bond from the NH at the positive end of the 14CEAEREFNIKVAEFL28 helix dipole.

As regards nucleoside recognition, the presence of Phe7 in a position known to largely dictate the preference for ribonucleosides over 2′-deoxyribonucleosides is indicative of some preference for, or at least tolerance to, the presence of a hydroxyl at the 2′ position of the sugar. In addition, the amino acid composition of the loop region connecting β2 and α3 secondary structure elements serve as an intrinsically disordered active-site flap and is highly variable in the NDT family (i.e., 39TDNEATEA46 in TbPDT, TDNIATGA in LmPDT, and 39QENAAINDKSAYAD52 in Ef NDT). The equivalent stretch in AvNRT is 43FISDGSEEEK58 and must be responsible for the preferential recognition of nucleosides bearing 2-aminopurines.



Production and Purification of an N-ribosyltransferase From Archaeoglobus veneficus

The nrt gene, which codes for a putative N-ribosyltransferase from the chemolithoautotrophic hyperthermophilic sulfite-reducing archaeal coccus Archaeoglobus veneficus SNP6 (AvNRT) (Huber et al., 1997), was cloned and overexpressed in E. coli BL21(DE3) as described in the experimental section. The recombinant N-terminal His6-tagged AvNRT was purified by two chromatographic steps. SDS-PAGE analysis of the purified enzyme revealed only one protein band with an apparent molecular mass of 18 kDa (Figure S2).

The sedimentation velocity experiments showed three main peaks with sedimentation coefficients of 1.40 S (s20, w = 1.41 S) (7%), 2.24 S (s20, w = 2.86 S) (9%) and 4.39 S (s20, w = 4.42 S) (84%). The major species found in solution is therefore compatible with a tetrameric state of AvNRT (Mw=76.98 kDa) and with a monomer subunit weight of 19.245 kDa, a value similar to that calculated from the amino acid sequence of the His6-tagged protein (17.90 kDa).

Different oligomeric states have been described for NDTs from several sources. Thus, Lactobacillus reuteri and L. helveticus (Kaminski, 2002; Fernández-Lucas et al., 2010) NDTs have been shown to be hexameric, Chroococcidiopsis thermalis (Del Arco et al., 2018a) and Lactococcus lactis (Miyamoto et al., 2007) NDTs are tetrameric, and the PDTs from the protozoans Trypanosoma brucei and Leishmania mexicana (Crespo et al., 2017; Pérez et al., 2018) are dimeric.

To assess the hydrolytic activity of AvNRT, that is, the first step of the transglycosylation reaction, the enzymatic hydrolysis of different ribo- and deoxyribonucleosides was performed. As shown in Table S1, AvNRT displays low activity values in all cases, ranging from 0.002 to 0.02 IU/mg, with a remarkable preference for 2-amino and 2-halopurine nucleosides. Strikingly, no hydrolytic activity was observed on pyrimidine nucleosides. On the basis of these results, the enzymatic hydrolysis of Guo was chosen as the standard reaction for further experiments.



Temperature and pH Dependence of AvNRT Activity

As expected for a hyperthermophilic enzyme, the activity of AvNRT was found to be largely preserved (≥ 60%) at high temperatures (60–100°C), with a peak between 80 and 90°C (Figure 3A). These results agree with those reported for hyperthermophilic CtNDT (80% of the maximum activity at 70–90°C), the only precedent of a thermophilic NDT (Del Arco et al., 2018a). Moreover, as described more exhaustively below, several disulfide bonds are present in AvNRT which also reinforces these experimental results. The pH profile reveals that AvNRT activity is largely preserved (≥60%) across the pH range 5–7 with a peak at pH 6 (Figure 3B). However, as shown in Figure 3B, the enzymatic activity is strongly affected by the nature of the solution buffer.


[image: Figure 3]
FIGURE 3. Biochemical characterization of AvNRT activity. (A) Temperature dependence. (B) Effect of pH, (•) sodium citrate 50 mM (pH 4–6), (◦) MES 50 mM (pH 5.5–7), (■) sodium phosphate 50 mM (pH 6–8.5). (C) Effect of ionic strength.




Effect of Ionic Strength on AvNRT Activity

Archaeoglobus veneficus SNP6 reportedly grows in a NaCl range 0.5–4% (optimum 2%) (Huber et al., 1997). In this respect, this coccus can be considered as a moderate halophile (optimal growth between 3 and 15% NaCl) (De Lourdes Moreno et al., 2013) and therefore only a mild tolerance for medium salt concentrations was expected for AvNRT. Surprisingly, the enzyme shows a remarkable salt dependence and a 2-fold increase in enzymatic activity was observed at high salt concentrations (4M NaCl) (Figure 3C). This unusually high halotolerance is more common for enzymes from extreme halophiles (optimal growth between 15 and 30% NaCl).

Halophilic proteins usually display a high number of negatively charged, surface-exposed amino acids (Asp and Glu). This characteristic, together with a decrease in the content of basic (Lys and Arg) and hydrophobic residues, leads to a highly negative molecular electrostatic potential (MEP) surface which is likely to enhance interactions with the surrounding environment and promote protein stability at high salt concentrations (Madern et al., 2000; Oren and Mana, 2002; Sinha and Khare, 2014). This enrichment in acidic residues on haloenzymes has been attributed to an “evolutionary adaptation” of halophiles that enabled their proteins to adapt under saline stress and suitably alter inherent protein-solvent interactions. In this respect, negatively charged surface patches bind hydrated ions to form a solvation shell that protects the enzyme from aggregation under high salinity conditions. Another proposed hypothesis to explain this effect is the presence in halophilic proteins of a great number of salt bridges, which provide a higher structural rigidity. In the absence of high salt concentrations, the ordered water molecule network on the protein surface is lost, and the water molecules interfere with salt bridge formation (Madern et al., 2000; Oren and Mana, 2002; Sinha and Khare, 2014).

The in silico analysis of the amino acid sequence showed that AvNRT displays a higher number of acidic residues (17.5%) than other reported NDTs (calculated from published data), such as TbPDT (14.3%) (Pérez et al., 2018), LmPDT (12.9%) (Crespo et al., 2017), LdNDT (15.9%, Acosta et al., 2018), LrNDT (15%) (Fernández-Lucas et al., 2010) or BpDNT (15.5%) (Fresco-Taboada et al., 2018). Additionally, most of these acidic residues are surface-exposed (88%) and strategically located in several clusters distributed over the protein surface so as to provide a highly negative surface MEP (Figure 4). These features are in line with the high halodependence exhibited by AvNRT.


[image: Figure 4]
FIGURE 4. AvNRT surface colored according to the molecular electrostatic potential [ranging from −5.0 (red) to 5.0 (blue)] computed using the APBS program (Jurrus et al., 2018), as implemented in PyMOL (Delano, 2002).


Since neither NDTs nor PDTs have shown this extreme salt tolerance (Fernández-Lucas et al., 2010, Crespo et al., 2017; Acosta et al., 2018; Fresco-Taboada et al., 2018; Pérez et al., 2018), AvNRT emerges as the first halotolerant NDT and this sole fact can make it an interesting biocatalyst for industrial applications.



Thermal Stability

AvNRT activity does not decline when the enzyme is stored at 4 and−80°C in 10 mM sodium phosphate buffer, pH 7 for 365 days. Furthermore, the effect of temperature on enzyme stability was evaluated by incubating AvNRT over a temperature range 60–80°C in 10 mM sodium phosphate buffer, pH 7. Figure 5 shows that AvNRT did not suffer any loss of activity after being maintained at 60°C for 8 h. Moreover, the activity was not significantly decreased after incubation periods longer than 20 h (79–82% retained activity) at 60 and 70°C. Interestingly, AvNRT showed a considerably high half-life (around 8 h) when stored at 80°C, which was not unexpected given the origin of this enzyme.


[image: Figure 5]
FIGURE 5. Time course of the thermal inactivation of AvNRT at (■) 60°C, (◦) 70°C, and (•) 80°C in 10 mM sodium phosphate pH 7.


In addition, our in silico homology model revealed the high likelihood of one intradimeric disulfide bond between the spatially very close Cys77 and Cys77# of two monomers. Therefore, the putative presence of two disulfide bridges in the tetramer would lead to a more compact structure and restrained protein mobility (Figures 2C,D) and this can account for the high thermostability displayed by AvNRT. This hypothesis is supported by the fact that AvNRT suffers a drastic loss of activity (around 90%) over the course of 1 h upon incubation at 80°C for 2 h (Figure S3) when incubated in presence of 3 mM DTT (disulfide reducing agent).



Effect of Water-Miscible Solvents on AvNRT Activity

Haloadaptation is perceived as a protective mechanism that confers stability to halophilic proteins against denaturants such as high temperature or the presence of chaotropic agents and/or organic solvents. Water-miscible solvents disrupt hydrogen bonding interactions among protein subunits and also reduce water concentration at the active site, thus reducing catalytic efficiency (kcat). Due to the fact that high salt concentrations decrease water activity significantly, enzymes from halophilic microorganisms often work in low-water media and remain properly folded and active in the presence of organic solvents (Sinha and Khare, 2014; DasSarma and DasSarma, 2015). In this respect, the protective role of high salt concentrations against the disruptive effect of organic solvents is extensively reported in the literature (Madern et al., 2000; Marhuenda-Egea and Bonete, 2002; Sinha and Khare, 2014).

To investigate the effect of water-miscible solvents on the activity of AvNRT, the enzymatic hydrolysis of Guo was assayed in the presence of 20% (v/v) polar protic (MeOH, EtOH, isopropanol, glycerol, ethylene glycol, and propylene glycol) and aprotic co-solvents (acetonitrile, acetone, chloroform, N, N-dimethylformamide, DMSO and ethyl acetate). As shown in Figure 6, a general reduction of enzyme activity in the presence of the solvents tested can be observed. However, this activity decrease is very different depending upon the nature of co-solvent. On the one hand, we can observe a different behavior between short-chain alcohols and polyols. Thus, the short chain alcohols displayed higher relative activities (52–73%) than polyols (15–17%), being glycerol the only exception (56%) to this tendency (Figure 6A). In this respect, the size and/or conformation of polyols clearly has an intrinsic effect on enzyme activity. Thus, an increase of enzymatic activity is apparent as the dielectric constant (ε) decreases, in the following order: isopropanol (72% relative activity, ε = 20, log P = 0.05) > EtOH (65% relative activity, ε = 25, log P = −0.24) > MeOH (65% relative activity, ε = 33; log P = −0.76); in contrast, the enzymatic activity increases as the log P value of the short-chain alcohols increases (Fernández-Lucas et al., 2012; Del Arco et al., 2018a). On the other hand, we can observe an increase of enzyme activity linked to the increase of log P value for aprotic co-solvents (Figure 6B), with maximum relative activity for ethyl acetate (76%, log P = 0.73) and a high or practically total loss of activity in the presence of DMSO (16% relative activity, log P = −1.3) and N, N-dimethylformamide (no activity, log P = −1.0). In addition, this log P dependence was also conserved using chloroform, a non-water-miscible solvent (77% relative activity, log P = 1.83) (Fernández-Lucas et al., 2012; Del Arco et al., 2018a).


[image: Figure 6]
FIGURE 6. Effect of organic co-solvents (20% v/v) on enzymatic activity of AvNRT. (A) Alcohols and polyols. (B) Aprotic polar solvents.




Enzymatic Synthesis of Purine Nucleoside Analogs

With a view to the possible industrial implementation of AvNRT as a biocatalyst for the synthesis of nucleoside analogs, we assayed the transglycosylation ability of AvNRT on different purine nucleobases (2-FAde, 2-ClAde, 2,6-DAP, 6-MeOGua, Ade and Hyp) using Guo or dGuo as the nucleoside donors (Table 1). No transglycosylation activity was observed when dGuo was used as the donor (data not shown) and the transglycosylation seemed to be strongly linked to the presence of an amino group on C2 of the purine ring (Table 1, Figure 2B). Thus, low activity values were obtained for Ade and 2-halopurines and no activity whatsoever was observed when Hyp was used as the acceptor base. A putative interaction between the 2-amino group and the carboxylate of Glu40 (Figure 2B) could account for these striking differences.


Table 1. Glycosidic bond cleavage in guanosine by AvNRT and ribosyl transfer to different heteroaromatic bases used as acceptorsa.

[image: Table 1]

These results agree with the hypothesis derived from the bioinformatic analysis (Figures 1, 2B) suggesting a strict preference of AvNRT for ribonucleosides. Furthermore, they are also in line with those previously reported for TbPDT demonstrating that the Tyr5 → Phe replacement enhances the ability of this enzyme to accept ribonucleosides as substrates (Del Arco et al., 2019b).

AvNRT is unusual insofar as it cannot be strictly classified as a type I or type II NDT and should therefore be considered as part of a novel subfamily, type III, which only acts on ribonucleosides (NRTs). Moreover, the greater activity of AvNRT on 2-purine ribonucleosides suggests the possibility that AvNRT may have originated from a type I (PDT) or vice versa. In light of the results presented here, there appears to be a growing need for a re-classification of NDTs.




CONCLUSIONS

A novel N-ribosyltransferase from Archaeoglobus veneficus (AvNRT) is reported as the first wild-type member of the N-(deoxy)ribosyltransferase-like superfamily that acts selectively on ribonucleosides. Experimental evidence revealed AvNRT to be a tetramer, as expected from previous bioinformatic analysis and molecular modeling results. AvNRT is active and stable at high temperatures (60–80°C) and displays optimal activity at pH 6 and 4 M NaCl. This novel halotolerant and thermostable catalyst was employed in the enzymatic synthesis of different purine ribonucleoside analogs. AvNRT expands the versatility of previously reported NDTs and poses new questions about the biological significance and evolution of NDTs.
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In our search for novel biocatalysts for the synthesis of nucleic acid derivatives, we found a good candidate in a putative dual-domain hypoxanthine-guanine phosphoribosyltransferase (HGPRT)/adenylate kinase (AMPK) from Zobellia galactanivorans (ZgHGPRT/AMPK). In this respect, we report for the first time the recombinant expression, production, and characterization of a bifunctional HGPRT/AMPK. Biochemical characterization of the recombinant protein indicates that the enzyme is a homodimer, with high activity in the pH range 6-7 and in a temperature interval from 30 to 80°C. Thermal denaturation experiments revealed that ZgHGPRT/AMPK exhibits an apparent unfolding temperature (Tm) of 45°C and a retained activity of around 80% when incubated at 40°C for 240 min. This bifunctional enzyme shows a dependence on divalent cations, with a remarkable preference for Mg2+ and Co2+ as cofactors. More interestingly, substrate specificity studies revealed ZgHGPRT/AMPK as a bifunctional enzyme, which acts as phosphoribosyltransferase or adenylate kinase depending upon the nature of the substrate. Finally, to assess the potential of ZgHGPRT/AMPK as biocatalyst for the synthesis of nucleoside-5′-mono, di- and triphosphates, the kinetic analysis of both activities (phosphoribosyltransferase and adenylate kinase) and the effect of water-miscible solvents on enzyme activity were studied.

Keywords: enzymatic synthesis, nucleotides, phosphoribosyltransferase, nucleoside-5cpsdummy′-monophosphate kinase, dual domain protein


INTRODUCTION

Purine nucleotides are involved in multitude of biochemical processes, but they are also particularly important as building blocks for RNA and DNA synthesis. Biosynthesis of purine nucleotides is performed through two different metabolic routes, de novo and salvage pathways. In the de novo pathway, purine nucleotides are synthesized from simple precursors like glycine, glutamine, or aspartate. In contrast, salvage pathway employs purine nucleobases to generate the corresponding nucleoside-5′-monophosphates (NMPs). This requirement for purines is satisfied by means of different endogenous and/or exogenous sources of preformed nitrogen bases (el Kouni, 2003; Del Arco and Fernández-Lucas, 2018). Both metabolic routes, de novo and salvage pathways, lead to inosine-5′-monophosphate (IMP) synthesis. IMP is converted to guanosine-5′-monophosphate (GMP) and adenosine-5′-monophosphate (AMP), which are subsequently phosphorylated to get guanosine-5′-triphosphate (GTP) and adenosine-5′-triphosphate (ATP), respectively.

Biocatalysis aims to reproduce, implement and expand nature’s synthetic strategies to perform the synthesis of different organic compounds using whole cells or enzymes.

The chemical synthesis of nucleotides proceeds through the mono-, di-or triphosphorylation of precursor nucleosides. However, chemical methodologies require the use of chemical reagents (phosphoryl chloride, POCl3, or phosphorus pentoxide, P2O5), acidic conditions, and organic solvents, which are expensive and environmentally harmful (Yoshikawa et al., 1967, 1969). In addition, chemical synthesis of the precursor nucleosides requires the protection and de-protection of functional groups, as well as the isolation of intermediates. It leads to poor or moderate global yields and low product purity, and therefore an increase in production costs. In contrast, enzymatic bioprocesses offers many different advantages, such as the possibility of one-pot reactions under mild conditions, high chemo-, regio- and stereoselectivity, and an eco-friendly technology (Del Arco and Fernández-Lucas, 2017; Acosta et al., 2018; Del Arco et al., 2018b).

In this sense, the use of enzymes from purine and pyrimidine salvage pathway as biocatalysts for the synthesis of nucleosides and nucleotides has been extensively reported (Mikhailopulo, 2007; Fernández-Lucas et al., 2010; Fresco-Taboada et al., 2013; Fernández-Lucas, 2015; Lapponi et al., 2016; Del Arco and Fernández-Lucas, 2017; Ding and Ou, 2017; Lewkowicz and Iribarren, 2017; Serra et al., 2017; Acosta et al., 2018; Del Arco et al., 2018b, 2019a; Pérez et al., 2018; Kamel et al., 2019; Ubiali and Speranza, 2019).

6-oxopurine phosphoribosyltransferases (6-oxo PRTs, EC 2.4.2.8, EC 2.4.2.22) are essential enzymes in the purine salvage pathway (el Kouni, 2003). 6-oxo PRTs catalyze the reversible transfer of the 5-phosphoribosyl group from 5-phospho-α-D-ribosyl-1-pyrophosphate (PRPP) to N9 on the 6-oxopurine bases hypoxanthine (1), guanine (2) or xanthine (3) to form IMP (4), GMP (5) or XMP (6) (HPRT, GPRT, XPRT, HGPRT, GXPRT or HGXPRT), respectively, in the presence of Mg2+ (Del Arco et al., 2017, 2018c; Figure 1A).
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FIGURE 1. (A) Enzymatic synthesis of 6-oxopurine purine nucleosides monophosphate catalyzed by 6-oxopurine PRTs. (B) Enzymatic synthesis adenine nucleotides catalyzed by AMPKs.


Adenylate kinase (EC 2.7.4.3, AMPK) belongs to nucleoside-5′-monophosphate kinase (NMPK) family. AMPK catalyzes the reversible transfer of the terminal phosphate group between ATP and AMP to give 2 molecules of ADP in presence of Mg2+ (Figure 1B). AMPK is present in de novo synthesis of nucleotides and also plays an essential role in the maintenance of cellular homeostasis of adenine nucleotides by the interconversion of AMP, ADP and ATP (Davlieva and Shamoo, 2010; Panayiotou et al., 2014).

Herein we report, for the first time, a bifunctional protein from Zobellia galactanivorans which contains both HGPRT (N-terminal part) and AMPK (C-terminal part) domains (Figure 2). In the N-terminal part a HGPRT module, involved in the purine salvage, converts Hyp to IMP and Gua to GMP. Also, in the C-terminal part an AMPK module, involved in the energy metabolism and nucleotide synthesis, catalyzes the reversible transfer of the terminal phosphate group from ATP to AMP. The recombinant protein (named ZgHGPRT/AMPK) was shown as a homodimer, active in the pH interval 6-7 and in a broad temperature range (30–80°C). Moreover, ZgHGPRT/AMPK displays an apparent unfolding temperature (Tm) of 45°C. Finally, to assess the potential of ZgHGPRT/AMPK the kinetic analysis of both activities (phosphoribosyltransferase and adenylate kinase) and the effect of divalent cations and water-miscible solvents on enzyme activity were assayed.
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FIGURE 2. Cartoon representation of the ZgHGPRT/AMPK monomer model comprising HGPRT (yellow) and AMPK (green) domains. The figure was prepared with PyMOL (Delano, 2002).




MATERIALS AND METHODS


Materials

Cell culture medium reagents were purchased from Difco (St. Louis, MO, United States). Triethyl ammonium acetate buffer was provided by Sigma-Aldrich (Madrid, Spain). All other reagents and organic solvents were purchased from Symta (Madrid, Spain). Nucleosides, nucleotides and nucleobases were provided by Carbosynth Ltd. (Compton, United Kingdom).



Cloning, Expression and Protein Purification

After an in silico mining of phosphoribosyltransferase (PRT) candidates, we found a gene which encodes a putative bifunctional protein HGPRT/AMPK in Zobellia galactanivorans genome (European Nucleotide Archive code: CAZ96627; UniProtKB code G0LC40). The corresponding hgprt/ampk gene was provided by GenScript (United States) as a NheI-BamHI fragment subcloned into the expression vector pET28b (+). The recombinant vector pET28bZgHGPRT/AMPK encodes an N-terminal His6-tagged fusion with a thrombin cleavage site between the tag and the enzyme. ZgHGPRT/AMPK was expressed in Escherichia coli BL21(DE3) grown at 37°C in Luria Bertani medium supplemented with kanamycin (50 μg/mL). Protein overexpression was induced by adding 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to exponential cultures and the cells were further grown for 4 h. Then, cells were harvested by centrifugation at 3,800 × g and the resulting pellet was resuspended in 10 mM sodium phosphate buffer pH 7. Crude extracts were prepared by cellular disruption of cell suspensions using a digital sonicator. The lysates were centrifuged at 16,500 × g for 30 min at 4°C. The cleared lysates were loaded onto a 5-mL HisTrap FF column (GE Healthcare), pre-equilibrated in a binding buffer (20 mM Tris–HCl buffer, pH 7.5, with 100 mM NaCl and 20 mM imidazole). Bound proteins were eluted using a linear gradient of imidazole (from 20 to 500 mM). Fractions containing ZgHGPRT/AMPK were identified by SDS-PAGE, pooled, concentrated and loaded onto a HiLoad 16/60 Superdex 200 prep grade column (GE Healthcare) pre-equilibrated in 20 mM sodium phosphate, pH 7. Fractions with the protein of interest were identified by SDS-PAGE. Protein concentration was determined spectrophotometrically by UV absorption 280 nm using a ε280 = 22,350 M–1cm–1.



Analytical Ultracentrifugation Analysis

Sedimentation velocity experiments for ZgHGPRT/AMPK were carried out in 20 mM Tris–HCl (pH 8, 20°C, 50,000 × g) using an Optima XL-I analytical ultracentrifuge (Beckman-Coulter Inc.) equipped with UV-VIS absorbance and Raleigh interference detection systems, an An-60Ti rotor and standard (12 mm optical path) double-sector center pieces of Epon-charcoal. Sedimentation profiles were recorded at 292 nm. Sedimentation coefficient distributions were calculated by least-squares boundary modeling of sedimentation velocity using the continuous distribution c(s) Lamm equation model as implemented by SEDFIT 14.7 g.

Baseline offsets were measured afterward at 200,000 × g. The apparent sedimentation coefficient distribution, c(s), and sedimentation coefficients were calculated from the sedimentation velocity data using SEDFIT (Brown and Schuck, 2006). The experimental sedimentation coefficients were corrected to standard conditions (water, 20°C, and infinite dilution) using SEDNTERP software to obtain the corresponding standard values (s20,w) (Laue et al., 1992). The corresponding apparent weight-average molar masses (Mw) were determined from the buoyant masses, considering the partial specific volumes of the protein (0.4 mg/ml) obtained from the amino acid composition using the program SEDNTERP (Minton, 1997).



Phosphoribosyltransferase Activity Assay

The standard phosphoribosyltransferase activity assay was performed by incubating 10–50 μL of free extracts or 6.5–13 μg of purified enzyme with a 40 μL solution containing 2 mM PRPP, 2 mM Hyp, 2.4 mM MgCl2 in 50 mM Tris–HCl pH 8 at 50°C and 300 r.p.m. for 5–10 min After this, the enzyme was inactivated as previously described (Del Arco et al., 2018a) and the IMP production was analyzed and quantitatively measured using HPLC. All determinations were carried out in triplicate and the maximum error was ≤2%. Under such conditions, one activity unit, U (μmol/min), was defined as the amount of enzyme (mg) producing 1 μmol/min of IMP under the assay conditions.



Influence of pH and Temperature on ZgHGPRT/AMPK Activity

The optimum pH of the enzyme was determined under standard phosphoribosyltransferase assay condition, using sodium citrate (pH 4–6), sodium phosphate (pH 6–8.5), MES (pH 5.5–7), Tris–HCl (pH 7–9) and sodium borate (pH 8–11) as reaction buffers (50 mM). The optimum temperature was determined using the standard assay over a 20–80°C range.



Influence of Divalent Cations on Enzyme Activity

To determine the effect of divalent cations on ZgHGPRT/AMPK activity, different divalent salts (MgSO4, MnSO4, ZnSO4, CoSO4, and CaCl2) were added to the reaction mixture at different concentrations (2–20 mM). The reaction was performed using the standard phosphoribosyltransferase activity assay under the optimal pH and temperature conditions previously determined. In this respect, 6.5 μg of purified enzyme were incubated in a 40 μL solution containing with 2 mM PRPP, 2 mM Hyp and 2–20 mM divalent salts, in 50 mM sodium phosphate buffer pH 7 at 50°C and 300 r.p.m., 5–10 min.



Influence of Water-Miscible Solvents on Enzyme Activity

To determine the effect of organic solvents on enzymatic activity, the phosphoribosyltransferase activity was assayed in the presence of different protic and aprotic organic solvents. To this end, 6.5 μg of purified enzyme were added to a 40 μL solution containing 2 mM PRPP, 2 mM Hyp, 2.4 mM MgCl2 in 50 mM sodium phosphate buffer pH 7, in the presence of 20% (v/v) water-miscible organic solvents. The reaction mixture was incubated at 50°C for 5–10 min (300 r.p.m.).



Thermal Stability

ZgHGPRT/AMPK was stored at 4 and −80°C in 20 mM sodium phosphate buffer, pH 7 for 365 days. Periodically, samples were taken and the enzymatic activity was evaluated. Storage stability was defined as the relative activity between the first and the successive reactions. Moreover, thermal stability was studied by incubating 6.5 μg of purified enzyme in 20 mM sodium phosphate buffer, pH 7, for 240 min at different temperatures (40–60°C).



Thermal Denaturation

The melting temperature (Tm) was measured using differential scanning fluorimetry in a Rotor GeneTM 6000 (Corbett Life Sciences) essentially as previously described (Niesen et al., 2007; Del Arco et al., 2019b). For this purpose, ZgHGPRT/AMPK was diluted to a final concentration of 20 and 18 μL were mixed with 2 μL 100× diluted SYPRO Orange (Sigma-Aldrich, St. Louis, MO, United States). The samples were heated over 35–95°C range at 1°C/min. The fluorescent signal was measured with excitation and emission filters of 460 and 510 nm, respectively. The Tm was approximated to the melt peak obtained from a graph plotting the negative first derivative of the melting curve with respect to the temperature (dRFU/dT vs. T), where RFU stands for relative fluorescence units.



Substrate Specificity

To assess the potential of ZgHGPRT/AMPK as a bifunctional catalyst, both phosphoribosyltransferase and adenilate kinase activities were assayed.

On the one hand the phosphoribosyltransferase activity of ZgHGPRT/AMPK was tested against different purine and pyrimidine nucleobases at different conditions. In this respect, 50 mM sodium phosphate buffer pH 7 was used as reaction buffer when hypoxanthine, adenine, cytosine, uracil or thymine were used as substrates, whereas 50 mM Tris–HCl buffer pH 8 was used as reaction buffer for guanine and xanthine.

One the other hand, the interconversion of adenine nucleotides (ATP, ADP, and AMP) was assayed to evaluate adenylate kinase activity. To this end, 13 μg of purified enzyme were added to a 40 μL solution containing 3.2 mM ATP and 3.2 mM AMP (or 6.4 mM ADP), 12 mM MgCl2 in 50 mM sodium phosphate buffer pH 7. The reaction mixture was incubated at 50°C and 300 r.p.m. for 10–20 min.



Kinetic Analysis

The steady-state kinetic parameters, KM, kcat, and kcat/KM, for both HGPRTase and AMPKase activities were determined. The kinetic analysis of HGPRT was performed at varying concentrations of one substrate (0.5–17.2 mM for Hyp, 0.5–17.2 mM for PRPP), fixing the concentration of the other substrate at constant saturating level (5 mM). An identical approach was followed for the kinetic analysis of AMPKase activity (0.5–10 mM for AMP, 0.5–10 mM for ATP) using 3.2 mM as constant saturation concentration. Apparent KM, kcat, and kcat/KM, were determined by non-linear regression assuming Michaelis–Menten kinetics. Calculations were carried out using the GraphPad Prism 8 (Motulsky and Christopoulos, 2019).



Homology Modeling

In order to analyze the structural features of ZgHGPRT/AMPK a 3D homology model of the enzyme was built. First, the single domain homology models were built by employing Swiss-Model server (Waterhouse et al., 2018), using the best protein templates of known 3D structures for each domain. Thus, HGPRT from Leptospira interrogans (PDB id 4QRI) and AMPK structure from Geobacillus stearothermophilus (PDB id 1ZIN) were selected as templates. Then, a complete ZgHGPRT/AMPK 3D model was built through assembling the best homology models for both, HGPRT and AMPK domains, using replica-exchange Monte Carlo simulations integrated in Domain Enhanced Modeling server (Zhou et al., 2019). A protein-protein docking using ClusPro (Vajda et al., 2017) was performed to ensure the optimum quality of the dual domain homology model.

Once the quaternary structure of the enzyme was defined, the linker sequence combining both monomers was determined by support vector machine (SVM) implemented in Domain linker pRediction using OPtimal features server (DROP) (Ebina et al., 2011). Flexibility was calculated comparing the atomic fluctuation of the loop with the rest of the structure through molecular dynamic simulation (MD). To this end, ZgHGPRT/AMPK model was complexed with Hyp, PRPP and Mg2+ in the active site of the HGPRT domain, and with AMP, ATP and Mg2+ in the active site of AMPK domain. The complex was then immersed in a box of 10,500 TIP3P water molecules that extended 15 Å away from any solute atom, and 20 Na+ ions were added to ensure electrical neutrality. Energy refinement followed by unrestrained MD simulations for 30 ns were carried out using the pmemd_cuda.SPFP module and the standard ff14SB force field parameter set in AMBER16 (Case et al., 2016). Finally, the cpptraj module (Roe and Cheatham, 2013) in AMBER16 was employed for data processing of the calculated trajectories.



Analytical Methods

The production of nucleotides was measured quantitatively using an ACE EXCEL (5 μm CN-ES 250 × 4.6 mm) equilibrated with 100% triethyl ammonium acetate at a flow rate of 0.8 mL/min. Retention times for the reference natural compounds (hereafter abbreviated according to the recommendations of the IUPAC-IUB Commission on Biochemical Nomenclature) were as follows: adenine (Ade), 10.4 min; adenosine-5′-monophosphate (AMP), 5.5 min; adenosine-5′-diphosphate (ADP), 4.4 min; adenosine-5′-triphosphate (ATP), 3.8 min; guanine (Gua), 4.8 min; guanosine-5′-monophosphate (GMP), 3.2 min; hypoxanthine (Hyp), 4.5 min; inosine-5′- monophosphate (IMP), 3.0 min; xanthine (Xan), 4.4 min; cytosine (Cyt), 3.9 min; uracil (Ura), 4.1 min; thymine (Thy), 7.2 min; thymidine-5′-monophosphate (TMP), 4.4 min.



RESULTS AND DISCUSSION


Bioinformatics Analysis of ZgHGPRT/AMPK

The genomic information of Zobellia galactanivorans has been analyzed and published online (NC_015844.1). After an in silico mining, we discovered an ORF that potentially encodes a putative HGPRT/AMPK bifunctional protein annotated throughout the genome. To confirm this, a bioinformatic analysis was performed. The pairwise amino acid sequence alignment using BLASTP1 against Protein Data Bank revealed the presence of both canonical, PRT and adenylate kinase domains, encoded in the amino acid sequence (Figure 2). In this sense, with the aim to understand these unusual sequence features, a 3D homology model of ZgHGPRT/AMPK was built (Figures 2, 3).
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FIGURE 3. Cartoon representation of the overall ZgHGPRT/AMPK model, comprising both subunits (green and blue). The figure was prepared with PyMOL (Delano, 2002).


According to the multiple sequence alignment of amino acid sequences of closest PRT homologs, ZgHGPRT/AMPK would belong to class I PRTs, which display a conserved 13-residue “fingerprint” region (PRPP binding-motif) in their amino acid sequence (Del Arco and Fernández-Lucas, 2017; Figure 4A). Type I PRTs commonly display a core region composed by four- or five-stranded parallel β-sheet surrounded by three α-helices and a hood domain that completes the active site architecture, and is also involved in nucleobase binding (Figure 4B). Some of these catalytic residues are located in several flexible and highly mobile loops which adopt different conformations depending on the binding of substrates or products (Figure 4B). As shown in Figure 4, some essential elements of type I PRTs architecture were found in ZgHGPRT/AMPK amino acid sequence such as PPi loop, the flexible loop and PRPP binding domain (including PRPP loop), as well as in the homology model. Finally, the well-known purine pocket of purine PRTs was also found in ZgHGPRT/AMPK amino acid sequence.
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FIGURE 4. (A) Multiple sequence alignment of amino acid sequences of 6-oxopurine PRTs from Zobellia galactanivorans (ZgHGPRT/AMPK), Leptospira interrogans (LiHGXPRT, PDB id 4QRI), Trypanosoma cruzi (TcHPRT, PDB id 1P19), Bacillus anthracis (BaHPRT, PDB id 6D9Q), Salmonella typhimurium (StHPRT, PDB id 1J7J), Escherichia coli (EcHPRT, PDB id 5KNR), (B) Overall representation of the active site architecture of ZgHGPRT domain based on the structural alignment of ZgHGPRT/AMPK homology model (green) with Trypanosoma cruzi HRPT (gray) complexed with PRPP and 7-hydroxypyrazolo[4,3-D]pyrimidine (PDB id 1TC2) (sticks), and Mg2+ (black sphere). PRPP binding site, PPi and flexible loops (blue) and purine pocket (violet) are encircled with dotted lines. The figure was prepared with PyMOL (Delano, 2002).


Regarding to the AMPK domain, the typical adenylate kinase motifs are present in ZgHGPRT/AMPK amino acid sequence (Figure 5A): (i) the P-loop (also known as Walker A motif), that adopts a specific loop shape allowing the accommodation of phosphate moiety from ATP, (ii) the AMP binding domain, which ensures that the adenine group from adenylate is selectively distinguished from other nitrogenous bases, and (iii) the LID domain, which displays high mobility allowing the active site isolation and thus generates a hydrophobic environment, avoiding the hydrolysis and promoting phosphotransferase activity (Formoso et al., 2015; Figure 5A). Moreover, AMPK proteins have a α/β structure formed by 5 β-sheet surrounded by several a-helices (Mukhopadhyay et al., 2010; Figure 5B). Like other AMPKs, ZgHGPRT/AMPK shows the typical core domain formed by the P-loop and a high conserved 12-residue AMPK “fingerprint,” including the G-F-P-R sequence that contribute to the protein folding and stabilization (Figure 5B; Mukhopadhyay et al., 2010). As inferred from Figure 5B, ATP would be located between the core and LID domains, while AMP would be sandwiched between the core and the AMP binding site (Figure 5B).
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FIGURE 5. (A) Multiple sequence alignment of amino acid sequences of AMPK from Zobellia galactanivorans (ZgHGPRT/AMPK), Aquifex aeolicus (AaAMPK, PDB id 2RGX), Mycobacterium tuberculosis (MtAMPK, PDB id 1P4S), Geobacillus stearothermophilus (GsAMPK, PDB id 1ZIN), Marinibacillus marinus (MmAMPK, PDB id 3FB4), Sporosarcina globispora (SgAMPK, PDB id 5X6J). (B) Overall representation of the active site architecture of ZgAMPK domain based on the structural alignment of ZgHGPRT/AMPK homology model with AMPK from Homo sapiens (gray) complexed with P1,P4-Bis(5′-adenosyl) tetraphosphate (PDB id 2C95) (sticks). P-Loop site (red), AMP binding site (blue) and LID domain (yellow) are encircled with dotted lines. The core domain (green), including P-loop site and AMPK fingerprint, is also shown. The figure was prepared with PyMOL (Delano, 2002).


To form the complete monomer of the protein, both HGPRT and AMPK domains are connected by an interdomain linker consisting of 10 amino acids (REVYQLNQKH). This sequence is characterized by charged and polar uncharged amino acids, similar to other linkers from multidomain proteins (Argos, 1990; George and Heringa, 2002). Moreover, this region displays a coil secondary structure (Figure 2) with lower flexibility than the average of the rest of the protein. However, certain degree of flexibility is required to retain the function of individual domains and to allow crucial domain interactions (Reddy Chichili et al., 2013). Nevertheless, Arg, Glu, and Gln residues present in the linker act as rigid spacers to prevent unfavorable interactions between both domains (Chen et al., 2013). Finally, as concluded from the protein-protein docking, multidomain monomers are combined into a dimeric state, which corresponds to the biologically active form of the enzyme (Figure 3).



Production and Purification of ZgHGPRT/AMPK

The bioinformatics analysis of Zobellia galactanivorans genome (NCBI reference sequence NC_015844.1) displayed the presence of a putative ZgHGPRT/AMPK. The putative hgprt/ampk gene from Zobellia galactanivorans was cloned and overexpressed in E. coli BL21(DE3) as described above. The recombinant N-terminal His6-tagged ZgHGPRT/AMPK was purified by an affinity and an exclusion size chromatographic procedure. SDS-PAGE analysis of the purified enzyme shows only one protein band with an apparent molecular mass around 42 kDa (Figure 6).
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FIGURE 6. SDS-PAGE analysis of soluble ZgHGPRT/AMPK. Lane 1. Precision Plus ProteinTM prestained standard from Bio-Rad used as a molecular weight marker. Lane 2. Supernatant obtained after centrifugation of the lysed cells. Lane 3. Pellet obtained after centrifugation of the lysed cells. Lane 4. ZgHGPRT/AMPK (15 μg protein) after chromatography purification.


The sedimentation velocity experiments revealed ZgHGPRT/AMPK as a group of two species with an experimental sedimentation coefficient of 4.51 S (s20,w = 4.55 S) (97%) and 7.10 S (s20,w = 7.23 S) (3%). The major species found in solution corresponds to a dimer state (Mw = 83.33 kDa) and is compatible with a monomer subunit of 41.65 kDa, a molecular mass similar to that calculated from the amino acid sequence of the His6-tagged protein (43.77 kDa). Since ZgHGPRT/AMPK is the first dual domain PRT/AMPK protein, there are not previous examples to compare it with. However, different oligomeric states have been described for 6-oxopurine PRTs from several sources, such as dimeric 6-oxo PRTs from Sulfolobus solfataricus (SsHGXPRT) and GPRT from Giardia lamblia (GlGPRT), tetrameric 6-oxo PRTs from Thermus thermophilus (TtHGXPRT and TtXPRT), Toxoplasma gondii (TgHGPRT) and E. coli (EcXGPRT and EcHPRT), or the hexameric HGPRT from Pyrococcus horikoshii (PfHGXPRT) (Del Arco and Fernández-Lucas, 2017). In this respect it seems that ZgHGPRT/AMPK could belong to dimeric 6-oxo PRTs.

Regarding to AMPKs, they are generally found in two distinct oligomeric states, the trimeric class commonly present in Archaea, and monomeric class more common in Eubacteria (Davlieva and Shamoo, 2010).



Temperature and pH Dependence of ZgHGPRT/AMPK Activity

The effect of temperature and pH on ZgHGPRT/AMPK activity is shown in Figure 7A. ZgHGPRT/AMPK displays high activity (>70%) across a broad temperature range (from 30 to 80°C), with a maximum at 50–60°C, which is higher than those reported for other mesophilic HGPRTs, such as HGXPRT from Plasmodium falciparum (T = 22°C) (Mbewe et al., 2007), human HGPRT (T = 22°C) (Raman et al., 2004) or HPRT from Trypanosoma cruzi (T = 37°C) (Wenck et al., 2004).


[image: image]

FIGURE 7. Biochemical characterization of ZgHGPRT/AMPK. (A) Effect of temperature on ZgHGPRT/AMPK activity (•). (B) Effect of pH on ZgHGPRT/AMPK activity, (•) 50 mM sodium citrate (pH 4–6), (∘) 50 mM MES (pH 5.5–7), (■) 50 mM sodium phosphate (pH 6–8.5), (△) 50 mM Tris–HCl (pH 7–9), (▲) 50 mM sodium borate (pH 8–11). All determinations were carried out in triplicate and the maximum standard deviation value was 2%.


Moreover, the pH profile revealed that ZgHGPRT/AMPK displays high activity in a narrow pH range 6–7, with a maximum peak when it was incubated in 50 mM sodium phosphate pH 7 (Figure 7B). In addition, experimental data suggest a strong dependence on the nature of buffer solution for ZgHGPRT/AMPK.



Thermal Stability of ZgHGPRT/AMPK

ZgHGPRT/AMPK does not undergo any loss of activity when stored at 4°C in 20 mM sodium phosphate buffer, pH 7 for 365 days. However, a significant loss of activity (≈30%) was observed when stored at −80°C. Furthermore, the effect of temperature on enzyme stability was evaluated by incubating ZgHGPRT/AMPK for 4 h in 20 mM sodium phosphate pH 7, in the temperature range 40–60°C (Figure 8A). As expected for a mesophilic enzyme, ZgHGPRT/AMPK suffered a high loss of activity when incubated at 50 and 60°C in a brief period of time (relative activity <70% for incubation periods longer than 10 min). In contrast, ZgHGPRT/AMPK displayed a high relative activity (around 80%) when stored at 40°C for 240 min. These results agree with thermal denaturation curves, which allowed us to estimate a moderate melting temperature (Tm) of 45.25°C (Figure 8B). As shown in literature, the oligomerization state of the 6-oxopurine PRTs may contribute to the overall stability of the protein and high aggregation states favors the increase of thermal stability in 6-oxo PRTs (Del Arco and Fernández-Lucas, 2017). Considering the dimeric nature of ZgHGPRT/AMPK, a high thermal stability was not expected in this case.
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FIGURE 8. (A) Thermal inactivation of ZgHGPRT/AMPK at (■) 40°C, (∘) 50°C and (•) 60°C. (B) Melting temperature of ZgHGPRT/AMPK. All determinations were carried out in triplicate and the maximum standard deviation value was 1.8%.




Effect of Divalent Cations on Enzyme Activity

Once optimal conditions of pH (7) and temperature (50°C) were stablished, the effect of divalent cations on enzyme activity was assayed (Figure 9). As described for HGPRTs, the presence of two divalent metal ions in the active site of these enzymes is crucial for the catalytic reaction. In fact, they are associated with both the PPi of PRPP and with active site residues (directly or through water molecules). One of these cations is also linked to the purine base through a water molecule, placing the purine substrate for catalysis (Sinha and Smith, 2001).
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FIGURE 9. Influence of divalent salts on ZgHGPRT/AMPK activity. (•) MgSO4, (∘) CoSO4, (△) MgSO4, (▲) ZnSO4 and (■) CaCl2. All determinations were carried out in triplicate and the maximum standard deviation value was 1.7%.


As expected, an absolute requirement for divalent cations was observed. Thus, the optimum concentration of cations was stablished in a range of 2–3 mM, obtaining best activity values with Mg2+ 2 mM. Since high activity values were also observed when using Mn2+, it might act as an effective substitute for Mg2+, as also described for other HGPRTs such as those from E. coli, Salmonella typhimurium (Hochstadt, 1978), Artemia sp. (Montero and Llorente, 1991) and yeast (Ali and Sloan, 1986). Similar to Artemia sp. (Montero and Llorente, 1991) and yeast (Ali and Sloan, 1986), Zn2+ can also activate the phosphoribosyl activity on ZgHGPRT, although to a lesser extent than Mg2+. As shown in Figure 6, high activity values were also obtained with Co2+, which is consistent with yeast HGPRT (Ali and Sloan, 1986). Finally, significant low activity values were obtained when using Ca2+, so it could not replace Mg2+ as observed for HGPRT from Plasmodium falciparum (Mbewe et al., 2007). This finding also suggests that Ca2+ might act as an inhibitor, as described for APRT from Artemia sp. (Montero and Llorente, 1991).



Effect of Organic Solvents on ZgHGPRT/AMPK Activity

To investigate the effect of organic solvents on enzyme activity, phosphoribosyltransferase activity was assayed in the presence of 20% (v/v) polar protic (MeOH, EtOH, isopropanol, glycerol, ethylene glycol, and propylene glycol) and aprotic co-solvents (acetonitrile, acetone, chloroform, N,N-dimethylformamide, DMSO and ethyl acetate) (Fernández-Lucas et al., 2012; Del Arco et al., 2018d). As shown in Figure 10, there is a negligible loss of activity (less than 5%) in presence of 20% glycerol, ethylene glycol, chloroform and ethyl acetate. A moderate loss of activity (less than 40%) was observed in presence of 20% acetonitrile, DMSO, MeOH, EtOH, and propylene glycol. Finally, a significant loss of activity is observed when acetone, DMF or isopropanol were added to the reaction mixture.
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FIGURE 10. Effect of organic co-solvents (20% v/v) on ZgHGPRT/AMPK activity. (A) Aprotic polar solvents. (B) Alcohols and polyols. All determinations were carried out in triplicate and the maximum standard deviation value was 2%.


A correlation between hydrophobicity and activity (Figure 10A) was observed when using aprotic co-solvents. In this respect, the highest activity values are shown in the presence of 20% of hydrophobic solvents (log P > 0), such as ethyl acetate (100% relative activity, log P = 0.73) or chloroform (non-miscible solvent, 95.6% relative activity, log P = 1.83), whereas a significant activity decrease is observed for hydrophilic solvents (log P value < 0), such as acetone (51% relative activity, log P = −0.21), acetonitrile (62% relative activity, log P = −0.3), DMF (53% relative activity, log P = −1.0), DMSO (63% relative activity, log P = −1.3) (Table 1). Moreover, we also observe an increase of enzymatic activity when the dielectric constant (ε) decreases, displaying the highest activity values for ethyl acetate (ε = 6.0) and chloroform (ε = 4.8), and the lowest values for DMF (ε = 38) and acetone (ε = 21) (Table 1).


TABLE 1. Effect of 20% of organic co-solvents on ZgHGPRT/AMPK activity.

[image: Table 1]The increase of enzymatic activity in the presence of 20% protic solvents (mono alcohols and polyols) seems to be linked to the increase of dielectric constant (ε), in the following order: glycerol (ε = 47) > ethylene glycol (ε = 37) > propylene glycol (ε = 32) ≈ MeOH (ε = 32.7) > EtOH (ε = 25) > isopropanol (ε = 20) (Figure 10B and Table 1). However, higher relative activities were obtained for polyols (100–85%), instead of those obtained for mono alcohols (72–49%), which indicates that the size and/or conformation of polyols also affect the enzyme activity.



Substrate Specificity

Table 2 summarizes specific activities of ZgHGPRT/AMPK for both, phosphoribosyltransferase and adenylate kinase activities. As expected for previous in silico analysis, ZgHGPRT/AMPK can perform the phosphoribosyltransferase reaction on 6-oxopurines (Hyp and Gua), while neither 6-aminopurines nor pyrimidine bases are substrates for ZgHGPRT/AMPK. In addition, no transferase reaction was observed when xanthine was used as acceptor. These results agree with previous reports for purine PRTs since, for the purine salvage, organisms usually display different PRTs, one specific for adenine and one or more responsible for the salvage of 6-oxopurines (Del Arco and Fernández-Lucas, 2017). In this sense, the presence of an aprt gene encoding a putative APRT (GenBank: CAZ96936.1) in Zobellia galactanivorans genome would support our findings.


TABLE 2. Substrate specificity studies for ZgHGPRT/AMPK using different nucleotides and nucleobases as substrates.

[image: Table 2]To explain these results, a homology model of ZgHGPRT/AMPK was built (Figure 3), and then it was superposed with HGXPRT from Thermus thermophilus HB8 complexed with IMP (TtHGXPRT, PDB id 3ACD) (Kanagawa et al., 2010; Del Arco et al., 2017). As shown in Figure 11, hypoxanthine binding is stabilized by a network of hydrogen bonds between Asp 104, Lys 132 and Ile 154, and N1, exocyclic O6 and N7 of the purine ring. Due to the absence of any suitable residues for the recognition of exocyclic NH2, 6-aminopurines are not properly accommodated for binding and catalysis.


[image: image]

FIGURE 11. Structural alignment of ZgHGPRT/AMPK model (green) and TtHGXPRT (yellow) complexed with IMP (atom-type coloring sticks). Hydrogen bonds formed between the protein residues and IMP are shown as yellow dotted lines. Active site residues in the model are represented by sticks with the atom-type coloring (green). The figure was prepared with PyMOL (Delano, 2002).


Furthermore, ZgHGPRT/AMPK also catalyzed the phosphotransfer reaction between adenine nucleotides. As shown in Table 2, ZgHGPRT/AMPK is more active (up to 3 times) when transferring γ-phosphate moiety from ATP to α-phosphate of AMP, than it is for the reverse reaction. In this sense, the reaction equilibrium seems to be shifted toward ADP synthesis. Moreover, the PRTase/kinase activity ratio is around 5-6/1, which indicates a strong preference for Hyp and PRPP instead of adenine nucleotides as substrates. These results might suggest ZgHGPRT/AMPK plays a key role in salvage pathway, whereas it is not essential for maintaining the cellular homeostasis of adenine nucleotides.

The presence of the genes in Zobellia galactanivorans genome coding other putative enzymes which could also be involved in the metabolism of adenine nucleotides, such as an APRT (GenBank: CAZ96936.1), a ribonucleotide reductase (GenBank: CAZ95963.1), a nucleoside diphosphate kinase (GenBank: CAZ97836.1) and adenylate cyclase (GenBank: CAZ95571.1), would reinforce this hypothesis.



Kinetic Analysis

Steady-state kinetic studies were conducted at variable concentrations of Hyp or PRPP to determine kinetic parameters (KM, kcat, and kcat/KM). The results are summarized in Table 3. ZgHGPRT/AMPK displays a lower KM value for Hyp than for PRPP, which agrees with kinetic data described for other type I PRTs (Munagala et al., 1998; Wenck et al., 2004; Kanagawa et al., 2010). Moreover, a lower kcat, value is observed for Hyp, which is lined with as apparent substrate inhibition at high Hyp concentration (Table 3).


TABLE 3. Steady-state kinetic parameters for both IMP and ADP synthesis catalyzed by ZgHGPRT/AMPK.

[image: Table 3]Regarding to the ADP synthesis, KM for AMP is 10-fold higher than KM for ATP. This significant difference in the affinity between AMP and ATP is probably due to a more unstable binding of AMP onto AMP binding site, whereas the ATP binding onto LID domain seems to be favored (Zeller and Zacharias, 2015). Moreover, the turnover numbers are in compliance with the release form of products, where ADP liberation from AMP occurs through AMP binding site, and ADP liberation from ATP occurs through CORE domain (Zeller and Zacharias, 2015). Finally, the difference in the catalytic efficiency between AMP and ATP fits the model described by Ådén et al. (2013) where AMP can bind to LID with a very low affinity generating an unproductive complex (Whitford et al., 2007; Ådén et al., 2013; Zeller and Zacharias, 2015).



CONCLUSION

Herein we report a novel bifunctional hypoxanthine-guanine phosphoribosyltransferase (HGPRT)/adenylate kinase (AMPK) from Zobellia galactanivorans (ZgHGPRT/AMPK). ZgHGPRT/AMPK is the only two in one HGPRT/AMPK described up to date. Experimental results revealed ZgHGPRT/AMPK as a homodimer, active in the pH range 6–7 and in a temperature interval from 30 to 80°C, and also displaying a moderate thermal stability. More interestingly, substrate specificity studies revealed ZgHGPRT/AMPK as a bifunctional enzyme, which acts as phosphoribosyltransferase or adenylate kinase depending upon the nature of substrates. Finally, the kinetic analysis of both activities (phosphoribosyltransferase and adenylate kinase), as well as the effect of divalent cations and water-miscible solvents on enzyme activity, were described for a suitable application as biocatalyst for the synthesis of nucleoside-5′-mono, -di and triphosphates.
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In this study, a strain with rutin degrading enzyme (RDE) activity was screened from moldy tartary buckwheat and subsequently identified as Fusarium spp. The structure and enzyme characteristics of CLEA-RDE formed by immobilization via cross-linking were then investigated. Further, the optimal catalysis conditions of CLEA-RDE in natural deep eutectic solvents (NADESs) serving as hydrolysis solvents were also investigated. The results of SEM and spectrum indicated that CLEA-RDE became more stable than free-RDE due to the cross-linking. Interestingly, CLEA-RDE showed a wider range of pH adaptation and higher tolerance to low temperatures (20 – 30°C) and hydrophobic environments. The results of orthogonal experiments revealed that the optimal condition for rutin hydrolysis was under pH 5.0 and 40oC with the degradation rate of 10.65 mg min−1 L−1. The preparation of CLEA-RDE without a carrier-based immobilization method reduces the loss of enzyme activity, improves the stability of the enzyme and can be applied to the investigation of immobilization of various enzymes, thus providing a referred idea for the improvement of catalysts in industrial production.

Keywords: fusarium, rutin degrading enzyme (RDE), cross-linked enzyme aggregate (CLEA), natural deep eutectic solvents (NADESs), enzymatic characteristics


INTRODUCTION

Quercetin is a polyhydroxy flavonoid compound with a chemical name of 3, 3′, 4′, 5, 7-pentahydroxyflavone (Ulusoy and Sanlier, 2019) which is common in nature and is found in many foods such as onion, green tea and asparagus (Alinezhad et al., 2011; Nishimuro et al., 2015). It has various pharmacological effects, such as antioxidant effects (Simioni et al., 2018), preventing cardiovascular disease, and inhibiting the metabolism of cancer cells. In addition, quercetin is an efficacious substance in treating diabetes, neurological diseases, and obesity.

Rutin degrading enzyme (RDE), which can specifically convert rutin to quercetin, was first discovered by a Japanese scientist Yasuda Toshitaka from tartary buckwheat in 1993 (Yasuda and Nakagawa, 1994). Currently, chemical catalysis is normally used to obtain quercetin from rutin (Biesaga et al., 2007; Wach et al., 2007), which is not an environmentally benign process for such a low yield. In contrast, RDE catalysis is considered as a milder, greener and more efficient way to prepare quercetin from rutin. Tartary buckwheat (Yasuda and Nakagawa, 1994), hypericum perforatum (Biesaga et al., 2007), and onion (Turner et al., 2006) could be good sources of RDE.

Modern industry has been working to improve the stability of enzymes by immobilization (Liang et al., 2019). However, traditional immobilization methods are usually in need of an additional carrier which leads to a dilution or even loss of catalytic activity due to the complicated process (Bryjak and Kolarz, 1998; Tischer and Kasche, 1999). Therefore, carrier-free immobilization is beginning to get people's attention. Among them, CLEA has been proven to be a more effective method because it avoids the loss of origin activity, improves the catalytic efficiency (Cao et al., 2000) and stability to pH, temperature (Bian et al., 2019; Kulkarni et al., 2019; Talekar et al., 2020) and organic solvents (Cui et al., 2012, 2017; dong Cui et al., 2014; Cui and Jia, 2015; Bian et al., 2019; Razib et al., 2020). It is also easy to prepare and does not require high-purity enzymes, which means that different types of enzymes can be cross-linked at the same time (Mateo et al., 2004). There are two steps to prepare CLEA: Firstly, physical aggregates are obtained by changing the proximity between soluble enzyme molecules through changing the hydration state or altering the electrostatic constant of the solution through adding appropriate aggregation agents. Secondly, the cross-linking was performed using a bi-functional cross-linker to form CLEAs (Cao et al., 2003). So far, CLEA has been successfully used to immobilize many enzymes (Schoevaart et al., 2004; Talekar et al., 2012, 2014; Cui et al., 2016).

A previous study suggested that enzymes had good catalytic activity in non-aqueous or micro aqueous systems (Talekar et al., 2013). Recent studies found that the trace water preserved the active structure and improved the stability (Klibanov, 1986). Additionally, the substrate solubility was improved, and the side reactions were inhibited, which may have shifted the thermodynamic equilibrium to a desired direction (Zaks and Klibanov, 1984; Dordick, 1989). According to previous research (Zang et al., 2020), NADESs is a new kind of non-aqueous solvent, which inherits the excellent characteristics of ionic solvents and moreover process unique advantages of low toxicity, biodegradability, easy synthesis, and recycling.

In this study, strains containing RDE from moldy tartary buckwheat were screened. And we employed a novel, carrier-free immobilization method to form CLEA-RDE by altering the electrostatic constant of the solution and cross-linking through an addition of 25% glutaraldehyde solution. The activity and stability of this kind of enzyme were subsequently determined and compared with free-RDE. Finally, the effects of NADESs on promoting the catalytic activity of CLEA-RDE were also investigated.



MATERIALS AND METHODS

Chemical and Biological Materials

The tartary buckwheat was purchased from a local market in Sichuan province, China. Rutin standard was obtained from Beijing Bailingwei Technology Co., Ltd. Bovine serum albumin, choline chloride, glycerol, ammonium sulfate, glutaraldehyde, tris, hydrochloric acid, dimethyl sulfoxide, methyl alcohol, ethyl alcohol, and trichloromethane were purchased from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). Ethidium bromide and DL2000 DNA Marker were purchased from Solarbio Life Science Co., Ltd. (Beijing, China). PCR amplification primers were synthesized by General Biosystems Co., Ltd. (Anhui, China). Agarose and gel cutting recovery kits were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). DNA extraction kits were purchased from SparkJade Scientific Instruments Co., Ltd. (Shandong, China).



Preparation of Major Reagents


Preparation of NADESs

NADESs that are suitable for RDE catalysis were selected from the literature (Zang et al., 2020). Choline chloride and glycerol were weighed at a molar ratio of 1:1 and then mixed at 200°C until a homogeneous liquid was formed. Then it was mixed with deionized water at a ratio of 80:20 (V/V) before use.



Preparation of Media

Acclimation medium: a liquid Czapek–Dox medium was modified by adding rutin (0, 2, 4, 6, 8, 10 g/50 mL) as a carbon source and correspondingly reducing the amount of sucrose accordingly (10, 8, 6, 4, 2, 0 g/50 mL).

Separation medium: solid Czapek–Dox medium.

Identification medium: Modified liquid Czapek–Dox medium by replacing sucrose with rutin, other ingredients remain unchanged.




Source and Domestication of Strain

Organism suspension: weighed 10 g moldy buckwheat flour (mold at 25°C with a relative humidity of 50% for 3 days), dissolved in 200 mL of distilled water and then filtered for standby.

Inoculation: added 200 μL of suspension to sterilization medium.

Acclimation: Acclimate the strains in the medium with increasing rutin content. Five days is a period, and culture in a shaker at 28°C at a speed of 200 r/min. At the end of each cycle, 200 μL of the culture suspension was inoculated into the medium of next cycle, and the operation was repeated until the strain growth was stable.



Isolation and Purification of Strains

Refer to GB 4789.16–2016 (GB 4789.16-2016, 2017), domesticated strains were isolated and purified by streak plate method, and then the plates were cultured at 28°C Repeated the above procedures until single strain was obtained and picked for liquid culture.



Identification of Strain Activity

Two hundred Microliters of each organism solution was taken and inoculated in the identification medium, 28°C, 200 rpm for 3 d. Organism suspension was then centrifuged at 4000 r/min for 5 min, and the rutin amount in the supernatant was determined by HPLC as described in former study (Zang et al., 2020).



Strain Preservation

The selected strain was inoculated and cultured at 30°C for 2–3 d, and then stored in a 4°C refrigerator.



Strain Identification


Morphological Identification

Morphological observation: The isolated strains were inoculated into the Czapek–Dox medium with the spot planting method and cultured at 28°C for 5 days. During this period, the morphology of the colonies was observed and recorded.

Micro-structural observation: dropped a small drop of Lactobacillus carbonate cotton blue dye on the slide, took a small amount of mycelium and rinsed it in 50% ethanol solution, then washed the soaked mycelium with distilled water once, then immersed it in the dye solution, and covered the slide. They were observed under a 10, 20, 40, and 100 times optical microscope, and finally observed and recorded under 100 times oil microscope, for a preliminary identification of the organism, referring to Wei (1979).



Molecular biological identification

The purified strain was cultured on a flat plate with cellophane at 28°C for 3 d. The cultured fungal tissue was put into a mortar and ground into fine powder with liquid nitrogen. The DNA of the strain was extracted by SPARKeasy Fungus DNA kit.

PCR amplification of ITS rDNA target fragment was conducted as follows:

a) The primer sequence is:

Upstream primer ITS1: 5′-TCCGTAGGTGAACCTGCGG-3′;

Downstream primer ITS2: 5′-TCCTCCGCTTATTGATATGC-3′

b) PCR system

Ultra-pure water: 19 μL

2x Tap Master Mix: 25 μL

Primer 1: 2 μL

Primer 2: 2 μL

Substrate template: 2 μL DNA suspension

c) PCR reaction

96°C pre-denaturation: 3 min

[image: image]

Then, the PCR products were visualized on agarose gel (0.8% in TAE buffer). 0.24 g agarose powder was weighed and added to 30 mL 1 × TAE buffer, and the mixture was heated until boiling. After it had cooled, 1.5 μL ethidium bromide was added and mixed. The mixture was then poured into the template to form a glue. Then the glue was put into an electrophoresis tank. 1 × TAE buffer was added over the gel surface, the gel spotted in order, and the power turned on (130 V, 30 min). After running the gel, the ultraviolet imaging was observed in the gel imaging system.

The PCR products were then sent to General Biosystems Co., Ltd for strain identification. The ITS rDNA sequence of the isolated strain was compared with the ITS rDNA sequence recorded in NCBI by Blast, and strains with homology similarity above 95% were selected to construct a phylogenetic tree.




Extraction and Purification of RDE From the Strain

The organism suspension above was centrifuged by refrigerated centrifuge at a speed of 8,000 × g for 45 min, the supernatant was stored at 4°C as crude enzyme.

The crude enzyme solution was precipitated by ammonium sulfate, then ammonium sulfate was slowly added to 60% saturation, stirring until completely dissolved and resting overnight. After the refrigerated centrifugation at a speed of 8000 × g for 45 min, the precipitate was discarded and the supernatant was then slowly added with ammonium sulfate to 90% saturation, stirred until dissolved and rested overnight. The above refrigerated centrifugation (8,000 × g, 45 min) was repeated, the supernatant discarded, and the precipitate added to 60 mL acetic acid buffer solution (0.02 M, pH=5) to make a suspension. Finally, the suspension was transferred to a dialysis bag (shanghai yuanye Bio-Technology Co., Ltd. interception molecular weight of 4,000) and dialyzed against 4°C distilled water overnight.



Enzyme Activity Determination


Enzyme Activity Determination of Free-RDE

The crude enzyme was taken as free-RDE, 55 μL of which was added to 1 mL of 80% ChGly-water containing rutin (1 mg mL−1) and adjusted the pH to 7. The mixture was incubated at 37°C for 15 min. The reaction was stopped by adding 1 mL of methanol. The amount of degraded rutin was determined by HPLC as described in a former study (Zang et al., 2020).

One unit of RDE activity was defined as the amount of enzyme required to catalyze 1 μg rutin per min under the conditions above.



Protein Content Determination of Free-RDE

The protein content of free-RDE was determined using the Bradford method, BSA was used to prepare standard solution (0.005–0.025 mg mL−1), its UV absorbance at 595 nm was measured to establish a standard curve.



Enzyme Activity Determination of CLEA-RDE

The enzyme activity of CLEA-RDE was determined by the above method. The enzyme activity unit of CLEA-RDE was also defined as above.

Recovery rate of CLEA-RDE activity (%) = CLEA-RDE activity / total activity of free-RDE added × 100%.




Preparation and Optimization of CLEA-RDE


Preparation of CLEA-RDE

0.1 μg bovine serum albumin (BSA) was slowly added in 4.9 mL of dialyzed enzyme solution diluted 20-fold with acetate buffer (0.02 mol L−1, pH=5) for precipitation, and rested at room temperature for 30 min. Twenty-five percentage glutaraldehyde solution was then slowly added to a concentration of 0.5% (v/v). Cross-linking was applied at 20°C for 3 h with continuous gentle stirring, and after being centrifuged (4° C, 8,000 × g, 45 min) the precipitates were washed by acetate buffer (0.02 mol L−1, pH=5) 3 times and were collected and then suspended with a 4 ml Tris-HCl buffer.



Optimization of Immobilization Conditions of CLEA-RDE

Six factors were selected, namely: cross-linking agent concentration (0.5%, 1%, 1.5%, 2%, v/v), pH (4, 5, 6, 7, 8, 9), time (1, 2, 3, 4 h), BSA amount (0, 0.5, 1, 5, 10 μg), dilution factor of enzyme solution (0, 20, 50, 100, 200), and temperature (5, 20, 30, 40, 50°C). These were tested one factor at a time, and the rutin degraded amount was determined using the method above.

Based on the results of the single factor test (Figure S1), an orthogonal L9 (3)3 test was designed (Table S1) to optimize the immobilization conditions of CLEA-RDE. Factors were dilution factor of the enzyme solution, temperature, pH and cross-linking agent concentration. The immobilized enzyme activity was the dependent variable.




Structure Characterization of CLEA-RDE

The surface structure of the freeze-dried CLEA-RDE and free-RDE was observed under a vacuum with a S-4800 field emission scanning electron microscope (Hitachi, Ltd.). The infrared spectrum changes of RDE before and after cross-linking were analyzed in the range of wavelength 4,000–400 cm−1 with a resolution of 4, scanning time of 32 by IR200 Fourier transform infrared spectrometer (FTIR) (Nicolet Co., Ltd.). A L20A UV spectrophotometer (SHIMADZU Co., Ltd.) was used to scan the RDE at full wavelength to analyze the change of the maximum absorption wavelength.



Optimization of Hydrolysis Conditions of CLEA-RDE

As a protein, the catalytic activity of CLEA-RDE is often affected by the temperature, time and pH of the reaction system. At the same time, the ratio of enzyme and reaction substrate in the system also affects the yield of the hydrolysis reaction. After immobilization, the structural and physicochemical properties of the enzyme protein were changed compared to the free enzyme, and the optimal reaction conditions need to be redesigned to explore the experiment.

CLEAs amount (55, 100, 150, 200 μL), pH (4, 5, 6, 7, 8, 9), time (5, 15, 30, 45, 60 min), and temperature (20, 40, 60, 80°C) were selected to establish single factor experiments. One factor at a time was tested, and the rutin degraded amount was determined using the method above.

According to the results of the single factor tests (Figure S2), 3 factors (time, pH, temperature) were selected for further optimization. The immobilized enzyme activity was the dependent variable. The design of the orthogonal experiment is shown in Table S2.



Study on Enzymatic Properties of CLEA-RDE


Effect of Temperature on the Catalytic Activity of CLEA-RDE

Determination of optimum reaction temperature: the activity determination was performed at 20, 30, 40, 50, 60, and 70°C.

Determination of the thermal stability of enzymes: the enzyme was incubated at 20, 30, 40, 50, 60, and 70°C for 2 h before activity assay.



Effect of pH on the Catalytic Activity of CLEA-RDE

Determination of optimum reaction pH: the enzyme activity was determined in the system with pH 4–8.

Determination of the pH stability of enzymes: the enzyme was incubated in the system of pH 4–8 for 2 h before activity assay.



Effect of Organic Solvents on the Catalytic Activity of CLEA-RDE

Eighty percentage dimethyl sulfoxide, methanol, ethanol and chloroform were used to determine the activity of RDE before and after cross-linking, and the enzyme activity recovery rate was calculated.



Determination of Enzymatic Kinetic Parameters

Catalytic rate of free-RDE and CLEA-RDE was determined with 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6% substrate solutions at the time of 1.5 min by the way above. 1/[s] and 1/[r] were taken to establish a coordinate system, draw a Lineweaver–Burk curve, and calculate Km and Vmax from the slope and intercept.



Reuse and Storage Stability of CLEA-RDE and Free-RDE

The stability of CLEA-RDE during batch reactions was investigated. After each batch reaction (reaction conditions: 55 μL CLEA-RDE; 1 mL 80% ChGly-water containing 1 mg mL−1 rutin; pH=7; 37°C; 15 min), the catalyst was recovered by filtration and used again in a fresh reaction mixture to determine the conversion. The residual activity of each batch was calculated by setting the enzyme activity of the first batch as 100%.

The storage stability of CLEA-RDE and free-RDE were determined at 25°C and 4°C. The initial activity of CLEA-RDE determined just after preparation was set as 100%. The activity was measured every month.





RESULT AND DISCUSSION

Strain Screening Results


Identification of Strain Activity

A strain of fungus (F1) and a strain of bacteria (B1) were domesticated with the conversion of 53.9 and 2.4%, respectively. Thus, strain F1 with high catalytic activity was further identified and used as the subject of subsequent experimental research.



Morphological and Molecular Biology Identification

The colony identification was obtained from Figure S1A. The strain F1 was round on the culture medium, with flat colonies and cotton-fiber-shaped white hyphae. Microscopic observation was displayed in Figure S1B. The mycelium had a septum and branches, producing long tube-shaped arthrospores. According to GB 4789.16-2016 (GB 4789.16-2016, 2017), the strain was initially identified as Fusarium spp, and the aerial hyphae could develop on potato-glucose agar or Czapek–Dox medium, with various forms of megaconidia such as sickle, linear, and spindle.

The PCR product of strain F1 was verified using 0.8% agarose gel electrophoresis. Figure S2 showed that the amplified product had a single band and a fragment size of about 600 bp. The band was clear and suitable for sequencing experiment.

According to the sequencing results (Zang et al., 2020) (Figure S3), F1 was identified as Fusarium spp.




Orthogonal Experiments to Optimize Immobilization Conditions

CLEA-RDE with an enzyme activity of 3.84 mg min−1 L−1 was obtained through immobilization, and its activity recovery rate was 20.36%. To optimize the immobilization conditions, single factor test was set up. Orthogonal experiments were designed according to the single factor test (Figure S4). Glutaraldehyde was the most commonly used cross-linking agent in the preparation of CLEAs which greatly affected the immobilization rate (Razib et al., 2020). The cross-linking of glutaraldehyde to the enzyme was mainly through the covalent bonding between the aldehyde groups at both ends and the α-lysine on the surface of the enzyme molecule to obtain insoluble cross-linked enzyme aggregates. When the concentration of the cross-linking agent was too low, cross-linking failed to occur; when the concentration was too high, cross-linking between enzyme molecules and intra-molecules closely interconnected, and glutaraldehyde might even bind to the enzyme active center, resulting in a decrease in enzyme activity. The effect of cross-linker concentration on immobilization was presented in Figure S4A. It could be seen that the immobilization efficiency was the highest when the glutaraldehyde concentration is 0.5%.

As shown in Figure S4B, the immobilization efficiency was the highest at pH 7, because the spatial structure, active site and binding site dissociation state of the enzyme varied greatly under different pH environments. At pH 7, it was the most suitable environment for RDE to form cross-linking with glutaraldehyde.

The effect of different cross-linking time on the immobilization efficiency was displayed in Figure S4C. The immobilization efficiency reached the maximum at 3 h, then excessive cross-linking occurred and the enzyme activity decreased.

The effect of the BSA addition on the immobilization efficiency was depicted in Figure S4D. The immobilization efficiency was the highest when the concentration of BSA was 1 mg mL−1, and then decreased with the increment of BSA concentration. It has been proved that the addition of BSA can provide the amino acid groups required for complete cross-linking, thus improving the activity, stability (Cui et al., 2012) and separation of CLEA (Razib et al., 2020), But notably, excess BSA would compete with RDE and inhibit the cross-linking. Results in this study were also consistent with this conclusion.

Figure S4E showed that the amount of enzyme added also had an effect on the enzyme activity. The activity of cross-linking enzyme increased first with the increasing amount of enzyme, and then decreased after reaching the maximum value. This was because the number of cross-linking groups of glutaraldehyde was limited, after the saturation value was exceeded, the amount of enzyme continued to increase, resulting in a decrease in immobilization stability. At the same time, an increase in the concentration of the enzyme also caused an increase in the volume of the aggregate to cause diffusion restrictions, leading to the difficult combination between the substrate and enzyme active center and therefore reducing the enzyme activity. Here the best immobilization efficiency was achieved when the dilution ratio of the enzyme solution is 50 times.

Figure S4F demonstrated that the immobilization efficiency was the highest at 20°C, and the temperature affected the molecular structure of the protein and the cross-linking of the enzyme.

According to the results above, dilution factor of the enzyme solution, temperature, pH and cross-linking agent concentration were further optimized (Table S1). The results were shown in Table 1. As presented in Table 1, the factors affecting the immobilization of RDE were as follows, with a decreasing order: cross-linking agent concentration, dilution factor of the enzyme solution, pH and temperature. Combined with the results of the single factor test, the optimal immobilization conditions were: the crude enzyme solution was diluted for 20 times, 0.1 μg BSA added, stood at room temperature for 30 min, and then 25% glutaraldehyde solution slowly added to a final concentration of 0.25%. The pH of the action system was altered to 6, and cross-linked at 4°C for 3 h with continuous gentle stirring. After the centrifugation, the precipitates were washed and dissolved to obtain CLEA-RDE. Three parallel experiments were performed with a degradation rate of 8.16 mg min−1 L−1.


Table 1. Design and results of the L9 (34) orthogonal testa.
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Structural Characterization of CLEA-RDE

According to the FTIR results from Figure 1, there was a strong peak at 1500 cm−1 of CLEA-RDE compared to free-RDE, which indicated that there were more amide bonds formed by the reaction of amino groups and aldehyde groups in the aggregate. It verified that CLEA-RDE formed a tightly structured cross-linked enzyme aggregate through the cross-linking of glutaraldehyde.


[image: Figure 1]
FIGURE 1. FTIR results of free-RDE and CLEA-RDE.


Schoevaart et al. (2004) conducted an SEM of the structure of 12 kinds of CLEAs and found that the structure of different enzyme aggregates could be divided into two types: I highly hydrophobic with no glycosylation on the surface, II highly hydrophilic and glycosylated on the surface. From Figure 2, we could figure out that the RDE had significant structural differences before and after cross-linking: the RDE had a large regular spherical structure before cross-linking; after cross-linking, it formed a structure between I and II that was neither a ball nor belonging to a random cross-linked structure. However, the addition of the cross-linking agent caused covalent bonding in the aggregates, and the stability and mechanical strength of the RDE were improved.


[image: Figure 2]
FIGURE 2. SEM of RDE before and after aggregation [(A) RDE before cross-linking; (B) CLEA-RDE].


Figure 3 displayed that the maximum absorption wavelength of RDE changed significantly before and after cross-linking. The maximum absorption wavelength of free-RDE (protein content 21.93 μg mL−1) was 290 nm, a characteristic absorption peak of protein, while the maximum absorption wavelength of CLEA-RDE moved toward the short-wave direction. It was speculated that this blue shift might be caused by the introduction of a conjugated system into the amide bond.


[image: Figure 3]
FIGURE 3. UV full wavelength scanning of free-RDE and CLEA-RDE [(A) free-RDE; (B) CLEA-RDE].




Orthogonal Experiments to Optimize Hydrolysis Conditions

According to Figure S5A, when the amount of CLEA-RDE was in the range of 55 – 200 μL, the amount of rutin degradation decreased with the increasing amount of enzyme.

The effect of pH value in the reaction system on the amount of rutin degradation could be seen in Figure S5B. In the range of pH 4 – 9, the amount of rutin degradation increased first and then decreased as the pH was increasing. The maximum value appeared at pH 6, which meant that under the reaction system, the RDE had the highest enzyme activity at pH 6.

The effect of reaction time on the amount of rutin degradation was described in Figure S5C. With the increase of the reaction time, the amount of degradation increased, and the maximum value remained stable at about 30 min, that is, the reaction was completed in this reaction system.

Temperature is one of the important factors affecting the activity of enzyme protein. As shown in Figure S5D, in the range of 40 – 80°C, the maximum amount of rutin degradation appeared at about 60°C as the temperature increased, and then the enzyme activity began to decrease. That meant in this study, 60°C was the optimal temperature for CLEA-RDE to exert enzyme activity in the experimental system described herein.

Orthogonal experiments were designed according to the single factor experiment (Table S2). The reaction time, pH, and temperature were further optimized, and the degradation amount of rutin were used as the comprehensive inspection index. The optimization results were shown in Table 2. From the Rj value in Table 2, the influence of various factors on the experimental results could be obtained. The pH of the reaction system had the largest effect on the degradation of rutin, followed by temperature, and the reaction time had the least effect on the catalytic yield. According to the K value, the optimal level combination under each factor was selected as the optimal reaction conditions: the pH of the reaction system was 5, the reaction time was 15 min, and the reaction temperature was 40°C. Under the optimal conditions, three verification tests were performed to obtain a degradation rate of 10.65 mg min−1 L−1.


Table 2. Design and results of the L9 (33) orthogonal testa.
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Study on Enzymatic Properties of CLEA-RDE


Thermal Properties of CLEA-RDE

The comparison of the thermal stability of CLEA-RDE and free-RDE was described in Figure 4A. CLEA-RDE remained stable in the temperature range of 20 to 50°C, and notably, the stability was improved at low temperature (20 – 30°C) compared with the free-RDE. And from Figure 4B, the optimal temperature of CLEA-RDE and free-RDE were not much different, both about 50°C. These results demonstrated that the thermal properties of CLEA-RDE were improved compared to free-RDE, which was also confirmed in the cross-linked enzyme aggregates of penicillin acylase (Pchelintsev et al., 2009).


[image: Figure 4]
FIGURE 4. Effect of temperature on the stability (A) and activity (B) of free-RDE and CLEA-RDE. Standard degradation conditions: 55 μL CLEA-RDE or free-RDE solution, 1 mL 80% ChGly with 1 mg mL−1 rutin content, 37°C, 15 min.




pH Properties of CLEA-RDE

As Figure 5A showed, RDE could maintain stability in a wide range of pH and its resilience to alkaline environments was greatly improved. According to Figure 5B, the most favorable pH of the CLEA-RDE was 7, and it moved to the direction of alkali compared with the free-RDE (pH=5), which was due to the decrease in the conformational flexibility of enzyme explained in former study (Talekar et al., 2013).
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FIGURE 5. Effect of pH on the stability (A) and activity (B) of free-RDE and CLEA-RDE. Standard degradation conditions: 55 μL CLEA-RDE or free-RDE solution, 1 mL 80% ChGly with 1 mg mL−1 rutin content, 37°C, 15 min.




Stability of CLEA-RDE to Organic Reagents

From Table 3, it could be obtained that as the LogP value of the organic reagent increasing, the remaining enzyme activity of CLEA-RDE and free-RDE both increased. But the CLEA-RDE was higher, especially in hydrophobic solvents, and the residual activity of CLEA-RDE (121.7%) was almost twice that of free-RDE (66.3%) in ethyl alcohol. These results indicated that the RDE immobilized by cross-linking method had a higher stability in a hydrophobic environment, which was consistent with the cross-linked enzyme aggregates of penicillin acylase (Pchelintsev et al., 2009) and phenylalanine ammonia lyase (Cui et al., 2012).


Table 3. Stability of CLEA-RDE and free-RDE in different organic reagentsa.
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Determination of Enzymatic Kinetic Parameters

Enzymatic kinetic parameters were critical characteristic data in enzymatic and metabolic studies. The Km value was constant for a particular enzyme. The larger the Km value, the smaller the affinity of the enzyme and the substrate; otherwise, the greater the affinity.

As shown in Figure 6, compared with free-RDE (Km = 1.6 mM, Vmax= 15 mM), the Km value of CLEA-RDE (Km= 34 mM, Vmax= 3.7 mM) increased, the Vmax value decreased, and the decrease in affinity with the substrate might be due to the fact that the active center of the CLEA-RDE was covered and the binding to the substrate was hindered.


[image: Figure 6]
FIGURE 6. Lineweaver-Burk plot of free-RDE and CLEA-RDE. Standard degradation conditions: 55 μL CLEA-RDE or free-RDE solution, 1 mL rutin-80% ChGly of different rutin concentration. 37°C, 1.5 min.




Reuse and Storage Stability of CLEA-RDE and Free-RDE

In this study, CLEA-RDE could be used at least 8 times without significant loss of activity (96.2%), which indicated its strong operational stability.

The storage stability of CLEA-RDE and free-RDE were determined and 3 months later, both free-RDE (94.3%) and CLEA-RDE (95.7%) maintained their original activities. The results showed that CLEA-RDE could maintain its high catalytic activity during storage.





CONCLUSIONS

In this experiment, a new source of RDE was explored by microbial utilization of tartary buckwheat and CLEA-RDE was successfully prepared based on a carrier-free immobilization method. NADESs was proved to be useful for maintaining enzyme activity and stability. Under the optimal reaction conditions (in 1 mL of rutin concentration of 1 mg mL−1 80% ChGly-water co-solvent, 55 μL of CLEA-RDE were added, and the reaction was performed at 40°C for 15 min), the rate of rutin degradation reached 10.65 mg min−1 L−1. In addition, this carrier-free immobilization way for the preparation of CLEA-RDE was critical to prevent the enzyme activity from loss. Hence these results would have great value for the development of the catalyst manufacturing industry.
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Lactulose synthesis from fructose and lactose in continuous stirred tank (CSTR) reactor operation with glyoxyl-agarose immobilized Aspergillus oryzae β-galactosidase is reported for the first time. The effect of operational variables: inlet concentrations of sugar substrates, temperature, feed substrate molar ratio, enzyme loading and feed flow rate was studied on reactor performance. Even though the variation of each one affected to a certain extent lactulose yield (YLactulose), specific productivity (πLactulose) and selectivity of the reaction (lactulose/transgalactosylated oligosaccharides molar ratio) (SLu/TOS), the most significant effects were obtained by varying the inlet concentrations of sugar substrates and the feed substrate molar ratio. Maximum YLactulose of 0.54 g⋅g–1 was obtained at 50°C, pH 4.5, 50% w/w inlet concentrations of sugar substrates, feed flowrate of 12 mL⋅min–1, fructose/lactose molar ratio of 8 and reactor enzyme load of 29.06 IUH⋅mL–1. At such conditions SLu/TOS was 3.7, lactose conversion (XLactose) was 0.39 and total transgalactosylation yield was 0.762 g⋅g–1, meaning that 76% of the reacted lactose corresponded to transgalactosylation and 24% to hydrolysis, which is a definite advantage of this mode of operation. Even though XLactose in CSTR was lower than in other reported modes of operation for lactulose synthesis, transgalactosylation was more favored over hydrolysis which reduced the inhibitory effect of galactose on β-galactosidase.

Keywords: β-galactosidase, lactulose, immobilization, prebiotic, agarose support, galacto-oligossacharides


INTRODUCTION

Lactulose (4-O-ß-D-galactopyranosyl-D-fructose) is a synthetic disaccharide mainly used in the pharmaceutical field as a drug for the treatment of chronic constipation and hepatic encephalopathy (Schumann, 2002; Panesar and Kumari, 2011). Industrial production of lactulose is currently done by alkaline isomerization of lactose at elevated temperature. However, the chemical process has certain drawbacks, like the low yield attained and the formation of undesirable side products that make downstream operations for lactulose purification cumbersome and costly (Zokaee et al., 2002; Aider and de Halleux, 2007; Panesar and Kumari, 2011). Within this scenario, the production of lactulose by biocatalysis using enzymes from different microbial sources is a promising alternative for making the process more in line with green chemistry principles and sustainability (Foda and Lopez-Leiva, 2000; Mayer et al., 2010; Kim and Oh, 2012; Sitanggang et al., 2014, 2015; Guerrero et al., 2019). Most of the previous research has been focused on the search and evaluation of various biocatalysts, paying little attention to optimizing the reactor configuration. The most studied biocatalytic process for lactulose synthesis is the transgalactosylation of fructose with lactose catalyzed by β-galactosidase (β-G). However, this route is complex, since the enzyme is capable of transferring the galactosyl residue of lactose to any nucleophile bearing a hydroxyl group, even water. Therefore, transgalactosylation reactions compete with hydrolysis; besides, fructose, lactose and even lactulose can be acceptors of the galactosyl residue so that the product of synthesis is a rather complex mixture of monosaccharides (glucose and galactose), lactulose and transgalactosylated oligosaccharides (TOS) (Guerrero et al., 2015a; Rodrigues-Colinas et al., 2016; Vera et al., 2020). The relative rates of transgalactosylation and hydrolysis are strongly dependent on the enzyme origin and the substrates concentrations used in the reaction medium (Guerrero et al., 2015a; Vera et al., 2020). In this context, Guerrero et al. (2015a) reported that out of 11 commercial preparations of β-G evaluated, the one from Aspergillus oryzae produced the highest yield, productivity and selectivity of lactulose synthesis.

Several types of reactors and modes of operation have been studied (batch, repeated-batch, fed-batch, membrane, continuous packed-bed) with the purpose of increasing yield, productivity and selectivity of lactulose synthesis, using both soluble and immobilized β-G (Mayer et al., 2010; Song et al., 2012; Sitanggang et al., 2014; Guerrero et al., 2017). The highest yield, productivity and selectivity reported were obtained in batch stirred-tank reactors (BSTR) (Guerrero et al., 2017). Even though there is a number of reactor types and modes of operation to perform the reaction, the time distribution (RTC) and the kinetics of the reaction should be primary considerations to select the most adequate (Illanes, 2008a; Lindeque and Woodley, 2019). In this sense, continuous stirred tank reactor (CSTR) requires the same type of reactor vessel than BSTR, but now the operation is continuous, substrates being fed to the reactor and products being removed from it at the same rate, so that the reactor volume remains constant, and the enzyme is retained within the reactor during the whole operation. These features make CSTR an interesting alternative to BSTR for conducting lactulose synthesis.

Even though batch synthesis is easy to implement, it has the disadvantage of using a high amount of enzyme and the control of the reaction becomes problematic, since reaction kinetics should be precisely monitored (or modeled) in order to stop the reaction at the moment of maximum lactulose yield, before hydrolysis takes over (Kim and Oh, 2012; Hua et al., 2013; Sitanggang et al., 2014). Besides, considerable time is spent in the start-up and shutdown of a batch process, and time is also required for cleaning and preparation of the reactor for the next batch. So, the fraction of unproductive time in batch operation is significant (Lindeque and Woodley, 2019). On the contrary, synthesis of lactulose with immobilized β-G allows a better control of the reaction and facilitates product recovery and enzyme removal or reuse (Fernandez-Lafuente et al., 1998; Illanes, 2008b; Rodrigues et al., 2013). The fraction of unproductive time is significantly reduced with respect to BSTR operation due to the long-term continuous operation, which leads to a higher productivity. The properties of the biocatalyst are crucial in the operation of CSTR, since high operational stability and mechanical robustness are highly desirable to allow prolonged operation. Agitation is a key operational variable in CSTR that should properly balance good mixing to maintain the biocatalyst particles suspended and evenly distributed hopefully reducing the impact of diffusional restrictions, with biocatalyst integrity that will be threatened by the shear forces imposed by mixing (Illanes, 2008b).

Even though a large number of immobilized β-Gs has been reported, only few of them bring together the properties of high specific activity, mechanical robustness and operational stability (Lee et al., 2004; Mayer et al., 2010; Song et al., 2012; Guerrero et al., 2015b, 2017; Urrutia et al., 2018). Guerrero et al. (2017) made a comparative study of β-Gs immobilized in monofunctional an heterofunctional agarose supports, determining that multi-point covalent attachment to glyoxyl-agarose support produced a biocatalyst with high specific activity (2670 IUH⋅g–1) and operational stability, reporting a half-life of 2823 that corresponds to a stabilization factor (ratio of half-life of the immobilized enzyme and the soluble counterpart) of 29.4 at fructose-lactose molar ratio of 4 (Guerrero et al., 2017).

Even though several reactor configurations and modes of operation have been tested for the synthesis of transgalactosylated compounds, the use of CSTR for lactulose production with immobilized A. oryzae β-G has not been reported yet.

Based on the above background information, in this work the synthesis of lactulose and TOS derived from lactose and lactulose was studied in CSTR operation with immobilized A. oryzae β-G, taking advantage of the properties of this type of reactor and mode of operation (Illanes, 2008a; Woodley, 2015). The effect of temperature, feed sugars concentration, flowrate, substrates ratio and enzyme loading was evaluated on lactulose and TOS yields, productivities, selectivity and lactose conversion obtained in CSTR operation, comparing these results with those obtained with other modes of operation reported.



MATERIALS AND METHODS


Materials

D (+) Lactose monohydrate, D (+) glucose, D (+) fructose, D (+) galactose, o-nitrophenol (o-NP), o-nitrophenyl-β-D-galactopyranoside (o-NPG) and galacto-oligosaccharides standards (3α-4β-3α galactotetraose, 4β-galactobiose) were supplied by Sigma (St Louis, MO, United States). Lactulose was provided by Discovery Fine Chemicals (Wimborne, United Kingdom). Agarose Bead Standard (6% cross-linked with epichlorohydrin) and packed bed reactor were purchased from Agarose Bead Technologies (Madrid, Spain). The enzyme used was EnzecoTM Fungal Lactase Concentrate, a commercial preparation of A. oryzae β-galactosidase kindly donated by Enzyme Development Corporation, New York, NY, United States. All other reagents were analytical grade and supplied by Sigma or Merck (Darmstadt, Germany).



Analysis


Determination of Enzymatic Activity of Biocatalysts

The enzymatic activity of the immobilized A. oryzae β-G catalysts was determined according to Guerrero et al. (2015b), defining one international unit of hydrolytic activity (IUH) as the amount of enzyme that hydrolyzes 1 μmol of o-NPG per minute at 45 mM o-NPG, pH 4.5 and 40°C.



Determination of Carbohydrates

A Jasco RI 2031 HPLC delivery system, provided with refractive index detector was used for the quantification of substrates (fructose and lactose) and products of the synthesis of lactulose (lactulose, TOS, galactose and glucose) according to the protocol reported by Guerrero et al. (2015b). The retention times were determined by checking the linear range of lactose, fructose, galactose, glucose, lactulose, 3α-4β-3α galactotetraose and 4β-galactobiose standards.



Immobilization of A. oryzae β-Galactosidase in Glyoxyl Agarose Supports (GA)

Immobilization of A. oryzae β-G in monofunctional glyoxyl-agarose supports was done following the procedure described by Guisán (1988) and Guerrero et al. (2017). In order to determine the maximum hydrolytic potential of the biocatalyst, one international unit of hydrolytic activity (IUH) was defined as the amount of β-G that hydrolyzes 1 μmol of o-NPG per minute at 45 mM o-NPG, 40 °C and pH of 4.5 (Vera et al., 2011). The glyoxyl-agarose immobilized β-G had a specific activity of 3400 IUH⋅g –1 as defined above.



Synthesis of Lactulose in Continuous Stirred Tank Reactor (CSTR) With β-Galactosidase Immobilized in Glyoxyl-agarose Support

Figure 1 shows a schematic representation of the experimental system used for the synthesis of lactulose in CSTR. The reactor had an effective volume (VE) of 2 L, and the working volume for lactulose synthesis was 585 mL; temperature was kept at 50°C and pH was kept at 4.5. Sugar substrates were dissolved in 100 mM citrate-phosphate buffer pH 4.5 previously heated at 95°C and then cooled down to the reaction temperature. Different fructose/lactose molar ratios (F/L) were fed to the reactor using a Masterflex L/S 7525 (United States) pump and Masterflex 96400-14 silicone tubing connectors cured in peroxide, and 0.5 mL samples at the reactor outlet were taken every hour. Product distribution was determined by analyzing the amounts of lactulose, disaccharides, trisaccharides and tetrasaccharides produced. The assays were carried out in duplicate, with standard deviations always below 5%. Quantification of carbohydrates was carried out as described in See section “Determination of Carbohydrates.”


[image: image]

FIGURE 1. Experimental set-up for continuous stirred tank reactor operation in the synthesis of lactulose with Aspergillus oryzae β-galactosidase immobilized in glyoxyl-agarose support. 1: Heating immersion circulator, 2: Magnetic stirrer, 3: Substrate reservoir, 4: Pump, 5: Collector reservoir, 6: Rod stirrer, 7: Stirred tank, 8: Filter.


The effect of operation variables (inlet total carbohydrates, temperature, F/L, enzyme loading and flowrate) were evaluated in the synthesis of lactulose in CSTR operation in terms of the lactulose yield (YLactulose), TOS yield (YTOS), total yield of transgalactosylation (YT), lactulose total yield (YLu∗), specific productivity of lactulose synthesis (πLactulose), lactose conversion (XLactose) and selectivity of lactulose synthesis (SLu/TOS) as previously described by Guerrero et al. (2017) for the batch synthesis of lactulose. These parameters are defined in Table 1.


TABLE 1. Parameters for the evaluation of lactulose synthesis in continuous stirred-tank reactor with β-galactosidase immobilized by multi-point attachment to glyoxyl agarose support.
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Effect of Inlet Sugar Substrates Concentrations in the Synthesis of Lactulose in Continuous Stirred Tank Reactor (CSTR)

The effect of inlet sugar substrates concentrations (10, 20, 30, 40, 50, and 60% w/w) on YLactulose, YTOS, YT, XLactose, πLactulose, and SLu/TOS in the synthesis of lactulose in CSTR was evaluated at 50°C, pH 4.5, enzyme loading in the reactor of 29.06 IUH⋅mL–1 of reaction, flowrate of 6 mL⋅min–1 and F/L of 16.



Effect of Temperature in the Synthesis of Lactulose in Continuous Stirred Tank Reactor (CSTR)

The effect of temperature (50°C, 60°C, and 70°C) on YLactulose, YTOS, YT, XLactose, πLactulose, and SLu/TOS in the synthesis of lactulose in CSTR was evaluated at pH 4.5, 50% (w/w) inlet total carbohydrates, enzyme loading in the reactor of 29.06 IUH⋅mL–1, flowrate of 6 mL⋅min–1 and feed F/L of 16. CSTR was operated for 120 h at the different temperatures for determining the operational thermal stability of the biocatalyst. Inactivation profiles of the biocatalysts under operating conditions were modeled according to Henley and Sadana (1986).



Effect of the Molar Ratio of Fructose to Lactose in the Synthesis of Lactulose in Continuous Stirred Tank Reactor (CSTR)

The effect of F/L (4, 8, 16, and 24) on YLactulose, YTOS, YT, XLactose, πLactulose, and SLu/TOS in the synthesis of lactulose in CSTR was evaluated at 50°C, pH 4.5, 50% (w/w) inlet total carbohydrates, enzyme loading in the reactor of 29.06 IUHmL–1, flowrate of 6, 9, and 12 mL⋅min–1 and F/L of 4, 8, 16, and 24.



Effect of Enzyme Loading in the Synthesis of Lactulose in Continuous Stirred Tank Reactor (CSTR)

The effect of enzyme loading in the reactor (17.4, 29.06, and 58.12 IUH⋅mL–1) on YLactulose, YTOS, YT, XLactose, πLactulose, and SLu/TOS in the synthesis of lactulose in CSTR was evaluated at 50°C, pH 4.5, 50% (w/w) inlet total carbohydrates, flowrate of 6 mL⋅min–1 and F/L of 4, 8, and 16. Enzyme loadings of 17.4, 29.06, and 58.12 IUH⋅mL–1 correspond to catalyst mass to flowrate ratios (mcat⋅F–1) of 0.5, 0.8, and 1.6 g⋅min⋅mL–1, respectively.



Effect of Flowrates in the Synthesis of Lactulose in Continuous Stirred Tank Reactor (CSTR)

The effect of flowrate (3, 6, 9, and 12 mL⋅min–1) in the synthesis of lactulose in CSTR was evaluated at 50°C, pH 4.5, 50% (w/w) inlet total carbohydrates, F/L (4, 8, and 16) and enzyme loading in the reactor of 29.06 IUH⋅mL–1. Flowrates of 3, 6, 9, and 12 mL⋅min–1 correspond to catalyst mass to flowrate ratios (mcat⋅F–1) of 1.6, 0.8, 0.5, and 0.4 g⋅min⋅mL–1, respectively.



RESULTS AND DISCUSSION


Effect of Inlet Concentrations of Sugar Substrates in the Continuous Synthesis of Lactulose in Stirred Tank Reactor

The concentration of the sugar substrates is one of the key variables in the synthesis of transgalactosylated compounds since, regardless of the enzyme used, concentrations over 30% favor transgalactosylation over hydrolysis (Vera et al., 2012). Guerrero et al. (2011), reported that lactulose concentration increased when increasing the initial total concentration of sugar substrates in batch, but yield and selectivity remained unchanged. Therefore, it is necessary to evaluate the effect of the inlet concentration of sugar substrates in the production of lactulose in CSTR. The effect on the operational parameters of synthesis was evaluated in the range from 10 to 60% w/w, as shown in Figure 2.
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FIGURE 2. Effect of inlet concentrations of sugar substrates on yields (YLactulose, YTOS and YT) (A–C), lactose conversion (XLactose) (D), productivity of lactulose (πLactulose) (E) and selectivity (SLU/TOS) (F) during the synthesis of lactulose with glyoxyl-agarose immobilized β-galactosidase from A. oryzae in continuous stirred tank reactor operation at pH 4.5, feed flowrate 6 mL⋅min–1, fructose/lactose molar ratio 16 and reactor enzyme load of 29.06 IUH⋅mL–1.


As seen in Figure 2, the increase in the inlet concentrations of sugar substrates between 10 and 50% (w/w) produced a continuous increase in YLactulose (Figure 2A), and decreased at 60% (w/w), while YTOS remained constant in the whole range (Figure 2B). These results are different than those reported for the synthesis of lactulose with soluble A. oryzae β-G in batch, where no variation in these parameters was observed in the range from 40 to 60% (w/w) (Guerrero et al., 2011).

YT increased significantly with the increase in the inlet sugar substrates concentrations (Figure 2C), which denotes that transgalactosylation reactions are favored over hydrolysis as the concentration increases.

XL decreased with inlet sugar substrates concentrations from a value close to 1 at 10% (w/w) down to 0.52 at 60% (w/w) (Figure 2D). These results highlight that at low inlet sugar substrates concentrations, hydrolysis is favored over transgalactosylation: even though 100% lactose reacted at 10% (w/w) only 13% of it went into lactulose and TOS synthesis, as reflected by YT (Figure 2C), while at 60% (w/w) only 52% of lactose reacted but 47% of it went into products of synthesis. These results are consistent with those reported for the synthesis of lactulose in batch (Guerrero et al., 2011) and for the synthesis of TOS (Vera et al., 2012).

Figure 2E shows that πLu, increased with the increase in the inlet concentrations of sugar substrates, as a consequence of the higher concentration of lactulose produced. These results differ from reported for the synthesis of lactulose with the soluble enzyme, where πLu decreased by 18% when increasing the concentration from 50 to 60% (w/w) (Guerrero et al., 2011).

SLu/TOS increased with the increase in the inlet concentrations of sugar substrates (Figure 2F), which reflects that lactulose synthesis is favored over TOS (see the values obtained for YLactulose and YTOS).

In order to compare the value of YLactulose with those reported for other enzymes and modes of operation, lactulose total yield (YLu∗) was defined (see Table 1) expressing the mass of lactulose produced per total mass of lactose fed into the reactor. The values obtained at different inlet concentrations of sugar substrates are shown in Table 2. Maximum YLu∗ was 0.246 g⋅g–1, obtained at 50% (w/w), being lower than the value of 0.31 g⋅g–1 reported for the soluble enzyme at a F/L of 12, and the value of 0.28 g⋅g–1 obtained with glyoxyl-agarose immobilized A. oryzae β-G under the same operational conditions in batch and in repeated batch operation (Guerrero et al., 2017); however, it is similar than the YLu∗ values of 0.254 g⋅g–1 and 0,254 g⋅g–1 obtained both with crosslinked aggregates (CLEAs) of the enzyme and with the enzyme covalently immobilized to the heterofunctional support amino-glyoxyl-agarose (Guerrero et al., 2015b, 2017). From the above results, the inlet concentrations of sugar substrates of 50% (w/w) was selected for the following experiments.


TABLE 2. Effect of operational variables (temperature, total initial sugars concentrations, reactor enzyme loading and feed flow rates) on lactulose yield with respect to total lactose reacted (YLu*) and lactulose concentration (CLu) in the synthesis of lactulose in continuous stirred-tank reactor with glyoxyl agarose immobilized A. oryzae β-galactosidase.

[image: Table 2]Lastly, Table 2 shows that the increase in the initial concentration of sugars produced an increase in the concentration of lactulose, which agrees with the results reported for the synthesis of lactulose with K. lactis β-galactosidase in a membrane reactor (Sitanggang et al., 2014). However, the magnitude of the concentrations of lactulose attained is not comparable, since the values of F/L were quite different, and this is critical since a higher proportion of fructose to lactose, even though favoring lactulose transgalactosylation over hydrolysis and TOS transgalactosylation, generates a lower concentration of lactose available for the formation of the enzyme-galactose transition complex, therefore reducing the concentration of lactulose attainable.



Effect of Temperatures in the Continuous Synthesis of Lactulose in Stirred Tank Reactor

The effect of temperature on CSTR performance was evaluated. High temperatures allow increasing the concentration of sugar substrates fed into the reactor (this is important for lactose, which is only moderately soluble), favor transgalactosylation over hydrolysis, and reaction rates are high; however high temperatures will promote subunit dissociation (Jurado et al., 2004; Vera et al., 2012) and in general will reduce enzyme stability (Illanes, 2008a; Urrutia et al., 2018). Therefore there is a compromise that needs to be solved to determine the best temperature to operate the reactor. Reaction was conducted in the range from 50 to 70°C as shown in Figure 3. The increase in temperature produced a significant decrease in YLactulose, YTOS, YT and concentration of lactulose (Figure 3 and Table 2) similar to the data reported by Sitanggang et al. (2016) for the synthesis of lactulose with A. oryzae β-G in an enzymatic membrane reactor. However, these results differ from data reported for batch operation with the soluble A. oryzae β-G, where YLU and YTOS barely varied in the range from 40 to 60°C (Guerrero et al., 2011). The results obtained at 70°C may be explained by a more severe enzyme inactivation affecting the yield of synthesis (Figure 3).
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FIGURE 3. Effect of temperature on yields (YLactulose, YTOS, and YT) (A–C), lactose conversion (XLactose) (D), productivity of lactulose (πLactulose) (E) and selectivity (SLU/TOS) (F) during the synthesis of lactulose with glyoxyl-agarose immobilized β-galactosidase from A. oryzae in continuous stirred tank reactor operation at pH 4.5, 50% w/w inlet total concentrations of sugar substrates, feed flowrate 6 mL⋅min–1, fructose/lactose molar ratio 16 and reactor enzyme load of 29.06 IUH⋅mL–1.


XLactose, πLu, and SLu/TOS increased slightly with the increase in temperature in the range between 50 and 60°C. Increase in πLu was also reported for the soluble enzyme, temperature increase producing an increase in the reaction rate of lactulose synthesis, therefore reducing reaction time (Guerrero et al., 2011).

To the purpose of determining the thermal stability of the biocatalyst in continuous operation, a continuous run under reactive conditions in CSTR was conducted at F/L of 16. Results are presented in Figure 4 at 50, 60 y 70°C. As shown, no catalyst inactivation occurred at 50°C during the 120 h of continuous operation, but at 60 and 70°C inactivation was observed being higher at the latter temperature. Kinetics of thermal inactivation was modeled according to the deactivation mechanism proposed by Henley and Sadana (1986); one-stage first-order deactivation with residual activity was the one that better fitted the experimental results (equation 1).


[image: image]

FIGURE 4. Thermal inactivation under reactive conditions of glyoxyl-agarose immobilized β-galactosidase from A. oryzae in citrate-phosphate buffer pH 4.5, fructose/lactose molar ratio of 16 and temperature of 50°C ([image: image]), 60°C ([image: image]) y 70°C ([image: image]). Dashed lines represent the inactivation kinetics according to the first-order one-stage inactivation mechanism with residual activity (see Eq. 1). Circles represent data points.


[image: image]

where (e0) and (e) are the initial and residual enzyme activity after time (t) respectively, the first-order inactivation rate constant (kD), the specific activity ratio of the final and initial enzyme species (α).

Based on the resulting model, kD, α and the catalyst half-life (t1/2) obtained are presented in Table 3. It can be appreciated that a 10°C change produced significant change in the operational stability of the biocatalyst. However t1/2 values are much higher than previously reported for the kinetics of enzyme inactivation under non-reactive conditions.


TABLE 3. Parameters of inactivation of glyoxyl agarose immobilized A. oryzae β-galactosidase at different temperatures, considering a one-stage first order mechanism with residual activity.

[image: Table 3]Urrutia et al. (2018) reported that inactivation kinetic at 60°C for β-Gs from A. oryzae was well described by a one-stage first-order mechanism of inactivation without residual activity, with t1/2 values of 0.43 h at 60°C. Bernal et al. (2013) compared the thermal stability of β-Gs from A. oryzae and Bacillus circulans under non-reactive conditions for the immobilization of glyoxyl agarose, reporting that the A. oryzae β-G was much more stable than the B. circulansβ-G with a 3.6 times higher t1/2 at 60°C.

Huerta et al. (2011) reported the thermal inactivation of soluble A. oryzae β-G under non-reactive conditions obtaining a residual activity of 60% after 40 h at 50°C; however, the glyoxyl-agarose immobilized enzyme at the same conditions retained more than 80% of the initial activity.

When comparing enzyme inactivation at reactive conditions during lactulose synthesis, stability is strongly dependent on F/L. Guerrero et al. (2017) reported the inactivation of glyoxyl-agarose immobilized A. oryzae β-G during repeated batch operation at 50°C, obtaining a t1/2 of 2823 h, while under non-reactive conditions t1/2 was only 96 h, so that a stabilization factor of 29.4 was attained when operating at F/L of 4; however, at F/L of 20 t1/2 was 940 h, being the stabilization factor only 9.7, much lower than at a ratio of 4. Similar results were reported for CLEAs of A. oryzae β-G, where a t1/2 of 1070 h was obtained under reactive conditions and only 123 h at non-reactive conditions, obtaining a stabilization factor of 8.7 at F/L of 4; at F/L of 20 a t1/2 315 h was obtained under reactive conditions, corresponding to a stabilization factor of 2.51, which is quite lower than obtained at lower ratios (Guerrero et al., 2015b, 2017). Even though, regardless of the substrate ratio used, the enzyme was always more stable under reactive than under non-reactive conditions, which is due to the protecting effect of the sugars at high concentrations, and was also observed in CSTR operation at F/L of 16 (Figure 4). However, at temperatures higher than 60°C, thermal inactivation of the enzyme prevailed over the protection effect of sugars. Therefore, 50°C was determined as the maximum allowable temperature to operate a CSTR for the synthesis of lactulose. Considering that the magnitude of stabilization was strongly dependent on F/L, it is to be expected that operating the CSTR at higher ratios a higher stability can be obtained.



Effect of the Molar Ratio of Fructose to Lactose in the Synthesis of Lactulose in Continuous Stirred Tank Reactor

Among the operational variables in lactulose synthesis, F/L is mostly important, since it was the one allowing significant variation in the selectivity of lactulose synthesis being progressively favored over the synthesis of TOS as F/L is increased. This has been reported already for the synthesis in batch with soluble and immobilized β-G and in CPBR with immobilized β-G (Guerrero et al., 2011, 2017, 2019). Therefore, the effect of this key variable was evaluated with respect to the operational variables in CSTR (Figure 5). This study was conducted at different feed flowrates, to determine if the substrates residence time in the reactor may influence the effect of feed flowrate in the values of the operational parameters.
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FIGURE 5. Effect of feed molar ratio of fructose to lactose on yields (YLactulose, YTOS, and YT) (A–C), lactose conversion (XLactose) (D), productivity of lactulose (πLactulose) (E) and selectivity (SLU/TOS) (F) during the synthesis of lactulose with glyoxyl-agarose immobilized β-galactosidase from A. oryzae in continuous stirred tank reactor operation, at 50°C, pH 4.5, 50% w/w inlet concentration of sugar substrates and reactor enzyme load of 29.06 IUH⋅mL–1, at feed flowrates of: 6 ([image: image]), 9 ([image: image]), and 12 mL⋅min–1 ([image: image]).


Figure 5 shows that YLactulose, πLactulose and SLu/TOS increased significantly with the increase in F/L for all flowrate evaluated. Figure 5A shows that the increase in YLactulose was higher at flowrates between 6 and 9 mL⋅min –1 than at 12 mL⋅min –1, where YLactulose was relatively constant around 0.508 g⋅g–1. This effect of F/L on YLactulose, YTOS and YT agrees with results previously reported for the synthesis of lactulose in batch, in repeated-batch (Guerrero et al., 2017), in CPBR Guerrero et al., 2019) and in continuous membrane reactor operation (Sitanggang et al., 2016) with A. oryzaeβ-G, and also using Kluyveromyces lactis β-G in continuous membrane reactor operation (Sitanggang et al., 2015) and in batch (de Albuquerque et al., 2018).

Table 2 shows that the highest value of YLu∗, 0.277 g⋅g–1, was obtained at F/L of 24 and at a feed flowrate of 6 mL⋅min–1. This value is similar than the one reported in batch and repeated-batch with different biocatalysts; with β-G immobilized by covalent attachment to the heterofunctional support amino-glyoxyl-agarose and to the monofunctional support glyoxyl-agarose YLu∗ were 0.28 g⋅g–1 and 0.30 g⋅g–1 respectively at F/L of 20 (Guerrero et al., 2017). The higher concentration of lactulose of 14.17 g⋅L–1 was obtained at F/L of 4, which differs from YLu∗ whose maximum was obtained at F/L of 24 (Table 2). This is because at lower F/L the proportion of lactose is higher meaning that there are more galactosyl donor molecules available which is favors the formation of transgalactosylation products (lactulose and TOS); however hydrolysis is more severe at those F/L and then yields are lower. Similar results were reported for the synthesis of lactulose with both K. lactis y A. oryzae β-G in continuous membrane reactor where an increase in F/L produced a reduction of the lactulose concentration obtained (Sitanggang et al., 2015, 2016).

Figure 5D shows that XLactose, in CSTR operation was barely affected by the substrates ratio and feed flowrates at the levels evaluated (Guerrero et al., 2019), while πLactulose decreased significantly with the increase in F/L at all flowrates analyzed, as shown in Figure 5E, quite different than results reported in CPBR, where πLactulose increased with F/L at all flowrates tested (Guerrero et al., 2019). However, πLactulose increased with feed flowrate which may be explained by transgalactosylation being favored over hydrolysis at lower residence times, with an increase in YT with the increase in flowrate at the three ratios evaluated (see Figure 5C).

As reported for other modes of operation, F/L is the variable determining the selectivity of the reaction (Figure 5F), lactulose being favored over TOS synthesis at high F/L.



Effect of Enzyme Loading in the Continuous Synthesis of Lactulose in Stirred Tank Reactor

Figure 6 shows the effect of reactor enzyme load on the operational parameters of lactulose synthesis in CSTR with glyoxyl-agarose immobilized A. oryzae β-galactosidase. Even though it was demonstrated that this variable did not affect yield or specific productivity in batch synthesis of TOS and lactulose with A. oryzae β-galactosidase and with enzymes form other sources (Lee et al., 2004; Guerrero et al., 2011; Vera et al., 2012), it did in CPBR synthesis of lactulose with glyoxyl-agarose immobilized A. oryzae β-galactosidase, where the decrease in reactor enzyme load produced an increase in YLactulose, YTOS and πLactulose (Guerrero et al., 2019). This agrees with the results obtained in CSTR, where the increase in reactor enzyme load reduced YLactulose, YTOS, YT and πLactulose at all the F/L evaluated (Figures 6A–C,E). This may be because high enzyme loads favor hydrolysis over transgalactosylation, which is supported by the increase in Xlactose (Figure 6D) without an increase in YT, which actually decreased significantly at high reactor enzyme loads at all the F/L tested (Figure 6C). A similar effect was recently reported for the continuous synthesis of lactulose in a membrane reactor with K. lactis and A. oryzae β-G (Sitanggang et al., 2015, 2016), where higher enzyme concentrations produced a more pronounced effect on hydrolysis than on transgalactosylation.
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FIGURE 6. Effect of enzyme loading on yields (YLactulose, YTOS, and YT) (A–C), lactose conversion (XLactose) (D), productivity of lactulose (πLactulose) (E) and selectivity (SLU/TOS) (F) during the synthesis of lactulose with glyoxyl-agarose immobilized β-galactosidase from A. oryzae in continuous stirred tank reactor operation at 50°C, pH 4.5, 50% w/w inlet concentration of sugar substrates, feed flowrate 6 mL⋅min –1 and fructose/lactose molar ratios of: 4 ([image: image]), 8 ([image: image]), and 16 ([image: image]).


However, if lactulose yields are recalculated in terms of the total lactose fed into the reactor (YLu∗), a slight increase in yield is observed with the increase in reactor enzyme load at any F/L (Table 2). In this way, the highest YLu∗ was obtained at 34,000 IUH at F/L of 16, being 0.26 g⋅g –1. This value is similar than obtained with the same biocatalyst in other modes of reactor operation (Guerrero et al., 2017).

The increase in reactor enzyme load and F/L produced an increase in SLu/TOS, reaching a maximum value of 12.87 at 34,000 IUH and F/L 16, which is similar than previously reported for lactulose synthesis in batch (Guerrero et al., 2017), but different than reported for the synthesis in CPBR where the increase in reactor enzyme load had no effect on SLu/TOS.

Lastly, lactulose concentration increased slightly with the increase in enzyme load at all F/L tested (Table 2); however it decreased with the increase in F/L, which is due to the lower proportion of lactose. These results agree with those reported for the continuous synthesis of lactulose in a membrane reactor with A. oryzae β-G (Sitanggang et al., 2016).



Effect of Flow Rates in the Continuous Synthesis of Lactulose in Stirred Tank Reactor

Figure 7, shows the effect of feed flowrate on the operational parameters of lactulose synthesis in CSTR with glyoxyl-agarose immobilized β-G. Even though in continuous processes at constant reaction volume the variation in feed flowrate directly affects the value of hydraulic residence time (HRT), it has been demonstrated that it may also affect the concentration of product obtained (Sitanggang et al., 2015); therefore, the effect of this variable on CSTR operation needed to be determined. As seen the increase in feed flowrate produced an increase in YLactulose, YTOS and YT at the three F/L evaluated; however, the increase in YTOS was more pronounced at F/L of 4 (Figure 7B). This may be due to the higher faction of lactose in the reaction medium produced when increasing the feed flowrate at such F/L, which favors lactose to act as acceptor of transgalactosylated galactose, so increasing the synthesis of TOS. Similar results were reported for the synthesis of lactulose in CPBR with the same biocatalyst, where an increase in feed flowrate produced an increase in YLactulose and YTOS (Guerrero et al., 2019). Song et al. (2013) reported that CPBR allowed obtaining higher YLactulose than in BSTR when the former was operated at low flowrates; similar results were reported by Sitanggang et al. (2015), where high flowrates produced a slight decrease in YLactulose in the continuous synthesis of lactulose in a membrane reactor with K. lactisβ-G.
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FIGURE 7. Effect of feed flowrate on yields (YLactulose, YTOS, and YT) (A–C), lactose conversion (XLactose) (D), productivity of lactulose (πLactulose) (E) and selectivity (SLU/TOS) (F) during the synthesis of lactulose with glyoxyl-agarose immobilized β-galactosidase from A. oryzae in continuous stirred tank reactor operation at 50°C, pH 4.5, 50% w/w inlet concentration of sugar substrates and reactor enzyme load of 29.06 IUH⋅mL–1, at fructose/lactose molar ratios of: 4 ([image: image]), 8 ([image: image]), and 16 ([image: image]).


Values of YT remained constant at flowrate between 3 and 6 mL⋅min–1 at all the F/L tested, but an increase was produced at flowrates of 9 mL⋅min–1 and over for F/L of 4 and 8, while no significant variation in YT was observed at F/L 16 at all flowrates tested, meaning that at the latter there is no significant effect of feed flowrate on YTOS. The highest YT were obtained at 12 mL⋅min–1 at all the F/L tested, which denotes that a major part of lactose was converted into transgalactosylated products, so that transgalactosylation prevailed over hydrolysis (Figure 7C).

Figure 7D shows that XLactose decreased with feed flowrate at all the F/L tested, which agrees with results previously reported for the synthesis of lactulose in CPBR with the same biocatalyst (Guerrero et al., 2019) and those obtained in a membrane reactor with K. lactis β-G (Sitanggang et al., 2015). Considering both XLactose and YLactulose, the yield of lactulose with respect to total lactose fed into the reactor (YLu∗) was determined, which decreased with the increase in feed flowrate, as shown in Table 2.

The reduction in YLu∗ with the increase in feed flowrate, was also reported by Song et al. (2012) in a microreactor with A. oryzae β-galactosidase. They explained that due to the short reaction time, mass transfer of the substrate into the immobilized enzyme molecules was reduced affecting both its transgalactosylation and hydrolysis. The reduction in XLactose (Figure 7D) has also been reported by Kang (2013) for the hydrolysis of lactose with K. lactis β-G immobilized in Duolite A568, and by Mayer et al. (2010) for the synthesis of lactulose in CPBR with Pyrococcus furiosus β-G immobilized in an anionic-exchange resin and in Eupergit C.

Figure 7E shows the effect of feed flowrate on πLaculose. The higher values of πLaculose were obtained at the higher feed flowrates (lower HRT) at the three F/L tested. Maximum πLactulose of 0.31 gLactulose⋅(min–1⋅gcatalyst–1) was obtained at 12 mL⋅min–1 and F/L 4. These results agree with those reported by Sitanggang et al. (2015) for the operation of CSTR, where πLactulose increased at shorter HRT due to the higher amount of effluent produced.

SLu/TOS decreased with the increase in feed flowrate, this effect being more pronounced at F/L 16 (Figure 7F), since at this ratio lactulose synthesis prevailed over TOS, while the opposite occurred at lower F/L (Figure 7B). Similar results were reported for the synthesis of lactulose with A. oryzae β-G, in CPBR, where the increase in feed flowrate resulted in a significant reduction in SLu/TOS (Guerrero et al., 2019), while Sitanggang et al. (2015) reported no significant variation of SLu/TOS with feed flowrate in continuous membrane reactor operation.

Lactulose concentration slightly decreased with the increase in feed flowrate and F/L, which agrees with the results reported for the continuous synthesis of lactulose in a membrane reactor with both A. oryzae and K. lactisβ-G (Sitanggang et al., 2015, 2016).



Comparison of the Continuous Performance of Lactulose Synthesis in Continuous Stirred Tank Reactor With Other Modes of Operation Reported

Table 4 summarizes the synthesis of lactulose with glyoxyl-agarose immobilized A. oryzae β-G under different modes of operation and reaction conditions (temperature, pH, feed or initial total sugars concentrations and F/L). It is worth mentioning that comparison is not completely fair, since even though the same operation conditions were used, flowrates and sizes of the continuously operated reactors were different. However, Table 4 allows putting into context the reported results on CSTR.


TABLE 4. Lactulose and TOS yields (YLactulose and YTOS), selectivity (SLu/TOS) and lactose conversion (XLactose) in the synthesis of lactulose with glyoxyl agarose immobilized A. oryzae β-galactosidase in BSTR CSTR and CPBR at 50°C, pH 4.5 and 50% (w/w) total sugars concentration.

[image: Table 4]Table 4, shows that at all the F/L evaluated, CSTR produced the highest YLactulose and YTOS; however, XLactose was the lowest. This means that CSTR allows reducing the hydrolysis of lactose, which is reflected in the higher YLactulose and YTOS obtained, and also reduced the incidence of galactose competitive inhibition on β-G. In CPBR and BSTR, even though XLactose was high, YLactulose and YTOS were low, which reflects the higher incidence of lactose hydrolysis, which is more severe at low feed flowrates (Guerrero et al., 2019). In this way, a clear advantage of CSTR is that transgalactosylation is privileged over lactose hydrolysis, which also alleviates the inhibitory effect of galactose (Vera et al., 2011; Song et al., 2013).

Table 4 shows that SLu/TOS are the lowest in CSTR, since it privileges not only lactulose synthesis but TOS as well, so that SLu/TOS are lower but YT are higher.

The results reported by Guerrero et al. (2017) in the synthesis of lactulose with glyoxyl-agarose immobilized A. oryzae β-G in repeated batch operation, show that increasing F/L increased the reduction of the specific activity of the biocatalyst after 10 batches, so that biocatalyst reuse is reduced by 80% at F/L of 16 with respect to 4. Similar results were reported for the synthesis of lactulose with CLEAs of β-G in repeated batch operation (Guerrero et al., 2015b). These results suggest a negative effect of high fructose concentrations. Even though the competitive inhibition of fructose on K. lactis β-G was reported (Song et al., 2013), it has also been suggested that fructose exerts a negative modulation on the stability of the biocatalyst, since at short reaction times no effect was observed on the activity of A. oryzaeβ-G (Guerrero et al., 2013). Therefore, whether inhibition or negative modulation of stability, the use of high fructose concentrations has a negative effect on lactulose synthesis, so that CSTR becomes an ideal mode of operation since the concentration of fructose in the reactor will be the lowest (if well mixed, the concentration inside the reactor will correspond to the outlet concentration), allowing to operate at rather high inlet F/L for favoring transgalactosylation over hydrolysis.

Results highlight that the production of lactulose in CSTR is a potentially viable strategy for developing an industrial process challenging the ongoing chemical synthesis of lactulose.



CONCLUSION

Lactulose synthesis in CSTR with glyoxyl-agarose immobilized A. oryzae β-galactosidase proved to be a sound operational mode that compares favorably with conventional batch synthesis, since not only allows obtaining higher yield but also higher specific productivity thanks to the high operational stability of the immobilized enzyme. Among the variables studied, inlet concentrations of sugar substrates and feed fructose/lactose molar ratio were the ones having the most significant effect on the parameters of synthesis evaluated. Highest yield and productivity of lactulose synthesis in CSTR were obtained at 50°C, 29.06 IUH⋅ml –1, 50% (w/w) inlet concentration of sugar substrates, feed flowrate 12 mL⋅min–1 and fructose/lactose molar ratios of 8, these values being higher than reported for the synthesis of lactulose in other modes of operation. Results reported in this work represent a first approximation for scaling up the enzymatic production of lactulose as an environmentally compliant alternative to its production by chemical synthesis.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

CU, NR, and FV: conceptualization, investigation, and visualization. CV: conceptualization, methodology, writing – original draft preparation, and reviewing and editing. AI: conceptualization, methodology, writing – original draft preparation, and reviewing and editing. CG: conceptualization, methodology, formal analysis, resources, supervision, visualization, original draft preparation, and writing – reviewing and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work financed by the Chilean Fondecyt Grant 1190104 and 11180282.



ACKNOWLEDGMENTS

We acknowledge the generous donation of β-galactosidase from Enzyme Development Corporation.



REFERENCES

Aider, M., and de Halleux, D. (2007). Isomerization of lactose and lactulose production: review. Trends Food Sci. Tech. 187, 356–364. doi: 10.1016/j.tifs.2007.03.005

Bernal, C., Urrutia, P., Illanes, A., and Wilson, L. (2013). Hierarchical meso-macroporous silica grafted with glyoxyl groups: opportunities for covalent immobilization of enzymes. New Biotech. 30, 500–506. doi: 10.1016/j.nbt.2013.01.011

de Albuquerque, T. L., Gomes, S. D. L., D’Almeida, A. P., Fernandez-Lafuente, R., Gonçalves, L. R. B., and Rocha, M. V. P. (2018). Immobilization of β-galactosidase in glutaraldehyde-chitosan and its application to the synthesis of lactulose using cheese whey as feedstock. Process Biochem. 73, 65–73. doi: 10.1016/j.procbio.2018.08.010

Fernandez-Lafuente, R., Armisén, P., Sabuquillo, P., Fernández-Lorente, G., and Guisán, J. M. (1998). Immobilization of lipases by selective adsorption on hydrophobic supports. Chem. Phys. Lipids 93, 185–197. doi: 10.1016/s0009-3084(98)00042-5

Foda, M. I., and Lopez-Leiva, M. (2000). Continuous production of oligosaccharides from whey using a membrane reactor. Process Biochem. 35, 581–587. doi: 10.1016/S0032-9592(99)00108-9

Guerrero, C., Valdivia, F., Ubilla, C., Ramírez, N., Gómez, M., Aburto, C., et al. (2019). Continuous enzymatic synthesis of lactulose in packed-bed reactor with immobilized Aspergillus oryzae β-galactosidase. Bioresour. Technol. 278, 296–302. doi: 10.1016/j.biortech.2018.12.018

Guerrero, C., Vera, C., Conejeros, R., and Illanes, A. (2015a). Transgalactosylation and hydrolytic activities of commercial preparations of β-galactosidase for the synthesis of prebiotic carbohydrates. Enzyme Microb. Tech. 70, 9–17. doi: 10.1016/j.enzmictec.2014.12.006

Guerrero, C., Vera, C., Araya, E., Conejeros, R., and Illanes, A. (2015b). Repeated-batch operation for the synthesis of lactulose with β-galactosidase immobilized by aggregation and crosslinking. Bioresour. Technol. 190, 122–131. doi: 10.1016/j.biortech.2015.04.039

Guerrero, C., Vera, C., and Illanes, A. (2013). Optimisation of synthesis of oligosaccharides derived from lactulose (fructosyl-galacto-oligosaccharides) with β-galactosidases of different origin. Food Chem. 138, 2225–2232. doi: 10.1016/j.foodchem.2012.10.128

Guerrero, C., Vera, C., and Illanes, A. (2017). Synthesis of lactulose in batch and repeated-batch operation with immobilized β-galactosidase in different agarose functionalized supports. Bioresour. Technol. 230, 56–66. doi: 10.1016/j.biortech.2017.01.037

Guerrero, C., Vera, C., Plou, F., and Illanes, A. (2011). Influence of reaction conditions on the selectivity of the synthesis of lactulose with microbial β-galactosidases. J. Mol. Catal. B Enzym. 72, 206–212. doi: 10.1016/j.molcatb.2011.06.007

Guisán, J. M. (1988). Aldehyde-agarose gels as activated supports for immobilization stabilization of enzymes. Enzyme Microb. Technol. 10, 375–382. doi: 10.1016/0141-0229(88)90018-X

Henley, J. P., and Sadana, A. (1986). Deactivation theory. Biotechnol. Bioeng. 23, 1277–1285. doi: 10.1002/bit.260280821

Hua, X., Yang, R., Shen, Q., Ye, F., Zhang, W., and Zhao, W. (2013). Production of 1-lactulose and lactulose using commercial β-galactosidase from Kluyveromyces lactis in the presence of fructose. Food Chem. 137, 1–7. doi: 10.1016/j.foodchem.2012.10.003

Huerta, L. M., Vera, C., Guerrero, C., Wilson, L., and Illanes, A. (2011). Synthesis of galacto-oligosaccharides at very high lactose concentrations with immobilized β-galactosidases from Aspergillus oryzae. Process Biochem. 46, 245–252. doi: 10.1016/j.procbio.2010.08.018

Illanes, A. (2008a). “Heterogeneous enzyme kinetics,” in Enzyme Biocatalysis: Principles and Applications, ed. A. Illanes (Netherlands: Springer), 155–203. doi: 10.1007/978-1-4020-8361-7_4

Illanes, A. (2008b). “Enzyme reactors,” in Enzyme Biocatalysis: Principles and Applications, ed. A. Illanes (Berlin: Springer Netherlands), 205–251. doi: 10.1007/978-1-4020-8361-7_5

Jurado, E., Camacho, F., Luzón, G., and Vicaria, J. M. (2004). Kinetic models of activity for β-galactosidases: influence of pH, ionic concentration and temperature. Enzyme Microb. Tech. 34, 33–40. doi: 10.1016/j.enzmictec.2003.07.004

Kang, B. C. (2013). Analysis of an immobilized β-galactosidase reactor with competitive product inhibition kinetics. J. Life Sci. 23, 1471–1476. doi: 10.5352/JLS.2013.23.12.1471

Kim, Y. S., and Oh, D. K. (2012). Lactulose production from lactose as a single substrate by a thermostable cellobiose 2-epimerase from Caldicellulosiruptor saccharolyticus. Bioresour. Technol. 104, 668–672. doi: 10.1016/j.biortech.2011.11.016

Lee, Y. J., Kim, C. S., and Oh, D. K. (2004). Lactulose production by β-galactosidase in permeabilized cells of Kluyveromyces lactis. Appl. Microbiol. Biot. 64, 787–793. doi: 10.1007/s00253-003-1506-1

Lindeque, R. M., and Woodley, J. M. (2019). Reactor selection for effective continuous biocatalytic production of pharmaceuticals. Catalysts 9, 1–17. doi: 10.3390/catal9030262

Mayer, J., Kranz, B., and Fischer, L. (2010). Continuous production of lactulose by immobilized thermostable β-glycosidase from Pyrococcus furiosus. J. Biotechnol. 145, 387–393. doi: 10.1016/j.jbiotec.2009.12.017

Panesar, P. S., and Kumari, S. (2011). Lactulose: production, purification and potential applications. Biotechnol. Adv. 29, 940–948. doi: 10.1016/j.biotechadv.2011.08.008

Rodrigues, R. C., Ortiz, C., Berenguer-Murcia, Á, Torres, R., and Fernández-Lafuente, R. (2013). Modifying enzyme activity and selectivity by immobilization. Chem. Soc. Rev. 42, 6290–6307. doi: 10.1039/c2cs35231a

Rodrigues-Colinas, B., Fernandez-Arrojo, L., Santos-Moriano, P., Ballesteros, A. O., and Plou, F. (2016). Continuous packed bed reactor with immobilized β-galactosidase for production of galactooligosaccharides (GOS). Catalysts 6:189. doi: 10.3390/catal6120189

Schumann, C. (2002). Medical, nutritional and technological properties of lactulose. An update. Eur. J. Clin. Nutr. 41, I17–I25. doi: 10.1007/s00394-002-1103-6

Sitanggang, A. B., Drews, A., and Kraume, M. (2014). Continuous synthesis of lactulose in an enzymatic membrane reactor reduces lactulose secondary hydrolysis. Bioresour. Technol. 167, 108–115. doi: 10.1016/j.biortech.2014.05.124

Sitanggang, A. B., Drews, A., and Kraume, M. (2015). Influences of operating conditions on continuous lactulose synthesis in an enzymatic membrane reactor system: a basis prior to long-term operation. J. Biotechnol. 203, 89–96. doi: 10.1016/j.jbiotec.2015.03.016

Sitanggang, A. B., Drews, A., and Kraume, M. (2016). Development of a continuous membrane reactor process for enzyme-catalyzed lactulose synthesis. Biochem. Eng. J. 109, 65–80. doi: 10.1016/j.bej.2016.01.006

Song, Y. S., Lee, H. U., Park, C., and Kim, S. W. (2013). Batch and continuous synthesis of lactulose from whey lactose by immobilized β-galactosidase. Food Chem. 136, 689–694. doi: 10.1016/j.foodchem.2012.08.074

Song, Y. S., Shin, H. Y., Lee, J. Y., Park, C., and Kim, S. W. (2012). β-Galactosidase-immobilized microreactor fabricated using a novel technique for enzyme immobilization and its application for continuous synthesis of lactulose. Food Chem. 133, 611–617. doi: 10.1016/j.foodchem.2012.01.096

Urrutia, P., Bernal, C., Wilson, L., and Illanes, A. (2018). Use of chitosan heterofunctionality for enzyme immobilization: β-galactosidase immobilization for galacto-oligosaccharide synthesis. Int. J. Biol. Macromol. 116, 182–193. doi: 10.1016/j.ijbiomac.2018.04.112

Vera, C., Guerrero, C., Aburto, A., Córdova, A., and Illanes, A. (2020). Conventional and non-conventional applications of β-galactosidases. Biochim. Biophys. Acta-Proteins Proteom. 1868:140271. doi: 10.1016/j.bbapap.2019.140271

Vera, C., Guerrero, C., Conejeros, R., and Illanes, A. (2012). Synthesis of galacto-oligosaccharides by β-galactosidase from Aspergillus oryzae using partially dissolved and supersaturated solution of lactose. Enzyme Microb. Technol. 50, 188–194. doi: 10.1016/j.enzmictec.2011.12.003

Vera, C., Guerrero, C., and Illanes, A. (2011). Determination of the transgalactosylation activity of Aspergillus oryzae β-galactosidase: effect of pH, temperature, and galactose and glucose concentrations. Carbohydr. Res. 346, 745–752. doi: 10.1016/j.carres.2011.01.030

Woodley, J. M. (2015). “Scale-Up and development of enzyme-based processes for large-scale synthesis applications,” in Science of Synthesis: Biocatalysis in Organic Synthesis, Vol. 3, eds K. Faber, W. D. Fessner, and N. J. Turner (Stuttgart: Thieme), 515–546. doi: 10.1055/sos-SD-216-00331

Zokaee, F. T., Kaghazchi, A., Zare, M., and Soleimani, J. (2002). Isomerization of lactose to lactulose- study and comparison of three catalytic systems. Process Biochem. 37, 629–635. doi: 10.1016/S0032-9592(01)00251-5


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ubilla, Ramírez, Valdivia, Vera, Illanes and Guerrero. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 30 June 2020
doi: 10.3389/fbioe.2020.00695





[image: image]

Metal-Organic Frameworks: A Potential Platform for Enzyme Immobilization and Related Applications

Huan Xia, Na Li, Xue Zhong and Yanbin Jiang*

School of Chemistry and Chemical Engineering, Guangdong Provincial Key Lab of Green Chemical Product Technology, South China University of Technology, Guangzhou, China

Edited by:
Jun Ge, Tsinghua University, China

Reviewed by:
Kewen Tang, Hunan Institute of Science and Technology, China
Yao Chen, Nankai University, China

*Correspondence: Yanbin Jiang, cebjiang@scut.edu.cn

Specialty section: This article was submitted to Bioprocess Engineering, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 09 April 2020
Accepted: 03 June 2020
Published: 30 June 2020

Citation: Xia H, Li N, Zhong X and Jiang Y (2020) Metal-Organic Frameworks: A Potential Platform for Enzyme Immobilization and Related Applications. Front. Bioeng. Biotechnol. 8:695. doi: 10.3389/fbioe.2020.00695

Enzymes, as natural catalysts with remarkable catalytic activity and high region-selectivities, hold great promise in industrial catalysis. However, applications of enzymatic transformation are hampered by the fragility of enzymes in harsh conditions. Recently, metal–organic frameworks (MOFs), due to their high stability and available structural properties, have emerged as a promising platform for enzyme immobilization. Synthetic strategies of enzyme-MOF composites mainly including surface immobilization, covalent linkage, pore entrapment and in situ synthesis. Compared with free enzymes, most immobilized enzymes exhibit enhanced resistance against solvents and high temperatures. Besides, MOFs serving as matrixes for enzyme immobilization show extraordinary superiority in many aspects compared with other supporting materials. The advantages of using MOFs to support enzymes are discussed. To obtain a high enzyme loading capacity and to reduce the diffusion resistance of reactants and products during the reaction, the mesoporous MOFs have been designed and constructed. This review also covers the applications of enzyme-MOF composites in bio-sensing and detection, bio-catalysis, and cancer therapy, which is concerned with interdisciplinary nano-chemistry, material science and medical chemistry. Finally, some perspectives on reservation or enhancement of bio-catalytic activity of enzyme-MOF composites and the future of enzyme immobilization strategies are discussed.
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INTRODUCTION

Enzymes are undisputedly one of most significant macromolecular biological catalysts, which are widely used in fields such as fine chemicals and drug synthesis, sensing, energy and food processing. Enzymes excel in some highly selective (region-, stereo-, chemo-) transformation processes with high efficiency and turnover numbers than artificial catalysts under environmentally benign conditions (Schmid et al., 2001; van Dongen et al., 2014). However, the industrial application of enzymes suffers from their fragile nature such as poor operational, thermal, chemical, and storage stability (Strohmeier et al., 2011; Bornscheuer et al., 2012; Zhou and Hartmann, 2013). Also, the residual enzyme may serve as a contaminant in product mixture during the production process, which requires expensive separation and purification processes. Although advances in gene and protein engineering could tune the nature of enzymes to improve substrate recognition, catalytic efficiency and operational stability, the immobilization of enzymes on solid supports by chemical modification is the most common way to improve the practical performance of enzymes (Franssen et al., 2013; Huang et al., 2020).

Enzyme immobilization can improve enzyme stability, recyclability and recovery in a low-cost way by confining enzyme in a specific space with preserved enzymatic activity (Tosa et al., 1966; Li et al., 2020). Solid supports show that the porous characteristics emerge as optional platforms for enzyme immobilization. These materials include, but are not restricted to, bulk materials (Sheldon, 2007), particles (Ansari and Husain, 2012), hydrogels (Lee et al., 2007), graphene oxide (Pavlidis et al., 2014), carbon nanotubes (Feng and Ji, 2011), mesoporous silica (Hudson et al., 2008; Hartmann and Jung, 2010; Magner, 2013), and polymers (Woodward and Kaufman, 1996; Veronese, 2001). The immobilization of enzymes on these materials may inevitably lead to a low enzyme loading, enzyme denaturation, or restricted mass transfer. Therefore, to maximize the activity and stability of the immobilized enzyme, it is important to recognize the matrix and strategies, since the physical and chemical properties of enzymes may change during the immobilization process (Mohamad et al., 2015).

Metal-Organic Frameworks (MOFs) are composed of metal nodes and organic ligands connected through coordination bonds, which shows great potential in various applications (Kleist et al., 2010; Cho et al., 2012; Ding et al., 2019; Masoomi et al., 2019; Shi et al., 2019; Wang et al., 2019; Yilmaz et al., 2019; Abanades Lazaro et al., 2020; Bonneau et al., 2020; Cruz-Navarro et al., 2020). Given that the topology and property of MOFs could be tuned for their multiple metal nodes and ligands, interactions such as hydrogen bonding, van der Waals forces, covalence, and coordinative bonding between MOFs support and enzyme are possible (Majewski et al., 2017). Besides, the very high surface, pore volume, and easy modification make MOFs a potential supporting matrix for enzyme immobilization (Morris et al., 2014; Mehta et al., 2016; Doonan et al., 2017; Gkaniatsou et al., 2017; Lian et al., 2017). Last but not the least, the ordered crystal structure and the high tunability of MOFs can provide for uniform loading with less leaching, and enzyme’s microenvironment, which protects enzymes from harsh thermal and chemical conditions (Drout et al., 2019). This paper reviews the current strategies for enzyme immobilization on MOF materials, and the merits of enzyme immobilized with MOFs are discussed with an emphasis on the application of enzyme-MOF composites.



STRATEGIES FOR ENZYME IMMOBILIZED BY MOFS

Figure 1 shows the schematic representation of different immobilization methods for enzymes. Typically, there are mainly two ways to prepare enzyme-MOF composites in terms of how enzymes bind to the supports. One is that enzymes are immobilized into the MOF during its formation process in a de novo/in situ approach. The other is a post-synthetic method where enzymes are introduced into the pre-existing MOF, including approaches of surface immobilization, covalent linkage and pore entrapment. Each route ensures the immobilization conditions do not exceed the denaturation ranges of enzymes. Although MOFs can endow enzymes with remarkable stabilities against harsh conditions, factors that MOFs may have on the immobilized enzyme such as substrate diffusion, activity amplification effects, and selectivity should also be considered. Table 1 summarizes the preparation and application of enzyme-MOF composites.
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FIGURE 1. Schematic representation of different immobilization methods for enzymes. (A) In situ synthesis. (B) Surface immobilization. (C) Covalent linkage. (D) Pore entrapment.



TABLE 1. Examples of preparation and application of the enzyme-MOF composites.

[image: Table 1]We start with the recently popularized examples of the in situ encapsulation method, which is also known as co-precipitation or mineralization. Then, post-synthetic approaches such as surface immobilization, covalent linkage, and pore entrapment are discussed in sequence.


In situ Synthesis

Mild operating conditions are the key for in situ enzyme-MOFs synthesis where enzymes and MOF precursors (metal ions and organic ligands) are mixed with the most common aqueous solution. This method allows for the nucleation and growth of MOF simultaneously, and the size of the gust molecule can be larger than the pore size of MOFs, resulting in enzyme embedded MOF crystals (Figure 1A).

Zeolitic imidazolate framework (ZIF) is the first to be used to immobilize enzyme in situ for its extremely mild synthetic conditions. Lyu et al. (2014) initially reported the cytochrome c (Cyt c) embedded in a ZIF-8 by mixing zinc nitrate hexahydrate, 2-methylimidazole, and polyvinylpyrrolidone (PVP) modified Cyt c in methanol (Figure 2). Modern characterization techniques confirmed that embedded Cyt c did not affect the morphology and the crystalline structure of ZIF-8. The enzymatic activity of immobilized Cyt c was assayed by using 2,2′-azinobis(2-ethylbenzthiazoline)-6-sulronate (ABTS) and H2O2 as substrates in potassium phosphate buffer. The immobilized Cyt c displayed a 10-fold enhanced apparent activity than free Cyt c, which could be attributed to the conformational changes of Cyt c incubated in the methanol, resulting in an exposed heme group. This phenomenon that the conformational changes of Cyt c resulted in a favorable catalytic performance was also observed in the research of Wu et al. (2020). The enzymatic Michaelis-Menten kinetics analysis suggested that the immobilized Cyt c exhibited the decreased Km (Michaelis-Menten constant) and the increased Vmax (maximum rate of reaction), compared with the free enzyme, indicating a higher affinity toward substrates for the immobilized Cyt c. Then, the Cyt c/ZIF-8 was applied for the detection of H2O2, methyl ethyl ketone peroxide, and tert-butyl hydroperoxide, using Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) as the substrate. The results also demonstrated that Cyt c/ZIF-8 showed good linearity and sensitivity than free Cyt c.
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FIGURE 2. Preparation of the Cyt c-embedded ZIF-8. A schematic showing the synthesis of the Cyt c/ZIF-8 composite and showing the detection of organic peroxides.


Based on this approach, Wu et al. (2015a) reported a bi-enzymatic system, where glucose oxidase (GOx) and horseradish peroxidase (HRP) were encapsulated in situ during ZIF-8 formation. The synthesized GOx&HRP@ZIF-8 composites were performed to display the effective enzymatic cascade reactions, and served as the glucose sensor, resulting in the detection limit of 0.5 μM. Notably, the multiple enzyme-embedded ZIF-8 nanocrystals showed high selectivity toward glucose, even in the higher concentration of various interfering compounds such as fructose, mannose, galactose, maltose, lactose and albumin. Besides, the immobilized enzymes showed greatly enhanced stability against proteolysis and chelating, owing to the structural rigidity and confinement of MOF scaffolds.

Liang et al. (2019) developed this in situ approach to encapsulate enzymes within a series of ZIFs, such as MAF-7, ZIF-90, and ZIF-8. The particular catalase (CAT), a kind of iron-heme enzyme that catalyzes the decomposition of hydrogen peroxide to water and oxygen, was chosen as a model bio-catalyst to investigate whether the hydrophilicity of matrixes was related to their biological compatibility. The hydrophilic MAF-7 (links: 3-methyl-1,2,4-triazolate) and ZIF-90 (links: 2-imidazolate carboxaldehyde), as well as the hydrophobic ZIF-8 were used to encapsulate catalase to synthesize enzyme-ZIF composites. The enzymatic assays indicated that the FCAT@MAF-7 showed the approximate activity to that of free FCAT, which exhibited the optimal catalytic performance. Whereas, FCAT that physically adsorbed on the surface of ZIF-8 or encapsulated in the ZIF-8 showed the negligible catalytic activity in H2O2 decomposition (Figures 3A,C). Fluorescein isothiocyanate tagged with CAT (FCAT) was performed to investigate the spatial distribution of enzymes within samples using confocal laser scanning microscopy. FCAT molecules were more homogeneously distributed throughout FCAT@MAF-7 and FCAT@ZIF-90 than in FCAT@ZIF-8 (Figure 3B). These results suggested that the rational design of hydrophilic and hydrophobic interactions between enzymes and matrixes is essential for the efficiency and stabilization of biomolecules.
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FIGURE 3. (A) Schematic representations of the different FCAT/ZIF bio-composites formed by encapsulation of enzyme molecules via biomimetic mineralization or surface adsorption within/on hydrophobic (orange) or hydrophilic (blue) frameworks. (B) Confocal laser scanning micrographs showing fluorescence of different FCAT/ZIF bio-composites. (C) Catalytic activity of FCAT and different FCAT/ZIF composites. The assay was performed with FCAT concentration of 20 nM and H2O2 concentration of 0.20 mM. Reproduced from Liang et al. (2019) with permission from the American Chemical Society, copyright 2019.


The further applications of this in situ synthetic approach toward different enzymes and MOFs materials have also been reported (Jeong et al., 2015; Li et al., 2017; Gascón et al., 2017a; Gascón et al., 2018; Feng et al., 2019; Chen et al., 2019; Xia et al., 2019; Chen et al., 2020). For example, Li et al. (2017) converted 1, 4-benzenedicarboxylic acid (H2BDC) to its sodium salt form by sodium hydroxide, to keep the BDC ligand soluble in aqueous solution. Then Cyt c was mixed with Cu ion and soluble BDC to synthesize the Cyt c-CuBDC composites (Figure 4A). Spatial distribution analysis of immobilized enzyme demonstrated the enzyme was incorporated into the skeleton of the CuBDC. Owing to the intrinsic peroxidase-like activity of CuBDC and Cu ion activation effect, the Cyt c-CuBDC composites achieved an approximate 12-fold catalytic efficiency compared to free Cyt c. The activity enhancement was also observed for the Cyt c&CuBDC prepared by physical mixing, due to the activity superposition of Cyt c and CuBDC by additive effect (Figure 4B). However, this activity enhancement was not observed for GOx. The varying degree of activity loss was observed for GOx-CuBDC and GOx&CuBDC composites (Figure 4C).
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FIGURE 4. (A) Schematic illustration of preparing enzyme-CuBDC composites in one-pot and an in situ approach by biomimetic mineralization. (B) The kinetic analysis of CuBDC, free Cyt c, Cyt c-CuDBC, and Cyt c&CuBDC. (C) The kinetic analysis of CuBDC, free GOx, GOx-CuBDC, and GOx&CuBDC. Reproduced from Li et al. (2017) with permission from the Royal Society of Chemistry, copyright 2017.


Though these preliminary researches are promising, the encapsulation of enzyme into MOFs by this in situ approach largely relies on the synthetic conditions, which should be simple and biocompatible. Therefore, only a few MOFs are the candidates for this immobilization method. Moreover, spatial localization and dispersion of enzyme as well as the control of MOF particles and MOF coating thickness needs to be investigated and optimized for further bio-catalytic applications.



Surface Immobilization

Surface immobilization is simple, low-cost, and most commonly used for protein anchored on various solid supports. Enzymes immobilized on MOF surfaces are mainly through weak interactions such as van der Waals forces, π-π interaction, electrostatic interaction, or hydrogen bonding (Figure 1B). The turbulence of pH and salt concentrations could have a great effect on the interactions between enzymes and supports. This immobilization process is reversible, thus enzyme leaking from the support could be observed if the synthetic conditions are not chosen properly. An extensive of MOFs can serve as the matrixes for enzyme immobilization, for there is no strict requirement for particular functional groups or pore size of MOFs.

Earlier, Balkus et al. employed a nano-crystalline Cu-MOF to immobilize microperoxidase-11 (MP-11) by physical adsorption at room temperature (Pisklak et al., 2006). Meanwhile, five different mesoporous benzene silica (MBS) molecular sieve samples were also performed to immobilized MP-11 as control groups. MP-11 was immobilized in all these MBS matrixes through van der Waals interaction between the MP-11 and the pore walls of MBS supports. MBS materials that contained pendent amine group would facilitate the uptake of the MP-11. The enzymatic activity assays suggested that all of these MP-11@MBS samples showed a much lower reactant conversion than the free MP-11, which could be attributed to the limitation of MP-11 imposed by the confined space of MBS matrixes. Notably, the MP-11@Cu-MOF showed a much higher reactant conversion (63 ± 5.1%) than that of free MP-11 (6 ± 5.2%). The results suggested that MOF exceled in the consolidation of immobilized enzyme than the MBS materials.

Recently, using the same approach, Zhong et al. (2020) immobilized GOx on a biomimetic Zr-based porphyrin MOF matrix [MOF-545(Fe))], which was constructed using highly stable Zr cluster as nodes and meso-tetra(4-carboxyphenyl) porphine as ligand and followed by introducing ferric ion into the center of the porphyrin structure, resulting in the peroxidase-like activity (Figure 5A). In this system, MOF-545(Fe) not only worked as the matrix for GOx immobilization, but also contributed its peroxidase-like activity to co-operate with GOx for the cascade reactions. The peroxidase-like activity of MOF-545(Fe) was assayed, and ABTS served as a color development reagent with its absorbance at 420 nm tested by a UV-vis spectrophotometer. Only when the reaction system with MOF-545(Fe), ABTS and H2O2, a significant absorbance at 420 nm was observed, and the mixed solution turned to clear green (Figure 5B). The GOx@MOF-545(Fe) was applied for glucose detection with the one-step cascade reaction. A limit of detection (LOD) of 0.28 μM was achieved with a good linear relationship in the range of 0.5–20 μM (Figure 5C). Such a great LOD value could be ascribed to the hierarchical porous of the MOF-545(Fe), which facilitated the substrate mass transfer in the glucose detection reactions.
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FIGURE 5. (A) Schematic illustration of the preparation of GOx@MOF-545(Fe) composites through a surface adsorption approach and cascade reaction based on GOx@MOF-545(Fe). (B) UV-Vis absorption spectra of different reaction systems. (C) Detection of glucose by GOx@MOF-545(Fe) with the increase of glucose concentration from 0.5 to 100 μM and 0.5–20 μM (inset). Reproduced from Zhong et al. (2020) with permission from Elsevier, copyright 2020.


Liu et al. successfully employed a Cu-BTC (BTC: 1,3,5-benzenertricarboxylate) based hierarchically porous MOF matrix to immobilize the Bacillus subtilis lipase (BSL2) (Cao Y. et al., 2016). In this research, the BSL2 was modified by the non-ionic surfactant (dioleyl-N-D-glucona-L-glutamate) to synthesize BSL2-surfactant complexes, which were further adsorbed to the hierarchically porous Cu-BTC, followed by washing with isooctane and lyophilization. The BSL2@Cu-BTC composites obtained were applied for the esterification reaction between benzyl alcohol and lauric acid. Notably, a 17-fold initial rate was achieved for immobilized BSL2 compared with the free one, which suggested that BSL2 could be fully dispersed on the inner surface of the hierarchically porous Cu-BTC, refraining from aggregation or other inactivation situations (Garcia-Galan et al., 2011). In addition, the novel BSL2@Cu-BTC composites were observed to show good operational stability. These results suggested that the hierarchically porous MOF materials held potentials for applications of biological hybrid materials in catalysis. Other matrixes such as Zr/Al/Fe/Cr-based MOFs have also been widely used to immobilize different enzymes through the surface immobilization technique, which is well documented by Liang and coworkers (Liang et al., 2020).



Covalent Linkage

Although a few enzymes have been successfully anchored on the surface of MOFs by a physical technique, adsorbed enzymes demonstrate poor stability in the reaction media due to weak interactions between protein and matrix (Cui et al., 2018). Generally, the covalent linkage is the conventional technique for enzyme immobilization. Typically, the abundance of amino groups on an enzyme’s surface can form peptide bonds with carboxyl functionalized MOFs. The covalently linked enzymes usually reveal remarkably improved stability after repeated uses when compared to their non-covalently linked counterparts. In this strategy, several MOFs could be modified with functional groups, e.g., amino, carboxyl and hydroxyl, to serve as immobilization matrixes (Figure 1C).

In a pioneering work, Lou et al. immobilized the soybean epoxide hydrolase (SEH) onto the prepared Zr-based MOF matrix, UiO-66-NH2 (links: 2-aminoterephthalic acid) (Cao S. L. et al., 2016). Glutaraldehyde was used as a cross-linker since it could easily bind to reactive groups of the enzyme and cross-link them on the MOF surface (Figure 6A). A high SEH loading (87.3 mg/g) with enzyme activity recovery (88.0%) was achieved. The synthetic enzyme-MOF composites were used for the asymmetric hydrolysis of 1,2-epoxyoctane to (R)-1,2-octanediol in a novel deep eutectic solvent (Figure 6B). The immobilized SEH not only displayed good long-term stability with 97.5% of its initial activity after being stored at 4°C for 4 weeks, but also remarkably surpassed the free SEH as to pH stability, thermostability, and resistance against organic solvents. These outperformances of immobilized enzyme compared to free enzyme could be attributed to the increase of structural rigidity of the immobilized SEH, which was demonstrated by the secondary structural analysis of protein (Figure 6C). Moreover, the kinetic analysis suggested that SEH@UiO-66-NH2 achieved a decreased Km value and the increased Vmax/Km value compared with free SEH, indicating the improved enzyme-substrate affinity and catalytic efficiency for SEH@UiO-66-NH2. A possible explanation for this observation could be the facilitation for the access of substrates to enzyme’s active site due to the changes of the three-dimensional structure of SEH upon immobilization. This covalent binding method was also employed to immobilize other enzymes such as trypsin and lipase by different functional groups of modified MOF matrixes (Table 1).
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FIGURE 6. (A) Schematic illustration of the synthesis of the immobilization of SEH onto UiO-66-NH2. (B) Schematic illustration of epoxide hydrolase-catalyzed asymmetric hydrolysis of (R/S)-1,2-epoxyocatane to chiral (R)-1,2-octanediol. (C) Amide I fitting results of free SEH and immobilized SEH via FTIR analysis. Reproduced from Cao S. L. et al. (2016) with permission from the American Chemical Society, copyright 2016.




Pore Entrapment

The pore entrapment or cage encapsulation approach refers to the encapsulation of enzymes into the pores or cages of mesoporous MOFs by diffusion (Figure 1D). This approach has been extensively employed to entrap small-sized objects, such as inorganic nanoparticles or molecular complexes into the pores of MOFs (Horcajada et al., 2012). In contrast to other immobilization techniques, this method sheltered enzymes from deactivation in harsh conditions (e.g., organic solvents, extremely acidic or basic solutions, high temperatures) to a great degree by isolating protein molecules in the pores or cages of MOFs. In addition, the entrapment of enzymes in 3D microenvironments of mesoporous MOFs allowed enzymes to have easier access to substrates and enzyme aggregation could be alleviated with minimized protein unfolding (Majewski et al., 2017). It is worth noting that the mesoporous MOFs used to entrap enzymes have the following advantages over microporous counterparts. First, a very high enzyme loading could be achieved due to the large pore size and volume. Second, enzymes encapsulated into the cavity instead of adsorbing on the MOF surface were less likely to leak from the supports. Third, the size selectivity for specific substrates could be achieved for this typical MOF due to the size limitations.

In 2011, Ma et al. first reported encapsulation of the microperoxidase-11 (MP-11) with dimensions of about 3.3 × 1.7 × 1.1 nm (Marques, 2007), into the mesoporous cavities of a terbium-based mesoporous MOF (Tb-mesoMOF, links: triazine-1,3,5-tribenzoate), which showed hierarchical cavities with nanoscopic cages of 3.9 and 4.7 nm in diameter (Figures 7B,C), with pore sizes dominantly distributed around 3.0 and 4.1 nm (Lykourinou et al., 2011). MP-11 that contains an iron-heme group can oxidize a wide range of organic molecules in the presence of hydrogen peroxide (Figure 7A). The N2 sorption isotherms analysis indicated the successful entrapment of MP-11 molecules in the pore space of Tb-mesoMOF. The MP-11@Tb-mesoMOF was employed to catalyze the oxidation of 3,5-di-tert-butyl-catechol by H2O2 (Figure 7D). Meanwhile, the mesoporous silica (MCM-41) was also used to immobilize MP-11 as a control group, resulting in a lower loading capacity due to its lower surface area compared to Tb-mesoMOF. The kinetic trace experiments indicated MP-11@Tb-mesoMOF showed a much higher initial rate than that of MP-11@MCM-41during the initial 30 min period. After 25 h, the MP-11@Tb-mesoMOF achieved an improved activity with a final conversion of 48.7%, while free MP-11 and MP-11@MCM-41 only obtained the final conversion of 12.3 and 17.0%, respectively. This outperformance was attributed to the confinement effect of Tb-mesoMOF, which prevented MP-11 from leakage and aggregation. The subsequent cycle experiments also demonstrated that the MP-11 could be better stabilized by the Tb-mesoMOF than MCM-41.
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FIGURE 7. (A) Molecular structure of MP-11 (obtained from the solution structure of PDB 1OCD). (B) 3.9 nm-diameter cage, and (C) 4.7 nm-diameter cage in Tb-mesoMOF. (D) Reaction scheme for oxidation of 3,5-di-tert-butyl-catechol to o-Quinone. Reproduced from Lykourinou et al. (2011) with permission from the American Chemical Society, copyright 2011.


Furthermore, myoglobin (Mb) was also immobilized to extend the application of this Tb-mesoMOF by the same group (Chen et al., 2012a). They demonstrated that the Mb@Tb-mesoMOF had the size selectivity to substrates with different dimensions, such as ABTS (size: 1.01 × 1.73 nm) and 1,2,3-trihydroxybenzene (THB) (size: 0.57 × 0.58 nm). The substrate THB with size-matched to the pore of MOF could easily access the active centers of Mb, resulting in the superior initial rate. Whereas, for the substrate ABTS, which was isolated from the active centers of Mb by pores of MOF, resulted in the very low initial rate. These results indicated that mesoporous MOFs could serve as a novel matrix to immobilize enzyme for applications in size-selective catalysis.

Subsequently, Yaghi et al. developed a strategy to expand the pore aperture of MOF-74. A series of large pore apertures MOFs, ranging from 1.4 to 9.8 nm have been synthesized by systematically expanding the MOF-74 structure (Deng et al., 2012). All these MOF-74 series showed the robust architectures with non-interpenetrating structure, these characteristic with various large pore apertures held potential for the pore entrapment of vitamin B12 and green fluorescent protein (GFP).

Farha et al. reported a novel application for immobilization of organophosphorus acid anhydrolase (OPAA) with a water-stable Zr-based MOF (NU-1003), featuring the largest mesoporous aperture among Zr-based MOFs (Figure 8; Li et al., 2016c). A size effect of enzyme-MOF composites on their enzymatic activities toward the hydrolysis of nerve agents such as diisopropyl fluorophosphate (DFP), and Soman (GD) was observed. As a result, the OPAA@NU-1003 with a size of 300 nm achieved 3 times faster initial reaction rate than that of free OPAA for GD hydrolysis, which indicated that OPAA@NU-1003-300nm could efficiently deactivate or defluorinated the nerve agents such as DFP and GD.
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FIGURE 8. Schematic representation of immobilization of OPAA in the mesoporous channels of NU-1003. Reproduced from Li et al. (2016c) with permission from the American Chemical Society, copyright 2016.




DISCUSSION

Metal-organic frameworks have emerged as the comprehensive platform for enzyme immobilization or the synthesis of other hybrid materials since the crystalline structure, pore volume, physical and chemical properties of MOFs can be easily modulated owing to an extensive choice of possible organic linkers and inorganic building units. An obvious advantage of enzyme-MOF composites is their reusability and recyclability, which greatly reduces costs. Besides, a magnetic-MOF that is more convenient for recycling was developed by introducing magnetic moieties to allow magnetic separation from reaction mixtures (Huo et al., 2015; Falcaro et al., 2016). Free enzymes tend to be deactivated when they are exposed to high temperatures, extreme pH, organic solvents, or trypsin digestion, because these external stresses could cause conformational changes of enzymes, resulting in the loss of enzymatic activity. MOFs can provide a microenvironment for immobilized enzymes, which minimizes the loss of enzyme conformation against denaturation conditions. As for enzymatic activity, the enhanced catalytic activity of MOF immobilized enzyme could be achieved with a properly designed matrix or modification of enzymes. For instance, a higher substrate concentration in the vicinity of enzymes would contribute to the enhancement of enzymatic activity, when the adsorption and desorption of substrates and products on supports are well balanced (Zhang et al., 2015). This local enrichment of substrate, also known as the positive partition effect, provides possibilities for MOFs to be served as nanoreactors, which apparently reduces the Km, and gives an increased apparent enzymatic activity.

Another reason for the enhanced enzymatic activity could be ascribed to highly efficient single enzymes confined by MOF cavities or the functional groups on MOF backbones involved in the catalytic processes (Drout et al., 2019). Additionally, the size of the pore openings may allow MOFs to gain size selectivity. For instance, the peroxidase activity of myoglobin (MB) immobilized in the Tb-mesoMOF was employed for the oxidation of two substrates (ABTS and THB) with different molecular dimensions in the presence of H2O2 (Chen et al., 2012a). The results indicated that the larger ABTS could not traverse the pores of Tb-mesoMOF, which resulted in very low reactant conversion. In contrast, the composites exhibited a remarkably improved conversion toward the smaller THB.

Similarly, Huo et al. (2015) employed agarose hydrogel droplets stabilized with UiO-66 and Fe3O4 nanoparticles as the template to synthesize a hierarchically structured ZIF-8 shell. These ZIF-8 shell microcapsules were employed to immobilize the Candida antarctica lipase B for transesterification reactions. A size selectivity was also observed for the ZIF-8 shell microcapsules. A complete reactant conversion was observed using a pair of small substrates (1-butanol and vinyl acetate), whereas, only a very little reactant conversion (7.5%) was observed for a pair of large substrates (3-(4-hydroxyphenyl) propan-1-ol and vinyl laurate). This size selectivity could be attributed to the physical barrier imposed by the microporous ZIF-8.



APPLICATIONS

Using MOFs to immobilize enzymes can provide enzymes with excellent reusability, recyclability and long in vivo bio-activity, as well as stabilities against harsh conditions. The applications of MOF bio-composites are extensively and fast developing to different fields including bio-sensing, bio-catalysis, cancer therapy, etc., Figure 9 shows the applications of enzyme-MOF composites. This section mainly focuses on the current progress of enzyme-MOF composites in these fields.
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FIGURE 9. Applications of enzyme-MOF composites. (a) Schematic illustration of cascade reaction based on GOx and HRP and its application in bio-sensing. (b) Schematic illustration of enzyme/pro@MOF and its application in cancer therapy.



Bio-Sensing

Recently, bio-sensing and detection based on immobilized enzymes have drawn great attention in many fields such as glucose detection, clinical diagnosis, food monitoring and quality inspection (Patra et al., 2015). For these areas, two basic requirements must be met. One is to respond quickly and accurately at the monitoring site. The other is to continue to function and remain stable in the monitoring environment. Due to the high efficiency and high selectivity of enzymes, the first requirement is not difficult to achieve. However, for the second requirement, the industrial application of enzymes is often limited by their poor stability, lack of reusability and are difficult to recycle (Bornscheuer et al., 2012). Owing to the regulated structure and function, MOFs have become promising candidates to immobilize enzymes in these fields (Feng et al., 2015; Li et al., 2016a; Zhang et al., 2017).

Wang et al. (2017) have reported the co-immobilization of NiPd hollow nanoparticles and GOx on ZIF-8 via an in situ synthesis method. The as-prepared GOx@ZIF-8(NiPd) composites showed a nanoflower structure and possessed both glucose oxidase activity and peroxidase-like activity, which could be used as the electrochemical and colorimetric glucose sensor via a tandem catalysis reaction. The results suggested that the absorbance of 2,3-diaminophenazinc at 505 nm showed a good linear relationship to glucose concentrations ranging from 10 to 300 μM, resulting in a LOD of 9.2 μM. And a relative standard deviation of 0.8% was achieved after 16 successive determinations with a wider range (0.1∼1.7 mM) of a linear relationship between the current and glucose concentration, which indicated the good operational stability and expanded the applications of this glucose bio-sensor.

Liu et al. (2018) reported the mimic multienzyme systems for glucose bio-sensor by immobilizing GOx to the hierarchically porous biomimetic Zr-based MOF HP-PCN-224(Fe) (links: tetrakis(4-carboxyphenyl) porphyrin). The hierarchically porous structure of HP-PCN-224(Fe) was prepared through a modulator-induced defect-formation strategy, which introduced dodecanoic acid (DA) as the modulator or surfactant, and reduced the ligand amount to form defects during the MOFs synthesis process, then followed by the hydrochloric acid treatment to remove DA. The DA amount had a great effect on the mesopores formation and the morphology of MOFs. When the molar ratio of DA/ZrCl4 was 125, HP-PCN-224(Fe) showed the largest enzyme loading capacity (192.6 mg/g). The intrinsic peroxidase-like activity of HP-PCN-224(Fe), owing to its metalloporphyrin structure, was then employed for the cascade reaction in one step for glucose detection (Figure 9a). A good linear relationship between glucose concentrations ranging from 5 to 300 μM and the absorption value of ABTS+ at 420 nm were obtained, with a detection limit of 0.87 μM, which was much lower than other glucose bio-sensors (Hou et al., 2015; Wang et al., 2017). In addition, the universality of HP-PCN-224(Fe) was demonstrated to show the good feasibility for uric acid detection with a detection limit of 1.8 μM, by immobilizing uricase on HP-PCN-224(Fe).



Bio-Catalysis

Enzymes as prominent natural catalysts with excellent catalytic activity and high selectivity possess great potentials in the manufacture of fine chemicals and pharmaceuticals. In biological catalysis, the function of the enzyme is precisely tuned for highly specific transformations and these transformations proceed in sequences as cascade reactions, which may be involved with multiple enzymes, coenzymes, reactants, and products. This section emphasizes the immobilization of well-understood enzymes with MOFs for applications in bio-catalysis.

Inspired by natural bio-catalytic transformations in cells, Chen et al. (2018b) reported complicated bio-catalytic cascades driven by multienzyme in ZIF-8 nanoparticles, which worked as nanoreactors for the concerted reactions of two or three enzymes, as well as cofactor components. As for multienzyme mediated cascade reactions, the intercommunication between enzymes is of paramount importance for the efficiency of reactions. Therefore, ZIF-8 could be qualified as an excellent nanoreactor for transporting the product of one enzyme to the subsequent enzyme, resulting in the high local concentrations of substrates for enzymes. The integration of two enzymes (GOx and HRP) and three enzymes (β-galactosidase (β-Gal), GOx and HRP) (Figure 10A) in ZIF-8 displayed 7.5-fold and 5.3-fold enhanced activity of catalytic cascades, respectively, compared with the homogeneous diffusional mixture of free multienzyme. The improved catalytic performance of cascades could be ascribed to the facilitation of mass transfer that products generated by one enzyme could be utilized by another bio-catalyst. The efficient intercommunication of two β-nicotinamide adenine dinucleotide hydrate (NAD+) dependent enzymes (alcohol/lactate dehydrogenase) combined with NAD+-functionalized polymer for cascade reactions was also integrated (Figure 10B), which achieved a 4.7-fold improved reduction of pyruvic acid to lactic acid compared with the homogeneous bio-catalytic assembly. These results indicated that the porous structure of MOFs enabled the efficient exchange of substrates and products between the bulk solution and reaction sites.
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FIGURE 10. (A) Top: composition of the three-enzyme–ZIF-8 NMOF hybrid. Bottom: scheme of the three-enzyme cascades involving β-Gal hydrolysis of lactose and subsequent GOx-catalyzed oxidation of glucose, followed by HRP-catalyzed oxidation of Amplex Red to resorufin by H2O2. (B) Top: composition of the bio-catalytic constituents AlcDH, LacDH and the NAD+–polymer in the ZIF-8 NMOF hybrid nanoparticles. Bottom: scheme of the coupled NAD+–polymer mediated AlcDH/LacDH-catalyzed reduction of pyruvic acid to lactic acid by the bio-catalytic NMOF hybrid assembly. Reproduced from Chen et al. (2018b) with permission from Nature Publishing Group, copyright 2018.


He et al. (2016) developed a kinetic resolution reactor by encapsulating a thermophilic lipase into the ZIF-8. A simple solid approach by grinding lipase with MOF precursors in trace ethanol was employed to synthesize the lipase@ZIF-8 composites, which was used for the kinetic resolution of (R, S)-2-octanol through transesterification. They suggested that lipase@ZIF-8 held the selectivity in (R, S)-2-octanol mixture, and preferably catalyzed the R-form. Superior enzymatic activity of lipase@ZIF-8 in a non-aqueous medium was observed. As a result, lipase@ZIF-8 showed advantageous reusability in the kinetic resolution of sec-alcohols with stable E values ranging from 8.1 to 11.5 during 10 cycles at room temperature. Owing to the protection of MOFs, the immobilized enzyme exhibited enhanced resistance against trypsin. These results indicated that enzyme-MOF could be potentially beneficial for the cost-effective synthesis of chiral compounds via bio-catalysis.



Cancer Therapy

Using functional proteins, DNA/RNA for cancer treatment is of importance in both clinical and preclinical studies. Usually, chemotherapeutics tends to show the weak targeting effect or cause toxic effects on normal cells during cancer treatment. One strategy to get around this problem is to employ nontoxic prodrugs metabolized by enzymes to generate cytotoxic products in a tumor microenvironment (Giang et al., 2014; Lin et al., 2018). Nevertheless, enzymes in cells is in very low levels, which leads to the poor selectivity and unsatisfactory results for this enzyme-activated prodrug therapies. An ideal method is to deliver exogenous enzymes to tumor cells. However, enzymes tend to suffer from the internal environment during the delivery process. This problem can be solved by the immobilization of enzymes with MOFs, which emerges as excellent matrixes to deliver enzymes to the cancer cells due to their low toxicity, high encapsulation efficiency, high loading capacity and good bio-compatibility, etc.

As well known, the rapid proliferation of tumor cells requires a large amount of glucose. GOx can catalyze glucose to produce glucuronic acid and hydrogen peroxide, which may produce the hydroxyl radical through Fenton reaction (Huo et al., 2017), or oxidize arginine to generate NO, resulting in the starvation synergistic cancer therapy (Fan et al., 2017). This process could also be enhanced by using a cytostatic environment and even toxicity of the drugs (Zhang R. et al., 2018; Zhou et al., 2018; Chu et al., 2019). Zhang L. et al. (2018) constructed a biomimetic nanoreactor by encapsulating prodrug tirapazamine (TPZ) and GOx in an erythrocyte membrane cloaked MOF nanoparticle (TGZ@eM). The acidic environment caused by lysosome in cells could disintegrate the TGZ@eM to release GOx and TPZ. The releasing GOx consumed exogenous glucose and oxygen to starve cancer cells, and thus the hypoxic environment caused TPZ to be more toxic and inhibit the growth and reproduction of cancer cells (Figure 9b). As a result, a tumor growth inhibition (TGI) rate of 97.6% was obtained when the TGZ@eM nanoreactor was administered intravenously, which afforded the most satisfactory therapeutic outcomes. Coincidentally, Chen et al. (2018c) simultaneously co-immobilized the GOx and insulin or anti-vascular endothelial growth factor aptamer (VEGF aptamer) in ZIF-8 to construct a two-step sense-and-treat system for macular diseases. In these systems, the VEGF aptamer could be controlled release mediated by the GOx-catalyzed aerobic oxidation glucose, which could inhibit the VEGF-induced generation of blood vessels and the high glucose concentrations in cancer cells, and held potentials for other disease treatment.

Lian et al. (2018) developed an approach to construct the prodrug activation mediated by exogenous enzymes for cancer therapy with better selectivity and less toxicity. Tyrosinase (TYR) was chosen as the activating enzyme and loaded in the PCN-333 nanoparticles (NPCN-333) (Figure 11A). The obtained TYR@NPCN-333 could activate the prodrug of paracetamol (APAP) in cancer cell in a prolonged way. The cytotoxicity arose from 4-acetamido-o-benzoquinone (AOBQ), which was the enzymatic transformation product of nontoxic prodrug APAP, and from subsequently inductive generation of reactive oxygen species (ROS) and glutathione (GSH) depletion (Figure 11B). As a result, a 2.5-time regression of tumor volume was achieved after the treatment with TYR@NPCN-333 and APAP (Figure 11C). Chen et al. (2018a) developed the protein-encapsulated MOF composites as a novel platform for intracellular delivery of native active proteins, and demonstrated that protein-encapsulated MOF composites could serve as a generally applicable platform for protein delivery and protein-based theranostics.
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FIGURE 11. (A) Top: structure of PCN-333 composed of aluminum trimeric cluster and 4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (TATB) ligand. Bottom: two types of mesoporous cavities in PCN-33 (purple: 4.2 nm, green: 5.5 nm), TYR with size of 5.5 × 5.5 × 5.6 nm3, which can only be accommodated in the 5.5 nm cage. (B) Nontoxic prodrug APAP oxidation is catalyzed by TYR to yield cytotoxic AOBQ, which induces ROS generation and GSH depletion. (C) Time-dependent relative tumor growth upon different treatments. Reproduced from Lian et al. (2018) with permission from Wiley Online Library, copyright 2018.


Briefly, there are mainly two ways of applying of enzyme-MOF in cancer treatment: (i) enzymes are released from enzyme-MOFs in the tumor microenvironment, then directly affect or synergistically work together with prodrugs to the tumor cells; (ii) enzymes act on cancer cells by changing the tumor microenvironment or activating prodrugs.



CONCLUSION AND PROSPECTS

Metal-organic frameworks are emerging as viable host matrixes for enzyme immobilization. The immobilization strategies such as surface immobilization, in situ approach, covalent linkage and pore entrapment have been developed. All these approaches allow the immobilized enzyme to be reusable and recyclable. The use of MOFs to immobilize enzymes is gaining increasing attention, however, related researches are still in the preliminary stages. Many aspects need to be further improved. For instance, enzymes adsorbed on the surface of MOFs through weak interactions tend to leak from the support during the recycled usage. Though this problem can be addressed to a great extent by the covalent linkage approach, where the firm interaction between immobilized enzyme and support is formed. Both approaches result in immobilized enzymes exposed to the environment, which causes enzymes vulnerable to harsh conditions or digestion by proteases. The pore entrapment approach allows enzymes to exhibit excellent reusability and resistance against denaturation agents and against harsh conditions, when they are entrapped into the pores or cages of the mesoporous MOFs. Nevertheless, pore apertures of the mesoporous MOFs should be suitable for the size of enzyme in this fashion. Reasonable design for the MOFs to immobilize enzymes varied vastly in shape and size remains a challenge, and the synthesis of mesoporous MOFs fraught with difficulties due to the undesirable interpenetrating structures. The in situ synthesis could address many of the problems mentioned above, yet it can be employed only under mild synthetic conditions such as in an aqueous solution. Usually, ZIFs serve as the most common candidates for this approach. However, further applications of enzyme-ZIFs composites are limited by the mass transfer of substrates and products due to the narrow micropores of ZIFs. Therefore, approaches for enzyme immobilization should depend on the specific enzyme-MOF couple and practical situation of the catalytic process, and the novel approach needs to be developed urgently.

Although enzyme-MOFs composites have been widely reported to be used in the field of bio-sensing and detection, bio-catalysis and recent cancer therapy, employing the composites in industrial or biomedical conditions are rarely reported. This is mainly hampered by deficient chemical stability, especially in water, and difficulty in regulating the structure and aperture of MOFs. Overcoming these shortcomings helps to facilitate the immobilization processes and to implement them in practical production. It is worth mentioning that only a few researches focus on the facile synthesis or post-synthetic modification amenability of MOFs, which is crucial for the scale-up of laboratory synthesis into mass production. In addition, the host-guest interaction has been investigated by comprehensive measurements, such as fluorescence, UV-vis, circular dichroism, and dynamic light scattering (Anand et al., 2014; Xu et al., 2017), yet there is still a deficiency of insight into the interactions between enzyme and MOF matrixes, especially the diffusion mechanism of enzymes into the cages or pores of mesoporous MOFs.

The synergistic effect between MOFs and enzymes can be achieved by the rational design of MOFs combined with the functionality of enzymes. For instance, the enantioselectivity of enzymes could be enhanced by introducing asymmetric groups to MOFs. And the modification of MOFs with hydrophilic groups could facilitate the interaction of hydrophobic enzymes with hydrophilic substrates, giving rise to a higher reactant conversion and product yield. A biomimetic MOF could also be combined with enzymes to construct a mimic multi-enzyme system for tandem catalysis.

Finally, theoretical simulation is also important since it provides guidelines for the tuning of MOF pores or cages, and for size matching between enzymes and MOF cavities. Thus, the loading optimization, dispersion and orientation of immobilized enzymes could be achieved with a rational theoretical calculation. The enzyme-MOF composites could contribute to the development of the next wave of applied bio-catalysis, once the set of design rules combined with theoretical simulation have been established.
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In this communication, it was evaluated the production of fatty acid ethyl ester (FAAE) from the free fatty acids of babassu oil catalyzed by lipase from Rhizomucor miehei (RML) immobilized on magnetic nanoparticles (MNP) coated with 3-aminopropyltriethoxysilane (APTES), Fe3O4@APTES-RML or RML-MNP for short. MNPs were prepared by co-precipitation coated with 3-aminopropyltriethoxysilane and used as a support to immobilize RML (immobilization yield: 94.7 ± 1.0%; biocatalyst activity: 341.3 ± 1.2 Up–NPB/g), which were also activated with glutaraldehyde and then used to immobilize RML (immobilization yield: 91.9 ± 0.2%; biocatalyst activity: 199.6 ± 3.5 Up–NPB/g). RML-MNP was characterized by X-Ray Powder Diffraction (XRPD), Fourier Transform-Infrared (FTIR) spectroscopy and Scanning Electron Microscope (SEM), proving the incorporation and immobilization of RML on the APTES matrix. In addition, the immobilized biocatalyst presented at 60°C a half-life 16–19 times greater than that of the soluble lipase in the pH range 5–10. RML and RML-MNP showed higher activity at pH 7; the immobilized enzyme was more active than the free enzyme in the pH range (5–10) analyzed. For the production of fatty acid ethyl ester, under optimal conditions [40°C, 6 h, 1:1 (FFAs/alcohol)] determined by the Taguchi method, it was possible to obtain conversion of 81.7 ± 0.7% using 5% of RML-MNP.

Keywords: lipase from Rhizomucor miehei, immobilized, magnetic nanoparticles, APTES, fatty acid ethyl ester, Taguchi


INTRODUCTION

Lipases represent the most widely used class of enzymes in biotechnological applications and organic chemistry (Javed et al., 2018; Pinheiro et al., 2018; Souza et al., 2020), due to some unique properties, such as selectivity and mild reaction conditions (Miranda et al., 2014). In fact, lipases are used in different areas, such as biofuel production (Rodrigues and Fernandez-Lafuente, 2010; de Vasconcellos et al., 2018; Sahoo et al., 2018). Among the renewable fuels, biodiesel stands out as one of the most promising (Wenlei and Ning, 2009; Christopher et al., 2014; Okoro et al., 2019).

Biodiesel is a renewable fuel made from biomass, such as plants (vegetable oils) or animals (animal fat) (dos Santos Silva et al., 2011; Chua et al., 2020; Singh et al., 2020). It is a mixture of methyl or ethyl esters of fatty acids (Tiwari et al., 2018; Zhong et al., 2020), produced by the transesterification and esterification reaction in the presence of a catalyst (Teo et al., 2016; Aguieiras et al., 2017), such as lipases (Ycel et al., 2012; Verdasco-Martín et al., 2016; Okoro et al., 2019; Moreira et al., 2020).

Despite the high catalytic efficiency of lipases, factors linked to stability and cost limit the use of these biocatalysts (Fernandez-Lopez et al., 2017). In this sense, the immobilization of lipases is used as a tool for enzyme for favoring recovery and reuse (Brady and Jordaan, 2009; Rodrigues et al., 2015; dos Santos et al., 2017) besides, it promotes an improvement in enzyme activity, selectivity or specificity, stability and purity, aside resistance to such inhibitors (Barbosa et al., 2013, 2015; Rios et al., 2018; Monteiro et al., 2019a; Bezerra et al., 2020).

One strategy for lipase immobilization is the interfacial activation on hydrophobic supports (Adlercreutz, 2013; Lima et al., 2015; Manoel et al., 2015; Reis et al., 2019; Rodrigues et al., 2019). This method allows, among other things, the immobilization, modulation, and stabilization of the enzyme in a single step (Cunha et al., 2014; Manoel et al., 2016). However, at high temperatures or in organic media, lipase molecules may be released from the support (Fernandez-Lorente et al., 2011; Hirata et al., 2016a, b); besides, the desorption of the lipase from the support may also be caused by the surfactant properties of some substrates and reaction products (Virgen-Ortíz et al., 2017).

Magnetic nanoparticles have highlighted among many nanoparticles of distinct materials due to the great possibility of modifying its magnetic properties with the effects of size and large surface area (Xie and Ma, 2009; Karimi, 2016). When used as supports to immobilization, magnetic nanoparticles present as advantages the possible recovery of the enzymatic derivative, by magnetic separation, allowing reuse in several production (dos Santos et al., 2015a; Karimi, 2016; Rodrigues et al., 2019). Through the functionalization of the surface, intended to facilitate the occurrence of the enzyme-support bond, the introduction of chemical groups necessary for the immobilization of enzymes is carried out (Neto et al., 2017; Lee et al., 2019).

In this sense, lipase from Rhizomucor miehei (RML) has some applications in the hydrolysis of oils in free fatty acid and glycerol (Rodrigues and Fernandez-Lafuente, 2010). For instance, it was reported that RML selectively hydrolyzed saturated fatty acid in soybean oil, but had no effect in relation to epoxidized soybean oil (Wang and Schuman, 2013). Furthermore, esterification reactions were catalyzed by RML through solid-state fermentation with growth in babassu cake, with a conversion of over 80% with the use of palm and soy fatty acids (Aguieiras et al., 2017). Therefore, RML has been widely used due to its properties, such as specificity in the release of fatty acids, catalytic activity, and stability (Babaki et al., 2015; dos Santos et al., 2015b).

In order to optimize the production of fatty acid ethyl ester from the free fatty acids of babassu oil catalyzed by RML immobilized on magnetic nanoparticles, the Taguchi method was used. Developed by Taguchi and Konishi, the Taguchi method (also known as an orthogonal matrix design) is a useful tool to be applied in industrial processes (Adewale et al., 2017). Remarkably, for biochemical processes, it is possible to optimize processes and increase the quality of products (Lesovik et al., 2018; Fediuk et al., 2019; Murali and Fediuk, 2020), with a reduced number of experimental runs and, therefore, reduced costs (Adewale et al., 2017). Improving quality and reliability is made through design, and this requires proper planning and layout of the experiments and accurate analysis of the results (Murali and Fediuk, 2020).



MATERIALS AND METHODS


Materials

The commercial extract of lipase from Rhizomucor miehei (RML) (5.9 mg of protein/mL) was a kind gift from Novozymes (Spain). 3-aminopropyltriethoxysilane (APTES), glutaraldehyde solution grade II 25% (w/v), and p-nitrophenyl butyrate (p-NPB) and Triton X-100, were purchased from Sigma-Aldrich (Sigma-Aldrich, St Louis, MI, United States); ethanol (P.A. 99.96%) from Dinâmica (São Paulo, Brazil). Iron magnetic nanoparticles (Fe3O4) were produced by the co-precipitation method. The chemical reagents used for this synthesis were FeCl3.6H2O (pure granulated 99%), FeSO4.7H2O (pure granulated 99%) and 30% ammonia solution, supplied by Sigma-Aldrich (Sigma-Aldrich, Saint Louis, MI, United States).



Methods


Synthesis of Iron Magnetic Nanoparticles (Fe3O4) Functionalized With 3-Aminopropyltriethoxysilane (APTES)

The magnetic nanoparticles functionalized with APTES were produced following the methodology described by Monteiro et al. (2019a). In 30 mL of deionized water, 2.5 g of FeSO4.7H2O (9 mmol) and 4.0 g of FeCl3.6H2O (15 mmol) were dissolved, under mechanical stirring for 30 min at 60°C. Forty milliliters of concentrated ammonium hydroxide were added to the iron cation solution. The system remained under mechanical agitation at a temperature of 60°C for 30 min. After that time, the nanoparticles were washed several times with deionized water and three times with ethanol. Subsequently, the non-functionalized Fe3O4 nanoparticles were poured into 300 mL of ethanol (95%) and placed in an ultrasonic bath (37 kHz and 300 W) for 1 h at room temperature. Then 10 mL of APTES was added to the mixture. The system remained for another hour in the ultrasonic bath and after that time, the functionalized nanoparticles were washed four times with ethanol and dried under vacuum (Monteiro et al., 2019b).



Activation of Fe3O4@APTES With Glutaraldehyde (GLU)

The nanoparticles of Fe3O4@APTES were activated with glutaraldehyde (Fe3O4@APTES-GLU), to provide the covalent bond between the enzyme and the support. For this, 0.1 g of Fe3O4@APTES previously dried was put in contact with 100 μL of glutaraldehyde. The mixture remained under constant stirring for 1 h at 25°C. Then, the mixture was washed three times with sodium phosphate buffer solution (25 mM and pH 7) to remove excess glutaraldehyde (Xie and Ma, 2009; Monteiro et al., 2019b).



Covalent Immobilization of RML Onto Fe3O4@APTES-GLU

RML was immobilized on Fe3O4@APTES-GLU, called Fe3O4@APTES-GLU-RML, by covalent bonding. For this, 0.1 g of Fe3O4@APTES-GLU were suspended in 1 mL of sodium phosphate buffer solution (25 mM and pH 7) containing RML (enzymatic load: 10 mg/g support) in the presence of 0.01% Triton X-100. The system was placed under constant agitation for 1 h at 25°C. After that time, the biocatalyst was separated from the solution by magnetic decanting and washed with sodium phosphate buffer solution (25 mM and pH 7) until neutrality. To determine the amount of enzyme immobilized on the support, the initial and final concentration of RML in the supernatant of the immobilization suspension was measured (Bezerra et al., 2017; Monteiro et al., 2019a). The protein concentration was determined using the method described by Bradford (1976) and bovine serum albumin was used as a reference (Bradford, 1976). For the reduction of Schiff’s bases reduction, after the enzyme immobilization step, 1.0 mg.mL–1 sodium borohydride was added to the immobilization suspension and kept under agitation during 30 min at 25°C. After this, the derivative was filtered and thoroughly rinsed with 0.2 M buffer phosphate pH 7.0 and finally washed thoroughly with distilled water (Mendes et al., 2011).



Adsorption Immobilization of RML on Fe3O4@APTES

RML was immobilized on Fe3O4@APTES, called Fe3O4@APTES-RML (RML-MNPA), by adsorption. For this, 0.1 g of Fe3O4@APTES were suspended in 1 mL of sodium phosphate buffer solution (25 mM and pH 7) containing RML (enzymatic load: 10 mg/g support) (Monteiro et al., 2019a). The system was placed under constant agitation for 1 h at 25°C. After that time, the biocatalyst was separated from the solution by magnetic decanting and washed with sodium phosphate buffer solution (25 mM and pH 7) until neutrality. To determine the amount of enzyme immobilized on the support, the initial and final concentration of RML in the supernatant of the immobilization suspension was measured (Bezerra et al., 2017; Monteiro et al., 2019b). The protein concentration was determined using the method described by Bradford (1976) and bovine serum albumin was used as a reference (Bradford, 1976).



Determination of Enzymatic Activity and Protein Concentration

The hydrolytic activity of soluble and immobilized RML was performed following the methodology described by Rios et al. (2016). Lipase activity was determined by increasing the absorbance at 348 nm produced by the hydrolysis of p-NPB as a substrate during 90 s, under magnetic stirring. The analyzes were performed in a 25 mM sodium phosphate buffer solution at pH 7 and 25°C (ε in these conditions is 5150 M–1 cm–1) (de Souza et al., 2016). To initiate the reaction, 50 μL of suspended lipase solution was added to 50 μL of p-NPB and 2.5 mL of the buffer solution, to initiate the reaction. Under these conditions, an international unit of activity (U) was defined as the amount of enzyme that hydrolyzes 1 μmol of p-NPB per minute. The protein concentration was determined using the method described by Bradford (1976) and bovine serum albumin was used as a reference (Bradford, 1976).



Immobilization Parameters

Immobilization parameters were evaluated according to the methodology described by Pinheiro et al. (2019). Immobilization yield (IY) was defined as the percentage of enzymatic activity that was immobilized, that is, the ratio between the activity of the enzymes retained in the support (initial activity – final activity) and initial activity. The theoretical activity (AtT) of lipase immobilized on the support can be calculated using the amount of enzyme offered per g support and the immobilization yield (dos Santos et al., 2017). And the recovered or expressed activity (AtR) was defined as the ratio between biocatalyst activity (AtD) and theoretical activity (AtT).



Characterization of the Obtained Materials

X-ray powder diffraction (XRPD) patterns of the synthesized nanoparticles were collected using a Bruker D2 Phaser diffractometer, controlled by a Diffract. measurement software, operating at 30 kV and 10 mA in Bragg-Brentano reflection geometry with CoKα radiation (λ = 1.7880 Å), using a 2° range 20°–90° and a scanning rate of 2° min–1. The functionalization, chemical modification of the support and immobilization process of all samples were carried out by FTIR spectroscopy. The spectra were obtained for dried samples (pressed in disk-shaped KBr pellet) in the range 4000–400 cm–1 using a Perkin Elmer 2000 spectrophotometer. Transmission electron microscopy (TEM) images of biocatalyst were obtained using a Hitachi® HT7700 TEM system operating at an accelerating voltage of 120 kV. In order to perform the TEM investigation, the nanomaterials were firstly dispersed in ethanol and deposited onto a carbon-coated copper grid sample holder. The magnetic curves were obtained using a vibrating sample magnetometer (VSM) at 300 K. In order to assure the magnetic moments values acquired, the VSM was previously calibrated using a standard reference material (yttrium Iron Garnet Sphere) from the National Institute of Standards and Technology (NIST). For all measurements, the magnetic moment obtained for each applied field was normalized by the mass of NPs.



Effect of pH on Biocatalyst Activity

To analyze the effect of pH on the activity of the biocatalyst, free and immobilized lipase were resuspended in 1 mL of 25 mM buffer in the pH range ranging from 5 to 10 [sodium acetate (pH range 3.6–5.6), sodium phosphate (pH range 5.8–8.0), and sodium carbonate (pH range 8.9–10.8)] and using p-NPB as described earlier. The enzyme was incubated in each buffer for 15 min, and then the activity was measured (Monteiro et al., 2019a).



Thermal Stability

The thermal stability of free and immobilized lipase was determined by incubation in sodium acetate buffer (25 mM; pH 5), sodium phosphate buffer (25 mM; pH 7), or sodium carbonate buffer (25 mM; pH 10), at a temperature of 60°C. The activity of the samples was measured periodically using p-NPB and sodium phosphate buffer (25 mM; pH 7), the residual activity was expressed as a percentage of the initial activity (hydrolytic activity before thermal incubation) (Fernandez-Lopez et al., 2017).



Production of Free Fatty Acids (FFAs) From Babassu Oil

The free fatty acids (FFAs) of babassu oil were obtained according to (Mulinari et al., 2017), with some modifications. Shortly, 100 g of oil and an ethanolic solution of KOH (6:1, alcohol/oil) were heated to 80°C, within 1 h under constant mechanical stirring. The reaction took place in a system formed by a condenser coupled to a 500 mL round bottom reaction flask suspended above a water tank. At the end of the reaction, the mixture was transferred to a separatory funnel and washed with 6 M HCl solution to pH 2.0. The upper oily phase was washed with distilled water until neutral pH (Mulinari et al., 2017).



Optimization of the Production of Fatty Acid Ethyl Ester

The production of fatty acid ethyl ester was carried out in a 10 mL flask on a rotary shaker with digital temperature control and agitation (Incubator TE-4200) at 200 rpm. The esterification was performed using the FFAs obtained from the hydrolysis of babassu oil and ethyl alcohol as a substrate, with a molar ratio of 1:1–1:5 (FFAs/alcohol). The reaction was initiated by the addition of 1–9% biocatalyst (Fe3O4@APTES-RML), carried out for a time ranging from 2 to 6 h and temperature ranging from 30 to 50°C. After the specific reaction time for each test, the acidity index was determined for each experiment. Thus, aliquots of 0.3 g were removed from the supernatant volume of the reaction, diluted in 7.5 mL of ethyl alcohol and added 3 drops of phenolphthalein and then titrated with the sodium hydroxide solution (0.1 M) (Aguieiras et al., 2017; Muanruksa and Kaewkannetra, 2020). The acidity index (AI) was determined according to Equation (1) (Cavalcanti et al., 2018).
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In which, MMNaOH (g/mol) is the molar mass of NaOH; MNaOH (mol/L) is the molarity of the NaOH solution; f is the correction factor determined by NaOH standardization; VNaOH (mL) is the volume of NaOH spent on the titration; and, m (g) is the mass of the sample to be analyzed. The conversion of FFAs to esters was calculated considering the acidity of the sample without biocatalyst (AIB) and the sample containing the biocatalyst (AIS), Equation (2) (Cavalcanti et al., 2018).
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Taguchi Method

For this study, an advanced experimental design by the Taguchi method with a standard orthogonal matrix L9 (L9 represent the Latin square and the number of experiments, respectively) was used to examine four factors at three levels in order to the optimize the production of fatty acid ethyl ester. Table 1 shows the four independent factors (biocatalyst, molar ratio, temperature and time) and their corresponding levels.


TABLE 1. Experimental design coded levels and independent parameters range.

[image: Table 1]Statistica® 10 software was used for experimental design and statistical analysis. Table 3 presents the experimental design together with the conversions and calculated S/N (signal-to-noise) ratios. The values of the S/N ratios corresponding to the conversions values were calculated using the characteristics of the “greater-is-better” function, since the purpose of this study is to maximize the response (conversion). The value of the S/N ratio for each experiment was calculated according to Equation (3).
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In which, yi represents the response variables, i being the number of repetitions and n representing the number of experiments for the combination of factor levels for any combination of planning. Using Equation (4), it was possible to determine the expected S/N ratio for ideal conditions to obtain the maximum predicted conversion (Chakraborty and RoyChowdhury, 2013).
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In which, [image: image] is the arithmetic mean of all S/N ratios, S/Nj is the S/N ratio at the optimal point for each factor and n is the number of factors that significantly affect the process.



Gas Chromatography (GC) Analysis

The conversion of ethyl esters was carried out according to the standard EN 14103, with some modifications. Approximately 50 mg of biodiesel was weighed in a 2 ml bottle, and 1 ml of the methyl nonadecanoate solution (10 mg/ml) was added. One microliter of the sample was removed using a syringe (10 μL) and injected into the gas chromatograph (VARIAN-GC 450) with flame ionization detector, column (DB-WAX) – phase: polyethylene glycol, dimensions 60 m long × 0.32 mm internal diameter × 0.25 μm film thickness (Moreira et al., 2020).



RESULTS AND DISCUSSION


Immobilization Parameters

The immobilization parameters were evaluated after 1 h of immobilization using an enzymatic load of 10 mg of protein per g of support for the hydrolysis of p-NPB (50 mM). For all biocatalysts produced, a reference enzyme solution was prepared (an enzyme solution prepared under conditions similar to immobilization, but in the absence of support), the complete activity was maintained during all immobilization tests, allowing the immobilization yield to be calculated by reducing the activity in the supernatant. For the immobilization by adsorption (Fe3O4@APTES-RML), the immobilization yield was 94.7%, the theoretical activity was 458.0 U/g and the real derivative activity was 341.3 U/g, this allowed an activity of 74.5%, as can be seen in Table 2, which contains the values of the immobilization parameters for the other biocatalysts.


TABLE 2. Immobilization parameters of RML: immobilization yield (IY), theoretical biocatalyst activity (AtT), biocatalyst activity (AtB), and recovery activity (AtR) (enzyme loading: 10 mg of protein per 0.1 g of support; 25 mM sodium phosphate at pH 7 and 25°C).

[image: Table 2]The immobilization process via adsorption (Fe3O4@APTES-RML) is favored by the properties of APTES. APTES has a high amino group density (Bini et al., 2012). In this regard, the formation of H-bonded amino groups is favored by APTES due to the smaller number of condensing groups. Thus, the free amino group can react with the surface, and intermolecular hydrogen bonds can be formed (Bruce and Sen, 2005). The zeta potential (ζ) of the amino-functionalized samples can vary considerably with pH. At lower pH values, the ζ-potential increases with the increase in amino group density, which correlates well with the surface concentration of the bonded nanoparticles (Fe3O4) (Bini et al., 2012). This increase in the positive surface charge provided by the surface amino groups also results in a shift of the isoelectric point to higher pH values (Xu et al., 1997). APTES has an isoelectric point at pH 10.05 (Xu et al., 1997). The interaction between APTES and lipase during the immobilization process occurs at the solid-water interface and is postulated to involve a combination of electrostatic attraction and hydrophobic interaction (Ghiaci et al., 2009; Tzialla et al., 2010; Wang et al., 2019).

The results indicated that RML could efficiently immobilize on APTES surfaces over a broad pH range, with the optimum value being at the physiological condition of pH 7.0. The results suggest that APTES surfaces have sufficient contact sites to bind RML molecules. It is considered that a higher lipase load makes lipase an intermolecular steric obstacle, which restricts the diffusion of the substrate and the product. As a result, relative activity may slowly decrease in contractions greater than 10 mg of protein per g of support. Furthermore, the binding sites on the APTES surface are limited and the enzyme molecules need enough space to catalyze the substrate reaction (Gomes et al., 2004; Wang et al., 2019).

The immobilization performance was also evaluated for the glutaraldehyde-activated supports. However, especially for derivative activity, the non-activated support performed better than one activated with glutaraldehyde. Therefore, Fe3O4@APTES-RML (RML-MNP, for short) has been used for further characterization and application in this communication.

The activation of the support with glutaraldehyde generates a high concentration of aldehyde groups on the support surface (Adriano et al., 2008; Rodrigues et al., 2008; Mendes et al., 2011; Bonazza et al., 2018). The aldehyde groups in the support and amine groups in the enzyme of the lysine residues are a good option to make the multipoint bond and, therefore, obtain highly thermostable enzymatic derivatives. Glutaraldehyde has low stability in alkaline pH, knowing that immobilization was performed at pH 7. Furthermore, since these lipase preparations have a great tendency to yield bimolecular aggregates. In addition, it has been shown that immobilized lipase activity in aqueous and anhydrous media can be improved in the presence of detergents probably due to the breakage of lipase aggregates and/or to the shift on the closed-open equilibrium of the individual lipase molecules (Mendes et al., 2011). In this way, the application of the immobilization procedure under conditions of dissociation (for example, in the presence of detergents) may allow to obtain fully dispersed immobilized lipase molecules, oriented toward the immobilization system (Palomo et al., 2005). The use of detergents in enzyme immobilization is related to the effect it causes in the process, romping the bonds between enzyme dimers, providing an improvement in the reaction speeds (dos Santos et al., 2015c; Meryam Sardar, 2015). However, according to Fernandez-Lorente et al. (2007), the hydrophobic portion of the detergent can interact with the active lipase center. As a consequence, the detergent can behave as a competitive inhibitor and, therefore, decreasing the values of the derivative’s activities and recovering (Fernandez-Lorente et al., 2007). In the presence of surfactant, immobilization yields were lower, although without much statistical significance.

The Fe3O4@APTES-GLU-RML fractions were poorly adsorbed, although the immobilization was predominantly by covalent bonding, they may have been desorbed from the support in the presence of the surfactant, thus decreasing the immobilization yield (Palomo et al., 2008; Barbosa et al., 2012). After immobilization, prepared biocatalysts were incubated in sodium borohydride solution to reduce Schiff’s bases (C=N double bond), formed between the aldehyde group of the amine and support and enzyme groups (Rodrigues et al., 2008). The reduction of these Schiff bases turns them into stable covalent bonds, in addition to changing the reactive aldehyde groups to the inert hydroxyl groups, which is an important step in the immobilization process (Rodrigues et al., 2008). Furthermore, the support can also immobilize enzymes, even if they are activated very weakly, because the enzyme is covalently attached to the support at only one point since the glutaraldehyde-protein bonds are stable (Barbosa et al., 2014).

It can be seen in this study that immobilization without the presence of Triton X-100 allowed the formation of the derivative with high catalytic activity and recovered activity, presenting values of 94.7% ± 1.0 and 458.0 ± 1.2 Up-NPB/g, respectively. That is, the presence of the detergent acted negatively in the enzymatic immobilization, since it can help in the desorption of the enzyme from the support, in addition, it can act as an inhibitor (it acts as if it were the enzyme-substrate).

Immobilization of Rhimozucor miehei lipase in different supports has been reported in several studies in the literature. Mohammadi et al. (2014), stated in their work with immobilization of RML by adsorption method on silica nanoparticles (MCM-41), porous support, and functionalized with glycidyloxypropyltrimethoxysilane, that after 24 h of incubation in 25 mM sodium phosphate buffer solution at pH 7.0 and 25°C, they achieved an immobilization yield of 52%. The immobilization occurred mainly on the exterior of the particles, probably the small pore size (3.9 nm) of the support is not the most adequate for the internal surface to become more accessible for the lipase immobilization. Other authors analyzed the immobilization of RML in functionalized aldehyde-agarose (Gx-RML), also by adsorption, and obtained an immobilization yield of 47%, after 20 h of incubation at pH 10 at 4°C. This low immobilization yield is linked to severe immobilization conditions (time and pH). As a result, the amount of Lys groups on the enzyme surface was reduced, which limited the multipoint binding of the enzyme and the support (Yousefi et al., 2020). Thus, the MNPs magnetic nanoparticles used in this communication, have a special place as support matrices and versatile carriers for immobilization protocols, due to their large surface area, high mass transfer, and large surface/volume proportions. One of the main bottlenecks for the biotechnology sectors is the lack of efficient purification and recovery of enzymes from the reaction media. Biocatalysts immobilized into MNPs could be easily recovered by the application of an external magnetic field, extending the biocatalyst life through several recovery cycles (Bilal et al., 2018; Zhong et al., 2020).



Characterization of the Biocatalysts

Taking into consideration the immobilization results obtained through the Fe3O4@APTES support, additional characterizations of the samples were carried out in order to investigate their structural, magnetic and chemical properties. The structure and phase composition of the support were confirmed by XRPD, as shown in Figure 1. The samples showed broad peaks at 2θ of 21.3, 35.2, 41.5, 50.7, 63.0, 67.5, 74.3 84.6, and 89.1°, which can be attributed (111), (220), (311), (400), (422), (511), (440), (620) and (533) planes, respectively, of a spinel structure, related to Fe3O4 (JCPDS 01-086-1358). No other crystalline phase was observed. Furthermore, the XRD patterns before and after chemical and physical immobilizations are similar, indicating the presence of glutaraldehyde and lipase in the nanocomposites does not affect the structure of the support.
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FIGURE 1. XRPD patterns of the Fe3O4@APTES before and after chemical and physical immobilization of RML and reference pattern of Fe3O4, JCPDS 01-086-1358. Other specifications are described in section “Materials and Methods.”


In order to investigate the size, as well as the morphology of the biocatalyst, TEM was carried out. The micrographs for each sample are displayed in the Figure 2. The inset in each micrograph presents the distribution size graph related to the sample. To build this graph, 100 NPs from different regions of the TEM grid were randomly chosen and measured. To obtain the size of these truncated nanomaterials, the feret’s statistical diameter was used to measure each NP. Also, a log-normal function to fit the data and the average diameter were found to be 12.6 ± 2.7, 9.8 ± 1.5, 11.0 ± 1.7, and 10.9 ± 1.3 nm for Fe3O4@APTES, (b) Fe3O4@APTES-GLU, (c) Fe3O4@APTES-GLU-RML and (d) Fe3O4@APTES-RML, respectively. Taking these values into consideration, the average diameters of the nanomaterials can be assumed to be statistically equals. Furthermore, no regular morphology was observed.


[image: image]

FIGURE 2. TEM images of the samples studied: (a) Fe3O4@APTES, (b) Fe3O4@APTES-GLU, (c) Fe3O4@APTES-GLU-RML, and (d) Fe3O4@APTES-RML. The inset in each micrograph displays the distribution size graph built based on the measurement of 100 NPs randomly chosen. Other specifications are described in section “Materials and Methods.”


Figure 3 shows the FTIR spectra of the Fe3O4@APTES support before and after the chemical bonding, as well as physical adsorption of RML. All these samples showed bands around 3388 and 1638 cm–1, assigned to overlapped stretching vibrations of hydroxyls and N-H groups and overlapped bending vibrations of adsorbed H2O and free amino groups on the surface of the nanoparticles, respectively (Karimi et al., 2016; Shafiee et al., 2019). The bands observed around 629 and 588 cm–1 are characteristic of Fe-O vibrations in γ-Fe2O3 and Fe3O4 phases, indicating that the synthesized materials consist of partially oxidized Fe3O4, as evidenced in XRPD (Neto et al., 2017). The support functionalization was evidenced by the presence of bands at 2926, 2870, 1111, and 993 cm–1, which can be attributed to asymmetric and symmetric C–H stretching of –CH2 and Si-O–H and Si-O stretching vibrations, respectively (Shafiee et al., 2019). After reaction with glutaraldehyde, the bands at 1709 (C=O stretching of aldehyde group) and 1503 (N-H bending) cm–1 were found to change their shape, as expected with the modification of amino groups from APTES to leave free aldehyde groups (Karimi et al., 2016). The efficacy of RML immobilization was evidenced by the increase in the relative intensity of the bands at 1657, 1535, and 1458 cm–1, assigned to C=O stretching [amide (I), N–H bending (amide (II)] and symmetric bending from saturated C–H, respectively (Abdul Manan et al., 2018; Zhang et al., 2020). The chemical immobilization in the Fe3O4@APTES-GLU-RML sample was confirmed by the disappearance of aldehyde band (1709 cm–1) in the spectra. Furthermore, shifts of characteristic peaks of Fe3O4@APTES and Fe3O4@APTES-GLU suggests the existence of electrostatic interactions and hydrogen bonding between these supports and RML.
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FIGURE 3. FTIR spectra of Fe3O4@APTES NPs before and after chemical and physical immobilization of RML. Other specifications are described in section “Materials and Methods.”


Figure 4 shows the magnetization curves at room temperature for the materials obtained with Fe3O4@APTES support. No hysteresis was observed for the samples, which evidencing the superparamagnetic nature. The values of saturation magnetization (Ms) were found to be 66.70, 50.76, 47.69, and 47.00 emu/g for Fe3O4@APTES, Fe3O4@APTES-RML, Fe3O4@APTES-GLU, and Fe3O4@APTES-GLU-RML, respectively. These values are smaller than the one reported for bulk Fe3O4 (92 emu/g). However, this may be explained based on the presence of surface spin disorders (dead layer) as the particle size decreases (Wang et al., 2016; Sharifi Dehsari et al., 2018). Moreover, another significant contribution comes from the existence of non-magnetic materials attached to the surface of the magnetic support. In this regard, it is worth to note the smaller Ms values for materials obtained after chemical modification and immobilization supports that the functionalization and immobilizations were successful.
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FIGURE 4. Magnetization curves at 300 K of Fe3O4@APTES NPs before and after chemical and physical immobilization of RML. Other specifications are described in section “Materials and Methods.”




Effect of pH

All biocatalysts, free and immobilized lipase were resuspended at different pH values of 25 mM buffer in the pH range ranging from 5 to 10 [sodium acetate (pH range 3.6–5.6), sodium phosphate (pH range 5.8–8.0) and sodium carbonate (pH range 8.9–10.8)]. A very important parameter in the preparation of active biocatalysts is the immobilization pH, as it influences the degree of ionization of the protein molecules and the surface charge of the supports (Huang et al., 2006). The effect of pH on the performance of the soluble and immobilized biocatalysts was evaluated by analyzing the activity in the range of pH 5–10, a limit range for substrate stability. In Figure 5, it is possible to observe that soluble and immobilized RML showed maximum activity at pH 7. Other authors analyzed the effect of pH on RML activity and obtained the same profile presented in this study, in which the greatest activity was at pH 7 (Adamczak and Bednarski, 2004; de Oliveira et al., 2018).


[image: image]

FIGURE 5. Effect of the pH value on p-NPB activity of RML (red squares) and Fe3O4@APTES-RML (black triangles). Further details are given in section “Materials and Methods.” One hundred percentage is considered the activity of the free enzyme at pH 7 (optimal conditions for the enzyme) and correspond to around 450 U/mg. Other specifications are described in section “Methods.”


Both, soluble and immobilized RML, presented a similar behavior at acidic and basic pHs values. As a matter of fact, it was possible to observe a lower activity at more acidic pHs values (pHs 5 and 6) and a higher activity at more alkaline pHs values (pHs 8 and 9). However, the activity of soluble and immobilized RML decreases as the pH value approaches the pH 10. This reduction may be linked to the fact that this is a pH range that is not suitable for RML, thus compromising the stability of the biocatalyst (Rodrigues and Fernandez-Lafuente, 2010; de Oliveira et al., 2018).

Based on the literature, immobilization pH alters the balance between positive and negative charges on the enzyme surface (de Albuquerque et al., 2016; Machado et al., 2019), thus generating possible electrostatic repulsion between lipase molecules and the ion-exchange support at alkaline pH values. The results show that the pH of the immobilization can change the orientation of the enzyme in the prepared support, that is, its characteristics, for example, the catalytic activity (Barbosa et al., 2014; Machado et al., 2019). Immobilization at pH 7 is important due to a greater reactivity of amino terminal groups than the reactivities of all amino groups Lys at neutral pH values (Mateo et al., 2005). However, at pH 6–7, covalent bonds of enzymatic support may occur between the different groups available in high concentration on the support and some nucleophiles of proteins that are in the area exposed to the support (Bolivar et al., 2009). In addition, pH can enhance the denaturation of enzymes that have resulted in decreased activity (Garcia-Galan et al., 2011). On the other hand, the enzyme’s catalytic activity depends on the protein’s conformational structure, even small changes in the protein’s tertiary structure resulted in the loss of its catalytic activity (Ansari and Husain, 2011).

A factor that influences the immobilization process is the isoelectric point of the enzyme. At this point, the maximum hydrophobic interaction between the lipase and the support surface can occur, which is called the interfacial activation mechanism, which benefits the enzymatic adsorption process and the positioning of the substrate molecules outside the biocatalyst (Teodoro et al., 2019). The isoelectric point of the lipase from Rhizomucor miehei is approximately 3.8 (Rodrigues and Fernandez-Lafuente, 2010). This effect of the isoelectric can be seen in Figure 5. From pH 5, it is possible to observe the interaction between lipase and support, for immobilized lipase in relation to lipase in its soluble form, proving the mechanism of interfacial activation of the immobilization process (Teodoro et al., 2019).



Thermal Stability

Soluble and immobilized RML were analyzed for thermal and pH inactivation, at a temperature of 60°C. The stability of Fe3O4@APTES-RML was higher at pH 7 (t1/2 = 108 min), followed by pH 5 (t1/2 = 105 min) and the lowest was at pH 10 (t1/2 = 91 min), while RML showed greater stability at pH 7 (t1/2 = 12.8 min), followed by pH 5 (t1/2 = 6.5 min) and pH 10 (t1/2 = 5.8 min) (see Table 3). The rapid thermal deactivation of soluble RML has been reported in the literature (de Oliveira et al., 2018; Rahman et al., 2018). Therefore, the immobilization of RML on Fe3O4@APTES was able to increase its thermostability. This may be related to the surface properties of the support and the immobilization method (Cui et al., 2013). In addition, the microenvironment between enzyme and support may be another important reason (Cui et al., 2013). When the enzyme is immobilized, the affinity of the support for water can influence its catalytic activity.


TABLE 3. Half-life for RML and Fe3O4@APTES-RML at 60°C and pHs 5, 7, and 10.
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In this work, another possible reason for the enhanced thermal stability of the lipase immobilized on the amino-modified solid support may be due to a change in the microenvironment around the enzyme due to the presence of amino groups (Bolivar and Nidetzky, 2019). As a cationic polymer, APTES has been used to adsorb enzymes and stabilize proteins in solution, preventing oxidation, aggregation, and supports coated with APTES have been used to stabilize multimeric enzymes, preventing the dissociation of subunits (Fernandez-Lafuente, 2009; Aissaoui et al., 2013). As a result, a cationic polymer and amino group provider could immobilize lipase by ion exchange. Then, the lipase could be immobilized on support by covalent bonding and ion exchange by multipoint immobilization, which was more stable than immobilization by covalent bonding alone (Godoy et al., 2011). Furthermore, the secondary structure of the lipase was more integrated into the cationic polymer. Therefore, surface modification with a cationic polymer would be beneficial to improving the activity and stability of the immobilized enzyme as well as increasing the loading amount (Cowan and Fernandez-Lafuente, 2011; Tian et al., 2016).

Furthermore, temperature may cause the unfolding of the RML tertiary structure, which may result in the modification of its active site and cause the deactivation of lipase (Dave and Madamwar, 2006). However, the immobilization of RML may increase the rigidity of the biocatalyst, becoming less susceptible to conformational changes caused by increases in temperature; besides, the immobilization of RML may have stabilized the lipase in its open conformation, which cause an increase in enzymatic activity (de Oliveira et al., 2018; Rahman et al., 2018).



Optimization of the Production of Fatty Acid Ethyl Ester

As can be seen in Table 4, run 6 showed the highest conversion to ethyl ester and S/N ratio, using 5% of biocatalyst content and 1:1 molar ratio (FFAs/alcohol), in 6 h of reaction under 40°C. Using the “greater is better” function, it was possible to determine the levels of the reaction variables for optimized fatty acid ethyl ester production. As can be seen in Table 5, the optimal reaction levels were L1 (30°C) for the reaction temperature, L2 (4 h) for reaction time, L1 (1:1) for the molar ratio (FFAs/alcohol) and L3 (9%) for the content of biocatalyst; under these conditions, the theoretical conversion is 93.4%. These optimal conditions were validated by chromatographic analysis of ethyl esters, following the standard EN 14103 with some modifications, the value obtained was 78.9% ± 0.0%. The optimized result found through the chromatographic analysis was less than the theoretical value of the conversion proposed by the method. It is worth mentioning that because it is a biological process, the result is susceptible to interference from several factors. Short-chain alcohol and vegetable oils form a solution in which the molar ratio is approximately 1:1 (at a temperature of 40°C). When alcohol is insoluble in the reaction, emulsion formation occurs and the size of the particles depends on the intensity of the agitation. As a result, the biocatalyst may undergo inactivation. By an adding organic solvent to the solution, the solubility of the alcohol increases, protecting the enzymes from inactivation and ensuring that conversion to esters can occur (Szczêsna Antczak et al., 2009). The authors (Shieh et al., 2003), evaluated the production of biodiesel from soybean oil, using the Lipozym RM commercialized immobilized version of the lipase from Rhizomucor miehei in the transesterification reaction. The authors obtained a conversion of 92.2% in 6.3 h time, with a molar ratio of 3.4:1 (methanol:oil) at a temperature of 37°C (Shieh et al., 2003). However, the value of 78.9% ± 0.0% conversion to fatty acids of ethyl esters obtained in the present communication using lipase from Rhizomucor miehei immobilized onto magnetic nanoparticles by adsorption, was reached in 4 h with a temperature of 30°C, milder reaction conditions and less energy consumption.


TABLE 4. Taguchi method for the oil from babassu esterification reaction, orthogonal matrix (L9).
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TABLE 5. S/N ratios response.

[image: Table 5]According to Resolution No. 51 of the Brazilian National Agency of Petroleum, Natural Gas and Biofuels (ANP), conversion into esters needs to present a minimum value of 96.5% to be considered as biodiesel. As the maximum value obtained in the present study was 81.7% ± 0.7, in experiment 6 of Table 2, it was not possible to produce biodiesel in the present study.

In studies developed by Mohammadi et al. (2015), the authors immobilized lipase from Rhizomucor miehei on two supports: silica (silica-RML) and silica nanoparticles (SBA-RML). These biocatalysts were applied in the transesterification reaction of rapeseed oil with methanol for the synthesis of methyl esters in a solvent-free system. For silica-RML, the conversion yield was 43% after 72 h of incubation at 50°C for 200 mg of silica-RML and a 3:1 molar ratio (methanol:oil). The conversion yield for the SBA-RML was 28%, under the same reaction conditions previously reported (Mohammadi et al., 2015). Other authors have evaluated the synthesis of ethyl esters from soybean oil by lipase from Rhizomucor miehei immobilized in ZIF-8 by the encapsulation method; as a result, it showed a conversion of 84.7% after 17 h of incubation at 45°C to 6% wt of biocatalyst (RML@ZIF-8) and a molar ratio of 1:4 (oil:alcohol) (Adnan et al., 2018). Therefore, the optimized results obtained in this communication for the synthesis of fatty acids of ethyl esters of babassu oil showed higher values when compared to some biocatalysts presented in the literature under milder reaction conditions. However, compared to the biocatalyst that was immobilized by the encapsulation methodology, the RML-MNPA exhibited a slightly lower result, but still under conditions of milder reactions. This would be linked to the fact that in the immobilization methodology by adsorption is a weaker procedure than the encapsulation because easier desorption of the support enzyme may occur (Adnan et al., 2018; Boudrant et al., 2020).

Based on Table 5 and Figure 6a, the most significant variable for the production of fatty acid ethyl ester from free fatty acids of babassu oil was the content of the biocatalyst. In fact, the amount of biocatalyst is an important parameter to determine the fatty acid ethyl ester yield; as the concentration of biocatalyst is high, the yield of fatty acid ethyl esters increases, as more substrate molecules will adsorb to the active site of the lipase (Jegannathan et al., 2010; Duraiarasan et al., 2016).
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FIGURE 6. Contour surfaces for biodiesel production. (a) Ratio Molar (FFAs/alcohol) vs. Biocatalyst (%). (b) Ratio Molar (FFAs/alcohol) vs. Time (h). (c) Temperature (°C) vs. Biocatalyst (%). Other specifications are described in section “Methods.”


In Table 3 and Figure 6b, as can be seen, the molar ratio at its lowest level positively influenced fatty acid ethyl ester production. It is important to note that the conversion value is influenced by the properties of the substrate and the nature of the catalyst (Madras et al., 2004). Alcohols may perform two roles in esterification reactions. The first is related to the excess of alcohols that can increase the reaction rate and boost high yield. Second, a high concentration of alcohol might negatively affect enzymes, which generally make them more unstable in alcohol, such as methanol and ethanol. Thus, the deactivation of the biocatalyst through contact with soluble alcohol present in a reaction results in reductions in the production of ethyl or methyl ester (Adnan et al., 2018). It can be seen that the best conversion to ethyl esters was found in the 1:1 molar ratio and that it did not significantly increase the conversion value in larger molar ratios. Lipozyme RM-IM was studied, for the production of fatty acid ethyl ester using fish oil and ethanol as a substrate, the authors concluded that the highest yields were found in the lowest 1:0.25 molar ratio (fish oil/ethanol), showing the low resistance of the enzyme to the presence of alcohol (Marín-Suárez et al., 2019). On the other hand, unlike the other parameters, time did not influence the conversion values in the interval between 2 and 6 h, as shown in Table 5. However, based on Table 4, the greatest conversion was found in the longest time (6 h). Conversions to fatty acid ethyl esters can be increased in longer reaction times (Maceiras et al., 2009).

Based on Figure 6c and Table 5, it is possible to observe that the milder temperatures played a positive role in the production of fatty acid ethyl ester. Higher temperatures lead to an extra cost for any industrial process and may cause the denaturation of enzymes, causing a reduction in enzyme efficiency (Fjerbaek et al., 2009). In fact, for reaction catalyzed by lipases, the reaction rate may be improved with increasing temperature until a certain level, once at high temperatures, lipases may undergo denaturation (Wu et al., 2003).

The data of the conversion of free fatty acids into ethyl esters optimized by the Taguchi method were statistically analyzed using the Analysis of Variance (ANOVA) presented in Table 6. To identify the most significant process parameter for the conversion, it was necessary to determine the percentage contribution of each factor. This percentage contribution of the parameters was calculated based on the average of the % of conversion and the estimated S/N ratio. Among the parameters studied, only the biocatalyst content had a significant effect on conversion (p < 0.05), the other parameters did not show a statistically significant result. As a result, the biocatalyst content was the factor that exerted the greatest influence on conversion (contribution of 66.6%), confirming the results shown in Table 5 and Figure 6.


TABLE 6. ANOVA for parameters that affect the esterification of babassu oil. Insignificant factorial effect is grouped as shown {}.
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CONCLUSION

The immobilization of lipase from Rhizomucor miehei (RML) onto magnetic nanoparticles coated with 3-aminopropyltriethoxysilane produced the biocatalyst Fe3O4@APTES-RML (RML-MNPA). The biocatalyst was analyzed for the immobilization parameters obtained (94.7% ± 1.0 for immobilization yield and 341.3 ± 1.2 U/g for derived activity), thermal and pH deactivation that resulted in a time of 16 times longer half-life for immobilized enzyme (RML-MNPA) compared to free RML. The performance of the immobilization protocol used was confirmed by FTIR, XRPD and SEM analyzes. The RML-MNPA was studied and optimized in the synthesis of fatty acid ethyl ester from fatty acids from babassu oil, under optimized reaction conditions to increase the conversion into fatty acid ethyl esters. The reaction conditions were determined using the Taguchi methodology, in which it was possible to obtain a conversion of 81.7 ± 0.7% in the conditions (5% w/w) of RML-MNPA, 1:1 (FFAs/alcohol), 40°C and 6 h). Thus, RML-MNPA is an alternative in the production of fatty acid ethyl esters, as it has specificity for the substrate and can be easily recovered from the reaction when exposed to a magnetic field.
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Multi-enzyme biocatalysis is an important technology to produce many valuable chemicals in the industry. Different strategies for the construction of multi-enzyme systems have been reported. In particular, immobilization of multi-enzymes on the support materials has been proved to be one of the most efficient approaches, which can increase the enzymatic activity via substrate channeling and improve the stability and reusability of enzymes. A general overview of the characteristics of support materials and their corresponding attachment techniques used for multi-enzyme immobilization will be provided here. This review will focus on the materials-based techniques for multi-enzyme immobilization, which aims to present the recent advances and future prospects in the area of multi-enzyme biocatalysis based on support immobilization.

Keywords: multi-enzyme immobilization, co-immobilization, support materials, immobilization technologies, biocatalysis


INTRODUCTION

In nature, almost all the cascade reactions in cell are catalyzed by the cooperation of various enzymes (Ricca et al., 2011; Sheldon and Woodley, 2018; Shi et al., 2018). For example, in the tricarboxylic acid (TCA) cycle, malate dehydrogenase (MD), citrate synthase (CS), and other enzymes regulate metabolic biosynthetic pathways by controlling the formation of intermediates (Barnes and Weitzman, 1986). Multi-enzyme biocatalysis is an important technology to produce many valuable chemicals in the industry (Britton et al., 2018; Huffman et al., 2019), which integrates several biocatalytic transformations, bridging the gap between single-enzyme catalysis, and whole-cell catalysis. Inspired from multi-enzyme reactions in vivo, researchers have attempted to construct functional multi-enzyme systems in vitro to produce desired chemicals (Mayer et al., 2001; Yang et al., 2019). Different strategies for the construction of multi-enzyme systems have been reported, including fusion of enzymes, enzyme-scaffold complexes and co-immobilization (Hwang and Lee, 2019).

Multi-enzyme immobilization is a technology that co-localizes multiple enzymes on suitable supports/carriers or combines enzymes using a linker without supports (Ren et al., 2019). Enzymes will be close to one another and the mass transfer limitation can be reduced through co-immobilization, which has been proved to increase the enzymatic activity via substrate channeling and improve the stability and reusability. As support materials can strongly affect the properties of enzymes, support selection has been considered as a hot topic in the field of enzyme immobilization. To date, various materials, such as graphene, carbon nanotubes (CNTs), metal-organic frameworks (MOFs), DNA nanostructures, polymers and silica, have been applied for multi-enzyme immobilization, which can efficiently protect enzymes from heavy metals, high temperatures, and other biologically challenging conditions (Sheldon and Woodley, 2018; Ren et al., 2019).

This review will provide a general overview of the characteristics of support materials and their corresponding attachment techniques used for multi-enzyme immobilization. Although some recent reviews have already summarized the co-immobilized techniques and their corresponding applications (Ansari and Husain, 2012; Shi et al., 2018; Hwang and Lee, 2019; Ren et al., 2019; Giannakopoulou et al., 2020), the review emphasizing on the supports is rare to date (Jia et al., 2014). This review will focus on the recent support materials for multi-enzyme immobilization (Figure 1), which aims to present the recent advances and future prospects in the area of multi-enzyme biocatalysis.
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FIGURE 1. Schematic images of various materials for multi-enzyme immobilization. Reproduced with permissions from ACS Publications, John Wiley and Sons, and The Royal Society of Chemistry.




MULTI-ENZYME IMMOBILIZATION TECHNOLOGIES

There are three main techniques for multi-enzyme immobilization, including random co-immobilization, positional co-immobilization, and compartmentalization (Figure 2; Hwang and Lee, 2019). As the basic interaction between enzymes and supports is critical to understand the co-immobilized techniques, basic types of immobilization for enzymes will be discussed briefly before the introduction of the three techniques.
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FIGURE 2. Three techniques for multi-enzyme immobilization. (A) Random co-immobilization; (B) positional co-immobilization; and (C) compartmentalization.



Basic Types of Immobilization

Methods for enzyme immobilization can be divided into three categories, including binding to a support, cross-linking, and encapsulation (entrapment) (Mosbach and Mattiasson, 1976; Sheldon and van Pelt, 2013). (a) Binding to a support refers to immobilize enzyme on suitable carriers by hydrophobic action, ion interaction, hydrogen bonding, specific affinity, covalent bonding, etc. (b) Cross-linking is a support-free immobilization method, which can bind enzymes together to form a network by a cross-linker. For example, the Schiff base bond can be formed between the double aldehyde group of glutaraldehyde (a typical cross-linking agent) and the amino group of the enzyme molecules, which can efficiently connect enzymes together. (c) Encapsulation means the entrapment of enzymes in a network or a hollow fiber or a microcapsule during material preparation.



Random Co-immobilization

Random co-immobilization is the simplest strategy to create a multi-enzyme system, in which multiple enzymes are randomly attached on the surface or embedded inside the carrier via adsorption, encapsulation, covalent attachment, cross-linking, etc. (Figure 2A). For instance, a tri-enzyme biocatalyst for one-pot starch hydrolysis was prepared by ammonium sulfate aggregation and followed by glutaraldehyde-assisted cross-linking, in which alpha amylase, glucoamylase, and pullulanase were randomly co-immobilized as cross-linked enzyme aggregates (Talekar et al., 2013). The resultant hydrolytic activity was well-maintained up to five cycles without obvious changes and the thermal stability was improved effectively.



Positional Co-immobilization

Positional co-immobilization has been proved to be an effective strategy for ordered multi-enzyme immobilization, which can control and improve the cascade enzymatic reaction rates via adjusting the immobilized sequence (Figure 2B). Polymers and DNA nanostructures are the common-used carriers for positional co-immobilization for their ability to control the relative positions of enzymes via specific interactions (see sections DNA Nanostructures and Polymers parts for more discussions).



Compartmentalization

As a mimic of natural enzyme organization in cellular environments, compartmentalization can spatially separate enzymes with different patterns and ratios (Figure 2C), which can protect enzymes against proteolysis, microbial degradation, or other harmful environments (Marguet et al., 2013). For example, Ge and Liu's group constructed a compartmentalized multi-enzyme system based on inorganic nanocrystal-protein complexes via a simple precipitation method (Li et al., 2014), which exhibited enhanced overall catalytic performance compared with free enzymes. Horseradish peroxidase (HRP) was first mixed with CuSO4 in water to form the HRP-incorporated complexes, then glucose oxidase (GOx) was adsorbed on the surface of the complexes by the coordination interaction between Cu2+ and amino acids of protein. Polymersome and colloidosome are the common materials for compartmentalized multi-enzyme immobilization (see sections Polymers and Silica parts for more discussions).




SUPPORT MATERIALS FOR MULTI-ENZYME IMMOBILIZATION

A great number of materials with different shapes/sizes, porous/non-porous structures, and binding functionalities have been designed as carriers for multi-enzyme immobilization and the following 6 main catalogs of support materials (Figure 1) will be overviewed.


Graphene and Its Derivatives

Graphene is a flat single-layer two-dimensional carbon atoms tightly packed into honeycomb lattice (Geim and Novoselov, 2007). Since its first isolation in 2004 (Novoselov et al., 2004), graphene has attracted tremendous scientific interests owing to its extraordinary properties, such as large theoretical specific surface area (2,630 m2 g−1), high intrinsic mobility (200,000 cm2 v−1 s−1), high Young's modulus (~1.0 TPa) and high thermal conductivity (~5,000 W m−1 K−1) (Zhu et al., 2010). There are four primary ways to produce graphene, including physical exfoliation, epitaxial growth, chemical vapor deposition, and oxidation-reduction method (Zhu et al., 2010). In particular, graphite oxidation-reduction method is commonly used at present due to its large-scale production. The process involves oxidizing graphite with a strong oxidant, followed by the exfoliation to graphene oxide (GO), and then uses a strong reducing agent to reduce GO to graphene. And the preparation of graphene oxide can be achieved by several methods, such as the Brodie, Staudenmaier, Hummers method, or some variation of these methods (Das et al., 2020).

Incredibly large specific surface area, along with the diversity of the functional groups on their surface [such as epoxy (C-O-C), hydroxyl (-OH), carboxyl (-COOH), and carbonyl groups (C-O)], makes graphene and its derivatives ideal substrates for enzyme/multi-enzyme immobilization in biological fields (Table 1 Park and Ruoff, 2009; Zhang et al., 2010; Wang et al., 2011; Ramakrishna et al., 2018). In 2014, Zhao et al. reported the first case of co-immobilization of GOx and glucoamylase onto chemically reduced graphene oxide via non-covalent bonds for one-pot production of gluconic acid from starch (Zhao et al., 2014). The activity and reusability of the enzymes could be improved dramatically by controlling the extent of graphene oxide reduction. In order to keep the GO supported enzymes active at biologically challenging conditions, poly(acrylic acid) was used to covalently conjugate GOx and HRP together before the immobilization of enzymes onto GO (Figure 3; Zore et al., 2015). The resultant bienzyme-polymer-GO quaternary hybrids functioned as active catalysts under extreme pH and high temperature conditions, and the stability of the enzymes was also improved in the presence of a chemical denaturant.


Table 1. Examples of multi-enzyme immobilization systems based on graphene and its derivatives.
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FIGURE 3. Fabrication of bienzyme-polymer-GO quaternary hybrids for efficient biocatalysis (Zore et al., 2015). Reproduced with permission from ACS publications.


Later, Yang's group carried out a systematic investigation to understand the enzyme structural changes and conformations that could enhance activity and substrate channeling of GO-supported enzymes (Mathesh et al., 2017). It was observed that the hydrophobicity of graphene oxides and various enzyme architectures were important attributions for achieving high product conversion rates (GOx and HRP as model enzymes). Randomly immobilized enzymes resulted into extremely efficient substrate channeling with a transient time of close to 0 s, owing to direct molecular channeling of the close to one another enzymes. Inspired from the previous works, a multi-enzyme system for one-pot production of gluconic acid from carboxymethyl cellulose was achieved by co-immobilization of cellulase and GOx on graphene oxide via covalent bonding (Zhang et al., 2020). Moreover (reduced), graphene oxide hybrids can also be used to fabricate multi-enzyme systems for sensitive biosensing (Dey and Raj, 2014; Li et al., 2018).

Graphene and its derivatives are rapidly becoming the most intensively studied carbon-based materials for multi-enzyme immobilization due to their large specific surface area and the diversity of the functional groups. Among graphene and its derivatives, graphene oxide and partially reduced graphene oxide, rather than pristine graphene (with little surface functionalization), are the common-used supports for multi-enzyme immobilization due to the abundant functional groups (Table 1). However, co-immobilized enzymes on water-dispersed graphene oxide are difficult to be separated (Chang et al., 2015), and the partially reduced graphene oxides with strong π-π stacking are easily to aggregate with each other, resulting in the loss of surface functional groups. Moreover, the positions of different enzymes can hardly be precisely controlled on the surface of graphene and its derivatives. Thus, it still remains a long way for graphene and its derivatives to be utilized as support materials for multi-enzyme immobilization in the practical applications.



Carbon Nanotubes (CNTs)

CNTs are nanoscale circular tubes consisting of a hexagonal arrangement of hybridized carbon atoms, which are formed by a single or multi-layer graphene sheets coiled around the central axis at a certain rotation angle (Ebbesen, 1996). They can be divided into single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). CNTs have received extensive attention due to their extraordinary properties, such as high specific surface area, large aspect ratios, remarkable mechanical strength and excellent chemical stability (Walcarius et al., 2013). There are three main ways to produce nanotubes, including the carbon arc, carbon vapor deposition, and laser ablation of graphite (Dai, 2002).

CNTs are attractive platforms for enzyme/multi-enzyme immobilization (Table 2), in which enzymes can be attached onto CNTs via physical adsorption or cross-linking (Ratautas et al., 2015). CNTs can protect enzymes from inactivation in harsh environments due to the suppression of the lateral interactions between adjacent adsorbed proteins (Asuri et al., 2006). NAD+-dependent glycerol dehydrogenase and NAD+-regenerating NADH oxidase were co-immobilized on functionalized SWCNTs to achieve cofactor regeneration through the specific interaction between His-tagged enzymes and the modified SWCNTs (Wang et al., 2012). SWCNTs were modified by treating pristine SWCNTs with HNO3 and H2SO4 mixture to produce SWCNT-COOH, and activated with N-hydroxysuccinimide/1-ethyl-3-[3′-(dimethylamino) propyl] carbodiimide. Then Nα,Nα-bis (carboxymethyl)-L-lysine hydrate (ANTA)-Co2+ was attached to the surface of activated SWCNTs by carbodiimide cross-linking, resulting into SWCNT-ANTA-Co2+ complex (Wang et al., 2010, 2012). The resultant nanoscale biocatalysts were employed to produce 4-hydroxy-2-butanone (4H2B) by the oxidation of 1,3-butanediol. The multi-enzyme system was more stable and the yield of 4H2B was almost twice than that of the free enzymes under optimum conditions. For example, SWCNT-GlyDH could still preserve ~90% of its initial activity after 30 min incubation at 60°C (with a half-life of ~400 min), whereas the activity of native GlyDH dropped sharply to ~67% (with a half-life of ~240 min).


Table 2. Examples of multi-enzyme immobilization systems based on CNTs.
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Similarly, to promote cofactor regeneration, a modular approach to H2-driven biocatalytic hydrogenation reactions in continuous flow was presented by Vincent's group (Zor et al., 2017). Hydrogenase, NAD+ reductase and alanine dehydrogenase were co-immobilized on carbon nanotube columns, which can act selectively on pyruvate to generate L-alanine (Figure 4). At a low substrate concentration (2 mM), 90% conversion was observed, equating to a total turnover number of 19,600 NADH per NAD+ reductase. When the pyruvate concentration was higher (12.5 mM), 40% conversion could be obtained, equating to a total turnover number of >54,000 NADH per NAD+ reductase. This work showed the possibility of biocatalytic hydrogenations in continuous flow using enzymes immobilized on a CNT-lined quartz column. Furthermore, enzymes co-immobilized on CNTs have also been widely used in electrochemical cascade enzymatic reactions for biosensing (Huang et al., 2013; Lang et al., 2014; Fang et al., 2016).


[image: Figure 4]
FIGURE 4. A hydrogenase and NAD+ reductase were co-immobilized on the carbon nanotube network for H2-driven NADH generation (Zor et al., 2017). Reproduced with permission from The Royal Society of Chemistry.


In recent years, CNTs have received growing attention for multi-enzyme immobilization (Table 2), due to their high specific surface area, large aspect ratios, excellent chemical stability, etc. By modifying various functional groups [such as carboxyl (-COOH), amino (-NH2), amino-phenyl (C6H4NH2), benzoic acid (C6H4COOH), and nitro-phenyl (C6H4NO2)] on the surface of CNTs, the catalytic performances of immobilized enzymes can be improved obviously (Gao and Kyratzis, 2008; Bi et al., 2009; Pang et al., 2010; Yu et al., 2010). Thus, the design of efficient modifiers and the corresponding modification method need to be further investigated for CNTs-based multi-enzyme immobilization.



Metal-Organic Frameworks (MOFs)

MOFs are porous network structures with tridimensional crystalline, which are constructed by linking metal ions or clusters and organic ligands via coordination bonds (Furukawa et al., 2013; Hu et al., 2018). Geometrical configuration of MOFs (such as linear, octahedron, and plane of conical) is determined by the metal coordination number (Burnett et al., 2012). Since the first preparation of MOFs by cobalt ions and trimesic acid in 1995, MOFs have attracted extensive explorations due to their broad application potentials (Yaghi et al., 1995). To date, solvothermal, microwave-assisted, electrochemical, mechanochemical, and sonochemical methods have been successfully applied for the synthesis of MOFs (Dey et al., 2014). The features of large specific surface area (typically ranging from 1,000 to 10,000 m2/g), high porosity (typically ranging from 1 to 10 nm) and adjustable structure indicate that MOFs are ideal supports for enzyme immobilization (Deng et al., 2012; Lian et al., 2017; Liang et al., 2020). In addition, MOFs with large surface-to-volume ratios and multiple enzymes binding sites have been considered as promising carriers for multi-enzyme immobilization (Table 3).


Table 3. Examples of multi-enzyme immobilization systems based on MOFs.
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Ge's groups reported the first case of a multiple enzyme-incorporated MOF via a one-step and facile synthesis procedure in 2015 (Wu et al., 2015). The multi-enzyme system was constructed by embedding GOx and HRP in zeolitic imidazolate framework (ZIF-8) via co-precipitation in aqueous solution at ambient conditions, which exhibited high sensitivity (limit of glucose detection is 0.5 mM), high selectivity (no obvious activity toward other interfering compounds including fructose, mannose, galactose, maltose, lactose, and albumin) and long-term storage stability (~80% retention of initial overall activity after 7 days). Later, the above in situ entrapment method was adopted to co-immobilize α-amylase and glucoamylase in ZIF-8 for one-pot starch hydrolysis by another research group (Salgaonkar et al., 2018). More recently, Ge's groups developed a coarse-grained, particle-based model to understand the origin of high efficiency in confined multi-enzyme catalysis. They found that the property of reaction intermediates was the key in determining the reaction kinetics (Cao et al., 2019).

To precisely control the distribution of GOx and HRP, Zhou's group rationally designed and synthesized a novel hierarchical mesoporous MOF PCN-888 with three types of cavity (Lian et al., 2016). The largest cavity (6.2 nm) and the intermediate cavity (5.0 nm) could only accommodate one molecule of GOx and HRP, repectively (Figure 5). The smallest cavity (2.0 nm) was left empty as a diffusion pathway for substrates and products, which had sufficient size for neither GOx nor HRP. The resultant multi-enzyme system exhibited high catalytic efficiency (kcat = 2.411 × 104 s−1, Km = 9.67 mM, and vmax = 1.96 × 10−3 mM s−1), good cycling performance (the activity remained almost the same within four catalytic cycles) as well as the protective effect of the immobilized enzymes against trypsin digestion. Similarly, cholesterol oxidase and HRP were co-immobilized in the mesoporous cages and the surface of MOF PCN-333(Al), which was used as a colorimetric biosensor for the detection of cholesterol (Zhao et al., 2019). Tan and Lv's group also have made the contribution in the area of MOFs (HKUST-1) for multi-enzyme immobilization (Chen et al., 2017; Li et al., 2019). They adopted a layer-by-layer self-assembly approach to achieve the sequential co-immobilization of multi-enzymes using MOFs in layered structure as the solid scaffold, which were used for the efficient biocatalytic conversion of adsorbed CO2 into formate.
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FIGURE 5. Graphic representation of the stepwise encapsulation of GOx and HRP with different orders (Lian et al., 2016). Reproduced with permission from The Royal Society of Chemistry.


Recently, MOFs have attracted considerable scientific interests as enzymes co-immobilized supports due to the large surface-to-volume ratios and multiple enzyme binding sites, in which ZIF-8, PCN-888, HKUST-1, etc. are commonly used (Table 3). In spite of their advantages, the problems associated with the long-term water stability and potential leaching of toxic metal ions still need to be addressed to achieve the ideal multi-enzyme-MOF composites, which will be in line with the concept of sustainable green production. The future of MOFs for multi-enzyme immobilization lies in the simple, gentle, and eco-friendly synthesis method along with their potential industrial applications, in which the compatibility of the synthetic conditions with fragile enzymes should also be taken into consideration.



DNA Nanostructures

DNA nanotechnology has been demonstrated as a reliable way to fabricate complex biomolecular nanostructures due to the programmability of DNA hybridization (Pinheiro et al., 2011). For multi-enzyme immobilization, it is valuable to reduce the mass transfer resistance by controlling the relative positions and directions of different enzymes in a confined space. Thus, DNA nanotechnology has been utilized as an effective tool for the co-immobilization of various enzymes (Table 4), in which spatially addressable DNA nanostructures can facilitate the precise self-assembly of different enzymes to improve the substrate channeling.


Table 4. Examples of multi-enzyme immobilization systems based on DNA nanostructures.
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DNA origami refers to the self-assembly of highly complex nanostructures by combining a long single strand of DNA with a series of short and engineered DNA fragments via the specific interaction between complementary base pairs (Rothemund, 2006). Immobilization of enzymes onto the DNA scaffold with precise positions is a promising approach for the self-organization of enzyme-DNA origami composite nanostructures. In 2009, Willner's group first explored the properties of the self-assembled DNA nanostructures as co-immobilized scaffolds for GOx and HRP (Wilner et al., 2009). The biocatalytic cascade reaction was activated by tethering GOx and HRP on two-hexagon and four-hexagon DNA strips. The results showed that the biocatalytic rate operating on the two-hexagon templates was about 20 times faster than that on four-hexagon templates, owing to the high local concentration of the intermediate H2O2.

Yan's group systematically studied the activity of a GOx/HRP cascade spatially organized on DNA origami tiles as a function of interenzyme spacing and position (with the interenzyme distances varied from 10 to 65 nm) (Fu et al., 2012). It was observed that closely spaced enzymes (10 nm apart) showed strongly enhanced activity and the activity dropped dramatically for enzymes as little as 20 nm apart. They also precisely mediated glucose-6-phosphate dehydrogenase (G6pDH) and malic dehydrogenase (MDH) with an artificial swinging arm, which showed that enzymatic activity was closely related to the number, position, and direction of the swinging arm relative to the enzymes (Fu et al., 2014). More recently, Yan's and Yang's groups co-developed a synthetic light-driven substrate channeling system based on DNA origami (Figure 6), which could precisely regulate the enzyme cascade activity (Chen Y. et al., 2018). Glucose-6-phosphate dehydrogenase (G6pDH) and lactate dehydrogenase (LDH) were served as the model cascade enzymes, and nicotinamide adenine dinucleotide (NAD+) was served as the cofactor, which were conjugated with a Holliday junction (HJ) to form a swing arm between G6pDH and LDH on DNA origami. Under visible light (Vis) irradiation, azobenzene-modified arm of HJ (called HJ-arm-AZO) hybridized with the azobenzene-modified anchor strand (called anchor-AZO), leading the swing arm far away from the enzyme cascade, which switched off its activity (left panel in Figure 6). When ultraviolet light (UV) was applied, the isomerization of azobenzene resulted in the dehybridization of HJ-arm-AZO and anchor-AZO, and the swing arm was released to swing between the two enzymes, thus strongly enhancing the cascade activity (right panel in Figure 6).
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FIGURE 6. G6pDH-LDH enzyme cascade and NAD+-HJ swing arm assembly on DNA origami scaffold (Chen Y. et al., 2018). The swing arm was fixed to be far away from the two enzymes under Vis due to the hybridization of HJ-arm-AZO and anchor-AZO, which turned off enzyme cascade activity. Under UV light, the swing arm was released to freely swing between both enzymes to switch on the enzyme cascade activity. Reproduced with permission from ACS publications.


Lu's group demonstrated a general design of robust enzyme nanocomplex by conjugating invertase, GOx, and HRP via the specific binding of DNA-inhibitor scaffold and multiple enzymes, followed by the encapsulation in a thin polymer shell (Liu et al., 2013). The enzyme nanocomplex showed improved efficiency and enhanced stability as well as complementary and synergic functions. The method was also applied for the design of an alcohol prophylactic and antidote by assembling alcohol oxidase (AOx) and catalase on the DNA scaffold. Ngo et al. reported the fabrication of an artificial enzyme cascade based on the xylose metabolic pathway, in which xylose reductase and xylitol dehydrogenase were localized to specific positions on DNA origami with three rectangular cavities by DNA-binding protein adaptors (Ngo et al., 2016). In addition to triangle DNA origami, DNA tetrahedron scaffold were also designed and used for the site-specific co-immobilization of various enzymes (Sun et al., 2017; Klein et al., 2019; Wang D. et al., 2019).

DNA tweezer is a regenerated scaffold that interenzyme distance can be easily manipulated. When external triggers exist, such as light or metal ions, DNA tweezers could be achieved autonomous switchable motion with an addressable conformation change. A regenerated DNA tweezer was designed to regulate interenzyme spacing via “open-close-open” strategy for highly efficient enzyme cascade amplification (Kou et al., 2018), which can overcome the drawbacks of inflexible, time-consuming operation of DNA origami method. GOx and HRP were, respectively, modified as model enzymes with the arms of opened DNA tweezer, which can enhance the catalytic efficiency for sensitive target DNA analysis at a low detection limit down to 30 fM.

Apart from DNA origami structures and DNA tweezers, DNA hybrids have also been utilized for multi-enzyme immobilization (Jia et al., 2015; Yang et al., 2017; Song et al., 2018). For example, Yang's group fabricated a multi-enzyme system by co-immobilizing GOx and HRP on dopamine functionalized magnetic nanoparticles through DNA directed immobilization. The resultant multi-enzyme system exhibited precise enzyme ratio control, high catalytic efficiency, magnetic recyclability, and enhanced stability. The Michaelis constant Km and specificity constant (kcat/Km) of the multi-enzyme system were 1.41 mM and 5.02 s−1 mM−1, respectively, which were approximately twice the corresponding values of the free enzymes.

Over the last few years, biocompatible DNA nanostructures with tight coding and paring between bases have received considerable attentions in the field of biotechnology. And DNA-based materials have been proved as a reliable platform for the fabrication of multi-enzyme systems with controlled spatial arrangements and precise positions (Table 4), which can improve enzyme cascade catalytic efficiency via substrate channeling. However, due to the operation difficulty and high cost, this promising technology can hardly meet the requirements of large-scale industry applications in the current stage. With the development of DNA nanotechnology, it is believed that the problems will be solved and DNA nanostructures will gradually enter the practical applications in the near future.



Polymers

Polymers with flexibility and diversity can be rationally designed based on the enzyme characteristics, which have been proved as one of the most promising materials for enzyme immobilization. They have several beneficial properties, such as good colloidal and mechanical stability, tailored permeability, and stimuli responsiveness (Bermudez et al., 2002; Du and O'Reilly, 2009; Jochems et al., 2011). It has been demonstrated that polymers are one of the common-used traditional carriers for multi-enzyme immobilization and have been studied for a long time. For example, Liu et al. reported an amperometric biosensor for the detection of glucose and lactose via the co-immobilization of GOD, β-alactosidase, mutarotase in β-cyclodextrin polymer, and the three enzymes were cross-linked by the polymer (Liu et al., 1998). Herein, a series of recently reported polymer-based materials for enzymes co-immobilization will be introduced (Table 5), including polymersomes, polymer nanostructures, polymer films, etc.


Table 5. Examples of multi-enzyme immobilization systems based on polymers.

[image: Table 5]

Polymersomes (i.e., polymer-based liposomes) are self-assembled polymer shells composed of block copolymer amphiphiles (Discher et al., 1999), in which multiple enzymes can be blocked in the polymer vesicles. Polymersomes with reconstituted channel proteins can be designed rationally to be more suitable for multi-enzyme immobilization, which will improve the mass transfer efficiency of the cascade reaction. For example, a channel-equipped polymersome-in-polymersome architecture has been constructed for multi-enzyme biocatalysis, where the passive protein channel (outer-membrane protein F) was embedded into the inner membrane to allow for molecule exchange (Siti et al., 2014). A porin-functionalized polymersome was prepared to avoid the incompatible reactions by compartmentalization, which served as a naturally selective barrier between substrates and inhibitors (Figure 7; Klermund et al., 2017). To separate the incompatible N-acyl-D-glucosamine 2-epimerase (AGE) and CMP-sialic acid synthetase (CSS) reactions, the AGE was encapsulated in the lumen of poly(methyloxazoline)15-poly(dimethylsiloxane)68-poly(methyloxazoline)15 (PMOXA-PDMS-PMOXA) polymersomes (Figure 7B) during vesicle formation and nacetylneuraminate lyase (NAL) and the CSS were co-immobilized on the outer surface using hydrophobic peptide anchors. The three-step preparation (Figure 7A) of CMP-N-acetylneuraminic acid (CMP-Neu5Ac) from N-acetylglucosamine (GlcNAc), pyruvate and cytidine triphosphate (CTP) was improved 2.2-fold compared to the free enzymes.
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FIGURE 7. (A) Three-step preparation of CMP-Neu5Ac; (B) compartmentalized reaction scheme in polymersomes (Klermund et al., 2017). Reproduced with permission from ACS publications.


Polymer nanostructures (such as nanoparticles and nanofibers) have also been used as carriers for the fabrication of multi-enzyme systems. Wang's group prepared polystyrene particles to co-immobilize formate dehydrogenase (FDH), formaldehyde dehydrogenase (FaldDH), alcohol dehydrogenase (ADH), glutamate dehydrogenase (GDH), and cofactor NADH/NAD+, which achieved efficient cofactor regeneration for the synthesis of methanol from CO2 (El-Zahab et al., 2008). Similarly, polyglycidyl methacrylate (PGMA) spheres were also used for the co-immobilization of GOx and catalase for the preparation of gluconic acid from glucose (Liao et al., 2019). Zhang's group fabricated a polyurethane hollow nanofiber via a co-axial electrospinning technique, which could be used for the co-immobilization of 3a-hydroxysteroid dehydrogenase (3a-HSD), diaphorase (DP), and NADH (Ji et al., 2014). In this multi-enzyme system, bile acids was oxidized and 2,6-dichlorophenolindophenol was reduced with cofactor regeneration, which presented 75% recovery activity and more than a 170-fold increase in half-life at 25°C.

A suitable polymer film was also exploited to co-immobilize β-glucosidase (BG) and cellulose for the production of glucose from cellulose, which was formed by visible-light-induced graft polymerization (Wang Y. et al., 2019). The layered polyethylene (LDPE) film consisted of a thin PEG hydrogel (as the inner layer) and a sodium polyacrylate (PAANa) brush (as the outer layer), where BG/cellulose was immobilized in/on the inner/outer layer, respectively. The resultant dual-enzyme system exhibited 82 and 20% increase in catalytic activity, compared with the single cellulase system and isolated BG/cellulase immobilized system, respectively. Moreover, 93% of carboxymethylcellulose sodium salt (CMC) activity could be maintained after 10 cycles of hydrolysis, exhibiting excellent reusability.

Moreover, the dendronized polymers (Grotzky et al., 2012), polydopamine microcapsules (Zhang et al., 2011), and polymer hybrid hydrogels (Wei et al., 2016) have also been synthesized for the multi-enzyme immobilization. For example, hybrid hydrogels were fabricated by dual enzyme (GOx and HRP) mediated redox initiation polymerization, which combined the merits of higher mechanical strength and porous networks (Wei et al., 2016). The immobilized GOx/HRP in the hybrid hydrogels revealed super activity, as indicated by the highest kcat value (7.348 s−1), which is approximately 1.16 ± 0.05 times higher than that of the free GOx/HRP (6.340 s−1).

In the past several decades, it has been demonstrated that polymer-based materials are ideal support materials for multi-enzyme immobilization due to their good mechanical strength, easily adjustable morphologies and stable properties (Table 5). However, some limitations/problems still existed in the polymers based multi-enzyme immobilization systems, including the unprecise arrangement of different enzymes and the loss of chemical groups from the carriers. Even though, polymer-based materials are still one of the most common-used traditional supports for multi-enzyme immobilization in the industrial/practical applications.



Silica

Silica (SiO2) materials are one of the widely used mesoporous structures with various applications (Zhou and Hartmann, 2013), which possess ordered pore structure, narrow pore size distribution, large specific surface area (~1,000 m2 g−1) and high stability. Thus, mesoporous silica have attracted reasonable attention as the enzyme immobilization supports (Magner, 2013), and their unique features also suggest that they are ideal supports for multi-enzyme immobilization. For example, Van Aken et al. reported the case of co-immobilization of manganese peroxidase and glucose oxidase on porous aminoalkylethoxysilane activated silica beads by glutaraldehyde assisted covalent bindings, which was used for the production of gluconic acid from glucose (Van Aken et al., 2000). Silica materials are one of the traditional enzyme co-immobilization carriers and have been studied for a long time (Cho et al., 2012). Herein, some recent important works for multi-enzyme immobilization based on SiO2 carriers with different morphology will be provided (Table 6), including microcapsules, colloidosomes, core-shell nanoparticles etc.


Table 6. Examples of multi-enzyme immobilization systems based on silica.
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A ultrathin, hybrid silica microcapsule was designed to construct an efficient multi-enzyme system for the production of methanol from CO2 (Wang et al., 2014), which was prepared through the deposition of catechol-modified gelatin, followed by in situ growth of silica nanoparticles on the gelatin layer. Formate dehydrogenase (FateDH), formaldehyde dehydrogenase (FaldDH), and alcohol dehydrogenase (YADH) were immobilized through physical entrapment in the microcapsule lumen, covalent attachment onto the catechol-modified gelatin layer, and physical entrapment in the silica layer, respectively. The ordered assembly of enzymes and the adjustable pore sizes of the scaffold facilitated the direct transfer of an intermediate between consecutive enzymes, resulting remarkably higher yield (71.6%) and selectivity (86.7%) of catalysis systems than that of free enzymes (35.5% yield and 47.3% selectivity). Moreover, this multi-enzyme co-immobilized system exhibited good recyclability with 52.6% yield retention after 9 recycles. Similarly, nanoscale silica layers coated diatom silica microparticles were designed for the fabrication of an artificial enzyme cascade system, in which three hexaarginine-tagged enzymes (i.e., cellulase, glucokinase, and phosphoglucose dehydrogenase) were co-immobilized in the five layers of silica via peptide-mediated layer-by-layer mineralization (Begum et al., 2015). Moreover, a poly(acrylic acid) brushes-nanospherical silica was also used as co-immobilized support for the construction of a bienzymatic biosensor for glucose detection (Zhao et al., 2016).

A colloidosome composed of SiO2 nanoparticles was synthesized as the microreactor for dualenzyme cascade biphasic reaction (Figure 8), in which GOx was compartmentalized inside the colloidosome and Candida antarctica lipase (CalB) was adsorbed on the outer surfaces of the colloidosome (Liu et al., 2018). Glucose, as the energy source, was catalyzed by GOx to produce hydrogen peroxide (H2O2) and H2O2 diffused out of the microcapsules was employed by CalB to catalyze the perhydrolysis of ethyl acetate. The generated peracids could oxidize of N-heteroaromatic compounds in situ. The bioinspired dual-enzyme amphiphilic colloidosome reactor showed high biphasic catalytic performance of pyridine, and no obvious yield decline was observed in the four cycles.


[image: Figure 8]
FIGURE 8. Schematic illustration of the fabrication of the dual-enzyme colloidosome reactor for biphasic catalysis of pyridine (MTBE is tert-butyl methyl ether and TMOS is tetramethyl orthosilicate) (Liu et al., 2018). Reproduced with permission from ACS publications.


Core-shell magnetic silica hybrid nanoparticles have also been designed through coating silica shell on the surface of magnetic core, which exhibited large specific surface area and easy recovery (Chen Q. et al., 2018). Cellulase and lysozyme were co-immobilized on the surface of amino-functionalized magnetic nanoparticles, which showed greater thermal stability and wider pH tolerance than free enzymes under harsh conditions. Similarly, α-amylase and glucoamylase were covalently co-immobilized on amino-modified Fe3O4/SiO2 core-shell nanospheres with a Fe3+-tannic acid film for one-pot starch hydrolysis (Bian et al., 2018).

In the past several decades, it has been demonstrated that silica-based materials are ideal supports for multi-enzyme immobilization (Table 6), due to their ordered pore structures, narrow pore size distributions and large specific surface areas. However, some limitations/problems still exist in the silica based multi-enzyme immobilization systems, including the easy enzymes leaching and unprecise arrangement of different enzymes. A major development direction may be the formation of composites with other materials (such as MOF and DNA), which will improve the immobilized efficiency or substrate channeling of silica-based multi-enzyme systems.



Others

In addition to the above 6 main support materials, other carriers (such as metal, TiO2 and natural polymers) have also been used for the fabrication of efficient multi-enzyme systems (Table 7).


Table 7. Examples of multi-enzyme immobilization systems based on other materials.

[image: Table 7]

Porous metal nanoparticles (e.g., gold and silver) have been used as co-immobilized carriers for different enzymes. Lignin peroxidase and GOx were co-immobilized on the surface of nanoporous gold via physical adsorption, which exhibited good potentials in biocatalysis and biosensing (Qiu et al., 2009). GOx and glucoamylase were covalently attached to the amino modified dendritic Ag hierarchical nanostructure for the efficient one-pot conversion of starch into gluconic acid (Rezaei et al., 2019), and the resultant multi-enzyme system exhibited high total activity and reusability over a wide range of pH and temperature values.

TiO2 based structures (e.g., TiO2 nanoparticles and TiO2 hybrid microcapsules) have also been utilized as support materials for multi-enzyme immobilization. A separated multi-enzyme system based on TiO2 nanoparticles was constructed for converting CO2 to formaldehyde, in which formate dehydrogenase was entrapped in the TiO2 nanoparticles during the material formation and formaldehyde dehydrogenase was immobilized on the surface (Shi et al., 2012). It was found that smaller nanoparticle-based multi-enzyme system displayed higher specific activity, yield and selectivity, while larger ones exhibited superior recycling stability. Similarly, catalase and GOx were encapsulated in the polydopamine-polyethylenimine (PDA-PEI)/TiO2 hybrid microcapsules for efficient biocatalysis and biosensing (Shi et al., 2015).

Due to the good biocompatibility, low price and biodegradability, natural polymers (e.g., agarose) have been used as multi-enzyme immobilized supports for decades (Liu et al., 2002; Shao et al., 2002). Recently, formate dehydrogenase and NADH-oxidase were co-immobilized onto glyoxyl activated agarose beads and peroxidase was immobilized onto the boronate activated agarose for the fabrication of the multi-enzyme biocatalyst (Rocha-Martin et al., 2014), which can oxidize phenols using oxygen and formic acid as substrates without undesired by-products. A hetero-functional octyl-agarose support for multi-enzyme immobilization was also developed for the preparation of galactose from triacetin and lactose, in which lipase and β-galactosidase were co-immobilized on the hydrophobic surface of the supports via different immobilization strategies (Peirce et al., 2016).




CONCLUSION

In this review, a series of recent support materials and their corresponding attachment techniques for multi-enzyme immobilization have been presented. Six main catalogs of supports for the fabrication of multi-enzyme systems have been overviewed, including graphene and its derivatives, CNTs, MOFs, DNA nanostructures, polymers, and silica. In addition, three main techniques for multi-enzyme immobilization have also been discussed, including random co-immobilization, positional co-immobilization, and compartmentalization. By the mimic of multiple enzyme arrangement in cells in vivo, co-immobilized enzymes can catalyze raw materials to synthesize many valuable products in vitro, such as pharmaceuticals, cosmetics, and nutrition. Support materials not only can serve as scaffold, but also regulate the catalytic properties of enzymes, which will increase the enzymatic activity via substrate channeling and improve the stability and reusability of enzymes. However, co-immobilized multi-enzyme biocatalysis still faces some problems, such as precisely controlling the synthetic substrate channeling, lowering the overall production costs, developing greener and more biocompatible supports. In the future, the design of a co-immobilized multi-enzyme catalysis system with high catalytic efficiency, reusability, and practical operations will be the research priority in the fields of biotechnology and bioengineering.
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Immobilization of the Highly Active UDP-Glucose Pyrophosphorylase From Thermocrispum agreste Provides a Highly Efficient Biocatalyst for the Production of UDP-Glucose
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Biocatalysis that produces economically interesting compounds can be carried out by using free enzymes or microbial cells. However, often the cell metabolism does not allow the overproduction or secretion of activated sugars and thus downstream processing of these sugars is complicated. Here enzyme immobilization comes into focus in order to stabilize the enzyme as well as to make the overall process economically feasible. Besides a robust immobilization method, a highly active and stable enzyme is needed to efficiently produce the product of choice. Herein, we report on the identification, gene expression, biochemical characterization as well as immobilization of the uridine-5′-diphosphate-glucose (UDP-glucose) pyrophosphorylase originating from the thermostable soil actinobacterium Thermocrispum agreste DSM 44070 (TaGalU). The enzyme immobilization was performed on organically modified mesostructured cellular foams (MCF) via epoxy and amino group to provide a stable and active biocatalyst. The soluble and highly active TaGalU revealed a Vmax of 1698 U mg–1 (uridine-5′-triphosphate, UTP) and a Km of 0.15 mM (UTP). The optimum reaction temperature was determined to be 50°C. TaGalU was stable at this temperature for up to 30 min with a maximum loss of activity of 65%. Interestingly, immobilized TaGalU was stable at 50°C for at least 120 min without a significant loss of activity, which makes this enzyme an interesting biocatalyst for the production of UDP-glucose.

Keywords: Thermocrispum agreste DSM 44070, NDP-sugars, UTP, immobilization, silica carrier, mesostructured cellular foams, MCF


INTRODUCTION

Uridine-5′-diphosphate-glucose (UDP-glucose) is a fundamentally important molecule in biology, food, biopharmaceuticals and cosmetic chemistry. It is one of the key precursors for sugar interconversion, for formation of di- and polysaccharides, and in amino and nucleotide sugar metabolism. In addition, UDP-glucose can be used as a source for other industrial interesting compounds such as antibiotics (Lai et al., 2008; Rodríguez-Díaz and Yebra, 2011; Gutmann and Nidetzky, 2016; Huang et al., 2016; Schmölzer et al., 2017; Mestrom et al., 2019; Liu et al., 2020). A number of chemical methods for UDP-glucose synthesis have already been proposed (Moffatt and Khorana, 1958; Hanessian et al., 1998), but they create reactivity and selectivity problems, often requiring modification of functional groups to protect those residues of the sugar molecules that should not react, and at the same time expose those groups that should react (Guo and Ye, 2010). Nevertheless, in many cases, the stereoselectivity is not obtained and additional bisacetal, carbonate or xylylene groups have to be used to promote the stereochemical outcome needed for the axial or the equatorial conformation (Guo and Ye, 2010). Increases in the stereoselectivity of more than 90% have been observed for one of the stereoisomer, but under harsh reaction conditions (e.g., temperatures of −78°C or pressures of 3 atm) and with harmful chemicals (e.g., dichloromethane, dioxane, DBU or tert-butyldimethylsilyl chloride) (Guo and Ye, 2010). In contrast to this type of chemical synthesis, enzymatic sugar coupling offers several advantages. Enzymatic reactions are carried out under mild reaction conditions (pH, temperature), in the range of atmospheric pressure and often using aqueous solvents (Rasor and Voss, 2001; Schmid et al., 2002; Sheldon and van Pelt, 2013; Rajapriya et al., 2018). Indeed, these processes catalyzed by enzymes are often referred to as “white biotechnology,” which underlines their positive impact on the environment (Grunwald, 2015; Sheldon and Woodley, 2018). Occasionally, when high instability of the enzymes is observed, whole cells can also be used to catalyze these processes (Lin et al., 2013; Rajapriya et al., 2018). Furthermore, application of whole cells, with upregulated genes that encode for the protein(s) of interest and where proteins are protected by the cell envelope (Ni et al., 2006; de Carvalho, 2011), can also be seen as an advantage. Indeed, problems such as the supply of expensive co-factors and harsh conditions with high shearing forces, extreme pHs and wide temperature changes, that may occur during these processes, will be minimized. However, sometimes the cell does not allow overproduction of the protein(s) of interest, in particular, when this interferes with the energy life cycle of the host organism (Brown and Kornberg, 2004; Manganelli, 2007), which compromises the production of larger amounts of protein. In addition, product degradation and/or the synthesis of unnecessary by-products, which are the result of the presence of other enzymes of the cell’s metabolic shock can constitute an even bigger problem (Park et al., 2020). Actually, this can be the case during UDP-glucose biosynthesis by means of a whole cell system, as several pathways will utilize it and limit the amount of product for a subsequent down-stream processing. Furthermore, the down-stream processing needs to be carried out under mild conditions as UDP-glucose is not very stable and decomposes for example at non-neutral pH conditions or in the presence of reactive solvents (Hill et al., 2017).

Considering this, it is of utmost importance that our civilization realizes that treating enzymes as catalytic moieties for industrial application will have a critical impact in mitigating pollution and in the reconversion of valuable resources. The application of relatively expensive catalysts, such as enzymes, imposes the need for using them multiple times, or in a continuous process, making use of their stability and full functional quality under reaction conditions (Liese and Hilterhaus, 2013; Sheldon and van Pelt, 2013). One of the possibilities to fulfill these requirements is enzyme immobilization. Indeed, the application of immobilized enzymes allows for significant simplification of the reactor’s structure and precise control of the process, e.g., stopping it by separating the catalyst from the reaction mixture. Additionally, immobilization increases the stability of the enzyme by multi-point interaction with the carrier’s surface, generates a favorable micro-environment and protects against intermolecular interactions (Mateo et al., 2007; Liese and Hilterhaus, 2013; Rodrigues et al., 2013; Zhang et al., 2015). Therefore, immobilization of enzymes is usually required in industrial applications (Mateo et al., 2007; Zhang et al., 2015). An effective and very common immobilization method is the covalent binding toward carriers. Indeed, strong interaction between the functional groups of the enzyme and the support leads to a high activity of the biocatalyst even after immobilization (Hassan et al., 2019).

For the formation of uridine-5′-diphosphate-glucose (UDP-glucose) several thermostable nucleotide-5′-diphosphate (NDP)-sugar pyrophosphorylases from thermophilic bacteria, like Thermus caldophilus (Kim et al., 1999) or Thermodesulfatator indicus (Sohn et al., 2006; Li et al., 2017) or thermophilic archaea, like Sulfolobus tokodaii (Zhang et al., 2005; Honda et al., 2017), have been reported and characterized. Even NDP-sugar pyrophosphorylases from mesophilic bacteria, like Helicobacter pylori (Mizanur and Pohl, 2008), have been found to be active and stable. One group of NDP-sugar pyrophosphorylases are UDP-glucose pyrophosphorylases (EC 2.7.7.9; alternative name: UTP-glucose-1-phosphate uridylyltransferase; abbreviations: GalU, UGPase) that convert α-D-glucose 1-phosphate (G1P) and uridine-5′-triphosphate (UTP) into UDP-glucose and inorganic pyrophosphate (PPi). This group of enzymes is known for years, but it has been only rarely employed as biocatalyst to produce UDP-glucose. Indeed, at industrial level, sucrose synthases (SuSy) have been used, instead (Gutmann and Nidetzky, 2016; Schmölzer et al., 2017). SuSy representatives are stable and can be employed as whole cell biocatalysts (Schmölzer et al., 2017), but the reaction toward UDP-glucose is not favored with respect to the equilibrium at certain pH-ranges and lower UDP concentrations (Gutmann and Nidetzky, 2016), and the enzymes show activities in a range of 14–53 μmol min–1 mg–1. The kinetic drawbacks of SuSy enzymes are not present when considering UDP-glucose formation by GalU representatives. Indeed, for GalUs lower substrate (UTP) concentrations can be applied and still obtain activities of 0.12 and up to 5⋅106 μmol min–1 mg–1 (Gustafson and Gander, 1972; Steiner et al., 2007; Lai et al., 2008; Asención Diez et al., 2015; Ebrecht et al., 2015; Zavala et al., 2017). Furthermore, our recent work on UDP-glucose pyrophosphorylases demonstrated that actinobacteria such as rhodococci harbor also highly active GalU representatives (Kumpf et al., 2019). These actinobacterial GalUs can be promising alternatives to produce UDP-glucose. However, these enzymes seem to be rather unstable. Therefore, using in silico tools, we have screened for related actinobacteria that are thermophilic and encode for enzymes with a high similarity on amino acid level. Our objective was to find a highly active and stable biocatalyst suitable for applied studies.

Herein, we report the biochemical characterization of the first thermostable and highly active UDP-glucose pyrophosphorylase from the thermophilic soil actinobacterium Thermocrispum agreste DSM 44070 (TaGalU). Furthermore, and in order to obtain a stable and easy to use heterogeneous catalyst, TaGalU was covalently immobilized on organically modified mesostructured cellular foams (MCF) functionalized with either amino or epoxy groups and further characterized. Indeed, silica is environmentally acceptable, structurally more stable and more resistant to microbial attacks. The respective monoliths carrying the loaded enzyme have a surface, which can be densely covered with various anchor groups. Due to the large area and the presence of pores with diameters larger than those of enzyme molecules, a considerable surface area can be activated.



MATERIALS AND METHODS


Bacterial Strains, Plasmids and Gene Synthesis

Table 1 shows all strains, plasmids and primers that were used in this study.


TABLE 1. Strains, plasmids and primers.

[image: Table 1]The pET16bP-TagalU plasmid used in this study was synthesized by Eurofins Genomics (Ebersberg, Germany). It consisted of a backbone (5740 bp) coding for a resistance against Ampicillin and the codon usage optimized UDP-glucose pyrophosphorylase (galU) gene from Thermocrispum agreste DSM 44070 as insert (911 bp, NCBI accession of the protein sequence: WP_028847555; GenBank accession of the codon usage optimized nucleotide sequence: MT321102; see Supplementary Material) under the control of the lactose or isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible lac-promoter. The inserted galU sequence is flanked by the restriction sites of NdeI and NotI. In addition, the pET16bP backbone contained a DNA sequence that allowed the production of the GalU protein with a N-terminal 10x histidine-tag.



Transformation, Protein Production and Purification

Transformation of E. coli BL21(DE3) pLysS was carried out as recommended by New England Biolabs Inc. (Ipswich, MA, United States).

Protein production was performed in a 10-liter fermenter with TB autoinduction medium (Studier, 2005) with 100 mg L–1 ampicillin as well as 50 mg L–1 chloramphenicol. The expression culture was inoculated 1:50 with an overnight pre-culture of E. coli BL21(DE3) pLysS-pET16bP-TagalU in the same medium used for the expression culture. The main culture was incubated at 37°C until an OD600 of 2.0–2.5 was observed, followed by temperature reduction to 20°C and gene expression with respective protein production for 22 h.

After 22 h cells were harvested and centrifuged at 4°C, 5,000 × g for 30 min. Pelleted cells were resuspended with ca. 20 mL of a FPLC equilibration buffer (25 mM sodium phosphate buffer, pH 7.1, 300 mM sodium chloride) and frozen at −80°C.

For purification, the cell suspensions were thawed as fast as possible in a warm water bath and the following solutions were added per portion: 1 mM magnesium chloride (MgCl2), 240 U DNase I and 12 mg Lysozyme. If necessary 5–10 mL of FPLC equilibration buffer was added, in case the suspension was too viscous. The suspension obtained was mixed and incubated for 30–60 min at 30°C. Cells were disrupted by 10 cycles of sonification for 30 s at an intensity of 70% (Bandelin SONOPLUS sonifier) and cooling steps on wet ice. Crude cell extract was centrifuged at 12,000 × g at 4°C for 20 min. The pellet obtained had the insoluble protein fraction (IP) comprising inclusion bodies and remaining cell debris. Another two centrifugation steps with the supernatant were carried out at 50,000 × g at 4°C for 30–45 min each. The clear supernatant was filtered through a 0.45 μm and a 0.22 μm filter. The fraction obtained was the soluble protein fraction (SP) used for subsequent experiments. The prepared SP fraction was loaded on a GE Healthcare HisTrap HP 5 mL nickel column that was pre-equilibrated with FPLC equilibration buffer. Protein loading was performed with equilibration buffer and 25 mM imidazole. After washing with equilibration buffer and 40 mM imidazole and application of a linear gradient from 40 to 500 mM imidazole, the TaGalU was eluted at 500 mM imidazole.

Fractions that showed UDP-glucose pyrophosphorylase activity were pooled together and the protein was precipitated with 80% saturated ammonium sulfate [(NH4)2SO4] solution. After gentle mixing and centrifugation at 12,000 × g at 4°C for 45 min the supernatant was discarded, and the pelleted protein was stored at 4°C. For experimentation, (NH4)2SO4 precipitated TaGalU was dissolved and diluted to the appropriate concentration in 50 mM Hepes, pH 7.0, 100 mM sodium chloride, 1 mM MgCl2 and stored for up to 2 weeks at 4°C without significant loss of activity.



Protein Determination

Protein concentration was determined by measuring the absorption signal at 280 nm with a NanoDrop using the theoretical extinction coefficient (11,585 cm–1 M–1) and the theoretical molecular weight (33,678 Da) calculated from the amino acid sequence by means of ExPASy ProtParam online tool. The detection of the molecular weight of the purified TaGalU was done by SDS-PAGE and Coomassie staining (Laemmli, 1970) under denaturizing conditions. The oligomeric state of the TaGalU was monitored under non-denaturizing conditions by size exclusion chromatography using a 24 mL Superdex 200 10/300 GL column (GE Healthcare) and a calibration standard mix containing ferritin, conalbumin, carbonic anhydrase, ribonuclease and aprotinin in 50 mM Hepes buffer pH 7.0 and 1 mM MgCl2. The void volume of the column was measured with dextran blue.



Standard Enzyme Activity Assay for TaGalU

The enzyme activity was only measured in the direction of UDP-glucose formation in a reaction volume of 1 mL for the free enzyme and of 3 mL for the immobilized enzyme, with a standard test of a buffer containing 2 mM UTP, 2 mM G1P, 4 mM MgCl2, 50 mM Hepes, pH 7.0 and an appropriate amount of TaGalU, if not otherwise indicated. Pre-incubation of the reaction mixture was carried out at 50°C for 15 min, enzyme was added after storage on ice to start the reaction. After defined time points, 100 μL samples were taken and the reaction was stopped by adding 100 μL acetonitrile followed by vortexing and centrifugation at 20,000 × g for 2 min. Hundred μL of the clear supernatant was used for HPLC separation combined with UV/Vis-detection of the product UDP-glucose (see section “HPLC Measurement and Determination of the Specific TaGalU Enzyme Activity”).

In case of the immobilized enzyme, the reaction was stopped by filtering off the carrier with biocatalyst. The filtered samples (100 μL) were diluted with 100 μL acetonitrile, vortexed and analyzed by HPLC (see section “HPLC Measurement and Determination of the Specific TaGalU Enzyme Activity”).

To increase the activity to a maximum, the reaction conditions were adjusted to optimal conditions systematically during experimentation.



HPLC Measurement and Determination of the Specific TaGalU Enzyme Activity

HPLC detection of the product UDP-glucose for the free enzyme was performed with a Thermo Scientific Dionex Ultimate 3000 UHPLC with UV/Vis detection and a Macherey-Nagel EC 150/4.6 Nucleoshell HILIC column with 2.7 μm particle size. The product formation for the immobilized TaGalU was measured with an Agilent Technologies 1200 Series HPLC equipped with UV/Vis detector and a Thermo Scientific Accucore-150-Amide-HILIC Column (100 × 3 mm) with 2.6 μm particle size. UDP-glucose formation was monitored at a wavelength of 260 nm with an isocratic method with 70 % acetonitrile and 30 % ammonium acetate buffer (134 mM, pH 5.35). A flow rate of 0.8 mL min–1 and 3 μL of injected sample was used for the Thermo Scientific column and a flow rate of 1.3 mL min–1 and 5 μL injection volume for the Macherey-Nagel column. The column temperature was set to 30°C for both systems. Calibration was carried out with UDP-glucose standards of appropriate concentrations mixed with acetonitrile, to have the same concentration as in samples from enzyme assays (50%-vol each sample and acetonitrile). The peak area generated by UDP-glucose was used for data evaluation and referred to the time points of the enzyme assay to calculate the product formation and initial product formation rates, respectively.

The activities were plotted according to enzyme kinetic models for analysis, by using the following equations according to Michaelis–Menten (1) for non-limiting conditions and Yano and Koga (1969) (2) for substrate inhibition:
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Initial values were obtained as product amount per time and were converted to enzyme units (U). 1 U is defined as 1 μmolUDP–glucose formed per minute. This was used to calculate (specific) activities (V or Vmax) in U mg–1 (μmolUDP–glucose min–1 mg–1enzyme) and rates are given as turnover frequencies or kcat in s–1 (μmolUDP–glucose μmol–1enzyme s–1).



Preparation and Functionalization of Siliceous Carriers

The MCFs were prepared as reported before (Szymańska et al., 2009; Bryjak et al., 2012). Functionalization with amino and epoxy groups was done by gently stirring of 1 g of dry MCF with either 270 μL of 3-aminopropyltrimetoxysilane or 340 μL 3-glycidoxypropyltrimetoxysilane, depending on the attached groups, in 25 mL of dry toluene at 85°C for 24 h and subsequent drying on air.



Immobilization of TaGalU on Carriers With Amino and Epoxy Functionalization

Preliminary to immobilization 400 mg of carriers were washed with 15 mL ethanol (1x), distilled water (2x) and 100 mM phosphate buffer, pH 7.0 (2x). After each step, the samples were centrifuged at room temperature and 8,667 × g for 20 min. The amino groups were activated with glutaraldehyde (GA) by incubating the carriers shaking with 30 mL of 2.5% (v/v) glutaraldehyde solution in 100 mM phosphate buffer pH 7.0 for 1.5 h. The unbound GA was eluted with distilled water and 100 mM phosphate buffer pH 7.0, before adding 16 mL of TaGalU with a concentration of 1.45 mg mL–1 in 100 mM phosphate buffer, pH 5.5, 6.0, 6.8, 7.6. The suspension was mixed gently for 3 h at room temperature and stored at 4°C overnight.

After overnight incubation, the carriers were centrifuged at 8,667 × g and 5°C for 20 min. Unbound protein was removed by washing with 100 mM phosphate buffer pH 7.0 (1x), 100 mM phosphate buffer pH 7.0 with 500 mM NaCl (2x), 100 mM acetate buffer pH 4.5 (1x) and several times with distilled water to remove the acid. The supernatants of each washing step were kept to determine the amount of immobilized protein. To block unreacted active groups, the carriers were suspended in 500 mM Tris-HCl buffer, pH 7.8 overnight at 4°C. Before the enzyme assays were carried out, the carriers were centrifuged (8,667 × g, 20 min, 5°C) and washed with 100 mM phosphate buffer pH 7.0. The amount of immobilized enzyme was determined by measuring the amount of unbound protein in the washing step solutions by spectrophotometry at 280 nm or by Lowry method using bovine serum albumin as a standard (Lowry et al., 1951) and subtracting it from the amount of the total applied protein.



RESULTS


Recombinant Expression of TagalU in E. coli, Protein Production, Purification and Identification

After successful transformation of E. coli BL21(DE3) pLysS cells with the pET16bP-TagalU plasmid, the recombinant enzyme TaGalU was produced with a maximum yield of 73 mg of purified protein per liter of broth. Figure 1 shows the occurrence of the protein in both fractions, the soluble and the insoluble one, indicating that functional protein and inclusion bodies were formed. The expected molecular weight of 33.7 kDa was verified.


[image: image]

FIGURE 1. SDS-PAGE gel of TaGalU after purification. The arrow indicates the expected molecular weight of 33.7 kDa. M, protein marker (Thermo ScientificTM PageRulerTM Prestained Protein Ladder); IP, insoluble protein fraction; SP, soluble protein fraction.


Size exclusion chromatography determined the oligomeric state of TaGalU to be a hexamer of about 193 kDa (see Figure 2).


[image: image]

FIGURE 2. Size exclusion chromatography of TaGalU. Elution chromatogram of TaGalU during size exclusion and calibration curve established with the calibration standards ribonuclease, carbonic anhydrase, conalbumin, aldolase and ferritin are shown.




Finding Optimal Reaction Conditions for the Free TaGalU

To figure out the most useful reaction conditions, initial experiments were carried out only with the free enzyme and by varying the reaction components of the standard enzyme test. At first, the reaction temperature and the protein concentration per reaction were tested. The temperature and the protein concentration were increased as follows: 10, 22, 30, 50, and 80°C; 0.013 μg mL–1, 0.04 μg mL–1, 0.08 μg mL–1, and 8 μg mL–1, respectively. Assays containing less than 0.013 μg mL–1 of protein did not yield analyzable results, as the amount of product was too low at the beginning of the reaction. Details on the reaction optimization are presented in Table 2. The highest specific activity of 1861 U mg–1 was observed with 0.013 μg mL–1 at 50°C, so these conditions were used for further experiments. Reaction solutions contained the same components like in the standard enzyme activity test in section “Materials and Methods” in 1 mL scale.


TABLE 2. Initial tested conditions for the TaGalU reaction and comparison of observed enzyme activities.

[image: Table 2]The effect of magnesium ions on the free enzyme was monitored by varying the MgCl2 concentration between 0 and 100 mM using the standard activity assay (see Supplementary Figure 1). As the highest relative activity could be observed with 3 mM MgCl2, which corresponded to a specific activity of 2111 U mg–1, this concentration was used for the most subsequent experiments.

To test the cofactor specificity, we also used manganese chloride (MnCl2), nickel chloride (NiCl2), cobalt chloride (CoCl2), calcium chloride (CaCl2) and zinc chloride (ZnCl2) instead of MgCl2 with an improved activity assay with 2 mM UTP and 30 mM G1P. Initial experiments with different substrate concentrations could show an increased specific activity for those substrate concentrations. As the protein is stored at 4°C as (NH4)2SO4-pellet without addition of MgCl2, TaGalU was dissolved and diluted for this experiment only with 50 mM Hepes, pH 7.0 and 100 mM NaCl. We also tested MgSO4, as it was shown with the related RoGalU2 from Rhodococcus opacus 1CP that the activity was increased by 40% (Kumpf et al., 2019). Five of seven of the used metal salts can be used for the TaGalU reaction with at least 65% of remaining activity (see Supplementary Figure 2). Only in presence of NiCl2 and CaCl2, no TaGalU activity was detectable. In this course, also the application of MgSO4 increased the TaGalU activity by about 15%.

In addition, the following buffers where tested for the enzyme reaction at improved conditions with 2 mM UTP and 30 mM G1P in 50 mM of respective buffer at pH 7.0: Hepes, Bis-Tris, Mops, sodium phosphate, imidazole as well as Tris-HCl (see Supplementary Figure 3). The choice of the buffer does not have a strong influence on the activity of TaGalU, as the tested buffers only decreased the relative activity by a maximum of 20% when compared to Hepes buffer. Since, we already chose the best buffer, we kept 50 mM Hepes at pH 7.0.

The inactivation properties of the free enzyme were also tested by adding up to 1 M of solvent or inhibitor to the reaction mixture of the improved test with 2 mM UTP, 30 mM G1P, 3 mM MgCl2, 50 mM Hepes, pH 7.0 and 50°C. After 30 min, the reactions were stopped by addition of equal amounts of acetonitrile. The following solvents/inhibitors were tested: 2-mercaptoethanol, dimethyl sulfoxide (DMSO), acetonitrile, methanol, ethanol, isopropanol, 1 M each, and 1 mM and 50 mM ethylenediaminetetraacetic acid (EDTA), respectively (see Supplementary Figure 4). The conversion of UTP into UDP-glucose without inhibitor or solvent was 75.5%. Even with the addition of 1 M of each solvent or inhibitor the conversion decreased max. by 6.8% to a residual conversion of 68.7%. In addition, 1 mM EDTA was not sufficient enough to complex MgCl2 to inactivate the enzyme. Only the addition of 50 mM EDTA decreased the activity almost completely to 1% residual conversion.



Immobilization of TaGalU on MCF

Covalent binding of enzymes toward a carrier surface is one of the most stable and effective methods for enzyme immobilization and is based on the covalent attachment of enzymes to water insoluble matrices. Two main parameters can be specified that influence the enzyme activity and stability after immobilization: the type of the functional group of the carrier and the immobilization pH. Therefore, in this work MCF with two types of functional groups (amino: A, and epoxy: E) were tested in the pH range between 5.3 and 7.8 (Jarzȩbski et al., 2007; Szymańska et al., 2007; Szymańska et al., 2013). The amount of protein successfully linked to the MCF carrier was determined as followed (functional group/pH) in relation to the applied protein: A/5.5 (48%), A/6.0 (78%), A/6.7 (43.8%), A/7.8 (66%), E/5.3 (100%), E/6.0 (100%), E/6.7 (86.3%), and E/7.8 (82.3%) (relative values are given according to the method described in section “Immobilization of TaGalU on Carriers With Amino and Epoxy Functionalization”).

It was observed that the relative specific activity of TaGalU immobilized on amino functionalized silica is at least five times higher compared to the activity of TaGalU immobilized on epoxy-functionalized silica. The highest specific activity was measured with TaGalU immobilized on amino modified MCF at pH 6.7 (see Figure 3A). After 1 month of storage all biocatalyst preparations obtained showed only about 40% of their initial activity (see Figure 3B). Considering both, the activity and stability, further experiments were carried out using amino-modified MCF, and an immobilization pH of 6.7.
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FIGURE 3. The effect of functional groups of carriers (A, amino; E, epoxy) and immobilization pH on the specific activity (A) and storage stability (B) of TaGalU. Reaction conditions: 18 μg mL– 1 TaGalU immobilized on MCF, 2 mM UTP, 2 mM G1P, 50 mM Hepes buffer, pH 7.0, 4 mM MgCl2, 30°C in 3 mL reaction volume and 5 min reaction time. Storage stability was measured with the same setup but after 1 month of storage at 4°C. (A) The highest activity of this experiment was set to 100%. (B) The initial activities were set to 100%. Means with standard deviations of duplicate measurements are shown.


To deeply illustrate the impact of immobilization on enzyme activity, the specific activity of TaGalU before and after immobilization on amino modified MCF at pH 6.7 was measured (Figure 4). The activity tests were done using the same procedure and enzyme from the same batch. It can be seen that the specific activity of immobilized TaGalU increased by 40% in relation to free enzyme. However, the enzyme batch that was used for the immobilization for this experiment was already stored for 1.5 years at 4°C. The remaining specific activity of this enzyme was 66.03 U mg–1 and demonstrates how stable this enzyme is even without immobilization.


[image: image]

FIGURE 4. Relative specific activities of free TaGalU and immobilized TaGalU on MCF. Reaction solution contained 2 mM UTP, 2 mM G1P, 3 mM MgCl2, 50 mM Hepes buffer, pH 7.0, 0.3106 μg mL– 1 TaGalU. Reaction was carried out at 50°C in 3 mL reaction volume. Free TaGalU activity (initial: 1016 U mg–1 and after 1.5 years of storage at 4°C: 66 U mg–1) was set to 100% (66 U mg–1). Enzyme activity of TaGalU was measured directly before and after immobilization considering the determined amount of enzyme in each assay. Immobilized enzyme used herein was linked to the MCF carrier via amino group at pH 6.7.




Comparison of the Performances of the Free TaGalU With the Immobilized Enzyme

As the optimal reaction and immobilization conditions for TaGalU were established, a deeper look inside the performance of the free and immobilized enzyme was made. At first, the enzyme activity at different temperatures was investigated. To monitor the effect on the specific activity a temperature profile was done from 0 to 85°C for the free enzyme and from 15 to 80°C for the immobilized TaGalU, respectively (Figure 5). The maximum activity of the free enzyme and for the immobilized variant were measured at 57°C and at 60°C, respectively (see Figure 5). However, further temperature increase resulted in a significant decrease of the activity of the free enzyme, whereas immobilized TaGalU still showed higher activities. At 60°C the relative activity of the free enzyme was 80% of its maximum activity, and when the reaction temperature increased further to 70-80°C, it completely lost its activity. The immobilized TaGalU showed 80 and 60% of its maximum activity at 70 and 80°C, respectively. In addition, the temperature region where the activity surpassed 60% of its maximum is broader for the immobilized TaGalU, from 40 to 80°C, whereas for the free enzyme it was only from 50 to 60°C. It was shown that 50°C (relative activity 71% = 1015 U mg–1 with respect to maximum turnover) is an optimum temperature for further experimentation for both the free and the immobilized enzyme.


[image: image]

FIGURE 5. Relative specific TaGalU activity of the free and immobilized enzyme depending on the reaction temperature. Free enzyme (dark blue dots): Reaction conditions are 2 mM UTP, 2 mM G1P, 4 mM MgCl2, 50 mM Hepes buffer, pH 7.0, 0.013 μg mL–1 free TaGalU, 0–86°C in 1 mL reaction volume. 100% relative specific activity corresponds to 1430 U mg–1. Means with standard deviations of triplicate measurements are shown. Immobilized enzyme (blue triangles): Reaction conditions are 2 mM UTP, 2 mM G1P, 4 mM MgCl2, 50 mM Hepes buffer, pH 7.0, 0.3109 μg mL–1 TaGalU immobilized amino modified MCF, 15–80°C in 3 mL reaction volume. No replicates for immobilized enzyme presented, but were performed for 30°C, 40° and 50° with a standard deviation lower than 5%. The highest activities of free and immobilized TaGalU were set as 100%.


The pH activity of both TaGalU variants was also tested by altering the pH of the Hepes buffer from 6.8 to 8.2 and Tris-HCl buffer from 7.5 to 9 (Figure 6). The free enzyme has a clear preference for higher pH-values with a maximum at pH 8.2. Interestingly, when we compared the pH activity of the free TaGalU with the immobilized enzyme, the activity of the immobilized enzymes was higher on a wider range of pH-values (>90% relative activity in Tris-HCl and >80% relative activity in Hepes buffer) in both buffers between pH 7 and 9. Variation of the pH from 6.8 to 9.0 (6.8 – 8.2: Hepes and 7.5 - 9.0: Tris-HCl) showed, in general, that TaGalU is active over a wide pH range, where the relative activity barely falls below 60%. The highest activity was observed with Tris-HCl at pH 8.5, and corresponded to a specific activity of 2876 U mg–1 (Figure 6). Unfortunately, we discovered that even though TaGalU showed the highest activity in Tris-HCl pH 8.5, the protein is too unstable to get reasonable results. Therefore, we decided to stick to Hepes buffer pH 7.0.
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FIGURE 6. Effect of pH on the free TaGalU (A) and the immobilized catalyst (B). (A) Reaction solution contained 2 mM UTP, 2 mM G1P, 3 mM MgCl2, 50 mM buffer, pH 6.8 – 9.0, 0.013 μg mL–1 free TaGalU, 50°C in 1 mL reaction volume. 100% relative specific activity corresponds to 2876 U mg–1. Means with standard deviations for triplicate measurements are shown. (B) Reaction conditions are 2 mM UTP, 2 mM G1P, 3 mM MgCl2, 50 mM buffer, pH 6.8 – 9.0, 0.2591 μg mL–1 TaGalU immobilized amino modified MCF. Reaction was carried out at 50°C in 3 mL reaction volume. Means with standard deviations are shown from triplicate reactions. 100% relative specific activity corresponds to 1568 U mg–1.


One of the most important factors for biocatalysts is their long-term stability under process conditions, particularly, for enzymes as catalysts, reaction temperature should be taken into account. For this reason, free and immobilized TaGalU were stored at different temperatures (30, 45, 50, 55, 60°C) for 2 h (free TaGalU) and 96 h (immobilized TaGalU), respectively, and samples were taken over time to measure the activity (see Figure 7).


[image: image]

FIGURE 7. Temperature stability of free (A) and immobilized TaGalU (B). (A) The reaction solution contained the following ingredients: 2 mM UTP, 30 mM G1P, 3 mM MgCl2, 50 mM Hepes, pH7.0, 0.08 μg mL–1 TaGalU in 1 mL reaction volume. Incubation and performance of the reaction was carried out at indicated temperatures. 100% relative activity corresponds to the specific activity before incubation. Means of triplicates with standard deviations are shown. (B) Reaction solution contained 2 mM UTP, 2 mM G1P, 3 mM MgCl2, 50 mM Hepes buffer, pH 7.0, 0.2591 μg mL–1 TaGalU immobilized on amino modified MCF. Reaction was carried out at indicated temperatures in 3 mL reaction volume. 100% relative activity corresponds to the specific activity before incubation. Means of triplicates with standard deviations are shown.


For the free TaGalU the initial activity at 60°C is the highest observed with 1873 U mg–1 (almost doubled compared to the standard activity value), but it decreases very fast. After 10 min, the formation of protein precipitate was observed. This precipitated protein was not active anymore. The initial activities of the lower temperatures tested were only around 700 U mg–1. After 2 h only activities between 50 and 200 U mg–1 (about 6 and 29% of the activities before incubation) were observed.

In contrast to the free TaGalU, the immobilized variant is much more stable. After 96 h at 30°C it lost only 4% of its initial activity. At higher temperatures, the activity decreased faster, but was not comparable to the activity decrease of the free enzyme. Hence, the immobilized TaGalU still has 47% of the initial activity after 2 h at 55°C. The free enzyme had only about 6% of the initial activity after 2 h at the same temperature.

To calculate the standard kinetic parameters Km, Vmax, kcat, kcat/Km, two series of experiments were conducted. During the first series, the concentration of G1P was fixed at 30 mM, whereas the concentration of UTP was varied between 0.05 and 6 mM. Next, the concentration of G1P was changed between 0.01 and 45 mM, while the UTP concentration was fixed at 2 mM. The same conditions were applied for the immobilized TaGalU, as well.

Both variants of TaGalU showed a strong substrate inhibition at concentrations above 2 mM UTP (Figure 8A), whereas changes in the G1P concentration (Figure 8B) did not show any inhibition and were fitted to the Michaelis–Menten model. The data of UTP were fitted to the Yano and Koga model (Yano and Koga, 1969). With these fits, the calculation of the kinetic constants for the free enzyme was possible and are presented in Table 3. We also calculated the kinetic constants for the immobilized enzyme (see Supplementary Table 1). The values for the inhibition constant KI are comparable between both forms of catalysts, whereas the values of the Michaelis constant Km are 2.5 times and 6.5 times higher for the immobilized enzyme, pointing out that the affinity of the immobilized TaGalU is lower toward its substrates compared to the free enzyme. This can be ascribed to a hindered access of substrates into proteins embedded in a porous structure of MCFs. As for the immobilization for this experiment an older batch of enzyme with a much lower activity was used, the values for the maximum velocity Vmax and turnover frequency kcat, as well as the catalytic efficiency kcat/Km are hardly comparable to each other (see Supplementary Table 1).


[image: image]

FIGURE 8. Variation of the substrate concentrations for kinetic modeling. (A): UTP. Reaction mixtures contained 0.05–6 mM UTP, 30 mM G1P, 3 mM MgCl2, 50 mM Hepes, pH 7.0, 0.013 μg mL–1 free TaGalU and 0.1036 μg mL–1 TaGalU on MCF, respectively, reaction temperature was set to 50°C in 1 mL (free TaGalU) and 3 mL (TaGalU on MCF) reaction volume. Data were fitted to the model of Yano and Koga (Yano and Koga, 1969) for substrate inhibition [see section “HPLC Measurement and Determination of the Specific TaGalU Enzyme Activity,” equation (2)] and (B): G1P. Reaction mixture contained 2 mM UTP, 0.01-40 mM G1P (TaGalU on MCF) or 0.01–45 mM G1P (free TaGalU), 3 mM MgCl2, 50 mM Hepes, pH 7.0, 0.013 μg mL–1 free TaGalU and 0.3109 μg mL 1 TaGalU on MCF, respectively, reaction temperature was set to 50°C in 1 mL (free TaGalU) and 3 mL (TaGalU on MCF) reaction volume. Data were fitted to the Michaelis-Menten Equation [section “HPLC Measurement and Determination of the Specific TaGalU Enzyme Activity,” equation (1)]. Gray circles and gray dashed lines show the data points and fits for the free TaGalU, blue triangles and blue dotted lines show the data points and fits for the immobilized TaGalU on MCF.



TABLE 3. Kinetic constants for free TaGalU calculated by the fits.

[image: Table 3]The main advantage of enzyme immobilization is the ease separation from the reaction solution and reusability. Therefore, the recyclability of TaGalU immobilized on MCF in a batch system was investigated for five consecutive reactions (Figure 9). The reactions were carried out at two temperatures: 30 and 45°C and one cycle lasted for 5 min. These conditions were chosen according to the previous enzyme characterization as well as to ease of handling. After each cycle, the immobilized enzyme was centrifuged, washed with 50 mM Hepes buffer pH 7.0 and reused. Figure 9 shows that UDP-glucose production by immobilized TaGalU maintained quite stable for at least five repeated cycles at both examined temperatures. Slight deviations in activity could be ascribed to the loss of carriers during washing in the repeated uses.


[image: image]

FIGURE 9. Repeatability in batch reaction with TaGalU immobilized on MCF. Reaction mixture contained 2 mM UTP, 2 mM G1P, 3 mM MgCl2, 50 mM Hepes, pH 7.0, 0.3109 μg mL–1 TaGalU immobilized amino modified MCF. Reaction was carried out at 30 and 45°C in 10 mL scale. Means with standard deviations are shown from duplicate reactions. The UDP-glucose yield after first cycle was set to 100%.




DISCUSSION

It was possible to produce and purify TaGalU in reasonable amounts and with the second highest activity measured among UDP-glucose pyrophosphorylases from bacterial origin, to the best of our knowledge. The highest ever measured specific activity for a bacterial GalU was 5⋅106 U mg–1 from the Firmicute Streptococcus pneumonia (Zavala et al., 2017). Activities from other bacterial GalUs are known to be much lower, like the one from E. coli K-12 with a Vmax of 340 U mg–1 (Ebrecht et al., 2015) or the one from Mycobacterium tuberculosis H37Rv which had specific activities between 0.12 U mg–1 (Lai et al., 2008) and 2.7 U mg–1 (Asención Diez et al., 2015). Similar to ours, but still lower activities are only known from eukaryotic GalUs, like Leishmania major with 1477 U mg–1 (Steiner et al., 2007) or Sorghum vulgare with 1200 U mg–1 (Gustafson and Gander, 1972).

Since it was shown before that GalUs not only accept MgCl2 as a cofactor (Koo et al., 2014; Kumpf et al., 2019), we wanted to know, if the GalU enzyme from Thermocrispum agreste also accepts other metal ions. Here, we demonstrated the definite dependency of the enzyme activity on magnesium ions, but also that other divalent cations can be used for the reaction, like manganese, cobalt or zinc. The use of EDTA allowed to extract the divalent cations from the enzyme and thus lowered TaGalU activity reinforcing the observation on magnesium dependency. Actually, the need of 50 mM EDTA to significantly lower the TaGalU activity demonstrates how strong the binding of the magnesium ions to the active site of the enzyme is.

The specific activity of the free TaGalU was shown to be very high, but the stability at elevated temperatures was relatively low. A short operational stability, recovery-reusability issues and shelf life often obstruct industrial application of free enzymes. To overcome these drawbacks, we studied a covalent immobilization of TaGalU on to MCF. Based on our current state of knowledge there are only a few reports concerning UDP-glucose pyrophosphorylase immobilization (Haynie and Whitesides, 1990; Liu et al., 2002).

In our study, TaGalU was covalently immobilized on MCF functionalized with amino or epoxy groups, which interact indirectly (using GA as a spacer) or directly with the functional groups of the enzyme. The immobilization was carried out at the pH range of 5.3–7.8, as the buffer pH is known to affect the enzyme structure as well as the reactivity of the functional groups of the carriers (Peng et al., 2012; Kim and Lee, 2019). It was generally observed that TaGalU immobilized on amino-functionalized carriers showed much better activities than when immobilized on epoxy-modified silica. The highest specific activity was observed for TaGalU immobilized on amino-modified MCF using phosphate buffer, pH 6.7. From the industrial/practical point of view, not only the activity of the biocatalyst is a very important factor, but also its stability. For this reason, the activity was measured after 1-month of storage at 4°C. All biocatalysts showed about 40% of their initial activity. For this reason, we selected a biocatalyst based on amino-modified MCF, pH 6.7, for further research.

It is believed that covalent immobilization is associated with a decrease in enzyme-specific activity, mainly due to conformational changes and decreased accessibility of active sites in the protein structure (Zhang et al., 2013; Karav et al., 2017). However, in our case, the specific activity of immobilized TaGalU was 40% higher than the activity of the free form of the enzyme. This could be explained by the fact that an application of a spacer arm could provide higher mobility to the enzyme as well as minimize unfavorable steric hindrance caused by solid supports (Wang and Hsieh, 2004; Zhang et al., 2013; Karav et al., 2017). Thus, immobilization could change the enzyme configuration in a positive mode and along the activity, or during the process of immobilization the enzyme gets more enriched by a subsequent protein purification as properly folded proteins may bind more efficient to the carrier material as others which are likely still in the applied protein fraction (Jarzȩbski et al., 2007; Szymańska et al., 2007, 2013). The later might actually be the case as we observed the formation of inclusion bodies during protein production and so some slightly misfolded proteins might still be present but not easily separable.

It was also found that the immobilization of TaGalU provided a broader temperature and pH profile compared to that of the free enzyme, which means that immobilization stabilizes the enzyme structure and thus maintain the enzyme activity in a wider range. Similar results were observed by other groups (Gahlout et al., 2017; Hassan et al., 2019). Various authors have suggested that it could be caused by the changes in physical and chemical properties of an immobilized enzyme. The covalent bond formation via amino groups might reduce the conformational flexibility, resulting in a higher activation energy for the molecule to reorganize the proper conformation of the binding substrate (Mazlan and Hanifah, 2017). On the other hand, the optimum pH for immobilized TaGalU was shifted from 8.5 for the free enzyme to pH 7.5 after immobilization. The pH profile shift could be attributed to the fact that the microenvironment around the active site of the immobilized enzyme and the bulk solution usually has unequal partitioning of H+ and OH– concentrations due to electrostatic interactions with the carrier (Mazlan and Hanifah, 2017; Zusfahair et al., 2017). Considering the long-term usage of biocatalysts, additional thermal stability tests for free and immobilized TaGalU were made. For all tested temperatures, the immobilized enzyme showed a much better long-term stability than the free TaGalU. Finally, at a temperature of 45°C, a decrease in the activity of immobilized TaGalU was not observed, whereas the free enzyme lost more than 85% of its activity after 120 min. The structural rigidity of a covalently immobilized enzyme probably limits denaturation and inactivation upon heating (Ibrahim et al., 2016; Kim and Lee, 2019).

These features – a broader pH and temperature profile and thermal stability – are favorable in industrial applications. However, the most important advantage of enzyme immobilization is reusability (Daglioglu and Zihnioglu, 2012). The covalent binding method for enzyme immobilization provides a stronger bond compared to physical adsorption or the entrapment method; hence, an immobilized enzyme could be reused efficiently (Kim and Lee, 2019). In our case, immobilized TaGalU was reused for five consecutive cycles without significant loss of activity.

The kinetic parameters were determined for both substrates: UTP and G1P. In the first case, UTP concentration was varied from 0.05 to 6 mM, keeping the G1P concentration constant at 30 mM. For G1P, the concentration was adjusted from 0.01 to 45 mM, holding UTP concentration at a value of 2 mM. The reaction was also performed without the addition of one of the substrates and as expected, no activity was detectable. The kinetic parameters of free TaGalU were determined immediately after enzyme isolation (1016 U mg–1). Enzyme which was stored for about 1.5 years at 4°C remained a specific activity of 66 U mg–1, which represents 6.5% of the initial activity. This enzyme was still useful and applied in immobilization experiments. Km and Ki, which are the representative parameters for an enzymatic reaction and are not affected by the concentration or purity of the enzyme, can be compared straight on. It was observed that the power of the inhibitor measured by Ki constant was the same for the free and immobilized enzyme (see Supplementary Table 1). Whereas TaGalU affinity toward substrates, determined by Km, were depended on the chemical structure of the substrate. The smaller molecule of G1P showed a slightly higher affinity (lower Km) to the free enzyme than UTP. For the immobilized TaGalU the situation is vice versa with a lower affinity (higher Km) for G1P. In general, the affinity of the enzymes toward their substrates is lower (higher Km) for the immobilized TaGalU than for the free form. This may be caused by the supported steric hindrance of the active site, by the change of enzyme flexibility after immobilization, or by diffusional resistance to the substrate transport. Additionally, UTP, as a reagent with a higher amount of phosphate groups, could strongly interact with the functional groups of the silica carrier or silica itself, limiting their accessibility to the enzyme (Keerti et al., 2014; Rahimizadeh et al., 2016). With the herein used experimental setup a strong substrate inhibition toward UTP could be detected, but no inhibition with higher concentrations of G1P. This indicates that the ratio between UTP and MgCl2 could be more important for the enzymatic reaction than concentration of G1P. It was also presented before that the complex of UTP and MgCl2 could be the actual substrate for the GalU reaction (Kleczkowski, 1994). Thus, it is suggested if both UTP and MgCl2 are present in solution that they form a transient complex which is readily bound by the enzyme and facilitating the reaction over the case in which both UTP and MgCl2 bind independently to the enzyme. This could explain why the concentration of UTP needs to be at least 10 times higher to detect a very small TaGalU activity, than the concentration of G1P (see Figure 8). The ratio between UTP and MgCl2 (2 and 3 mM, respectively) was more optimal for the enzyme to catalyze the reaction when different G1P concentrations were tested. When the ratio between UTP and MgCl2 does not reach a certain threshold (in our case 0.1 mM UTP and 3 mM MgCl2), no activity for TaGalU was measurable. In addition, it was reported that pre-incubation of the enzyme with UTP showed an increment in activity because of possible conformational changes of the GalU, which stabilizes the oligomerization of the GalU (Bosco et al., 2009). We also tested this hypothesis with both substrates and the free TaGalU, but the activity was not increased.



CONCLUSION

TaGalU was successfully, covalently immobilized on MCF functionalized with amino groups after activation by glutaraldehyde. Immobilization enhanced the catalytic properties of TaGalU. Furthermore, TaGalU became more resistant to changes in temperature and pH. Moreover, it exhibited improved thermal long-term stability and reusability. These results confirm the economic and biotechnological benefits of enzyme immobilization and make TaGalU an industrial interesting biocatalyst for the production of UDP-glucose. Further studies could also apply the immobilized TaGalU in continuous processes as part of an enzyme cascade.
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The juice clarification, one of the key steps in juice processing, suffers from haze formation that results from residual phenolic compounds. In this study, laccase was immobilized on metal-chelated magnetic silica nanoparticles and used for continuous juice clarification in a magnetically stabilized fluidized bed (MSFB) assisted by alternating magnetic field. Furthermore, a new combination of laccase catalysis and microfiltration was developed for the juice clarification. Immobilized laccase provided high relative activity within broader ranges of pH and temperature compared to the free enzyme. Magnetic immobilized laccase exhibited the best reaction rate of 12.1 μmol g–1 min–1 for catechol oxidation under the alternating magnetic field of 400 Hz, 60 Gs. No activity loss occurred in immobilized laccase after 20 h continuous operation of juice treatment in MSFB under an alternating magnetic field. Combined with microfiltration after treatment with immobilized laccase, the color of apple juice was decreased by 33.7%, and the light transmittance was enhanced by 20.2%. Furthermore, only 16.3% of phenolic compounds and 15.1% of antioxidant activity was reduced for apple juice after the clarification. By this combination strategy, the apple juice possessed good freeze–thaw and thermal stability.

Keywords: laccase immobilization, magnetic nanoparticles, juice clarification, alternating magnetic field, magnetically stabilized fluidized bed


INTRODUCTION

The consumption of fruit juice continuously increases due to the well-known beneficial effects of fruit juice and the consumers’ continued pursuit of health and wellness (Bharate and Bharate, 2014; Kahraman et al., 2017). There are a lot of bioactive compounds in apple juice, including flavonoids, carotenoids, polyphenols, and vitamins (Belgheisi and Kenari, 2019). Among these compounds, polyphenols are a natural source associated with antioxidant activity and health benefits (Agcam et al., 2014). However, polyphenols can react with protein in fruit juice and cause a maderization process during storage, which leads turbidity, intensified color, unpleasant taste, haze, and sediments (Ozdal et al., 2013; Pezzella et al., 2015). In fruit juice, there are two main mechanisms in color formation, including non-enzymatic and enzymatic browning. Besides the Maillard reaction of non-enzymatic browning, enzymatic oxidation also plays an important role in the browning process of apple juice, where polyphenoloxidase can oxidize reactive phenolic compounds into brown pigments precursors-quinones (Paravisini and Peterson, 2018; Martínez-Hernández et al., 2019). The increase in color intensity in apple juice exhibited a negative effect on consumer acceptance (Paravisini and Peterson, 2018). Different clarification methods have been applied in the fruit juice industry, such as thermal treatment, absorbents/flocculants, centrifugation, and/or filtration (Lettera et al., 2016; Belgheisi and Kenari, 2019). Although these strategies can improve the clarity and stability of fruit juice, the formation of haze cannot be avoided due to the presence of reactive phenolic compounds (Lettera et al., 2016).

Enzymatic methods are also important and useful for the clarification of fruit juice. Pectinase one of the important enzymes in fruit juice clarification technology, and it can catalyze the degradation of pectic substances and improve the clarity, extraction yield, and filterability of juice (de Oliveira et al., 2018; Deng et al., 2019). Besides pectinase, endo-β-mannanase, endo-β-xylanase, β-glucosidase, β-xylosidase, α-galactosidase, and protease have also been investigated in terms of juice clarification (Benucci et al., 2019; Suryawanshi et al., 2019). However, these enzymes cannot catalyze the reaction with polyphenol and remove these phenolic compounds. Laccases are multicopper oxidoreductase enzymes that can oxidize monophenols and/or polyphenols into polymers with the reduction of molecular oxygen to water (Wang et al., 2019). Due to this useful reaction, laccase has attracted research interests and been applied in juice clarification to remove the polyphenols by polymerization (Bezerra et al., 2015; Lettera et al., 2016).

Immobilization of enzymes provides an excellent tool for their industrial application by improving the stability of enzyme activity and the tolerance to environmental condition and inhibitors and affording good reusability (Deng et al., 2019). Among different supports, magnetic nanoparticles are good candidates for enzyme immobilization due to superparamagnetism, low toxicity, and the ease with which they separate (Ou et al., 2019). With the assistance of an alternating magnetic field, magnetic supports can oscillate in the direction of a magnetic field and behave like microscopic stirrers, which can increase mass transfer in enzymatic reaction and result in higher catalytic efficiency for magnetic immobilized enzymes (Liu et al., 2015; Xia et al., 2018). To carry out the continuous operation, a magnetically stabilized fluidized bed (MSFB) has been used in wastewater treatment and chiral compounds synthesis with enzymes immobilized on magnetic supports (Wang et al., 2012; Ou et al., 2019). Among different immobilization technologies, metal-chelated adsorption of enzymes on metal-chelated adsorbents belongs to reversible non-covalent immobilization, resulting in strong absorption and good reusability of supports (Wang et al., 2008). Due to the high quantity and accessibility of His residues on the surface of the Trametes versicolor laccase protein, Cu2+-chelated support was regarded as a good candidate and has been previously utilized for laccase immobilization (Wang et al., 2010).

In the process of laccase-catalyzed juice clarification, a significant increase in color and turbidity occurred in treated juice due to the formation of soluble oligomers (Neifar et al., 2011; Bezerra et al., 2015). To remove the polymers after laccase treatment, ultrafiltration was generally used and caused a sharp decrease in the phenolic compound and antioxidant activity for juice (Neifar et al., 2011). Therefore, there is still an interest in exploring a laccase-catalyzed clarification method with less loss of antioxidant activity and better reduction in color and turbidity. In this study, laccase from T. versicolor immobilized Cu2+-chelated magnetic silica nanoparticles, and the catalytic characteristics and stability of immobilized laccase was investigated. An alternating magnetic field was applied in the clarification of apple juice with the immobilized laccase, and a combination of laccase catalysis and microfiltration was established for juice clarification with high quality. In addition, a continuous operation of juice clarification in MSFB assisted by alternating magnetic field was investigated.



MATERIALS AND METHODS


Materials

Laccase from T. versicolor (powder, ≥0.5 U/mg), 3-chloropropyltrimethoxysilane (CPTS, ≥97%), and 1,1-diphenyl-2-picrylhydrazyl radical (DPPH, 95%) were purchased from Sigma-Aldrich (St. Louis, MO, United States). All other materials are of analytical grade and were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All materials were used as received without any further purification.



Preparation of Magnetic Silica Nanoparticles and Surface Modification

Magnetite nanoparticles of Fe3O4 were synthesized by a chemical precipitation method (Wang et al., 2010). Briefly, 0.99 g of FeCl2⋅4H2O and 2.7 g FeCl3⋅6H2O were dissolved in 100 mL of de-aerated millipore water under a N2 atmosphere. After heated to 80°C, 10 mL NH4OH was added to the solution and the reaction was kept for 30 min at 80°C under constant stirring. The obtained Fe3O4 particles were collected, washed with millipore water and dispersed in millipore water for further use.

Magnetic silica nanoparticles were fabricated by the modified method reported by Deng et al. (2005). Briefly, 160 mL of isopropanol, 40 mL millipore water, and 5 mL ammonia aqueous were mixed under vigorous stirring, and the desired amount of magnetite nanoparticles (Fe3O4) was added to the mixture. Finally, 1 mL of tetraethylorthosilicate (TEOS) was slowly added to this dispersion under stirring. After 12 h stirring, silica was formed on the surface of magnetite nanoparticles through hydrolysis and condensation of TEOS. The resulted magnetic silica nanoparticles were collected, washed with millipore water and dispersed in millipore water for further use. The magnetic silica nanoparticles possessed spherical shape with an average diameter of 213 nm (Supplementary Figure S1).

Surface modification of magnetic silica nanoparticles was conducted according to the method described by Wang et al. (2010). In this method, 200 mg of magnetic silica nanoparticles was dispersed in the mixture of 20 mL water and 80 mL ethanol. Two milliliters of CPTS were added to the dispersion and sonicated for 30 min at pH 4.5. The resulted particles were collected by magnet and dispersed in 100 mL, pH 8.5 NaOH solution containing 6 g of iminodiacetic acid (IDA) followed by stirring at 60°C for 10 h under nitrogen gas atmosphere. Particles were recovered, washed with millipore water and stirred in 100 mg mL–1 of CuSO4 solution for 1 h. The final obtained Cu2+-chelated magnetic silica nanoparticles were washed, dispersed in water and used as supports for laccase immobilization.



Laccase Immobilization

Laccase adsorption on Cu2+-chelated magnetic silica nanoparticles was tested in tartaric acid buffer of pH 3.0. For this purpose, 50 mg of magnetic particles was added into 25 mL of laccase solution with the concentration of 0.05–0.3 mg mL–1 prepared in the buffer. The resulting suspensions were subsequently incubated at 25°C at 150 rpm for 1 h in order to reach adsorption equilibrium. The laccase-adsorbed particles were separated by magnet and washed with the same buffer until no protein was detected in the supernatant. The elution solution containing residual laccase was collected. The activities of the immobilized laccase were evaluated by the assay of the activity recovery. The activity recovery of the immobilized laccase was calculated from Equation (1):

[image: image]

where, R is the activity recovery of the immobilized laccase (%), Ai the activity of the immobilized laccase (U), and Af is the activity of the same amount of free laccase in solution as that immobilized on particles (U).

The amount of protein in liquid solution was determined by the Bradford method (Bradford, 1976), and the amount of protein bound on the particles and the immobilization efficiency were calculated from Equation (2).

[image: image]

where, IE is the immobilization efficiency of laccase on magnetic supports (%), Pi the laccase protein immobilized on magnetic supports (mg), and PT is the total laccase protein added in reaction solution (mg).

The maximal activity recovery of 62.1% and the best immobilization efficiency of 98.6% were achieved at the laccase concentration of 0.1 mg mL–1 (Supplementary Figure S2). Under this condition, the adsorbed laccase on Cu2+-chelated magnetic silica nanoparticles 49.3 mg g–1-particles, which performed the laccase activity of 15.3 U g–1-particles. The resulting immobilized laccase were stored at 4°C in fresh buffer until use.



Determination of Laccase Activity

A laccase activity array of the free and immobilized laccase was carried out according to the spectrophotometrical method (Wang et al., 2010). In this test, 0.1% (w/v) catechol in 100 mM tartaric acid buffer (pH 3.0) was used as substrate for the oxidation by laccase at 25°C. A suitable amount of laccase was added to the substrate solution, and the increase in the absorbance of supernatant was determined at 450 nm in a UV-2100 spectrophotometer (Unico Company, Shanghai, China). The molar absorption coefficient of catechol is 2211 M−1⋅cm–1. One unit of activity is defined as the amount of laccase required to oxidize 1 μmol of catechol per minute. The effects of pH and temperature on free and immobilized laccase activity were tested as the relative activity under a variety of pH values (pH 2.5–7.0) and temperatures (20–80°C).



Array of Kinetic Parameters and Stability of Free and Immobilized Laccase

Kinetic parameters of the Michaelis–Menten equation (Km and kcat) for free and immobilized laccase were determined by measuring initial rates of the reaction with catechol (0.05∼10 mM) in buffer solutions at 25°C. The kinetic constants were obtained by fitting the data to the Michaelis–Menten equation using a non-linear regression code (Origin 2019b).

Thermal stabilities of the free and immobilized laccase were tested by measuring the residual laccase activity after they were exposed to 60°C in sodium acetate buffer (0.1 M, pH 4.0). Storage stabilities of free and immobilized laccase were determined by measuring the residual laccase activity after storage in a sodium acetate buffer (0.1 M, pH 4.0) for 10 weeks.



Oxidation of Catechol by Immobilized Laccase Under Alternating Magnetic Field

The reaction rate of catechol oxidation catalyzed by immobilized laccase was determined according to the method described by Xia et al. (2018). To carry out this determination, the desired amount of immobilized laccase was added to 10 mM catechol dissolved in sodium acetate buffer (0.1 M, pH 5.0) under an alternating magnetic field at 25°C. A reaction under static condition and a reaction under mechanical stirring were set as the controls, and the stirring speed was optimized and 150 rpm selected as the optimal condition. During the catalysis process, the sample was collected with a certain time interval and the absorbance variation of supernatant was determined at 450 nm in a UV-2100 spectrophotometer. A lab-designed device was used for the oxidation of catechol by immobilized laccase under alternating magnetic field (Scheme 1A). A set of Helmholtz coils connected to AC power supply were used to produce the axially alternating magnetic field (frequency: 50–600 Hz, field strength: 20–200 Gs). A glass column (Din: 4.0 cm) surrounded by a water jacket was used as the reactor for the catalysis. The reaction solution possessed a volume of 100 mL and its temperature was maintained at 25 ± 1°C by circulating water through the water jacket.
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SCHEME 1. Schematic diagram of device for catalysis with magnetic immobilized enzyme assisted by alternating magnetic field: (A) reactor for batch treatment; (B) MSFB for continuous treatment. 1. Helmholtz coil; 2. AC power supply; 3. magnetic immobilized laccase; 4. glass column for batch treatment; 5. glass column for fluidized bed; 6. peristaltic pump; 7. untreated apple juice; 8. treated apple juice.




Fruit Juice Treatment by Immobilized Laccase

Apples were purchased from a local supermarket (Zhenjiang, China), and the apple juice was prepared based on the method describe by Bezerra et al. (2015). Briefly, the apples were rinsed and triturated, and the juice was pressed through four layers of gauze. Kaolin of 0.1 mg mL–1 was added to the juice. The mixture was shaken at 50 rpm at 25°C for 30 min and then centrifuged at 4000 g at 4°C for 30 min. The resulted supernatant was used as apple juice. To determine the effect of immobilized laccase dosage on juice clarification, the enzymatic treatment of apple juice was conducted in the device shown in Scheme 1A with different concentrations of immobilized laccase (0.2–2 g L–1) at 35°C for 0.5 h. The operation temperature of the immobilized laccase was selected based on the consideration of its relative activity and stability for long-time operation. The optimal frequency and field strength obtained in the above section was applied for the batch operation. The treated apple juice was filtrated with Amicon® Ultra centrifugal ultrafiltration tube (10 kDa). For the test of the combination with microfiltration, the treated apple juice was filtrated with a microporous membrane filter of 0.45 μm.

The reusability of the immobilized laccase was also assessed in the clarification of apple juice. Several consecutive operating cycles were performed by juice treatment. At the end of each treatment, the immobilized laccase was washed three times with water and the procedure was repeated with a fresh aliquot of apple juice. The residual laccase activity was detected after each cycle.

Continuous treatment of apple juice by immobilized laccase was tested in the MSFB assisted by alternating magnetic field (Scheme 1B). The same generator of magnetic field was used as described in Scheme 1A. A glass column (Din: 2.5 cm, H: 40 cm) with a water jacket was used for the enzyme catalysis in the fluidized bed. The treatment temperature was maintained at 35 ± 1°C by circulating water through the water jacket. The optimal frequency and field strength obtained in the above section was applied for the continuous operation. Apple juice was pumped into the glass column by way of a peristaltic pump, and the residence time was controlled at 0.5 h. The concentration of immobilized laccase in working volume was 1 g L–1.

For the analysis of polymer size in apple juice treated by laccase, the batch treatment of apple juice was carried out with immobilized laccase at the optimal condition under alternating magnetic field. The treatment of apple juice with immobilized laccase was also conducted without a magnetic field, and mechanical stirring of 150 rpm was applied. The treatment of apple juice with free enzyme was tested with the same laccase activity of 15.3 U L–1 at 150 rpm, 35°C for 0.5 h. After laccase treatment, the size of generated polymer in apple juice was analyzed by DelsaNano C Particle Size and Zeta Potential Analyzer (Beckman Coulter Inc., Brea, CA, United States).



Characterization of Apple Juice Before and After Enzymatic Treatment

The transmittance of apple juice was spectrometrically measured at 650 nm with distilled water as a reference (Deng et al., 2019). The color value of apple juice was spectrometrically measured at 430 nm with distilled water as a reference after the mixture of juice sample with equal volume of ethanol for 30.0 min (Deng et al., 2019). Total phenolics in apple juice were determined with Folin-Ciocalteau reagent using a gallic acid standard (Lettera et al., 2016). The antioxidant activity of apple juice was determined with chromogen radical DPPH test (Wu et al., 2003).



Stability Array of Apple Juice

Apple juice before and after treatment was heated at 70°C for 30 min and froze at −20°C for 24 h, respectively. The light transmittance of apple juice before and after treatment was compared after processing to determine the stability of the juice.



Statistical Analysis

All experiments were completed in triplicate. Experimental results were expressed as mean ± standard deviation. Significances of comparisons between different data were conducted by SPSS version 22 (SPSS Inc., Chicago, IL, United States). Independent-sample T tests and a one-way variance were applied.



RESULTS AND DISCUSSION


Property of Immobilized Enzymes

The optimum pH for the free laccase was 4.0, and the immobilized enzyme exhibited the highest activity with an interval in 4.5–5.5 (Figure 1A). The slight shift of the optimum pH after laccase immobilization could be resulted from the ionic interaction between charged surface of magnetic support and laccase (Yavuz et al., 2002). These results also indicated that the immobilized laccase can be more stable within a wider pH range. The optimal temperature of free and immobilized laccase was 20°C and 50°C, respectively (Figure 1B). The optimal temperature of the adsorbed laccase performed a shift toward high temperature. It was due to the increased activation energy of immobilized laccase resulted from multipoint chelate interactions that caused laccase to reorganize an optimum conformation for substrate binding at a high temperature (Kara et al., 2005; Sari et al., 2006). The activity of free laccase decreased with the increasing temperature, while the immobilized laccase maintained more than 90% of its highest activity with a broader profile of 40–60°C. This phenomenon was because of the restricted conformational mobility of the immobilized proteins (Yodoya et al., 2003; Wang et al., 2010).
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FIGURE 1. Effect of pH (A) and temperature (B) on the activity of free and immobilized laccase.


The apparent Km value of the immobilized laccase was 3.17 mM, which was much higher than that of the free enzyme (1.22 mM) (Supplementary Table S1). The reduced affinity of adsorbed laccase to its substrate was probably due to structural change in the immobilization process, resulting in low accessibility of the substrate to enzyme active site (Bai et al., 2006; Sari et al., 2006). No significant difference occurred in the catalytic constant (kcat) for free and immobilized laccase. However, the ratio of kcat/Km to the immobilized enzyme was lower than the value of free one (Supplementary Table S1). A similar phenomenon was also observed in laccase immobilization on the other carriers (Rekuc et al., 2008; Wang et al., 2010).

After 4 h incubation at 60°C, 15.7% and 65.2% of their initial activity were maintained for free and immobilized laccase, respectively (Supplementary Figure S3A). The immobilized laccase performed better thermal stability than free laccase. In the test of storage stability, no activity was detected for free laccase after 8 weeks of storage, whereas the immobilized laccase possessed 95.1% of its initial activity after 10 weeks of storage (Supplementary Figure S3B). Therefore, the immobilization of laccase on Cu2+-chelated magnetic silica nanoparticles was beneficial for the improvement of laccase stability, where enzyme active conformation could be maintained by multipoint bond interaction between carrier and enzyme (Sari et al., 2006).



Catechol Oxidation by Immobilized Laccase Under Different Alternating Magnetic Fields

The effects of frequency and field strength on the reaction rate of catechol oxidation by immobilized laccase was investigated with the assistance of alternating magnetic field (Figure 2). At a fixed frequency, the reaction rate increased to the peak with respect to the field strength and then declined if the field strength continued increasing. It indicated that there was a compromise between frequency and field strength for the catechol oxidation catalyzed by immobilized laccase. The highest reaction rate of 12.1 μmol g–1 min–1 was achieved under the alternating magnetic field of 400 Hz and 60 Gs. Under the field strength of no more than 40 Gs, the reaction rate was enhanced when magnetic field of higher frequency was applied. This is consistent with the results reported by Liu et al. (2015). The magnetic immobilized laccase performed as nano-stirrers and more vigorous particle motion was achieved under higher field strength, resulting in better mass transfer (Liu et al., 2015; Xia et al., 2018). In addition, rapid change of magnetic field direction under high frequency could force the motion of magnetic particle along with the magnetic field and protect from the formation of aligning particles (Liu et al., 2015). However, the oscillating and/or stirring resulting from the alternating magnetic field may generate too much shear stress for the enzyme on magnetic support under higher frequency and field strength, which can cause deactivation of the enzyme. This has also been proven by the reported results (Ou et al., 2019). Compared to the degradation of catechol under static or mechanical-stirring condition, the reaction rate and degradation efficiency of catechol catalyzed by the immobilized laccase was greatly improved by the application of alternating magnetic field (Figure 3). The initial reaction rate of catechol oxidation was 6.2 μmol g–1 min–1 and 9.1 μmol g–1 min–1 for static condition and mechanical-stirring, respectively. The alternating magnetic field did not affect the activity of free laccase (data not shown). Based on the above results, the alternating magnetic field of 400 Hz, 60 Gs was selected as optimal condition for further treatment of apple juice by the immobilized laccase.
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FIGURE 2. Effect of frequency and field intensity on the reaction rate of catechol oxidation catalyzed by immobilized laccase under alternating magnetic field.
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FIGURE 3. Catechol oxidation catalyzed by immobilized laccase under different conditions.




Batch Treatment of Apple Juice With Immobilized Laccase

The application potential of magnetic immobilized laccase in fruit juice clarification was evaluated using apple juice as a model system. The treatment of apple juice with different dosage of magnetic immobilized laccase was conducted for 0.5 h under an alternating magnetic field, and this was followed by ultrafiltration. Total phenolic compounds and antioxidant activity decreased with the increased concentration of immobilized laccase, and the light transmittance was improved at the same time (Figure 4). More immobilized laccase was beneficial for the reduction of turbidity, which caused the increased loss of antioxidant activity. For the color of apple juice, the minimum was obtained at 1 g L–1 of magnetic immobilized laccase, and the color increased sharply when more immobilized laccase was added. This may be due to oxidation of a more phenolic compound in low molecular weight besides polyphenols and production of more soluble oligomers (Neifar et al., 2011). In this study, the phenolic compounds, including ferulic acid, phloridzin, phloretin, epicatechin, caffeic acid, rutin, catechin, and chlorogenic acid, were presented in apple juice. In addition, catechin and chlorogenic acid were oxidized more easily, and an increased laccase dosage resulted in more oxidation of other phenolic compounds (data not shown). Therefore, 1 g L–1 of magnetic immobilized laccase was selected for the optimum concentration for the treatment of apple juice where the transmittance was increased by 37.3%, and the total phenolic compounds and antioxidant activity were decreased by 34.7% and 45.9%, respectively. High phenolic reduction in apple juice also occurred in other reported treatments with immobilized laccase (Bezerra et al., 2015; Lettera et al., 2016). The magnetic catalyst remained 90.3% of its initial activity after reusing for 10 batches, exhibiting good reusability in juice treatment (Figure 5).


[image: image]

FIGURE 4. Effect of concentration of magnetic immobilized laccase on the treatment of apple juice under an alternating magnetic field.
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FIGURE 5. Reusability of magnetic immobilized laccase in the batch treatment of apple juice.




Effect of Microfiltration on Treatment of Apple Juice With Immobilized Laccase

Due to the loss of phenolic compounds and antioxidant activity during the filtration process, the application of microfiltration was investigated after the treatment of apple juice with immobilized laccase. With the help of ultrafiltration, treatment under an alternating magnetic field provided the best indexes compared to those under mechanical stirring (Figure 6). In the case of microfiltration combined with magnetic immobilized laccase, enhanced color and turbidity occurred in apple juice after the treatment by mechanical stirring. However, in the treatment under alternating magnetic field, the color was reduced by 33.7%, and the light transmittance was increased by 20.2%, where only 16.3% of total phenolic compound and 15.1% of antioxidant activity were lost after microfiltration. Therefore, the treatment of apple juice with immobilized laccase under alternating magnetic field can be combined with microfiltration for the juice clarification. By this strategy, the color and light transmittance were improved, and more phenolic compounds remained. Compared to ultrafiltration, microfiltration possessed better energy saving and lower operation pressure in juice treatment, which is beneficial for its industrial application (Ilame and Singh, 2015). To illustrate the possible reason for this phenomenon, the size distribution of polymers after the treatment with laccase was determined before filtration (Supplementary Figure S4). The smallest polymer diameter of 291.6 nm and the broadest size distribution was obtained in the treatment with free laccase under mechanical stirring. Thus, the apple juice after the treatment with free laccase under mechanical stirring exhibited the highest color compared to the other treatments followed by the ultrafiltration (Figure 6). The average diameters of polymers in apple juice after the treatment of immobilized laccase were 611.6 nm and 1326.5 nm for mechanical stirring and alternating magnetic field, respectively. In addition, the treatment under alternating magnetic field performed the narrowest size distribution of polymer. It indicated the mixing by nano-stirring and magnetic oscillating can also facilitate the formation of larger polymers, making microfiltration combination possible in the treatment of apple juice with magnetic immobilized laccase.


[image: image]

FIGURE 6. Treatments of apple juice with magnetic immobilized laccase under different condition. NT, not treated; MS, mechanical stirring; FL, free laccase; UF, ultrafiltration; MIL, magnetic immobilized laccase; MF, microfiltration; AMF, alternating magnetic field.




Continuous Treatment of Apple Juice With Immobilized Laccase in MSFB

The operation stability of magnetic immobilized laccase in continuous treatment of apple juice was tested in MSFB assisted by an alternating magnetic field where microfiltration was used after the enzyme treatment. No significant variety happened in the light transmittance and the magnetic catalyst maintained its initial enzyme activity after 20 h treatment (Figure 7). Even when the treatment of apple juice was prolonged to 100 h, there was only 5.3% activity lost occurred in the immobilized laccase. The continuous operation in MSFB was beneficial for the stability of magnetic catalyst. The flowing substrate could provide quick and complete removal of oxidation products and reduce the inhibitory effect resulted from polymers (Wang et al., 2012).
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FIGURE 7. Operation stability of magnetic immobilized laccase in the continuous treatment of apple juice with MSFB assisting by an alternating magnetic field.




Stability of Apple Juice

For the untreated apple juice, the light transmittances after heating or freeze–thaw treatment were higher than that before treatment. Sediments also occurred in untreated apple juice after heating or freeze–thaw treatment (Table 1). No change in light transmittance and no sediment were observed in the apple juice clarified by magnetic immobilized laccase under alternating magnetic field combined with ultrafiltration or microfiltration. The same stability was also observed for the clarifications by free or immobilized laccase under magnetic stirring combined with ultrafiltration. However, the clarification by immobilized laccase under magnetic stirring combined with microfiltration created an unstable apple juice, which can be due to more soluble polymers remained in apple juice after microfiltration, resulting in sediments after heating or freeze–thaw treatment.


TABLE 1. Stability of apple juice after heating or freezing-thaw treatment.

[image: Table 1]


CONCLUSION

Based on the present research, Cu2+-chelated magnetic silica nanoparticles were fabricated and regarded as good carriers for laccase immobilization. Magnetic immobilized laccase exhibited higher reaction rate under alternating magnetic field. The treatment of apple juice with immobilized laccase could combine with microfiltration and provided stable juice with less loss in total phenolic compounds and antioxidant activity. Good operation stability of the enzyme treatment has been proved in MSFB under alternating magnetic field. Application of this combination strategy in large-scale juice clarification and its economic analysis based on pilot data should be investigated in future study.
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Peptide-N4-(N-acetyl-β-glucosaminyl) asparagine amidases (PNGases, N-glycanases, EC 3.5.1.52) are indispensable tools in releasing N-glycans from glycoproteins. So far, only a limited number of PNGase candidates are available for the structural analysis of glycoproteins and their glycan moieties. Herein, a panel of 13 novel PNGase H+ candidates (the suffix H+ refers to the acidic pH optimum of these acidobacterial PNGases) was tested in their recombinant form for their deglycosylation performance. One candidate (originating from the bacterial species Dyella japonica) showed superior properties both in solution-phase and immobilized on amino-, epoxy- and nitrilotriacetate resins when compared to currently acidic available PNGases. The high expression yield compared to a previously described PNGase H+, broad substrate specificity, and good storage stability of this novel N-glycanase makes it a valuable tool for the analysis of protein glycosylation.

Keywords: acidic PNGase, N-glycans, glycoprotein deglycosylation, Dyella japonica, analytical glycoscience


INTRODUCTION

The study of protein N-glycosylation is an active area of biotechnological research, given that all antibodies, and many biotherapeutics as well as extracellular and cell surface proteins bear these post-translational modifications (Overington et al., 2006; Saldova et al., 2017). The detailed analysis of therapeutic glycoproteins is of great importance, as the quality and effectiveness of these drugs strongly depend on the consistency of their glycan moieties (Berkowitz et al., 2012; Duivelshof et al., 2019). Peptide-N4-(N-acetyl-β-glucosaminyl) asparagine amidases (PNGases) enzymatically release asparagine-linked glycan moieties from glycoproteins and have been described as valuable tools in the analysis of glycotherapeutics (Wang and Voglmeir, 2014). A subset of these PNGases used in bioanalytical applications (namely PNGase A and PNGase At) originate from plants and show a peculiar promiscuity toward a broad range of eukaryotic glycoproteins, including those from plants and insects (Takahashi, 1977; Altmann et al., 1998; Yan et al., 2018). Furthermore, the low pH optimum of these enzymes is of particular interest for analytical methods which require acidic conditions, such as rapid N-glycans derivatization methods (Du et al., 2015) or hydrogen-deuterium exchange mass spectrometry (HDX-MS) of glycoproteins (Jensen et al., 2016).

One limitation of PNGase A (and based on the close homology, also PNGase At) is that this enzyme itself is a glycoprotein extracted from almonds (Takahashi, 1977), thus it can undergo auto-deglycosylation, thereby contaminate analyzed samples with endogenous PNGase A glycan structures (Altmann et al., 1998). Moreover, there are currently no reports describing the successful recombinant expression of PNGase A in prokaryotic systems, and therefore limiting the use of engineered fusion tags for the facilitated purification and immobilization of this enzyme. Interestingly, our research group described recently a PNGase A homologue from Acidobacteria instead of plants (Wang et al., 2014). This phylum of soil bacteria was virtually unknown until 2009 (Ward et al., 2009). The discovered PNGase originated from Terriglobus roseus and was recombinantly expressed in E. coli, and due to its surprisingly low pH optimum of pH 2.5 designated as “PNGase H+.” Although the enzymatic activity of PNGase H+ from Terriglobus roseus could be successfully used for conventional N-glycan analysis protocols (Wang et al., 2017; Du et al., 2018), its use in a wider range of analytical workflows was hampered by difficulties in optimizing expression and purification of the enzyme at larger scales. With the rapid progress and the availability of whole-genome sequences in recent years, >70 acidobacterial PNGase H+ homologs can be currently found using BLAST (Altschul et al., 1990) in March 2020. This pool of candidate genes, therefore, allows the evaluation of alternative PNGase candidate genes for their biotechnological potential. In this Brief Research Report, we studied the activity and stability of 12 unstudied acidobacterial PNGase H+ candidates and we compared them to the previously described PNGase from Terriglobus roseus, both in solution and immobilized on various solid supports.



MATERIALS AND METHODS


Materials

Epoxy- and amino activated methacrylate beads were kindly donated by Purolite (Zhejiang, China). Ni-NTA (nickel-ion nitrilotriacetic acid) superflow resin was obtained from Qiagen (Shanghai, China). WST-1 (sodium 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolate) was purchased from Sangon Biotech Company (Shanghai, China). Horseradish peroxidase (HRP) was obtained from Duly Biotech Ltd. (Nanjing, China). Human IgG was purchased from ProteinTech (Nanjing, China). Lactoferrin was obtained from Wako Pure Chemical Industries (Nanjing, China). PNGase F was provided by Qlyco Ltd. (Nanjing, China). All other standard chemicals and buffer reagents were of the highest grade available.



Construction of the Recombinant Plasmids

The genes encoding the putative PNGase homologs Ac (from Acidobacterium capsulatum, UniProt ID C1F2K4) and Ka (from Kutzneria albida, UniProt ID W5W1E9) were amplified from bacterial DNA and cloned into a pET30a expression vector as described for the PNGase Tr (from Terriglobus roseus, UniProt ID I3ZL27) previously (Wang et al., 2014). The other 10 candidate genes were synthesized in Escherichia coli K12 codon preference and ligated on the pET30a vector by Genscript Ltd. (Nanjing, China) and designated as PNGases Le (from Lysobacter enzymogenes, UniProt ID A0A0S2DLB6), Sp (from Streptomyces populi, UniProt ID A0A2I0SFR1), Sa (from Streptomyces albulus, UniProt ID A0A059W230), Ss (from Solimicrobium silvestre, UniProt ID A0A2S9GXY8), Sb (Silvibacterium bohemicum), Ab (from Acidobacteria bacterium, GenBank ID PYX41174), Ea (from Edaphobacter aggregans, GenBank ID WP_035357016), Xt (Xanthomonass theicola, GenBank ID PPT80182), Ft (from Frateuria terrea, UniProt ID A0A1H6SY22), and Dj (from Dyella japonica, UniProt ID A0A075JY55).



Expression, Purification, and Immobilization of Recombinant PNGases

The expression and Ni-NTA affinity purification of the 13 PNGase candidate genes were performed as previously described for the Terriglobus roseus homolog (Wang et al., 2014). The enzymes’ activities were evaluated using both a gel-based deglycosylation assay (section “Gel-Based Deglycosylation Assay”) and a microplate-based activity test (section “Microplate-Based Activity Assay”). The most active PNGase (Dj) was selected for detailed biochemical characterization and for immobilization studies.

For the immobilization using amino-functionalized methacrylate resins (ECR8305F and ECR8310F) or the epoxy-activated methacrylate resins (ECR8214F and ECR8205F), 500 mg of each resin was equilibrated in immobilization buffer (0.5 M NaCl, 50 mM sodium phosphate buffer, pH 8.0). Then, 4 mL of each purified enzyme solution was mixed with the resins and incubated at 4°C for 18 h with orbital shaking. Then, the mixture was filtered and washed with an immobilization buffer. For the immobilization of PNGase Dj on Ni-NTA resin, 500 mg aliquots were removed after the washing step of the affinity purification. The immobilization efficiency was determined by measuring the PNGase activity of either the purified enzyme solutions (20 μL), the supernatants of the immobilization reactions (20 μL), or the supporting resins (50 mg). In all cases, the immobilization yield (Ψ) was calculated as follows:

[image: image]

where ABSinitial is the determined absorbance values at 582 nm using the microplate-based activity assay of the purified PNGase solutions offered to the resins, while ABSsupernatant is the absorbance values of the remaining PNGase proteins that remain in the supernatant after the immobilization time.



Gel-Based Deglycosylation Assay

The enzymatic activity of the PNGase candidates was evaluated using a gel-based deglycosylation of horseradish peroxidase (HRP) previously described (Wang et al., 2014). A 20 μL assay mixture consisting of 5 μL of purified PNGase enzyme solution, 1 μL of HRP substrate (10 μg/μL, denatured at 95°C for 10 min), 6 μL of sodium phosphate-citrate buffer (1 M, pH 2.0) and 8 μL of water was incubated at 37°C for 16 h. For the deglycosylation experiments of Lactoferrin or human IgG, 5 μg of the dried glycoproteins were either incubated with 20 μL the PNGase Dj reaction mixture or with 20 μL of a PNGase F reaction mixture (consisting of 0.1 μg of PNGase F and 150 mM sodium phosphate buffer (pH 7.5) in water). Then the assay mixtures were mixed with 5 μL of Laemmli denaturation buffer (fivefold concentrated) and incubated at 95°C for 10 min. These samples were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and protein bands visualized by Coomassie Brilliant Blue R-250 staining.



Microplate-Based Activity Assay

This rapid colorimetric activity test relies on the reduction of the yellowish tetrazolium dye WST-1 into a blue formazan dye by the reducing end of N-glycans, which were enzymatically released from glycoprotein substrates (Wang et al., 2019). Typically, reaction mixtures of 20 μL contained 5 μL of purified PNGase enzyme solution, 5 μL of HRP substrate (20 μg/μL, denatured at 95°C for 10 min), 6 μL of sodium phosphate-citrate buffer (1 M, pH 2.0), and 4 μL of distilled water. For negative controls purified PNGase protein solutions were replaced with water. Samples were incubated at 37°C for 3 h. Then the reaction was quenched by adding 20 μL of 2.5 M trichloroacetic acid, samples centrifuged at 12,000 g for 30 min, and 10 μL of the supernatants transferred into a 384-well microplate. After adding 5 μL of NaOH solution (4 M) and 10 μL of aqueous WST-1 solution (1.7 mM), the mixture was incubated at 50°C for 1 h and subsequently analyzed at a wavelength of 584 nm using a microplate reader (Thermo Multiscan FC, Shanghai, China).



Temperature Effects and Reusability of PNGase Dj

The following parameters were measured using the microplate-based activity assay described in section “Microplate-Based Activity Assay.” The optimum temperature of PNGase Dj was determined by incubating the reaction mixtures at various temperatures ranging from 25 to 70°C. For testing the storage stability of the enzyme, the purified PNGase solution was stored for up to 60 days at 4°C, and the activity of sample aliquots tested in 7–15 day intervals. To assess the short-time thermal stability of the PNGase, enzyme samples were incubated at temperatures between 22 and 60°C for up to 24 h, and then used for activity tests. The recycling abilities of the immobilized enzyme were studied by reusing the resins in consecutive reactions. Therefore, 100 mg of enzyme carriers were incubated for 30 min at 37°C with 500 μL recycling buffer (consisting of 50 mM sodium phosphate-citrate buffer (pH 2.0), with or without 0.5% (w/v) BSA) and HRP (5 μg/μL) on a rotation mixer. After centrifugation (1 min, 2000 g), 30 μL from the supernatant was used for the microplate-based activity assay. The rest of the supernatant was discarded, and the resin washed twice with 500 μL recycling buffer. Then, the washed resin was reused again for a total of six cycles.



Analysis of N-Glycans

For the N-glycan release from mouse serum, 50 μL of the serum were incubated with either 150 μL of PNGase F reaction mixture [consisting of 50 μg of PNGase F, 0.15 % (w/v) of SDS, 0.25% (v/v) of 2-mercaptoethanol, 1.25% (w/v) of Triton X-100, and 75 mM of sodium phosphate buffer (pH 7.5) in water], or 150 μL of PNGase Dj reaction mixture [consisting of 50 μg of PNGase Dj and 470 mM of citrate/sodium phosphate buffer (pH 2.0) in water]. The deglycosylation reactions of Lactoferrin or human IgG were performed as described in section “Gel-Based Deglycosylation Assay.” After incubating the reaction mixtures for up to 16 h at 37°C, the samples were centrifuged for 5 min at 12,000 g and the supernatant subject to solid-phase extraction (Supelclean ENVI-Carb, 0.3 mL bed volume, prewashed with 1 mL of water, Supelco). After the samples were washed with 3 mL of water, the enzymatically released N-glycans were eluted from the SPE column using 3 mL of aqueous 40% acetonitrile solution containing 0.1% TFA (v/v/v). Then, the elution fractions were dried by centrifugal evaporation and subject to fluorescence derivatization using 10 μL of a 2-aminobenzamine (2-AB) labeling solution [consisting of 35 mM of 2-AB and 0.1 M of sodium cyanoborohydride in a dimethyl sulfoxide/acetic acid solution (7:3, v/v)]. After 2 h of incubation at 65°C, 5 μL of the sample was mixed with 70 μL of water and 175 μL of acetonitrile, and 40 μL of this sample solution was injected into a HILIC-UPLC system (hydrophilic interaction ultra-performance liquid chromatography, Nexera, Shimadzu) equipped with an Acquity BEH Glycan column (1.7 μm, 130Å, 2.1 × 150 mm, Waters) at an initial flow rate of 0.5 mL/min. The analytes were separated using aqueous ammonium formate (50 mM, pH 4.5) and 100% acetonitrile as mobile phases (solvent A and B, respectively). A linear gradient of 95–78% of B was applied from 0 to 6 min, and B was then decreased to 55.9% over 44.5 min. The analytes were monitored by fluorescence detection (Ex: 330 nm, Em: 420 nm) and were annotated using the GlycoBase N-glycan repository (Campbell et al., 2008). The MALDI-ToF MS analysis of underivatized HRP-derived N-glycans was performed with a crude PNGase Dj assay solution by mixing 1 μL of the sample solution and 1 μL of 6-aza-2-thiothymine (ATT) solution (consisting of 0.3% w/v in 70% v/v aqueous acetonitrile), and using a Bruker Autoflex Speed Mass Spectrometer in positive ion mode.



RESULTS AND DISCUSSION


Evaluation of Acidobacterial PNGase Activity

Twelve putative PNGases candidate genes were selected from data from 32 publicly available acidobacterial genomes by choosing the most distinct homologs of this pool, so that the individual amino acid similarities were below 70% for each PNGase candidate. After expression, the purified enzyme solutions were subjected to the gel-based deglycosylation assay (Figure 1A) and the microplate-based activity test (Figure 1B). Both tests showed that PNGase homologs Xt, Ac, and Ka had a comparable deglycosylation activity to the previously described PNGase Tr, whereas homologs Ft and Dj exhibited increased deglycosylation of HRP relative to all other PNGases. Furthermore, the platereader assay showed that the overall deglycosylation activity of Ft and Dj was approximately fivefold higher compared to PNGase Tr. Other PNGase candidate genes showed only negligible deglycosylaton activities. Given the high activity of the PNGase Dj homology, compared to PNGase Tr, a detailed biochemical characterization and the immobilization trials focused on this enzyme.


[image: image]

FIGURE 1. Activity tests of the PNGase candidate genes. (A) Gel-based deglycosylation assay to observe the molecular weight shift of the HRP glycoprotein band using SDS-PAGE. Deglycosylation of HRP is seen by a shifting of the major HRP protein band from approximately 45 kDa down to approximately 35 kDa. (B) Microplate-based activity test. The data are represented as the mean values and the error bars showing the standard deviation of three independent activity assays.




Purification and Immobilization

The purified PNGase Dj protein sample migrated as a dominant protein band with a molecular weight of approximately 65 kDa (Figure 2A). The mass of PNGase Dj was further examined using liquid chromatography and ESI mass spectrometry (LC-MS, Supplementary Figure 1), and the identity of the protein sequence was verified by LC-MS/MS analysis of peptides following digestion of PNGase Dj with Trypsin and Pepsin (Supplementary Figures 2, 3). Interestingly the MS data suggest that there is a discrepancy of 2849 Da between the expected theoretical protein mass and the measured protein mass (expected: 64417 Da, observed 61568 Da). This discrepancy can be best explained by the proteolytic cleavage of the first 28 N-terminal residues during expression (theoretical mass 61572 Da, 63 ppm deviation from the measured mass).
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FIGURE 2. (A) SDS-PAGE analysis of recombinant PNGase Dj; M: protein size marker, lane 1: cells before induction, lane 2: cells after induction, lane 3: supernatant from cell lysate, lane 4: purified enzyme. (B) PNGase Dj activity in immobilized (red) and soluble form (black). The data are represented as the mean values and the error bars showing the standard deviation of three independent activity assays.


PNGase Dj was chosen for immobilization, and different enzyme carrier resins (ECRs) with different immobilization chemistries were evaluated by measuring the immobilization yield (Ψ). The Ψ values for all five tested enzyme carriers were determined to be ΨNi–NTA = 99%, ΨECR8310F = 100%, ΨECR8305F = 80%, ΨECR8205F = 92%, and ΨECR8310F = 87%. Despite these relatively high immobilization yields, only the Ni-NTA and the amino carrier resins ECR8305F and ECR8310F showed high enzymatic deglycosylation activities in the range between 75 and 95% of the enzyme in-solution activity (Figure 2B). Conversely, and despite the successful enzyme immobilization, the epoxy resins ECR8214F and ECR8205F displayed lower activities of 13 and 4% in comparison to in-solution enzyme activity. We presume that the unspecific nucleophilic reaction of the epoxy groups on the resins with lysine, histidine, cysteine, and tyrosine residues in PNGase Dj may be the reason for the inactivation of the enzyme. By using the glutaraldehyde-activated amino resins ECR8305F and ECR8310F, which specifically target lysine residues for the formation of Schiff bonds, the covalent immobilization of PNGase Dj could be achieved with high yield. Due to the simplicity of the non-covalent immobilization on Ni-NTA resins, the use of this carrier was the most promising for experimental setups where no covalent attachment of the PNGases is required.



Enzyme Characteristics, Temperature Stability, and Reusability

The biochemical parameters of PNGase Dj were generally comparable to the previously studied Tr homolog: Dj showed the highest activity in the pH range <3.5 with an optimum at pH 2 (Supplementary Figure 4), a temperature optimum of 55°C (Supplementary Figure 5), and its independence of metal ions (Figure 3A). The analysis of the released N-glycans from HRP using HILIC-UPLC (Supplementary Figure 6A) and MALDI-ToF mass spectrometry (Supplementary Figure 6B) showed that PNGase Dj has a comparable substrate specificity with previously described acidic PNGase homologs (Wuhrer et al., 2005; Wang et al., 2014). PNGase Dj was then used to deglycosylate bovine lactoferrin and human IgG, resulting in the complete deglycosylation of these mammalian glycoproteins within 6 h (Supplementary Figure 7). The HILIC-UPLC analysis showed a comparable N-glycan distribution as described in the literature (Reusch et al., 2015; Zhang et al., 2019), confirming that N-glycans bearing α1,6-fucosylation can be also released by this enzyme (Supplementary Figure 8). The effect of the acidic reaction conditions on acid-labile sialic acid moieties was also evaluated by releasing highly sialylated mouse serum glycoproteins using PNGase Dj, and comparing the resulting N-glycans with samples treated with PNGase F at neutral pH (pH 7.5, Supplementary Figure 9). The results showed that even after 16 h of incubation, the loss of sialylation affected mainly tetrasialylated N-glycan species, whereas the sialylation of mono-, di- and tri-sialylated N-glycans was less affected. Given that these experiments were performed at 37°C, we presume that lowering the reaction temperature would allow us to reduce the loss of sialic acids further. The recombinant PNGase was able to maintain full activity for at least 24 h of incubation at temperatures up to 55°C, but almost completely lost activities when incubated for 24 h at 60°C (Figure 3B). The reusability of the PNGase Dj enzyme immobilized on various resins showed that the Ni-NTA carrier could be reused for six cycles without loss of activity, whereas the amino resins ECR8305F and ECR8310F showed activity losses between 10 and 25% per cycle (Figure 3C). Furthermore, no PNGase activities were detected in the acidic reaction buffer, indicating the stable immobilization of PNGase Dj on the Ni-NTA resin (Supplementary Figure 10). No improvements could be achieved when 0.5% BSA (w/v) was added to the reaction mixtures. The storage stability of PNGase Dj was defined as relative activity between the first and successive reactions; No activity losses of the enzyme were observed during the test period of 60 days when stored at 4°C (Figure 3D).
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FIGURE 3. (A) Metal ion dependency of PNGase Dj. (B) Thermal stability of PNGase Dj at various temperatures. (C) Reusability of PNGase Dj using various resins. (D) Long-time storage stability of PNGase Dj at 4°C. The data are represented as the mean values and the error bars showing the standard deviation of three independent activity assays.




CONCLUSION

The research fields of glycomics and glycoproteomics are developing rapidly. Therefore, the discovery of robust and highly active PNGases is key to further improve these technologies. The evaluation of the herein presented PNGase homolog from Dyella japonica in solution and on various solid supports provides a solid foundation for future applications of these enzymes. The establishment of robust and user-friendly protocols using immobilized PNGase Dj for various analytical applications including hydrogen-deuterium exchange mass spectrometry (HDX-MS) of highly glycosylated proteins, or the proteomic identification of glycoproteins after deglycosylation is the current endeavor of our research groups.
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In situ immobilization of enzyme into metal–organic frameworks (MOFs) is performed through a one-step and facile method. Candida antarctica lipase B (CalB) is directly embedded in zeolitic imidazolate framework (ZIF)-8 by simply mixing an aqueous solution of 2-methylimidazole and zinc nitrate hexahydrate [Zn(NO3)2⋅6H2O] containing CalB at room temperature. Due to the intrinsic micropores of ZIF-8, the obtained CalB@ZIF composite is successfully applied in size-selective transesterification reaction in organic solvent. CalB@ZIF not only shows much higher catalytic activity but also exhibits higher thermal stability than free CalB. Besides, the robust ZIF-8 shell also offers the hybrid composites excellent reusability.
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INTRODUCTION

Enzymatic catalysis is one of the most important catalytic processes used in modern industries to manufacture chemicals, pharmaceuticals, food, and materials for human society. Immobilized enzymes are preferred in the industry since free enzymes are usually vulnerable in non-aqueous media or at elevated temperatures (Sheldon, 2007; Zhang et al., 2015). To date, various kinds of solid materials have been employed as carriers for the immobilization of enzymes, including natural polymers, synthetic polymers, inorganic materials, etc. (Hartmann and Jung, 2010; Datta et al., 2013; Zhou and Hartmann, 2013). The immobilization can be approached by different techniques, e.g., adsorption (Wang et al., 2019), covalent binding (Engstrom et al., 2013), affinity immobilization (Keller et al., 2017), and entrapment (Majewski et al., 2017). Generally, the stability of immobilized enzymes is usually enhanced compared with free enzymes, which thus enables the long-term and repeated usage of the enzymes. The ideal enzyme immobilization method should retain maximal enzyme activity while minimizing mass transfer limitation of substrates/products. However, no existing method has entirely fulfilled these requirements (Gkaniatsou et al., 2017). Therefore, developing novel immobilization matrices and methods still remain of key interest. Moreover, the immobilization of enzymes for size-selective catalysis has been rarely reported, though size-selective catalysis is quite important when a reaction is conducted in a complex system containing substrates with the same or similar reaction groups.

Metal–organic frameworks (MOFs) are an attractive class of porous crystalline solids built from metal ions and organic linkers. Due to the easily tunable chemical and structural properties, MOFs have shown great potential in applications in various areas, including gas adsorption (Xiao et al., 2016), catalysis (Huang et al., 2017; Zhu et al., 2017), and drug delivery (Chen et al., 2017; Wu and Yang, 2017). Recently, the application of MOFs as matrices for immobilizing proteins/enzymes has also emerged (Liang et al., 2020). Enzymes could be immobilized through adsorbing (Liu et al., 2013, 2014, 2015; Zhao et al., 2015; Cao Y. et al., 2016; Lu et al., 2016; Zhang et al., 2017; Samui and Sahu, 2018) or crosslinking (Jung et al., 2011; Shih et al., 2012; Doherty et al., 2013; Patra et al., 2015; Cao S. et al., 2016; Patra et al., 2016; Wang et al., 2016; Wen et al., 2016) onto the surface of MOFs. It was also reported that some enzymes could enter the interior of MOFs and be stabilized in the pores (Lykourinou et al., 2011; Chen et al., 2012a; Deng et al., 2012; Kim et al., 2015), whereby enzymes undergo significant conformational change due to the strong interactions between enzymes and organic linkers in MOFs (Chen et al., 2012b, 2014). Prominent enhancement of stability and/or activity of enzymes was observed when they were immobilized on MOFs, indicating that MOFs were among the promising matrices for immobilizing enzymes (Li et al., 2016a, b; Nadar and Rathod, 2018a).

It should be noted that the abovementioned immobilizing enzymes on/in MOFs are usually realized through at least two steps, namely, preparation of MOFs and immobilization of enzymes. One-step fabrication of enzyme/MOF hybrids would be of great interest for its ease of preparation, which requires that the formation of MOFs should proceed in a fast and mild manner and would preserve the activity of enzymes (Gascon Perez et al., 2017). Zeolitic imidazolate frameworks (ZIFs), especially ZIF-8, which grow under mild biocompatible conditions and feature with exceptional chemical and thermal stability, have been primarily studied for the immobilization of enzymes in a one-pot reaction. Liu et al. did the pioneering work in this field, embedding protein (cytochrome c, Cyt c) in ZIF-8 in methanol. During the synthesis, polyvinylpyrrolidone (PVP) was utilized for enhancing the dispersion and stabilization of Cyt c (Lyu et al., 2014). Besides, the protective effect of ZIF-8 for enzymes/proteins, including urease and horseradish peroxidase (HRP), against polar solvents, high temperature, and trypsin was demonstrated by Falcaro’s group (Liang et al., 2015). Shieh et al. (2015) embedded catalase into ZIF-90, showing that the catalase exhibited hydrogen peroxide degradation even in the presence of protease because the catalase was sheltered and protected by ZIF-90 shell. Ge group prepared a hybrid biocatalyst by embedding glucose oxidase (GOx) into ZIF-8, which was further modified with polydopamine (PDA). This composite can be used repeatedly without obvious activity loss (Wu et al., 2015b). Later, GOx/ZIF-8 composites were reported as chemical sensors (Hou et al., 2015; Wang et al., 2017). Ge group further investigated the protective effect of ZIF-8 for the embedded enzymes in various denaturing organic solvents (Wu et al., 2017). The same group also developed multienzyme-containing ZIF-8 composites by immobilizing different enzymes in ZIF-8 in one-pot in aqueous solution at 25°C. High catalytic efficiency, selectivity, and stability of this hybrid material were displayed due to the existence of ZIF-8 shell (Wu et al., 2015a; Chen et al., 2018). Laccase was also entrapped into ZIF-8, showing increased thermostability, reusability, and storage stability (Patil and Yadav, 2018). Based on these reports, it is demonstrated that embedding enzymes in ZIF-8 can proceed in biocompatible conditions in a facile one-step method, holding considerable potential in developing enzyme/MOF hybrid catalysts.

Candida antarctica lipase B is a well-known and easily available lipase, which can catalyze esterification, hydrolysis, and transesterification reaction efficiently. Recently, hybrid materials prepared through embedding CalB and other lipases in ZIF-8 were reported by several research groups (Pitzalis et al., 2018; Cai et al., 2020). Rathod group encapsulated lipase (from Aspergillus niger source) in ZIF-8 by mixing an aqueous solution of Zn(NO3)2 containing lipase with an aqueous solution of 2-methylimidazole (Nadar and Rathod, 2018b). It was found that the ultrasound treatment of lipase before encapsulation increased its activity, probably due to the favorable conformational changes of lipase during sonication. Further, the same group found that the activity of the lipase could be improved in the presence of proline, which was able to maintain active conformation of enzyme and protect active sites under high-temperature conditions (Nadar and Rathod, 2019). Surfactants were also capable to enhance the activity of encapsulated lipase in ZIF-8, as the hydrogen bonding and hydrophobic–hydrophilic interactions between surfactants and lipase were believed to improve the 3D conformation of lipase (Vaidya et al., 2020). It is noticed that these works are mainly focusing on the improvement of catalytic activity of encapsulated CalB or other lipases in ZIF-8 by various methods. Due to the relatively small aperture diameter (3.4 Å) of ZIF-8, assembled ZIF-8 particles have been applied as shells of hybrid catalytic materials for size-selective catalysis (Huo et al., 2015). However, the direct immobilization of enzymes in ZIFs for size-selective catalysis in organic solvents has not been reported so far, which is very important for the controllable conversion of substrates with the same reactive groups.

In this work, we present the entrapment of enzyme CalB in ZIF-8 through biomimetic mineralization under room temperature, obtaining the hybrid material CalB@ZIF. Its application in size-selective biocatalysis for organic synthesis was investigated for the first time. In this hybrid CalB@ZIF, the ZIF-8 shell can not only enhance the activity and stability of CalB but also regulate the accessibility of substrates to the interior CalB.



MATERIALS AND METHODS


Materials and Chemicals

Candida antarctica lipase B was purchased from c-LEcta GmbH (Leipzig, Germany), and the weight percentage of pure CalB in the received product is about 10% based on the Bradford test. Zn(NO3)2⋅6H2O, ethylenediaminetetraacetic disodium salt (EDTA-2Na), and Bradford test reagent Roti-Nanoquant were purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany). Vinyl acetate, vinyl laurate, 2-methylimidazole, 1-butanol, and 3-(4-hydroxyphenyl)propan-1-ol were purchased from ABCR GmbH & Co. KG. Fluorescein isothiocyanate (FITC) was purchased from Sigma-Aldrich. Unless otherwise noted, all the chemicals were used as received without purification.



Characterizations

Bradford test was performed on TECAN infinite M200. Thermogravimetric analysis (TGA) was carried out on NETZSCH STA 449F3 (NETZSCH, Germany) by heating samples from 25 to 800°C in a dynamic Ar atmosphere with a heating rate of 10°C min–1. Fourier transform infrared spectroscopy (FTIR) spectra were recorded on an FTIR spectrometer Tensor II (Bruker) with an attenuated total reflectance (ATR) unit. Powder X-ray diffraction (PXRD) was performed on a PANalytical X’Pert Pro powder diffractometer with Bragg–Brentano geometry equipped with a Ge(111)-monochromator, a rotating sample stage, and a PIXcel detector, using Cu Kα1 radiation (λ = 154.06 pm). The data were collected in reflection mode using a divergence slit that kept the illuminated sample area constant. Optical and fluorescence microscopy images were recorded on Olympus Provis AX70. N2 sorption was measured at 77 K on BeiShiDe (3H-2000PS2). The pore diameter of ZIF-8 was calculated through the Horvath–Kawazoe (H-K) method due to its microporous feature, while the pore diameter of CalB@ZIF was calculated through the Barrett–Joyner–Halenda (BJH) method because of its mesoporous feature. The results were given by the measurement instrument directly. Gas chromatography (GC) analysis was performed on a Shimadzu GC2010 PLUS gas chromatograph equipped with a BPX5 column (25 m × 0.22 mm) using a flame ionization detector (FID).



Preparations


Preparation of CalB@ZIF

CalB@ZIF was synthesized following a reported method with modification (Liang et al., 2015). CalB (200 mg) was dissolved in 400 ml Zn(NO3)2⋅6H2O aqueous solution (80 mM). After stirring for 10 min under room temperature, 400 ml 2-methylimidazole aqueous solution (320 mM) was added. The mixture was stirred for 30 min, and the precipitated white solid was isolated through centrifugation at 4°C. After washing thoroughly with deionized water, the white solid was lyophilized and stored at −20°C before use. The amount of encapsulated CalB was determined by the Bradford test. CalB@ZIF (24.3 mg) was first digested in 1 ml saturated EDTA-2Na aqueous solution. After a transparent solution was obtained, the solution was dialyzed in deionized water for 24 h and lyophilized. The residual solid was then dissolved in 4 ml deionized water and subjected to the Bradford test.



Preparation of ZIF-8

Zeolitic imidazolate framework-8 was prepared by mixing 400 ml Zn(NO3)2⋅6H2O aqueous solution (80 mM) and 400 ml 2-methylimidazole aqueous solution (320 mM). After stirring for 30 min under room temperature, the white solid was isolated through centrifugation and washed thoroughly with deionized water before being lyophilized.



Catalysis


A Typical Procedure for Transesterification Reaction

To a glass vial containing catalyst (CalB@ZIF or ZIF-8, 20 mg) or free CalB (366 μg, the amount was determined through Bradford test), alcohol (300 mM) and vinyl ester (200 mM) in acetone (250 μl) were added. The sealed vial was shaken at 800 rpm under 25°C. At interval time, the reaction mixture (5 μl) was withdrawn and diluted to 100 μl with acetone. The solid catalyst was removed through centrifugation, and the obtained supernatant was analyzed by GC. The conversion was determined by the diminishment of the peak of vinyl ester.



Thermal Stability Measurement

CalB@ZIF (20 mg) or free CalB (366 μg, the amount was determined through Bradford test) was dispersed in 250 μl acetone in glass vials. The sealed vials were shaken at 800 rpm under 50°C. At intervals (0, 1, 2, 4, and 8 h), the glass vials were removed from heating. After cooling to room temperature, n-butanol (5.56 mg, 0.075 mmol) and vinyl acetate (4.30 mg, 0.050 mmol) were added. After being shaken at 800 rpm under 25°C for 25 min, 5 μl reaction mixture was withdrawn and diluted to 100 μl. The supernatant was subjected to GC analysis.



Reusability of CalB@ZIF

To a glass vial containing 20 mg CalB@ZIF, n-butanol (300 mM) and vinyl acetate (200 mM) in acetone (250 μl) were added. The sealed vial was shaken at 800 rpm under 25°C for 2 h. After isolating the solid catalyst from the reaction mixture, the supernatant was analyzed with GC. The isolated CalB@ZIF was washed with acetone (3 × 1 ml) and dried in a vacuum under room temperature before being used in the next run.



RESULTS AND DISCUSSION

CalB@ZIF was prepared by mixing an aqueous solution of Zn(NO3)2⋅6H2O containing CalB and an aqueous solution of 2-methylimidazole, following a reported method with modification (Liang et al., 2015). The schematic illustration of the synthesis of CalB@ZIF is depicted in Scheme 1. ZIF-8 was prepared under identical reaction conditions but in the absence of CalB. It should be mentioned that the formation of ZIF-8 is much slower compared with the formation of CalB@ZIF, indicating that the nucleation of ZIF-8 precursors can be triggered by CalB (Maddigan et al., 2018). The content of trapped CalB in CalB@ZIF was determined based on a standard Bradford assay after digesting CalB@ZIF in EDTA-2Na solution, which turned out to be 18.3 μg mg–1.


[image: image]

SCHEME 1. Schematic illustration of the synthesis of CalB@ZIF.


Powder X-ray diffraction measurement was performed to characterize the crystallinity of CalB@ZIF (Figure 1A). Unexpectedly, no characteristic peaks from ZIF-8 are observed in the PXRD pattern of CalB@ZIF, indicating the formation of amorphous ZIF-8. Amorphous MOFs (aMOFs) are an emerging family of MOF materials, which maintain the basic building blocks but without long-range crystallinity (Bennett and Cheetham, 2014; Bennett and Horike, 2018). Preparation of aMOFs usually requires harsh conditions, including high-pressure treatment (Chapman et al., 2009, 2011), high-temperature heating (Bennett et al., 2011), electron-beam treatment (Conrad et al., 2018), and high-energy ball-milling (Cao et al., 2012). While in our case, the amorphization of ZIF-8 is realized through a biomolecule-induced process in a mild condition. The amorphous feature of CalB@ZIF is probably caused by the coordination between amine groups of CalB and Zn2+, whereby CalB functions as a competitive ligand against 2-methylimidazole and disturbs the periodic structure of ZIF-8 (Ge et al., 2012; Liu et al., 2020).
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FIGURE 1. (A) Powder X-ray diffraction (PXRD) patterns of CalB@ZIF and ZIF-8. (B) Fourier transform infrared spectroscopy (FTIR) spectra of ZIF-8, CalB@ZIF, and CalB. (C) Thermogravimetric analysis (TGA) curves of ZIF-8, CalB@ZIF, and CalB. (D) N2 sorption isotherms of ZIF-8 and CalB@ZIF.


The formation of ZIF-8 structure in CalB@ZIF is confirmed by FTIR measurement (Figure 1B). In the FTIR spectrum of CalB@ZIF, the adsorption bands, which can be assigned to ZIF-8 structure, are clearly observed. The sharp signal at 421 cm–1 is attributed to Zn-N stretching, while the bands at 1,422 and 900–1,300 cm–1 are derived from the stretching and plane bending of the imidazole ring, respectively (Hou et al., 2015). The signal from CalB in CalB@ZIF is almost invisible probably due to the low amount of trapped CalB. TGA results confirm the presence of CalB in CalB@ZIF (Figure 1C). The first-stage weight loss of CalB@ZIF starts from around 250°C due to the decomposition of CalB within the framework, while pure ZIF-8 starts to decompose at nearly 450°C. It is noted that the thermal stability of ZIF-8 decreases slightly in CalB@ZIF, which is possible because of its amorphous structure in the hybrid material.

The porosity of CalB@ZIF and pure ZIF-8 was investigated with the N2 adsorption/desorption experiment (Figure 1D). The isotherm of ZIF-8 displays a steep increase at low relative pressure (P/P0 < 0.1), indicating the existence of permanent micropores. And the average pore diameter of ZIF-8 is 0.799 nm calculated through the H-K method. On the contrary, a sharp rise at high relative pressure in the N2 adsorption isotherm of CalB@ZIF is observed, suggesting the presence of interparticle mesopores. The average pore diameter of CalB@ZIF is 18.380 nm calculated through the BJH method. Meanwhile, the appearance of hysteresis demonstrates the deformation and swelling of CalB@ZIF (Weber et al., 2010). The discrepancy between the N2 adsorption properties of CalB@ZIF and ZIF-8 is possible because of the presence of CalB and CalB-induced amorphization of ZIF-8, which may affect its pore structures (Chapman et al., 2009).

To further confirm the presence of CalB in CalB@ZIF, CalB labeled with FITC (CalB-FITC) was embedded in ZIF-8 following the same procedure for preparing CalB@ZIF, and the obtained sample was denoted as CalB-FITC@ZIF. The black particles observed on the optical microscopic image are the sample CalB-FITC@ZIF (Figure 2A). These particles emit green fluorescence when observed under a fluorescence microscope (Figure 2B). In a control experiment, no fluorescence is emitted from ZIF-8 particles (Supplementary Figure 1). These results manifest the successful entrapment of enzymes in CalB@ZIF.


[image: image]

FIGURE 2. (A) Optical and (B) fluorescent microscopy images of CalB-FITC@ZIF.


Candida antarctica lipase B is a widely used broad-substrate lipase for esterification and transesterification reactions. The catalytic performance of CalB@ZIF was assessed by carrying out transesterification reactions between a pair of small substrates (butanol and vinyl acetate) and a pair of larger ones [3-(4-hydroxyphenyl)propan-1-ol and vinyl laurate] in acetone (Figure 3A; Huo et al., 2015). The reactions were carried out under room temperature, and the conversion was monitored by GC. Initially, the reactions were performed with free CalB as the catalyst. After 120 min, moderate conversion of vinyl acetate and vinyl laurate was found, which was 51.4 and 64.7%, respectively (Supplementary Figure 2). When CalB@ZIF was used as a catalyst, it was found that vinyl acetate was almost totally converted within 120 min using the small substrates (Figure 3B). However, the conversion of vinyl laurate was only 8.2% using the large substrates. In a control experiment, it was also found that 8.5% of vinyl acetate was converted in the presence of ZIF-8 instead of CalB@ZIF. These results reveal that the smaller substrates and their products can readily diffuse through the apertures of ZIF-8, while larger substrates cannot pass through the pores. Leaching test was carried out by isolating CalB@ZIF from the reaction mixture after reacting 30 min, and almost no further conversion of vinyl acetate was observed, indicating that no CalB leached out from CalB@ZIF during the catalysis. It is noteworthy that CalB@ZIF shows a higher catalytic activity than free CalB in catalyzing the transesterification reaction. The enhanced activity of CalB in CalB@ZIF is presumably derived from the conformational change of CalB induced by coordination between CalB and Zn2+, which is called allosteric effect (Ge et al., 2012; Wang et al., 2013). Meanwhile, the microenvironments created by ZIF-8 shell may also contribute to the enhanced activity of encapsulated CalB (Lyu et al., 2014; Sun et al., 2018). Additionally, CalB@ZIF has a much better dispersibility than free CalB in acetone, which is very important to the higher catalytic activity as well. As shown in Figure 3C, when CalB-FITC@ZIF is added into acetone and observed under a UV light (245 nm), the whole mixture emits green fluorescence due to the good dispersibility of CalB-FITC@ZIF. But when CalB-FITC is added into acetone, green fluorescence is only observed at the bottom part. The aggregation of free CalB restricts its catalytic ability in organic solvents (Stepankova et al., 2013).
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FIGURE 3. (A) Reaction schemes of the model reactions. (B) Time-dependent conversion of vinyl acetate or vinyl laurate: (1) conversion of vinyl acetate when CalB@ZIF is used, (2) conversion of vinyl laurate when CalB@ZIF-8 is used, (3) conversion of vinyl acetate in the leaching test (CalB@ZIF was isolated at 30 min), and (4) conversion of vinyl acetate in the presence of ZIF-8 instead of CalB@ZIF. (C) Photo picture of CalB-FITC@ZIF (I) and CalB-FITC (II) in acetone observed under a UV light (245 nm). (D) Thermal stability test of CalB@ZIF and free CalB. (E) Reusability test of CalB@ZIF.


The encapsulation of CalB with ZIF-8 not only offers the catalyst size selectivity and enhanced activity but also elevates the thermal stability of CalB. When CalB@ZIF was used to catalyze the transesterification between vinyl acetate and n-butanol after being incubated in acetone under 50°C for 8 h, it was found that the conversion of vinyl acetate was still higher than 80% of that catalyzed with untreated CalB@ZIF (Figure 3D). Yet the retained activity of free CalB decreased to only about 50%. These results illustrate the high thermal stability of CalB encapsulated in ZIF shells and their potential as a robust catalyst for industry-relevant application in organic solvents. Reusability is also a crucial parameter when catalysts are used in the industry. The reaction between vinyl acetate and n-butanol was still used as the model reaction. As shown in Figure 3E, only a slight decrease in conversion is observed even after CalB@ZIF is used for 10 times. The high reusability of CalB@ZIF is probably because the conformational change of CalB caused by acetone is inhibited by the ZIF shells.



CONCLUSION

In conclusion, a facile method for the direct encapsulation of the enzyme CalB in ZIF-8 is reported. Interestingly, amorphous ZIF-8 shell forms during the preparation, which is probably induced by the coordination between CalB and Zn2+. Size-selective biocatalysis properties of the hybrid CalB@ZIF is investigated for the first time through catalyzing transesterification reaction in organic solvent. The embedded CalB also shows enhanced activity and thermal stability. This work sheds light on the possibility to fabricate enzyme-MOF hybrid catalysts in a straightforward way for task-specific and long-term usage in industrial applications.
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This paper investigates the conformational stability of porcine pancreatic lipase (PPL) in three non-aqueous organic solvents, including dimethyl sulfoxide (DMSO), propylene glycol (PRG), and ethanol (EtOH) through molecular dynamic (MD) simulation. The root mean square deviations (RMSDs), radius of gyration (Rg), solution accessible surface area (SASA), radial distribution function (RDF), hydrogen bond (H-bond), Ramachandran plot analysis, secondary structure, and enzyme substrate affinity of the PPL in the various organic solvents were comparatively investigated. The results showed that the backbone and active pocket RMSD, and hydrophilic ASA of PPL in three solvents increase with the increase in the solvent LogP, while the Rg, hydrophobic ASA, and H-bond between the solvent and PPL decrease. Among the three organic solvents, DMSO acts as a better solvent, in which the PPL can be loose and extended, and retains its native backbone in DMSO compared to PRG and EtOH. Moreover, Ramachandran plot analysis indicated that the PPL structure quality in DMSO was higher than that in PRG and EtOH. Also, the molecular docking results showed that PPL in DMSO exhibited the highest enzyme-substrate affinity.
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INTRODUCTION

Porcine pancreatic lipase (PPL) is widely used in many industrial fields because of its high enantioselectivity in biocatalysis (Li et al., 2017). This enzyme is composed of 448 amino acid residues, containing a serine-asparate-histidine (Ser153, Asp177, His264) catalytic triad (Hermoso et al., 1996). Comparing with various lipase, PPL is cheaper, which makes it interesting for many applications (Paula et al., 2007).

Organic solvent media provide numerous industrial advantages in lipase-catalytic biosynthesis. According to previous literatures, the choice of organic solvents could strongly affect the catalytic performance of the enzyme (Deng et al., 2016), such as activity, substrate specificity, and enantiopreference (Li et al., 2015). In previous literatures, dimethyl sulfoxide (DMSO) was one of the best solvents for highly efficient and regioselective synthesis of dihydromyricetin esters by immobilized Penicillium expansum lipase and Novozyme 435 (Li et al., 2015). Also, literatures reported that DMSO media exhibited potential in reducing protein aggregates and increasing enzyme solubility by avoiding hydrophobic interactions of PPL structure (Vaezzadeh et al., 2018). Thus, elucidating the underlying mechanisms responsible for the observed solvent effects is critical for the bio-catalysis system design. However, the conformational feature of lipase in organic solvents and the mechanism of the effects of solvents on the structure and catalytic performance of the enzyme still await further study.

Molecular dynamic (MD) simulation is a useful pathway in investigating protein structure and obtaining insights into the behavior of the enzymes at the atomic and molecular level. To date, there are several successful examples using MD simulation to illustrate the structure–function relationship of enzymes (Gong et al., 2019). For example, optically pure alcohols are highly valuable chiral chemicals for fine chemical and pharmaceutical industries. Ketoreductase CgKR1 from Candida glabrata is one of the greatest potential biocatalysts for large-scale biosynthesis of optically pure alcohols. In order to obtain high-performance CgKR1mutants, Zheng et al. identified two key residues (Phe92 and Phe94) by using MD simulation, molecular mechanics Poisson–Boltzmann (generalized born) surface area method, and molecular docking, and the result indicated that the higher binding affinity between the substrate and enzyme mutants was partially responsible for the improved catalytic enzyme activity. Moreover, combining the computational and experimental results, the authors elucidate a structure–function relationship of mutant CgKR1-F92C/F94W: the indole ring of Trp94 forms a stable π –π stacking interaction with the imidazole ring of His 93, resulting in the significant spatial movement of the substrate (Zheng et al., 2017). Xu et al. investigated the structure–function relationship of the ketoreductase (LbCR) from Lactobacillus brevis mutant LbCR-A201D/A202L, and the result indicated that the mutation led to additional hydrogen bonds (H-bonds) formed between the activity pocket and the substrate, resulting in the decrease in Km and the activity (Gong et al., 2019). Moreover, the conformations of Candida antarctica lipase B in several organic solvents were investigated by molecular simulation previously (Li et al., 2010), but few studies have been focused on PPL.

In this paper, the effect of the three organic solvents, DMSO, propylene glycol (PRG), and ethanol (EtOH), on the conformational change of PPL structure was studied by using MD simulation, in order to give a molecular insight of the PPL structure in the organic solvent.



MATERIALS AND METHODS


General Simulation Approach

The structure of the PPL was obtained from Protein Data Bank (PDB code: 1ETH). The topology formats of DMSO, PRG, and EtOH were generated by the PRODRG for small molecules for the GROMOS96 43A1 force field (Schuttelkopf and Van Aalten, 2004).

The MD simulations were performed with the Gromacs 4.5.3 package (Berendsen et al., 1995) by using the GROMOS 43A1 force field (Schuttelkopf and Van Aalten, 2004). During the MD simulation, the 1ETH PPL was placed into the center of a cubic, in which the PPL is 1 nm apart from the box margin (with the size of 10.81927 nm × 10.81927 nm × 10.81927 nm). Each simulation box contained one 1ETH PPL molecule and given solvent molecules of DMSO, PRG, and EtOH, respectively (Supplementary Table S1). Then, 7 NA+ were added to the box to balance the electrical neutrality of the simulation system. The MD simulation of PPL in the aqueous system is also performed as a control. Firstly, the whole systems were submitted to 50,000 steps of energy minimization at 300 K by using the particle-mesh Ewald method. Then, position-restrained MD simulation was performed to equilibrate the solvent and ions around the protein 1ETH PPL molecule via the NVT ensemble (constant Number of particles, Volume, and Temperature), followed by the NPT ensemble (constant Number of particles, Pressure, and Temperature). The PPLs in DMSO, PRG, and EtOH were marked as PPL-DMSO, PPL-PRG, and PPL-EtOH, respectively.



The Overall Conformation Change of PPL in Organic Solvents

The active pocket of PPL is composed of Gly77, Phe78, Ile79, Asp80, Trp86, Tyr115, His152, Ser153, Leu154, Asp177, Pro181, His264, and Leu265. The active site includes Ser153, Asp177, and His264. The average density of PPL solvents at the last 1 ns was calculated. The average root mean square deviation (RMSD) of the PPL molecules at the last 1 ns was also calculated. The average radius of gyration (Rg) analysis of the PPL molecules backbone at the last 1 ns was also calculated. Secondary structure analysis, including the alpha helix, beta sheet, and the loop content of PPL, was also calculated by PyMol (DeLano, 2002). The hydrophobic, hydrophilic, and total solution accessible surface area (SASA) of PPL at 19- to 20-ns time were calculated. The average H-bond number (HBN) of both PPL solvent pairs at the last 0.1 ns was also calculated. The root mean square fluctuations (RMSFs) of the PPL were averaged for each residue. The Ramachandran plot analysis of the PPL was performed by the PROCHECK software module (Laskowski et al., 1993), deployed in the free online toolbox Magical Platform1 constructed by our team. The change of PPL in aqueous as control during molecular simulations. The data outputted from Gromacs were also arranged by using the Magical Platform.



Molecular Docking and MMPBSA Analysis

The PPL structure (PPL-DMSO, PPL-PRG, and PPL-EtOH) after simulation and the original PPL structure from the PDB database were used as a receptor. Dicaprylin (DAG) was used as the model ligand. AutoDock Vina (Trott and Olson, 2010) was used to dock PPL with DAG ligands, a total of nine models were docking, and the optimal docking results were estimated via the free energy of binding in kcal/mol units. After molecular docking, all of the PPL-DAG composites were analyzed in the protein–ligand interaction profiler (PLIP) module (Salentin et al., 2015). The AutoDock Vina module and the PLIP module were deployed in the free online toolbox Magical Platform2 constructed by our team. The molecular mechanics Poisson–Boltzmann surface area (MMPBSA) analysis was performed using the g_mmpbsa tool (Kumari et al., 2014).



The Overall Conformation Change of PPL in DMSO, SOL, PRG, and EtOH

The partition coefficient of the solvent in between octanol and water can be defined as the oil–water partition coefficient (LogP, polarity constant) of the organic solvent models, which was calculated according to Wang’s method (Cheng et al., 2007). The solvents are defined as non-polar, polar aprotic, and polar protic solvents and ordered by increasing polarity. The results showed that the LogP value of DMSO, PRG, and EtOH were −1.35, −0.92, and −0.09, respectively.

The RMSDs of the PPL molecules in different organic solvents during the simulation process were calculated. As shown in Table 1, for DMSO, PRG, and EtOH solvents, the average RMSD of the PPL molecular backbone at the last 1 ns increased with increasing polarity of the organic solvents (decreasing of the LogP). Relatively speaking, PPL can retain its native backbone in DMSO much better than that in PRG and EtOH.


TABLE 1. The overall conformation analysis of PPL in solvents.
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Table 1 also indicated that the Rg of the PPL decreased with decreasing polarity of solvents. The Rg of PPL-SOL and PPL-DMSO were 2.47 and 2.51 nm, while that of PPL-PRG and PPL-EtOH were 2.45 and 2.34 nm, respectively. Rg is considered to be an indicator of protein structure compactness (Tarazona et al., 1992). The compactness of a protein depends on the hydrophobicity of its chain (Kohn et al., 2004), while the hydrophobicity of a protein chain was significantly influenced by the polarity of the surrounding solvent (Brady et al., 1990). A previous study showed that the protein could be highly compressed by solvent pressure in the poor solvent, resulting in a solid-like appearance. As a comparison, in a good solvent, the protein is loose and extended (Kohn et al., 2004).

According to the surface area analysis result of the PPL molecules, the hydrophobic surface area of the PPL in the three organic solvents was bigger than that in the aqueous solution (104.84 nm2). It is worth noting that the hydrophilic surface area of the PPL in the organic solvent increased gradually as the polarity of the organic solvents decreased. Also, compared to PPL in the aqueous solution, the ratio of the hydrophobic area to the total surface area increases significantly, revealing the hydrophobic part of the protein molecules and thus becomes more accessible. Thus, combining the Rg analysis of the PPL in the presence of different organic solvents, these results demonstrate that the compression of the PPL molecules (the decreasing of the Rg) in the organic solvents was mainly due to the exposure of the hydrophobic part of the protein on their surface.

Overall, the presence of organic solvent molecules around the enzyme can be interpreted from the radial distribution function (RDF) of solvent molecule to PPL. The first RDF peak at about 0.3 nm belongs to the H-bond between the amino acid residues of the PPL and the solvents (Figure 1).
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FIGURE 1. Radial distribution function (RDF) of solvent molecule to PPL.


The total number of the H-bond between PPL and the solvent is shown in Supplementary Figure S7. The results showed that the total number of H-bond between the solvent and enzyme decreased with the increase in the organic solvent’s hydrophobicity. The HBN between water and PPL was about 762. For the three organic solvents, the H-bond between PPL of DMSO was about 211, while that of PRG and EtOH was only 66 and 40, respectively. In order to throw insights into these H-bond results, the number of the DMSO, PRG, and EtOH surrounding the PPL was analyzed, with the number 497, 392, and 362, respectively. Moreover, combining the SASA and Rg data of DMSO, PRG, and EtOH during the simulation, the highest number of H-bond between DMSO and PPL can be explained as follows: among the three organic solvents, the PPL in the DMSO solvent exhibits the highest SASA and Rg. Thus, the PPL can contact with more solvent molecules, resulting in more possibility of forming H-bonds.

Based on the secondary structure analysis, the alpha helix structure of the PPL decreased with the increase in the polarity of the organic solvent. Moreover, the beta sheet structure content of the PPL in DMSO was similar with the PPL water and significantly higher than that in PRG and EtOH. What’s more, the loop content in the three organic solvents increased from 48.21 to 62.50%, with the increase in the solvent LogP.

Ramachandran plot is an objective method of evaluating the quality of a protein structure, as shown in Figure 2 and Supplementary Table S1. The results indicated that the number of amino acids of PPL in DMSO (276) located at the most favored region was significantly higher than that in PRG (236) and EtOH (225), while the amino acid located at the disallowed regions was significantly lower than that in PRG and EtOH. This indicates that the quality of the PPL structure in DMSO was higher than that in PRG and EtOH.
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FIGURE 2. Ramachandran plot analysis of PPL in different solvents.


Figure 3A reveals the RMSF of the PPL in DMSO, PRG, and EtOH. For PPL in all three organic solvents, the regions (Lys70-Val125), (Ile150-Glu180), and (Gly255-Pro285) exhibited a relatively low RMSF value, indicating lower flexibility and higher rigidity of these regions. It is worthy to note that the active pocket of PPL (includes Gly77, Phe78, Ile79, Asp80, Trp86, Tyr115, His152, Ser153, Leu154, Asp177, Pro181, His264, and Leu265) is located at the above regions. Thus, the overall conformation of the active pocket remains stable during the simulation.
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FIGURE 3. (A) RMSF analysis of PPL in organic solvents; (B) structure analysis of region (Glu2-Ser12); (C) structure analysis of region (Lys137-Gly141).


Moreover, for PPL in PRG and EtOH, the regions (Glu2-Ser12), (Lys137-Gly141), (Cys182-Val190), (Lys240-Ile249), (Asn320-Val325), and (Asn405-Val414) exhibited a relatively high RMSF value than that of PPL in DMSO, indicating higher flexibility and lower rigidity of these regions. The region (Glu2-Ser12) of PPL-DMSO belongs to a beta sheet, while that of PPL-PRG and PPL-EtOH belongs to a loop structure (Figure 3B). On the other hand, the significant RMSF peak that occurred at (Lys137-Gly141) in PPL-EtOH mainly attributed to the conversion from the alpha helix to the loop structure while in the presence of the EtOH solvent (Figure 3C). The regions (Lys240-Ile249) and (Asn320-Val325), which mainly consist of the loop structure, also exhibit RMSF peaks.



Effect of the Solvent on the Enzyme-Substrate Affinity

Molecular docking is a useful way of investigating enzyme substrate affinity. As shown in Supplementary Table S1, the PPL-DMSO exhibits the highest affinity (−6.1 kcal/mol) among the three organic solvents, suggesting that PPL-DMSO has the most stable docked structure compared to that of the other solvents.

Moreover, PLIP was used to investigate the PPL–substrate interaction. The greatest number of the substrate-binding sites can be observed in PPL-DMSO. The number of amino acid residues demonstrating hydrophobic interactions with the DAG substrate in PPL-DMSO was six, while that in PPL-PRG and PPL-EtOH were both five. Three residues in PPL-DMSO were detected to interact with DAG through hydrogen bonding, while in PPL-PRG and PPL-EtOH, there was only one. What’s more, two residues in PPL-DMSO can interact with DAG via the salt bridge, while none of the salt bridge can be observed between DAG and PPL-PRG/PPL-EtOH. These results illustrated that the PPL in the DMSO solvent exhibited the highest enzyme-substrate affinity compared to PRG and EtOH.

After simulating 20 ns under the same conditions, the free energy results of the three organic solvents were calculated by the MM/PBSA method (Supplementary Table S5). The total binding energy results of the three PPL–ligand complexes were negative, indicating that there was a spontaneous adsorption process between PPL and ligand LIG in the three organic solvent models. Moreover, among the three organic solvents, the highest total binding affinity was observed in the DMSO-PPL model (−115.737 ± 14.157 kJ/mol), followed by the ETO organic solvent model (−105.076 ± 27.058 kJ/mol), and the lowest was the ETO organic solvent model (−72.215 ± 49.967 kJ/mol). Comparing with the different interaction energy (including van der Waals energy, electrostatic energy, polar solvation energy, and SASA energy), the van der Waals interactions are dominant in the PPL-LIG binding process. On the contrary, polar solvation has a strong antagonistic effect on the combination of PPL and LIG.



CONCLUSION

In this paper, the conformation, structure, and substrate affinity in the three organic solvents are discussed. Via simulation, the RMSDs, Rg, SASA, RDF, H-bond, Ramachandran plot analysis, secondary structure, and the enzyme substrate affinity of the PPL in the various organic solvents were comparatively investigated. The results showed that the backbone, active pocket RMSD, and hydrophilic ASA of PPL in the three solvents increase with the increase in the solvent LogP, while the Rg, hydrophobic ASA, and H-bond between the solvent and PPL decrease. Among the three organic solvents, DMSO was the better solution compared to PRG and EtOH for the following reasons: (1) PPL can be loose and extended and retained its native backbone in DMSO, (2) higher PPL structure quality as indicated by Ramachandran plot analysis, and (3) PPL in the DMSO solvent exhibited the highest enzyme-substrate affinity according to molecular docking results and MMPBSA analysis.
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The enzymatic synthesis of short-tailed alkyl glucosides is generally carried out in an aqueous-organic biphasic reaction medium with a rather low fatty alcohol concentration in the aqueous phase (where the synthesis occurs). Thus, hydrolytic reactions have a significant impact on the synthesis performance. Given this background, the use of acetone as cosolvent was studied for the synthesis of butyl-β-galactoside with Aspergillus oryzae β-galactosidase. The liquid–liquid equilibrium of the reaction mixture components (acetone/1-butanol/aqueous solution) was determined and the single- and two-phase regions were defined at 30, 40, and 50°C. It was observed that the liquid–liquid equilibrium of the ternary system acetone/1-butanol/water differs significantly from the one obtained using an aqueous solution (50 mM McIlvaine buffer pH 4.5; 5 g L–1) instead of water. This is mainly because of the salting-out effect of the buffer; nevertheless, the presence of lactose also altered the equilibrium. Having this in mind, the effects of temperature (30 and 50°C) and reaction mixture composition were assessed. Three general conditions were evaluated: single-phase ternary system (30% acetone), two-phase ternary system (10% acetone) and two-phase binary system (0% acetone). Acetone had a deleterious effect on enzyme stability at 50°C, leading to low reaction yields. However, no enzyme deactivation was detected at 30°C. Moreover, a reaction yield of 0.98 mol mol–1 was attained in the 30/50/20% (w/w) mixture of acetone/1-butanol/aqueous solution. This very high yield can be explained by the huge increase in the concentration of 1-butanol and the reduction of water activity. The synthesis was carried out using also the β-galactosidase immobilized in glyoxal-agarose and amino-glyoxal-agarose, and by aggregation and crosslinking. In the case of agarose-derived catalysts, two average particle diameters were assessed to evaluate the presence of internal mass transfer limitations. Best yield (0.88 mol mol–1) was obtained with glyoxal-agarose derivatives and the particle size had non-effect on yield. The chemical structure of butyl-β-galactoside was determined by NMR and FT-IR.

Keywords: lactose, alkyl-glycoside, β-galactosidase, butyl-β-galactoside, sugar-based surfactants


INTRODUCTION

Alkyl-glycosides (AGs) are a new family of non-ionic surfactants that stand out from conventional non-ionic surface agents for being easily biodegradable, non-toxic and hypoallergenic (Rather and Mishra, 2013). Furthermore, they are synthesized from renewable raw materials, so they are a sound replacement for nonyl-phenol and its ethoxylated-derivatives (United States Environmental Protection Agency, 2012). AGs have been commonly used as ecofriendly substitutes of conventional surfactants in cleaning, lubrication, wetting, emulsification and foaming (Mańko and Zdziennicka, 2015); nevertheless, they have also gained attention due to their intrinsic properties. For instance, AGs have been posed as replacement of the polysorbates used to prevent the aggregation of therapeutic proteins. AGs are much more chemically stable than polysorbates, so they do not provoke unwanted modifications in therapeutic proteins during their storage (Maggio, 2012; Mahjoubi et al., 2017).

AGs are formed by a carbohydrate (polar head) coupled by an ether linkage (O-glycosidic bond) to an alkyl chain (non-polar tail). At industrial scale AGs are produced by Fischer glycosidation, i.e., the condensation of a fatty alcohol and a carbohydrate using an acid catalyst and high temperature to favor substrate miscibility (Balzer and Lueders, 2000). AGs can be synthetized also with glycoside hydrolases as biocatalysts, with the advantages of using mild reaction conditions, reducing waste production and not requiring highly pure substrates (Van Rantwijk et al., 1999; Vera et al., 2020). However, enzymatic synthesis has some drawbacks, such as a lower yield than obtained in chemical synthesis. Yield typically decreases as molecular weight of the fatty alcohol increases (Rather and Mishra, 2013) so that the enzymatic production of AGs is only efficient for those having a short tail (Hronská et al., 2016; Vera et al., 2017a, b, c). Since AGs having tails with more than 8 carbon atoms are required for most industrial applications (Gaudin et al., 2019), the synthesis of AG with shorter tails has been relatively less reported. However, in recent years the production of short-tailed AGs has received more attention due to their interesting tensioactive and antimicrobial properties (Charoensapyanan et al., 2016; Garcia-Arellano et al., 2019). Furthermore, they can be used as building-blocks for organic synthesis (Wang et al., 2019). Recently, Starchem Enterprises (China) has started the bulk production of butyl and hexyl-glucosides, marketing both as solubilizers in hard surface cleaning, especially in beer bottle cleaning and metal anti-corrosion cleaning (Starchem Enterprises Limited, 2019). Therefore, this renewed interest in short-tailed AGs production opens up an opportunity for using biocatalysis and underutilized carbohydrates in the synthesis of ecofriendly surfactants.

The enzymatic synthesis of AGs is usually based on the capability of glycoside hydrolases to transfer a carbohydrate moiety to a nucleophile containing a hydroxyl group, in this case, to a fatty alcohol (Rather and Mishra, 2013; Vera et al., 2020). Thus, to favor the synthesis of AGs (transglycosylation) over the hydrolysis of the donor substrate, a fatty alcohol concentration as high as possible is required. However, fatty alcohols are slightly miscible or immiscible with aqueous solutions, so the enzymatic synthesis of AGs generally occurs in a biphasic system (Vera et al., 2017b), which aqueous phase has a poor concentration of the fatty alcohol. On the other hand, mass transfer phenomena and partitioning may play an important role in the reaction performance. AGs are expected to be preferentially partitioned into the organic phase, avoiding its hydrolysis (secondary hydrolysis) and in this way favoring AGs accumulation (Vera et al., 2017a, b).

In this work, the enzymatic synthesis of butyl-β-galactoside from 1-butanol and lactose was studied considering that lactose is an underutilized, inexpensive and readily available carbohydrate (Chen and Gänzle, 2017). Furthermore, this synthesis can be efficiently catalyzed by β-galactosidases, which are robust commodity enzymes that are commercially available for the food industry at a rather low price (Illanes, 2011; Vera et al., 2017b). Butyl-glycosides have interesting applications in cleaning formulations (Starchem Enterprises Limited, 2019) and as building-blocks for more complex surfactants (Monsan et al., 1996). In the present work, the use of acetone is assessed in order to increase the concentration of 1-butanol in the aqueous phase and avoid the formation of a biphasic reaction medium. In this manner, it is expected to favor the transgalactosylation reaction, so increasing the reaction yield. However, this strategy may have some problems that needs to be experimentally addressed, e.g., the absence of the organic phase may promote the (secondary) hydrolysis of the butyl-β-galactoside produced and the acetone may significantly reduce the enzyme stability and the solubility of lactose. Given the complexity of the experimental system, the surface response methodology is typically used to determine the effect of the experimental variables and optimize their value to maximize an objective function (Vera et al., 2017b, c). However, this approach provides a limited understanding of the phenomena underlying behind. So, in this article, a deterministic experimental approach was utilized.



MATERIALS AND METHODS

Aspergillus oryzae β-galactosidase (Enzeco®Fungal Lactase) was donated by Enzyme Development Corporation (EDC, New York, NY, United States). The enzyme preparation was stored refrigerated, with no appreciable change in its activity during the research period. 6% BCL Agarose Bead Standard and 6% BCL Agarose Bead Fine were provided by Agarose Bead Technologies (ABT, Madrid, Spain). All the remaining reagents were of analytical grade (or superior) and were purchased to Merck (Darmstadt, Germany) or Sigma (St. Louis, MO, United States). Before being used acetone and 1-butanol were dehydrated using 3Å molecular sieves.


Liquid–Liquid Equilibrium for the Mixture Acetone/1-Butanol/Aqueous Solutions

The liquid–liquid equilibrium for the mixture acetone/1-butanol/aqueous solutions was studied at 30, 40, and 50°C for the following aqueous solutions: water, 50 mM McIlvaine buffer pH 4.5 and a 5 g L–1 dissolution of lactose in 50 mM McIlvaine buffer pH 4.5. The experimental procedure followed was the one reported by Palei (2010). Briefly, acetone was gently dropped into mixtures of 1-butanol/aqueous solutions until reaching the miscibility point, where the mass percentage of each component was calculated and reported using a triangular (ternary) plot. The experiments were done at least in triplicate and for all the reported data the coefficient of variation (standard deviation to mean ratio) was lower than 5%. It is worth mentioning that high lactose concentrations were not evaluated because the formation of a precipitate was observed at certain experimental conditions. The lower temperature limit was selected considering 5°C above the room temperature for allowing an adequate control of the temperature by the thermocirculator (Julabo Corio CD, Germany). To minimize the effect of enzyme inactivation during testing, the upper limit was selected by taking 5°C below the optimum temperature for the enzyme reported by the supplier.



Synthesis of Butyl-β-Galactoside With Soluble Enzyme in a Ternary System

Synthesis of butyl-β-galactoside was performed at 30 and 50°C with soluble A. oryzae β-galactosidase, using lactose as donor substrate, 1-butanol as acceptor substrate and acetone as cosolvent. An initial total mass of 40 g was used for all the assays; all assays were conducted in triplicate. Mean values and standard deviation of the triplicates are reported in all cases. Reactions were carried in 100 mL Schott bottles contacting different ratios of an aqueous solution (5 g L–1 lactose in 50 mM McIlvaine buffer pH 4.5), 1-butanol and acetone. The combined effect of three mass percentages of aqueous solution (20, 40, and 60%) and three mass percentages of acetone (0, 10, and 30%) were experimentally evaluated, the remaining mass percentages corresponding to 1-butanol. These conditions were chosen considering the results shown in section “Characterization of the Ternary System Acetone/1-Butanol/Aqueous Solutions.” Three general conditions were evaluated: single-phase ternary system (30% acetone), two-phase ternary system (10% acetone) and two-phase binary system (0% acetone). In this way, the effect of cosolvent concentration and the number of liquid phases could be studied. Syntheses were initiated adding a constant enzyme load of 400 IU. Samples of 0.5 mL were taken at regular time intervals during 2 h. Reaction was stopped by vigorous mixing of the samples with an equal volume of 75 mM Na2CO3. Then, the samples were vacuum dried in a centrifugal concentrator Speedvac SPD111 VP2 (Thermo Scientific) in order to remove the organic solvents, since they interfere with butyl-β-galactoside quantification. Afterward, the samples were reconstituted in MiliQ water and filtered using a disposable PDVF syringe filter (diameter: 13 mm; pore: 0.22 μm) provided by Filterpore (Chile). Carbohydrates (lactose, glucose and galactose) and butyl-β-galactoside were determined by HPLC.

The synthesis performance was evaluated using the yield (Y) and productivity (π) of butyl-β-galactoside as parameters:
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where Y represents the moles of butyl-β-galactoside obtained per mol of lactose added into the reaction and π corresponds to the volumetric productivity of synthesis, namely the moles of butyl-β-galactoside obtained per unit of reaction volume and unit of time. Since the synthesis of butyl-β-galactoside is a kinetically controlled reaction both parameters were evaluated when the maximum concentration of the product was reached.



Immobilization of A. oryzae β-Galactosidase

In a previous report about the synthesis of butyl-β-galactoside with immobilized enzymes, some indirect evidences of internal diffusional restrictions (IDR) were observed (Vera et al., 2017b). In the present work, agarose beads were used as support with different average particle diameters for determining the influence of IDR in Y and π. Also, two different functionalized agaroses were used: glyoxal-agarose (GA) and amino-glyoxal agarose (Am-GA). 6% BCL Agarose Bead Standard and 6% BCL Agarose Bead Fine with particle diameters ranging from 50 to 150 and from 20 to 50 μm, respectively, were employed as starting raw material. Aside, the use of β-galactosidase crosslinked aggregates (CLAGs) prepared using 1-propanol as precipitating agent was assessed. Because of the very high specific activity of CLAGs the presence of IDR is to be expected.

Immobilization in GA was conducted as previously reported (Guerrero et al., 2017a, b). Firstly, the agarose beads were activated with glycidol and then oxidized with sodium (meta)periodate. Secondly, the enzyme was linked to the activated support using an enzyme load of 30 mgprotein g–1support, 0.1 M bicarbonate buffer pH 10 with 20% (v/v) of glycerol. The suspension was kept at 4°C under gentle stirring. Afterward, the Schiff base formed between glyoxal and amine groups was reduced to a secondary amine with sodium borohydride. Then, the biocatalyst was recovered by filtration and washed with 50 mM McIlvaine buffer pH 4.5. On the other hand, the immobilization in Am-GA was conducted following the method described by Guerrero et al. (2017a). Briefly, the support was activated with triethylamine and then oxidized with sodium (meta)periodate. An enzyme dissolution (30 mgprotein g–1support) in 5 mM phosphate buffer pH 7 was contacted with the activated support for 2 h at 25°C. The suspension was filtered and the solid resuspended in 5 mM bicarbonate buffer pH 10 (with 20% v/v glycerol). The suspension was kept overnight under gentle stirring at 4°C. The Schiff base formed between glyoxal and amine groups in the enzyme was reduced using sodium borohydride. Finally, the biocatalyst was recovered by filtration and washed with 50 mM McIlvaine buffer pH 4.5. The β-galactosidase crosslinked aggregates (CLAGs) were prepared as described by Guerrero et al. (2015, 2020). The enzyme was precipitated in 1-propanol 50% (v/v) and the precipitated protein was crosslinked using glutaraldehyde as bifunctional reagent. Glutaraldehyde was added at a ratio of 5.5 g per gram of protein and the suspension was kept under gentle stirring during 5 h. Then, the biocatalyst was recovered by centrifugation and washed with McIlvaine buffer 50 mM pH 4.5.

To assess the net outcome of the immobilization process, the immobilization yield (percentage of contacted activity expressed in the enzyme-derivative) and the specific activity of the biocatalysts (IU gbiocatalyst–1) were determined. The immobilization yield of β-galactosidase on GA standard, GA fine, Am-GA standard, Am-GA fine and CLAGs were 27, 50, 29, 44, and 81%, respectively. The specific activity of GA standard, GA fine, Am-GA standard, Am-GA fine and CLAGs were 2,364 ± 45, 4,614 ± 98, 2,618 ± 38, 3,253 ± 61 and 40,267 ± 785 IU g–1, respectively.



Synthesis of Butyl-β-Galactoside With Immobilized Enzyme

Reactions were carried out using a magnetically stirred glass reactor with a total volume of 250 mL provided by Pobel (Spain). Synthesis were conducted at the best conditions reported in section “Synthesis of Butyl-β-Galactoside in a Ternary System,” i.e., 30°C, 30/50/20% (w/w) of acetone/1-butanol/aqueous solution (5 g L–1 lactose in 50 mM McIlvaine buffer pH 4.5), respectively. An initial total mass of 100 g was used for all the assays and reactions were started by adding 1,000 IU of immobilized β-galactosidase, in order to maintain the same enzyme load (10 IU per gram of reaction medium) than in the synthesis conducted with the free enzyme. Samples of 1 mL were taken at regular time intervals during 2 h. In order to remove the catalyst, samples were centrifuged for 30 s using a spin centrifuge (BiosebLab, France) and then the supernatant was filtered using a disposable PDVF syringe filter (diameter: 13 mm; pore: 0.22 μm) provided by Filterpore (Chile). Quantification of substrate and products was conducted as described in section “Synthesis of Butyl-β-Galactoside With Soluble Enzyme in a Ternary System.” All assays were conducted in triplicate. Mean values and standard deviation of the triplicates are reported in all cases.



Determination of β-Galactosidase Activity

One international unit (IU) of β-galactosidase was defined as the amount of biocatalyst that hydrolyzes 1 μmol of o-nitrophenol-β-D-galactopyranoside (ONPG) per minute at 40°C and pH 4.5. The o-nitrophenol produced was measured using a Jasco V-730 spectrophotometer provided with temperature control and a magnetic stirring system. 50 mM McIlvaine buffer was used to set the pH at 4.5. A specific activity of 108.5 ± 1.6 IU mg–1 was determined for the commercial preparation of Aspergillus oryzae β-galactosidase.



Substrates and Products Determination by High Performance Liquid Chromatography (HPLC)

Lactose, glucose, galactose, butyl-β-galactoside, acetone, and butanol were determined using an HPLC system (Jasco, Japan), consisting on a refractive index detector RI-4030, a quaternary pump 4180, a column heater CO-4060, an autosampler AS 4050, and interphase LCNETII-ADC. The peaks were integrated using the Chromnav 2.0 software provided by the manufacturer. Samples were eluted through an Aminex® HPX-87H (300 mm × 7.8 mm) column at a flow rate of 0.4 mL min–1. Mobile phase was a mixture of 0.005N sulfuric acid and 0.2% (v/v) of acetonitrile. Column and detector were kept at constant temperatures of 45 and 40°C, respectively. Retention times for lactose, glucose, galactose and butyl-β-galactoside were 10.9, 12.8, 13.7, and 19.5 min, respectively. Acetone, and butanol were quantified employing the same procedure, but using an eluent flow rate of 0.5 mL min–1. Their retention times were 26.1 and 42.9 min, respectively.



Purification and Identification of Butyl-β-Galactoside

Butyl-β-galactoside was synthesized by scaling the procedure described in section “Synthesis of Butyl-β-Galactoside With Soluble Enzyme in a Ternary System” to 1 kg of reaction mixture. However, in this case the reaction was stopped by boiling. The reacted mixture was concentrated to 100 mL (approximately) in a rotary evaporator at 65°C. The concentrate was fully dried at room temperature in a Speedvac SPD 111 VP2. Butyl-β-galactoside was purified by liquid extraction. Powder was dissolved in 10 mL of 0.1M NaOH and contacted with 300 mL of 1-butanol. The aqueous phase was discarded and 10 mL of 0.1M NaOH was added to the organic phase. This procedure was repeated six times and then repeated three times but replacing the NaOH solution by MilliQ water. Finally, the organic phase was dried at room temperature in a Speedvac SPD 111 VP2. Butyl-β-galactoside was obtained with a purity over 99.9% (Checked by HPLC) and used as HPLC-standard.

Butyl-β-galactoside was characterized by 1H and 13C nuclear magnetic resonance (NMR) using a Bruker NMR Spectrometer, Neo Multinuclear Advance 400 MHz. Samples were dissolved in D2O and experiment conducted at 300 K. Also, butyl-β-galactoside was analyzed using a Fourier Transform Infrared (FT-IR) spectrometer FT-IR IFS 66V BRUKER. A KBr pellet was prepared and its spectrum was recorded in the range from 400 to 4,000 cm–1. All the analyses were performed by the Analytical Service of the Faculty of Chemistry and Biology of the University of Santiago of Chile.



Statistical Analyses

All statistical analyses were done using Microsoft Excel 365 tools and a significance level of 0.05 was utilized for the analysis of variance (Anova), t-paired and Tukey tests. All experiments were done at least in triplicate. Mean and standard deviation are reported in all cases. Superscripts in Tables 1 and 2 are used to indicate a statistically non-significant difference according to Tukey test.


TABLE 1. Product yield (Y) and productivity (π) of butyl-β-galactoside synthesis with soluble β-galactosidase from A. oryzae in acetone/1-butanol/aqueous solution ternary system.
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TABLE 2. Product yield (Y) and productivity (π) of butyl-β-galactoside synthesis with immobilized β-galactosidase from Aspergillus oryzae in acetone/1- butanol/aqueous solution ternary system.

[image: Table 2]


RESULTS AND DISCUSSION


Characterization of the Ternary System Acetone/1-Butanol/Aqueous Solutions

Even though the liquid–liquid equilibrium for the system acetone/1-butanol/water has been previously reported, the presence of ionic solutes in the aqueous phase significantly modifies the liquid–liquid equilibrium (Santos et al., 2001; Palei, 2010). The addition of electrolytes may provoke the “salting-out” phenomena, namely the reduction of the mutual solubility of the solvents, so increasing the two-phase region. Also, it may produce a decrease in the solubility of a non-electrolyte in the aqueous-phase (Santos et al., 2001; Palei, 2010). In the particular case of butyl-β-galactoside synthesis, the presence of the buffer components (electrolytes) and the carbohydrates (non-electrolytes) alter the liquid–liquid equilibrium for the system acetone/1-butanol/water. Since it is difficult to forecast the resulting equilibrium, this was experimentally assessed. As can be appreciated in Figure 1, the electrolytes forming the McIlvaine buffer exert a salting-out effect, which is reflected by an increase in the two-phase region, this effect being more pronounced at higher temperatures and in the presence of lactose. Also, Figure 1 indicates that the salting-out effect is present in the binary system 1-butanol/water, leading in this case to a lower content of water in the organic phase, while the composition of the aqueous phase does not vary significantly. The obtained results are in good agreement with those reported by Palei (2010), who studied the effect of salts (KCl and NaCl) in the ternary system acetone/1-butanol/water.
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FIGURE 1. Ternary phase diagram for the acetone/1-butanol/aqueous solution system. (A), (B), and (C) correspond to 30, 40, and 50°C, respectively. Black circles: water; red triangles: 50 mM McIlvaine buffer pH 4.5 and blue diamonds: lactose solution 5 g/L in 50 mM McIlvaine buffer pH4.5. The green crosses in panel (C) correspond to the experimental conditions studied in this work for the synthesis of butyl-β-galactoside. The mixture composition is expressed in mass percentages.


Considering that the effect of salting-out was more severe at 50°C, the experimental conditions to evaluate the synthesis of butyl-β-galactoside in the ternary system acetone/1-butanol/water were defined taking into account Figure 1C. In this figure the selected conditions are represented by green crosses. Three general conditions were assessed: single-phase ternary system (30% acetone), two-phase ternary system (10% acetone) and two-phase binary system (0% acetone). In this way, the effect of cosolvent concentration and the number of liquid phases was determined.



Synthesis of Butyl-β-Galactoside in a Ternary System

As an example of the reaction behavior, the profiles of the donor substrate and the products in the synthesis of butyl-β-galactoside are presented in Figure 2, where subfigures A and B show the kinetics of the synthesis under the best and worst experimental conditions in terms of Y. In this figure, the disappearance of lactose is accompanied by an equimolar appearance of glucose, because the latter corresponds to the leaving group of the donor substrate (lactose). Depending on the reaction conditions, the galactose moiety was preferably transferred either to 1-butanol or water to produce butyl-β-galactoside (Figure 2A) or galactose (Figure 2B), respectively.
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FIGURE 2. Synthesis of butyl-β-galactoside with soluble β-galactosidase from A. oryzae in the ternary system acetone/1-butanol/aqueous solution. (A) 30/50/20 and (B) 30/10/60% (w/w) of acetone/1-butanol/aqueous solution (5 g L–1 of lactose). Reactions were conducted at 30°C. Triangles: lactose; circles: glucose; diamonds: butyl-β-galactoside; squares: galactose.


The results obtained in the synthesis of butyl-β-galactoside in the ternary system: acetone/1-butanol/aqueous solution are presented in Table 1. Under the studied conditions, lower values of Y and π were obtained at 50°C than at 30°C. In most of the experiments conducted at 50°C, negligible changes in the concentration of substrates and products were observed after 30 min of reaction, which is due to enzyme inactivation. In a previous work Vera et al. (2017b) reported a negative effect of temperature on yield; however, the temperature effect was less severe in that case. Brena et al. (2003) reported that acetone, dioxane, and ethanol have a deleterious effect on the stability of this enzyme even at low concentrations. Therefore, the results in Table 1 can be explained considering that in the present work acetone, which was used as a cosolvent, probably reduced the thermal stability of A. oryzae β-galactosidase. Despite this disadvantage of using acetone as a co-solvent, it is worth mentioning that acetone also has desirable properties: it is miscible with water, it is an aprotic solvent that cannot act as an acceptor in transgalactosylation reactions, whereby unwanted parallel reactions are avoided, it can be produced from renewable raw materials, and it is generally classified as a green solvent (Joshi and Adhikari, 2019). In addition, the adverse effect of acetone on enzyme stability decreases significantly at 30°C. As can be seen in Table 1, a Y value close to 1 mol mol–1 was attained at 30°C in the presence of 30% (w/w) acetone. This Y value is remarkably higher than the values reported by Vera et al. (2017b) and Ismail et al. (1999), where maximum values of 0.58 and 0.79 mol mol–1 were obtained, respectively. Also, it is higher than reported for the closely related synthesis of propyl-β-galactoside (Hronská et al., 2016; Vera et al., 2017c).

If the synthesis of butyl-β-galactoside is conducted at a temperature low enough to avoid enzyme inactivation, the effect of acetone can be understood considering two limiting cases of very low and very high ratios of aqueous phase to organic phase (acetone plus 1-butanol). The former case is illustrated by the results obtained at 30°C and 20% (w/w) of aqueous solution (see Table 1); under this condition, the addition of the cosolvent provoked an increase in the 1-butanol concentration in the phase where reaction occurred. The initial concentration of 1-butanol was 76.4 ± 1.5 and 596 ± 5.2 g L–1 at 0/80/20 and 30/50/20 mass percentages of acetone/1-butanol/aqueous solution, respectively. This impressive increase is due to the system passing from two-phase to single-phase. Also, there is an obvious decrease in water activity. The increase in the acceptor substrate concentration and the reduction in water activity altogether led to the almost fully suppression of the hydrolytic reaction. In the latter case, which is depicted by the experiments at 60% (w/w) of aqueous solution, the rise in the acceptor substrate concentration and the reduction in water activity were not enough to compensate for the lower enzyme stability. Likewise, Lang et al. (2006) reported a compromise between the gain in Y and the loss in enzyme stability, when an ionic liquid was used as a cosolvent in transgalactosylation reactions. In that report the authors concluded that the moderate increase in Y (10%) justifies the use of an ionic liquid in terms of practical considerations (productivity and cost). Similarly, in the synthesis of alkyl-glycoside with the α-amylase from Thermotoga maritima the use of deep eutectic solvents (DES) provoked a reduction in enzyme stability and a decrease in enzyme activity, but favored transglycosylation (alcoholysis) over hydrolysis at concentration lower than 10% v/v (Miranda-Molina et al., 2019). In the synthesis of hexyl-β-galactoside with A. oryzae β-galactosidase (Vera et al., 2017a), the addition of 30% (v/v) acetone produced a significant increase in Y, mainly because of a decrease in secondary hydrolysis. On the other hand, when butyl-β-galactoside synthesis was conducted in a biphasic media (1-butanol/aqueous solution), the butyl-β-galactoside was partitioned preferentially into the organic phase (Vera et al., 2017b). So, a reduction in the secondary hydrolysis (product hydrolysis) was expected. Considering the results obtained at 30/50/20% (w/w) of acetone/1-butanol/aqueous solution, it is concluded that an increase in 1-butanol concentration in the phase where reaction occurs and the reduction in water activity have a stronger effect than the partition effects on increasing Y. For A. oryzae β-galactosidase, this may be due to the fact that the Michaelis constant for butyl-β-galactoside is 57-fold lower than the one for lactose (Vera et al., 2017a), so butyl-β-galactoside is preferentially hydrolyzed at the aqueous phase.



Synthesis of Butyl-β-Galactoside Using Immobilized β-Galactosidase

In this report, three methodologies of immobilization were done to produce the catalysts that were assessed for the synthesis of butyl-β-galactoside in the ternary system acetone/1-butanol/aqueous solution. Immobilization in GA beads was evaluated because the best yield in the synthesis of butyl-β-galactoside in a binary system was obtained using this catalyst (Vera et al., 2017b). Guerrero et al. (2017a) immobilized A. oryzae β-galactosidase in GA, Am-GA, carboxyl-glyoxal agarose and copper (II) chelate-glyoxal-agarose beads attaining the higher specific activity and stabilization factor with the enzyme immobilized in Am-GA, so based in this background information, the immobilization of the enzyme in Am-GA was also evaluated. Vera et al. (2017b) also studied the synthesis of butyl-β-galactoside with GLAGs produced using ammonium sulfate as precipitating agent obtaining poor results. Recently, Guerrero et al. (2020) greatly improved the manufacture of CLAGs by precipitating A. oryzae β-galactosidase with organic solvents, obtaining highly active and stable CLAGS when using 1-propanol as precipitating agent. Therefore, this type of catalyst was evaluated in the synthesis of butyl-β-galactoside.

Table 2 presents the Y and π values for the synthesis of butyl-β-galactoside with A. oryzae β-galactosidase immobilized in four different supports and CLAGs. The Anova test for the results in Table 2 indicates that the catalyst has a statistically significant effect on Y (p-value <0.02) and π (p-value <0.002). Tukey test for Y (α = 0.05) indicates that only a “honestly significant difference” exists between the result obtained with GLAGs and with the enzyme immobilized in GA standard and fine. Also, Tukey test (α = 0.05) indicates that only π values for GLAGs and GA standard are different between them and with respect to other values of π in. Table 2. Considering only the mean of each parameter, best Y values were obtained using mono-functional GA as support (Figure 3A), followed by hetero-functional Am-GA (Figure 3B) and CLAGs (Figure 3C). Similar results were reported by Vera et al. (2017b), who obtained the best Y values using mono-functional GA as support. These authors reported a Y of 0.76 mol mol–1 using A. oryzae β-galactosidase immobilized in GA, 25°C, 70% (v/v) 1-butanol and 30% (v/v) of aqueous solution. In the present work, a 14.5% higher Y value was obtained as a consequence of the use of acetone as cosolvent, which allowed the reaction to be carried out in a single-phase medium and favored the reaction of synthesis by increasing the concentration of 1-butanol and decreasing the water activity.
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FIGURE 3. Synthesis of butyl-β-galactoside with immobilized β-galactosidase from A. oryzae in the ternary system acetone/1-butanol/aqueous solution. Reactions were conducted at 30°C and 30/50/20% (w/w) of acetone/1-butanol/aqueous solution (5 g L–1 of lactose). Enzyme was immobilized in panels (A) GA, (B) Am-GA, and by CLAGs (C). Circles: standard agarose; squares: fine agarose.


he literature for the syntheVera et al. (2017b) suggested that the synthesis of butyl-β-galactoside with A. oryzae β-galactosidase immobilized in GA standard may be subjected to IDR. For this reason, in the present work, the enzyme was also immobilized in GA fine, which has a much lower average diameter than the standard one. If the reaction of synthesis is subjected to IDR, a lower effect is expected as the catalyst diameter decreases (so that the Thièle modulus decreases). Figure 3A shows that the rate of butyl-β-galactoside production was higher when GA standard is used instead of GA fine. Since t-paired test indicates that both product patterns are statistically different (p-value <0.01), it is concluded that the catalyst diameter modifies the reaction kinetics. One plausible explanation for this behavior it is the presence of IDR. In a kinetically controlled reaction, IDR reduces to a major extent the effectiveness factor of the reaction with higher Thièle modulus, favoring the competing reactions. So, in this case, IDR favor the synthesis of the glycoside by depressing the rate of hydrolysis more than the rate of synthesis. The same behavior has been observed in the synthesis of the peptide kyotorphin with α-chymotrypsin immobilized in GA, where IDR reduced the effectiveness factor of the reaction of hydrolysis to a larger extent than the reaction of synthesis (Bahamondes et al., 2017). On the other hand, no significant differences (p-value <0.001) were observed between the synthesis with A. oryzae β-galactosidase immobilized in Am-GA standard and Am-GA fine (see Figure 3B). This suggests that the different enzyme orientation in Am-GA catalyst relieves the impact of IDR. Since both GA and Am-GA are based on the same material, small changes in the diffusing component should be expected and the observed differences between both catalysts might be the result of different intrinsic kinetic parameters. In this regard, Guerrero et al. (2018) demonstrated that GA standard, GA fine and Am-GA standard have an apparent Michaelis constant for lactose of sevenfold, threefold and fivefold the value of the Michaelis constant of the free enzyme, respectively. Furthermore, Hoffmann et al. (2020) demonstrated that the milieu inside the catalyst particle exerts a significant influence on the selectivity of the reaction, i.e., the ratio between the rate of synthesis and the rate of hydrolysis. In the synthesis of propyl-glucoside with immobilized β-glucosidase from Thermotoga neapolitana, the functionalization of off-stoichiometric thiol-ene (OSTE) materials with malonic acid and imidazole groups increased the selectivity twofold to threefold. Besides that, lower Y values were obtained with the agarose-derived catalysts (Table 2) with respect the ones obtained with the free enzyme (Table 1). This may be due to the hydrophilic milieu inside the agarose derived supports, which enhances the hydrolysis rate (Mateo et al., 2007).

The values shown in Table 2 are among the highest reported in the literature for the synthesis of alkyl-glycosides with immobilized enzymes. For instance, Hronská et al. (2016) attained Y values around 0.46 and 0.40 mol mol–1 for the synthesis of ethyl- and propyl-β-galactoside with A. oryzae β-galactosidase entrapped in Lentikat®. Kumar et al. (2017) only reported the capability of the β-glucosidase from Streptomyces griseus immobilized onto zinc oxide nanoparticles to synthetize propyl-, butyl-, pentyl-, hexyl- octyl-, benzyl- and 2-phenyl-ethyl glucosides. Gargouri et al. (2004) evaluated Duolite, Amberlite, Cellite and DEAE-Sepharose as supports for the immobilization of Sclerotinia sclerotiorue β-xylosidase. The free enzyme catalyzed the synthesis of alkyl-xylosides from xylan and fatty alcohols of 4–8 carbons. However, the Cellite derivative was the only one able to catalyze the synthesis of an alkyl-xylosides (hexyl-xyloside). Woudenberg-van Oosterom et al. (1998) studied the synthesis of galactopyranosyl-glycerol with A. oryzae β-galactosidase immobilized in Duolite supports, reporting that the higher Y values were obtained by the transgalactosylation route, reaching a Y value of 0.7 mol mol–1 with lactose as donor substrate.



Butyl-β-Galactoside Characterization

Butyl-β-galactoside FT-IR spectroscopy is shown in Figure 4. The characteristic absorption of O-glycosidic bond (ether linkage C-O-C) was observed as a small peak at 1,735 cm–1. The symmetric and asymmetric bending of C–H bonds are shown as peaks at 1,377 and 1,466 cm–1, respectively. The symmetric/asymmetric stretching of C–H bonds is visualized in the region from 2,800 to 3,000 cm–1. Peaks at 2,872/2,929 cm–1 and 2,890/2,956 cm–1 correspond to CH2 and CH3 groups. The O–H bond (mainly from the galactose moiety) is observed as a wide band in the 3,000–3,600 cm–1 range. Thus, these signals confirm the presence of a carbohydrate residue linked by O-glycosidic bond to an alkyl chain in the purified compound. Furthermore, the FT-IR spectrum obtained for butyl-β-galactoside is in full agreement with those reported for dodecyl/tetradecyl-glucoside (Gustianthy et al., 2019) and isooctyl-glucoside (Zou et al., 2016).
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FIGURE 4. FT-IR spectrum for butyl-β-galactoside. Conditions: KBr pellet, 298 K and atmospheric pressure.


NMR spectrum of butyl-β-galactoside (see Table 3) shows two groups of signals characteristic for carbohydrates, between 5.2 and 3.6 ppm in the 1H NMR and between 103 and 65 ppm in the 13C NMR spectrum. A signal at 4.45 ppm is shown in the 1H NMR spectrum, which is characteristic of the anomeric protons in axial configuration (β anomer). This is further supported for the coupling constant whose value is 7.9 Hz. No signals were detected around 5 ppm ruling out the existence of the α anomer. This result confirms that no mutarotation exists, which indicates that the butyl group is directly bound to the oxygen in the anomeric carbon forming an acetal group (Bubb, 2003; Irazoqui et al., 2009). Below 2 ppm, three signals are shown characteristic of a hydrocarbon chain: a quintuplet at 1.63 ppm ascribed to a methylene group, a sextuplet at 1.4 ppm ascribed to a methylene and a triplet at 0.93 ppm ascribed to a methyl group. Ten major signals are observed in the 13C NMR spectrum, from which six are characteristic of a pyranosyl group and four correspond to a hydrocarbon chain. At 102.73 ppm a signal is observed ascribed to the anomeric carbon, in which the hydrogen atom is bound in axial position. The other five signals of the pyranosic ring are at 75.09, 70.79, 70.20, 68.66, and 60.88 ppm. There are four signals tan can be ascribed to a butyl group at 72.76, 30.9, 18.47, and 13.08 ppm, from which the first three can be ascribed to methylene groups and the fourth to a methyl group. The signal at 72.76 ppm correspond to the carbon directly linked to the oxygen atom in the pyranosic ring (Bubb, 2003; Charoensapyanan et al., 2016; Zou et al., 2016). For the complete ascription of the observed signals, 1H-1H COSY and 13C-1H HSQC bidimensional spectroscopy was used. Results for the ascribed signals are shown in Figure 5 and Table 3.


TABLE 3. 1H and 13C Nuclear magnetic resonance for butyl-β-galactoside.
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FIGURE 5. Bidimensional NMR spectrum 13C-1H HSQC for butyl-β-galactoside.


Results obtained in this section are in full agreement with the catalytic mechanism of β-galactosidases (Vera et al., 2020). This enzyme is classified as a retaining enzyme, namely, one that retains the anomeric configuration of the donor substrate in the product, so that a β-glycosidic bond between the galactose moiety and the butyl group was expected. Also, the condensation of the hydroxyl group in 1-butanol with the anomeric carbon in the galactose moiety was expected as result of the transgalactosylation reaction.



CONCLUSION

The effect of the main operating variables (temperature and reaction mixture composition) on the enzymatic synthesis of butyl-β-galactoside in the ternary system acetone/1-butanol/aqueous solution was elucidated. Furthermore, the best combination of these variables was determined in order to maximize Y. To do so, the first step was to study the liquid–liquid equilibrium of the reaction mixture components, defining the single and two-phase regions. Afterward, the synthesis of butyl-β-galactoside was conducted at three general conditions: single-phase ternary system, two-phase ternary system and two-phase binary system (0% acetone). In this way, the effect of cosolvent concentration and the number of liquid phases was determined. Acetone proved to be highly inactivating for the enzyme at 50°C. However, this effect was not perceived at 30°C. At the latter temperature and 30/50/20% (w/w) of acetone/1-butanol/aqueous solution a Y value close to 1 mol mol–1 was obtained for the free enzyme. This was due to the transition from a two-phase to a single-phase system, which provoked a huge increase in the 1-butanol concentration and a reduction in the water activity, leading to an almost complete suppression of the hydrolytic reactions. The use of a cosolvent for increasing the miscibility of the fatty alcohol is not new and usually has shown to have a negative impact on Y and π. Thus, the merit of this research lies in the successful use of acetone as cosolvent, which is a cheap and environmentally friendly organic solvent. When the immobilized enzyme was used lower Y values were obtained. Since mass transfer limitations were discarded, it is hypothesized that the hydrophilic milieu of agarose reduced the reaction selectivity. This issue will be addressed in further studies by evaluating different supports and functionalizations. The chemical structure of butyl-β-galactoside was determined by NMR and FT-IR, being in full agreement with the expected one from mechanistic considerations.
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REFERENCES

Bahamondes, C., Álvaro, G., Wilson, L., and Illanes, A. (2017). Effect of enzyme load and catalyst particle size on the diffusional restrictions in reactions of synthesis and hydrolysis catalyzed by α-chymotrypsin immobilized into glyoxal-agarose. Process Biochem. 53, 172–179. doi: 10.1016/j.procbio.2016.12.004

Balzer, D., and Lueders, H. (eds) (2000). Nonionic Surfactants: Alkyl Polyglucosides. New York, NY: CRC Press.

Brena, B. M., Irazoqui, G., Giacomini, C., and Batista-Viera, F. (2003). Effect of increasing co-solvent concentration on the stability of soluble and immobilized β-galactosidase. J. Mol. Catal. B Enzym. 21, 25–29. doi: 10.1016/S1381-1177(02)00129-7

Bubb, W. A. (2003). NMR spectroscopy in the study of carbohydrates: characterizing the structural complexity. Concepts Magn. Reson. 19A, 1–19. doi: 10.1002/cmr.a.10080

Charoensapyanan, R., Ito, K., Rudeekulthamrong, P., and Kaulpiboon, J. (2016). Enzymatic synthesis of propyl-α-glycosides and their application as emulsifying and antibacterial agents. Biotechnol. Bioprocess. Eng. 21, 389–401. doi: 10.1007/s12257-016-0013-z

Chen, X. Y., and Gänzle, M. G. (2017). Lactose and lactose-derived oligosaccharides: more than prebiotics? Int. Dairy J. 67, 61–72. doi: 10.1016/j.idairyj.2016.10.001

Garcia-Arellano, H., Gonzalez-Alfonso, J. L., Ubilla, C., Comelles, F., Alcalde, M., Bernabé, M., et al. (2019). Production and surfactant properties of tert-butyl α-D-glucopyranosides catalyzed by cyclodextrin glucanotransferase. Catalysts 9:575. doi: 10.3390/catal9070575

Gargouri, M., Smaali, I., Maugard, T., Legoy, M. D., and Marzouki, N. (2004). Fungus β-glycosidases: immobilization and use in alkyl-β- glycoside synthesis. J. Mol. Catal. B Enzym. 29, 89–94. doi: 10.1016/j.molcatb.2003.11.020

Gaudin, T., Lu, H., Fayet, G., Berthauld-Drelich, A., Rotureau, P., Pourceau, G., et al. (2019). Impact of the chemical structure on amphiphilic properties of sugar-based surfactants: a literature overview. Adv. Colloid Interf. Sci. 270, 87–100. doi: 10.1016/j.cis.2019.06.003

Guerrero, C., Aburto, C., Suárez, S., Vera, C., and Illanes, A. (2018). Effect of the type of immobilization of β-galactosidase on the yield and selectivity of synthesis of transgalactosylated oligosaccharides. Biocatal. Agric. Biotechnol. 16, 353–363. doi: 10.1016/j.bcab.2018.08.021

Guerrero, C., Aburto, C., Súarez, S., Vera, C., and Illanes, A. (2020). Improvements in the production of Aspergillus oryzae β-galactosidase crosslinked aggregates and their use in repeated-batch synthesis of lactulose. Int. J. Biol. Macromol. 142, 452–462. doi: 10.1016/j.ijbiomac.2019.09.117

Guerrero, C., Vera, C., Araya, E., Conejeros, R., and Illanes, A. (2015). Repeated-batch operation for the synthesis of lactulose with β-galactosidase immobilized by aggregation and crosslinking. Bioresour. Technol. 190:39. doi: 10.1016/j.biortech.2015.04.039

Guerrero, C., Vera, C., and Illanes, A. (2017a). Synthesis of lactulose in batch and repeated-batch operation with immobilized β-galactosidase in different agarose functionalized supports. Bioresour. Technol. 230, 56–66. doi: 10.1016/j.biortech.2017.01.037

Guerrero, C., Vera, C., Serna, N., and Illanes, A. (2017b). Immobilization of Aspergillus oryzae B -galactosidase in an agarose matrix functionalized by four different methods and application to the synthesis of lactulose. Bioresour. Technol. 232, 53–63. doi: 10.1016/j.biortech.2017.02.003

Gustianthy, A. P., Krisnandi, Y. K., and Usman, U. (2019). Application of non ionic surfactant- alkylpolyglucoside as chemical flooding. Int. J. Chem. Eng. Appl. 10, 121–125. doi: 10.18178/ijcea.2019.10.4.753

Hoffmann, C., Grey, C., Pinelo, M., Woodley, J. M., Daugaard, A. E., and Adlercreutz, P. (2020). Improved alkyl glycoside synthesis by trans-glycosylation through tailored microenvironments of immobilized β-Glucosidase. Chempluschem 85, 137–141. doi: 10.1002/cplu.201900680

Hronská, H., Mastihuba, V., Tokošová, S., and Rosenberg, M. (2016). Semicontinual synthesis of alkyl galactosides using β-galactosidase entrapped in polyvinylalcohol hydrogel. Biocatal. Biotransform. 34, 219–225. doi: 10.1080/10242422.2016.1247827

Illanes, A. (2011). Whey upgrading by enzyme biocatalysis. Electron. J. Biotechnol. 14, 1–28. doi: 10.2225/vol14-issue6-fulltext-11

Irazoqui, G., Giacomini, C., Batista-Viera, F., Brena, B. M., Cardelle-Cobas, A., Corzo, N., et al. (2009). Characterization of galactosyl derivatives obtained by transgalactosylation of lactose and different polyols using immobilized β-galactosidase from Aspergillus oryzae. J. Agric. Food Chem. 57, 11302–11307. doi: 10.1021/jf901834k

Ismail, A., Linder, M., and Ghoul, M. (1999). Optimization of butylgalactoside synthesis by β-galactosidase from Aspergillus oryzae. Enzyme Microb. Technol. 25, 208–213. doi: 10.1016/S0141-0229(99)00028-9

Joshi, D. R., and Adhikari, N. (2019). An overview on common organic solvents and their toxicity. J. Pharm. Res. Int. 28, 1–18. doi: 10.9734/jpri/2019/v28i330203

Kumar, P., Ryan, B., and Henehan, G. T. M. (2017). β-Glucosidase from Streptomyces griseus: nanoparticle immobilisation and application to alkyl glucoside synthesis. Protein Expr. Purif. 132, 164–170. doi: 10.1016/j.pep.2017.01.011

Lang, M., Kamrat, T., and Nidetzky, B. (2006). Influence of ionic liquid cosolvent on transgalactosylation reactions catalyzed by thermostable β-glycosylhydrolase CelB from Pyrococcus furiosus. Biotechnol. Bioeng. 95, 1093–1100. doi: 10.1002/bit.21068

Maggio, E. T. (2012). Polysorbates, peroxides, protein aggregation, and immuno- genicity - a growing concern. J. Excipients Food Chem. 3, 45–53.

Mahjoubi, N., Fazeli, A., Dinarvand, R., Khoshayand, M. R., Shekarchi, M., and Fazeli, M. R. (2017). Effect of nonionic surfactants (dodecyl maltoside and polysorbate 20) on prevention of aggregation and conformational changes of recombinant human IFNβ_1b induced by light. Iran. J. Pharm. Res. 16, 103–111. doi: 10.22037/ijpr.2017.1973

Mańko, D., and Zdziennicka, A. (2015). Sugar-based surfactants as alternative to synthetic ones. Ann. UMCS Chem. 70, 161–168. doi: 10.1515/umcschem-2015-0012

Mateo, C., Palomo, J. M., Fernandez-Lorente, G., Guisan, J. M., and Fernandez-Lafuente, R. (2007). Improvement of enzyme activity, stability and selectivity via immobilization techniques. Enzyme Microb. Technol. 40, 1451–1463. doi: 10.1016/j.enzmictec.2007.01.018

Miranda-Molina, A., Xolalpa, W., Strompen, S., Arreola-Barroso, R., Olvera, L., López-Munguía, A., et al. (2019). Deep eutectic solvents as new reaction media to produce alkyl-glycosides using alpha-amylase from Thermotoga maritima. Int. J. Mol. Sci. 20:15439. doi: 10.3390/ijms20215439

Monsan, P., Paul, F., Pelenc, V., and Boures, E. (1996). Enzymatic production of α-butylglucoside and its fatty acid esters. Ann. N. Y. Acad. Sci. 799, 633–641. doi: 10.1111/j.1749-6632.1996.tb33268.x

Palei, S. (2010). Salt Effect On Liquid-Liquid Equilibrium Of The System Water + 1-Butanol + Acetone At 298 K: Experimental Determination. Available online at: https://core.ac.uk/download/pdf/53187588.pdf (accessed March 19, 2019).

Rather, M., and Mishra, S. (2013). β-Glycosidases: an alternative enzyme based method for synthesis of alkyl-glycosides. Sustain. Chem. Process. 1:7. doi: 10.1186/2043-7129-1-7

Santos, F. S., D’Ávila, S. G., and Aznar, M. (2001). Salt effect on liquid-liquid equilibrium of water+1-butanol+acetone system: experimental determination and thermodynamic modeling. Fluid Phase Equilib. 18, 265–274. doi: 10.1016/S0378-3812(01)00541-6

Starchem Enterprises Limited (2019). Alkyl Polyglycoside. Available online at: https://www.tichemindustry.com/alkyl-polyglucosides (accessed February 20, 2020).

United States Environmental Protection Agency (2012). DfE Alternatives Assessment for Nonylphenol Ethoxylates. Available online at: https://www.epa.gov/sites/production/files/2014-06/documents/npe_final.pdf (accessed May 8, 2019).

Van Rantwijk, F., Woudenberg-Van Oosterom, M., and Sheldon, R. A. (1999). Glycosidase-catalysed synthesis of alkyl glycosides. J. Mol. Catal. B Enzym. 6, 511–532. doi: 10.1016/S1381-1177(99)00042-9

Vera, C., Guerrero, C., Aburto, C., Cordova, A., and Illanes, A. (2020). Conventional and non-conventional applications of β-galactosidases. Biochim. Biophys. Acta Proteins Proteom. 1868:140271. doi: 10.1016/j.bbapap.2019.140271

Vera, C., Guerrero, C., Wilson, L., and Illanes, A. (2017a). Optimization of reaction conditions and the donor substrate in the synthesis of hexyl-β-D-galactoside. Process Biochem. 58, 128–136. doi: 10.1016/j.procbio.2017.05.005

Vera, C., Guerrero, C., Wilson, L., and Illanes, A. (2017b). Synthesis of butyl-β-D-galactoside with commercial β-galactosidases. Food Bioprod. Process. 103, 66–75. doi: 10.1016/j.fbp.2017.02.007

Vera, C., Guerrero, C., Wilson, L., and Illanes, A. (2017c). Synthesis of propyl-β-D-galactoside with free and immobilized β-galactosidase from Aspergillus oryzae. Process Biochem. 53, 162–171. doi: 10.1016/j.procbio.2016.11.024

Wang, F., Huang, D., Ma, Y., Zhang, F., and Linhardt, R. J. (2019). Preparation of salidroside with n-butyl β-D-glucoside as the glycone donor via a two-step enzymatic synthesis catalyzed by immobilized β-glucosidase from bitter almonds. Biocatal. Biotransform. 37, 246–260. doi: 10.1080/10242422.2018.1549236

Woudenberg-van Oosterom, M., Van Belle, H. J. A., Van Rantwijk, F., and Sheldon, R. A. (1998). Immobilised β-galactosidases and their use in galactoside synthesis. J. Mol. Catal. A Chem. 134, 267–274. doi: 10.1016/S1381-1169(98)00045-4

Zou, M., Chen, J., Wang, Y., Li, M., Zhang, C., and Yang, X. (2016). Alcoholysis of starch to produce alkyl polyglycosides with sub-critical isooctyl alcohol. J. Surfact. Deterg. 19, 879–884. doi: 10.1007/s11743-016-1832-9


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ahumada, Arenas, Martínez-Gómez, Guerrero, Illanes and Vera. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 30 July 2020
doi: 10.3389/fbioe.2020.00830





[image: image]

Tunable Polymeric Scaffolds for Enzyme Immobilization

Andoni Rodriguez-Abetxuko1†, Daniel Sánchez-deAlcázar1†, Pablo Muñumer2 and Ana Beloqui2,3,4*

1Nanomaterials Group, BRTA, CIC nanoGUNE, San Sebastián, Spain

2PolyZymes group, POLYMAT and Department of Applied Chemistry (UPV/EHU), San Sebastián, Spain

3Department of Applied Chemistry, University of the Basque Country, San Sebastián, Spain

4IKERBASQUE, Bilbao, Spain

Edited by:
Jun Ge, Tsinghua University, China

Reviewed by:
Anwar Sunna, Macquarie University, Australia
Noha M. Mesbah, Suez Canal University, Egypt
Xiaoling Wu, South China University of Technology, China
Luis H. Alvarez, Instituto Tecnológico de Sonora (ITSON), Mexico

*Correspondence: Ana Beloqui, ana.beloquie@ehu.eus

†These authors share first authorship

Specialty section: This article was submitted to Bioprocess Engineering, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 21 April 2020
Accepted: 29 June 2020
Published: 30 July 2020

Citation: Rodriguez-Abetxuko A, Sánchez-deAlcázar D, Muñumer P and Beloqui A (2020) Tunable Polymeric Scaffolds for Enzyme Immobilization. Front. Bioeng. Biotechnol. 8:830. doi: 10.3389/fbioe.2020.00830

The number of methodologies for the immobilization of enzymes using polymeric supports is continuously growing due to the developments in the fields of biotechnology, polymer chemistry, and nanotechnology in the last years. Despite being excellent catalysts, enzymes are very sensitive molecules and can undergo denaturation beyond their natural environment. For overcoming this issue, polymer chemistry offers a wealth of opportunities for the successful combination of enzymes with versatile natural or synthetic polymers. The fabrication of functional, stable, and robust biocatalytic hybrid materials (nanoparticles, capsules, hydrogels, or films) has been proven advantageous for several applications such as biomedicine, organic synthesis, biosensing, and bioremediation. In this review, supported with recent examples of enzyme-protein hybrids, we provide an overview of the methods used to combine both macromolecules, as well as the future directions and the main challenges that are currently being tackled in this field.
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INTRODUCTION

The relevance of enzymes comprises numerous chemical processes in Nature, as they are the main actors in the metabolic machinery of each single organism. Moreover, enzymes are used in many industries and biotechnological applications due to their high efficiency, specificity, selectivity, and the possibility to carry out processes under the premises of Green Chemistry (Adrio and Demain, 2014). Unfortunately, the use of enzymes often presents several drawbacks, as they lose their functionality under those working conditions beyond their natural environment. Thus, enzymes can undergo denaturation throughout chemical degradation, physical unfolding, and aggregation caused by temperature or pH variations, organic solvents, or even the action of other enzymes (Balcão and Vila, 2015). In the last years, the formation of active and stable biocatalysts has been sought using assorted approaches, either through the alteration of the primary structure of the enzyme (i.e., rational design and directed evolution), by the immobilization of the enzyme on solid supports, through the chemical modification of the sequence of the protein, or by using combined approaches (Chapman and Stenzel, 2019). Molecular approaches, including computational modeling and structural biology, enable the modification of the active site or substrate/product channels within the enzyme, pursuing an enhancement of its bioactivity and stability (Beloqui and Cortajarena, 2020). Many of highly stable and genetically engineered enzymes are summarized in previous reviews (Arnold, 2018; Liu Q. et al., 2019). However, in this work, we tackle the use of polymeric scaffolds for the immobilization, protection, and stabilization of catalytic proteins.

Nillson and Griffin, in a pioneering work in 1916, were able to immobilize the invertase enzyme by physical adsorption to charcoal whilst maintaining its activity (Nelson and Griffin, 1916). Since then, aiming at overcoming the main drawbacks of the utilization of enzymes, i.e., low stability and costly production, many methodologies have been employed to tether enzymes to organic and inorganic materials. So far, poly(ethylene glycol) (PEG) is the most widely used and described polymer utilized to modify proteins. This polymer has been mainly placed to increase the solubility and/or stability of the hybrid system as a consequence of the shielding effects provided by the associated polymer (Cobo et al., 2015). Thus, PEG-protein hybrids show improved solubility, increased stability against degradation, increased circulation times, and prolonged biological activity (Krishna and Kiick, 2010). Fortunately, nowadays, the rapid growth of polymer chemistry offers a wealth of opportunities for the successful combination of enzymes with versatile natural or synthetic polymers. This combination gives rise to a huge diversity of structures and functionalities that embraces a wide range of applications in several research fields such as biocatalysis, biomedicine or biosensing. In the specific case of the field of biocatalysis, the benefits of anchoring synthetic polymers to catalytic proteins are multifold (Zhang Y. et al., 2015). Only through the combination of both (bio)materials, enzymes can reach unique regulated conformational properties such as nanostructured organization and supramolecular assembly. In this regard, the polymeric component can be just a mere solid architecture that provides suitable anchoring sites for the enzyme (widely used in the field of heterogeneous biocatalysis), or can participate actively in tailoring the properties of the enzyme in pursuit of a synergistic enhancement of the catalytic system.

The fabrication of enzyme-polymer hybrids is not a straightforward process, but a carefully designed strategy that should be optimized for each enzyme-polymer pair. Thus, in a well-designed three component system (enzyme, polymer, and methodology) (Scheme 1), not only the enzyme should retain its functionality, but also the polymeric material should provide the catalytic hybrid with the aimed features (e.g., recyclability, stability in organic solvents) to find potential synergistic properties. Hence, the whole procedure should consider several parameters beforehand. Obviously, the selection of the enzyme should be in line with the catalytic reaction that is pursued for the hybrid. In addition to the catalytic profile of the enzyme, other properties of the biomolecule should be also considered such as its size and number of monomers, its structure and conformation, the type and number of residues that are exposed to the environment, and its stability. As example, large proteins might not be suitable for their embedment into the porous network of the polymers. Moreover, it is of high importance to consider the isoelectric point of the enzyme that, besides being strongly related to the conformation and stability of the biomolecule, it can determine the feasibility of the conjugation reaction to the polymers, particularly when lysines are targeted.
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SCHEME 1. The synthesis of enzyme-polymer hybrids requires the selection of a rationally designed methodology in line with the selected polymeric material and the properties of the enzyme, which should keep the catalytic performance all along the synthesis procedure and in the eventual supramolecular structure. In this process, several parameters (some of which are highlighted in the scheme) need to be considered for a successful fabrication of enzyme-polymer hybrids.


Furthermore, the polymeric component also needs several considerations. The selection of the polymer and, in turn, of the methodology, will also rely upon the structure of the hybrid that is sought. Linear and water-soluble polymers are usually interesting for the stabilization of enzymes in solution (e.g., PEGlylated enzymes), whilst insoluble and more complex polymeric networks are used for the fabrication of hybrid heterogeneous biocatalysts (e.g., monoliths due to the high porosity or polymer films for biosensing due to the electrical conductivity features of some polymers) as is discussed below. In addition, the selection of the conjugation strategy that is carried out to couple the protein to the polymeric component must comply with the limitations set to retain the integrity of the biomolecules. In this regard, the addition of organic solvents at high concentration to the enzyme-polymer coupling reaction is usually inadvisable for the most of the enzymes. Further, the chain conformation of the polymer needs to be also evaluated, as large and bulky polymers might result in the hindering of the catalytic pocket of the enzyme, hence lowering its catalytic performance. All in all, the design of a successful experiment, in which a catalytically active, robust, and stable enzyme-polymer hybrid is fabricated, needs the careful study of multiple parameters.

On past decades, different enzyme-polymer immobilization methodologies have arisen, such as the adsorption or entrapment on/into solid polymeric particles, metal organic frameworks (MOFs), fibers, hydrogels, or monoliths; the encapsulation in polymersomes or polymeric capsules; and the preparation of cross-linked enzymes (Zdarta et al., 2018). Herein, we provide a short insight on the most used methods to combine both macromolecules, stressing the benefits/disadvantages of each approach. Moreover, this review attempts to cover the different enzyme-polymer designs and structures supported with recent examples from the literature. For the sake of clarity, we have classified by size the enzyme-polymer hybrids into four categories: single enzyme nanostructures; protein-polymer particles and capsules; micrometric hybrids; and millimeter structures.



STRATEGIES FOR THE FABRICATION OF ENZYME-POLYMER HYBRIDS

Over the past few years, numerous strategies have been developed for the fabrication of enzyme-polymer hybrids. The synthesis of the hybrid is facilitated either through the formation of covalent bonds or through non-bonding interactions between the enzyme and the polymer. Although it is not the main focus of this review, we provide a short description of the strategies used for the fabrication of the hybrids, those needed to ease the understanding of the formation of the enzyme-polymer hybrids described below. Thus, there are five main synthetic strategies that are herein exposed: covalent bonding, ionic and non-ionic interactions, physical entrapment, encapsulation, and affinity-based interactions. Whilst the first strategy means the formation of a strong bond between the two macromolecules, the driving force for the other four strategies is based on weak interactions such as Van der Waals interaction, hydrogen bonding, and ionic and affinity interactions. Importantly, it is worth mentioning that most of the hybrid structures that are herein detailed can be fabricated through more than one of the following strategies.


Enzyme-Polymer Fabrication Through Covalent Bonding

The covalent attachment of preformed polymers to a target enzyme is a widely used approach in the synthesis of enzyme-polymer conjugates (EPCs). Synthetic polymers can be designed with a large variety of architectures (e.g., linear or branched polymers) and functional end-groups to eventually react with several residues on the enzyme surface in a procedure that is generally known as grafting-to methodology (Figure 1) (Averick et al., 2015).
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FIGURE 1. Schematic illustration of polymer-enzyme hybrids synthesized through different covalent-based methodologies. Strategies (A–C) require the synthesis of a preformed polymer (grafting-to approach) and (D) refers to the in situ synthesis of the enzyme-polymer hybrid (grafting-from approach). (A) Non-specific grafting of proteins, using polymers with a single reacting group and proteins with several target residues. (B) Multi-point strategy using polymers with multiple anchoring sites. (C) Site-specific grafting using a biorthogonal approach. (D) Grafting-from approach that entails the conjugation of the macroinitiator to the protein and the subsequent in situ polymerization after the addition of the monomers.



Non-specific Covalent Binding

Either single or multiple polymer chains can be tethered to the surface of the protein (Figure 1A). The number of anchored polymers relies on the nature and the number of amino acids that are targeted and on the steric issues that might be intrinsic to some polymer chains (e.g., bulky polymers or dendrimers), as is further discussed below. Alternatively, the use of branched polymers or networks allows the covalent modification of single enzymes from more than one unique point, increasing thereupon the stability of the enzyme (Figure 1B). This multi-point strategy is particularly relevant for the immobilization and stabilization of multi-subunit enzymes. Polymeric supports such as agarose, epoxy resins or polymethacrylate functionalized by glutaraldehyde (GA) or glyoxal groups are extensively used for the multipoint covalent immobilization of enzymes (Guisán, 1988).

Among all the amino acids of the protein, lysines and cysteines are likely the most targeted residues to carry out covalent bonding-based modifications of proteins. The predominance of lysine residues on the surface of the enzyme, usually exposed to the environment and thus accessible to the grafting polymer, facilitates the conjugation event. Different chemistries that lead to the formation of the amide bond can be employed, such as carboxylic acid–amine group reactions via carbodiimide chemistry (Hermanson, 2008) or amine–aldehyde addition–elimination reactions (Tao et al., 2004). Yet, the latter could trigger non-site-specific conjugations, modifying thereby other non-targeted residues, i.e., N-terminal amines, histidines, and tyrosines, in a minor degree (Turecek et al., 2016). In addition, the fact that all environmentally accessible lysines can react to some extent, leads to a poor control on the density of polymers and in their orientation on the surface of the proteins. Therefore, this approach generally results in a heterogeneous mixture of enzyme-polymer hybrids, provoking the decrease of the activity and the need of a laborious purification of the resultant mixture of the hybrids with different polymer loads (Canalle et al., 2010). On the other hand, free cysteines have raised as the most convenient target for the site-selective conjugation of native proteins. The highly nucleophilic sulfhydryl side chain group within cysteines can undergo alkylation with maleimides or iodoacetamides. In addition, they can be reacted with disulfide-containing reagents via exchange procedure (Jung and Kwon, 2016). Unfortunately, it is often challenging to target cysteine residues, as they are among the rarest residues, usually involved in disulfide bonds or buried in hydrophobic pockets. For this reason, other site-selective approaches that target less abundant residues are being developed.



Use of Biorthogonal Chemistry

For those experiments in which a high degree of control of the hybrid is a must, in terms of both the grafting density and the precise localization of the chains on the surface of the enzyme, highly efficient bioorthogonal chemistries are applied. Successful stories of site-selective bioconjugation have been achieved using thiol-ene (Jung and Kwon, 2016), alkyne-azide (Boyer et al., 2009), Diels-Alder (Sun et al., 2008) or Staudinger (Serwa et al., 2010) “click” reactions. The bioorthogonal reactions can be performed in presence of many nucleophiles, electrophiles, reductants, oxidants, or water without altering or affecting the evolution of the reaction, because they are not present in biological systems. The two biorthogonal moieties react selectively to each other under mild conditions. The formed covalent bonds are stable, and the byproducts innocuous. This strategy requires the insertion of exogenous functional groups (e.g., azide, hydrazine, alkyne, or allyl sulfide) to the protein. Such chemical handles can be introduced by the insertion of unnatural amino acids in the primary sequence of the protein through genetic engineering or by the direct labeling using other enzymes (e.g., subtiligase, microbial transglutaminase or farnesyltransferase) (Zhang Y. et al., 2018). On the other hand, the polymer component bears the complementary chemical handle in order to carry out a highly specific covalent reaction with the engineered enzyme under mild conditions (Figure 1C). Many hybrids such as single enzyme-polymer nanoconjugates (Wright et al., 2019), enzyme-MOF conjugates (Gkaniatsou et al., 2017), polymer brushes (Jiang and Xu, 2013), or polymer monoliths (Ma et al., 2019) have been successfully synthetized following this approach.

A large extent of proteins have been covalently bound by grafting to approach, mainly therapeutic proteins, but also enzymes with industrial interest and model proteins for proof-of-concept studies. In general terms, the main benefit of grafting to lies in that a broad spectrum of fully characterized preformed polymers can be attached to the enzymes, either site-specifically or randomly. However, there is a considerable issue with the attachment of bulky polymers or dendrimers that have intrinsic steric problems or hindered functional groups in their structure (Wang and Wu, 2018). Furthermore, a high grafting density is usually difficult to achieve using this approach (Carmali et al., 2017).



Grafting-From Approach

Aiming at increasing the grafting density and at targeting bulky polymers on the surface of the protein, a second approach known as grafting from arose (Messina et al., 2020). This approach consists in the in situ growth of the polymer, starting from the reaction initiators or chain transfer agents conjugated to the enzyme beforehand (Figure 1D). The grafting from approach demands mild polymerization conditions in order to, from one side, retain the catalytic properties of the enzymes and, from the other side, allow a precise control of the molecular weight of the polymer and the preservation of the chain-end functionality. In this regard, atom transfer radical polymerization (ATRP) and reversible addition fragmentation chain transfer polymerization (RAFT) are the most utilized techniques that fulfill the aforementioned requirements (Bontempo and Maynard, 2005; Boyer et al., 2007). Compared to grafting to, grafting from approach offers easier downstream purification as the monomers are much smaller than the conjugate itself. Moreover, at high monomer concentration, the entropic penalty of coupling two macromolecules is lowered, and more functional groups can be introduced. Therefore, the synthesis procedure can be tailored in order to tune the grafting density of the polymers on the surface and thus the configuration in which the polymers are presented. While low-density modifications lead to the “mushroom” configuration, the grafting from approach allows the highly dense configuration (“brush” configuration) (Figure 2), which usually leads to enhanced stability and higher solubility of enzymes in non-native environments (Ko and Maynard, 2018).
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FIGURE 2. Polymers can be displayed over the enzyme surface in different configurations according to the grafting density. So called “mushroom” or “brush” configurations are achieved at low and high grafting density, respectively.




Enzyme-Polymer Hybrid Fabrication Through Non-covalent Bonding

Non-covalent enzyme-polymer conjugation strategies present an alternative route for enzyme modification. These approaches involve the adsorption of polymers on the surface of the enzyme through weak interactions, the entrapment of enzymes within a polymeric support, the encapsulation of enzymes into polymeric supramolecular assemblies, and the non-covalent specific bioaffinity binding of both components (Figure 3). As mentioned above, the selection of method, and hence the structure of the hybrid, must be in accordance with the application which the catalytic system will be involved in. Moreover, as discussed below, the physico-chemical properties (i.e., charge surface, polarity, molecular weight, and isoelectric point) and stability of the candidate enzyme is a key factor to be considered before the selection of the method.


[image: image]

FIGURE 3. Schematic illustration of polymer-enzyme hybrids synthesized through different non-covalent based methodologies. (A) Adsorption of polymers on the surface of proteins. (B) Ionic interaction-based enzyme-polymer hybrids. (C) Entrapment of enzymes in the porous network of polymers. (D) Affinity-driven formation of enzyme-polymer hybrids.



Physical Adsorption

Physical adsorption is the most used non-covalent method due to its simplicity. The main interactions responsible for the adsorption process include Van der Waals forces, hydrogen bonds, and ionic and hydrophobic interactions (Figures 3A,B). These interactions are highly dependent on the environment, i.e., pH and ionic strength, and therefore can lead to protein leakage issues (Jesionowski et al., 2014). Thus, the effectiveness of the formation of the enzyme-polymer hybrid through adsorption entirely depends on the physico-chemical features of the enzyme and the support, such as charge, hydrophobicity, and the possibility to form hydrogen bonds. In this regard, the adsorption strategies may not offer the control over the spatial orientation of the proteins on the support, which can result in a decrease of the apparent biological activity of the system (Mateo et al., 2007). Notably, this approach is successfully used with lipases, well-known enzymes highly used in distinct industrial sectors. Most types of lipases have a peptide “lid” covering the active site. When the enzyme is adhered to hydrophobic interfaces, the “lid” changes to “open” conformation, enabling the access of the substrate to the active site and enhancing thereby the lipase activity dramatically, up to 50% of the activity of that shown by the native lipase (Palomo et al., 2002). There are many other examples of enzymes immobilized through adsorption on polymeric materials such as laccase (Labus et al., 2012), glucose oxidase (Koenig et al., 2016), carbonic anhydrase (Assarsson et al., 2014), and cellulase (Wang S. et al., 2013). Furthermore, there are interesting biopolymers for adsorbing enzymes, such as chitosan, calcium alginate, cellulose, agarose, or commercially available ion-exchange resins. Synthetic polymers with hydrophobic interfaces also form a large and diverse group of enzyme carriers. The most commonly used ones include poly(vinyl alcohol) (PVA), poly(N-methylolacrylamide) (PMAA), polypropylene (PP), polystyrene (PS), poly(hydroxybutyrate) (PHB) or poly(acrylonitrile) (PAN) (Jesionowski et al., 2014).



Physical Entrapment of Enzymes

The entrapment of enzymes within the cavities of polymeric matrixes, such as MOFs, electrospun fibers or hydrogels, is another noteworthy method for the fabrication of enzyme-polymer hybrids (Figure 3C). The enzyme is trapped either during (in situ approach) or after the assembly of the polymers into networks or supramolecular structures. The entrapped enzymes typically show enhanced stability compared to those located on the surface through adsorption (Hiep Nguyen and Kim, 2017). The microenvironment, i.e., pH, polarity or amphiphilicity, and the matrix pore size can be adjusted although inefficient mass transfer is generally observed for the enzymes deeper entrapped (Sassolas et al., 2012). In contrast, large pore sizes of the matrix support are likely to suffer from enzyme leakage. There are several assembled supramolecular polymeric structures utilized for the embedment of enzymes [i.e., polymersomes, reverse micelles, polyion complex vesicles (PICsomes), and layer-by-layer capsules]. The most commonly utilized procedures are based on copolymer self-assembly, layer-by-layer (LbL) assembly, and emulsion polymerization synthesis (Cuomo et al., 2019). Additionally, polymerization-induced self-assembly (PISA) synthesis approach for enzyme encapsulation is standing out from the rest of methods because of its simplicity, mild assembly conditions, and broad versatility. Furthermore, the self-assembly of amphiphilic block copolymers in presence of enzymes is carried out in water. In this way, the hydrophobic interactions between the nonpolar blocks of the growing polymers are enhanced, giving rise to the spontaneous assembly into ordered structures such as polymersomes or reverse micelles, leaving the enzymes confined inside (Matoori and Leroux, 2020). Moreover, this assembly strategy can be combined with different techniques of polymerization, i.e., RAFT, ROMP, ATRP, anionic polymerization, and ring opening polymerization (Varlas et al., 2019).



Affinity-Based Approach

Affinity-based methods are also utilized for the controlled and site-specific modification of enzymes on/in polymeric materials using specific non-covalent interactions (Figure 3D). Several are the benefits of using affinity immobilization methods. The affinity-based interactions are usually reversible, which enables the recycling of the supporting material when the attached enzyme loses activity. Also, despite being a reversible bonding, the interactions between the enzyme and the polymeric material are specific and stable under usual working conditions. Furthermore, natural or artificial epitopes or tags are strategically inserted in the protein in order to promote a favorable orientation, which usually enhances the catalytic performance of the enzyme. Several examples of peptide-tags that are artificially introduced in recombinant proteins can be found in the literature [e.g., cellulose-binding domains (CBDs) (Dai et al., 2017), SNAP Tag (Fang et al., 2019), matter-tag (Dedisch et al., 2020), solid-binding peptides (Care et al., 2017), or FLAG tag (Vishwanath et al., 1997)]. The most used polymers bear affinity tags such as nitrilotriacetic acid (NTA) functionalization or avidin/streptavidin motifs, which are used to tether His-tagged or biotinylated proteins, respectively. Indeed, enzyme immobilization on polymers mediated by chelated transition metals (Coulet et al., 1981) has been proven as one of the most convenient methodologies for enzyme immobilization and purification (Yakup Arica and Bayramoglu, 2004). Metal-ligand coordination guided immobilization lowers the mass transfer resistance of the substrate/product. Moreover, the biocatalyst can be easily recovered (Bayramoglu et al., 2010). The variety of affinity-based approaches is huge and is continuously growing [e.g., cellulose binding domains-cellulose and chitin (Kowsari et al., 2014), glycosylated polymers-lectin (López-Gallego et al., 2012), calmodulin protein domain-phenothiazine ligands (Daunert et al., 2007), etc]. For further details, we recommend Barbosa et al. (2015), where the main domains for affinity enzyme immobilization are reviewed.



ENZYME-POLYMER HYBRIDS

Enzyme-polymer hybrids can be assembled into a plethora of structures, from the simplest enzyme-polymer linear structures to the complex supramolecular polymersomes, ranging from the nanoscale to the macroscopic size. As mentioned before, the selection of the appropriate polymers, guided by the convenient methodology, will address the morphology and the size of the achieved catalytic system. From the catalysis perspective, smallest hybrids, with less non-catalytic material, can achieve much higher enzyme loading capacity and significantly lower diffusion issues. However, larger structures usually stabilize the enzyme in a major degree. In this review, we summarize the most relevant structures found in the literature, sorted out by the size of the enzyme-polymer hybrid, from nanobiocatalysts to micro- and macrosystems.


Assembly Into Nanobiocatalysts (10–200 nm)

Recently, joint efforts in the fields of biotechnology, polymer chemistry, and nanotechnology have led to significant progresses in the synthesis and characterization of advanced nanobiocatalysts. Hence, protocols have been stablished for the fabrication of efficient single enzyme nanostructures, such as enzyme-polymer conjugates (EPCs) or single-enzyme nanogels (SENs), repeatedly used in the field of therapeutics and biomedicine (examples collected in Table 1). Nanobiocatalysts can be prepared through the attachment of enzymes via classical methods, i.e., covalent conjugation or entrapment, giving rise to hybrid units that comprise one single enzyme, or in combination with nanometric supports such as polymeric nanoparticles and capsules that can be loaded with several biomacromolecules. The main benefits from nanobiocatalysts lie in the high enzyme loadings that are achieved per weight of non-catalytic material. This fact is usually translated into a high catalytic performance of the system. Yet, recycling issues are inherent to the use of nanometric systems.


TABLE 1. Summary of the single enzyme nanostructures tackled in this work (from 5 to 40 nm).
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Single Enzyme Nanostructures


Enzyme-polymer conjugates (EPC) (<40 nm)

In last years, the covalent conjugation of synthetic polymers, either through grafting to or grafting from approach, to enzyme surfaces has become a common and very successful way for the generation of active and stable single enzyme polymer conjugates (Figure 1A). Lots of synthetic polymers [e.g., poly(ethylene glycol) (PEG), poly(N-isopropylacrylamide) (PNIPAAM), poly(carboxybetaine methacrylate) (PCBMA), poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA), poly(quaternary ammonium methacrylate) (PQA), poly(styrene maleic anhydride) (PSMA), to cite some], and biopolymers (e.g., trehalose-based glycomers or elastin-like polypeptides), have been utilized for equipping many enzymes with novel functionalities and hence with broad applicability (Wright et al., 2019). Gauthier and Klok (2010) reviewed most of the enzyme-protein conjugates present in literature until 2010, concluding that the polymer conjugation often diminishes to some point the initial bioactivity, although the stability is greatly improved. However, since 2010, this field has been remarkably evolved in scope and complexity. We currently know that there are several parameters related to the nature of the polymer, i.e., charge, hydrophobicity, length, and functionality, which have a clear impact over the performance of the catalytic hybrid system and need to be precisely controlled. Indeed, several works evaluating the effect of these parameters on the bioactivity have been published in the last years (Table 1). Thus, Baker et al. (2018) synthetized different chymotrypsin (α-CT)-polymer conjugates varying polymer charge, hydrophobicity, and molecular weight. They conjugated zwitterionic PCBMA, neutral POEGMA, neutral to positive poly(dimethylamino)ethyl methacrylate (PDMAEMA), positive quaternary ammonium ion-containing polymers (PQA), and negative poly(styrene–maleic anhydride) (PSMA) of three different chain lengths each. A grafting from approach was followed, targeting the lysine residues of the α-CT enzyme. After a careful study and characterization, they observed that the charge of the polymer had a strong influence in the activity. The conjugation of positively charged polymers (PDMAEMA and PQA) to the enzyme surface increased the catalytic efficiency in acidic environments, which was translated into an increase of the affinity (ca. 25%) toward the negatively charged substrate. This effect is attributed to long-range electrostatic interactions between the polymer and the histidine located in the active site, which fosters the catalytic efficiency. These results point out the importance of designing a suitable environment for each enzyme using tailored polymers that need to be designed for each particular case (Baker et al., 2019).

The effect of the hydrophobicity of the polymeric chain on the activity and stability of the hybrid has also been studied. The synthesis and characterization of α-CT-PCBMA (poly(carboxybetaine methacrylate)) enzyme-polymer conjugates (EPCs) elucidated interesting remarks (Keefe and Jiang, 2012). Apparently, the high hydrophilicity of PCBMA strengthens the hydrophobic interactions that hold the tertiary structure of the protein. Moreover, the affinity of the enzyme toward the peptide-based substrate was increased by a 30% due to stronger enzyme-substrate hydrophobic-hydrophobic interactions. Moreover, the effect of the PCBMA polymer in the biocatalyst goes beyond the enhancement of the catalytic performance. They also observed that the α-CT-PCBMA hybrid was really stable compared to the native enzyme at high temperatures (almost 100% of the activity conserved at 50°C) and in the presence of denaturing agents.

Furthermore, besides the charge and hydrophobicity of the polymers, the position of the conjugation site, the grafting density, and the molecular weight of the attached polymer are other parameters that have a clear impact on the activity and stability of EPCs. Obviously, the tethering of long and bulky polymers close to the substrate tunnel or catalytic cavity of the enzyme is undesirable in order to avoid the obstruction of the substrate diffusion to the catalytic site. A similar effect occurs with heavily dense grafted hybrids. In this regard, Morgenstern et al. (2018) evaluated the influence of the polymer molar mass and protein conjugation degree on the solubility, aggregation behavior, and in vitro activity of poly(N-acryloylmorpholine) (PNAM)- and POEGMA-based lysozyme conjugates synthetized by grafting-to approach. The conjugates with larger polymer chains, as well as the polyvalent conjugates, showed a reduced catalytic activity, attributed to the shielding of the catalytic site by the polymer. However, the monovalent conjugates with the shortest polymeric chains showed moderately increased activities compared to native lysozyme (Morgenstern et al., 2018). However, it has been demonstrated that a well-controlled grafting density and polymer length, i.e., using grafting-from approach, can trigger the enhancement of the catalytic activity. Thus, the controlled grafting of positively charged polymers close to the active center can increase the effective concentration of the negatively charged substrates and thereby boost the activity of the biocatalyst (Kovaliov et al., 2018). These examples showcases that the synthesis of successful EPCs requires a careful design of the parameters of the polymer but also a suitable synthesis strategy that allows the achievement of new opportunities to the biocatalyst.



Single enzyme nanogels (SENs) (<40 nm)

Single enzyme nanogels have arisen as a promising technology in which enzymes are trapped individually by a thin hydrogel layer. The synthesis is performed in situ, giving rise to core-shell-like structures, in which the biomolecules remain in the core and the polymer works as a protective shell. These structures generally show catalytic performances close to that exhibited by the native enzyme. Also, a clear enhancement of the stability at high temperatures and in presence of organic solvents is observed. The synthesis consists of a two-step procedure. First, vinyl groups are anchored to the protein through the covalent modification of lysine residues. Thereafter, the in situ free radical polymerization is performed on the surface of the protein by the co-addition of monomers, crosslinkers, and the acryloylated enzyme at room temperature (Yan et al., 2006). The mechanism that undergoes nanocapsule formation was elucidated by molecular simulation. It was demonstrated that the monomers are locally concentrated around the enzyme surface prior to polymerization, via hydrogen bonding, additional static electronic forces, and hydrophobic interactions (Ge et al., 2008). The thermostability of several enzymes was significantly enhanced using this strategy. As example, horseradish peroxidase (HRP) nanogels could conserve the 80% of its initial activity after 90 min of incubation at 65°C, while native HRP was totally inactivated under the same conditions. Moreover, in presence of organic solvents, the activity of HPR was also retained due to the hydrophilic environment formed by the nanogel. The authors attributed the enhanced thermal stability of the HRP nanogel to the multiple interactions between the polymeric network and the protein (Ge et al., 2009; Beloqui et al., 2016).

The synthesis procedure of SENs has been optimized in order to broaden the applicability of the technology to a wide range of enzymes and monomers (Figure 4A). It has been demonstrated that the addition of small amounts of sucrose triggers the reduction of hydrophobic/hydrophilic repulsion forces between monomers and enzymes, increasing thereby the concentration of the monomers on the surface of the protein and thus enhancing the encapsulation yield to almost 80% (Beloqui et al., 2018). It has been also observed that it is possible to control the thickness of the capsule, regardless the sort of protein utilized, only varying the monomer concentration. Importantly, it was found that layers with more than 2 nm thickness are detrimental for the enzymatic activity. Thicker layers lead to mass transfer issues. In more recent examples, new functionalities have been introduced into the polymeric shell, i.e., hydroxyl, amino, carboxyl, and imidazole groups (Figure 4B), which have been further utilized as building blocks for the synthesis of heterogeneous catalysts for biocatalysis or biosensing (Rodriguez-Abetxuko et al., 2018, 2019a, b). Indeed, SENs, which were initially conceived to enhance the stability of the enzyme, have been also applied in different fields. Zwitterionic capsules, which confer extreme hydrophilicity, antifouling properties, and non-immunogenicity, have been utilized for therapeutics and the removal of pollutants (Zhang P. et al., 2015; Zheng et al., 2019). Moreover, the small size of SENs makes them an interesting vehicle for protein delivery in vivo (Gu et al., 2009; Yan et al., 2010; Biswas et al., 2011). In this regard, Cas9 ribonucleoprotein complex was successfully encapsulated and delivered for gene-editing experiments using degradable nanocapsules (Chen et al., 2019). Certainly, the advances achieved in the lasts years derive into the encapsulation of enzymes into complex and smart polymers that might enable the inclusion of this technology into other hot fields, such as the chemoenzymatic catalysis or biohybrid light emitting diodes (Rodriguez-Abetxuko et al., 2020).
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FIGURE 4. Synthesis of single enzyme nanogels. (A) Fabrication procedure of single enzyme nanogels by in situ radical polymerization. (B) We showcase some of the most used monomers and crosslinkers. Selected monomers can provide hydrophilicity (red), the ability to complex metal cations (purple) or tune the ionic interactions within the polymeric shell (blue). Moreover, the use of labile crosslinkers allows the release of the protein under external stimuli (presence of a peptidase, light or redox reagents for the examples drawn in green).




Enzyme Immobilization Onto/Into Polymeric Nanomaterials

In the last decades, polymeric nanomaterials with distinct morphologies and properties have been widely used as carrier platforms to confine several enzymes in small volumes. Enzymes can be either tethered to the surface of the polymers, encapsulated into hollow structures, or embedded into the network of porous polymers. This strategy results interesting for multitude of biotechnological applications such as biocatalysis, bioseparations, imaging, biosensing, in vitro biotransformation, drug delivery or therapy (Hola et al., 2015; Bosio et al., 2016) (examples collected in Tables 2, 3). In this section, we have revised the methodologies and structures used for the confinement of enzymes in different nanomaterials up to date. We have classified the hybrids attending to the relative arrangement of the enzyme and the polymeric material: enzymes bound to the surface of the polymer through (non)covalent interactions; enzymes encapsulated in the core of polymeric supramolecular structures; and enzymes entrapped into a specific type of nanoscale polymeric networks, namely, nanoMOFs.


TABLE 2. Summary of enzyme-polymer nanohybrids in which the enzyme is displayed to the environment.
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TABLE 3. Examples of enzyme-polymer supramolecular nanohybrids in which the enzyme is confined in the inner cavity.
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Immobilization on the surface of the nanomaterial

Polymeric nanostructures, i.e., micelles, dendrimers, and metal/polymer nanoparticles, have a large specific surface area, which makes them ideal to accommodate a dense layer of enzymes that will remain exposed to the environment (Figure 5). While this is an easy and convenient approach to concentrate the biocatalysts in small volumes, the protection provided by the polymer component is in this case very limited compared to the hybrids described in the next sections. In this review, due to their high significance and number of examples in the literature, we want to highlight the hybrids fabricated using four sorts of polymeric nanoarchitectures, namely, polymeric micelles, dendrimers, polymeric nanoparticles, and so called giant amphiphile hybrids.
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FIGURE 5. Assembled enzyme-polymer supramolecular hybrids in which the enzyme is displayed to the environment. (A) Enzyme-polymer micelles. (B) Dendrimer-enzyme hybrids. (C) Organic-inorganic enzyme hybrids. (D) Giant amphiphile structures.




Polymeric micelles

Polymeric micelles (ca. 100–200 nm) are nanoscopic core-shell structures formed by amphiphilic block co-polymers in which the hydrophobic part is located in the inner core and hydrophilic part outward. Hence, enzymes can be conjugated to the outer hydrophilic part of preformed micelles, modifying the micelle corona (Figure 5A). The micelles usually generate an appropriate environment for the enzymes, enhancing their physicochemical and biological properties. As example, Keller et al. (2017) successfully synthesized micelles of ca. 100 nm of a hydrophilic [poly(oligoethylene glycol)] methyl ether methacrylate, POEGMA, allocated in the shell of the micelle – hydrophobic [poly(t-butyl acrylate)], PtBA, in the core of the micelle) copolymer following polymerization-induced self-assembly (PISA) approach. The end group of the POEGMA moiety was modified with a NTA (nitrile acetic acid) group in order to target His-tagged enzymes. With this strategy, they achieved a recyclable and robust biocatalysts based on horseradish peroxidase and esterase enzymes (Keller et al., 2017). Further, the composition of the polymer that prompt the assembly into micelles might have a positive effect on the activity and the stability of the biocatalyst. Indeed, it has been described that Pluronic F127-based micelles enhance the activity of organophosphate hydrolase (OPH) enzyme and its stability compared to the native version under broad conditions (room and high temperature, after multiple freeze/thaw treatments, lyophilization, and in the presence of organic solvents). This interesting effect can be attributed to a possible interaction of the hydrophobic polypropylene oxide block of the Pluronic F127 and the hydrophobic surface domains on the enzyme that are close to ligand pockets (Suthiwangcharoen and Nagarajan, 2014).



Dendrimers

Dendrimers (ca. 100–200 nm) are another interesting tool for enzyme immobilization. A dendrimer is a polymeric molecule composed of multiple branched monomers that emanate radially from a central hydrophobic core, giving rise to micelle-like behavior (Gupta et al., 2006) (Figure 5B). The multiple branches and the high density of functional end-groups of the dendrimers enable the high effectiveness of immobilization through covalent bonding. For example, polyester or poly(amidoamine) (PAMAM) dendrimers can be used as a convenient platform for glucose oxidase or lipase enzymes (Fan et al., 2017; Morshed et al., 2019). Dendrimer-enzyme hybrids, mostly PAMAM-based dendrimer particles, are also employed for delivery purposes in biomedicine. In the work of Liu C. et al. (2019), the enzyme immobilization is carried out through the phenylboronic acid (PBA) complex (i.e., cationic amine and imidazole groups on proteins via nitrogen-boronate complexation). This configuration leads to unprecedented efficiency for cytosolic delivery of proteins with different isoelectric points and sizes such as Cas9/sgRNA, trypsin, β-galactosidase, lysozyme, cytochrome C, horseradish peroxidase, and RNase A (Liu C. et al., 2019). Other examples in which PAMAM dendrimer scaffold is modified with dipicolylamine (DPA)/zinc (II) complex have demonstrated great efficiency in the delivery of enzymes, superior to that showed by commercial TransEx and PULSin delivery systems (Ren et al., 2020).



Nanoparticles

Inorganic nanomaterials, i.e., nanoparticles (50–200 nm), are usually combined with an interfacial capping layer composed of organic molecules, often polymers, in order to provide stability to the nanomaterial and, at the same time, to facilitate the localization of the enzyme on the surface (Figure 5C). Polymers such as acrylamide, cellulose, and chitosan are mostly used to tether enzymes through both non-covalent and covalent conjugation methods (Bilal and Iqbal, 2019a). With this strategy, the direct enzyme-nanoparticle interaction, which usually leads to a partial denaturation of the protein, is avoided. The presence of polymer, either as coatings or linkers, instead impart a favorable environment to the enzymes (Rodrigues et al., 2013). The main application of these biohybrids are focused on catalysis or biotransformations, as inorganic nanoparticles commonly help enhancing the catalytic activity and recyclability (Breger et al., 2015). Polymer coated magnetic nanoparticles, mostly composed of magnetite and maghemite, are known to be good platforms for catalysts. They show low toxicity, high enzyme loading capacity, and ease the recycling of the biocatalyst. As example, Ngo et al. (2012) fabricated a magnetic nanobiocatalyst by the conjugation of alcohol dehydrogenase (ADH) enzyme to poly(glycidyl methacrylate) magnetic nanoparticles (PGMA-MNPs) using glutaraldehyde (GA) as chemical crosslinker. The confined enzymes showed the same activity as the native ADH, with a reaction yield of the 97 and 99% of enantiomeric excess (ee, R) in 60 min. The system was easy to recycle, keeping the activity around 80% after 14 cycles of 20 min each (Ngo et al., 2012). Other enzymes, such as O-acetylserine sulfhydrylase (OASS), have been immobilized on PGMA-MNPs through Ni2+/His-tag affinity binding (Vahidi et al., 2016). Further, non-magnetic nanoparticles (e.g., metallic or silica) are also used (Zhang C. et al., 2018) as core material. There are recent and interesting examples of enzymes [e.g., Candida antarctica lipase B (CALB), Candida antarctica lipase A (CALA) and OPH], covalently bound to the polymeric shell of metal mesoporous nanoparticles. These systems enabled two-step one-pot dynamic kinetic resolution (DKR) of 1-phenylethylamine and a β-amino ester (ethyl 3-amino-3-phenylpropanoate) in organic solvents, and the degradation of organophosphate nerve agent (methyl parathion) in aqueous solution. In all cases high reaction yields (75% conversion) and enantiomeric excess (98% ee) were reached (Gao et al., 2020). Importantly, the nature and length of polymeric coats and linkers, as well as the size of the nanoparticles and the methodology used to tether the enzymes, have a direct effect on the activity and selectivity of the biocatalyst. As studied by the group of Prof. Manuel Ferrer, protein flexibility constrains can be modulated through cautious design of the material and the strength of the linkage between the enzyme and the polymer (Coscolín et al., 2018). Interestingly, they found that short and rigid polymeric linkers limit the flexibility and dynamics of the enzyme, reducing its activity with larger substrates.



Giant amphiphiles

Finally, another route for the fabrication of enzyme decorated polymer nanoparticles is based on the synthesis of the so-called “giant amphiphiles,” used effectively in sensing applications and heterogeneous catalysis. This method relies on the self-assembly of amphiphilic enzyme-polymer conjugates, being the enzyme the polar headgroup and the synthetic polymers the nonpolar tail of the macromolecule (Figure 5D). The conjugates act as giant surfactants that form protein covered nanoparticles in aqueous solutions in a relatively easy manner (Delaittre et al., 2009). This approach manages to control the morphology of the nanostructure and the orientation of the enzyme, and at the same time preserves the stability and the activity of the biocatalyst. This system demands the modification of the protein at only one single point. Therefore, affinity approaches (biotin-streptavidin binding, cofactor reconstitution) (Boerakker et al., 2006), or site-selective covalent polymer conjugation are used. As usual, the conjugation approach affects the stability of the micelle and the protein orientation (Huang and Olsen, 2016). In a recent example, enzyme-poly(N-(2-hydroxypropyl) methacrylate)) (PHPMA) conjugates were self-assembled through polymerization-induced coassembly (PICA) approach. The water-insoluble PHPMA was synthetized by ATRP using glucose oxidase (GOx)-Br and horseradish peroxidase (HRP)-Br macroinitiators. Thereafter, the GOx/HRP-PHPMA conjugates were assembled in situ into co-micelles during the polymerization reaction. The co-micelles showed 4.9-fold cascade activity enhancement compared to free enzymes, and were used for a fast glucose detection (Chiang et al., 2020). Other chemistries, i.e., CuAAC click chemistry, have lately been used for the generation of self-assembled bioconjugated nanoparticles (Bao et al., 2018).



Encapsulation of enzymes in the core of polymeric hollow structures

In many cases, supramolecular polymeric structures are exploited to form enzymatic nanoreactors by filling the interior of the self-assembled polymers with guest enzymes (Delaittre et al., 2009) (Figure 6 and Table 3). Several polymeric architectures are being used for the encapsulation of enzymes: reverse micelles, polymersomes, PICsomes, and hydrogel nanoparticles. Although the catalytic activity can be altered by the confinement, mostly due to mass-transfer issues, this strategy can be interesting to protect them from the action of proteases and to avoid their aggregation.
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FIGURE 6. Assembled enzyme-polymer supramolecular hybrids in which the enzyme is confined in the inner cavity of the structures. (A) Reverse micelle-enzyme hybrid. (B) Polymersome-enzyme hybrid. (C) PICsome-enzyme hybrid.




Reverse micelles

Polymer-based reverse micelles (RMs) (10–50 nm) are spherical structures formed by surfactant aggregates (Figure 6A). The hydrophilic heads are oriented to the micelle core due to dipole–dipole and ion–dipole interaction, whereas the hydrophobic tails are in contact with the surrounding organic solvent. The low amount of water added to the solvent is confined near to the polar heads forming a small “water pool” that facilities the immobilization of the enzyme and the possibility to carry out reactions with hydrophobic substrates (Biasutti et al., 2008). The hydrophobic polymer shell makes the micelle stable in organic solvents and prevents the enzyme from denaturation. Cationic cetyltrimethyl-ammoniumbromide (CTAB), anionic bis(2-ethylhexyl) sulfosuccinate (AOT) and nonionic polyoxyethylene sorbitan trioleate (Tween 85) are the most used amphiphilic polymers (Chen H. et al., 2008). Interestingly, it has been proven that some enzymes such as, α-chymotrypsin (Moyano et al., 2010), lipases (Maiti et al., 2011) or horseradish peroxidase (Zhong et al., 2016) show enhanced catalytic properties when they are confined in reverse micelles. It has been proposed that this positive effect could be a consequence of the conformational changes suffered by the protein, the high concentration of substrates within the RM, or an altered hydration state of the active site of the enzyme (Moyano et al., 2010; Sintra et al., 2014; Gao et al., 2018). However, the principles behind the so-called enzyme “superactivity” have not been elucidated yet.



Polymersomes

Polymersomes (100–400 nm) are vesicle-like structures with a large size variability, which bilayer membrane is composed of amphiphilic block copolymers that mimic nature liposomes (Matoori and Leroux, 2020) (Figure 6B). The encapsulation of the enzymes inside the polymersomes occurs in situ, while the supramolecular arrangement of the block copolymers takes place. These polymeric structures are attractive for studying enzymatic reactions because they provide protection to the enzyme, localized in the core, from harsh environmental conditions and can confine the reaction within the nanospace, with the possibility to design multi-compartment systems (Klermund et al., 2017). Indeed, the confinement of enzymes in such small volumes can reduce their Km and increase their kcat (Chen et al., 2009). However, although this mechanism seems convenient from the perspective of the protein (there is no need of modification of the biomacromolecule), several issues are found. The assembly of the polymersomes in presence of the protein usually shows a low encapsulation efficiency and a high heterogeneity of the sample. Moreover, it is often difficult to control the permeability of the membrane of this sort of hybrids, essential for the diffusion of reaction substrates and products (Blackman et al., 2018). For overcoming these issues, porous or stimuli-responsive membranes are used, as well as membrane channel proteins (Klermund et al., 2017). Hydrophilic polymers such as poly(2-methyl-2-oxazoline) (PMOXA), poly(ethylene glycol) (PEG), poly(isocyano-L-alanine(2-thiophen-3-yl-ethyl)amide) (PIAT), and hydrophobic polydimethylsiloxane and polystyrene (PS) are among the most used blocks for the synthesis of polymersomes (Belluati et al., 2019). Regarding the employed enzymes, this system is suitable for peroxidases, oxidases, dehydrogenases, and catalases (Gaitzsch et al., 2016).



PICsomes

Hydrophobicity is not the only noncovalent interaction used for the synthesis of nanometric polymeric capsules. There are several works focused on the formation of enzyme-loaded polyion complex (PIC) vesicles (PICsomes) (Figure 6C), which are formed through the electrostatic interaction-mediated self-assembly between oppositely charged hydrophilic block copolymers (Anraku et al., 2010). The PICsome membrane is semipermeable and enables the uptake of the substrate of the enzyme and the release of products, while the enzymes are retained in the interior. Under mechanical stress, PICsomes tend to disassemble but, after the removal of perturbations, they have the ability to spontaneously reassemble, which is a good chance for re-encapsulating enzymes. Lately, PICsomes have been used for the successful immobilization of asparaginase (Sueyoshi et al., 2017) and β-Galactosidase (Anraku et al., 2016), with potential usefulness in delivery applications.



MOF-enzyme nanohybrids

Enzymes can be immobilized in the porous network of nanoscale coordination polymers (N), better known as polymer-based metal organic frameworks (MOFs) (500 nm–2 μm). NCPs are synthetized in presence of organic solvents and high temperatures and thereafter mixed with the enzyme in an aqueous phase to allow the enzyme infiltration into the pores (Chen et al., 2012) (Figure 7A). Alternatively, enzymes can be conjugated to the surface of the polymeric network by physical adsorption or covalent binding (Gkaniatsou et al., 2017; Liang et al., 2020) (Figure 7B). Finally, several methodologies such as coprecipitation (Lyu et al., 2014) or biomimetic biomineralization (Liang et al., 2016) allow the in situ incorporation of enzymes in the protective MOF structure. The selection of the most appropriate method for the synthesis of the hybrids must consider the synthesis conditions of the MOFs (usually not compatible with enzymes) and the pore size of the network (large enzymes might not fit in it).
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FIGURE 7. Enzyme-MOF hybrids can be synthesized either by the infiltration of the protein inside the pores of the material (A) or through the immobilization of the enzyme on the surface of the organic framework (B).


Protein-NCP hybrids have been applied to a wide range of applications, such as sensing (Wang et al., 2016; Gao et al., 2017; Vinita et al., 2018; Wu et al., 2019; Xiong et al., 2020), microfluidic systems (Hu et al., 2020), removal of pollutants (Shen et al., 2019), photodynamic therapies (Cheng et al., 2016; Li et al., 2017; You et al., 2019; He et al., 2020), protein delivery (Chen et al., 2018; Yang et al., 2019; Zhang et al., 2019a; Alyami et al., 2020) or even for the optimization of the polymerase chain reaction (PCR) (Sun et al., 2020). Undoubtedly, the nature of the ligands and metals used for the synthesis of the MOFs has a direct impact on the final structure of the hybrid and eventually on the activity of the enzyme. In this regard, the porosity of the MOF is a key factor that can be tuned selectively in the synthesis procedure. MOFs synthesized with divalent metals such as Zn2+, Fe2+, and Cu2+ and imidazole-derived ligands, are the most employed for enzyme immobilization [see examples with catalase (Liang et al., 2019; Li et al., 2020), lipase (He H. et al., 2016; Pitzalis et al., 2018), HRP (Wu et al., 2017), cytochrome c (Zhang et al., 2017), β-galactosidase (Chen et al., 2018), and caspase-3 (CP-3) (Chen et al., 2018) collected in Table 3].

Finally, it is worth mentioning that also covalent organic frameworks (COFs) have currently been used as support materials for enzyme immobilization. In a very recent article, Li et al. (2020) achieved enzyme-COF capsules (co-immobilizing catalase and glucose oxidase by encapsulation). They used a MOF (ZIF-90 or Zeolitic Pyrimidine Framework, ZPF-2) structure as sacrificial template to make COF capsules. COFs provide an alternative with high porosity, stability, and readily engineered functionality to the formation of enzyme-polymer hybrids. The large porosity of COFs makes them suitable as platform for the enzyme, favoring the mass transfer of the substrate and the conformational freedom of the enzyme. Albeit this is a very recent approach applied to the field of enzyme-polymer hybrids, we do foresee the development of highly interesting enzyme-COF hybrids in the coming years due to the advantageous features that COF networks can provide to the hybrid system.



Assembly of Enzyme-Polymer Hybrids Into Microstructures

The embedment of enzymes into micro- or macroscopic polymeric structures has several benefits. Usually, the larger the hybrid, the better the recycling potential is. This fact improves substantially the overall economy of the process for a particular biocatalytic procedure. Compared to macrostructures, microscaled polymers usually show lower diffusion issues and fairly good upscaling capacity, which makes them one of the best options for the design of biocatalytic bioreactors (see collated examples in Table 4). In this section, we focus our attention on enzyme hybrids fabricated with micrometric polymeric hydrogels, layer-by-layer wise assembled enzyme microparticles, crosslinking polymers, and electrospun polymeric fibers (illustrations in Figure 8).


TABLE 4. Summary of the most relevant examples of enzyme-polymer microhybrids.
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FIGURE 8. Schematic illustration of enzyme-polymer microhybrids described in this work. (A) Enzyme-hydrogel microparticles. (B) Microparticles or vesicles formed by LbL assembly. (C) CLEAs or MOEAs. (D) Enzyme-polymer fiber hybrids.



Enzyme Hydrogel Microhybrids

Polymeric hydrogels are three-dimensional polymeric network structures composed by natural or synthetic polymers with the ability to soak up high amounts of water and swell. The water absorption capability arises from hydrophilic groups (e.g., -OH, -CONH2, and -SO3H) in the structure, and the swelling behavior is related to the crosslinked structure, built by covalent and non-covalent bonds. Importantly, this architecture provides stability to the biomolecules, as well as high enzyme loading capacities (Hamidi et al., 2008) (Figure 8A). Hydrogels with a wide range of sizes can be targeted, ranging from 10 nm of the SENs, above described, to macroscopic enzyme-loaded sponges (Zhang et al., 2020), which are not in the focus of this review. The catalytic reaction rates of the latter are lower due to diffusion impairment caused by the polymer network. In contrast, the substrate/product diffusion path in enzyme-hydrogel microhybrids is shortened and, as consequence, the substrate is more rapidly exposed to the enzyme. Among the natural polymers, alginate, dextran, gelatin, chitosan, and agarose are the most studied ones due to their non-toxicity, biocompatibility, biodegradability, renewability, and the availability of seating numerous reactive sites (Beldengrün et al., 2018; Bilal and Iqbal, 2019b). The most employed synthetic polymers for the fabrication of hydrogel microparticles are poly(vinyl alcohol) (PVA), polyethyleneimine (PEI), polyvinylpyrrolidone (PVP), polyethyleneglycol (PEG), and poly(N-isopropylacrylamide) (PNIPAAM) (Pachioni-Vasconcelos et al., 2016). The synthesis procedure of the hybrids is very diverse. Proteins can be decorated with exogeneous reactive groups that will eventually be used to anchor the preformed polymeric network (Ji et al., 2016). For this aim, the use of click chemistry (e.g., sequential thiol-ene and bio-orthogonal tetrazine-norbornene click reactions) to control the synthesis of the hybrids can be an appreciated tool (Jivan et al., 2016). Alternatively, the direct mixture of preformed hydrogel microparticles with the enzyme solution has led to interesting microscopic hydrogels in which enzymes remain entrapped through weak interactions (Zhou et al., 2019). Recently, enzyme loaded hydrogel microparticles have been employed for the development of biosensors and enzyme-driven micromotors (Biswas et al., 2017; Keller et al., 2018).



Layer-by-Layer Wise Assembled Enzyme-Polymer Microhybrids

Layer-by-layer (LbL) deposition of ionic polymers is a commonly used methodology for the formation of micrometric hybrid biocatalysts. The fabrication consists in oppositely charged polyelectrolytes that assemble layer-wise on solid supports, usually a charged surface or an inorganic sacrificial template. This technique is conveniently explored for enzyme immobilization due to the mild conditions utilized in the assembly procedure, that help preserving enzyme folding and hence their stability (Figure 8B). It enables the on-demand design of the composition, thickness, charge, and permeability of the formed particles or films. Different micrometric designs for enzyme immobilization have been synthetized by LbL, such as microspheres, capsules, and hollow capsules (Sakr and Borchard, 2013). The most utilized ionic polymers are polystyrene sulfonate (PSS), poly(allylamine hydrochloride) (PAH), poly(ethylene imine) (PEI), and alginate (polysaccharide), which are usually combined with enzymes (typically catalase, glucose oxidase, α-chemotrypsin or β-glucosidase). As mentioned above, inorganic particles (mainly made of calcium carbonate) with embedded enzymes are mainly used as sacrificial templates (Yu et al., 2005; Karamitros et al., 2013; Parakhonskiy et al., 2014). However, in a very interesting example, Caruso and coworkers developed a smooth and productive enzyme encapsulation strategy that consisted of the formation of the LbL assembly on the surface of enzyme crystals, skipping the use of templates. With this approach, the enzymes are hydrated after the assembly process and remain trapped inside the capsule (Caruso et al., 2000).



Cross-Linked Enzyme-Polymer Conjugates

The synthesis of cross-linked enzyme aggregates (CLEAs) is a widely employed enzyme immobilization method. Basically, enzymes are covalently connected by a cross-linking agent. The most used cross-linker is glutaraldehyde (GA) due to its high conversion efficiencies, low cost, and high market availability (Velasco-Lozano et al., 2016). However, the density of accessible lysine residues is sometimes low for an effective cross-linking. In this case, additives such as polymers or protein feeders are commonly introduced, e.g., PEIs (López-Gallego et al., 2005), PEI-sulfate dextran (Wilson et al., 2004), dodecyl aldehyde (Guimarães et al., 2018), bovine serum albumin (BSA) (Torabizadeh et al., 2014; Amaral-Fonseca et al., 2018), egg albumin (Šulek et al., 2011), poly-lysine (Yamaguchi et al., 2011), and soy protein isolate (SPI) (Araujo-Silva et al., 2018). However, several issues such as its high toxicity and reactivity have been found with the use of GA as crosslinking agent. For this reason, (bio)polymers have been attempted in the last years, giving rise to cross-linked enzyme-polymer conjugates (CLEPCs), e.g., dextran-polyaldehyde (DP) (Mateo et al., 2004; Sahutoglu and Akgul, 2015), gum Arabic (Jin et al., 2019), chitosan (Nadar et al., 2016), and ethylene glycol-bis[succinic acid N-hydroxysuccinimide] (EG-NHS) (Rehman et al., 2016). Recently, our group has developed a methodology for the cross-linking of single enzyme nanogels, triggered by metal-imidazole coordination, resulting the so-called metal-organic enzyme aggregates (MOEAs). High enzyme loadings and low diffusional issues of MOEAs make them extraordinary candidates for biocatalysis applications (Rodriguez-Abetxuko et al., 2019a) (see collated examples with main results in Table 4).



Enzyme-Polymer Fiber Hybrids

Electrospun nanofibers are alternative polymeric structures that make use of electrospinning technology (Cleeton et al., 2019) to form large fibers. The most important features of the materials produced by electrospinning are the high degree of porosity (provided by the features of the polymer), the biocompatibility, and the high number of functional groups that can be displayed on the surface (mainly –NH2 and –OH). Thus, this method significantly increases the enzyme loads in comparison with conventional supports. On the last two decades, this technique has been employed to immobilize diverse (bio)molecules, including enzymes, in applications such as biosensors (Teepoo et al., 2017), pollution control (Jun et al., 2020), or bioreactors (Sakai et al., 2008) (Figure 8D). So far, two methodologies are followed for the fabrication of the enzyme-nanofiber hybrids: entrapment (in situ immobilization) and surface attachment (adsorption or covalent binding). Despite the drawbacks of immobilization by adsorption, i.e., reliance on the composition of the enzyme and protein leakage, it is an excellent approach that enables the increase of the activity and reusability of the enzyme (Wang Q. et al., 2013; Wang et al., 2006, 2014). On the other hand, covalent binding offers an improvement of the enzyme-support stability to a larger extent (Li et al., 2007; Feng et al., 2012, 2013; Zhang et al., 2014). In a recent study, Zdarta et al. (2019a) compared both methods of immobilization using polymeric fibers. They employed poly(L-lactic acid)-co-poly(ε-caprolactone) (PLCL) electrospun nanofibers to immobilize laccase by either entrapment or adsorption approach for the biodegradation of hazardous pollutants from wastewaters. They observed an increase of the affinity (lower Kmapp) of the adsorbed enzyme toward the substrate. Yet, the efficiency of the removal of pollutants by this hybrid was lower, mainly due to the deactivation of the enzyme and its leakage from the support. When covalent binding and entrapment methods were compared in terms of stability, they observed also significant differences. Both showed a significant enhancement with respect of free enzyme, which lost half of its activity after 20 days. However, while the hybrid fabricated through the covalent approach showed the 75% of the initial activity after 40 days of storage, the entrapped enzyme conserved 90% of the activity (Zdarta et al., 2019a). Other polymeric fibers such as poly(vinyl alcohol) (PVA) (Dinçer and Telefoncu, 2007), polyamide 6 (PVA/PA6) (Feng et al., 2014), polyacrylonitrile (PAN) (Wang et al., 2014), amidoxime polyacrylonitrile (AOPAN) (Zhang et al., 2014), and poly(3,4-ethylenedioxythiophene) (PEDOT)/PAN (Çetin and Camurlu, 2018) have been explored as supports for enzymes.



Assembly of Enzyme-Polymer Hybrids Into Macrostructures

Finally, in this last section, we highlight the use of macroassembled polymers into monoliths and continuous films as platforms for enzyme immobilization (Figure 9 and Table 5). The size of these materials provides the hybrids with good mechanical properties, expanding their applicability.
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FIGURE 9. Schematic illustration of enzyme-polymer monoliths and enzyme-polymer film types formed following different approaches mentioned in this work: (A) polymer monoliths; (B) assembly of SENs; (C) assembly of MOFs; (D) assembly of microparticles; and (E) attachment to polymer brushes.



TABLE 5. Summary of the most relevant examples of polymer-enzymes macrostructures.
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Polymer Monoliths-Enzyme Hybrids

Polymer monoliths are very interesting macrostructures developed in 1990s, mainly based on methacrylates, acrylates, and styrenes. The polymerization is performed in templates such as rod polymer for chromatographic columns (Watanabe et al., 2009; Li et al., 2010; Duan et al., 2020), disks (Lin et al., 2020), and microfluidic channels (Knob et al., 2016; Parker et al., 2019; Zhu et al., 2019). Monoliths can be functionalized with different groups such as epoxy, aldehyde or alkene groups (Masini and Svec, 2017). These supports have been used for the stabilization of enzymes in both aqueous media and organic solvents (Lv et al., 2014; Wen et al., 2016a; Luo et al., 2019). However, the main drawback of polymer monoliths relies on the large size of their pores, which results in low enzyme loads. Fortunately, this limitation can be circumvented by grafting a polymer layer on the surface of the macropores of monoliths (Peterson et al., 2003; Li et al., 2014; Wen et al., 2016b).

Enzyme-monolith hybrids (Figure 9A) have a relevant impact in microfluidic applications (Logan et al., 2007; Krenkova et al., 2009; Meller et al., 2017; Cheng et al., 2019) and, in less extension, biosensors (Luo et al., 2019), and HPLC (Girelli and Mattei, 2005). However, its preferential and successful application is as a bio-reactor platform for proteomic analysis (Peterson et al., 2002; Geiser et al., 2008; Sproß and Sinz, 2010; Calleri et al., 2011; Liang et al., 2011; Naldi et al., 2017; Han et al., 2019; Zhang et al., 2019). On a very recent example (Zhao et al., 2020), it has been shown a straightforward method for the fabrication of an immobilized monolith-enzymatic reactor (IMER) for proteome analysis (coupled to ESI-MS technique). The immobilization process was carried out by “thiol-ene” click chemistry. The thiol groups of the trypsin enzyme reacted with alkene groups of a polymer monolith fabricated with ethylene glycol dimethacrylate (EDMA) to form a thioether. Enzyme turned out to be very active with a Kmapp of 2.1 mM, quite similar to that measured for the free enzyme (Km 1.4 mM). In addition, the enzyme maintained the activity up to 80% after five cycles. In the same line, they extended their IMER design using trimethylolpropane trimethacrylate (TRIM), instead of EDMA, increasing the anchoring points of the support. Thus, they raised the enzymatic load and hence the specific activity of the hybrid (Fan et al., 2020; Wei et al., 2020) (details in Table 5). Also, IMERs have been applied for the immobilization of other enzymes involved in other pathologies such as arginase in cardiovascular diseases (André et al., 2011), acetylcholinesterase (AChE) in the treatment of Alzheimer disease (De Simone et al., 2019) or in metabolism studies using the cytochrome P450 enzyme (Nicoli et al., 2008).



Enzyme-Polymer Films

The application of enzyme-polymer films are rather relevant in distinct scientific areas and applications such as biosensors (Vázquez et al., 2007; Yuan et al., 2012), muti-enzymatic cascade reactions (Sharma et al., 2013; Farrugia et al., 2017), or enzymatic biofuel cells (EBFCs) (Chung et al., 2016; Christwardana et al., 2017). In particular, polymer-enzyme films-based biosensors have been widely studied as alternative to the traditional chemical methodologies. The assembly of enzyme-polymer hybrids in film fashion can be performed by simple deposition or drop casting (Rodriguez-Abetxuko et al., 2019b; Sánchez-deAlcázar et al., 2019), by spin-coating (Chen B. et al., 2008), by layer-by-layer approaches (Scodeller et al., 2014; Zhang et al., 2019b), by electrospinning (Henke et al., 2020), by dip-coating (Marquitan et al., 2020) or by Langmuir–Blodget technique (Qian et al., 2002). Smaller enzyme-polymer hybrids, e.g., MOFs, particles or SENs, (Dong et al., 2018; Liu et al., 2018; Wang et al., 2018; Sureka et al., 2019; Henke et al., 2020), can be thereby deposited in continuous films to form responsive biocoatings (Figures 9B,C). For example, single enzyme nanogels of glucose oxidase are able to assemble into ordered and highly stable films by means of coordination polymers and divalent metals (Rodriguez-Abetxuko et al., 2019b). Also, Cu2+-based tyrosinase MOFs can be used to fabricate a bisphenol A biosensor (Wang et al., 2015; Lu et al., 2016).


Use of conductive polymers

Conducting polymers (CPs) have attracted the attention because they exhibit interesting properties for the development of biosensors (Marcus and Sutin, 1985). CPs have high electrical conductivity, low ionization potential, high electronic affinities, as well as optical properties. The most used systems are based on polyacetylene, polyaniline (PANI), polypyrrole (Ppy), polythiophene, poly (p-phenylene), and poly (phenylene vinyl-ene). Successful CPs-based enzyme biosensors have been fabricated for the detection of biological molecules such as glutamic acid (Rahman et al., 2005; Kergoat et al., 2014), acetylcholine (Fenoy et al., 2020), and soluble gasses as NO (Abdelwahab et al., 2010), all of them associated to particular diseases. As an example, the adsorption of acetylcholinesterase (AChE) and choline oxidase (ChO) enzymes on a film of Fe2O3NPs/poly(3,4-ethylenedioxythiophene (PEDOT))-reduced graphene oxide (rGO)/modified fluorine doped tin oxide (FTO) electrode reported a detection limit of acetyl choline as low as 4 nM. The proposed sensor was applied to determine acetyl choline in serum samples from healthy and Alzheimer’s patients. Since acetylcholine concentration is slightly lower in Alzheimer’s patients than in healthy individuals (5.0–7.8 nM vs. 8.2–11.3 nM, respectively), this system is capable to discriminate both populations (Chauhan et al., 2017). In order to overcome the drawbacks related to enzyme immobilization (mainly related to protein leakage) and enhance the sensitivity, Akhtar et al. (2017) covalently co-immobilized both enzymes (AChE and ChO). With this approach, the sensitivity was reduced significantly, reporting a detection limit of ca. 0.6 nM and a usability of 60 days maintaining the 91% of the sensitivity. Similarly, highly sensitive CP-based glucose biosensors, which are relevant for patients suffering from Diabetes’s disease, have also been developed using glucose oxidase (GOx) enzyme. The use of GOx-loaded PtNPs-PEDOT microspheres has shown the best reported sensor of PEDOT up to date (Piro et al., 2001; Nien et al., 2006; David et al., 2018; Liu et al., 2018).



Use of polymeric brushes

Aiming at modifying the surface of materials, i.e., electrodes or particles, the use of polymeric brushes can be an alternative to film deposition. Polymer brushes are long and flexible polymer chains, attached to surfaces or other polymer chains, with high grafting density (Figure 9E). The chemistry, the molecular weight, and the grafting density can be wisely tailored. These parameters may have an effect on the structure and hence the activity of the enzyme. Furthermore, polymeric brushes act as an extension of the surface into a third dimension, granting a high and tunable density of functional groups (epoxide, carboxylic acid, hydroxyl, aldehyde, and amine groups) that can be eventually used for the conjugation of enzymes (Jiang and Xu, 2013). Several publications have pointed out that hydrophilic or zwitterionic polymer brushes create favorable microenvironments for catalysis (Weltz et al., 2019). However, there is still some work to do in the fabrication of efficient enzyme-polymer brush systems. The amount of reactive groups within the polymer brushes should be optimized for each case, as the high density of those leads to a reduced degree of conformational freedom of the enzyme, which is generally translated to lower bioactivities (Jiang and Xu, 2013).



CONCLUSION AND OUTLOOK

In this review, we have brought together different approaches to enhance the stabilization or increase the activity of enzymes using tunable polymers as non-catalytic supporting materials. With different examples, we have demonstrated that the polymer is usually more than a mere support. Polymers can be used to protect enzymes from denaturation, to increase the bioactivity through beneficial interactions, to concentrate the enzymes in small volumes, to confine the enzymes in favorable environments, or to ease the recyclability of the enzyme. These hybrids are built up as a result of the careful selection of each component, i.e., enzyme and polymer, and the strategy utilized for their combination. The current synthesis methods have facilitated the control over the amount, position of the conjugation-site, and orientation of the immobilized enzymes, as well as the molecular architecture of the resultant hybrid. Furthermore, we have shown that nanohybrids are suitable for nanomedicine applications, mainly due to an easier transport, biocompatibility, and more adequate delivery inside the body. Moreover, the high enzyme/polymer ratio content showed by enzyme-polymer conjugates (EPCs), single enzyme nanogels (SENs), giant amphiphiles or reverse micelles make them attractive for novel applications. On the other hand, bigger structures, such as polymer monoliths or films, have a more relevant impact as reactors or biosensors, respectively. All in all, new, refined, and sophisticated hybrid structures with novel functionalities are sought. However, the reusability and storage of the immobilized enzymes is still the limiting factor for a cost-effective applicability and commercialization of these systems. Finally, we anticipate the emergence of new and appealing approaches in the field of enzyme-polymer hybrids as novel polymeric architectures and synthesis methodologies are being developed.
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The 22 genetically encoded amino acids (AAs) present in proteins (the 20 standard AAs together with selenocysteine and pyrrolysine), are commonly referred as proteinogenic AAs in the literature due to their appearance in ribosome-synthetized polypeptides. Beyond the borders of this key set of compounds, the rest of AAs are generally named imprecisely as non-proteinogenic AAs, even when they can also appear in polypeptide chains as a result of post-transductional machinery. Besides their importance as metabolites in life, many of D-α- and L-α-“non-canonical” amino acids (NcAAs) are of interest in the biotechnological and biomedical fields. They have found numerous applications in the discovery of new medicines and antibiotics, drug synthesis, cosmetic, and nutritional compounds, or in the improvement of protein and peptide pharmaceuticals. In addition to the numerous studies dealing with the asymmetric synthesis of NcAAs, many different enzymatic pathways have been reported in the literature allowing for the biosynthesis of NcAAs. Due to the huge heterogeneity of this group of molecules, this review is devoted to provide an overview on different established multienzymatic cascades for the production of non-canonical D-α- and L-α-AAs, supplying neophyte and experienced professionals in this field with different illustrative examples in the literature. Whereas the discovery of new or newly designed enzymes is of great interest, dusting off previous enzymatic methodologies by a “back and to the future” strategy might accelerate the implementation of new or improved multienzymatic cascades.
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INTRODUCTION

Chemically, an amino acid (AA) is any molecule containing a carboxylic acid and an amino group. This family of compounds is hugely heterogeneous, and includes any linear or cyclic molecule containing both substituents. The amino moiety can be situated at the α-, β-, γ-, δ-, etc. position with respect to the carbonyl group of the acid. AAs can be further functionalized with other substituents, additionally heterogenizing this family of compounds. Nonetheless, the L-isomer of α-AAs occupies a central role in biosciences, since these molecules were evolutionarily chosen to become the building blocks of one of the macromolecular scaffolds sustaining life. The 22 genetically encoded AAs present in proteins (the 20 standard AAs together with selenocysteine and pyrrolysine) are commonly referred as proteinogenic amino acids (PAAs). On the other hand, the IUPAC recommended the terminology “common amino acids” for genetically-encoded AAs and other AAs with known biological functions, such as L-DOPA (IUPAC, and IUb, 1984). By the end of the seventies, more than 140 natural AAs and AA-derivatives had been proposed in natural proteins (Uy and Wold, 1977; Hunt, 1985); more than 900 NcAAs have been suggested in plants (Yamane et al., 2010). Thousands of synthetic NcAAs not occurring naturally have been chemically synthesized by different approaches (Xue et al., 2018). In this sense, the “proteinogenic” or “non-proteinogenic” classification of AAs can result imprecise, as non-coded AAs are also commonly found in significant quantities in proteins, such as hydroxylysine and hydroxyproline. Several D-α-AAs are also widely described in peptides and proteins (Martínez-Rodríguez et al., 2010c; Grishin et al., 2020), and the emerging role of its metabolism in the innate defense has been recently suggested (Sasabe and Suzuki, 2018). On the other hand, AAs not included in the above-mentioned group have also been referred to as non-protein, non-natural, unnatural, non-canonical, non-proteinogenic or unusual, among other terminologies (Hunt, 1985; Fan et al., 2015; Blaskovich, 2016; Agostini et al., 2017; Baumann et al., 2017). We will refer to them as “non-canonical amino acids” (NcAAs).

The occurrence and biological activity of NcAAs in vivo is hugely diverse, and some of their properties have been reflected in different papers (Wagner and Musso, 1983; Hunt, 1985; Nunn et al., 2010; Yamane et al., 2010; Walsh et al., 2013; Blaskovich, 2016; Zou et al., 2018; Narancic et al., 2019; Hedges and Ryan, 2020). Broadly, several NcAAs are utilized as intermediates in primary metabolic pathways (e.g., homoserine, ornithine, citrulline,…). Free NcAAs also possess antimicrobial, antiproliferative, anti-inflammatory, or other biologically relevant activity (Martínez-Rodríguez et al., 2010c; Blaskovich, 2016). They serve as building blocks for many different small bioactive peptide scaffolds (Walsh et al., 2013), including hormones (Martínez-Rodríguez et al., 2010c), or confer specific structural properties to proteins (i.e., collagen or insulin). The activity of many NcAAs have been proposed not directly related with the physiology of the organism itself, but with its relationship with other organisms in its environment, suggesting physiological (toxic), deterrent (pheromonal) or other modifying roles external to the responsible species (Hunt, 1985). Microorganisms are a clear example on how evolution has taken advantage of using NcAAs over competing organisms (Nunn et al., 2010), and microbial antibiotics have been widely described (Martínez-Rodríguez et al., 2010c; Walsh et al., 2013; Blaskovich, 2016). Many of the isolated NcAAs or peptide-containing NcAAs also serve as plant-defense against predators, pathogens or other organisms competing for the same resources (Yamane et al., 2010; Rodgers, 2014). Furthermore, some NcAAs have also been shown to be toxic for humans and domestic animals (Bell, 2003; Nunn et al., 2010; Rodgers, 2014), and have been suggested as potentially linked to neurodegenerative diseases (Rodgers, 2014).


Biomedical and Biotechnological Applications of NcAAs

Enantiopure NcAAs are of considerable economic importance because of their broad industrial applications (Patel, 2013; Narancic et al., 2019). The global AA market increased from 0.7 million tons in 1985 to 9.3 Million Tons in 2019, and is expected to reach a volume of 11.9 million tons in 2025 (Ikeda and Takeno, 2013; IMARC group, 2019). A “Compound Annual Growth Rate” (CAGR) of 5.6% is expected from 2015 to 2022 (Sánchez et al., 2018). Amino acid global sales reached $20 billion in 2014 and are predicted to exceed $35 billion by 2022 (Yan and Wang, 2019). Besides the advances focused on the million-ton scale bulk PAAs L-glutamate and L-lysine, the Industry continues widening its interest toward other specialty NcAAs (Wendisch, 2020), and there is strong commercial interest in developing new amino acid applications (Sánchez et al., 2018). In fact, some NcAAs have proven key for the production of many of the 200 top-grossing pharmaceuticals (Boville et al., 2018b). Some examples are sitagliptin (Merck, $5.91 billion), pregabalin (Pfizer, $4.62 billion) or glecaprevir (AbbVie, $3.44 billion) (Belk, 2018).

From the biotechnological and biomedical point of view, NcAAs have found applications as a significant expansion of the building-block repertoire and/or as organocatalysts (Agirre et al., 2019), also in the manufacture of a wide range of pharmaceuticals (Patel, 2013; Narancic et al., 2019), or as linear and cyclic peptides (Blaskovich, 2016; Martin et al., 2018). Some of the commercial applications directly rely on the natural properties of peptide-containing NcAAs, such as several antibiotics. Norine, an online database, contains updated and important information on different NcAAs present in non-ribosomal peptides (Flissi et al., 2020). Besides the direct commercial applications of NcAAs or derived NcAA-compounds, they have also been used into structure-activity relationships (SAR) peptides (Blaskovich, 2016); incorporation of NcAAs into protein and peptides using ribosomes is an increasing field with many possibilities (Martin et al., 2018). In vivo incorporation of NcAAs into antimicrobial peptides is also an enlarging field of study due to the potential discovery of novel antibiotics to broaden the human pharmacological barriers toward microbes. Genetic engineering methodologies allow gene libraries of 101 –108 variants and thus, random incorporation of NcAAs in their sequence; sampling can thus be carried out by high throughput approaches, greatly shortening the time needed for new antimicrobial development (Baumann et al., 2017). Among them, the possibility to engineer proteins to incorporate site-specifically different NcAAs has had a major impact the development of this field (Agostini et al., 2017; Zhao et al., 2020). This technology has removed the constraints imposed by nature on the use of the 22-genetically encoded AAs, allowing to insert new properties and/or improved functionalities on protein scaffolds. Some examples are improvements in enzyme catalytic efficiency, chemical and/or thermal stability, substrate scope, enantio- and stereoselectivity or inhibition. Also, bioorthogonal functionalization, spectroscopic probes, photo-cross-linking, metal-chelating or post-translational modification-mimicking has been reported (Agostini et al., 2017; Almhjell and Mills, 2018; Rezhdo et al., 2019; Zhao et al., 2020). Thus, the huge advances on the standardization of methodologies for the production of enzymes incorportating NcAAs (Smolskaya and Andreev, 2019; Hammerling et al., 2020) are also boosting the application and economic significance of NcAAs.

Among the numerous L-α-NcAAs with biomedical interest (Table 1), L-homophenylalanine is a precursor for the preparation of valuable angiotensin-converting enzyme (ACE) and renin inhibitors (e.g., enalapril, lisinopril, quinapril, ramipril, trandolapril or benazepril, among others; Ahmad et al., 2009). L-α-aminobutyric acid (L-ABA, homoalanine) is a building block for the synthesis of important drugs such as ethambutol (antituberculosis drug), or levetiracetam and brivaracetam (antiepileptic drugs; Zhu et al., 2011). L-DOPA (levodopa) and several derivatives -including carbidopa- are among the most useful drugs for Parkinson’s disease treatment (Min et al., 2015; Gupta et al., 2019). L-5-hydroxytryptophan therapeutic effects include treatment of depression, chronic headache and insomnia (Hara and Kino, 2013). L- and D-biarylalanine-containing compounds have found different applications (e.g., dipeptidyl peptidase 4-, botulinum toxin- or amyloid-β-peptide aggregation- inhibitors; Ahmed et al., 2015). On the other hand, D-para-hydroxyphenylglycine (D-pHPG) and D-phenylglycine (D-PheGly) are utilized in the semi-synthesis of many different antibiotics (Martínez-Rodríguez et al., 2010c and references therein) (Table 2). Among these antibiotics, amoxicillin, cephalexin and ampicillin are included in the World Health Organization’s list of essential medicines. D-Phenylalanine is used in the preparation of nateglinide, a drug for the treatment of type 2 diabetes (Bettini et al., 2020). D-valine is used in the synthesis of tau-fluvalinate, a pyrethroid pesticide (Chen et al., 2016). D-amino acid mixtures have been shown to trigger biofilm disassembly in some bacterial species, promoting antibiotic sensitivity (Kolodkin-Gal et al., 2010; Dawe et al., 2017). As highlighted by the Nobel Prize Frances Arnold, important Protein Engineering efforts are also been paid to develop new ‘NcAA synthases’ for efficient, environmentally friendly production of valuable NcAAs (Almhjell et al., 2018). Nonetheless, many different enzymatic approaches have already been described in the past for NcAA production, which might give us some lessons from the past; these are interesting starting points for improvement, allowing new designs utilizing the immense enzymatic knowledge gained by the development of Green Chemistry.


TABLE 1. Some examples of free L-α-NcAAs or L-α-NcAA-containing compounds.
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TABLE 2. Some examples of D–α–AAs and D–α–AA–containing compounds.
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MULTIENZYMATIC CASCADES FOR THE PRODUCTION OF NCAAS

NcAAs chemical synthesis continues receiving at present huge attention in the literature due to the relevance of these compounds (Xue et al., 2018; Mei et al., 2020; Zou et al., 2020). On the other hand, the search for sustainable processes to decrease the environmental impact of industrial processes (Wenda et al., 2011; Sheldon and Brady, 2018) is probably the main reason boosting the development of multienzymatic cascade (MEC) reactions. The unprecedented development in bioinformatics, metagenomics and de novo design coupled with protein engineering (i.e., directed evolution and high-throughput screening) during the last decade have resulted in a massive diversification on the enzymes available for synthetic Chemistry and Biology (Devine et al., 2018). These advances have accelerated the arrival of the “Fourth Wave of Biocatalysis” (Bornscheuer, 2018) or the so-called “Golden Age of Biocatalysis” (Devine et al., 2018); combinations of enzymes -whether in cascade reactions or via metabolic engineering- brings together many beneficial features which might convert this strategy as the ‘first choice’ to advance in the biotransformation field (Bornscheuer, 2018). The huge research efforts in this field are reflected by different reviews from the last decade on general operational and functional aspects on different MECs, some of them also including disseminated information on AA production using chemoenzymatic and multienzymatic systems (Lopez-Gallego and Schmidt-Dannert, 2010; Hall and Bommarius, 2011; Ricca et al., 2011; Oroz-Guinea and García-Junceda, 2013; France et al., 2017; Quin et al., 2017; Devine et al., 2018; Schrittwieser et al., 2018; Sperl and Sieber, 2018; Wu and Li, 2018; Cutlan et al., 2019; Hwang and Lee, 2019; Giannakopoulou et al., 2020). The interest on MECs in biotransformation and biomedical engineering is thus clear, being an attractive alternative for the production of biofuels, pharmaceuticals and fine chemicals (Hwang and Lee, 2019). A short summary of different MECs developed for the production of NcAAs during the last decades can be consulted in Table 3.


TABLE 3. Summary of different MECs for the production of NcAAs described in the literature.

[image: Table 3]The plausible combinations of MEC are huge and their operational aspects have been reviewed in detail in the last lustrum. Firstly, MEC can be developed using purified proteins, whole cells or cell-free extracts. The spatial organization of MECs have also received special attention, since it affects important operational parameters such as substrate/product diffusion, the availability of cofactors or the probable interference or inhibition of cofactors among the different enzymes used in the reactions (Quin et al., 2017; Bugada et al., 2018). In this sense, many diverse multienzyme arrangements have been proposed, such as fusion proteins (e.g., including a peptide linker), nucleic acid-based or protein-based scaffolds, co-immobilization, Vesicle-based or protein-based encapsulation, or even repurposed cellular organelles (Bugada et al., 2018; Hwang and Lee, 2019). Also, different recent reviews have described different approaches and materials suitable for MEC immobilization (Zdarta et al., 2018; Hwang and Lee, 2019; Ren et al., 2019; Romero-Fernández and Paradisi, 2019). Since many MECs rely on the regeneration of cofactors for continuous operation, its selection is also important; several regeneration systems have been studied from the middle of 20th century, and different alternatives are available, such as formate dehydrogenase (FDH), glucose dehydrogenase (GDH) or NADH Oxidase (NOX) among many others (De Wildeman et al., 2007; Hall and Bommarius, 2011; Tassano and Hall, 2019). This complex scenario makes difficult to efficiently categorize MECs, but the reader is referred to the seminal work by Kroutil’s group to envision different parameters which can be used for classification of biocatalytic artificial cascades (e.g., number of steps/catalysts, chronology, topology, types of catalysts used; Schrittwieser et al., 2018).


Hydantoinase Process

The “Hydantoinase Process” is a cheap and environment-friendly enzymatic cascade for the potential production of virtually any enantiopure α-AA. This process is known for more than four decades, and received its name from the ability of D-hydantoinases (dihydropyrimidinase, E.C. 3.5.2.2) to hydrolyze a wide spectrum of D,L-5-monosubstituted hydantoins. The latter compound was converted till the corresponding N-carbamoyl-D-α-AA, which could be afterward hydrolyzed chemically to the corresponding D-α-AA. D-hydantoinase was afterward coupled with a stereospecific D-carbamoylase (E.C. 3.5.1.77) to obtain the corresponding D-α-AA starting from a racemic mixture of 5-monosubstituted hydantoins (Figure 1A), taking advantage of the spontaneous racemization of these substrates under certain conditions (see below; Grifantini et al., 1998; Slomka et al., 2017). Its principal application was the production of D-pHPG and D-PheGly (precursors of Ampicillin and Amoxicillin, Table 2), but it has been applied industrially for the production of different enantiopure AAs by DSM, Evonik, Kanegafuchi or Recordati (Bommarius et al., 1998; Wilms et al., 2001; Wenda et al., 2011). Despite its relevance, DKRs accomplished through this process were initially limited to 5-monosubstituted hydantoins for which a fast spontaneous racemization was favored since racemization of most hydantoins is usually a very slow process; chemical racemization is highly dependent on the pH, temperature and other factors (such as bulkiness) of the substituent in the 5-position of these precursors (Pietzsch and Syldatk, 2002). This enzymatic tandem was enhanced to increase its substrate scope, allowing the production of additional D-α-AAs by inclusion of a third enzyme together the original hydantoinase/carbamoylase, namely hydantoin racemase (E.C. 5.1.99.5, Martínez-Rodríguez et al., 2004). This third enzyme allowed extending the use of the hydantoinase/carbamoylase tandem to 5-monosubstituted hydantoin substrates for which chemical racemization is not favored (Wilms et al., 2001; Martínez-Rodríguez et al., 2002; Martínez-Gómez et al., 2007). Total conversion and 100% enantiopure D- or L-α-AAs can thus be obtained when a HR racemases the remaining non-hydrolyzed 5-monosubstituted hydantoin (Figure 1A).
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FIGURE 1. The Hydantoinase Process. (A) General scheme on the different possibilities for the Hydantoinase Process. The “D-system” appears contained in the dashed line, whereas the “L-system” is remarked by a full line. Inclusion of an NSAR enzyme highly improves the “L-system.” HR*: hydantoin racemase (or chemical racemization when favored); DHyd, D-activity of hydantoinase; DCar, D-carbamoylase; LHyd, L-activity of hydantoinase; LCar, L-carbamoylase; NSAR, N-carbamoyl-racemase promiscuous activity of N-succinyl-racemase (Martínez-Rodríguez et al., 2010b, 2020). D-AA, D-α-amino acid. D-NCA, N-D-carbamoyl-α-amino acid. D-5H, D-5-monosubstituted hydantoin. L-AA, L-α-amino acid. L-NCA, N-L-carbamoyl-α-amino acid. L-5H, L-5-monosubstituted hydantoin. (B) Conversion of different racemic 5-monsubstituted hydantoins till the corresponding enantiopure D-α-AA using the Hydantoinase Process (D-system). Recombinant E. coli cells containing two different recombinant polycistronic systems using Agrobacterium enzymes were used. HR*: hydantoin racemase (or chemical racemization when favored); DHyd, D-activity of hydantoinase; DCar, D-carbamoylase (Martínez-Gómez et al., 2007). (C) Bioconversion of L-homophenylanine hydantoin derivative using recombinant E. coli cells. Coexpression of hydantoinase from Brevibacillus agri (Hyd) and L-carbamoylase (LCar) from B. kaustophilus was carried out. Hyd from Brevibacillus agri is highly D-enantioselective, but possess residual L-activity for this specific substrate (Kao et al., 2008). (D) “Double-racemase Hydantoinase Process” for the production of enantiopure L-α-AAs. Different combinations of purified and immobilized D-hydantoinase (DHyd) and hydantoin racemase (HR) from Agrobacterium species, N-succinyl-amino acid racemase (NSAR) from Geobacillus kaustophilus and L-carbamoylase (LCar) from Geobacillus stearothermopillus allowed the production of different enantiopure NcAAs; L-Met and L-Val were also efficiently produced with this system (Rodríguez-Alonso et al., 2015, 2016, 2017).


As most hydantoinases exhibit clear D-enantioselectivity (Martínez-Rodríguez et al., 2010a), this MEC has been mainly applied for the production of enantiopure D-α-AAs (Figure 1A, dashed line). Different D-α-AAs were produced using whole cells of recombinant polycistronic systems containing D-hydantoinase, D-carbamoylase and hydantoin racemases from Agrobacterium species (Figure 1B). 0.3 M D,L-5-(2-methylthioethyl)hydantoin (52.3 g⋅L–1) was totally converted after 6 h till D-Met using this approach (0.25 g of cells⋅mL–1, pH 8; Martínez-Gómez et al., 2007). On the other hand, hydantoinases usually present a “residual” L-activity that can be coupled to an L-stereospecific carbamoylase (Figure 1A, full line) (E.C.3.1.5.87) (Wilms et al., 2001; May et al., 2002; Kao et al., 2008); protein engineering allowed obtaining a preferential L-hydantoinase activity toward L-5-methyl-thio-ethyl hydantoin, highly enhancing the production of L-methionine (May et al., 2000). Recombinant E. coli cells coexpressing thermostable hydantoinase (dihydropyrimidinase) from Brevibacillus agri and L-carbamoylase from Bacillus kaustophilus allowed conversion yields of 98% starting from enantiopure L-substrate at pH 7.0 (Figure 1C, Kao et al., 2008). Using racemic substrate, 43% conversion was achieved, since the D-carbamoyl-derivative accumulates in the reaction and the chemical racemization of this substrate is not favored. On the other hand, the system could be reused at least 8 times without noticeable loss of activity (Kao et al., 2008).

This D-hydantoinase/L-carbamoylase system was further expanded by coupling with an N-succinyl-amino acid racemase (NSAR, E.C.3.1.5.87), since the latter enzyme allows the racemization of the D-N-carbamoyl-α-AA produced by hydantoinase. Thus, in situ conversion producing L-N-carbamoyl-α-AA in the reaction medium occurs, which can be further hydrolyzed by L-carbamoylase to the corresponding L-α-AA (Figure 1D). However, this system still depends on the L-residual enantioselective activity of D-hydantoinase for those substrates whose chemical racemization is not favored. Different reports on the hydantoinase/NSAR/L-carbamoylase system have been reported (Bommarius et al., 2002; Lo et al., 2009). Engineered dihydropyrimidinase from Brevibacillus agri (L159V mutant), Bacillus kaustophilus L-carbamoylase and Deinococcus radiodurans NSAR were purified, and allowed the production of L-homophenylalanine (90% yield, 5 h, Lo et al., 2009). This L-enantiospecific MEC system has further been expanded by inclusion of a hydantoin racemase, speeding up the process by racemization of the remaining L-5-monosubstituted hydantoin for substrates whose chemical racemization is not favored (Rodríguez-Alonso et al., 2015, 2016, 2017; Figure 1D). Using purified and immobilized enzymes, the proposed “double-racemase Hydantoinase Process” was efficiently applied for the synthesis of different NcAAs (L-norvaline, L-norleucine, L-ABA, L-homophenylalanine). The immobilized system could be reused 15 times, retaining 80% of the initial activity (Rodríguez-Alonso et al., 2017).

Thus, enantiopure D-or L-α-AAs can be obtained by different combinations of hydantoinases (Altenbuchner et al., 2001), carbamoylases (Martínez-Rodríguez et al., 2010b), NSARs (Martínez-Rodríguez et al., 2020), and hydantoin racemases (Martínez-Rodríguez et al., 2004). This process has also been expanded for the production of enantio-enriched β-AAs (Martínez-Gómez et al., 2012; Rudat et al., 2012).



Amidohydrolase Process

The original Industrially used “Acylase Process” (Degussa, now Evonik) consisted of a KR of N-acetyl-α-AA using L- (E.C. 3.5.1.4) or D-stereospecific acylases (E.C. 3.5.1.81)2. Coupling of an NSAR with an stereospecific acylase produces a bienzymatic DKR system allowing the production of different enantiopure L- or D-α-AAs starting from inexpensive N-acetyl-α-AAs (Figure 2A; May et al., 2002; Hsu et al., 2006; Baxter et al., 2012). Based on this process, and taking advantage of (i) the substrate promiscuity of NSAR enzymes toward different N-substituted-α-AAs (NxAs), (ii) the existence of different enantioselective or stereospecific amidohydrolases (NxAH) under E.C. 3.5.1 enzyme group, and (iii) the substrate promiscuity shown by these enzymes (e.g., D- and L-carbamoylases, Martínez-Rodríguez et al., 2010b), coupling of an NSAR with a stereospecific NxAH allows the production of D- or L-α-AAs starting from many different substrates (e.g., N-succinyl-, N-acetyl-, N-carbamoyl-, N-chloroacetyl-, N-butyryl-, N-propyl-, N-benzoyl, or N-formyl-AAs; Martínez-Rodríguez et al., 2020 and references therein). Thus, the “Amidohydrolase Process” is a more general nomenclature which encompasses the use of a promiscuous and stereospecific D- or L-amidohydrolase together an NSAR enzyme, generating different NSAR/NxAH tandems. Different DKR MECs for production of enantiopure D- or L-α-AAs arise from these combinations, allowing the use of different NxAs, as a result of the broad substrate promiscuity of NSARs and NxAHs (Figure 2A). So far, different NSAR/Acylase, NSAR/carbamoylase or NSAR/succinylase tandems have been used or proposed (Martínez-Rodríguez et al., 2020 and references therein; Figures 2B–F). Metal requirement/compatibility of these MECs needs to be studied in order to assess optimal conditions of the different MECs. Furthermore, since all these enzymes have shown broad substrate promiscuity, proper selection of the substrate of NSAR/NxAH tandems can enhance conversion rates (Soriano-Maldonado et al., 2014a, b).
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FIGURE 2. Amidohydrolase process. (A) General scheme for the “Amidohydrolase Process” (D-system, dashed line; L-system, full line). L-NxAH, N-substituted L-stereospecific amidohydrolase (e.g., L-acylase, L-carbamoylase, L-succinylase). D-NxAH, N-substituted D-stereospecific or stereoselective amidohydrolase ((e.g., D-acylase, D-carbamoylase, D-succinylase). R: Acyl, NSAR/Acylase tandem (original acylase process). R: carbamoyl, NSAR/carbamoylase tandem. R: formyl, NAAR/carbamoylase tandem. R: succinyl, NSAR/succinylase tandem (Martínez-Rodríguez et al., 2020). (B) L-homophenylalanine production by NSAR/L-acylase tandem. Whole cell biocatalyst containing N-succinyl-amino acid racemase (NSAR) and L-acylase (L-Acyl) from Deinococcus radiodurans were used, starting from racemic N-acetyl-L-homophenylalanine (Hsu et al., 2007). (C) D-allylglycine production by NSAR/D-acylase tandem, consisting of pure D-acylase (D-Acyl, Chirotech Technology Ltd.) and an engineered N-succinyl-amino acid racemase from Amycolatopsis sp (NSAR, G291D/F323Y mutant; Baxter et al., 2012). (D) Production of enantiopure L-α-AA using an NSAR/L-succinylase system, using enzymes from Geobacillus kaustophilus overexpressed in a whole cell system (Masutoshi et al., 2016). (E) Production of enantio-enriched D-Phe and D-Trp using a NSAR/D-succinylase system. The enzymes were cloned from Cupriavidus sp. and Geobacillus stearothermophilus, respectively (Sumida et al., 2018). (F) Production of enantiopure L-α-AA using purified NSAR/L-carbamoylase system. Purified NSAR from Geobacillus kaustophilus and L-carbamoylase from Geobacillus stearothermophilus were applied for the DKR of different racemic N-carbamoyl- and N-formyl-α-AAs. R1, lateral chain of the corresponding AA. R, N-substituent (Soriano-Maldonado et al., 2014a, b).)


An E. coli whole cell system comprising a NSAR/L-acylase from Deinococcus radiodurans was used to produce L-homophenylalanine with a 99.9% yield and over 99% e.e. (in 1 h), with a productivity of 10 mmol⋅L–1⋅h–1 (Figure 2B, Hsu et al., 2007). Engineered NSAR (G291D/F323Y mutant) from Amycolatopsis sp., together with D-acylase (Chirotech Technology Ltd) allowed conversion of N-acetyl-D,L-allylglycine (50 g⋅L–1) into D-allylglycine in 18 h with a 98% conversion (Figure 2C, Baxter et al., 2012). Whole cell systems containing NSAR and L-succinylase from Geobacillus kaustophilus were successfully applied for the synthesis of L-4-bromophenylalanine, L-3-fluorophenylalanine, L-2-naphthylalanine, L-2-indanylglycine, and L-6-heptenylglycine (conversion over 98%, >99.9% e.e.) (Figure 2D, Masutoshi et al., 2016). An NSAR/D-succinylase system has also been reported (Sumida et al., 2016, 2018). However, the enantiomeric excess of D-Trp and D-Phe produced by the biocatalysts was lower than 95%; the authors suggested that D-succinylase from Cupriavidus sp. is enantioselective and also recognize the L-isomer, concluding that this system needs still development for improving the enantioselective character of D-succinylase (Figure 2E). Purified and immobilized NSAR from Geobacillus kaustophilus and L-carbamoylase from Geobacillus stearothermophilus were applied for the DKR of different racemic N-carbamoyl- and N-formyl-α-AAs (Figure 2F; Soriano-Maldonado et al., 2014a, b). Unexpectedly, N-formyl-substrates were recognized more efficiently than N-carbamoyl-α-AAs. Total conversion till 15 mM of L-ABA, L-norleucine, L-norvaline, or L-homophenylalanine was achieved in less than 2 h (Soriano-Maldonado et al., 2014a). A preparative scale reaction was also conducted; 0.5 M of racemic N-formyl-aminobutyric acid could be converted in 85 h (at low enzyme concentrations; 2.0 μM L-carbamoylase and 12.0 μM NSAR, CoCl2 0.25 mM). A productivity of 16 mmol L-norleucine L–1⋅h–1 (yield > 99%; e.e. 99.5%), with no inhibition at high substrate or product concentrations using immobilized NSAR/L-carbamoylase (Soriano-Maldonado et al., 2014b).

The Amidohydrolase Process is an example of the expansion possibilities of well-stablished MECs (Martínez-Rodríguez et al., 2020). As way of example, oxyfunctionalized AAs [L-methionine-(S)-sulfoxide and different γ-hydroxy-AAs] were obtained by using a NSAR/L-acylase tandem coupled with the stereoselective isoleucine dioxygenase from Bacillus thuringiensis (Supplementary Figure S1, Enoki et al., 2016). L-methionine-(S)-sulfoxide with 97% yield and 95% d.e. was produced starting from racemic N-acetyl-Met. Hydroxylation of AAs is one of the numerous theoretical MEC expansion possibilities for the production of oxo-functionalized AAs (Hibi et al., 2012; Smirnov et al., 2012; Busto et al., 2014; Peters and Buller, 2019).



Amidase Process

As for the Amidohydrolase Process, the “Amidase Process” was initially conceived as a KR process taking advantage of stereoselective D-aminopeptidases (EC 3.4.11.19) or the enantioselective L-amidase activity of different enzymes (such as L-proline amidase or L-amidase from the formamidase family (Sonke et al., 2005). Racemic α-AA-amide substrate can thus be deracemized into enantiopure or enantioenriched D- (or L-α-AAs) and the corresponding non-hydrolyzed amide, using D- (or L-) stereospecific “amidases” (Figure 3A). Since the non-hydrolyzed amide can be chemically racemized, 100% conversion can be obtained using a chemoenzymatic approach. PLP-dependent α-amino ϵ-caprolactam racemase (ACLR; E.C. 5.1.1.15) naturally catalyzes the racemization of α-amino-ε-caprolactam (ϵ-ACL), and was long ago applied for the production of L-lysine coupled to an L-lysine-lactamase (Fukumura, 1977). However, ACLR from different organisms have been proved to be active toward different NcAA amides (Asano and Yamaguchi, 2005a). Thus, coupling of an ACLR with D- or L-specific amidases allows for the production of enantiopure AAs by enzymatic DKR (Figure 3A).
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FIGURE 3. Amidase process. (A) General scheme on the Amidase Process (D-system, dashed line; L-system, full line). D-amidase (e.g., D-aminopeptidase, D-amino acid amidase, alkaline D-peptidase or R-amidase). ACLR, PLP-dependent α-amino ϵ-caprolactam racemase. L-amidase (e.g., L-amino acid amide hydrolases such as LaaA and LaaABd. *A chemoenzymatic approach is also possible in a two-step process (Yamaguchi et al., 2007). (B) Synthesis of different enantiopure D-α-AAs from the corresponding L-α-AA amides using the Amidase Process (D-system), using purified D-aminopeptidase from Ochrobactrum anthropi (D-amid) and ACLR from Achromobacter obae (Yamaguchi et al., 2007). Racemic AA-amides can also be used with this system. (C) Synthesis of different enantio-enriched and enantiopure aromatic D-α-AAs, using an engineered thermostable D-aminopeptidase from Ochrobactrum anthropi and engineered ACLR from Achromobacter obae (Yasukawa and Asano, 2012). (D) Production of different enantio-enriched and enantiopure aromatic L-α-AAs, using engineered ACLR from Achromobacter obae and L-amino acid amidase from Brevundimonas diminuta in E. coli (Yasukawa and Asano, 2012). (E) Expansion of the Amidase Process by inclusion of a nitrilase. Enantioselective nitrilase (NHase), coupled to ACLR from Achromobacter obae, D-aminopeptidase from Ochrobactrum anthropi or L-amino acid amidase from Brevundimonas diminuta allowed the production of D- or L-α-AA (Yasukawa et al., 2011; Yasukawa and Asano, 2012).


Coupling of D-aminopeptidase from Ochrobactrum anthropi and ACLR from Achromobacter obae allowed the production of D-Ala, D-ABA, D-Ser, and D-Met (Figure 3B, Asano and Yamaguchi, 2005b; Yamaguchi et al., 2007); As way of example, 45 mM L-alanine amide was converted to D-alanine (7 h, yield > 99.7%; Asano and Yamaguchi, 2005b). Coupling of purified ACLR from Achromobacter obae mutant (L19V/L78T) obtained by directed evolution, together with a thermostable mutant of D-amino acid amidase from Ochrobactrum anthropi SV3 allowed for the biosynthesis of different enantio-enriched D-PheGly and D-Phe derivatives (Figure 3C, Yasukawa and Asano, 2012). On the other hand, the optical purity of this system varied greatly for aromatic substrates, with e.e. values ranging 16–99%. These results differed to the results presented previously on aliphatic substrates (Figure 3C, Yamaguchi et al., 2007), suggesting enantioselectivity of D-amino acid amidase, as it was observed with D-succinylase (Figure 2E). Production of enantiopure L-Ala, L-Leu, and L-Met (100% yield, >99% e.e.) was reported by coupling ACLR from Achromobacter obae with L-Amino acid amide hydrolase from Pseudomonas azotoformans (Yamaguchi et al., 2007). This strategy was afterward proved useful for the production of different L-α-AAs. By overexpression of mutated ACLR together with L-amino acid amidase from Brevundimonas diminuta in E. coli, efficient production of various enantio-enriched (S)-phenylalanine derivatives was achieved (Figure 3D, 99% yield, 90–98% e.e.). This system allowed production of L-homophenylalanine, which continuously precipitated in the reaction mixture (>99% yield, 98% e.e., 12 h; Yasukawa and Asano, 2012). On the other hand, lower e.e. values were also obtained for other aromatic compounds.

The Amidase Process has been further expanded by including non-stereoselective nitrile hydratase (NHase, EC 4.2.1.84) for the production of different highly enantio-enriched and enantiopure D- and L-α-AAs (Figure 3E; Yasukawa et al., 2011; Yasukawa and Asano, 2012). A MEC using purified nitrile hydratase from Rhodococcus opacus (RoNHAse), D-aminopeptidase from Ochrobactrum anthropi and ACLR from Achromobacter obae allowed total conversion of racemic α-aminobutyronitrile in 6 h and 30°C to D-ABA (e.e., >99%) (Figure 16, Yasukawa et al., 2011). D-Phe was also produced afterward using the same strategy (Yasukawa and Asano, 2012). L-ABA was synthesized by combination of RoNHAse, ACLR from Achromobacter obae and L-amino acid amidase from Brevundimonas diminuta (e.e., >99%) (Yasukawa et al., 2011). Other different D- and L-α-AAs were produced with these systems (> 99% Yield, e.e. 97 to >99%; Figure 3E, Yasukawa et al., 2011). Remarkably, RoNHase and ACLR were reported to suffer inhibition by the substrate α-amino nitrile, and thus, substrate concentrations need to be taken into account if using this MEC combination (Yasukawa and Asano, 2012). A recent study has showed that the ACLR from Ochrobactrum anthropi also racemizes α-AA esters (Frese et al., 2018). This activity opens up new enzyme combinations for the synthesis of enantiopure α-AAs, coupling ACLR with stereospecific esterases (see section “AAER/Esterase System”).



Amino Acid Oxidase-Based MECs

Amino acid oxidases (AAOs) are important biotechnological flavoenzymes catalyzing the oxygen-dependent oxidative deamination of D- or L-α-AAs, resulting in α-keto acids, ammonia and hydrogen peroxide (through an imino acid intermediate which can decompose spontaneously to the corresponding α-keto acid and NH3, Figure 4A; Pollegioni et al., 2008, 2013; Asano and Yasukawa, 2019). These enzymes have a wide variety of biomedical and biotechnological applications, including the production of different α-keto acids, important intermediate building blocks. Both LAAOs (EC 1.4.3.2, Pollegioni et al., 2013) and DAAOs (EC 1.4.3.3, Pollegioni and Molla, 2011) have been described. Inclusion of a catalase in AAO-based biotransformations is a common general strategy to avoid the toxicity of the H2O2 produced during the recycling of the FAD coenzyme necessary for AOO activity; thus, this AAO/catalase basic scaffold can be directly used for the KR of AA racemates, producing a mixture composed of 50% of enantiopure AA and 50% of the corresponding α-keto acid (Figure 4A; Pollegioni et al., 2008). Turner’s group proposed a preparative chemoenzymatic method for deracemization of NcAAs by inclusion of a non-selective chemical reductant, transforming back the intermediate imino acid produced by D- and L-AAOs till a racemic mixture of the original AA, thus allowing 100% conversion of the initial AA racemate (Figure 4A; Alexandre et al., 2002; Beard and Turner, 2002).
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FIGURE 4. AAO-based multienzymatic cascades. (A) General scheme for enzymatic KR and chemoenzymatic DKR of AA racemates starting from AAO/catalase systems. (B) Enzymatic synthesis of 11C L-Tyr (R = H) and L-DOPA (R = OH). A MEC consisting of DAAO from porcine kidney, Glutamic-pyruvic transaminase (GPT) (from porcine heart, catalase from bovine liver and β-tyrosinase (β-Tyr, tyrosine phenol lyase) purified from Citrobacter intermedius were successfully applied. The radio-labeled atom is highlighted by an asterisk (Bjurling et al., 1990). (C) Enzymatic synthesis of 1-14C- or 3-14C-tryptophan (R = H) or 1-14C- or 3-14C 5-hydroxytryptophan (R = OH). It was conducted with a MEC consisting of DAAO, Glutamic-pyruvic transaminase (GPT), catalase and tryptophanase (Tpase, L-tryptophan indole-lyase). An asterisk highlights the relative positions of the radio-labeled atoms (Pająk et al., 2018). (D) Synthesis of NcAAs starting from primary amines; a MEC comprising mutant porcine kidney DAOO and nitrilase AY487533 (NHase) was used (Kawahara et al., 2017). (E) Two-step chemoenzymatic syntheses of halogenated D-Trp derivatives. Combination of biocatalytic halogenation by tryptophan halogenase (TrpH) or Trp synthase (TrpS) with L-Trp oxidase (LTrpO), followed by non-selective reduction allowed to obtain D-Trp derivatives (Schnepel et al., 2019).)


DAAO from porcine kidney, glutamic-pyruvic transaminase (E.C.2.6.1.2) from porcine heart, catalase from bovine liver and β-tyrosinase (tyrosine phenol lyase; EC 4.1.99.2) purified from Citrobacter intermedius were applied as a biosynthetic MEC for production of 11C-labeled L-Tyr and L-DOPA at the beginning of the 90’s, starting from racemic 11C-alanine (e.e. >98%, Figure 4B, Bjurling et al., 1990). A similar MEC was applied for the synthesis of 14C-L-Trp and 5-OH-Trp starting from racemic 1-14C- or 3-14C-alanine, replacing β-tyrosinase by tryptophanase (EC 4.1.99.1; Figure 4C, Pająk et al., 2018). Bienzymatic conversion of primary amines to NcAAs has been proposed using an engineered DAAO from porcine kidney and an R-enantioselective nitrilase (GenBank Acc. No AY487533, uncultured organism; Figure 4D). Moderate to low yields (62–73%) and e.e. (40%) were achieved with this methodology (Kawahara et al., 2017).

Despite the numerous KR applications proposed for LAAOs, their recombinant production in heterologous hosts has proven difficult (Pollegioni et al., 2013). Recent studies have greatly increased the knowledge on these enzymes (e.g., L- Trp-, L- Lys-, Gly- or L-Arg oxidases) which might boost the applications of LAAOs in the production of D-AA derivatives (Francis et al., 2017; Asano and Yasukawa, 2019). An L-Trp oxidase from L. aerocolonigenes has been successfully applied using two alternative chemoenzymatic MECs for the synthesis of different halogenated D-Trp derivatives (Figure 4E; Schnepel et al., 2019). In a first step, Trypthophan halogenase or Tryptophan synthase (TrpS), are used for the production of halogenated L-Trp derivatives. The L-enantiomer can then be stereo-destroyed by LAAO till the corresponding α-imino acid. Following the general use of non-selective chemical reductant applied for AAOs (Figure 4A), the imine intermediate can be transformed back till a racemic mixture of L- and D-α-AA. Whereas the D-α-AA will not be recognized by LAAO, the regenerated L-isomer enters back to the reaction, converting the system in a chemoenzymatic DKR (Figure 4E). Conversions achieved approximately 90%, with e.e. >92% (Schnepel et al., 2019). This MEC shows an interesting approach, since CLEAs obtained by cross-linking of precipitated tryptophan halogenase, flavin reductase and alcohol dehydrogenase were used, converting this crystalline precipitate into a multifunctional and recyclable MEC for the production of halogenated L-Trp derivatives in the gram scale (Frese and Sewald, 2015). Since Trypthophan halogenase/cofactor recycling CLEAs also recognized L-Trp, coupling of this system with an LAOO might use cheaper racemic mixtures of D, L-Trp as starting point.

Besides the above applications, AAOs are also pivotal enzymes in other MECs, and in fact, their use has been mainly linked to those applications; coupling of AAOs to amino acid dehydrogenases, ammonia-lyases or aminotransferases avoids the necessity of chemical transformation or further processing of the “undesired” α-keto acid produced by D- or L-AAO, allowing total conversion of the initial AA racemate till the corresponding D- or L-α-AA (see sections “Amino Acid Dehydrogenase-Based MECs,” “Ammonia Lyase-Based MECs,” and “Transaminase-Based MECs”).



Amino Acid Dehydrogenase-Based MECs

The reductive amination of α-keto acids to the corresponding α-AAs can be catalyzed (reversibly) by different NADH- (or NADPH-) amino acid dehydrogenases (AADHs; EC 1.4.1.X; Xue et al., 2018). From the operational point of view, high concentrations of ammonia are needed when using the reductive amination reaction, whereas the oxidative reaction yields α-keto acids when starting from amino acid substrates. Whereas most AADHs are L-enantioselective, D-AADHs (EC 1.4.99.1) have also been described (Vedha-Peters et al., 2006; De Wildeman et al., 2007; Hall and Bommarius, 2011; Li et al., 2012; Au et al., 2016; Akita et al., 2018; Zhang et al., 2019). This family of enzymes is greatly diverse, although in general, AADHs are promiscuous enzymes showing a high enantioselectivity (Xue et al., 2018). As way of example, Leucine dehydrogenase (LeuDH) and Phenylalanine dehydrogenase (PheDH) present broad substrate specificity; the former accepts hydrophobic, aliphatic, branched and unbranched or alicyclic keto acids, while the latter also accepts aromatic substrates (Hall and Bommarius, 2011). From a preparative perspective, nicotine amide coenzymes need to be recycled for continuous activity of AADHs, and thus, AADH-based systems precise of efficient coenzyme regeneration systems as a prerequisite for industrial processes. Coupling of L- or D-AADHs together with nicotinamide cofactor-recycling systems readily constitute bi- or multi-enzymatic modules for the production of enantiopure L-α- or D-α-AAs starting from α-keto acids (Figure 5A). As shown from the literature, after three decades this AADH-based MECs continue being of great relevance (Ohshima et al., 1989; Galkin et al., 1997; Krix et al., 1997; Bommarius et al., 1998; Patel, 2001; Menzel et al., 2004; Gröger et al., 2006; Cheng et al., 2016; Jiang and Fang, 2016; Chen et al., 2017; Liu et al., 2018; Luo et al., 2020).


[image: image]

FIGURE 5. AADH-based multienzymatic cascades. (A) General scheme for the production of enantiopure AAs using AADH together an enzymatic cofactor-recycling system (e.g., FDH, GDH, NOX). D-system, dashed line; L-system, full line. The reactions are reversible, and can proceed in the other direction, although not indicated. (B) Production of D-tert-Leucine by kinetic resolution of racemic tert-leucine, employing L-leucine dehydrogenase from Bacillus cereus (LeuDH) and NADH oxidase from Lactobacillus brevis (NOX) for cofactor regeneration (Hummel et al., 2003). (C) Example on bioconversions carried out with L-AADH from Bacillus stearothermophilus and FDH from Candida boidinii (Krix et al., 1997). (D) Production of D-cyclohexylalanine in the gram scale. Engineered meso-2,6-D-diaminopimelic acid dehydrogenase from Corynebacterium glutamicum (DaaDH) and GDH as recycling system were used (Vedha-Peters et al., 2006). (E) Simultaneous synthesis of D-3-fluoroalanine (S-3-fluoroalanine; 60% yield, 88% e.e.) and L-fluorolactic acid starting from racemic 3-fluoroalanine using alanine dehydrogenase (AlaDH) coupled with lactate dehydrogenase (LacDH) (Gonçalves et al., 2000).


Using the amination (reductive) reaction, the production of many different L-α-AAs has been reported. LeuDH from Bacillus species, together with FDH from Candida boidnii were partially purified and mixed for preparation of L-2-ABA, L-2-amino-3,3-dimethylpentanoic acid, L-2-Amino-5,5-dimethylhexanoic, L-2-Amino-4-ethylhexanoic acid, L-cyclohexyl-alanine, L-neopentyl-glycine or L-tert-leucine (e.e. > 99%). This system allowed production industrial scale of 30 kg of L-neopentyl-glycine in a 450 L reactor (Figure 5B, Krix et al., 1997). In an analogous process, Bristol-Myers Squibb produced 197 kg of L-allysine ethylene acetal using a 1600 L reactor, with dried cells containing PheDH together FDH (Liese et al., 2006). 15N-labeled norvaline and norleucine were produced combining LeuDH with a GDH/galactose mutarotase as cofactor recycling system to increase its effectivity (80–95% yield; Chiriac et al., 2008). On the other hand, different D-α-AAs have been obtained by AADH-based MECs (including 13C- and/or 15N-labeled DAAs; Vedha-Peters et al., 2006; Akita et al., 2018). Coupling of engineered meso-diaminopimelate dehydrogenase (EC 1.4.1.16) together with a GDH recycling system allowed the production of more than 20 different D-α-AAs (e.e. 95 to >99%, except for alanine, e.e. 77%; the later result was possibly due to the presence on an alanine racemase in the cellular extracts used; Vedha-Peters et al., 2006; Akita et al., 2018). This system was used for the gram scale synthesis of D-cyclohexylalanine (Figure 5C).

Taking advantage of the deamination (oxidative) reaction, kinetic resolution of D,L-tert-Leucine was achieved by coupling L-LeuDH with a highly efficient irreversible NOX allowing D-tert-Leucine production (e.e. > 99%). The corresponding α-keto acid was also obtained as by-product of the reaction (Figure 5D) (Hummel et al., 2003). Alanine dehydrogenase coupled with lactate dehydrogenase and internal cofactor regeneration were applied for the simultaneous synthesis of S-3-fluoroalanine (D-3-fluoroalanine; 60% yield, 88% e.e.) and L-fluorolactic acid starting from racemic 3-fluoroalanine (Figure 5E, Gonçalves et al., 2000).

The above-described systems can be expanded with the inclusion of biocatalysts allowing the production of the α-keto acid substrates from other low-cost materials, such as AAOs (section “Amino Acid Oxidase-Based MECs”), threonine deaminase (ThrD3, threonine ammonia lyase) or “real” amino acid deaminases. L-amino acid deaminases (L-AADs, EC 1.4.99.B3, Molla et al., 2017; Melis et al., 2018; Nshimiyimana et al., 2019) have been described as membrane-bound cytochrome-like flavoenzymes that catalyze the oxidative deamination of different AAs for the formation of their corresponding α-keto acids and ammonia; they have gained interest in the last lustrum since they can replace LAAOs in biotechnological applications (Molla et al., 2017). Both AAOs and AAD can thus be engaged to enantiocomplementary AADHs, for the theoretical production of L-α-AAs (DAAO/catalase/L-AADH/cofactor recycling) or D-α-AAs [(LAAO/catalase) (or LAAD)/D-AADH/cofactor recycling]. As way of example, L-6-hydroxyleucine was produced using a MEC comprising two enzymatic modules (Figure 6A, DAOO-catalase and AADH-recycling system; Patel, 2001 and references therein). L-norvaline has been also produced following this strategy, using DAAO/LeuDH/catalase/FDH (Figure 6A, Qi et al., 2017).
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FIGURE 6. Additional examples on the production of D- or L-AAs using AADH-based MECs. (A) General scheme for the conversion of racemic AAs till the corresponding enantiopure L-α-amino acids using a DAOO-catalase/AADH-recycling system MECs. Selected examples were extracted from Patel (2001) (left) and Qi et al. (2017) (right), respectively. (B) General scheme for the conversion of racemic AAs till the corresponding enantio-enriched or enantipure D-α-AAs. L-AAD, WT or (engineered enantioselective meso-diaminopimelate dehydrogenase (DAPDH) and a cofactor-recycling system (e.g., FDH or GDH) were applied. Selected examples were extracted from Parmeggiani et al. (2016) (left) and Zhang et al. (2019) (right). (C) Conversion of L-methionine into L-ABA using immobilized L-methioninase (AfMETase) together with glutamate dehydrogenase (GluDH) on polyacrylamide and chitosan (El-Sayed et al., 2015). (D) Deracemization of mandelic acid derivatives to enantiopure L-PheGly derivatives via a redox-neutral biocatalytic MEC. Mandelate racemase (MR), D-mandelate dehydrogenase (DmanDH) and LeuDH were coupled to synthesize different PheGly derivatives (Resch et al., 2010). (E) MEC for the enantioselective α-amination of fatty acids to α-AAs. Combination of P450 peroxygenase from Clostridium acetobutylicum (P450), two stereocomplementary 2-hydroxyisocaproate dehydrogenase from Lactobacillus confusus (LHicDH) and Lactobacillus casei (DHicDH) and LeuDH from Bacillus cereus allowed partial conversion of hexanoic acid to L-norleucine (e.e. > 97%; Dennig et al., 2018).)


L- and D-ABA have received huge attention in the literature, and has been produced in many different reports using ThrD. As way of example, ThrD was coupled with LeuDH and GDH or FDH cofactor-recycling systems (Tao et al., 2014). A scale-up of the process (30 L of reaction in a 50-L fermenter) allowed the production of 29.2 mol L-ABA (97.3% theoretical yield), with a productivity of 6.9 g⋅L–1⋅h–1 (Tao et al., 2014). This MEC module has also been used to generate a heterologous biosynthetic pathway leading to the production of L-ABA in Saccharomyces cerevisiae (Weber et al., 2017). Metabolic engineering allowed the expansion of the latter system for the production of S-2-aminobutanol. D-ABA was produced by a tri-enzymatic cascade with cell-free extract or purified enzymes, composed of ThrD, D-amino acid dehydrogenase and FDH, starting from L-Thr (>95% yield and >99% e.e.; Chen et al., 2017). More than 15 different enantio-enriched and enantiopure D-α-AAS -including several D-phenylalanine derivatives- have been produced coupling a “real” L-AAD to engineered enantioselective meso-diaminopimelate dehydrogenase and a cofactor-recycling system (conversions from 45.3 to >99%, e.e. values ranging 52.1 to >99%; Figure 6B, Parmeggiani et al., 2016; Zhang et al., 2019). Racemic mixtures might be used as well as pure L-AAs, turning it into a more efficient and cheaper system. A scarcely described strategy utilized immobilized PLP-dependent L-methioninase (L-methionine γ-lyase, EC 4.4.1.11) together with GluDH on polyacrylamide and chitosan (with no regeneration system) for the production of L-ABA, starting from L-methionine (Figure 6C, El-Sayed et al., 2015).

An alternative strategy allowing in situ production of α-keto acids for further conversion by AADHs consist in the oxidation of α-hydroxy acids. This is the case of the MEC combining mandelate racemase, mandelate dehydrogenase and L-AADHs, allowing the production of L-phenyglycine from mandelic acid; this system further uses an elegant internal cofactor recycling system (Resch et al., 2010). This 3-step one-pot reaction has been efficiently applied in a whole cell system, reaching a production of 79.70 g⋅L–1⋅d–1 (Tang et al., 2020). It was also used for the production of different L-PheGly derivatives starting from different mandelic acid derivatives; conversions ranging 49–97% were achieved, with e.e., >97% (Figure 6D, Fan et al., 2015). Further expansion of this system allows in situ production of an α-hydroxy acid starting from fatty acids. This strategy was shown for the production of L-norleucine starting from hexanoic acid. This MEC consisted in a combination of a P450 peroxygenase, two stereocomplementary L- and D-hydroxyisocaproate dehydrogenases along with LeuDH; no extra recycling system was needed, since this MEC also provide internal cofactor regeneration (Figure 6E). L-norleucine conversion was lower than 35% with up to 5 mM substrate concentrations; e.e. > 97%; L-ABA production was also reported (Dennig et al., 2018).



Ammonia Lyase-Based MECs

Ammonia-lyases (ALs, EC 4.3.1.X, defined as carbon-nitrogen lyases that release ammonia as one of the products) comprise a heterogenous enzymatic group catalyzing the reversible cleavage of C-N bonds, typically of α-AAs, producing an unsaturated (or cyclic) derivative and ammonia. More than 30 different EC subclasses of ALs are reported, showing remarkable structural, functional and mechanistic differences, which can be broadly grouped into seven main classes (Parmeggiani et al., 2018; Viola, 2020). Besides of the interest on ALs for the production of β-AAs and other APIs (Sariaslani, 2007; Turner, 2011; Xue et al., 2018), applications for the synthesis of NcAAS have also been reported, being aromatic amino acid ALs [phenylalanine AL (PAL), histidine AL (HAL) and tyrosine AL (TAL)] the most relevant and studied enzymes, showing a marked L-enantioselectivity (Turner, 2011; Parmeggiani et al., 2015; Zhu et al., 2019). Although as an isolated case, the acyclic amino acid propargylglycine was recognized by a PAL enzyme (Weiser et al., 2015).

As for other enzymes, their reversible catalytic properties together with their enantioselective character allows the use of isolated ALs both for (i) KR processes for deracemization of AAs (obtaining a mixture of D-α-AAs and α,β-unsaturated acid, Figure 7A, Poppe and Retey, 2003; Turner, 2011; Tork et al., 2019) or (ii) asymmetric synthesis of L-α-AAs (Figure 7B), using high concentration of ammonia to shift PAL equilibrium toward the amination reaction starting from achiral α,β-unsaturated acids (Poppe et al., 2012; Tork et al., 2019). Other outstanding feature is the non-necessity of expensive cofactors or recycling systems, thus providing a cost-effective and easier application. It is important to highlight that aminomutase-like activity has been detected in PALs (Weise et al., 2015, 2018); whereas this fact might be a drawback for general application in the synthesis of enantio-enriched α-AAs, it might also open up new biotechnological properties of PALs.
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FIGURE 7. AL-based production of α-AAs. (A) General scheme of PAL-mediated deracemization of racemic mixtures of AAs to enantio-enriched or enantiopure D-α-AAs mediated by deamination of L-α-AAs. (B) Asymmetric amination of α,β-unsaturated acids for the production of enantio-enriched or enantiopure L-α-AAs. α,β-unsaturated acid (α,β-UA) (Tork et al., 2019). (C) Production of L-Phe and other L-α-NcAAs using a chemoenzymatic approach. The starting arylaldehydes were transformed into the corresponding α,β-unsaturated acids by the Wittig reaction; further application of porcine liver esterase (PLE), PAL from parsley and ammonia allowed transformation into L- phenyl-, L-4- chlorophenyl-, L-3-fluorophenyl- or L-thiophen-2-yl-alanine (Paizs et al., 2006). (D) Chemoenzymatic synthesis of L- and D-phenylalanine derivatives using PAL/LAAD and PAL/DAOO systems (Parmeggiani et al., 2018).


Enantiopure L-arylalanines were produced by one-pot chemoenzymatic reaction using porcine liver esterase and PAL from parsley and ammonia (Figure 7C). The starting materials were arylaldehydes, which were synthesized in situ from the corresponding α,β-unsaturated acids by the Wittig reaction (Paizs et al., 2006). Coupling of PAL together with LAAD allowed the conversion of cinnamic acid derivatives into the corresponding enantio-enriched D-α-AA by a chemoenzymatic process (Figure 7D) using in situ non-selective reductants (conversions 62–80%; e.e. values 98% to >99%; Parmeggiani et al., 2015; conversions 12–96%; e.e. values 72% to >99%; Zhu et al., 2019). Although PAL is reported to be mainly L-enantioselective, PAL-catalyzed amination of the cinnamic acids were reported to lead to the formation of significant levels of the D-enantiomer4 (in particular, for cinnamic acids with an electron-deficient aromatic ring; Parmeggiani et al., 2015). Taking advantage of the unexpected production of both enantiomers over the time, coupling of this system with a DAAO, together with the use of a non-selective reductant, produced different L-α-AAs starting from α,β-unsaturated acids (conversions 66–82%; e.e. values > 99%; Parmeggiani et al., 2015; Figure 7D).

Labeling of L-Tyr with carbon and hydrogen isotopes was achieved by coupling of PAL and L-phenylalanine 4′aminooxygenase (Pająk et al., 2018); this strategy might be expanded for the production of L-DOPA using p-hydroxyphenylacetate 3-hydroxylase (Min et al., 2015), including tetrahydropterin- and NADH-recycling systems (Hara and Kino, 2013) (Supplementary Figure S4).



Transaminase-Based MECs

Transaminases (TAs, EC 2.6.1.X, also known as aminotransferases) are a heterogeneous group of enzymes catalyzing the transfer of an amino group between two different molecules. In this kind of enzymes, different enantioselective PLP-dependent TAs catalyze the (reversible) transfer of an amino group between an amino donor and an amino acceptor (in general, a carbonyl group such as α-ketocarboxylic acids or ketones), yielding chiral amines with a new stereocenter (e.g., AAs, Figure 8A, Guo and Berglund, 2017). During TA catalysis, PLP-recycling is accomplished, which is an advantage in enzymatic synthesis since no additional cofactor-recycling system is needed (Figure 8A). TAs are well documented enzymes for the synthesis of NcAAs (Meiwes et al., 1997; Taylor et al., 1998; Li et al., 2002; Rozzell and Bommarius, 2002), but their biotechnological interest is far beyond the production of these compounds, since they allow the production of other important molecules [e.g., β-AAs (Rudat et al., 2012) or amines (Höhne and Bornscheuer, 2009)]. TAs continue receiving huge attention, and have been reviewed extensively during the last decade due to their huge biotechnological interest (e.g., Mathew and Yun, 2012; Simon et al., 2014; Guo and Berglund, 2017; Slabu et al., 2017; Patil et al., 2018; Xue et al., 2018; Cutlan et al., 2019). Protein engineering strategies have been broadly used to evolve ω-TAs (e.g., Park et al., 2013a, b; Walton et al., 2017), and a database on sequences and structures of biotechnologically relevant engineered ω-TAs is available (Buß et al., 2018).
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FIGURE 8. TA-based production of α-AAs. (A) General scheme for reversible α-TA and ω-TA catalysis. When R2 = COOH, the reaction correspond to an α-TA; ω-TA do not necessarily precise a carboxylic moiety in this position, although they usually also recognize α-AAs as substrates. Both the direct reaction (reduction, dashed line) and the reverse reaction (oxidation, full line) can be used for the production of enantiopure AAs (i.e., starting from keto/keto acids or from amines/AAs). (B) General scheme for production of enantiopure or enantio-enriched α-AAs using two different α-TAs. The selected example (C) consists on the enzymatic synthesis of the herbicide L-phosphinothricin using 4-aminobutyrate:2-ketoglutarate (AK-TA) transaminase from E. coli and glutamate:oxalacetate transaminase (GO-TA) from Bacillus stearothermophilus (24 h reaction, 0.5M substrate concentration). L-Glu is used as the amino donor for AK-TA, and transformed to a-ketoglutarate; the latter compound is transformed back to L-Glu by GO-TA, which uses L-Asp as amino donor and converts it to oxaloacetic acid. Oxaloacetic acid decarboxylate spontaneously to pyruvate, driving the AK-TA reaction till the product of the reaction (Bartsch et al., 1996; Ricca et al., 2011). (D) General scheme for the production of enantiopure α-AAs using α-TA/ω-TA combination. The selected example (E) consists on the enzymatic synthesis of different L-α-AAs using S-selective branched-chain transaminase (BCTA) from E. coli and ω-TA from Ochrobactrum anthropi (OATA) (Park et al., 2013b).


TAs5 with potential application in α-NcAA production can be broadly grouped according to the position of the transferred amine group with respect to the carboxylic moiety (when the substrate/reaction product is an AA). α-TAs catalyze the transfer of the amino group at the α-carbon, whereas ω-TAs (also referred to as amine-TAs) transfer the amino group to a carbon further away from the carboxylic group5 (Guo and Berglund, 2017; Slabu et al., 2017). Both R- and S-enantioselective and promiscuous TAs have been reported (as natural or engineered enzymes, Taylor et al., 1998; Koszelewski et al., 2010); a unique L to D-stereoinverting hydroxyphenylglycine aminotransferase has also been reported (Müller et al., 2006; Walton et al., 2017). Since the enantioselectivity of TAs can be greatly affected by the reaction conditions, enantio-enriched compounds might be produced in some cases (Koszelewski et al., 2010); TAs are also described to suffer substrate and/or product inhibition (Guo and Berglund, 2017), and produce by-products which need to be eliminated or separated; these aspects need to be taken into account when designing TA-based MECs. Since shifting the reaction equilibrium to the desired product of the reaction is required to maximize the productivity of TAs, different strategies have been already proposed to overcome some of TAs potential drawbacks (e.g., distillation, use of biphasic reaction systems, recycling of the carbonyl compounds, degradation/transformation of by-products of the reaction (Koszelewski et al., 2010; Guo and Berglund, 2017; Patil et al., 2018). As way of example, enzymatic methods to remove pyruvate from the reaction medium (if alanine is used as amino donor) can be accomplished with acetolactate synthase, lactate dehydrogenase reduction (together a nicotinamide recycling system such as FDH, GDH, or NOX), pyruvate decarboxylase (or phenyl pyruvate decarboxylase with phenyl alanine as amine donor) or alanine dehydrogenase (Koszelewski et al., 2010; Simon et al., 2014).

One of the enzymatic combinations that can be carried out for shifting TA reaction equilibrium accounts on coupling two different TAs in a one-pot two-step procedure (Figures 8B–E). In this general strategy, a “primary” TA converts an α-keto acid to the corresponding α-AA. The “secondary” TA (in general a different α-TA or a ω-TA) transforms the α-keto acid back, replenishing the initial amino donor (Figures 8B,D) (Taylor et al., 1998; Ager et al., 2001; Li et al., 2002; Gefflaut et al., 2012; Park et al., 2013a). The enantiomer obtained in these systems will depend on the enantioselectivity of the TAs used, and thus, both D- or L-α-AAs can be obtained; the use of ω-TAs in these systems presents many advantages, since the secondary reaction can be conducted using amino donors different to AAs, reducing the number of possible interferences among the reactivity of both TAs. Enzymatic synthesis of the herbicide L-phosphinothricin was achieved by using 4-aminobutyrate:2-ketoglutarate transaminase from E. coli and glutamate:oxalacetate transaminase from Bacillus stearothermophilus (Figure 8C, 24 h reaction, 0.5M substrate concentration; Bartsch et al., 1996; Ricca et al., 2011). Different L-α-AAs were obtained by using S-selective branched-chain transaminase from E. coli and ω-TA from Ochrobactrum anthropi (Figure 8E, Park et al., 2013a).

Since α/α- or α/ω-TA MECs with different substrate specificities and different amino donors/acceptors combinations are possible, concomitant production of different enantiopure compounds can be achieved using TA-based MECs (Li et al., 2002; Wenda et al., 2011; Park et al., 2013a, b). Thus, if racemic mixtures of AAs are used as the reactive of the reaction instead of α-keto acids, one-pot production of two different enantiopure (or enantioenriched) compounds of opposite chirality can be achieved (Figures 9A,B) (Cho et al., 2003; Park and Shin, 2014, 2015). An enantiocomplementary D-α-TA/S-ω-TA system allowed conversions over 95% with e.e. >99% for different AA pairs (Figure 9A). On the other hand, a L-α-TA/R-ω-TA system was effective for the production of enantiopure D-α-AAs (>95% conversion, >99% e.e.), although the L-α-AA obtained in the reaction presented a lower enantiopurity (L-Glu, 68–87% e.e; Figure 9B) (Park and Shin, 2014). Simultaneous synthesis of (S)-AAs (Phe and ABA) and (R)-amines was also conducted using different α/ω-TA systems in a two-liquid phase system to avoid product inhibition by removing it to the organic phase. Using 0.3 M of 2-oxobutyrate and 0.3 M of racemic-methylbenzylamine, 276 mM of (S)-2-aminobutyrate (>99% e.e.) and 144 mM of (R)-methylbenzylamine (>96% e.e.) were produced in 9 h (Cho et al., 2003).
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FIGURE 9. Additional examples on TA-based MECs. (A) General scheme for the coupling of enantiocomplementary D-α-TA/S-ω-TA for deracemization of AA mixtures, yielding two different enantiopure α-AAs of opposite chirality. Selected examples for the production of L-α-AAs (R1) and D-α-AAS (R2) produced by D-amino acid transaminase from Bacillus sphaericus (D-α-TA) and S-selective-ω-TA Ochrobactrum anthropi or Paracoccus denitrificans (S-ω-TA) (Park and Shin, 2014). (B) Coupling of enantiocomplementary L-α-TA/R-ω-TA for deracemization of AA mixtures, yielding two different enantiopure/enantioenriched α-AAs of opposite chirality. Selected examples for the production of L-α-AAs (R1) and D-Glu (R2) by branched-chain TA from Escherichia coli (L-α-TA) and an engineered variant of (R)-selective ω-TA from Arthrobacter sp (R-ω-TA) (Park and Shin, 2014). (C) General scheme for the preparation of different D- or L-α-NcAAs using D-TAs or L-TAs coupled to acetolactate synthase (AceS). D- or L-Asp are used as amino donors, producing oxaloacetate (OAA) as by-product of the reaction. OAA decarboxylate spontaneously to pyruvate, which is converted to acetolactate by AceS, followed by spontaneous decarboxylation to acetoin (AceS reaction sequence inside a dashed box). AceS thus allows shifting the reaction toward the acetoin, and also prevents pyruvate from being aminated to L-alanine (Taylor et al., 1998). (D) Preparation of L-ABA in whole cell E. coli system starting from L-Thr. The system comprised threonine deaminase from E. coli (ThrD), aromatic TA from E. coli (TyrTA), and AceS. Starting from 0.5 M of L-Thr and L-Asp, concentrations of the products of the reaction after 24 h were 27.71 mg⋅mL– 1 (L-ABA), 1.23 mg⋅mL– 1 (L-Ala) and 1.01 mg⋅mL– 1 (L-Asp) (Fotheringham et al., 1999). (E) General scheme for the biosynthesis of L-ABA (continuous line) or D-ABA (dashed line) using TD*/ω-TA systems (Park et al., 2013a).


As mentioned above, shifting of α-TAs reaction equilibrium can be achieved by coupling with enzymes allowing the degradation/transformation of the by-products of degradation (e.g., pyruvate if alanine is used as amino donor). The use of acetolactate synthase (AceS) was one of the first proposed strategies to remove the by-products of the reaction, by condensation of two pyruvate molecules to acetolactate, which spontaneous decarboxylates to acetoin (Figure 9C) (Fotheringham et al., 1998). α-TA/AceS system also allowed the production of NcAAs such as L-tert-Leu or L- and D-ABA or D-Glu (Fotheringham et al., 1998; Taylor et al., 1998). Since α-keto acids can be the substrates of TAs (Figures 8, 9), enzymatic conversion of different compounds till the corresponding α-keto acids constitute a general strategy to expand TA-based MECs; AAOs, AADH or deaminases (sections “Amino Acid Oxidase-Based MECs” and “Amino Acid Dehydrogenase-Based MECs”) are thus candidates to be coupled with TAs for utilization of AAs as initial substrates. Inclusion of L-amino acid deaminases6 into the α-TA/AceS system allows the synthesis of different AAs, depending on the enantioselectivity of the enzymes. As way of example, L-ABA was obtained from L-Thr; whole-cell systems containing aromatic TA, ThrD and AceS were used efficiently for the production of L-ABA, although L-Ala was obtained as a by-product of the reaction (pyruvate is formed by spontaneous decomposition of oxaloacetate during the reaction, and it can be aminated back to L-Ala if not removed from the reaction) (Figure 9D; Fotheringham et al., 1999; Ager et al., 2001). In an analogous approach, NSC Technologies (Monsanto) produced different D-α-AAs using D-aminotransferase from Bacillus sp. and AceS, with a capacity in the multiton⋅a–1 scale (Liese et al., 2006).

Removal of L-Ala by-product formed by TA as a result of secondary amination of pyruvate formed by decomposition of OAA (Figure 9D) was possible by coupling the ThrD/TyrTA/AceS MEC with DAOO and alanine racemase (Supplementary Figure S2). This expanded system also allowed the production of L-ABA, lowering the concentrations of L-alanine by-product in the reaction (Zhu et al., 2011). This five enzyme-MEC allowed a large scale-preparation of L-ABA by combining in a whole cell system (reaction volume 1500 L in a 2000-L jar fermenter), resulting in an L-ABA concentration of 25.38 g⋅L–1 (246 mM) at the second stage of the reaction (Zhu et al., 2011).

Most of the problems arisen from these initial TA systems (such as secondary amination of the α-keto acids produced during the reaction, e.g., pyruvate) can be generally overcome by substitution of α-TA by ω-TA. Simplification of previous multienzymatic systems utilized for the synthesis of ABA (Figures 9C,D and Supplementary Figure S2) was achieved by using a ThrD together a ω-TA. With this configuration, both L- and D-ABA were synthesized by using S- or R-ω-TA, respectively. L-Thr (0.3 M) was transformed in less than 24 h, with conversions over 99% and e.e. > 99% (Figure 9E, Park et al., 2010, 2013b). A similar system allowed for concomitant production of D-Thr and D- or L-ABA starting from racemic Thr (>99% e.e.; Han, and Shin, 2015). An alternative approach for the production of D- or L-ABA consisted in coupling an L-methioninase with a D-TA from Bacillus sp or an L-TA from E. coli, using methionine as substrate (Silva et al., 2019).

Recently, a “real” promiscuous LAAD from Proteus mirabilis together a engineered D-TA from Bacillus sp. YM-1 has been applied for the synthesis of different D-Phe derivatives starting from L- or D,L-α-AAs using whole cells (Figure 10A, Walton et al., 2017). Besides these derivatives, the authors reported that the D-TA variants shown in this work also displayed increased activity for D-α-AAs with aliphatic or polar side chains. Furthermore, they also suggested that the disadvantage of using D-Glu as amino donor could be overcome by generating the donor substrate in situ with Glu- or Asp-racemase and by replacing LAAD from Proteus mirabilis with that from Proteus myxofaciens, shown to not deaminate L-Glu or L-Asp (Walton et al., 2017). Amino acid racemases have been included for in situ regeneration/production of the amino donor of the TA reaction. As way of example, D-TA coupled to GluDH-FDH-glutamate racemase recycling system allowed the production of D-Phe or D-Tyr (48 and 60 g⋅L–1, respectively. e.e. > 99%, 35 h) from the corresponding α-keto acids (Figure 10B, Bae et al., 1999, 2002). If amino acid racemases are included in these MECs, it is advisable to know whether the AR can recognize the product of the reaction.
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FIGURE 10. Additional examples on TA-based MECs. (A) Biocatalytic cascade for the asymmetric synthesis of D-Phe derivatives starting from L-α-AAs (solid square) or from α-AA racemates (dashed square). L-amino acid deaminase (LAAD) and engineered T242G mutant D-amino acid aminotransferase (D-TA) were used. (After 4 h of reaction e.e. values ranging 90 to >99% were achieved (Walton et al., 2017). (B) Production of D-Phe and D-Tyr using D-TA from Bacillus sp. YM-1 (D-TA) coupled to in situ regeneration/production of the amino donor of the reaction by [GluDH/FDH/Glutamate Racemase (GluR)] (Bae et al., 1999). (C) Multi-step enzyme catalyzed deracemization of D,L-2-naphthylalanine (2-NA) using DAAO/catalase/TA MEC (98% yield and 99.5% e.e.). *Lactate dehydrogenase was used to monitor the reaction course, although its inclusion in the system might help to avoid pyruvate transforming till L-Ala (Caligiuri et al., 2006). (D) Conversion of racemic AAs into D-α-AAs using AlaDH, NOX and engineered ω-TA (mut D-ω-TA) MEC (Han and Shin, 2018). (E) Biosynthetic pathway for D-PheGly production. Whole cells of E. coli were used, overexpressing hydroxymandelate synthase (HmaS) and hydroxymandelate oxidase (Hmo) (both from A. orientalis or S. coelicolor) and D-(4-hydroxy)-phenylglycine aminotransferase from Pseudomonas putida (HpgAT) (Müller et al., 2006).)


AAOs have also been coupled with TAs to obtain different NcAAs. DAAO/catalase, together with an L-aspartate amino transferase (α-TA) were used to produce L-2-naphthyl alanine with a 98% yield and 99.5% e.e. (Figure 10C, Caligiuri et al., 2006). The use of L-CSA as amino donor allows shifting of the reaction by spontaneous degradation of the thio-α-keto acid to pyruvate. A NADH-dependent lactate dehydrogenase was added in this system to transform the produced pyruvate, allowing to follow the course of the reaction spectrophotometrically; on the other hand, addition of this enzyme could also become a general idea to remove the pyruvate formed, avoiding putative transformation to L-Ala by α-TA (see above). An alternative strategy was proposed afterward by inclusion of a LAAO together a D-TA, using D-aspartate as the amino donor, which can be generated with an aspartate racemase (Tessaro et al., 2008). L-ABA was produced using an engineered DAAO/catalase module together with ω-TA (Seo et al., 2012). Together with the ω-TA from Vibrio fluvialis JS17, a fusion protein was created with DAAO from Rhodotorula gracilis and Vitreoscilla hemoglobin, since it was earlier reported to significantly enhance the DAAO activity in the production of D-fluoroalanine. Using whole cells together with a biphasic system (to partly overcome ω-TA inhibition by benzaldehyde), 500 mM racemic ABA were transformed to 485 mM L-homoalanine (>99% e.e.; Seo et al., 2012). Racemic glufosinate was also converted to the L-enantiomer by application of a DAAO and different TAs (Green and Gradley, 2017).

When coupled to TAs, AADHs also can provide a deracemization process starting from AA racemates. An L-AlaDH/NOX system, together with an engineered D-ω-TA from Arthrobacter sp. was shown as an effective MEC for deracemization of AA racemates (Figure 10D). Synthesis of D-alanine with a 95% conversion yield (starting form 100 mM solutions) and >99% e.e. was achieved after 24 h (Han and Shin, 2018). Coupled D-TA and L-PheDH from Lysinibacillus sphaericus (together with a recycling system using ethanol and alcohol dehydrogenase) were applied for the production of different para-halogenated derivatives (Br-, Cl-, and F-) of Phe, as well as Tyr, via stereo-inversion of the D-enantiomers to the L-isomer; e.e. > 99% (Khorsand et al., 2017).

Recently, coupling of different enantioselective SAM-dependent α-keto acid methyltransferases (MT) with a halide methyltransferase (HMT) and a ω- or L-α-TA has been successfully applied for the synthesis of several enantio-enriched D- and L-β-methyl-α-AAs (Supplementary Figure S3, Liao and Seebeck, 2020). An S-adenosylhomocysteine nucleosidase-deficient E. coli strain was necessary for this approach, using CH3I as the alkylating agent. Conversions ranging 39 to >95% were achieved for different substrates. Methylation resulted in a high stereoselectivity, with 3R:3S methyl ratios ranging 92:8 to 99:1.

Natural pathway engineering has allowed the production of PheGly derivatives. As way of example, D-PheGly was produced in recombinant E. coli cells using phenylpyruvate as substrate, by a three-step route composed of hydroxymandelate synthase (HmaS), hydroxymandelate oxidase (HmO) and a stereoinverting hydroxyphenylglycine TA (HpgAT) (Figure 10E, Müller et al., 2006). The same strategy was used to produce L-PheGly, but using L-4-hydroxyphenylglycine transaminases from A. orientalis and S. coelicolor (Liu et al., 2014). Another synthetic biology-derived D-Phg operon has been recently developed on the basis of the natural lpg operon from S. pristinaespiralis; substitution of the natural PglE TA by the stereoinverting HpgAT allowed the creation of different plasmids which were utilized for the synthesis of D-PheGly in different engineered actinomycetal expression strains (Figure 11A, Moosmann et al., 2020).
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FIGURE 11. Additional examples on TA-based MECs. (A) Schematic representation of the natural L-PheGly biosynthetic pathway from S. pristinaespiralis (lpg operon, pglA-E). PglA, PheGly dehydrogenase. PglB, Pyruvate dehydrogenase α-subunit. PglC, pyruvate dehydrogenase β-subunit. PglD, thioesterase. PglE, L-PheGly aminotransferase. Inclusion of the stereoinverting D-(4-hydroxy)-PheGly aminotransferase from Pseudomonas putida (HpgAT) allowed the production of D-PheGly (Moosmann et al., 2020). (B) Conversion of styrenes to L-PheGly derivatives with E. coli multimodular systems. SMO, styrene monooxygenase from Pseudomonas sp. VLB120; SpEH, epoxide hydrolase from Sphingomonas sp. HXN-200; AlkJ, alcohol dehydrogenase from P. putida GPo1; ALDH, phenylacetaldehyde dehydrogenase from E. coli; HMO, hydroxymandelate oxidase from S. coelicolor A3(2); CAT, catalase from E. coli; αTA, branch chain amino acid transaminase from E. coli. GluDH, glutamate dehydrogenase from E. coli (Wu et al., 2016). (C) Production of different D-PheGly-derivatives starting from α-hydroxy-acids. MR, mandelate racemase; SMDH, (S)-mandelate dehydrogenase; DpgTA, D-PheGly aminotransferase; GluDH, glutamate dehydrogenase (Zhou et al., 2017). (D) Production of different D-PheGly-derivatives starting from styrenes. SMO, styrene monooxygenase; SpEH, epoxide hydrolase; AlkJ, alcohol dehydrogenase; ALDH, phenylacetaldehyde dehydrogenase; SMDH, (S)-mandelate dehydrogenase; DpgTA, D-PheGly aminotransferase. (E) Production of D-PheGly starting from L-Phe. Expansion of the previous system starting from styrenes was used, by addition of two additional enzymes. PAL: phenylalanine ammonia lyase; PAD, phenylacrylic acid decarboxylase (Zhou et al., 2017). (F) One-Pot biocatalytic synthesis of D-Tryptophan derivatives from indoles coupling tryptophan synthase (TrpS), LAAD and engineered D-alanine TA (engDATA; Parmeggiani et al., 2019b).


Wu et al. reported different complementary enzymatic modules for one-pot conversion of styrenes to the corresponding (S)-α-hydroxy acids, (S)-amino alcohols, and (S)-α-amino acids in high yields and e.e. (>98%, Wu et al., 2016). Combination of 3 out of the 4 modules proposed in E. coli (Module 1: epoxidase and epoxide hydrolase; Module 2: alcohol dehydrogenase and aldehyde dehydrogenase. Module 4, hydroxy acid oxidase, L-enantioselective α-TA, catalase and glutamate dehydrogenase) allows for the production of different L-PheGly derivatives (Figure 11B). Besides the production of these compounds, this work represent a valid proof of concept of elegantly tackled multimodular whole cell factories, which is a general idea to construct different MECs (Farnberger et al., 2017; France et al., 2017). The previous modular strategy (Figure 11B, Wu et al., 2016) was further expanded for the enantioselective synthesis of D-PheGly derivatives starting from racemic mandelic acids, styrenes, or L-Phenylalanine derivatives. Firstly, in an analogous MEC to that presented previously (Figure 6D, Resch et al., 2010), mandelate racemase (MR), (S)-mandelate dehydrogenase (SMDH), D-PheGly aminotransferase (DpgAT) and GluDH built a MEC module to produce different D-PheGly derivatives, starting from different mandelic acids (Figure 11C); this was possible thanks to the unique stereoinverting L- to D-activity of DpgAT (Zhou et al., 2017). Conversions ranging 58–94% were achieved, with e.e. values ranging 93–98%. This module was adapted by removal of the MR and joined to two of those presented previously (modules 1 and 2, Figure 11B), in order to obtain D-PheGly derivatives starting from styrenes (Figure 11D). Finally, this MEC was further extended by inclusion of another module converting L-phenylalanine into styrene, by inclusion of PAL and phenylacrylic acid decarboxylase (PAD), turning into a MEC using nine different enzymes (Figure 11E, Zhou et al., 2017). D-PheGly was produced with this 8-step cascade, demonstrating they high efficiency of a long non-natural enzyme cascade/pathway.

Different D-Trp derivatives have been produced from substituted indoles coupling a tryptophan synthase from Salmonella enterica, LAAD from Proteus species, together with and an engineered D-alanine TA, with e.e. values ranging from 94 to >99% (Figure 11F, Parmeggiani et al., 2019b). One example of expansion of TA-based MECs toward the production of functionalized AA derivatives is provided by combination of an acetaldehyde-dependent aldolase (hydroxy-3-methyl-2-keto-pentanoate aldolase, HPAL) from Arthrobacter simplex together a branched-chain TA from Bacillus subtilis (BCAT). Aldol condensation of α-ketobutyrate and acetaldehyde followed by transamination allowed enzymatic synthesis of 4-hydroxy-L-isoleucine (4HIL) (Smirnov et al., 2007). Whereas the final yield of 4HIL was not high, the authors proposed that this problem might be overcome by shifting the equilibrium of the reaction by separation of the reaction products and recirculation of the unreacted substrates.



Other MECs for the Synthesis of NcAAs

Other multienzymatic or chemoenzymatic strategies have been proposed for the synthesis of NcAAs, although they have not found yet such a biotechnological interest as those reported above. On the other hand, it is important to bear in mind that besides the more than 20 different enzymes comprised in the different MECs presented in this paper, many enantioselective or stereospecific “free” enzymes are useful for NcAAs synthesis [e.g., proteases (Nakao et al., 1996; Miyazawa, 1999), 2-oxoglutarate-dependent oxygenases (Peters and Buller, 2019), aldolases (Xue et al., 2018; Fesko, 2019) or other different PLP-enzymes (Di Salvo et al., 2020)].


Lipase-Containing MECs

Lipases are important enzymes from the industrial point of view, due to its huge versatility and robustness in the production of different compounds. Despite their outstanding promiscuous properties, one drawback that lipases (and proteases) can show is the lack of a perfect enantioselectivity, but several enantiopure compounds can be prepared using them. A bienzymatic method composed of Lipozyme® (Mucor miehei) and Alcalase® was applied for the production of enantiopure L-tert-leucine (99.5% e.e., Figure 12A) (Turner et al., 1995). A similar system was proposed starting from different 5(4H)-oxazolone derivatives (Figure 12B); P. cepacia lipase hydrolyzes different oxazolone derivatives yielding optically active N-benzoyl-L-α-AA methyl esters. Subsequent methyl ester hydrolysis by proteases (prozyme 6 and protease N; pH 6.8), might yield N-benzoyl-L-α-AAs of high enantiomeric purity (Figure 12B; Crich et al., 1993; Miyazawa, 1999).


[image: image]

FIGURE 12. Other MECs for the synthesis of NcAAs. (A) Production of L-tert-Leu using Lipozyme and Alcalase, followed by chemical hydrolysis. Treatment of racemic 2-phenyl-4-tert-butyloxazolin-5(4H)-one in toluene containing n-butanol with lypozyme and a catalytic amount of trimethylamine, resulted in ((S)-N-benzoyl-tert-leucine butyl ester (yield 94%). Two additional hydrolysis steps using Alcalase® and 6N HCl, yielded enantiopure L-tert-leucine (Turner et al., 1995). (B) Proposed lipase/protease system for the hydrolysis of production of different enantio-enriched N-benzoyl-L-α-AAs (Miyazawa, 1999). (C) Production of L-DOPA by a hybrid pathway using toluene dioxygenase (TolD), toluene-cis-glycerol de-hydrogenase (TolDiDe) and Tyrosine phenol lyase (TPL) (Park et al., 1998; Min et al., 2015). (D) Production of different L-Tyr derivatives using P450-BM3 with a NADPH regeneration system and engineered TPL (Dennig et al., 2015; Parmeggiani et al., 2018). (E) Transformation of L-lactate and o-phenols into enantiopure L-Tyr derivatives. L2HAO: L-2-hydroxy acid oxidase (e.g., AVLOX from Aerococcus viridans); TPL: WT or engineered tyrosine phenol lyase from Symbiobacterium toebii (Li et al., 2020). (F) Theoretical approach for the deracemization of AA ester racemates using an “amino acid ester racemase” (AAER, an ACLR homolog) and an enantioselective esterase (Frese et al., 2018). (G) 5-Hydroxy-tryptophan synthesis through a L-phenylalanine 4-hydroxylase coupled to cofactor regeneration. PAH, L-phenylalanine 4-hydroxylase; PCD, pterin-4α-carbinolamine dehydratase; DPR, dihydropteridine reductase; GDH, glucose dehydrogenase TetraH, tetrahydropterin; 4 α C, 4α-carbinolamine; DhP, dihydropteridine (Hara and Kino, 2013).)


A chemoenzymatic approach taking advantage of lipase and acylase I has been used for the production of enantiopure L-α-NcAAs starting from N-acetyl-α-AAs (Podea et al., 2008; Bencze et al., 2015). However, it is important to highlight that acylase I alone allows deracemization of these compounds, without the need of the lipase mediated DKR. Moderate yields (approximately 80%) of enantiopure L-benzofuranyl- and L-benzothienyl alanines were produced (e.e. > 99%; Podea et al., 2008). A similar strategy allowed the production of different enantiopure L-(5-phenylfuran-2-yl)alanines through a sequential multi-enzyme process based in lipase Cal-B, Pig liver esterase and Acylase I starting from racemic 2-acetamido-3-(5-phenylfuran-2-yl)propanoic acids. The target compounds were produced in 81–84% yield, with >99% e.e. (Bencze et al., 2015).



Tyrosine Phenol Lyase-Containing MECs

Tyrosine phenol lyase (TPL, β-tyrosinase) has been applied on different MECs for the production of interesting pharmaceutical compounds, including the enantioselective synthesis of L-Phe/L-Tyr derivatives (Martínez-Montero et al., 2019). Coupling with DAAO was proposed three decades ago (Figure 4B, section “Amino Acid Oxidase-Based MECs”). Park et al. (1998) designed a hybrid pathway using toluene dioxygenase, toluene cis-glycerol de-hydrogenase, and TPL for the production of L-DOPA using benzene as substrate (Figure 12C). This strategy presented toxicity drawbacks since it was used in whole-cell systems (Park et al., 1998). A somehow similar system obtained by coupling of monooxygenase P450-BM3 with a NADPH regeneration system an engineered TPL allowed one-pot synthesis of L-Tyr derivatives starting from monosubstituted benzenes, pyruvate, and ammonia (Figure 12D, Dennig et al., 2015). L-lactate oxidases coupled to a catalase and a designed thermophilic TPL (TTPL) was applied for one-pot synthesis of L-tyrosine derivatives (Figure 12E, Li et al., 2020). The best lactate oxidase studied (AvLOX) was used for in situ generation of pyruvate starting from L-lactate (also obtained with another enzyme cascade, and thus, they might be coupled); different o-phenol acceptors were used for TTPL. Using 28–36 h of reaction, recovery yields ranging 51–84% were obtained for the different L-Tyr derivatives (Li et al., 2020).



Tryptophan Synthase-Containing MECs

Tryptophan synthase (TrpS) has proved an interesting tool of expansion of NcAA MECs, since it has been engineered to accept a wide range of compounds, such as nitroalkanes, nitroindoles or 3-substituted oxindoles for the production of many different NcAAs (Buller et al., 2015; Herger et al., 2016; Romney et al., 2017, 2019; Boville et al., 2018a, b), leading even to new quaternary stereocenters (Dick et al., 2019). TrpS has also been engineered to accept L-Thr as a substrate for the synthesis of β-methyltryptophan derivatives, which could be further halogenated by a halogenase (Francis et al., 2017).

TrpSs have been included in AAO- and TA-based MECs (sections “Amino Acid Oxidase-Based MECs” and “Transaminase-Based MECs”; Parmeggiani et al., 2019b; Schnepel et al., 2019). On the other hand, a series of NcAAs including L-Trp and L-Cys derivatives were synthesized using a D-threonine aldolase/TrpS/Alanine Racemase system in high conversion and excellent enantioselectivity (e.e. > 99%) starting from Gly and paraformaldehyde. In a first step, D-threonine aldolase from Arthrobacter sp transformed the substrates into D-serine with high yield (240 g/L). Racemization into D,L-Ser was carried out with alanine racemase from Bacillus subtilis; L-ser was then transformed into different L-NcAAs by coupling with various indoles/thiols using L-tryptophan synthase from E. coli (Yu et al., 2019).



AAER/Esterase System

Recently, the deracemization of AA esters through the action of a combination of an AA-ester racemase (AAER) and an enantioselective esterase has been proposed (Frese et al., 2018). Different PLP-dependent ACLR-homologs (see section “Amidase Process”) with AAER activity on phenylalanineamide were identified, thus allowing to propose a putative AAER/esterase system for deracemization of AA esters, analogous to the “Amidase Process” (Figure 12F).



Other MECs Taking Advantage of Metabolic Pathways

Besides some of the examples shown in this work, many additional metabolic natural or engineered MECs exist in the literature. A recent seminal and must read review on biosynthetic pathways to NcAAs has been published (Hedges and Ryan, 2020), and the reader is referred to it for further information on these systems. As isolated examples, the L-Trp biosynthesis pathway from E. coli has been expanded by inclusion of engineered L-Phenylalanine 4-hydroxylase from C. violaceum (Figure 12G, Hara and Kino, 2013) or engineered aromatic amino acid hydroxylase from Cupriavidus taiwanensis (Mora-Villalobos and Zeng, 2018); whole cell systems for 5-HTP depend on the elimination of the E. coli tryptophanase gene, and inclusion of recycling of cofactors. Approx. 2–4 mM 5-HTP was produced using those systems. Natural routes for PheGly derivative synthesis have been reported, which might be further exploited for future MEC development (Al Toma et al., 2015). In this sense, special consideration should be paid to natural secondary metabolic routes conducting to NcAAs (or using them) to expand established MECs for their synthesis. Metabolic engineering of microorganisms have also allowed production of NcAAs such as L-norvaline/L-norleucine (Anderhuber et al., 2016), L-citruline (Eberhardt et al., 2014), hydroxyproline (Falcioni et al., 2015), L-ornithine (Wu et al., 2020) different D-α-AAs (Mutaguchi et al., 2018) or different N-Alkylated AAs (Mindt et al., 2019, 2020; van der Hoek et al., 2019). Thus, isolated enzymes comprised in biosynthetic metabolic routes for the production of different compounds (Hedges and Ryan, 2020) might find application on some of the existing MECs described in this paper.



CONCLUSION

In this review, we have brought together different established MECs and other less-used approaches for the biosynthesis of several NcAAs, providing a general overview on different methodologies available in the literature. Some of the enzymes described in this review have also been evolved to alter their substrate scope, widening their application, and inviting to revisit the old methodologies for further development. Enzymes from biosynthetic pathways to NcAAs (Hedges and Ryan, 2020) are clear candidates for MECs expansion. On the other hand, information of specific enzymes for functionalization of AAs or AA transformation into other important pharmaceutical compounds is also accumulating in the literature (e.g., Smirnov et al., 2012; Busto et al., 2014; Hönig et al., 2017; Hyslop et al., 2018; Parthasarathy et al., 2018; Peters and Buller, 2019; McDonald et al., 2019; Hedges and Ryan, 2020; Mindt et al., 2020; Song et al., 2020; Wendisch, 2020; Zhang et al., 2020; Zhao et al., 2020). These enzymes are, in principle, complementary to well stablished NcAA-production MECs. As way of example, promiscuous L-tryptophan decarboxylases have been applied for the synthesis of different triptamines (McDonald et al., 2019), and might be coupled to TprS-containing MECs for their expansion. Different proteases have also been applied to produce amino acid-ester derivatives starting from amino acids (Song et al., 2020), which might be coupled to several MECs proposed in this review. Thus, whereas the discovery of new or newly designed enzymes continues being of great interest, a “back and to the future” strategy might also speed up the “Fourth Wave of Biocatalysis” by dusting off previous enzymatic methodologies. We expect that potential readers in the field find the information contained in this paper helpful to speed up the generation of new or improved MECs.
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FOOTNOTES

1ω-TAs are also valuable for the synthesis of chiral amines to their broad substrate spectrum, and do not necessarily precise the presence of the carboxylate group in the reactant.

2A historical perspective on this process can be consulted in Martínez-Rodríguez et al. (2020).

3This enzyme belongs to the ammonia-lyase family; L-threonine ammonia lyase, ThrD, E.C. 4.3.1.19), and is not a “real” L-amino acid deaminase.

4Since (i) reduction of the e.e. value of the produced amino acid was observed over time, (ii) the reaction conditions used pHs above 9, and (iii) chemical racemization of AAs is known to occur at high pHs, the formation of the opposite enantiomer might be the result of chemical racemization.

5The nomenclature of TAs in the literature can be confusing. We recommend reading of the new classification carried out by Cutlan et al. (2019).

6Inclusion of a LAAO yields an analogous MEC from the theoretical point of view.
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In this study, we have developed a mild and effective method to prepare a metal-organic framework (MOF)-based microcapsule by the self-assembly of pre-synthesized zeolite imidazolate framework-8 (ZIF-8) nanoparticles at the oil-water interface combined with deposition of a dense ZIF-8 coating outside the capsule. By introducing the enzyme Candida antarctica lipase B (CalB) directly into the stabilizer ZIF-8 or the water phase of Pickering emulsion during the preparation process, we achieved that the enzyme was immobilized within the shell (CalB@ZIF-8@cap) or in the cavity (ZIF-8@cap-CalB) of the microcapsules, respectively. The resulting CalB-loaded microcapsules were robust and had a core-shell structure proved by scanning electron microscopy. Meanwhile, Fourier transform infrared spectroscopy was conducted to confirm the encapsulation of enzymes in the microcapsules and their position in the microcapsules was confirmed by fluorescence microscopy. Furthermore, through the comparison of transesterification reactions between a pair of small substrates and a pair of larger ones, the two types of CalB-loaded microcapsules showed great catalytic activity, stability and size selectivity, and the catalytic activity of CalB@ZIF-8@cap was slightly higher than that of ZIF-8@cap-CalB. Importantly, due to the large size of the microcapsules, the catalyst could be separated from the reaction system by sedimentation, thereby reducing the energy consumption for separation. These kinds of multifunctional MOF-enzyme composites may open up new opportunities for the biocatalysis and microreactor.

Keywords: ZIF-8, self-assembly, microcapsules, enzyme immobilization, biocatalysis, size selectivity


INTRODUCTION

Enzymatic catalysis is one of the important ways to achieve green and sustainable industrial chemical processes. However, free enzymes are usually subjected to some inherent shortcomings, such as fragile structures, low operational stability, and lack of reusability (Du et al., 2017). Therefore, it is of great importance to immobilize enzymes on solid carriers to improve their stabilities and achieve their facile recoveries during industrial applications (Duan et al., 2019). To date, significant efforts have been devoted to immobilize enzymes onto various carriers and composite materials, such as hydrogels (Jo et al., 2019), mesoporous silica (Popat et al., 2011; Li et al., 2019), magnetic nanoparticles (Desai and Pawar, 2020), polymers (Kuiper et al., 2008), and proteins (Kim et al., 2019).

In recent years, metal-organic frameworks (MOFs), a kind of porous crystalline organic–inorganic hybrid materials, composing of inorganic metal ions or metal clusters and organic ligands, have emerged as an excellent carrier for enzyme immobilization because of their fascinating physicochemical properties like thermal stability, high-surface area, pore size selectivity, and biocompatibility (Tan et al., 2019; Zhao et al., 2019; Zhou et al., 2019). Several approaches including physical adsorption (Nobakht et al., 2018; Jia et al., 2019), covalent bonding (Yue et al., 2016; Nowroozi-Nejad et al., 2019), and biomimetic mineralization (Liang et al., 2015; Jiang et al., 2017) have been employed to immobilize enzymes into MOFs. Among these methods, physical adsorption relies on numerous weak interactions (e.g., electrostatic interactions, hydrogen bonding, and van der Waals forces) between enzyme molecules and MOF crystals (Drout et al., 2019), thus adsorbed enzymes usually reveal poor stability in a harsh environment. Covalent binding is a great way of preventing enzymes from leaching, but it often induces the enzyme irreversibly deactivation during the preparation (Garcia-Galan et al., 2011).

Biomimetic mineralization allows MOFs to grow around enzymes in a mild reaction condition. The high chemical and structural stability of MOFs can not only protect the enzyme from various denaturation factors but regulate the access of substrates with different sizes (Wu et al., 2017). However, it has been found that the introduction of enzymes in MOFs has certain impacts on the structural characteristics of MOF inevitably. Qi et al. (2019) showed that the size of MOF nanoparticles loaded with lipase from Candida rugosa (CRL) was 2–3 times smaller than that of pure MOF nanoparticles. Therefore, recycling enzyme-MOF composites are hampered because the existing methods for separation, such as filtration and centrifugation, are obviously high time- and energy-consumption especially when the catalyst sizes are in the nanometer range. Meanwhile, enzymes exposed to the surface of MOF nanoparticles increased the hydrophilicity of enzyme-MOF composites. Thus enzyme-MOF composites are more likely to aggregate together in the organic reaction system, which is not conducive to fully exhibit the catalytic activity.

Increasing the size of enzyme-MOF composites is an effective way to improve its separation efficiency and distribution uniformity in solvents. So far, crosslinking is the most common method. The chemical modification of enzymes or MOFs are necessary steps for facile crosslinking, however it apparently has some negative effects on the efficiency of enzymatic reaction (Mehde, 2019; Oliveira et al., 2019). Moreover, because of the irregular congregation, the specific surface area of enzyme-MOF composites is significantly reduced after crosslinking.

Recently, a few efforts have been devoted to preparing microcapsules for efficient catalysis (Huo et al., 2015; Zhu et al., 2018). The pre-synthesized nanosized catalysts were assembled into microcapsules by self-assembly in Pickering emulsion. The resulting microcapsules with a core-shell structure were robust, high specific surface area and resizable by controlling the size of emulsion droplets. More importantly, the microcapsules have been demonstrated to be powerful and efficient bioreactors by encapsulation and attachment of enzymes (Wang et al., 2012; Liu et al., 2015). Therefore, constructing an enzyme-MOF composite based microcapsule is a promising way to increase the size of catalyst while maintaining the enzyme activity, size selectivity and specific surface area to the maximum extent.

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs with zeolite topologies (Fu et al., 2019). Among various ZIF materials, ZIF-8 is one of the most applied ZIF materials due to its high stability in water, and it also can be synthesized in water at room temperature, which is of great significance for protecting the activity of the enzyme during the enzyme immobilization (Horcajada et al., 2012).

In this work, we developed a facile strategy to construct a MOF based microcapsule by the self-assembly process of ZIF-8 nanoparticles in the oil-water surface of Pickering emulsion, followed by depositing a layer of small-sized ZIF-8 nanoparticles around emulsion droplets to enhance capsule stability. By introducing the model enzyme Candida antarctica lipase B (CalB) directly into the ZIF-8 or the water phase of ZIF-8 stabilized Pickering emulsion during the preparation process, we achieved that the enzyme was immobilized in the cavity or within the shell of the microcapsules, respectively. The biocatalytic reaction proved that the synthesized MOF-enzyme composites had excellent catalytic ability and size selectivity. Furthermore, due to the significantly increased size of the catalyst, the microcapsules could be quickly separated from the reaction system by natural sedimentation after the reaction.



MATERIALS AND METHODS


Materials

Zinc acetate [Zn(Ac)2⋅2H2O, 99.0%], 2-Methylimidazole (2-Melm, 98%), 2,2′-Biquinoline-4,4-dicarboxylic acid disodium salt (BCA), vinyl acetate, 3-(4-hydroxyphenyl) propan-1-ol and Fluorescein isothiocyanate isomer I (FITC) were all purchased from Aladdin (Shanghai, China). Lipase B Candida Antarctica recombinant from Aspergillus niger (CalB) and agarose (Type IX-A, ultra-low gelling temperature) were purchased from Sigma-Aldrich (Shanghai, China). Other chemicals were of analytical grade and obtained from commercial sources. Pickering emulsions were formed using a shear force created by an IKA Ultra-Turrax T25 Homogenizer. Lyophilized samples were obtained by using a Scientz-10N freeze-dryer.



Characterization

Optical microscopy (OPM) measurements were carried out on a MB11 polarizing microscope (Shanghai optical instrument factory, China) equipped with a video camera.

UV-vis adsorption was acquired on an ultraviolet-visible spectrophotometer (Hitachi U-3010, Japan).

Powder X-ray diffraction (XRD) patterns were collected using a D/max-IIIA fully automatic XRD instrument (Rigaku, Japan) with a Cu Kα anode (λ = 1.5405 Å) at 40 kV and 30 mA. The powdered samples were scanned from 5 to 40° (2θ) at a scanning rate of 4°/min.

1H-NMR spectra were obtained using an AVANCE digital 400 (Bruker, Germany) operating at 400 MHz.

Scanning electron microscopy (SEM) measurements were made on a Merlin scanning electron microscope (Zeiss Co., Germany). Samples for SEM measurements were firstly dispersed in absolute ethanol (0.1 wt%) and sonicated for 10 min. A drop of suspension was carefully placed on an aluminum foil attached to a substrate with conductive tape and dried at room temperature, and then sputter-coated with a thin layer of conductive gold to improve conductivity.

Fourier transform infrared (FTIR) spectroscopy was carried out on a Vector 33-MIR FTIR spectrophotometer (Brukev Optik, Germany) using the KBr method.

The presence and spatial location of the fluorophore-tagged enzymes in the microcapsules was determined with an IX73 inverted fluorescence microscope (OLYMPUS, Japan).



Synthetic Details


Preparation of CalB@ZIF-8 and ZIF-8

160 μL of CalB were added into a solution of 2-Melm (1.25 M, 40 mL) in deionized water. A separate solution of Zn(Ac)2⋅2H2O (0.31 M, 4 mL) was also prepared. These two solutions were mixed and then stirred at 500 rpm for 8 h at room temperature. Then the products (named as CalB@ZIF-8) were collected by centrifugation at 10,000 rpm for 10 min and washed with deionized water for three times to remove the absorbed proteins. Finally, the centrifuged samples were collected after lyophilization.

The synthesis of pure ZIF-8 nanoparticles followed the same procedure as the preparation of CalB@ZIF-8 but in the absence of CalB.



Preparation of Pickering Emulsion

CalB was located within the shell of the microcapsule (CalB@ZIF-8@cap): 30 mg of CalB@ZIF-8 nanoparticles were added to 3 mL of medium chain triglycerides (MCT) and homogenized for 1 min to evenly disperse. Then 1.0 wt% agarose solution was prepared by dissolving 0.010 g of agarose in 1 mL of PBS buffer (pH = 7.4) at 80°C as stock solution. After cooling to 25°C, 200 μL of agarose solution was added to the MCT dispersion of CalB@ZIF-8 and homogenized under shear stirring at 16,000 rpm for 2 min. The resulting water-in-oil Pickering emulsion was stored at 4°C overnight to ensure that the nanoparticle-stabilized droplets were fully gelled.

CalB was located in the cavity of the microcapsule (ZIF-8@cap-CalB): the preparation method of water-in-oil Pickering emulsion was the same as above except that the pure ZIF-8 nanoparticles were applied to stabilize Pickering emulsion and CalB was added to the agarose solution. Notably, the enzyme was added after the agarose solution was cooled to 30°C to prevent the high temperature from affecting the enzyme activity.



Preparation of Microcapsules

First of all, 2 × 100 mL stock solutions of Zn(NO3)2 (25 mM) were prepared in isopropanol and 2-butanol, and 2 × 100 mL stock solutions of 2-Melm in isopropanol (100 mM) and 2-butanol (75 mM).

Then 2.5 mL of Zn(NO3)2 and 2-MeIm stock solution in isopropanol were stepwise added into 1 mL of agarose solution droplets and left at −20°C for 2 h before washing with fresh isopropanol. After repeating the above procedure twice, the obtained microcapsules were immersed in a fresh mixture of 2.5 mL Zn(NO3)2 stock solution and 2.5 mL 2-MeIm stock solution in 2-butanol. The mixture was left for 1.5 h at −20°C before washing with fresh 2-butanol. This step was repeated seven times to ensure a dense shell of small-sized ZIF-8 nanoparticles at the capsule exterior.



Calculation of Enzyme Loading

Enzyme loading capacity of CalB@ZIF-8 nanoparticles and CalB-loaded microcapsules were calculated by the BCA method. Specifically, 10 mg of sample was ground with a mortar and then destroyed by adding 6 mL of 0.2 M HCl aqueous solution and 40 μL of HF (48% water solution), followed by centrifugation at 10,000 rpm for 10 min. After filtering the supernatant through a 0.22 μm filter, a 0.2 mL of sample was taken and mixed with 2 mL of BCA reagent, which was incubated at 37°C for 30 min prior to UV measurement. To minimize potential errors caused by the low pH, degraded pure ZIF-8 nanoparticles were applied for standardization. The difference of intensity at 562 nm of the sample and the standard was used to calculate the concentration of CalB within the CalB@ZIF-8 nanoparticles and microcapsules.

The calculation of enzyme loading is based on Eq. (1)
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where m (g) is the total amount of CalB@ZIF-8 nanoparticles or CalB-loaded microcapsules; C (mg⋅mL–1) and V (mL) are the CalB concentration and the volume of the supernatant, respectively.



Biocatalysis

The activity of CalB was determined by the transesterification between two groups of substrates in n-heptane: small substrate, 1-butanol and vinyl acetate; large substrates, 3-(4-hydroxyphenyl)propan-1-ol and vinyl laurate. Specifically, as for small substrates, two types of CalB-loaded microcapsules and CalB@ZIF-8 nanoparticles with the same enzyme loading were added into a substrate solution (3 mL) containing 1-butanol (150 mmol/L) and vinyl acetate (100 mmol/L) in n-heptane. Then the reactions were carried out on a shaker at 35°C for a total of 48 h. After a defined interval, a 60 μL sample of the solution was removed and 1H-NMR was conducted to analyze the concentration of the product. One unit of CalB activity (U) is defined as the enzyme amount needed for producing 1 μmol product per minute. The activity of all samples was tested under the same conditions and all reactions were repeated at least three times. The reaction of large substrates followed the same procedure.



Catalytic Recyclability

The recoverability of the catalyst was evaluated by measuring the conversion of each cycle. After each batch, the microcapsules were collected through centrifugation (800 rpm) and then washed with n-heptane, and utilized for the next cycle. The maximum conversion rate was defined as 100%, and the relative conversion (%) represented the ratio of residual to maximum conversion rate of each sample.



RESULTS AND DISCUSSION

In this study, two different methods were used to introduce CalB into the ZIF-8 based microcapsules. The first strategy was to encapsulate the enzyme in the cavity of ZIF-8 nanoparticles and followed by formation of the Pickering emulsion based microcapsules (CalB@ZIF-8@cap). The second strategy was to directly dissolve the enzyme in water phase and then formed Pickering emulsion based microcapsules (ZIF-8@cap-CalB). In particular, to enhance the stability of both microcapsules, the deposition of a layer of small-sized ZIF-8 nanoparticles was necessary outside each microcapsule (Scheme 1).
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SCHEME 1. Preparation of two types of CalB-loaded microcapsules.



ZIF-8 and CalB@ZIF-8

In this study, ZIF-8 and CalB@ZIF-8 nanoparticles were prepared via self-assembly and biomimetic mineralization methods as reported by us (Scheme 1; Qi et al., 2019). The SEM images showed that both ZIF-8 and CalB@ZIF-8 nanoparticles presented rhombic dodecahedron, indicating that the encapsulation of the enzyme did not significantly affect the morphology of ZIF-8 nanoparticles. However, the particle size of CalB@ZIF-8 nanoparticles (∼500 nm) was smaller than that of ZIF-8 (∼700 nm), which proved that the introduction of enzymes would reduce the size of ZIF-8 nanoparticles (Figure 1).
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FIGURE 1. SEM images of (A) ZIF-8 and (B) CalB@ZIF-8 nanoparticles.




CalB-Loaded Microcapsules

Since both microcapsules were acquired through the self-assembly of pre-synthesized nanoparticles in the oil–water interface and followed by deposition of a layer of small-sized ZIF-8 nanoparticles outside capsules, CalB@ZIF-8@cap and ZIF-8@cap-CalB had the similar morphology. Under the optical microscope, the both microcapsules were observed to be round or oval, with a uniform size ranging from 20 to 40 μm (Figure 2). The SEM pictures clearly showed that both two types of microcapsules were intact sphere, whose surface was covered by a layer of dense small-sized ZIF-8 nanoparticle, and remained unbroken even after the drying process (Figures 3A,B). In contrast, the microcapsules without a layer of small-sized ZIF-8 nanoparticles exhibited the vulnerable structure and easily collapsed after drying (Figures 3C,D). It strongly demonstrated that small-sized ZIF-8 nanoparticles which grew on the surface of the microcapsules during the deposition process brought additional structural stability to the microcapsules.
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FIGURE 2. Optical microscopy images of (A) CalB@ZIF-8@cap and (B) ZIF-8@cap-CalB.
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FIGURE 3. Characterization of MOF-based microcapsules. The SEM images of the synthesized intact (A) CalB@ZIF-8@cap and (B) ZIF-8@cap-CalB. (C) CalB@ZIF-8@cap and (D) ZIF-8@cap-CalB without dense layers outside the shell. (E,G) The crushed sample of CalB@ZIF-8@cap, showing their hollow core-shell structure and hierarchically structured shell. (F,H) The crushed sample of ZIF-8@cap-CalB, showing their hollow core-shell structure and hierarchically structured shell.


After the formed spheres were ground well with a mortar, the broken spheres of both types of microcapsules revealed the hollow interior, confirming the microcapsules structures (Figures 3E,F). The cross section of capsules shell had a clear hierarchical structure and was divided into two layers. The interior of the shell was composed of a continuous network of aggregated large-sized ZIF-8 or CalB@ZIF-8 nanoparticles which were used to stabilize Pickering emulsion. The outside of the shell was a dense coating deposited by small-sized ZIF-8 nanoparticles (Figures 3G,H).

Through these two methods, the enzyme could be immobilized in the cavity or within the shell of microcapsules. To further ascertain this, FTIR measurements of pure ZIF-8, CalB, CalB@ZIF-8@cap, and ZIF-8@cap-CalB were conducted. As shown in Figure 4, the characteristic adsorption bands of ZIF-8 were observed at 1581 and 421 cm–1, ascribed to C = N stretching vibration on the imidazole ring and Zn-N stretching vibration. The characteristic absorption peak for CalB at 1640–1660 cm–1, which corresponded to amide I mainly from C = O stretching mode, was also found in spectra of CalB@ZIF-8@cap and ZIF-8@cap-CalB. In this study, it could be observed that there was a slight shift of the amide I peak in the CalB-loaded microcapsules, which could attribute to the direct protein-MOF interaction caused by the coordination between Zn2+ and the carbonyl groups on the proteins. Besides, the decrease in peak intensity may be related to the amount of CalB (Qi et al., 2019). These data clearly confirmed the existence of CalB whether it located within the shell or in the cavity of the microcapsule. In addition, XRD patterns were also conducted (Figure 5). The sharpness and high intensity of the diffraction peaks indicated the high crystallinity of the nanoparticles. Meanwhile, CalB@ZIF-8@cap and ZIF-8@cap-CalB presented similar X-ray diffraction patterns with the pure ZIF-8 nanoparticles, suggesting encapsulation of CalB hardly affected the crystal structure of ZIF-8.
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FIGURE 4. FTIR spectra of pure ZIF-8, CalB, ZIF-8@cap-CalB, and CalB@ZIF-8@cap.
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FIGURE 5. XRD patterns of pure ZIF-8, ZIF-8@cap-CalB, and CalB@ZIF-8@cap.


Before performing the catalytic experiments, the fluorescence microscopy images were taken with FITC-labeled CalB to further determine the distribution of enzymes in the microcapsules. In Figure 6, the fluorescence microscopy images of FITC-labeled microcapsules showed strong fluorescence intensity (λex = 488 nm). The reflection image was attributed to the reflected light of fluorescent molecules at the spherical surface (Xu et al., 2018). For FITC-labeled ZIF-8@cap-CalB, the fluorescence image of FITC-labeled microcapsules was negligible, which indicated that CalB was not on the surface of microcapsules and thus they were retained within microcapsules (Figure 6A). In contrast, since the enzyme was located within the shell of the CalB@ZIF-8@cap, the FITC reflection was obvious (Figure 6B).


[image: image]

FIGURE 6. Fluorescence analysis of FITC labeled microcapsules. The fluorescence microscopy images of (A) FITC labeled ZIF-8@cap-CalB and (B) FITC labeled CalB@ZIF-8@cap.




Biocatalysis

CalB is a highly versatile lipase due to its broad substrate selectivity and catalytic functionality. It can be used to catalyze a variety of reactions including aminolysis, esterification, transesterification and hydrolysis, and is stable over a wide range of biophysical conditions including pH, temperature and solvent conditions, making it an excellent model enzyme for encapsulation and biocatalytic studies (Monteiro et al., 2019; Van Tassel et al., 2020; Zhang et al., 2020). Two kind of CalB-loaded microcapsules were obtained as described previously. After degrading the microcapsules by acid, the CalB loading was calculated by Bradford assay. The results showed that the enzyme loading of the first method (CalB@ZIF-8@cap) was 3.96 mg⋅g–1, and that of the second method (ZIF-8@cap-CalB) was 3.52 mg⋅g–1.

The catalytic performances of the two types of CalB-loaded microcapsules were investigated by carrying out transesterification reactions between a pair of small substrates as shown in Figure 7A. In this reaction, 1-butanol and vinyl acetate were catalyzed by lipase to produce butyl acetate. Both the substrates and the products of this reaction had a small size, and theoretically could be diffused through the micropores of ZIF-8 nanoparticles (Figure 8). CalB@ZIF-8 nanoparticles were also carried out as positive control. Catalysis reactions were carried out at 35°C in n-heptane, a shaker was implied to ensure adequate contact between the substrates and the catalyst. The catalytic experiments were performed for a total of 48 h, the samples were taken at regular intervals to calculate the substrates conversion rate by 1H-NMR to evaluate the enzyme activity.


[image: image]

FIGURE 7. Biocatalysis using CalB loaded microcapsules. (A) Reaction scheme for the transesterification between 1-butanol (1) and vinyl acetate (2) to yield butyl acetate (3). (B) Time-dependent conversion of 1 and 2 catalyzed by CalB under different conditions. (C) Reaction scheme of transesterification between 3-(4-hydroxyphenyl) propan-1-ol (4) and vinyl laurate (5) to yield 3-(4-hydroxyphenyl)propyl dodecanoate (6). (D) Time-dependent conversion of 3 and 4 catalyzed by CalB under different conditions.
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FIGURE 8. Molecular model of the substrates used and products formed following transesterification with CalB.


The results showed that the positive control took about 48 h to reach 100% conversion, while both of CalB-loaded microcapsules reached a conversion rate of about 70% at the same time (Figure 7B). These data indicated that the enzyme activity was maintained well during the formation of the microcapsules and the substrates and products could diffused through the framework micropores of the intact shell. However, the catalytic efficiency of the two kinds of CalB-loaded microcapsules were lower than the free CalB@ZIF-8 nanoparticles, which may be due to the time required for the substrates and products to pass through the dense shell of the microcapsules.

Meanwhile, it was noticed that ZIF-8@cap-CalB has slightly lower catalytic efficiency than CalB@ZIF-8@cap. It was because in the first case, most of the enzyme molecules located in the cavity of the microcapsules were adsorbed and accumulated on the inner wall of the microcapsules, which was most likely to be surface adsorption caused by interactions between the abundant organic functional groups of the MOF particles and the enzyme (Huo et al., 2015). Therefore, the aggregation of the enzyme allowed the substrates to contact the enzyme only at the interface, thereby greatly reducing the effective contact area of the catalytic reaction (Figure 9A). However, in the second case, most of the enzyme molecules located within the microcapsule shell were evenly distributed in the ZIF-8 nanoparticles, so the substrates could contact the enzyme from all directions of the ZIF-8 nanoparticles (Figure 9B). Therefore, the effective contact areas between the enzyme and the substrates in the second case were significantly higher than that in the first case. Meanwhile, the hierarchical structure of the microcapsule shell significantly increased the time for substrates to pass through the shell, thereby inducing more substrates participating in the reaction. These might be the reason why the catalytic efficiency of CalB@ZIF-8@cap was higher than ZIF-8@cap-CalB.


[image: image]

FIGURE 9. Model diagrams of the cross section of the shell of (A) ZIF-8@cap-CalB and (B) CalB@ZIF-8@cap. The white hexagons represent the large-sized ZIF-8 or CalB@ZIF-8 used to stabilize the Pickering emulsion. The gray hexagons represent the deposited small-sized ZIF-8 coating.


When finished, due to the large size of the microcapsules, the catalysts could be easily separated from the reaction system by natural sedimentation. Compared with traditional catalysts separated by high-speed centrifugation, a large amount of energy input was saved, which was more in line with the requirements of green and sustainable industrial development. The easy of recovery prompted us to investigate the catalytic recyclability of these two types of microcapsules. Following transesterification reaction between a pair of small substrates for 8 h, CalB@ZIF-8@cap and ZIF-8@cap-CalB were separated, washed and used again for further reaction. Conversion of butyl acetate revealed very good overall recyclability for both microcapsules with ∼80% of activity maintained after six catalytic cycles (Figure 10). This showed that the catalyst was not only easy to separate from the reaction system, but also had good catalytic recyclability.


[image: image]

FIGURE 10. Recycling tests of CalB@ZIF-8@cap and ZIF-8@cap-CalB for the transesterification between a pair of small substrates.


The shells of both CalB-loaded microcapsules were deposited with a dense ZIF-8 coating. Due to the limitation of the pore size of ZIF-8 nanoparticles (3.4 Å) (Schejn et al., 2014), there would be a size selection effect on the substrates catalyzed by the enzymes in both CalB-loaded microcapsules. To verity the size selectivity of the two types of CalB-loaded microcapsules, a transesterification reaction between a pair of large substrates, 3-(4-hydroxyphenyl) propan-1-ol and vinyl laurate, was also performed (Figure 7C). The results showed that when the reaction was catalyzed by free CalB, the conversion reached 100% after 24 h, while when catalyzed by the two types of CalB-loaded microcapsules, almost no product was formed after 48 h (Figure 7D). This indicated that almost no substrates passed through the micropores to react with the enzyme, and the synthesized microcapsules could regulate the access of substrates with different sizes.



CONCLUSION

In summary, we have developed a simple and effective method to prepare large-sized and easily separable catalysts, which were made by the self-assembly of pre-synthesized ZIF-8 nanoparticles at the oil-water interface. At the same time, we have achieved the immobilization of enzymes at different positions in the microcapsules (in the cavity of the microcapsule or within the shell of the microcapsule) and demonstrated their practical value in terms of biocatalysis and size selectivity. Compared with traditional enzyme@MOF catalyst, the synthesized enzyme-loaded microcapsules with a hierarchical structure could increase the size of the catalyst from nanoscale to the micrometer scale and still retain a high catalytic activity, so that it could be separated from the reaction system by sedimentation. This is a very novel strategy for preparing large-size and multifunctional MOF-biomolecule composites, which has great potential in transportation, microreactor and biotechnology.
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Neohesperidin (NH) is a natural flavonoid glycoside compound with considerable physiological and pharmacological activities. However, its bioavailability is limited due to poor solubility, and few studies have so far attempted improve the solubility and bioavailability of NH. In this study, we structurally modified NH using an immobilized lipase to improve lipophilicity and therefore expand its applicability in lipophilic media as well as enhance its bioavailability in vivo. In addition, we aimed investigated the pro-apoptoptotic activity of this new compound (propionyl neohesperidin ester, PNHE) in MCF-7 breast cancer cells using a variety of cellular assays, including the MTT (3-(4, 5-dimethyl- 2-thiazolyl)-2, 5-diphenyl-2-h-tetrazolium bromide assay, assessment of intracellular reactive oxygen species (ROS) levels, and flow cytometry. We successfully synthesized PNHE using immobilized lipases, and the esterification of NH was confirmed by Fourier transform-infrared spectroscopy (FT-IR). Compared to NH, HNPE showed higher anti-proliferative and pro-apoptotic in MCF-7 breast cancer cells, which may be explained by its increased lipophilicity compared to neohesperidin, benefiting to the action of NH on the cancer cell wall. The IC50 of PNHE for inducing apoptosis of MCF-7 cells was 185.52 μg/mL. PNHE increased both the proportion of cells in Sub-G1 phase and the cellular ROS content, indicating a certain therapeutic effect of HNPE on breast cancer.

Keywords: esterification modification using immobilized enzyme, propionyl neohesperidin ester, lipophilicity of neohesperidin, apoptosis of breast cancer cells, MCF-7


INTRODUCTION

Cancer is a critical global medical issue (Taher et al., 2012), and nearly 13% of deaths each year are caused by cancer (Bashandy et al., 2014). Specifically, lung cancer, breast cancer, colorectal cancer, stomach cancer, and prostate cancer are among main causes of death globally (Taher and Hegazy, 2013). Although there are several effective treatments for cancer, these often still carry many adverse effects including toxicity to normal cells and tissues. Therefore, there is a need to identify safe and natural and safe substances that could be employed as anti-cancer drugs. So far, some natural flavonoids, including hesperidin and naringin, have been reported to have anti-proliferative activity (Dai et al., 2009; Wang et al., 2015). Additionally, natural flavonoid derivatives have also shown potential anticancer properties by inducing tumor apoptosis (Chen and Yu, 2017).

Neohesperidin, a key natural flavonoid glycoside compound derived from the bitter orange (Citrus aurantium), has been found to have potent physiological and pharmacological activities. These effects include a strong anti-inflammatory and neuroprotective activity (Hwang and Yen, 2008), the ability to inhibit differentiation of adult osteocytes (Tan et al., 2016), and an anti-proliferative effect on human liver cancer cells (Bellocco et al., 2009). Additionally, NH is considered to be a potential hypoglycemic agent by adjusting glucose metabolism (Zhang et al., 2012). However, the low solubility of neohesperidin greatly limits its application for therapeutic use. Although bitter substances such as hesperidin can be developed into reactive substances drugs (Uchiyama et al., 2010), there are few reports on the ester derivation and attempted bioavailability improvement of neohesperidin. In order to overcome the poor solubility of flavonoids, these substances are often chemically modified (Sakao et al., 2009; Yang et al., 2012; Yang et al., 2013), but a loss of the phenolic hydroxyl group in the active group of flavonoids caused by this chemical modification may reduce their activity. Simultaneously, chemical modification of flavonoids often causes production of a large number of by-products, which makes separation of target products difficult. The enzyme biocatalysis method is characterized by simple steps, mild reaction conditions, and high product purity, and is therefore commonly used to replace chemical methods (Le Joubioux et al., 2013). Due to the high recognition specificity and efficient conversion to substrates, lipases are often used as bio-catalysts in organic chemical synthesis for esterification (Zagozda and Plenkiewicz, 2008; Sun et al., 2013). Free enzymes have poor stability, which are easily inactivated and difficult to remove. Currently, immobilized enzymes and whole cell catalysis are often used for organic synthesis experiments (Duetz et al., 2001; Zaidan et al., 2012). Various studies demonstrated that esterified flavonoids usually reach enhanced physiological activity and higher bioavailability compared to the original flavonoid compound (Kontogianni et al., 2001). Several flavonoids bioreactive substances, such as arbutin, naringin, puerarin, and dihydromyricetin, have previously been structurally modified to enhance their lipophilicity, thus expanding their application in the lipid environment (Kontogianni et al., 2001; Jiang et al., 2017; Li et al., 2018). For instance, acetylated arbutin can inhibit the bioactivity of melanoma cells and tyrosinase in B16 mice significantly more than unmodified arbutin (Jiang et al., 2017); puerarin has obvious antioxidant activity on erythrocyte hemolysis after the acylation catalyzed by the whole cell (Li et al., 2018); and the procyanidine of esterified grape seeds has anti-proliferative and pro-apoptotic effects on PC3 prostate cancer cells (Chen and Yu, 2017). Enhanced lipophilicity enables these compounds to enter the lipid bilayer of the cell membrane more easily, thus leading to higher bioavailability in vivo and greater liposome-based drug delivery potential (Hashimoto et al., 2000).

The aim of this study was to investigate the enzymatic esterification of NH in organic solvents, and to examine the effects of factors such as enzyme source, solvent, reaction temperature, reaction time and substrate concentration on conversion of NH. Additionally, we used several cellular assays, including the MTT assay, flow cytometry, and ROS measurements, to investigate the pro-apoptotic and anti-proliferative activities of the esterification product PNHE on MCF-7 breast cancer cells, thereby providing a theoretical basis for the improvement of NH bioavailability and the development of novel anti-cancer agents.



MATERIALS AND METHODS


Materials

NH (purity ≥ 98%) was donated by Shandong Benyue Biotechnology Co., Ltd. (Dongying, Shangdong, China). We obtained lipase AS, lipaseAK, lipase AYS, Lipozyme CALB, Novozym435, lipase NS, IM-100, Lipozyme RM, and lipaseAK from Novocata Biotechnology Co., Ltd. Fetal bovine serum (BOVOGEN) Dulbecco’s Modified Eagle’s medium (DMEM), pancreatin-EDTA, streptomycin, penicillin, phosphate buffer solution (PBS), and apoptosis detection kits were purchased from BestBio. Sterile cell culture materials, such as syringe filters, 15 mL and 50 mL tubes, 96- pore plates, and pipettes, were purchased from Shanghai Jining Shiye Co., Ltd.



Enzymatic Esterification of NH

We added 2 mL of organic solvent, containing 0.5 mmol NH, 15 mmol vinyl propionate (VP), and 40 mg/mL lipase, in a 5 mL conical flask, and placed it on a shaker at 180 rpm at 50°C throughout the full reaction, as previously described (Yang et al., 2013). After 24 h, 50 μL of the reaction mixture were removed, diluted 10 times with methanol, and analyzed using high performance liquid chromatography (HPLC). Each experiment was repeated three times. We then investigated the impact of the VP to neoesperidin (VP/NC) molar ratio, lipase content, reaction temperature, and reaction time on the conversion of substrate. After completion of the reaction, the enzyme solution was filtered to terminate the reaction. Next, the solvent was removed by rotary evaporation to obtain the crude products of enzymatic esterification of NH. Finally, the crude products were extracted three times with ice water and ethyl acetate (1:1, v/v), and the ethyl acetate layers were collected and combined. After rotary evaporation and vacuum drying, fat-soluble neohesperidin (PNHE) was obtained.



Measurement of Neohesperidin Content

We used Wondasil C18 analytical columns (250 × 4.6 mm, 5 μm) and an acetonitrile-formic acid solution mobile phase and performed gradient elution. The UV detector wavelength was 283 nm, and the column temperature of the reverse-phase column was 35°C, the injection volume was 20 μL, and the duration of one gradient program was 30 min. The specific gradient elution program is shown in Table 1.


TABLE 1. Gradient elution program for neohesperidin content measurement.

[image: Table 1]The conversion of substrate (%) was calculated based on the ratio of the difference between the peak area before and after the neohesperidin reaction and the peak area of the neohesperidin reaction before the reaction for conversion:
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where A0 and Ai are peak areas of neohesperidin before and after reaction.



Purification and Identification of PNHE

The separating and purifying of neohesperidin esterified products were performed using a semi-preparative liquid chromatography containing a chromatographic column Waters C18 (5 μm, 150 × 19 mm) with the following methodology: flow rate: 1.0 mL/min; mobile phase: 0.1% acetic acid aqueous solution and acetonitrile. The detection wavelength was 283 nm. After purification, methanol-d4 was used as the solvent. The 500 MHz, NMR spec- troscopy (Bruker AV600 Nuclear Magnetic Resonance Spectrometer, Bruker Co., Germany), UHR-TOF-MS (Bruker Co., Germany) and FT-IR (Vector 33, Bruker, Germany) were used to determine the structure of the product.



Cell Culture

MCF-7 cells were purchased from the Conservation Genetics CAS Shanghai Cell Bank and cultivated in a humidified environment at 37°C with 5% CO2 in DMEM medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin as previously described (Chen and Yu, 2017).



Cell Proliferation Analysis

We used the MTT method evaluate the effect of NH and PNHE on the proliferation of MCF-7 cells (Steinhagen et al., 2016). Specifically, MCF-7 cells (1 × 104) were inoculated into 96-well plates, and 100 uL medium containing different dosages of either NH or PNHE were added. After incubating the cells with the compounds for 24 h, we washed them 3 times with PBS and added 200 μL of 0.5 mg/mL MTT to the medium staining for 4 h. We then carefully removed the medium supernatant and added 150 μL of dimethyl sulfoxide to each well. The samples were placed on a shaker at low speed for 10 min to fully dissolve the crystals, and then detected by a full-wavelength microplate reader (OD = 570).



Apoptosis Analysis and Cell Cycle Analysis by Flow Cytometry

Apoptosis was detected by Annexin V-FITC and PI staining. MCF-7 cells were treated with NH and PNHE (100, 150, and 200 μg/mL) and cultured for 24 h, rinsed with PBS, and then 400 μL of Binding Buffer were added to resuspend cells (to reach a cell density of 1 × 106/mL). Next, 5 μL Annexin V-FITC and 10 μL PI were added in sequence, and then mixed by vortexing and incubated at room temperature for 5 min in the dark. Afterward, we used flow cytometry (CytoFLEX Becam) for detection, and the proportion of apoptotic MCF-7 cells was calculated using Cell Quset software (1 × 104 cells were recorded Each sample). Cell cycle stage was also analyzed by flow cytometry. MCF-7 cells were treated with PNHE (100, 150, and 200 μg/mL) for 24 h, washed 3 times with cold PBS, and fixed overnight in 70% ethanol at −20°C. After another washing step with PBS, MCF-7 cells were incubated in a solution containing 100 μg/mL PI and 100 g μRNase A PBS at 37°C for 30 min. Additionally, the cell cycle stage distribution was analyzed using FlowJo software, and apoptotic cells with hypodiploid DNA content were quantified by assessing the sub-g1 peak in the cell period mode. In each experiment, 1 × 104 cells were recorded in each sample.



Measurement of ROS Generation

Cells in the logarithmic growth phase were treated with 0.25% trypsin and placed uniformly into a sterile 96-well plate for cell culture. The culture plate was placed in a 5% CO2 incubator at 37°C, pre-diluted DCFH-DA was added to each well to a final concentration of 10 μM. The cells were then incubated at 37°C for 30 min in the dark, rinsed with PBS three times, after which different concentrations (100, 150, and 200 μg/mL) PNHE were added to the sample solution in the experimental group, while the control group was treated with an equal volume of DMEM complete medium. After that, the 96-well plate was returned to the CO2 incubator for 1 h. With the accumulation of intracellular dichlorofluorescein (DCF) caused by DCFH oxidation, the production of ROS can be assessed by changes in fluorescence intensity. The ROS content of the treated tumor cells was then detected using a fluorescence microplate reader with an excitation wavelength of 488 nm and an absorption wavelength of 525 nm. The tumor cells without PNHE treatment were served as control group.



RESULTS AND DISCUSSION


Synthesis of PNHE

The synthesis of octyl ferulate, catalyzed by lipases from neohesperidin (0.5 mM) and Vinyl propionate (15 Mm), was performed in an air bath with a total reaction time of 24 h. The PNHE catalyzed by lipases, as well as the liquid samples analyzed by high-performance liquid chromatography (HPLC), are shown in Figure 1.
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FIGURE 1. Scheme of PNHE synthesis and high-performance liquid chromatography (HPLC) chromatogram. Peak 1 of HPLC chromatogram is NH, and peak 2 is PNHE.




Effect of Different Lipases and Solvents on the Conversion of Neohesperidin

Lipases are characterized by high activity, mild reaction conditions, and low product requirements, and are commonly used in organic synthesis for food and medicine (Liao et al., 2011). Nine common enzymes (1, lipase AS; 2, lipaseAK; 3, lipase AYS; 4, Lipozyme CALB; 5, Novozym435; 6, lipaseNS; 7, IM-100; 8, Lipozyme RM; 9, lipaseAK) were selected and screened in this study (see Figure 2). The conversion rate using the immobilized lipase Novozym 435 was the highest, reaching 84.42%. Therefore, the immobilized lipase Novozym 435 was selected as the catalyst for the enzymatic esterification of neohesperidin.
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FIGURE 2. Conversion of NH by different lipases (reaction conditions: NH 0.5mmoL/ml; Vinyl propionate 15 mmoL/mL; enzyme, 40 mg/ml; reaction temperature, 50°C; reaction time, 24 h in t-Pentanol-pyridine (1, lipase AS; 2, lipaseAK; 3, lipase AYS; 4, Lipozyme CALB; 5, Novozym435; 6, lipaseNS; 7, IM-100; 8, Lipozyme RM; 9, lipaseAK).


Organic solvents play a key role as a reaction medium for ester exchange catalysis of immobilized enzyme. In this study, we investigated nine widely used polar solvents (DMSO, methanol, ethanol, acetone, isopropanol, tetrahydrofuran, tert-butylalcohol, t-Pentanol-pyridine, and isopropyl alcohol) as the reaction medium and results are summarized in Table 2. With t-Pentanol-pyridine, the enzymatic esterification conversion of neohesperidin was the highest. Laane et al. (1987) reported that solvent is closely related to enzyme activity. By comparing the relationship between log p and conversion, it was previously found that lipids prefer hydrophobic solvents, because these solvents may not be able to capture the necessary water for enzymes (Arcos et al., 2001; Romero et al., 2005), thus enhancing stability of biological enzymes. However, polarity may not be the only factor affecting bio-catalyst activity, and the conversion of neohesperidin did not gradually increase with increasing hydrophobicity of the organic solvent. These results further indicated that bio-catalyst activity is not only dependent on the polarity of reactive substances. Each organic solvent has its unique molecular structure, and has unique interference with enzyme molecules. Therefore, bio-catalysts exhibit varying activity (Klibanov, 2001; Li et al., 2018), and the highest conversion medium is considered as the optimal reaction medium.


TABLE 2. Effect of Organic Solvents on Acylation of Neohesperidin Catalyzed by Novozym435.

[image: Table 2]


Effect of Extraction Factors on the Conversion of NH

Figure 3 shows effects of key factors such as catalyst dosage, reaction temperature, reaction time, and substrate dosage on the esterification of NH. As the catalyst content increased, the conversion of NH increased significantly at an early stage (see Figure 3A). At a catalyst content of 40 mg/mL, the conversion of NH was 82.7%. As the catalyst content increased further, the conversion of NH increased only slightly. Acyl-enzyme complexes were formed by the catalyst at high concentrations, and more active sites were produced. After the catalyst reached saturation, it was affected by substrate concentration and steric hindrance, after which the conversion of substrates could not be further improved, which is consistent with the kinetics of enzymatic reactions (Bidin et al., 2009; Li et al., 2012). As shown in Figure 3B, the molar ratio of substrates had a significant impact on neohesperidin esterification. As the VP/neohesperidin ratio increased from 5:1 to 30:1, the conversion of neohesperidin increased from 42.3 to 81.8%. As the molar ratio continued to increase, the conversion only increased slightly. Specially, when the molar ratio was 40:1, the conversion of the reaction reached 84.2%. Therefore, combining the conversion of the catalytic reaction and the cost of the reaction substrates, the optimal molar ratio was determined to be 30:1.
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FIGURE 3. Effects of biocatalyst dosage (A), substrate mass ratio (B), temperature (C), and reaction time (D) on the conversion of NH.


Reaction temperature has a direct effect on bioactivity and thermal stability of enzymes (Gao et al., 2006). When the reaction temperature is lower than the optimal value of the catalyst, the enzyme activity was inhibited, while when the reaction temperature is higher than the optimal value, the structure of the enzyme can be destroyed or it may lose its activity (Gumel et al., 2013; Sun et al., 2014; Chen and Yu, 2018). Figure 3C investigated the change curve of neohesperidin esterification with temperatures between 25 and 80°C. Specifically, below 50°C, neohesperidin conversion increased continuously and reached a maximum of 82.3% at 50°C. When the temperature was above 50°C, the conversion of substrate was significantly reduced, which is probably due to the denaturation of the enzyme at high temperatures, leading to the inactivation. Figure 3D shows the effects of reaction time on conversion of enzymatic esterification of neohesperidin, where the conversion increased rapidly with the extension of reaction time. Notably, when the reaction reached 18 h, the 82.1% neohesperidin was converted to neohesperidin ester. Then, as time increased, the conversion of neohesperidin slowed down, indicating that neohesperidin reached thermodynamic equilibrium at about 18 h under the catalysis of Novozym435 (Chen and Yu, 2018).



Identification of the PNHE

The FT-IR spectra (see Figure 4) showed a significantly carbonyl (C = O) peak at 1738 cm–1 for PNHE which we did not observe for NH. In addition, the intensity of the absorption at 3400 cm–1 (O-H stretching vibration) was significantly widened. This was due to the esterification reaction forming a carbonyl group, then a hydrogen bond was formed between the hydroxyl group and the carbonyl group, the group stretching vibration frequency increased, and the absorption band became wider (Thérèse, 1995). These changes confirmed that esterification of NH occurred and that the ester donor replaced the hydrogen atoms of the hydroxyl groups in NH. The PNHE was further identified by means of TOF-MS and 1H NMR spectra. For PNHE, 1H NMR (500 MHz, Methanol-d4) δ 8.00 (s, 1H, -OH5), 7.53 (t, J = 7.4 Hz, 1H, H2’), 7.42 (t, J = 7.7 Hz, 1H, H6’), 6.26 (s, 1H, H8), 6.12 (s, 1H, H6), 5.57 (s, 1H, H2), 5.35 (s, 2H, -OH3’ and -OH5), 4.09 (M, 1H, H6” propionyl), 3.35–3.91 (m,8H, H of rhamnoglucosyl),1.28 (m, 3H of CH3 of rhamnosyl), 2.31 (s, 2H, -CH2) 1.10 (s, 3H, -CH3). the molecular ion peak detected showed an m/z at 689 [M + Na]+and 705 [M + K]+ (mass of PNHE C31H38O16).
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FIGURE 4. FT-IR spectra of NH (A) and PNHE (B).




Effect of NH and PNHE on MCF-7 Human Breast Cell Viability

The MTT method was employed to explore the anti-proliferative ability of NH and its propionylated derivative on MCF-7 cells, as shown in Figure 5. There was a dose-dependent inhibition on MCF-7 cell proliferation between NH or PNHE concentrations between 50 and 450 μg/ml. After 24 h treatment (50 to 300 μg/ml), PNHE decreased proliferation of MCF-7 cells by 63.1%, while NH only decreased proliferation by 51.1%. The IC50 of NH and PNHE on MCF-7 cells were 291.8 ± 2.13 and 185.5 ± 3.22 μg/mL, respectively. PNHE therefore showed an increased anti-proliferative activity compared to NH.
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FIGURE 5. The anti-proliferative effect of NH and PNHE on MCF-7 cells after 24 h treatment. Data are expressed as a percentage of the corresponding control group, and are described as means ± SD (n = 6).


The morphology of MCF-7 cells treated with different concentrations of NH and PNHE for 24 h is shown in Figure 6. Under normal conditions, MCF-7 cells were polygonal, and the cells were neatly arranged with clear outlines. After treatment with different concentrations of NH and PNHE (100, 150, and 200 μg/mL), we observed strong changes in the cell morphology. With increasing compound concentrations, cells began to shrink and round. Additionally, the number of cells gradually decreased, and ultimately cells lost their unique stretched appearance, showing obvious cytoplasmic vacuolation (Zhang et al., 2015).
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FIGURE 6. The morphological effect of NH and PNHE on MCF-7 cells. Scale bar = 50 μm. All images shown are representative of three independent experiments.




NH and PNHE Induced Apoptosis in MCF-7 Human Breast Cells

Apoptosis is a type of programmed cell death which leads to characteristic morphological changes in cells, including blistering, cell shrinkage, nuclear fragmentation, chromatin concentration, and chromosomal DNA fragmentation (Kim et al., 2015).

After treatment with NH and PNHE for 24 h, MCF-7 cells were double-stained with Annexin V-FITC and PI, and quantified using flow cytometry to detect apoptosis. Staining was classified as follows: early apoptotic cells (Annexin V+/PI–) and late apoptotic cells (Annexin V+/PI+) (Stojak et al., 2013), and the results are presented in Figure 7. Compared to an apoptosis rate of 3.8% in the control group, the apoptosis rates of MCF-7 cells treated with three different concentrations of NH and PNHE (100, 150, and 200 μg/mL) for 24 h were 4.3, 11, 28.7% and 7.2, 24.3, 77%, respectively.
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FIGURE 7. The pro-apoptotic effect of PNHE on MCF-7 cells as observed by double-staining with annexin V and PI and flow cytometry. Data are expressed as a percentage of all cells, and are represented and mean ± standard deviation (n = 3).




Effect of PNHE on the Cell Cycle of MCF-7 Cells

The inhibitory effect of biological samples on the proliferation of cancer cells may be achieved by apoptosis, cell cycle block, or a combination of these two modes (Hirsch et al., 2015). After investigating apoptosis, we therefore also assessed the effect of PNHE on the cell cycle of MCF-7 cells by flow cytometry. MCF-7 cells were treated with PNHE at 10, 150, and 200 μg/mL for 24 h. Following this treatment, we found that the number of cells in the sub-G1 phase showed a significant dose-dependent increase compared to controls, and the number of cells in the sub-G1 phase was 18.1, 26.6, and 47.9%, respectively (Figure 8). Meanwhile, the number of S-phase cells (24.4, 14.2, and 10.9%, respectively), was lower than in the control group (31.8%). The results indicated that cell cycle stasis induced by PNHE plays a role in its growth-inhibitory effect on MCF-7 cells.
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FIGURE 8. Cell cycle effect of PNHE in MCF-7 cells stained with PI and analyzed by flow cytometry. Sub G1 peak and S-phase content were measured after treatment with different concentrations of PNHE for 24 h. All data are mean ± SD, n = 3.




Reactive Oxygen Species (ROS) Levels in MCF-7 Cells Treated With PNHE

Reactive oxygen species (ROS) are an important indicator of cellular oxidative stress. Specifically, under normal circumstances, biological systems continuously produce and eliminate ROS, and the antioxidative system in the organism can maintain a metabolic balance. However, when cells are stimulated or stressed by external factors, this system may become dysbalanced. When the ROS content of a cell becomes too high, proteins, nucleic acids, and molecules in the cell membrane may get oxidized, which affects their biological function. Ultimately, this oxidative damage to the cell can inhibit cell proliferation or even result in apoptosis (Saravanan et al., 2003). Additionally, an excessive imbalance of ROS has been shown to be related to many pathological states, including cancer and inflammation, therefore the intracellular ROS content is a significant indicator for evaluating apoptosis (Ghorab et al., 2016). In this experiment, we used the DCFH method to detect ROS in MCF-7 cells. As shown in Figure 9, treatment of MCF-7 cells with PNHE altered the ROS content in cells significantly. At a PNHE concentration of 100, 150, and 200 μg/mL, the ROS content in MCF-7 cells increased to 7.5, 56.1, and 60.9% of controls, respectively, demonstrating a dose-dependent relationship. The results therefore show that PNHE can significantly increase ROS in MCF-7 cells, breaking the metabolic balance of oxygen in cells and inhibiting the proliferation of MCF-7 cells.
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FIGURE 9. Changes of intracellular ROS level of MCF-7 cells induced by PNHE. Values presented are means ± SD of triplicates.




CONCLUSION


Resource Identification Initiative

PNHE was synthesized by esterification using NH and VP as substrates under the catalysis of various lipases. When synthesizing PNHE, lipase Novozym435 showed the best catalytic efficiency in tert-butylalcohol. The maximum conversion (82.1%) was reached with a catalyst content of 40 mg/mL, and a VP/NH mass ratio of 30:1 after 18 h of reaction at 50°C. The esterification of NH was confirmed by a change in FT-IR (Figure 4). Additionally, we used the MTT assay to investigate the anti-proliferative effect of NH and PNHE on MCF-7 breast cancer cells. Our results show that both NH and PNHE can significantly inhibit the proliferation of MCF-7 cells in a dose-dependent manner. Compared to NH, PNHE exhibited an improved anti-breast cancer cell line activity. Moreover, we used flow cytometry to detect apoptosis after treatment with PNHE, and our results showed that after 24 h treatment with PNHE, the proportion of apoptotic MCF-7 cells was increased in a dose-dependent manner. We also investigated effects on the cell cycle and found that PNHE treatment of MCF-7 cells for 24 h increased the proportion of cells in the Sub-G1 phase while decreasing the proportion of cells in the S phase. Again, we observed a-concentration dependence in the effectiveness of PNHE treatment in eliciting these changes. Similarly, quantification of ROS confirmed that PNHE has a dose-dependent effect on creation of ROS in MCF-7 cells. To summarize, the above results suggest that PNHE inhibits the growth of MCF-7 cells both by blocking the cell cycle transition from G1 to S and by inducing apoptosis.

This study shows, for the first time, that PNHE has anti-proliferative and pro-apoptotic effects on MCF-7 cells in vitro. One of the mechanisms by which PNHE induced an inhibition of growth in this breast cancer cell line was by a block of cell cycle transition, inducing apoptosis. Apoptosis plays a significant role in many biological processes, and together with cell proliferation maintains stability of the internal environment (Renault and Chipuk, 2014; Carrasco-Garcia et al., 2016). In addition, the regulatory barriers of apoptosis are closely related to the development of cancer. Therefore, induction of apoptosis is a key strategy for cancer treatment (Kamal et al., 2014), and PNHE could be used as a potential factor for the prevention and treatment of human breast cancer. Further research will be required to evaluate these findings in vivo, such as animal experiments and clinical research, including assessment of safety and efficacy.
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Improvement of Surface-Enhanced Raman Scattering Method for Single Bacterial Cell Analysis
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Surface-enhanced Raman scattering (SERS) is a useful tool for label-free analysis of bacteria at the single cell level. However, low reproducibility limits the use of SERS. In this study, for the sake of sensitive and reproducible Raman spectra, we optimized the methods for preparing silver nanoparticles (AgNPs) and depositing AgNPs onto a cell surface. We found that fast dropwise addition of AgNO3 into the reductant produced smaller and more stable AgNPs, with an average diameter of 45 ± 4 nm. Compared with that observed after simply mixing the bacterial cells with AgNPs, the SERS signal was significantly improved after centrifugation. To optimize the SERS enhancement method, the centrifugal force, method for preparing AgNPs, concentration of AgNPs, ionic strength of the solution used to suspend the cells, and density of the cells were chosen as impact factors and optimized through orthogonal experiments. Finally, the improved method could generate sensitive and reproducible SERS spectra from single Escherichia coli cells, and the SERS signals primarily arose from the cell envelope. We further verified that this optimal method was feasible for the detection of low to 25% incorporation of 13C isotopes by the cells and the discrimination of different bacterial species. Our work provides an improved method for generating sensitive and reproducible SERS spectra.
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INTRODUCTION

Microbes are the most diverse and abundant organisms on Earth and play crucial roles in biogeochemical carbon and nitrogen cycling. Traditional methods, such as cell culture, have been used to detect and study microorganisms. Recently, culture-independent methods, such as meta-“omics” (MacLean et al., 2009; Scholz et al., 2012), gene chips (He et al., 2007; DeAngelis et al., 2011), and PCR (Aw and Rose, 2012), have been developed and are useful tools for investigating microbes that cannot be cultured in the laboratory. However, these methods are limited in regard to speed, cost, sensitivity, or failure in correlation with the biochemical traits of the target species. In addition, they are not suitable for single-cell analysis, which is important for understanding the biochemical roles of microorganisms in their natural habitats (Davey and Kell, 1996; Amann and Fuchs, 2008; Kalisky and Quake, 2011).

In the last decade, certain tools, including nanometer-scale secondary ion mass spectrometry (NanoSIMS) (Orphan et al., 2001) and a combination of microautoradiography and fluorescence in situ hybridization (MAR-FISH) (Kindaichi et al., 2004), have been used to detect the functions and activities of single microbial cells in situ within complex communities. Among these tools, Raman spectroscopy combined with microscopy (Raman microspectroscopy) has received increasing attention for label-free analysis of bacteria at the single cell level (Wagner, 2009; Huang et al., 2010; Li et al., 2012b). Due to the high spatial resolution, Raman microspectroscopy can characterize single bacterial cells in a non-invasive and non-destructive manner based on their chemical information, which enables discrimination of different bacterial species at the single cell level (Jarvis and Goodacre, 2004; Berus et al., 2020). This technology can also be combined with stable isotope probing (SIP) (Wang Y. et al., 2016; Wang et al., 2020), FISH (Fernando et al., 2019), and cell sorting, which makes it possible to identify bacterial cells with desired functions from a complex microbial community and even capture the desired cells for subsequent genome sequencing or cultivation (Song et al., 2016; Lee et al., 2019). However, unenhanced Raman spectroscopy is inherently weak, with just one in 106–108 photons incident on the sample, and requires a long acquisition time (Huang et al., 2010). Several efforts have been made to shorten the acquisition time and improve the analytical throughput. For example, a more powerful laser source has been used to conquer the weak scattering signal but might damage biological samples (Kahraman et al., 2008). Recently, resonance Raman spectroscopy has been used to characterize bacteria species at the single cell level. However, this method is often used to detect and screen carotenoid-containing photosynthetic microorganisms (Li et al., 2012a) because it depends on the resonance Raman-active compounds, such as carotenoids.

The surface-enhanced Raman scattering (SERS) effect was first discovered in 1974 (Fleischmann et al., 1974). SERS allows identification of analytes in contact with or very close to plasmonic nanostructures and offers an improvement with enhancement factors of up to 106–1014 (Lombardi and Birke, 2009) compared with unenhanced Raman scattering. Like conventional Raman spectroscopy, SERS can be combined with other techniques for specific purposes, such as microspectroscopy, SIP, and single cell sorting (Jarvis and Goodacre, 2004; Li et al., 2012b; Kubryk et al., 2015). It can also be implemented with other modifications of normal Raman scattering, including surface-enhanced resonance Raman scattering (SERRS) (Millo et al., 2011; Bodelon et al., 2016) and tip-enhanced Raman scattering (TERS) (Deckert-Gaudig and Deckert, 2011).

In recent years, due to the high sensitivity, SERS and its modified techniques have been widely used for microbiological research at the single cell level. For example, it has been used to detect bacteria in water (Zhou et al., 2014) and blood (Boardman et al., 2016; Wei et al., 2018; Zhao et al., 2018), discriminate live and dead bacteria (Zhou et al., 2015), and discriminate different bacteria species based on the fingerprint characteristic of SERS (Weiss et al., 2019). Although SERS shows great potential in microbiological research, certain bottlenecks should be addressed. The main drawback of SERS is low reproducibility, to which several factors contribute. First, colloidal silver nanoparticles (AgNPs) are the metal nanoparticles most often used for SERS, where the AgNPs are simply mixed with the bacterial cells (Kahraman et al., 2011). Unstable nanoparticles and poor attachment of nanoparticles to the bacterial cell surface can lead to highly heterogeneous SERS spectra. Second, the microbial SERS signals are mainly attributed to flavins (Zeiri et al., 2004), peptidoglycan (Jarvis and Goodacre, 2004), and adenine-derived compounds (Kubryk et al., 2016). Uncontrollable release of the above compounds induced during sample preparation can result in erroneous spectra. Thirdly, long-time incubation of cells and AgNPs would decrease the reproducibility. Because Raman signals of the target molecules are enhanced when they are very close to metal nanoparticles (Panneerselvam et al., 2018), long-time incubation was usually used to deposit the AgNPs on the cell surface and obtain ideal enhancement. Moreover, although methods for AgNPs preparation have been reported, the effects of the AgNP preparation on SERS are still unclear.

In this work, we optimized the methods used for AgNPs preparation and deposition onto a cell surface. Using Escherichia coli as the target, the improved method generated sensitive and reproducible SERS spectra at the single cell level. Different bacterial species and SIP were also implemented to verify the application potential of the improved method for use in microbiological research.



MATERIALS AND METHODS


Preparation of Silver Nanoparticles

The standard chemicals peptone, yeast extract were purchased from Sigma-Aldrich (Shanghai, China), NaCl, KCl, Na2HPO4, KH2PO4, sucrose, silver nitrate and hydroxylamine hydrochloride were purchased from Sinopharm (Shanghai, China). 13C6-glucose was purchased from Sigma-Aldrich (Shanghai, China). Four different procedures were used to prepare silver nanoparticles (AgNPs) in this study (Figure 1A). AgNPs-1 and AgNPs-2 were produced by adding 1 mL silver nitrate solution (10–2 mol/L) dropwise into 9 mL hydroxylamine hydrochloride solution (1.67 × 10–3 mol/L) containing 3.33 × 10–3 mol/L sodium hydroxide, with a flow velocity of 1 mL/min and 40 mL/min, respectively. AgNPs-3 and AgNPs-4 were produced by adding 1 mL hydroxylamine hydrochloride solution (1.5 × 10–2 mol/L) containing 3 × 10–2 mol/L sodium hydroxides dropwise into 9 mL silver nitrate solution (1.11 × 10–3 mol/L), with a flow velocity of 1 mL/min and 40 mL/min, respectively. The flow velocity was controlled with a syringe pump (Longer, China). After dropwise addition, the solutions were gently mixed immediately. This silver colloid solution is referred to as 1× in the text. The silver colloids were stored at 4°C in the dark for further use.


[image: image]

FIGURE 1. (A) Different AgNP preparation methods and (B) the average diameters, and (C) stability of AgNPs during storage for 48 h at 4°C. Each experiment was replicated three times.


To evaluate the size and stability of AgNPs, the fresh silver colloids were stored at 4°C in the dark for 48 h, and the UV–Vis spectra and nanopotential were recorded at 0, 4, 8, 24, and 48 h. The UV–Vis spectra of silver colloids were obtained using a UV–Vis spectrometer (UV-1700, Shimadzu, Japan), and the full width at half absorption maximum was calculated to evaluate the size and stability of AgNPs (Leopold and Lendl, 2003). The size of AgNPs was measured using a Zetasizer Nano ZS (Malvern, United Kingdom) nanoparticle size analyzer (Mathioudakis et al., 2020).



Preparation of Bacterial Cultures

Escherichia coli DH5α was purchased from TransGen Biotech (Beijing, China). Dietzia sp. DQ12-45-1b (Wang et al., 2011) and Bacillus subtilis BSw800 were isolates stored in our laboratory. E. coli DH5α and Bacillus subtilis BSw800 were cultured in lysogenic broth (LB) medium at 37°C and stirred at 150 rpm. Dietzia sp. DQ12-45-1b was cultured in GPY (Glucose, 10 g/L; Peptone, 10 g/L; Yeast extract, 5 g/L) medium at 30°C and stirred at 150 rpm. All bacterial cultures were harvested at the exponential phase, centrifuged at 4°C and 3000 × g for 5 min, and washed three times with PBS (NaCl 0.137 mol/L, KCl 2.7 × 10–3 mol/L, Na2HPO4 4.3 × 10–3 mol/L, KH2PO4 1.4 × 10–3 mol/L, pH adjusted to 7.2) to remove the medium. The bacterial cells were then suspended in PBS to expected densities for further use.

For analysis of isotopically labeled cells, E. coli DH5α was cultured in M9 medium supplied with different proportions of 13C6-glucose (Kubryk et al., 2015). Cells were harvested at the exponential phase and prepared as described above.



Preparation of the Membrane Fractions

The inner membrane, outer membrane and cytoplasm were separated as previously described (Marchand et al., 2012) with a small modification. Briefly, E. coli DH5α cells were harvested from LB medium at the exponential phase by centrifugation at 4°C and 3000 × g for 5 min. Cells were then washed three times with PBS. Then, the cells were broken via bead-beating three times in 5 min intervals on ice, followed by centrifugation at 7500 × g for 15 min to remove the intact cells. The supernatants were collected and further ultracentrifuged at 150,000 × g for 60 min. After centrifugation, the supernatant was collected as the cytoplasmic sample. The pellets containing membrane fractions were resuspended in deionized water and purified by sucrose density gradient centrifugation (56 to 20% (w/v), 150000 × g, 2 h). The bands between 56 and 20% sucrose were collected and layered on a sucrose gradient (56, 53, 50, 47, 44, 41, 38, and 35%). After centrifugation at 200,000 × g for 42 h, two bands were detected. The upper and lower bands were collected as the inner and outer membrane fractions, respectively.



Surface Enhancement Using AgNPs

For enhancement, 2 μL of washed bacterial cells were mixed with 2 mL silver colloid. The mixture was allowed to stand for 15 min or centrifuged at different speeds for 5 min for conjunction of AgNPs and cells before SERS measurement. The morphology of AgNPs on cells was detected using TEM. Samples were fixed with isoprene glycol for 1 h before TEM detection. TEM images of the AgNPs were obtained using a JEM 2010 (JEOL, Munich, Germany) at an accelerating voltage of 200 kV.

To optimize the conditions for SERS enhancement, we chose five factors that might influence the effects of enhancement, including the centrifugal force, the AgNPs preparation method, the AgNPs concentration, the ionic strength of the solution used to suspend cells, and the cell density. Among the above factors, the concentration of silver colloid after preparation was referred to as 1×, and the colloid was diluted with deionized water to 0.5× or concentrated to 2× by centrifugation. The ionic strength of the solution used to suspend cells was adjusted with different NaCl concentrations. An orthogonal experiment, which is an important branch of mathematics statistics to determine how to collect data efficiently and simply (Chen and Ni, 2012), was designed to determine the optimal conditions (Table 1). The signal-to-noise ratio was calculated to estimate the effect of enhancement (Greek et al., 1995).


TABLE 1. Factors and levels for orthogonal experiments (35).
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SERS Measurements

Before SERS measurement, glass slides were ultrasonically cleaned for 30 min in water, followed by another 30 min ultrasonic cleaning in ethanol. Then, the slides were submerged in 50% methanol solution for 2 h, and 2 mL trimethoxy(propyl) silane and 3 mL 25% ammonia solution were added dropwise, followed by stirring overnight. The slides were washed with ethanol three times and dried before use.

For SERS measurement of single cells, 2 μL AgNPs-cell mixture was added dropwise to a glass slide and air dried. All measurements were performed using a confocal Raman spectrometer (Renishaw, United Kingdom). The measurements were carried out with a 785 nm diode laser, and the laser beam was focused onto the sample with a 40× objective. The laser power was in the range of 0.2 to 6 mW, and the acquisition time was 10 s. The frequency stability and accuracy of the apparatus were checked by recording the Raman spectrum of silicon (520.5 cm–1). Three different cells were picked for testing of each sample. Spectra were acquired in a range of 600–1800 cm–1. Each Raman spectrum was the average of 15 successive scans obtained. SERS spectra were analyzed with WiRE 4.2 and WiRE Batch Converter software.

For enhancement of different cell fractions, samples were vacuum dried and mixed with 2 mL 1 × AgNPs-2, followed by centrifugation at 8000 × g for 5 min. The pellet was suspended in 200 μL supernatant. Two microliters of the suspension were added dropwise to a pretreated glass slide and air dried for further Raman measurement as described above.



Statistical Analysis

For each sample and test, at least three single cells were measured. Baseline correction and normalization of the spectra were done using the WiRE 4.2 software. Principal Component Analysis (PCA) was performed using Vegan package in R. The ggplot2 and scatterplot3d package in R software were used in our study to visualize the results.



RESULTS


Optimizing AgNPs Preparation for SERS

We used four methods to prepare the AgNPs. As shown in Figure 1B, AgNPs-2 prepared by the fast dropwise addition of AgNO3 into hydroxylamine-hydrochloride solution had an average diameter of 45 ± 4 nm, which was the smallest diameter observed among the four methods. The average diameter of AgNPs-4, which were prepared by fast dropwise addition of hydroxylamine-hydrochloride into AgNO3 solution, was also significantly smaller than that of AgNPs-3 prepared by slow dropwise addition. These results suggest that fast dropwise addition and shortening of the reaction time can reduce the size of AgNPs. To test the stability of the AgNPs, all Ag colloids were stored at 4°C for 48 h, and their diameters and UV–Vis spectra were determined during the 48-h storage time. Compared with other AgNPs, AgNPs-2 exhibited the most stable particle sizes. The diameter of AgNPs-2 ranged from 45 ± 4 to 46 ± 3 nm over 48 h at 4°C (Figure 1B). The UV–Vis spectra of AgNPs-2 were also stable during the 48-h storage time at 4°C (Figure 1C). The results suggest that fast dropwise addition of AgNO3 into hydroxylamine-hydrochloride solution was the optimal method to prepare small and stable AgNPs.

Fresh AgNPs prepared using different methods were used to assess their effects on SERS. As shown in Figure 2, AgNPs prepared with different methods showed differences in SERS spectra of single E. coli cells. When cells were mixed with AgNPs-1 and AgNPs-2, which were prepared by adding AgNO3 dropwise into hydroxylamine-hydrochloride solution, the highest peak in the SERS spectra was at 732 nm–1. However, when using AgNPs-3 and AgNPs-4, the highest peak in the SERS spectra was at 1008 nm–1. In addition to the shift of the highest peak, when using AgNPs-1 and AgNPs-2, the number of peaks was much higher than when using AgNPs-3 and AgNPs-4. The results indicate that AgNPs generated by adding AgNO3 dropwise into hydroxylamine-hydrochloride solution were more favorable for SERS detection. Notably, significant differences were not found between fresh AgNPs-1 and AgNPs-2 or AgNPs-3 and AgNPs-4 (Figure 2), which suggested that the size of the nanoparticles played a weak role in enhancement of SERS signals.
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FIGURE 2. SERS spectra of single E. coli cells using different AgNPs. (A) AgNPs-1; (B) AgNPs-2; (C) AgNPs-3; and (D) AgNPs-4. For each sample and test, at least three single cells were measured.




Effects of Centrifugation on Enhancement of SERS Spectra

SERS allows identification of analytes in contact or very close to plasmonic nanostructures (Lombardi and Birke, 2009). Here, we used centrifugation to induce close contact between AgNPs and cells. After the cell pellets were washed with PBS three times, the cells were suspended in PBS and mixed with AgNPs-2. Cells and AgNPs were placed in contact by allowing the mixture to stand for 15 min or by centrifuging the mixture at different speeds. As shown in Figure 3A, different centrifugal rotational force led to large differences in the SERS spectra of single E. coli cells. When cells and AgNPs were mixed without centrifugation, only a broad peak at ∼1350 cm–1 was observed. After centrifugation, both the average SERS intensity and the number of peaks increased with increasing centrifugal force (Figure 3A). The highest peak in the SERS spectra was at 732 cm–1, followed by peaks at 1323 and 654 cm–1. To explain the effects of centrifugation on SERS signals, transmission electron microscopy (TEM) was performed. After centrifugation, the surface of the single cell was densely coated with AgNPs (Figure 3B). In contrast, without centrifugation, only a few AgNPs were in contact with the cell surface (Figure 3C). More AgNPs closely attached to the cells might explain the better enhancement after centrifugation.


[image: image]

FIGURE 3. SERS spectra of single E. coli cells after centrifugation treatment. (A) Comparison of SERS spectra of single E. coli cells after centrifugation with different centrifugal forces; (B) TEM micrograph of E. coli cell with AgNPs after centrifugation at 3000 rpm; (C) TEM micrograph of E. coli cell with AgNPs without centrifugation.




Optimal Enhancing Method for SERS

To optimize the enhancement method for SERS, we chose the centrifugal force, method for preparing AgNPs, concentration of AgNPs, ionic strength of the solution used to suspend cells, and cell density as the impact factors, and performed orthogonal experiments. As shown in Table 2, the optimal combination of the factors was A3B2C3D3E1, under which the highest signal-to-noise ratio would be obtained. To evaluate the reproducibility of the optimal enhancement method, we numbered all cells in the microscopy field and selected cells according to a random number table without bias. All SERS spectra from different single cells showed great similarities (Figure 4). The spectra exhibited characteristic peaks at 654, 732, 958, 1008, 1244, and 1323 cm–1. Among all the peaks detected, the relative intensity of the peaks at 1008, 1244, and 1323 cm–1 showed minor differences. It has been reported that the 1008 cm–1 band of pyridine (ring breathing mode), 1244 cm–1 band of C–C stretching mode of lipids and proteins or C–N stretching of proteins, and 1323 cm–1 band of guanine may have minor differences at different sites of the cell (Stone et al., 2002; Ruiz-Chica et al., 2004; Stiles et al., 2008), which may cause this minor difference in their Raman spectral peak.


TABLE 2. Orthogonal experiment design, results, and analyses.
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FIGURE 4. Reproducible single-cell SERS spectra of different E. coli cells.




The Origins of SERS Spectra of Single E. coli Cells

Van Duyne and Tian, Z.-Q. have proved that the electromagnetic field strength gradually decreased, and the SERS signal strength also gradually decreased when the distance to the surface of nanoparticles was further (Sherry et al., 2006; Tian et al., 2012), we assumed that the SERS signals of single E. coli cells might be attributable to the chemical composition of the cell envelope. To investigate whether the SERS spectra arise from the cytoplasm, inner membrane or outer membrane of E. coli cells, we separated the cell fractions using ultracentrifugation. Then, we detected the SERS spectrum of each component. As shown in Figure 5, most peaks in the SERS spectra of whole E. coli cells were found in the spectra of the outer membrane fraction, including peaks at 654, 732, 958, 1008, 1096, 1127, 1244, 1323, 1371, 1462, and 1577 cm–1. The results support the notion that the SERS spectrum of single cells arises from the cell envelope. Notably, although most peaks were found in the outer membrane spectrum, the peaks at 732 and 1323 cm–1 were also found in the spectra of both the inner membrane and cytoplasm, suggesting that the corresponding molecules are distributed throughout the cell.
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FIGURE 5. Comparison of the SERS spectra of single E. coli cells and different cellular components. The colored squares under the wavenumbers indicate the possible origins of the peaks in the spectrum excited from intact E. coli cells.




SERS Spectra of Isotopically Labeled Single E. coli Cells

Surface-enhanced Raman scattering is a popular method to study the uptake of isotopes into cells. Here, we assessed the relationship between redshifts and the proportion of 13C incorporation into the biomass of cells using the optimal SERS method. E. coli DH5α was cultivated with different proportions of 13C6-glucose as the sole carbon source. The peaks at 660, 734, and 957 cm–1 exhibited clear redshifts of up to ∼6, 10, and 10 cm–1, respectively, in cells grown with fully labeled 13C glucose compared with cells grown with 12C glucose (Figure 6A). Moreover, linear correlations were observed between the redshift of the peaks at 660, 735, and 957 cm–1 and the proportion of 13C-labeling of the cell (Figure 6B), which suggests that the peaks at these wavenumbers were good indicators to estimate the ratio of isotope incorporation into the cells.
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FIGURE 6. (A) SERS spectra of single E. coli cells cultivated in different proportions of 13C labeled glucose and the linear relationship between the redshifts at (B) 660 cm– 1, (C) 734 cm– 1, and (D) 957 cm– 1 and the proportions of 13C labeled glucose.




Discrimination of Bacteria Using SERS

To test whether SERS using the optimal method could discriminate different bacterial species, we chose three bacterial strains from three distinct phyla, i.e., E. coli DH5α from Proteobacteria, Bacillus sp. BSw800 from Firmicutes, and Dietzia sp. DQ12-45-1b from Actinobacteria, for SERS detection. As shown in Figure 7A, each bacterial species presented typical SERS spectra. E. coli DH5α and Bacillus sp. BSw800 showed similar SERS spectra in the region between 600 and 1000 cm–1. All three species exhibited distinct spectra between 1100 and 1600 cm–1, suggesting significant differences in the biochemical composition of these organisms. PCA showed that the SERS spectra of E. coli DH5α, Bacillus sp. BSw800 and Dietzia sp. DQ12-45-1b were grouped into distinct clusters (Figure 7B). We also compared the single-cell SERS spectra of two strains from Pseudomonas aeruginosa and Pseudomonas geniculate and found the spectra of these two strains were much different (Supplementary Figure S1), which indicated that the optimal SERS method provided sufficient sensitivity to distinguish bacterial species from the same genus. It was notable that the cell growth state would affect the Raman signals greatly. We compared the single-cell SERS spectra of the strain Dietzia sp. DQ12-45-1b at different growth states (i.e., the early exponential phase and later exponential phase) and found that the spectra of cells at different stages were different (Supplementary Figure S2A). The results indicated that SERS spectra could distinguish the cells of the same strain at different growth stages. Then we compared the SERS spectra from cells of the same strain at different growth stages with SERS spectra from other strains. Based on the PCA and hierarchical clustering results, we found that SERS spectra could be discriminated by phylogeny firstly, and then by growth stages (Supplementary Figure S2B). Overall, our results suggested that cells from different growth stages would influence the SERS spectra, but they would not influence the discrimination of strains of different species.
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FIGURE 7. Discrimination of different bacterial species using SERS spectra. (A) Characteristic SERS spectra of each species. (B) PCA plot based on the SERS spectra of each species.




DISCUSSION

In this work, we optimized the conditions for SERS and found that centrifugation and the AgNPs preparation method were crucial for sensitive and reproducible single cell SERS. The origin of the SERS signals was mainly the bacterial outer membrane. The optimized SERS method was used to discriminate bacterial species and indicate the incorporation of isotopes.

Although single cell SERS has been reported for diverse applications in discrimination of bacterial species (Jarvis and Goodacre, 2004; Berus et al., 2020) and detection of pathogens (Boardman et al., 2016), how to improve the reproducibility and sensitivity is still an important issue. The morphology and stability of nanoparticles affects the reproducibility and sensitivity of SERS. A non-homogenous particle size and uncontrollable aggregation process can result in large spectral variations and low reproducibility (Wang P. X. et al., 2016). The shape and size of nanoparticles can be controlled by the reaction conditions (Liu et al., 2013; Zong et al., 2014). We found that for silver colloid preparation, the fast dropwise addition method led to formation of smaller and more stable AgNPs than the slow dropwise addition method, suggesting that a fast, reductive reaction favors better performance of nanoparticles. Based on the Ostwald ripening process, in the fast dropwise addition method, there is not sufficient time for growth and aggregation of the nanoparticles (Bastus et al., 2011; Yang et al., 2014). Comparing the effects of different AgNPs on the enhancement of SERS signals, SERS spectra obtained with fresh AgNPs-1 and AgNPs-2, which were prepared by fast dropwise addition of AgNO3 into reductant, exhibited more peaks than those obtained with AgNPs-3 or AgNPs-4. The major difference was that when AgNPs-1 and AgNPs-2 were prepared, the reductant was in excess. The excess reductant might contribute to sufficient reduction of AgNO3. Considering the stability and number of peaks, AgNPs prepared by fast dropwise addition of AgNO3 into reductant were better for enhancement of SERS signals.

Several methods can be used to coat the cells with nanoparticles in order to form so-called hotspots and obtain ideal enhancement. Among these methods, in situ synthesis of silver nanoparticles on bacterial cells (Zhou et al., 2014; Gao et al., 2017) and direct incubation of bacterial cells with metal nanoparticles (Willets, 2009) are frequently used. In situ synthesis of Ag colloid ensures the integrity of bacterial cells and generates SERS signals with high sensitivity and specificity. However, the enhancement effect of this method depends on the zeta potential of the cell wall, which is influenced by diverse factors, such as the culture medium (Zhou et al., 2014) and surface structure of distinct bacteria (Wang P. X. et al., 2016). Incubation of cells with AgNPs provides a simple method for enhancement. Although widely used for detection and discrimination of bacterial species (Kahraman et al., 2011; Yang et al., 2016), this method also has disadvantages, such as the long time necessary for incubation before Raman measurement.

The long cell-AgNPs incubation time necessary to obtain ideal enhancement may be due to difficulties in depositing the AgNPs on the cell surface. In SERS, Raman signals of the target molecules are enhanced when they are very close to metal nanoparticles (Panneerselvam et al., 2018). Electromagnetic enhancement and chemical enhancement are thought to be the main mechanisms in SERS (Li et al., 2012b). Electromagnetic enhancement, in which surface plasmon is excited by incident light in the far field and by the Raman scattered oscillating dipole in the near field, predominantly contributes to SERS enhancement. Its effect is restricted in a field less than 5 nm (Panneerselvam et al., 2018). Therefore, shortening the distance between the metal nanoparticles and target molecules is essential for successful enhancement. For single cell enhancement, a strong driving force must be applied to deposit the AgNPs on the bacterial cell surface and form close contact between the cells and AgNPs. In this study, we used centrifugation to drive the deposition of AgNPs. This method is suitable for both Gram-negative bacteria (E. coli from Proteobacteria), low GC-content Gram-positive bacteria (Bacillus from Firmicutes) and high GC-content Gram-positive bacteria (Dietzia from Actinobacteria), which suggests that it may be used generally for detecting diverse bacterial species.

Microbial SERS signals are mainly attributed to flavins (Zeiri et al., 2004), peptidoglycan (Jarvis and Goodacre, 2004), and adenine-derived compounds (Kubryk et al., 2016). The distinct chemical composition of different bacterial species is believed to be the basis of bacterial species discrimination by SERS signals (Hassoun et al., 2017; Genova et al., 2018). However, the correlation between the wavenumber of the peaks and the corresponding compounds is still unclear. Leaking of adenine-derived compounds on the cell surface is thought to be the main origin of the characteristic peak at approximately 730 nm–1 in SERS spectra (Kubryk et al., 2016). In this study, we found that the peak at 732 nm–1, which is believed to represent compounds such as adenine-derived compounds (Kubryk et al., 2016), could be detected in SERS spectra of the cytoplasm, inner membrane, outer membrane, and intact cells. Surprisingly, the normalized intensity of this peak was higher in spectra of the outer membrane than in those of the cytoplasm, suggesting another possible origin among the outer membrane components. In the SERS spectra of single E. coli cells, the major peaks at 654, 958, 1008, and 1323 nm–1 were only found in spectra of the outer membrane. These results suggest that the discrimination of bacterial species by SERS is based on the distinct composition of the outer membrane. Further SERS detection of single E. coli, Bacillus, and Dietzia cells also support this point. The SERS spectra of Bacillus and E. coli shared peaks at 654, 732, and 958 nm–1 and showed many similarities. In contrast, the SERS spectra of Dietzia were much more different. This result can be explained by the distinct chemical composition of the Dietzia cell outer membrane. The cell wall of Dietzia and related species differs in composition from other Gram-positive and Gram-negative bacteria (Daffe and Marrakchi, 2019) in that an arabinogalactan layer is covalently linked to the peptidoglycan layer, and a special outer membrane consisting of mycolic acids is present. The distinct composition of the Dietzia cell envelope results in SERS spectra that are distinct from those of the other two species.



CONCLUSION

In this study, we optimized the enhancement conditions and investigated the possible origins of SERS signals. The results indicated that fast dropwise addition of AgNO3 into hydroxylamine-hydrochloride solution was the optimal method to prepare small and stable AgNPs. We also found that fast reaction centrifuging the cell-AgNPs mixture could significantly improve the SERS signals. Finally, the improved method could generate sensitive and reproducible SERS spectra which primarily arose from the outer membrane. Our work provides an improved method for generating sensitive and reproducible SERS spectra.
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Natural products and herbal therapies represent a thriving field of research, but methods for the production of plant-derived compounds with a significative biological activity by synthetic methods are required. Conventional commercial production by chemical synthesis or solvent extraction is not yet sustainable and economical because toxic solvents are used, the process involves many steps, and there is generally a low amount of the product produced, which is often mixed with other or similar by-products. For this reason, alternative, sustainable, greener, and more efficient processes are required. Membrane processes are recognized worldwide as green technologies since they promote waste minimization, material diversity, efficient separation, energy saving, process intensification, and integration. This article describes the production, characterization, and utilization of bioactive compounds derived from renewable waste material (olive leaves) as drug candidates in breast cancer (BC) treatment. In particular, an integrated membrane process [composed by a membrane bioreactor (MBR) and a membrane emulsification (ME) system] was developed to produce a purified non-commercially available phytotherapic compound: the oleuropein aglycone (OLA). This method achieves a 93% conversion of the substrate (oleuropein) and enables the extraction of the compound of interest with 90% efficiency in sustainable conditions. The bioderived compound exercised pro-apoptotic and antiproliferative activities against MDA-MB-231 and Tamoxifen-resistant MCF-7 (MCF-7/TR) cells, suggesting it as a potential agent for the treatment of breast cancer including hormonal resistance therapies.

Keywords: oleuropein aglycone, membrane bioreactor, membrane emulsification, breast cancer, integrated membrane systems


INTRODUCTION

Breast cancer (BC) is a disease that features several morphological aspects, different therapeutic responses, and variable clinical outcomes. In industrialized countries, it represents the most common cause of death in women (Ferlay et al., 2015; Kohler et al., 2015). Current therapeutic cancer treatments are based on various methods including surgical removal, radiotherapy, chemotherapy, biological therapy, and hormone therapy. The side effects of these therapies are innumerable, and some of them are related to the cytotoxic activity of drugs that act indistinctly both on cancer cells and on healthy ones. The severe side effects of these therapies, such as nausea, vomiting, diarrhea, mucositis, and myelosuppression decrease the quality of life of the patients (Sharma et al., 2005). Moreover, increasing instances of tumors with resistance to current therapeutic compounds has become a problematic issue, which has pushed research toward new anticancer agents (Vidal et al., 2014; Carnero et al., 2016).

In the last few decades, vegetal products have been recognized as effective and economic sources of new synthetic therapeutic compounds and many scientists have started to focus their research on this sector (Cragg and Newman, 2013; Omogbadegun, 2013). One of the main strategies adopted by these researchers addresses the need to find synthetic routes for these vegetal products using sustainable technologies (Woodley, 2008; Abdelraheem et al., 2019).

Membrane-based technologies and in particular membrane bioreactors (MBRs) (Mazzei et al., 2009, 2010a, 2013; Giorno et al., 2013; Macedonio and Drioli, 2017) are widely recognized as more ecological processes of engineering since they fulfill the different criteria which make them more “green,” such as equipment size, energy consumption, process flexibility, and so forth. MBRs are also widely investigated in the pharmaceutical application for the production of different drugs (Mazzei et al., 2010b, Mazzei et al., 2017; Piacentini et al., 2017).

In our previous works, the oleuropein aglycone (OLA) was produced using different MBRs systems. OLA is a vegetal product with many therapeutic applications due to its antihyperglycemic, anti-Alzheimer disease, anti-inflammatory, antioxidant, and other properties (Galiano and Villalain, 2015). In particular, it was produced by the enzymatic (β-glucosidase) hydrolysis of oleuropein (OLE) extracted from olive leaves (Mazzei et al., 2010b, 2012; Ranieri et al., 2018; Piacentini et al., 2019). In the above-mentioned MBRs, the enzyme was immobilized within the membrane and the maximum conversion achieved was 60%. As a consequence, the recovered OLA was not purified from the substrate, since unconverted OLE was also present in the collected solution. In the batch system, the co-product glucose also promotes a competitive inhibition, as already reported in Ranieri et al. (2018).

For OLA formation occurring after β-glucosidase action (Scheme in Figure 1), the aglyconic product (A) is highly unstable and rearranges in different isomers (De Nino et al., 2000; Di Donna et al., 2011). It undergoes an isomerization process that leads to the formation of monoaldehyde (B), dialdehyde (C), geminal diol (D), and dihydropyran (E) characterized by ionspray ionization tandem mass spectrometry (IS-MS/MS) (De Nino et al., 2000), and quantified by ultra-high-performance liquid chromatography-electrospray ionization-tandem mass spectrometry (UHPLC-ESI-MS/MS) (Di Donna et al., 2011).


[image: image]

FIGURE 1. Enzymatic oleuropein hydrolysis. Aglyconic product (A), monoaldehyde (B), dialdehyde (C), geminal diol (D), and dihydropyran (E) forms.


In this study, an MBR was specifically designed to minimize product inhibition during the enzymatic reaction, to obtain the final solution purified OLA. The OLE used in this work was produced by a sustainable method starting from olive leaves (Procopio et al., 2009). In the MBR, the reaction was carried out in a stirred tank reactor (STR), using an excess of the enzyme, then the solution was sent to an ultrafiltration (UF) process, which permitted enzyme recovery for re-use and product removal. The UF permeate was then sent to a membrane emulsification (ME) process, to promote the extraction of the compound of interest in a volatile green organic solvent. The subsequent evaporation of the solvent permitted the recovery of dry OLA. The overall proposed strategy provides a possible method that can be used to (bio) synthesize OLA from renewable waste material, representing an attractive productive alternative to its isolation from olive oil.

Several studies (in vitro and in vivo) have reported the antiproliferative and proapoptotic effects of OLE (Sirianni et al., 2010; Casaburi et al., 2013; Barbaro et al., 2014; Abtin et al., 2018; Antognelli et al., 2019; Bayat et al., 2019; Liu et al., 2019). Particularly, it has been demonstrated that OLE can show apoptotic effects in a human MCF-7 cell line (Han et al., 2009). However, there is a common consensus that OLA could have a higher therapeutic effect than OLE, due to its higher hydrophobic character, which allows interaction directly with biological membranes (Galiano and Villalain, 2015), increasing its local concentration (Leri et al., 2016) and its beneficial pharmacological effect on cells.

Oleuropein aglycone is not yet commercially available as a pure compound and just a few studies have reported the potential of the compound on BC treatment (Impellizzeri et al., 2011; Pantano et al., 2017; Xu et al., 2018), when in combination with the other polyphenols extracted from extra virgin olive oil (EVOO) (Menendez et al., 2008) or using the single compound on MCF-7, SKBR3, and MCF-7/(pBABE)HER2 cells. Among the different polyphenols from EVOO (tyrosol, hydroxytyrosol), OLA, which was separated from the other polyphenols by a semi-preparative reverse-phase high-performance liquid chromatography, showed the best performance in decreasing BC cell viability (Menendez et al., 2007). The mentioned article highlighted the higher anticancer properties of OLA than OLE toward BC cell lines. This work also proposed that the higher anticancer effect was attributed to the higher lipophilicity of the OLA than OLE, which permits improved incorporation in the cell membrane as well as better interaction with other lipids.

A sustainable production process for OLA must be studied to replace the expensive existing method of olive oil extraction, without altering its anticancer properties. Taking this into account, this is the first study to assess the biological activity of OLA produced by the integrated membrane process toward two different very aggressive BC cell lines, intending to verify if the production process could alter the anticancer properties of this important phytotherapic compound. In particular, the potential cytotoxic effects of this bioderived compound on MDA-MB-231 triple-negative and MCF-7 tamoxifen resistant (MCF-7/TR) BC cell lines have been studied, to establish its possible mechanism of action.

The MDA-MB-231 cell line is a highly aggressive, invasive, and poorly differentiated triple-negative breast cancer (TNBC) cell line as it lacks estrogen receptor (ER) and progesterone receptor (PR) expression, as well as HER2 (human epidermal growth factor receptor 2) amplification. The MCF-7/TR is a tamoxifen-resistant cell line derived from the selection of parental ERα+ MCF- 7 cells. The pro-apoptotic and antiproliferative activities of OLA against BC cells, regardless of ER status, have been demonstrated.



MATERIALS AND METHODS


Chemicals

β-glucosidase from almond (Cod. G4511) and the ethyl acetate were supplied by Sigma-Aldrich. Solvents for HPLC, NMR, LC-QTOF-MS (acetonitrile, methanol, dichloromethane, dimethyl sulfoxide, deuterated chloroform) were supplied by Carlo Erba and Sigma-Aldrich. NaH2PO4 and Na2HPO4, supplied by VWR, were used to prepare phosphate buffer (50 mM, pH 6.5) for enzymatic and substrate solutions. Bicinchoninic acid kit (BCA) was used to measure protein concentration, supplied by Sigma-Aldrich.



HPLC Analysis

The HPLC (Hewlett–Packard 2100) was equipped with a Rheodyne injector, a 20 μl loop, and a UV detector (280 nm) (Agilent Technologies Hewlett-Packard-Strasse 8, 76337, Waldbronn, Germany). The column used is a Phenomenex Jupiter C18 (250–4.6 mm, 5 μm) heated to 30°C with an elution gradient from 100% of H2O (5 min) to 35% of CH3CN (over 10 min), followed by 35–90% of CH3CN (5 min). The concentration of OLE and OLA in the samples coming from the integrated membrane process was measured by HPLC, by the method reported in Mazzei et al., 2012. A reverse silica C18 column (250–4.6 mm, 5 μm, Grace, Adsorbosphere XL) was used. A mixture of CH3CN/H2O (21:79) acidified with o-phosphoric acid (up to pH 3) was used as a mobile phase, injecting 5 μl of sample volume and setting the UV detector at 280 nm.



LC-QTOF-MS Analysis

An Agilent 6540 UHD Accurate–Mass LC-Q-TOF-MS (Agilent, Santa Clara, CA, United States) equipped with an Electrospray ionization source (Dual AJS ESI) operating in positive ion mode was used to carry out the analyses of ultra-high-pressure liquid chromatography (UPLC) combined with quadrupole time-of-flight mass spectrometry (Q-TOF-MS). We used a C18RP analytical column (Poroshell 120, SB-C18, 50 × 2.1 mm, 2.7 μm) heated to 30°C. For the analysis, we used an elution gradient from 5 to 95% of CH3CN [0.1% formic acid (FA) over 13 min] in an aqueous solution (0.1% FA), with a flow rate of 0.4 ml/min.



NMR Spectra

1H-NMR and 13C-NMR spectra were recorded at 300 MHz, and at 75 MHz, respectively, using a Bruker WM 300 system. The samples were solubilized in DMSO for OLE analysis or in CDCl3.for OLA analysis. Chemical shifts are given in parts per million (ppm) using tetramethylsilane as the internal (0.0 ppm). Coupling constants (J) are given in hertz.



Microwave-Assisted Extraction of Oleuropein From Olive Leaves

Coratina cultivar of Olea europaea leaves, supplied by “Consiglio per la ricerca in agricoltura e l’analisi dell’economia agraria (CREA),” were used as initial feedstock for oleuropein extraction. The sample was first dried at 50°C for 48 h, pulverized, and then kept at room temperature until use. One hundred grams of the obtained sample was suspended in water (800 ml) and placed in a Pyrex round-bottom flask (equipped with a jacketed coiled condenser) in a domestic microwave oven. After 10 min at 800 W, samples were filtered and the water solution was dried under reduced pressure by Heidolph Rotary Evaporator, Laborota 4000. The obtained dried sample was then washed with acetone and filtered and the solution was evaporated under reduced pressure. Pure oleuropein was obtained by purifying the crude product by liquid chromatography on a Supelco VersaFlash station. A silica cartridge and a mixture of CH2Cl2/MeOH 8:2 as a mobile phase were used. The purified sample was analyzed by LC-Q-TOF-MS. By this method, a yield of pure oleuropein of 5% was obtained.



Combined Membrane Process to Produce Dry OLA

The integrated system to produce the dry OLA is composed of an MBR and a ME process (Figure 2). The MBR is composed of a stirred tank (ST) (50 mL) in which the enzymatic reaction occurred (37°) and a flat ultrafiltration membrane (30 kDa, regenerated cellulose membrane, diameter 47 mm, Millipore) to separate the produced OLA from the enzyme. Inlet and outlet pressure were measured by digital pressure gauges (Keller). A thermostated jacket was used to thermally control (37°) the MBR unit. The oleuropein powder and enzyme were dissolved in 50 mM phosphate buffer (pH 6.5). The initial oleuropein solution concentration is 2.5 mM, while the enzyme concentration is 3.8⋅10–3 mM (10 mg).
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FIGURE 2. Membrane system used to produce and extract oleuropein aglycone composed by a membrane bioreactor and a membrane emulsification process, PG, pressure gauges; V, valves; P, pump.


After each reaction cycle in the STR, the solution was ultrafiltered (under nitrogen pressure) to separate the product and retain the enzyme (applied transmembrane pressure: 0.2 bar) and a new volume of substrate (30 mL) was added into the reactor using a peristaltic pump (Masterflex), to start the subsequent reaction cycle. The reaction solution was not completely ultrafiltered (10 mL remained as retentate). To remove the glucose present in the remaining retentate, washing steps using phosphate buffer (using 50 mM phosphate buffer pH 6.5) were carried out, adding 30 mL of buffer to the remaining retentate (10 mL) and ultrafiltrating the solution at 0.2 bar.

Some experiments (e.g., optimization of enzyme concentration, etc.) in a STR were also performed to study the effect of the competitive inhibition of the glucose. The operating conditions used for the batch STR were the same as the conditions used in the STR in the MBR.

The permeate, coming from every reaction cycle of the MBR and containing the purified OLA, was used as a dispersed phase for the ME process (Figure 2) and it was pressed under nitrogen gas (flux = 48 ± 8 Lh–1 m–2) through the membrane. For this process, a hydrophobic SPG (Shirasu porous glass, SPG Technology Co., Ltd., Japan) membrane, with tubular configuration (0.4 μm, 8.7 mm inner diameter, 0.65 mm wall thickness, 31.3 cm2) was used. Ethyl acetate was used as the continuous phase and it was flushed, along the lumen side of the membrane, under pulsed flow, by a programmable peristaltic pump (Digi-Staltic double-Y Masterflex pump Micropump, model GJN23.JF1SAB1) (shear stress = 1.34 Pa). Aqueous droplets are formed at the pore outlet when the dispersed phase, containing OLA, meets the organic phase at the membrane surface. Owing to this process, OLA is extracted into the organic phase at the water-ethyl acetate interface. Due to the non-stabilized droplets of the formed emulsion (Piacentini et al., 2019), fast separation of the two phases was promoted, which guaranteed an easy recovery of the phase of interest. Dry OLA was produced at the end of the process by ethyl acetate evaporation.

The conversion (%) in the STR and the MBR was measured as the ratio between the mass of the OLA produced at the end of the cycle respect to the initial substrate mass.

The Extraction efficiency (EE) of OLA has been determined according to the following equation:
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Where CEA and VEA are OLA concentration in ethyl acetate and the volume of ethyl acetate were used as the continuous phase, respectively, while CH2O and VH2O are OLA concentration in water and the volume of water were used as the dispersed phase, respectively.



Generation of MCF-7 Tamoxifen Resistant Cell Line (MCF-7/TR)

The MCF-7/TR cell line was selected after the long-term cultivation of parental ERα+ MCF- 7 cells. To induce resistance to tamoxifen, cells were exposed stepwise against increasing concentrations of 4-hydroxytamoxifen (4-OHT, Sigma-Aldrich, Italy), starting from 10–9M up to a final concentration of 10–6M. Cells were re-fed with a fresh growth medium containing the drug every 2–3 days. The acquired resistance to the antiestrogen was checked on a scheduled basis by the lack of any inhibitory effect on the proliferation of resistant cell lines compared to the parental ones (Supplementary Figures S1A,B, Supporting information).



Cell Cultures

MCF-7 and MDA-MB-231 BC cell lines and MCF10A (normal epithelial cells) were stored and used according to the supplier instructions. In all the solution fetal bovine serum (5%), l-Glutamine (1%), and penicillin-streptomycin (1 mg/ml) were present.

Cell lines were acquired and authenticated from Interlab Cell Line Collection (ICLC, Genova, Italy), they were tested monthly for negativity to Mycoplasma (MycoAlert, Lonza) and they were maintained as previously described (Pellegrino et al., 2018).



Cell Viability Assay (SRB)

A sulphorhodamine B assay (SRB) was used to evaluate the total biomass by staining cellular protein content. After treatment with vehicle (−) or OLA at 50 and 100 μM for 24, 48, and 72 h in 96-well plates, 10% trichloroacetic acid (TCA) for 1 h at 4°C was used to fix the cells. After fixation, SRB was used for staining (15 min) and the cells were washed 3 times with 1% acetic acid. Finally, the absorbance at 540 nm was measured by spectrophotometric analysis. GraphPad Prism 4 (GraphPad Software, Inc., San Diego, CA, United States) was used to calculate IC50 values.



Clonogenic Assay

Cells were plated in growth medium (GM) in 6-multiwell plates. The next day, they were treated with vehicle (−) or OLA at 50 and 100 μM. OLA treatment was renewed every 3 days. After 14 days, surviving colonies were stained with Crystal Violet and the images were acquired by Olympus BX51 inverted microscope. The obtained data by the Image J software were elaborated and normalized.



Soft Agar Anchorage-Independent Growth Assays

Cells were plated as previously described (Pellegrino et al., 2018). After 2 days, vehicle (−) or treatments (OLA at 50 and 100 μM) were added and replaced every 3 days. After 21 days, 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolio (MTT) was added to the plate and it was incubated for 4 h at 37°C. After overnight incubation at 4°C, colonies >50 μm diameter from triplicate assays were counted using an Olympus BX51 microscope.



Flow Cytometry

Cells after plating were treated with vehicle (−) or OLA at 50 and 100 μM for 24 h. The cells were harvested by trypsinization and resuspended in propidium iodide solution after treatment with RNase as described above (Rizza et al., 2016). FACScan flow cytometer (BD, United States) was used for measuring the DNA content was used and the data were acquired using CellQuest software. ModFit software was then used to determine the cell cycle profile was used.



Reverse Transcription and Real Time PCR (qRT-PCR)

After plating and starvation, the cells were treated with vehicle (−) or OLA at 50 and 100 μM for 12 and 24 h. TRIZOL reagent (Life Technologies, Italy) was used according to the manufacturer’s instructions for total RNA extraction. Total RNA (2 μg) was reverse transcribed with RETRO script kit (Ambion, Life Technologies, Italy). cDNA (diluted 1:3) was analyzed in the iCycler iQTM detection system (Bio-Rad) in triplicate, using SYBR green Master Mix (from Bio-Rad). Each sample was normalized vs. GAPDH mRNA content. All gene primer sequences including Cyclin D1, Cyclin E, p21cip1/waf1, p53, p27Kip1, Bcl-2, Bcl-XL, Bax, Bad, and GAPDH are shown in Supplementary Table S1 in the Supplementary Information. The results were calculated and expressed as previously reported (Catalano et al., 2007).



Western Blot (WB) Analysis

Equal amounts of proteins were resolved on SDS-page gel, as previously described (De Amicis et al., 2016). WB images are indicative of at least 3 different experiments.

Cyclin D1 (sc-718), cyclin E (sc-481), p21cip1/waf1 (p21) (sc-756), p53 (sc-126), p27Kip1 (p27) (sc-53871), Bcl-2 (sc-7382), Bcl-XL (sc-8392), Bax (sc-7480), Bad (sc-8044), and β-actin (sc-69879) were provided by Santa Cruz Biotechnology, Inc., Dallas, TX, United States, while PARP (#9532), Caspase3 (#9665), and Caspase8 (#9746) were purchased from Cell Signaling Technology, Netherlands, EU.



Statistical Analysis

ANOVA and Newman-Keuls’ testing were used to determine differences in means for statistical analysis. The band intensities in WBs represent the optical density and express the percentage vs. control. Data are shown as the mean ± SD of three different experiments, each performed in triplicate ∗ p ≤ 0.05 vs. control.




RESULTS AND DISCUSSION


Production of Oleuropein Aglycone by Integrated Membrane Process

In this study, the glucose inhibition on the biocatalyst was controlled by adding a higher enzyme amount (enzyme: 1.5 10–7 mol, substrate: 7.5 10–5 mol, 2.5 mM) compared to the one previously reported (Ranieri et al., 2018), which achieved a conversion of about 93% in about 5 h in the STR. The same strategy was also used for other enzymatic systems in the presence of competitive inhibition (Andrić et al., 2010). However, the high price of the enzyme and the need for a subsequent product purification phase limited the development of this system on a large scale, therefore the recovery of the enzyme employing a membrane process is strongly recommended. To improve the conversion and purity of OLA, its production was carried out in an MBR consisting of an STR coupled with a UF process. To control the competitive inhibition caused by the co-product glucose (Ranieri et al., 2018), we studied the effect of glucose amount in contact with the enzyme, and its removal by UF (Table 1).


TABLE 1. Operating conditions used in the MBR and OLA conversion in the different reaction cycles in the MBR.

[image: Table 1]
After each reaction cycle, the reaction mixture was not completely ultrafiltered (10 mL of retentate remained into the tank) to recover the enzyme. The use of this procedure, however, does not permit the complete removal of the glucose, causing competitive inhibition at the beginning of the next reaction cycle. This was confirmed (Table 1) by the continuous decrease of oleuropein conversion obtained in SERIE 1. Indeed, between the first and the second reaction cycle, the moles of glucose remained in contact with the enzyme were 2.43 10–5 and consequently, we observed a decrease in the conversion of about 10% (Table 1). The moles of glucose, which were present before the third cycle, are almost doubled (4.6⋅10–5 moles) and this causes a significant drop in the degree of conversion (only 22%). To avoid this competitive inhibition, a washing step (with a buffer solution) between the cycles was added (Table 1, SERIE 2) This procedure combined with the new substrate addition allows maintaining the maximum conversion obtained in the first cycle and to overcome the inhibition of the glucose linked to the enzyme since the enzyme has more affinity for the substrate than the inhibitor (KM: 1.17 mM, Ki: 1.93 mM, Ranieri et al., 2018). After the washing step (Table 1, SERIE 2) the glucose remained in the retentate solution is washed out, but not the enzyme that thanks to membrane process is retained and can be reused for the next reaction cycle.

As a result, it was possible to carry out five reaction cycles with no decay in conversion (Figure 3).
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FIGURE 3. Conversion of OLE in the MBR during different reaction cycles.


The optimized MBR was then integrated with a ME process to achieve the extraction of OLA in the ethyl acetate as reported in Piacentini et al. (2019). When the dispersed phase, containing OLA coming from the MBR permeated through the membrane of the ME system, water droplets are generated at the membrane pore level that quickly separated from the continuous organic phases. The high surface area/volume ratio of the produced droplets allowed the continuous and high extraction (90%) of OLA in ethyl acetate under mild (e.g., low shear stress) operating conditions, from which the compound of interest could be easily recovered after solvent evaporation. The optimized integrated membrane process and in particular the strategy to decrease the inhibition effect of the glucose during the reaction, permitted to obtain a high purity of OLA in mild operative conditions. Besides, the enzyme which is one of the most expensive compounds in productive systems can be re-used for different reaction cycles with no decay in the activity.



Characterization of Obtained Oleuropein Aglycone

To check that the integrated membrane process had not altered the phytotherapic compound, the OLA produced by HPLC, H1-NMR, and LC-MS were characterized. The H1-NMR spectrum (Supporting information) in CDCl3 showed the aldehyde proton signals of the isomeric forms of OLA in the range 9.10–9.95 ppm. In particular, the signal of the monodialdehydic proton of the form D (scheme in Figure 1) (9.45 ppm), two aldehyde proton signals of the dialdehydic form C (9.52 and 9.60 ppm), and the aldehyde proton signal of the monodialdehydic form B (9.80 ppm). The signals (Supporting information) of hydrate forms B and D are less intense than the more lipophilic forms C and E.

The HPLC spectrum showed five signals reported to the forms A, B, C, D, and E (see Supplementary Figure S4). These five forms were detected using an elution gradient from 100% of H2O 5 min to 35% of CH3CN over 10 min, followed by 35–90% of B in 5 min.

LC-MS analysis (Figure 4) confirmed the presence of OLA isomers with an LC retention time of 4.364 min and an MS molecular ion peak of m/z = 401. 1172 [M + Na]+.
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FIGURE 4. HPLC-ESI-QTOF-MS tr = 4.364 min m/z 401. 1172[M + Na+].


The presence of all OLA isomers confirmed the suitability of the integrated membrane process for the production of this compound since we observed no modifications in the molecule structure after its production and extraction.



Oleuropein Aglycone Inhibits Breast Cancer Cell (BCC) Growth

The OLA produced by the integrated membrane process was subsequently used to evaluate the effect on BC viability (Figure 5) using MDA-MB-231 triple-negative and ER-α+ Tamoxifen resistant (MCF-7/TR) BCC.
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FIGURE 5. Effects of OLA compound on breast cancer growth. (A) SRB growth assays. MCF-10A, MCF-7/TR, and MDA-MB-231 cells treated with vehicle (−) or increasing doses (1-10-20-30-50-100-150 μM) of OLA for 24-48-72 h, as indicated. The results are expressed as % respect to control cells (−). ±S.D. relative to vehicle-treated cells and is representative of three different experiments each performed in triplicate ∗P < 0.05 treated vs vehicle-treated cells (−).


The effects of different doses (1, 10, 20, 30, 50, 100, and 150 μM) of OLA were tested, using SRB assays on cell viability. Among the different doses, results demonstrated that 50 and 100 μM significantly inhibited cell viability in MDA-MB-231 and MCF-7/TR BC cells (Figure 5A).

The IC50 (half-maximal inhibitory concentration) values for OLA are reported in Table 2. In normal breast epithelial cells (MCF-10A), the treatment with this compound elicits no considerable effects on cell viability (Figure 5A). Next, we evaluated: (1) the anti-proliferative effects induced by OLA on anchorage-dependent conditions (clonogenic assay, Supplementary Figure S6A); (2) the anchorage-independent BCC growth (soft agar assays) that mimic in vivo biologic features of tumors (Supplementary Figure S6B). According to the SRB assays OLA treatments, in a dose-dependent manner, significantly reduced colony formation in BCC tested (Supplementary Figures S6A,B).


TABLE 2. IC50 values of OLA for BCC.
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In summary, these results suggest the capability of OLA to inhibit cell growth and proliferation in a selective manner on BCCs, without affecting normal breast epithelial cells (MCF-10A). Interestingly, OLA can exert an antiproliferative effect in Tamoxifen resistance conditions (MCF-7/TR), suggesting its use as an adjuvant strategy in the treatment of patients, which are refractory to hormonal therapies.



Effects of Oleuropein Aglycone on Cell Cycle in BCCs

To verify whether the inhibition of cell growth induced by the OLA compound was a perturbation of cell-cycle, Flow Cytometric cell-cycle analysis in all BCC after 24 h of treatment with vehicle (−) or OLA at 50 and 100 μM were performed. As shown in Figure 6A, OLA treatment induced a cell cycle arrest in the G0/G1 phase and a reduction of the fraction of cells in S-phase, as well as an increased % of apoptotic cells in both BCC used. In MCF-10A, as expected, OLA at 50 and 100 μM did not elicit any effects on the cell cycle (Figure 6).
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FIGURE 6. Effects of OLA compound on cell cycle distribution in breast cancer cells. MCF-7/TR cells, MDA-MB-231 cells, and MCF-10A were treated with vehicle (−) and 50 or 100 μM of OLA compounds for 24 h, stained with propidium iodide (PI) and analyzed on a FACScan flow cytometer. Quantitative analysis of percentage gated cells at G0/G1, S, G2/M, and sub-G0 phases are shown. ∗P < 0.05 OLA treated vs vehicle-treated cells (−).


In apoptotic pathways, the activation axis including p21Cip1/WAF1, p53, p27, cyclin D1, and cyclin E are implicated in tumor pathogenesis and development of BC as well as in the resistance to anticancer therapy. In this context, the capability of a substance to interfere with this signaling could represent a promising option in investigating potential treatments for BC (Lim et al., 2015).

In order to elucidate the molecular mechanism through which the OLA compound induced the anti-proliferative effects and the capability to interfere in the pathways previously mentioned, the levels of mRNA and proteins associated with cell cycle-regulation were also examined (Figure 7).


[image: image]

FIGURE 7. Effect of OLA compound on mRNA (A,C) and protein expression (B,D) in MCF-7/TR and MDA-MB-231 cells. (A,C) BCC was treated with vehicle (−) and 50 or 100 μM of OLA compound for 12 and 24 h before lysis. Cyclin D1 and E, p21Cip1/WAF1, p53, and p27 mRNA content, evaluated by real-time RT-PCR. Each sample was normalized to its GAPDH mRNA content. The values represent the means ± S.D. of three different experiments, each performed in triplicate. (B,D) Equal amounts of total cellular protein extracts were analyzed for Cyclin D1 and E, p21Cip1/WAF1, p53, and p27 and protein levels by immunoblotting analysis. B -actin was used as the loading control. The histograms represent the mean ± SD of three separate experiments in which band intensities were evaluated in terms of optical density arbitrary units (OD) and expressed as a percentage of control which was assumed to be 100%. ∗P < 0.05 OLA treated vs vehicle-treated cells (−).


Cells were exposed to the OLA compound at 50 and 100 μM for 12–24 and 48 h and the whole-cell extract were subjected to RT-PCR or immunoblotting analysis, respectively.

Similar to the results obtained on the cell cycle, these results indicated that a significant down-regulation of cyclin D1 and cyclin E expression in both BCC was observed. In the same experimental conditions, an up-regulation of p21Cip1/WAF1, p53, and p27 was evidenced (Figures 7A–D). These results confirm our hypothesis about the capability of OLA to interfere with the signaling, suggesting its apoptotic role in BCCs, including the tamoxifen resistant cells.



Oleuropein Aglycone Induces Apoptosis in Breast Cancer Cells

To corroborate the involvement of OLA in apoptosis, we first determined the fragmentation profile of genomic DNA (a typical biochemical hallmark of apoptotic cells death), in cells treated with OLA at 50 and 100 μM for 48 h, by DNA laddering. Chromosomal DNA extracted from MCF-7/TR and MDA-MB-231 cells revealed a marked DNA fragmentation consisting of multimers of 180–200 bp through agarose gel electrophoresis (Figure 8A).
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FIGURE 8. OLA triggers apoptotic cell death in breast cancer cells. (A) DNA laddering performed in MCF-7/TR and MDA-MB-231 cells treated with vehicle (−) and 50 or 100 μM of OLA for 48 h. One of three similar experiments is presented. (B) MCF-7/TR (left panel) and MDA-MB-231 (right panel) cells were treated with vehicle (−) and 50 or 100 μM of OLA for 48 h before lysis. Equal amounts of total cellular extracts were analyzed for PARP, caspase 3, and 8 protein expression from total cellular extracts. The histograms represent the mean ± SD of three separate experiments in which band intensities were evaluated in terms of optical density arbitrary units (OD) and expressed as a percentage of control which was assumed to be 100%. ∗P < 0.05 OLA treated vs vehicle-treated cells (−).


Next, the proteolysis of PARP, a known substrate of effector caspases, and the cleavage of caspase 3 and 8 by the immunoblotting analysis were evaluated. Results showed an increased level of the proteolytic form of PARP and caspase 3 and 8, in both BC cells treated for 48 h with OLA at 50 or 100 μM, compared to vehicle-treated cells (Figure 8B). Increased expression of Bax/Bad and a down-regulation of Bcl-2/Bcl-XL both at mRNA and protein levels in BCC treated with OLA as reported (Figures 9A–D) were found. Finally, the apoptosis effect induced by OLA in both BCCs is demonstrated by the increased level of the proteolytic form of PARP, as a pivot target that signals the presence of DNA damage and facilitates DNA repair, as well as marked DNA fragmentation. Besides, the activation of Bax/Bcl-2 signaling could suggest the activation of the intrinsic apoptotic pathway. In conclusion, all the results obtained evidence that the inhibition of cell cycle progression through apoptosis induction could explain one of the mechanisms by which OLA exhibits its antiproliferative effects in human BCCs.
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FIGURE 9. (A) MCF-7/TR and (C) MDA-MB-231 cells were treated with vehicle (−) and 50 or 100 μM of OLA compound for 12 and 24 h before lysis. Bcl-2/Bcl-XL and Bax/Bad mRNA content, evaluated by real-time RT-PCR. Each sample was normalized to its GAPDH mRNA content. The values represent the means ± S.D. of three different experiments, each performed in triplicate. (B) MCF-7/TR and (D) MDA-MB-231 cells were treated with vehicle (−) and 50 or 100 μM of OLA compound for 48 h before lysis. Immunoblots of Bcl-2/Bcl-XL and Bax/Bad were performed. B -actin was used as a loading control. The histograms represent the means ± SD of three separate experiments in which band intensities were evaluated in terms of optical density arbitrary units (OD) and expressed as a percentage of control which was assumed to be 100%. ∗P < 0.05 OLA treated vs vehicle-treated cells (−).


It is important to highlight that the same results were obtained using OLA aliquots produced/extracted at different times by the integrated membrane process. This suggests the suitability/reproducibility of the process for the production of OLA as well as its unmodified anticancer properties and stability.




CONCLUSION

In this work, an integrated membrane process was developed to produce OLA, an important phytotherapic compound generally present in olive oil.

The integrated membrane system was composed of an MBR, where the OLA was produced, and by a ME process, where the compound was extracted in a volatile green organic solvent. The substrate used in this reaction was oleuropein extracted from olive leaves by a sustainable method.

Under optimized conditions, we obtained an oleuropein conversion of about 93% for five consecutive reaction cycles and continuous extraction of OLA in the organic solvent (about 90%). The presence of all isomers of OLA, characterized by HPLC, H1-NMR, and LC-MS, confirmed the suitability of the integrated membrane process for the production/extraction of this compound since structural modification was observed.

The biosynthesized OLA was then tested as an antiproliferative drug toward two lines of BC cells: human ERα+ tamoxifen resistant (MCF-7/TR) and MDA-MB-231 (triple-negative). Results demonstrated that OLA caused a selective inhibition of cells growth just in BCC, without affecting the MCF-10A normal breast epithelial cells. It also induced G0/G1 cell cycle arrest, enhanced the CDK inhibitor p21Cip/WAF1, p27, p53 expression, and decreased cyclin D/E expression at both mRNA and protein levels. The increased cleavage/expression of proteins (PARP, caspase 3/8, Bax-Bad/Bcl-2-Bcl-XL) is typically observed during apoptotic phenomena and the significant DNA fragmentation also demonstrated the apoptotic activity of OLA in both the cell lines investigated.

This work proposed a productive strategy to obtain a compound with high therapeutic value by a sustainable technology, starting from waste/renewable material.

The mild production/extraction conditions used in the membrane process maintained the original properties of the phytotherapic compound. Based on the obtained results, OLA could be used for further studies as a potential tool that could be implemented for BC treatment, particularly to overcome the resistance of hormonal therapies.
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Deep eutectic solvents (DESs) have attracted an increasing attention in the fields of biocatalysis and biopolymer processing. In this study, papain immobilized on choline chloride- lactic acid (ChCl-Lac) DES-treated chitosan exhibited excellent thermostability as compared to the free enzyme. The properties of native or DES-treated chitosan and immobilized enzyme were characterized by FT-IR, SEM, surface area and pore property analysis. Like the common enzyme immobilization, papain immobilized on DES-treated chitosan resulted in a lower catalytic efficiency and a higher thermostability than the free enzyme due to the restricted diffusion. The results also revealed that DES could control the active group content, thus achieving the appropriate microporous structure of immobilized enzyme. Meanwhile, it could also help to construct the optimal microenvironment by hydrogen-bonding interaction between enzyme, chitosan, and residual DES, which are benefit for maintaining an active conformation and subsequently a high thermostability of papain. Moreover, it was found that trace DES (10 mM) significantly promoted the activity of free papain (145%). Deactivation thermodynamics study showed that the DES could enhance the thermostability of papain especially at high temperature (half-life of 7.4 vs. 3.5 h) because of the increased Gibbs free energy of denaturation. Secondary structure analysis by circular dichroism spectroscopy (CD) agreed well with the activity and thermostability data, further confirming the formation of rigid conformation induced by a specific amount of DES. This work provides a new way of enzyme immobilization synergistically intensified by solvents and supporting materials to achieve better microporous structure and catalytic microenvironment.
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INTRODUCTION

Deep eutectic solvents (DESs) are a type of fluids consisting of two or more safe and cheap components, namely hydrogen bond acceptors (e.g., halides salts of quaternary ammonium cations) and hydrogen bond donors, such as organic acids, alcohols, and so on. The hydrogen bond formation between these components is responsible for the lower melting point of the mixtures compared to the that of the each individual components (Abbott et al., 2004). Thus, DESs have attracted extensive attention as powerful solvents used in chemicals synthesis, biocatalysis, biomass processing and electrochemistry, etc., due to their low cost, biodegradability, non-toxicity and tenability (Zhang et al., 2012; Vigier et al., 2015).

Being similar to ionic liquids, DESs are effective solvents toward biomass because of their excellent dissolving ability. Various DESs were reported to be capable of dissolving biomass, such as starch, cellulose, xylan, and chitosan, and making them more available to application (Sharma et al., 2013; Loow et al., 2017; Prasad and Sharma, 2019). They could disturb the major linkages between sugars and lignin of biomass, and extract them from the raw materials (Feng et al., 2019; Tan et al., 2020). However, issues about DESs recovery and DESs residues in the biomass still exist (Ninomiya et al., 2015). More specifically, a certain amount of solvent often remains in the biomass after the treatment, which may reduce the quality of biomass and cause solvent loss. Therefore, a tedious and cost-intensive washing step is required to make the treated biomass free of DES and to obtain a higher recovery yield of the solvent (Ninomiya et al., 2015; Hou et al., 2017a). Nonetheless, trace of DES may still remain in the recovered- or regenerated- biomass after washings. Some researchers focused on the influence of the solvents residue on the DES mediated biomass treatment processes, especially for the biomass component or the activity of enzymes (Lehmann et al., 2014; Zhao et al., 2018). However, only limited attention has been paid to the effect of the DESs pretreatment of the supporting materials on the performance of the immobilized enzyme or the residual DES on the catalytic property and structure of enzyme.

Chitosan could be chemically or enzymatically derived from chitin, which is the second most abundant biopolymer in nature. Chitosan possesses excellent properties, such as biocompatibility, biodegradability, non-toxicity, etc. (Vicente et al., 2020). Hence, it has been considered to be a promising resource for developing biomedical materials and immobilized enzymes (Qin et al., 2010; Cao et al., 2015). Considering the excellent biocompatibility of DESs and chitosan toward enzymes, herein, the DESs treated chitosan was employed as the carrier to immobilize papain, the structural, morphologic and enzymatic properties of the immobilized enzyme and the related mechanism were studied, for better understanding the influence of the microenvironment of support matrix on the catalytic performance of immobilized enzyme.



MATERIALS AND METHODS


Materials

Papain (Papain, 2.9 units/mg) from Papaya latex, was purchased from Sigma-Aldrin (China); High purity papain buffered aqueous suspension, from papaya latex, was also purchased from Sigma-Aldrin (China) (2 times Crystallized, ≥16 units/mg protein), and it was purified by dialysis and checked by SDS-PAGE before being used for CD structure analysis. Choline chloride (Choline chloride, 98%), lactic acid (97%), Nα-Benzoyl-L-arginine ethyl ester (BAEE), Nα-Benzoyl-L-argininie (BA) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). All other chemicals and reagents were of the highest purity commercially available and were used without further purification.



DES Preparation

The DES, choline chloride- lactic acid (ChCl-Lac), used in this study was prepared as reported previously (Hou et al., 2017b). Briefly, choline chloride and lactic acid were mixed in a glass vial in molar ratio 1:2 and heated up to 90°C for 0.5 h with stirring until a clear liquid was obtained. Afterward, the DES was dried at 55°C for 48 h before use.



Papain Immobilization

Papain immobilization on chitosan was conducted according to the literature with slight modification (Silva et al., 2015). One gram chitosan (untreated or pretreated with DES at 80°C for 3 h, collected without washing or with three times washing) was added into 100 mL of 1% (w/v–1) papain solution in phosphate buffer (0.1 mol/L–1, pH 7.0), the mixture was stirred (80 rpm) at 25°C for 12 h. The cross-linking process of chitosan was initialed by adding glutaraldehyde (2% v/v) at 30°C and the mixture was agitated at 150 rpm for 12 h. Subsequently, the immobilized papain were filtered and washed three times with distilled water and packed in 5°C before use. The protein content in solution was determined by the method of Bradford (1976).



Enzyme Activity Determination

The activity of the free or immobilized papain was determined as described in the literature with slight modification (Cao et al., 2015). 2.8 mL of phosphate buffer (20 mM, pH 7.0) which containing substrate BAEE (final concentration 1 mM) and DES with specific concentrations for 5 min was preheated at set temperature. The reaction was initialed by adding 0.2 mL of papain solution (4 mg/mL) or immobilized papain together with 0.2 mL buffer. The concentration of product BA released was detected over 10 min at 254 nm against a blank sample without enzyme. One unit of enzyme activity was defined as the amount of the released BA (μmol) with 1.0 mg of enzyme per min.



Characterizations

The morphology of samples were analyzed by scanning electron microscope (SEM, Hitachi SU8220, Japan), and the chemical structures of the samples were confirmed by Fourier transform infrared spectroscopy (FT-IR, Themor- Fisher-iS 50R, United States). Pore volume, porous size and surface area were determined by Nitrogen sorption measurement, which were performed on a Micromeritics instrument with 3Flex Version 5.00. Degassing of samples was done under vacuum at 60°C for at least 8 h prior to measurement. The surface area was calculated according to BET method. The C, H, N, and O content of the original chitosan and DES-treated one were measured by elemental analysis equipment (Elemantar: Vario EL cube, Germany).



pH and Operational Stability of Free and Immobilized Papain

To determine the pH stability of the free and immobilized papain based on the DES-treated chitosan with three times washing was incubated in buffer solutions at pH 3, 4, 5, 6, 7, 8, 9, 10, and 11 at 30°C for 1 h separately. Then, the activity of papain was measured and the residual activity was calculated as a percentage of its initial activity. With respect to the operational stability, the immobilized enzyme was collected after each batch at 30°C and pH 8.0, washed with distilled water, and then used in the next batch. The operational stability of the immobilized enzyme was evaluated by measuring the enzyme activity in each batch.



Thermodynamics Study of Papain

Briefly, papain solution with or without the presence of 10 mM ChCl-Lac was incubated at different temperatures, the samples of supernatant were withdrawn (200 μL) at intervals and immediately subjected to the activity analysis to obtain the residual activity. According to two-stage theory and first-order kinetic model, thermodynamic parameters, such as first- order deactivation rate constant (kD) and half-life time (t1/2) was obtained by non-linear fit using Sigma-plot 12.0 software based on the data of the residual activity of enzyme vs. time (equation: lnAr = kDt; Ar is the residual activity of enzyme, kD is first-order deactivation rate constant and t is the deactivation time of the enzyme. From the plot of lnAr vs. t, the slope gives the value of kD). Gibbs free energy of denaturation (△G) was calculated by the equation: △G = −RT ln{(kDh)/(kBT); where T, h, kB, R were temperature, Plank’s constant, Boltzman’s constant and universal gas constant (Xue et al., 2017). The assays were repeated at least in duplicate.



CD Spectroscopy

The secondary structures of the enzyme were analyzed on a Circular dichroism (CD) spectrometer (Chirascan, Applied Photophysics Ltd., United Kingdom) in the regions of 195–260 nm at 25°C. According to statistical methods implemented in CD software, changes in the secondary structure of the purified papain were determined in 20 mM phosphate buffer (pH = 7.0) and in the various concentrations of DES at 25°C.



RESULTS AND ANALYSIS


Effect of Immobilization on the Catalytic Performance of Papain

Chitosan is available in different forms (powder, gel, fibers, and membranes), and it can be modified easily and possesses high protein affinity. Chitosan treatment could change its properties, improve its solubility in some solvents and make it more easy to process (Silva et al., 2015). Therefore, chitosan was chosen to immobilize papain by cross-linking, and the effect of DES pretreatment on the catalytic performance of immobilized papain was studied. The kinetic characters and thermal stability of the free and immobilized papain were shown in Table 1. Obviously, papain immobilized on the untreated chitosan caused the decrease of activity (86.4%) and increase of Km (1.47 vs. 1.35). Also, apparently lowered catalytic efficiency was observed according to the decreased Kcat and Kcat/Km values as compared to the free papain. An increase in Km and a decrease in Kcat after immobilization are common in the literatures (Homaei and Saberi, 2015; Rouzbehan et al., 2017). This could be explained as the chitosan matrice may cause the steric effect of active site and limited diffusion, resulting in the reduction of enzyme flexibility which is necessary for substrate binding (Homaei, 2015; Shojaei et al., 2017). Moreover, the partial denaturing of enzyme caused by the covalent bonding reaction during the immobilization process may be also responsible for the lowered catalytic efficiency. Nevertheless, the deactivation rate constant (kD) decreased for the immobilized enzyme. It means that chitosan could provide a frame to keep the rigid conformation of the protein from severe distortion, preventing the unfolding of protein and deactivation of the enzyme and prolonging its half-life. These were in lines with others reports (Ahmed et al., 2020).


TABLE 1. The catalytic properties of free or immobilized papain.

[image: Table 1]When chitosan was treated by DES (ChCl-Lac) before use, the catalytic performance of the immobilized papain varied with the chitosan washing conditions after DES treatment. For instance, Papain immobilization based on DES-treated chitosan without washing resulted in a noticeable decrease of enzyme activity and poor catalytic performance (lowest activity and catalytic efficiency, Table 1, 36.8% of relative activity, 1.08 s–1 of Kcat and 0.56 s–1 mM–1 of Kcat/Km). The possible reason is that the high DES concentration in the immobilization solution caused distinct deactivation of papain. Interestingly, when the amount of DES residue in chitosan was reduced by washing three times, the immobilized papain exhibited significant enhancement in thermal stability (lowered kD values: 2.48 vs. 3.85 and 4.12) and catalytic efficiency (larger kcat and kcat/km values) as compared to the untreated one and unwashed one, even though its catalytic efficiency was still lower than that of the free enzyme (kcat: 5.69 vs. 7.58; kcat/km: 4.12 vs. 5.62). It is likely that the DES treated chitosan or/and residual DES may exert a positive effect on papain. Understanding the underlying mechanism will be necessary.



The Chemical Structures and Morphology of Chitosan and Immobilized Papain

The FT-IR spectra of chitosan and immobilized papain were presented in Figure 1. Chitosan is characterized by the following peaks in IR spectra: the peak at 3,354 cm–1 represents stretching vibration of O-H and N-H, owing to free hydroxyl and amino groups on the side chains of chitosan; The peaks of 2,937 cm–1 and 2,876 cm–1 are related to C-H stretching; The band at 1,642 cm–1 is assigned to the primary amides, 1,582 cm–1 represents the deformation vibrations of –N–H and –C–NH2 groups in the amide-II region, and 1,412 and 1,371 cm–1 are related to the flat and non-planar deformation vibrations of NH-groups; The peaks in the 1,000–1,070 cm–1 region correspond to the stretching vibrations of the –CN– bonds (Holyavka et al., 2019). After DES treatment, the primary amides and NH-related peaks (1,582, 1,412, and 1,371 cm–1) of T–DESCS became weaker compared to those of CS, indicating the reduction of amino groups in chitosan. The element analysis also proved the destruction and reduction of N content and thus the amino groups of CS (CS: N7⋅44C40⋅06 H6⋅95O44⋅02 VS. T–DESCS: N5⋅65 C35⋅94 H7⋅78 O42⋅16). Besides, the peak of 3,354 cm–1 shifted to 3,288 cm–1. This reveals that more intermolecular hydrogen bonds formed during the DES-treatment. When DES was presented in DES-treated CS (T–DESCS-DES), the clear peaks of carboxyl or hydroxyl groups (1725 and 3,354 cm–1) were observed. Similarly, the IR spectra confirmed the chemical composition of immobilized particles, indicating the formation of complexes and the presence of protein. The spectra of papain@CS + trace DES, papain@T–DESCS, and papain@T–DESCS-DES were similar with those of papain@CS, in which the characteristic peaks could be observed, including the C-O band in C6 at 1,026 cm–1, C-N stretching absorption at 1,371 cm–1, the primary amides at 1,642 cm–1 and -OH stretching presented at 3,288 cm–1. The differences can be identified are the shape and width of the peaks, reflecting the changes of the intermolecular or intramolecular interaction in the immobilized enzyme particles.
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FIGURE 1. The FT-IR spectra of chitosan and immobilized papain. CS, original chitosan; T–DESCS, DES treated chitosan; T–DESCS-DES, DES treated chitosan with 1time washing; papain@CS, papain immobilization based on original chitosan; papain@CS + trace DES, papain immobilization based on original chitosan and immobilizing in the presence of 10 mM DES; papain@T–DESCS, papain immobilization based on DES- treated chitosan; papain@T–DESCS-DES, papain immobilization based on DES- treated chitosan with 1 time washing.


In addition, the morphology of the chitosan and immobilized papain were studied by SEM and showed in Figures 2Ia–f. The DES treatment resulted in more rough and hierarchical structures (Figure 2Ib) comparing to the untreated one (Figure 2Ia). It is possibly attributed to the reduction of the molecule chain of chiotsan and the stacking of small pieces. This hypothesis was further confirmed by the morphology of immobilized papain (Figures 2Ic,d). The surface of the immobilized papain based on the DES-treated chitosan became more rough than those of the native chitosan based one, and it could be clearly seen from the detailed structure in Figures 2Ie,f. Furthermore, surface area and pore size data were obtained and also shown in Figure 2II. DES treatment of chitosan (T–DESCS) led to the formation of larger surface area and pore volume but smaller pore size. Papain immobilization based on chitosan afforded a particle material of larger specific surface area than chitosan itself. Surprisingly, when papain was immobilized on the DES-treated chitosan, the surface area and pore volume increased, and the pore size reduced. These results are in accordance with the catalytic efficiency order of papain@T–DESCS and papain@CS discussed before. Therefore, the decrease of active amino group content of chitosan and the formation of appropriate microporous structure of immobilized particles caused by DES are supposed to be an important reason for the improvement in thermostability. DES participated immobilization mechanism is proposed in Figure 2III. DES may act as an adjustor to control the active group (amino group) content of chitosan in the pretreatment process and help to form the suitable degree of cross-linking during immobilization, thus achieving an appropriate microporous structure of immobilized enzyme. Meanwhile, the presence of residual DES may facilitate constructing the optimal catalytic microenvironment of immobilized enzyme by electrostatic or hydrogen-bonding interaction between DES, amino acid residues of enzyme and chitosan.
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FIGURE 2. SEM micrographs of chitosan and immobilized papain (Ia–f), the surface area and pore properties data (II) and the proposed schematic representation of enzyme immobilization (III).




pH and Operational Stability of Papain Immobilized on DES- Treated Chitosan

Supplementary Figure S1A shows the effect of different pH values on the stability of free and immobilized papain based on DES-treated chitosan (with three times of washing). The pH stabilities of free and immobilized enzyme were investigated in the medium with a pH value between 3 and 11 at 30°C for 1 h. The optimum pH values of free and immobilized enzyme for keeping high stability were 7.0 and 8.0, respectively. Besides, the immobilized enzyme was more stable both in acidic and basic pH ranges when compared to its free form. For example, the immobilized enzyme retained more than 40% of its activity at pH 3 and 11, respectively. Under the same conditions, only less than 20% of the activity was observed for the free enzyme. The shift in optimum pH of immobilized papain to a more alkali level has also been reported by others (Homaei, 2015; Shojaei et al., 2017). These results were mainly attributed to the diffusion limitation of the carrier (inhibiting the unfolding of the enzyme at extreme pH to some extent) and the microenvironment changes probably caused by the electrostatic or hydrogen-bonding interaction between chitosan support, residual DES and enzyme. The potential application of the immobilized papain based DES-treated chitosan was further investigated by characterizing the operational stabilities. Supplementary Figure S1B shows the activity of immobilized papain on different batches. The immobilized enzyme retained a specific activity of 82.9% after five reuses. This high operational stability indicates the promising approaches for enzyme immobilization based on the DES- treated chitosan.



Activity of Free Papain in the Presence of DES

To further understand the microenvironment effect of DES, the effect of DES concentration on the activity of free papin was investigated. As can be seen in Supplementary Figure S2, the relative activity of papain reached to the maximum of 145.0% upon increasing the concentration of DES from 0 to 10 mM, while the relative activity still kept around 96.7% when the concentration increased to 20 mM. These results suggest that the DES may act as the activator at the concentration range of 0–20 mM, the suitable microenvironment formed with the aid of DES make the active site of enzyme molecules work efficiently, thereby increasing the enzyme activity. However, further increasing the DES concentration to 300 mM, the enzyme activity gradually decreased to 16.7%. The strong acidity of the solution formed by the presence of high concentration of DES may account for the denaturation of enzyme and thus the significant reduced activity. While others proposed that higher DES concentration could cause the destabilization of enzyme-substrate or reaction intermediate complexes according to steady-state kinetic study (Lindberg et al., 2010). In a word, within a certain concentration range, ChCl- Lac could provide an optimal microenvironment for efficiently enzymatic catalysis.



Effect of DES on the Thermal Stability of Free Papain

In general, immobilization is an effective approach to improve the stability of enzymes (Liang et al., 2020). The kD values presented in Table 1 confirmed the protective function of chitosan. Moreover, it is noticeable that there may be a synergetic effect between chitosan and DES on the thermal stability of papain. To explore detailed information about the effect of DES on the stability of papain, the thermodynamic parameters were studied. As can be seen from Figure 3, papain deactivated slowly when 10 mM DES was present, thus extending its half-life especially at higher temperature. For instance, the kD value decreased from 4.27 to 2.48 when 10 mM DES was present at 30°C, and the half-life increased correspondingly from 9.7 to 12.1 h. While the kD value became only 40% of the control one when DES presented at 60°C, thus achieving 2.1 times longer half-life than that of the control. These results indicate that the specific concentration of ChCl -Lac may be able to provide a suitable microenvironment by hydrogen bonding in the active center of enzyme, and then keep its rigid confirmation and function especially at a high temperature. This result is in agreement with other’s observation and conclusion that the DES could promote the thermal stability of enzymes (Kist et al., 2019). Interestingly, DESs not only can stabilize the enzyme at high temperature, but some of them also have been reported to increase the laccase stability at low temperature. The author concluded that the DES aqueous solution has a strong effect on the crystallization/freezing and melting process of water, which can reduce the number of ice crystals and hence ice crystal damage in enzyme (Toledo et al., 2019). This finding also proved that DES may be helpful for providing an ease environment together with the environmental matrix (water, immobilization materials, etc.), thus forming stable structure and function of enzyme molecule.


[image: image]

FIGURE 3. Effect of DES (10 mM) on the deactivation rate constant (kD) and half-life (t1/2) of papain.


Gibbs free energy of denaturation (ΔG) was a reliable indicator for evaluating thermostability of enzyme, and it was proposed that the smaller the ΔG value, the lower the thermostability of the enzyme (Xue et al., 2017). The ΔG was obtained based on DES free and 10 mM DES systems. As shown in Supplementary Figure S3, ΔG values of 10 mM DES associated cases, namely 350.6, 367.3, 373.3, 379.4, and 385.6 KJ/mol, were more than those in the DES-free ones at 45, 50, 55, and 60°C, respectively. Moreover, the values apparently increased in the presence of DES at higher temperature, which is in according to trends of the kD and half-life data. Based on the results, papain was more thermostable in 10 mM DES contained condition than the DES-free one.



Effect of DES on the Secondary Structure of Papain

In order to explore the mechanism of the alteration of the thermal stability caused by DES, changes in the secondary structure of papain in the presence and absence of ChCl-Lac were investigated by circular dichroism (CD) (Supplementary Figure S4 and Supplementary Table S1). The secondary structure contents for the native papain were 24.6% α-helix, 27.4% β-sheets, and 34.4% random coils. When 10 mM DES was present, these contents were changed to 26.50, 25.0, and 32.40%, respectively. There results indicate that relatively higher α-helix content with lower β-sheets and random coil contents are favorable for the enzyme to maintain its activity, which is in accordance with the excellent activity and thermostability at 10 mM DES. Further increasing the DES concentration to 60 mM, the α-helix content reduced to 25.9%, the β-sheets slightly increased to 26.5% and the random coils almost keep constant (32.00%). The results suggest that excessive DES in the enzyme solution could denature the enzyme to a certain extent, resulting in lowered enzyme activity. All these features match very well with the activity data (Supplementary Figure S2). Similar with the finding reported by another research group (Wu et al., 2014), whose results illustrate that the specific amount of DESs may be capable of maintaining a relatively high α-helix content and thus the rigid structure for the enzyme, promoting the catalytic performance of enzyme.



CONCLUSION

DES treatment of immobilization material chitosan could enhance the thermostability of immobilized papain due to formation of optimal microporous structure and catalytic microenvironment. DES could not only react with chitosan to reduce the amino group content for achieving appropriate microporous structure during immobilization, but also construct a proper microenvironment by hydrogen bonding interaction for forming rigid conformation of enzyme. The free enzyme exhibited an excellent activity (relative activity of 145.0%) and thermal stability in the presence of 10 mM DES (2 times longer for half time). Thermodynamics study shows that the presence of particular amount of DES could increase the denaturation Gibbs free energy of papain, thus making it more stable especially at a higher temperature. Results from CD analysis reveal that the specific DES concentration could promote the change of secondary structure, especially the increase of the α-helix structure content, ultimately contributing to the rigidity of the enzyme and the stability in turn. This work proves that DES not only could be used as a green solvent to improve the activity of enzymes, but also could act effectively as the processing solvent to enhance the function of immobilization material; it may synergistic work with the biopolymer materials to form a proper microenvironment with the amino acids residues, thereby promoting the thermostability of enzyme.
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Biomineralized uniform and well-organized calcium carbonate microspheres were synthesized for enzyme immobilization, and the immobilized enzyme was successfully stabilized. The physicochemical parameters of calcium carbonate were studied using scanning electron microscopy with energy-dispersive X-ray spectroscopy, particle size analysis, X-ray diffraction analysis, Fourier-transform infrared spectroscopy, and surface area measurement. Additionally, Barrett-Joyner-Halenda adsorption/desorption analysis showed that the calcium carbonate microspheres provided efficient mesopore space for enzyme loading. As a model enzyme, carboxyl esterase (CE) was entrapped and then cross-linked to form an enzyme structure. In this aggregate, the cross-linked enzymes cannot leach out from mesopores, resulting in enzyme stability. The hydrolytic activities of the free and cross-linked enzymes were analyzed over broad temperature and pH ranges. The cross-linked enzyme displayed better activity than the free enzyme. Furthermore, the immobilized CE was found to be stable for more than 30 days, preserving 60% of its initial activity even after being reused more than 10 times. This report is expected to be the first demonstration of a stabilized cross-linked enzyme system in calcium carbonate microspheres, which can be applied in enzyme catalyzed reactions involved in bioprocessing, bioremediation, and bioconversion.
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INTRODUCTION

Enzymes are proteins that catalyze chemical reactions, reducing the initial energy input, by increasing the reaction rate. Based on enzyme processes relevant to environment-friendly features used in chemical transformation, enzymes are widely utilized in various fields such as food, pharmaceuticals, biodiesel, and biofuels (Datta et al., 2013; Hwang and Gu, 2013; Jesionowski et al., 2014). Additionally, enzymes usually function under mild conditions such as ambient temperature and pressure. Therefore, industrial applications of enzymes are increasing (Schoemaker et al., 2003). In industrial processes, free enzymes are destabilized, and it is difficult to reuse them efficiently (Iyer and Ananthanarayan, 2008). Enzyme immobilization allows overcoming this drawback by improving enzyme reactivity and stability (Mateo et al., 2007; Hanefeld et al., 2009). Immobilization of an enzyme can prevent it from structural denaturation caused by the external environment; thus, enzyme activity can be maintained from various reaction conditions by preserving storage stability. Besides, the immobilized enzyme can be easily separated from the reaction solution, and it can be easily washed and reused after measuring the activity (Hwang et al., 2012a, 2013).

Enzyme immobilization methods include physical adsorption, ionic and covalent bonds, and various techniques such as binding, entrapment, encapsulation, and cross-linking. Enzymes can be immobilized on various organic and inorganic materials or carriers. Synthetic organic polymeric beads such as Sepabeads and Amberlite; a variety of biopolymers, mainly water-insoluble polysaccharides such as cellulose, starch, agarose, alginate, chitosan, and electrospun nanofibers; and polymeric membranes are widely used as supports for immobilizing enzymes (Cantone et al., 2013; Hwang and Gu, 2013; Zdarta et al., 2018; Rodriguez-Abetxuko et al., 2020). Inorganic materials such as silica, magnetic particles, inorganic oxides, clay, and graphene oxide have been used for enzyme immobilization (Wang et al., 2014; Zucca and Sanjust, 2014; Wu et al., 2015; Xia et al., 2020). Among these, mesoporous materials have been applied to accommodate enzymes and maintain their activity in the pore space, owing to their pore size, connectivity, and high stability (Wang and Caruso, 2004; Xu et al., 2019). However, simple adsorption or entrapment into the pore space leads to rapid release from the pores, and reduces stability (Hwang et al., 2012b; Li and Wang, 2013).

To prevent the release of enzymes from mesoporous materials and improve stability, the cross-linking method is used (Kim et al., 2007). Cross-linking can be achieved via physicochemical methods such as heat treatment, application of alkaline conditions, mechanical agitation, photo-oxidation treatment, and the use of chemical reagents with an enzyme catalyst (Heck et al., 2013). A simple chemical reagent, glutaraldehyde (GA), is most widely used in biocatalyst design, and is the most powerful cross-linker (Barbosa et al., 2014). It has the advantage of self-reaction. Owing to the successful application of enzyme-immobilizing carriers, mesoporous silica has been widely used. However, for preparation, the high cost of the process (heat and solvent), mechanical stability under base conditions, size control, use of toxic silica precursors, and aggregation during the drying step can be disadvantages for its simple application in enzyme immobilization studies. Contrary to the several weaknesses of mesoporous silica, the advantages of calcium carbonate make it a good alternative enzyme immobilization carrier (Hwang et al., 2012a; Binevski et al., 2019). It can be used as an adsorbent or template, and synthesized as spheres with various particle sizes (Gower, 2008; Hwang et al., 2013). Moreover, it is suitable for living organisms because it is natural, non-toxic, and stable (Fakhrullin and Minullina, 2009). Furthermore, calcium carbonate is cheap, eco-friendly, and easy to synthesize with a simple scale-up process, in addition to being stable even under basic conditions (Binevski et al., 2019). Calcium carbonate and calcium carbonate–modified materials have previously been used in enzyme studies as immobilizing carriers and delivery vehicles. For example, several attempts have been made to encapsulate enzymes such as superoxide dismutase, alkaline phosphatase, pyruvate kinase, and lactate dehydrogenase and characterize the encapsulated enzyme in terms of the enzyme loading and efficiency, specific activity, and change in activity based on the morphological changes of calcium carbonate (Donatan et al., 2016; Muderrisoglu et al., 2018; Binevski et al., 2019). Additionally, the release behavior from the calcium carbonate particles has also been investigated (Roth et al., 2018; Abalymov et al., 2020). However, these studies did not focus on the stabilized enzyme system in calcium carbonate particles, the most important compound in industrial enzymatic bioconversion. In pharmaceutical and fine chemical industries, bioconversion processes necessitate a specific reactor design and enzyme activity for effective execution of the enzymatic processes.

Therefore, as a model study, we investigated enzyme stabilization by immobilizing carboxyl esterase (CE) from Rhizopus oryzae into the pores of biomineral calcium carbonate microspheres. Biomineralized calcium carbonate can be synthesized as a well-formulated uniform carrier. First, Biomineralized calcium carbonate can be synthesized into well formulated uniform carrier; The prepared mesoporous spherical calcium carbonate microspheres with a size of 5.5 ± 1.8 μm were fully characterized using scanning electron microscopy (SEM). Energy-dispersive X-ray spectroscopy (EDS), particle size analyzer (PSA), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR). Additionally, Brunauer-Emmett-Teller (BET) was used to analyze the surface area, pore volume, adsorption pore size, and desorption pore size. First, the CE was adsorbed inside of the prepared calcium carbonate and then cross-linked by treatment with GA to design stabilized enzyme structures. It was found that the activity was preserved for 30 days; the catalytic activity was stable even after 10 reuses, exhibiting high storage stability and recyclability. This study gives the applications of a stable and recyclable cross-linked enzyme in calcium carbonate microspheres and will contribute to practical enzyme-based process applications.



MATERIALS AND METHODS


Materials

Calcium chloride (Sigma), ammonium carbonate (Sigma), sodium phosphate monobasic (Sigma), sodium phosphate dibasic (Sigma), N,N-dimethylformamide (DMF) (Sigma), and Tris–HCl (1 M, Bioneer, Alameda CA, United States) were purchased. The model enzyme CE from Rhizopus oryzae (Sigma) was used for immobilization, and the substrate p-nitrophenyl butyrate (Sigma) was purchased from Sigma-Aldrich. p-nitrophenol (Sigma) was used for the standard curve for products by enzymatic reaction. Finally, a BCA protein assay kit (Pierce, Rockford, IL, United States) for measuring enzyme loading was purchased from Sigma.



Synthesis of Calcium Carbonate Microspheres

To synthesize biomineralized calcium carbonate microspheres, 200 mM of CaCl2 solution (distilled water:acetone = 5:1) was mixed for dissolution. (Na4)2CO3 solution (200 mM) was added to CaCl2 solution with vigorous stirring for 10 min. After synthesis, the sample was washed twice with ethanol to remove solution and then dried at 60°C in a dry oven. After drying, the powder samples were collected and stored at room temperature.



Characterization of CaCO3 Microspheres

The morphological and elemental analysis of CaCO3 microspheres was performed using FE–SEM equipped with energy-dispersive X-ray spectroscopy (EDAX) (TESCAN, Czech Republic). Pt sputtered coating was done before SEM analysis. BET surface area and pore size were obtained using a Tristar II (Micromeritics, United States). Pore-size distributions and pore volume were calculated using the Barett–Joyner–Halenda equation. FT-IR analysis was performed using an FT-IR spectrometer (Jasco, United States) range of 650–4000 cm–1. XRD patterns were analyzed by a Rigaku Mini Flex 600 (Rigaku, Japan) using Cu Kα radiation (λ = 1.5418 Å) at scanning rate of 5.00°min–1. Particle size analysis was performed using laser scatter particle size distribution analyzer LA-960 (Horiba, Japan).



Enzyme Immobilization

Immobilization of the enzyme into the calcium carbonate pores was performed via two-step process. First, 1.5 mL CE solution (0.66 mg/mL) was added to a glass vial containing 10 mg of calcium carbonate and vortex strongly for 30 s. After the sonication, the sample was incubated at 200 rpm for 30 min to be adsorbed into the calcium carbonate pores. To cross-link the adsorbed enzyme, 1.5 mL of 1% GA solution (diluted with 100 mM phosphate buffer, pH 8.0) was added to the enzyme and calcium carbonate mixture samples. The sample was stored at room temperature for 60 min without any movement, and then incubated for 60 min at 200 rpm to prepare cross-link between CE molecules. After that, 100 mM Tris–HCl (pH 8.0) was used to remove unreacted GA by centrifugation. The sample was consecutively washed thrice with buffer and stored in 100 mM phosphate buffer (pH 8.0) at 4°C until the next use. The amount of CE loaded into calcium carbonate was measured by BCA protein assay kit.



Activity and Stability Measurement

The activity of cross-linked CE in biomineral calcium carbonate microspheres was determined using the concentration of p-nitrophenol resulting from hydrolysis of p-nitrophenyl butyrate substrate dissolved in N,N-dimethylformamide. For activity measurement, p-nitrophenyl butyrate substrate was dissolved in N,N-dimethylformamide to prepare 10 mM concentration, and then added to 100 mM phosphate buffer (pH 8.0) solution containing 0.042 mg of cross-linked CE in CaCO3 to be 0.5 mM of final substrate concentration. The enzyme reaction was performed by shaking for 12.5 min at 200 rpm with 2.5 min intervals during the reaction. At each interval time, absorbance was measured at 400 nm. The activity was calculated as the average of the slope values measured by absorbance per reaction time in proportion to the concentration of p-nitrophenol. After the measurement, the immobilized CE was washed five times with 100 mM phosphate buffer (pH 8.0) and stored at room temperature.

The effect of pH on the activity of free and immobilized CE was performed over pH range 6.0–10.0 and at room temperature. The effect of temperature on CE activity was carried out over 15–55°C, at pH 8.0. The activity was measured according to the above experimental protocol. The results for pH and temperature are presented in a normalized form with the highest activity of each set assigned by the value of 100% activity.

The storage and recycling stability were measured using the above experimental protocol, and the relative activity at each time point was calculated as the percentage ratio of residual activity at each time to the initial activity of each sample. All samples were measured thrice for standard deviation. The standard deviation is represented by error bars in the figure.



RESULTS AND DISCUSSION


Characteristics of the CaCO3 Microspheres

The calcium carbonate microspheres were successfully synthesized based on the mineralization process as described in Figure 1A. The fabricated CaCO3 were successfully characterized using SEM with elemental analysis (EDS), PSA, FT-IR, XRD, BET, and BJH adsorption/desorption. When analyzed, Figure 2A shows the highly organized shape of calcium carbonate, as shown in the SEM image, well-dispersed spherical structure with the diameter of 4–6 μm. The particle size analysis obtained by PSA, showing 5.5 ± 1.8 μm size distribution (Figure 2B), and EDS was used to confirm CaCO3 surface (Figure 2C). The XRD patterns of particle confirmed that well-crystallized mixed vaterite and aragonite phase, with their characteristic diffraction peaks of 2θ values at about 25.4 (1 0 1), 37.9 (0 0 4), 48.2 (2 0 0), 54.0 (1 0 5), 55.1 (2 1 1), and 62.9 (2 0 4), indicating nature of the calcium carbonate, were obtained (Figure 2D). Additionally, FT-IR spectrum indicated the typical CaCO3 peak coincident with the broad band at 1394 cm–1 (υ3 asymmetric CO32–) and with the sharp band at 871 cm–1 (υ2 asymmetric CO32–) (Figure 2E). The spherical calcium carbonate with mesoporous property is the key step to enzymes loading into the structured materials for efficient enzyme immobilization. Therefore, the CaCO3 microspheres are also expected to have pore sizes and volume enough for spaces without limitation. In fact, porous structure was confirmed through BJH analysis using the representative N2 adsorption/desorption data, shown in Table 1A. The BET surface area of the hybrid particles was 6.88 m2 g–1, and the fraction of vacant mesopores provided pore volume of 0.048 m2/g, leading to entrap enzyme. In addition, average pore size from adsorption and average pore size from desorption of microspheres were 30.914 nm and 27.937 nm, respectively (Table 1A). These unique structures are a suitable mesoporous material for enzyme immobilization, which allows facile biocatalysis.
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FIGURE 1. Schematic illustrations of (A) CaCO3 microsphere preparation and (B) enzyme immobilization.
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FIGURE 2. (A) SEM images, (B) particle size distribution, (C) energy-dispersive X-ray spectroscopy (EDS), (D) XRD patterns, and (E) FT-IR spectrum of the prepared CaCO3 microspheres.



TABLE 1. Characteristics of (A) CaCO3 microspheres, and (B) free CE and cross-linked CE (A).
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Enzyme Immobilization

For enzyme immobilization, CE was prepared via a two-step process: enzyme adsorption and cross-linking into the prepared biomineralized calcium carbonate microspheres as described in Figure 1B. CE enzyme (1.0 mg) was dissolved in 1.5 mL buffer solution under 200 rpm shaking condition at room temperature. CE was adsorbed onto the exterior surface of the particles or in the inter-particle space. After washing with 100 mM sodium phosphate buffer (pH 8.0), enzyme adsorption was completed. To prevent the enzyme leaching in the calcium carbonate pores space, adsorbed enzyme molecules were cross-linked via GA chemical linker. The cross-linked CE improves loading quantity, loading efficiency, and prevents denaturation and release of enzymes, thus ensuring the stability of enzyme activity. The enzyme loading efficiency and loading amount are different depending on the concentration of enzyme and amount of calcium carbonate used as a carrier. Therefore, the experiment is optimized by keeping the amount of enzyme with 10 mg of calcium carbonate microspheres. For measurement enzyme loading, BCA protein assay kit was used. About 0.2 mg of CE was immobilized in 10 mg of calcium carbonate microsphere during adsorption and washing steps. Unfortunately, CE loading could not be easily measured because cross-linked insoluble form of CE aggregates and cannot be used for protein assay kit. For the comparative studies, we assumed that enzymes are well retained within the mesopores of calcium carbonate upon GA treatment during immobilization. This means that about 20% of the enzyme is loaded during the adsorption and additional GA cross-linking process in the calcium carbonate pores.



Characteristics of Immobilized Enzyme

To characterize immobilized CE in the CaCO3 microspheres, we investigated CE catalyzed hydrolysis enzymatic reactions. The specific activities of free and cross-linked CE were 48.32 and 7.63 mM min–1 mg–1, respectively. The activity of free CE was 16% more than that of cross-linked CE (Table 1B), indicating that the flexibility of the enzyme may reduce low diffusion rate of the reactants and products, resulting in low activity values. Most enzymes immobilized using traditional methods displayed <10% of specific activity retention (Zhang et al., 2011); therefore, 16% represents a high retention of specific activity along with maintaining this activity and preserving stability, thus preventing the denaturation and autolysis of CE (Table 1B).

To investigate efficiency of immobilization, the stability of free and cross-linked CE at different pH and temperature conditions was examined. The effect of pH effect on the activity was examined in the range of 6.0–10.0 at 25°C, and the highest CE activity was observed at pH 8.0. During the pH study, immobilized CE was more stable compared to free CE, indicating that enzyme activity is preserved after immobilization (Figure 3A). These results could probably be attributed to the stabilization of enzymes resulting from its multipoint attachments on the surface of CE via GA treatment. Furthermore, the microenvironment of the immobilized enzyme in inorganic CaCO3 microspheres might lead to the displacements in the pH activity profile arising from electrostatic interactions with the negative charged hydrophobic CaCO3 surfaces (Vescovi et al., 2016). During temperature profiling in the temperature range of 15–55°C, at pH 8.0, compared to free CE, immobilized CE was found to be more stable. At 55°C, the activity of free CE reduced by 62%, whereas cross-linked CE exhibited 94% activity (Figure 3B). It shows that immobilized CE could withstand higher temperature conditions compared to free CE and temperature profile of immobilized CE is broader than free CE activity at all temperatures. It was confirmed that the abnormality was maintained, and the immobilization resulted in an increase in the resistance of the CE to pH and temperature. All range of pH and temperature, the activity of immobilized CE was higher than that of free CE (Figure 3), indicating that enzyme activity is preserved after immobilization. The resistance to temperature and pH was increased due to the effect of cross-linking immobilization strategy in the pores of the calcium carbonate microspheres.
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FIGURE 3. Effect of (A) pH and (B) temperature on enzyme activity in comparison of free CE and cross-linked CE. The results were normalized with the highest value of each set being assigned the value of 100% activity. (C) Recycling and (D) Storages stability of cross-linked CE. The relative activity was calculated based on the initial activity value of 100%.




Storage and Recycling Stability of Immobilized Enzyme

The stability of immobilized CE was checked by measuring time-dependent absorbance change in p-nitrophenol production by CE catalyzed reaction when each sample was incubated in 100 mM sodium phosphate buffer (pH 8.0) under shaking at 200 rpm (Figures 3C,D). In our previous study, free CE activity retained <1% residual activity within a week. Figures 3C,D shows the results of the reuse and storage stability of the immobilized enzyme in the pores of biomineralized calcium carbonate microspheres. The relative activity of the cross-linked CE is defined as a ratio to the initial activity value; therefore, the initial activity value is assumed to be 100%. To investigate the reuse and storage stability of the enzyme, after measurement of enzyme activity, the immobilized enzyme was washed five times with 100 mM phosphate buffer (pH 8.0) and stored at room temperature. As shown in Figures 3C, after reusing the enzyme 10 times, >60% of the activity was maintained depending upon the initial activity value. Therefore, cross-linked CE was able to preserve high activity and stability compared to the initial activity value even after repeated use. In addition, during the storage period of 30 days (Figure 3D), immobilized CE maintained high activity relative to the initial activity value and maintained stability. The high stability of cross-linked CE can be preserved because cross-linking prevents the release of enzymes, which are adsorbed into the pores of calcium carbonate, and inhibits the denaturation of the enzyme structure by inducing multiple-point chemical linkages. The enzyme stabilization attained can be explained by the “ship-in-a-bottle” mechanism. The cross-linking of the enzyme prevents its leaching through the smaller bottleneck pore structure of the mesoporous calcium carbonate particles. The success with highly stable immobilized enzyme in the CaCO3 has opened up a great potential for a variety of enzymatic synthetic reactions to be practically realized based on this biomineral based process design.



CONCLUSION

Biomineral calcium carbonate was fabricated and well characterized using XRD, TEM, SEM, EDS, and BET surface area, pore size, and volume of adsorption and desorption pores. CE from Rhizopus oryzae was successfully immobilized by adsorption, followed by cross-linking in the biomineral calcium carbonate pores. During immobilization, 20% of the CE enzyme was loaded in the pores of calcium carbonate, and 16% of specific activity was maintained compare to free CE. The enzyme retained >60% of relative enzyme activity even after 10 reuses, when stored for 30 days at room temperature, indicating high recycling and storage stability. Therefore, this method, which successfully used natural calcium carbonate to immobilize enzyme and confirmed its stability as a biological resource, showed the possibility of applying another enzyme. It can be used as a new functional material.
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Acrylamide is a potent carcinogen and neurotoxin that is mainly formed by the Maillard reaction of asparagine with starch at high temperatures. In this work, a food safety immobilization system for L-asparaginase (L-ASNase) consisting of food-grade agarose (Aga) spheres and N-hydroxysuccinimide esters was developed to decrease the formation of acrylamide in a fluid food model system. L-asparaginase was successfully immobilized with a maximum immobilization efficiency of 68.43%. The immobilized enzymes exhibited superior storage stability and reusability with 93.21 and 72.25% of the initial activity retained after six consecutive cycles and storage for 28 days, indicating its high industrial application potential. Meanwhile, a simplified mathematical model of the enzyme reactor was developed and verified with experiments, which demonstrated its auxiliary role in the design and optimization of reactors. In addition, simulated fluidized food components were continuously catalyzed in the designed packed bed reactor, achieving a reduction rate of nearly 89%.

Keywords: acrylamide, asparaginase, immobilization, packed bed reactor, kinetic model


HIGHLIGHTS


-Food safety immobilization system of L-asparaginase, which consist of food-grade agarose microsphere and NHS ester.

-The storage stability and reusability is better than a previous report.

-Mathematical modeling directed optimization of packed-bed continuous enzyme reactor, which gives a strong operation performance in the degeneration of acrylamide in a fluidized food system.





INTRODUCTION

L-asparaginase (L-ASNase, EC3.5.1.1) can specifically catalyze L-asparagine conversion to ammonia and L-aspartic acid. Due to its antineoplastic ability, L-asparaginase has been widely studied as a potential treatment for acute lymphoblastic leukemia and lymphosarcoma (Mu et al., 2014; Ulu et al., 2018). In addition, L-asparaginase can inhibit acrylamide formation in a variety of heat-processed starch-rich foods. Acrylamide is a potential human carcinogen with neurotoxic and genotoxic effects (Tyl and Friedman, 2003) and is often detected in diverse starch-rich foods after frying, baking, or grilling (Mottram et al., 2002). Reducing L-asparagine levels in raw materials by adding free L-asparaginase has been proposed as an effective measure to minimize acrylamide in heat-processed foods (Kukurova et al., 2009). For example, supplementing 10 U of asparaginase per gram of flour could effectively reduce acrylamide by 90% during the baking process for bread and biscuits (Anese et al., 2011). However, the reportedly poor instability and recyclability of free L-asparaginase increase the cost of food processing and limit the large-scale usage of these enzymes.

Recently, to increase the stability and recyclability of L-asparaginase, many materials, such as albumin, dextran, chitosan, fructose, inulin, PEG, polyacrylamide, etc., have been utilized to immobilize L-ASNase (Brumano et al., 2018). Most studies of immobilized L-ASNase have focused on its medical applications; only a few works have been devoted to the food industry. In the past few years, researchers have aimed to improve its stability to proteolysis or reduce its immunogenicity by PEGylation, fatty acid modification, and heparin-coated poly(3-hydroxybutyrate-co-3-hydroxyvalerate) nanocapsules for medical applications (Rytting, 2010; Ashrafi et al., 2013; Meneguetti et al., 2019). Moreover, covalently immobilizing L-ASNase on glutaraldehyde-activated aluminum oxide pellets could decrease the acrylamide level in potato chips by 80.5% (Agrawal et al., 2018). Another study showed that when L-ASNase-conjugated magnetic nanoparticles were incubated with 2% L-ASN and starch for 30 min, acrylamide decreased by nearly 100% in a model food system (Alam et al., 2018). Nevertheless, these two studies only focused on batch processing; continuous production processes for fluidized food components are ignored. It is necessary to design enzyme reactor models to simulate industrial applications involving the continuous catalysis of fluidized food component substrates. In addition, safety is an important factor in the food industry, and it is preferable to utilize natural nontoxic carriers and crosslinking agents to immobilize enzymes. Agarose (Aga), a natural nontoxic polysaccharide carrier with good biocompatibility, high strength, porosity, hydrophilicity, a large capacity, and easy separation, is suitable for immobilized enzyme applications (Jungbauer, 2005). N-hydroxysuccinimide (NHS) esters are an efficient and mild crosslinking agent that play a role in the displacement reaction during enzyme immobilization without being introduced itself, and they are safer than glutaraldehyde, which was used in the two previous studies (Cuatrecasas and Parikh, 1972).

A bioreactor is the key equipment needed to realize product industrialization. For immobilized enzymes, packed bed and fluidized bed reactors are mostly used. On one hand, packed bed reactors have the advantages of a high catalyst loading, high efficiency, mild flow conditions, simple structure, and easy scaling (Yizheng and Shuxiong, 2007a). On the other hand, severe flow conditions in fluidized bed reactors might damage the biocatalyst, causing a decrease in the production efficiency (Yun et al., 2010). Considering these factors and the characteristics of biocatalysts, a packed bed reactor is appropriate for substrate degradation catalysis in our experiments. Previously, L-ASNase immobilized on chitosan was used in vitro for continuous catalytic kinetic experiments, and a mathematical model was developed to investigate the factors of the mass transfer process in simulated blood (Hao et al., 1999; Jinin et al., 1999). However, those models mainly studied the internal and external diffusion effects of the catalyst. The entire immobilized enzyme column was not described, and the influences of the parameters of the packed bed enzyme reactor on the substrate conversion rate were not explored.

In this work, the food-grade natural polysaccharide agarose, which was activated with N-hydroxysuccinimide esters, was chosen to efficiently immobilize L-ASNase. The enzymatic properties of the immobilized enzymes were investigated, and the structure was characterized. Meanwhile, a packed bed enzyme reactor was designed, and a mathematical model was developed based on the material balance and immobilized enzyme reaction kinetics to describe the continuous catalytic process of simulated fluidized food components, which resulted in a decrease in acrylamide formation for practical use.



MATERIALS AND METHODS


Materials

L-ASNase was purchased from Shanghai Yingxin Laboratory Equipment Co., Ltd. Four percent cross-linked agarose (Aga, 40–160 μm) was provided by Jiangsu Qianchun Biological Co., Ltd. Acrylamide (HPLC, >99%) was purchased from Sigma-Aldrich. Nessler’s reagent and L-asparagine (L-ASN) were procured from Maclin Inc. Dioxane (DIO), N,N’-dicyclohexylcarbodiimide (DCC), NHS, all other chemicals, and analytical-grade reagents were sourced from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).



Modification Procedure and Optimization of the Immobilization Conditions

The agarose spheres were modified with NHS according to previous work (Johansson et al., 2003). The agarose spheres were epoxidized by epichlorohydrin (ECH) in an activating solution and successively treated with ethanol and water. Then, they were carboxylated with 6-aminocaproic acid at 60°C for 2 h. The carboxylated spheres were washed with at least 10 times the volume of 30, 70, and 100% acetone and dioxane in sequence. The anhydrous carboxylated spheres were mixed with 10 ml of dioxane and then shaken at 25°C (150 r min–1) for 2 h.

To investigate the optimal conditions for L-asparaginase immobilization, the density and concentration of the ligand, ratio of NHS/DCC, enzyme load, and reaction time were studied. The ligand density was controlled by the ratio of ECH (v/v) in the range of 1/90 to 1/3. The enzyme load was varied from 12.8 to 64 U/ml. The NHS dosage and ratio were varied from 1 to 8% and from 1:1 to 1:2 (NHS:DCC), respectively. The immobilization time ranged from 1 to 10 h. The experiments were conducted by reacting 1 g of activated carrier with 1 ml of enzyme.



Immobilization Procedures

As shown in Figure 1, the activated agarose spheres were extensively washed with 1 mM hydrochloric acid (ice bath). The rinsed agarose spheres were mixed with a certain concentration of the enzyme solution (dissolved in 0.5 M Na2CO3 and NaCl at pH 8.0) in equal amounts (w/v) at 25°C and a speed of 150 r min–1 for 2 h. The nonactive groups were subsequently blocked with 0.5 M ethanolamine and extensively washed with water. Then, the immobilized enzyme was kept in 20 mM PBS (containing 0.5 M NaCl) at 4°C.
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FIGURE 1. Procedures of modification and immobilization.




Enzyme Activity Assay and Acrylamide Detection

The enzyme activity was assayed by estimating the ammonia by-product through nesslerization after the reaction as described earlier (Feng et al., 2017). Briefly, 300 μl of 0.15 M L-ASN was mixed with 800 μl of 20 mM PBS (pH 7.5) and incubated at 37°C for 10 min. Then, 100 μl of the free enzyme or 100 mg of immobilized ASNase (Aga-ASNase) was added to the mixture, which was incubated at 37°C for 10 min, and the reaction was stopped by adding 100 μl of 1.5 M trichloroacetic acid (TCA). Subsequently, 100 μl of the supernatant was collected by centrifugation at 8,000 rpm for 5 min and reacted with 200 μl of Nessler’s regent and 3.7 ml of distilled water in a tube. The absorbance of the solution was measured at 450 nm.

The model food system was obtained by mixing 0.1 M L-asparagine with 0.1 M starch. The effluent from the enzyme reactor was kept in a tube and heated at 180°C in an oil bath for 10 min. The samples were purified and detected using a mobile phase containing water, acetonitrile, and methanol (90:5:5, v/v/v) and a C-18 column. Acrylamide was detected by HPLC (HITACHI) using a UV diode detector.



Characterization and Structural Analysis of Immobilized L-ASNase

The thermal stability, kinetic parameters, reusability, and storage stability of Aga-ASNase were investigated. The thermal stability was tested by preincubating the enzyme at 47 and 60°C for up to 4 h. The kinetic parameters (Km and Vmax) of the free and immobilized enzymes were determined by measuring the enzyme activity at various concentrations (5–100 mM) of the substrate and using the Lineweaver–Burk plot. For the reusability, Aga-ASNase was incubated with the substrate (0.1 M L-ASN) under shaking conditions at 30°C. The supernatants were removed for enzyme activity determination. Aga-ASNase was washed three times with 10 ml of 20 mM PBS (pH 7.5). No less than six cycles were performed under the same conditions to determine the reusability.

The stabilities of the free and Aga-ASNase bioconjugates during storage at 4°C were evaluated in 20 mM PBS (pH 7.5, 0.5 M NaCl) for long times ranging from 1 to 28 days. The activity of Aga-ASNase in the first day was considered to be 100%.

The unbounded agarose spheres and Aga-ASNase bioconjugates were examined by scanning electron microscopy (SEM) at 2,400× magnification and analyzed by a Fourier infrared spectrometer. The samples were lyophilized before the experiments. The transmittance (%) was recorded in the range of 4,000 to 650 cm–1 with 32 scans for each sample.



Optimization and Kinetics of the Immobilized Enzyme Reactor

The specific activity, amount of immobilized enzyme added, temperature, and velocity of flow were investigated in an adjustable-height column with an internal diameter of 1.1 cm. A certain quantity of Aga-ASNase was weighed and mixed with distilled water, the mixture was flowed into the column reactor slowly for 2 h, the liquid was then passed through at a working flow rate for 10 min, and the height of the bed was adjusted and fixed. The time was started at 0 min after a column volume flowed through. Samples (0.5 ml) were removed at the outlet at regular intervals.

To study the reaction kinetics of the enzyme reactor, a mathematical model of the enzyme reactor was developed (Xiaoyun, 2005). The Aga-ASNase spheres were columnar under the action of water compression, and the shear force could be neglected because the velocity of the flow was slow. The voidage (ε) was measured by the drainage method. Due to the high length-to-diameter ratio of the reactor, diffusion mainly occurred in the axial direction, and it was assumed that the flow and mass transfer in the reactor conformed to the one-dimensional quasi-homogeneous steady-state axial diffusion model. The apparent axial diffusion coefficient (Da) was determined by the pulse method (Shaofen et al., 2013) under the conditions of 35°C, 1 ml/min and a 0.15-m column height. In addition, the following assumptions could be made:


(1)The voidage (ε) of the packed bed reactor was assumed to be constant;

(2)The flow and mass transfer in the reactor conformed to the one-dimensional quasi-homogeneous steady-state axial diffusion model;

(3)The apparent axial diffusion coefficient Da satisfied Fick’s law;

(4)The reaction heat was very small and could be ignored; and

(5)Substrate inhibition was neglected.



MATLAB 2018b (1994–2020 The Math Works, Inc.) was used to calculate the numerical solution of the second-order nonlinear differential equation.



RESULTS AND DISCUSSION


Optimization of Immobilization Conditions

The effects of the ligand density and concentration, ratio of NHS/DCC, enzyme concentration and reaction time on the immobilization efficiency of food-grade Aga-ASNase are presented in Figure 2. The effect of the ligand density is shown in Figure 2A; the ratio of ECH was controlled, and the peak efficiency was achieved at a ligand density of 1/6 ECH (v/v). As shown in Figure 2B, at 2% NHS (w/v), the maximum immobilization yield was obtained when the ratio of NHS:DCC was 1:2, which is different from the optimal ratio of NHS/DCC of 1:1 reported previously (Chu and Siebert, 1975). Previous studies showed that a 10- to 50-fold molar excess of the NHS ester over the amount of the amine-containing material results in sufficient conjugation (Pasta et al., 1988), and multiple NHS esters within a limited area might bind to several ε-amino groups on one enzyme, which might lead to a loss of activity to a certain degree (Meneguetti et al., 2019). Thus, in these experiments, the amount of NHS esters was controlled by the ECH ratio of 1/6 (v/v) and the NHS/DCC concentration of 2% (w/v), at which the maximum immobilization efficiency was obtained. As shown in Figures 1C,D, a maximum immobilization efficiency of 68.4% was achieved after 2 h of cross-linking. In a similar study, ASNase was immobilized on poly[N-(2-hydroxypropyl) methacrylamide] in the same way, and 47.8% of the activity was retained, whereas the estimate for PEG-ASNase was reported to be 28.9% (Monajati et al., 2019). This result indicated that ASNase immobilization with NHS esters has the advantages of rapidity, high efficiency, and mild reaction conditions. When the enzyme concentration was increased from 25.6 to 51.2 U/ml, the immobilization efficiency remained between 60 and 70%, whereas the specific activity of the catalyst nearly doubled. Based on the results in the Parameter Optimization for the Reactor and Da Value Determination section, catalysts with a lower specific activity might be more suitable for enzyme reactors. Therefore, an enzyme concentration of 25.6 U/ml was suitable for immobilization, and the obtained catalyst was further studied.


[image: image]

FIGURE 2. (A) Effect of the ratio of epichlorohydrin (ECH) (v/v) on immobilization efficiency: varied from 1/90 to 1/3. (B) The effect of N-hydroxysuccinimide (NHS) dosage (w/v) and ratio of NHS/N,N′-dicyclohexylcarbodiimide (DCC) (v/v) on immobilization efficiency: varied from 1 to 8% and 1:1 to 1:2, respectively. (C) Effect of immobilization time on immobilization efficiency: varied from 1 to 10 h. (D) Effect of enzyme concentration on immobilization efficiency and specific activity: varied from 12.8 to 64 U/ml.




Characterization and Structural Analysis of the Immobilized Enzyme

As shown in Figure 3, the thermostability, kinetic parameters, reusability, and storage stability of Aga-ASNase were investigated. In Figure 3A, the half-life of the immobilized enzyme was 7 and 1.8 times longer than that of the free enzyme at 47 and 60°C, possibly due to the greater rigidity of the enzyme conformation and the higher activation energy of unfolding at multipoint attachments for the immobilized ASNase (Wang and Cao, 2015).


[image: image]

FIGURE 3. (A) The half-life of asparaginase (ASNase) and Aga-ASNase at 47 and 60°C, respectively. (B) Kinetic parameters of ASNase and agarose (Aga)-ASNase at 37°C were detected using Lineweaver–Burk plots. (C) The enzymatic activity assay was conducted for six reaction cycles under the conditions 30°C, pH 7.5; the carriers were recovered and washed three times with phosphoric acid buffer (pH 7.5) after each cycle, then reintroduced to the next cycles. (D) The catalytic activity was measured under optimal conditions (37°C, pH 7.5) for 28 days after each experimental cycle, and the catalyzer was stored at 4°C with phosphoric acid buffer (pH 7.5).


The kinetic parameters of the free enzyme and Aga-ASNase were determined from the Lineweaver–Burk plots in Figure 3B. The Km values of the free and immobilized ASNase were 40.45 and 17.6 mM, respectively. The Vmax values of the free and immobilized ASNase were 4.87 and 3.83 mM min–1. The catalytic efficiency (Vmax/Km) of the immobilized enzyme was higher than that of the free enzyme. This result was largely due to the lower Km value of the immobilized enzyme.

The reusability and storage stability of Aga-ASNase are presented in Figures 2C,D. Aga-ASNase still retained 93.21% of its initial activity after six continuous cycles, which showed its potential for application in industry. The loss of activity might be due to the processes of cleaning and filtering. Previous research showed that ASNase immobilized on magnetic particles by 5% glutaraldehyde retained 90% of its original activity after five cycles (Alam et al., 2018).

The storage period is crucial for commercial application of Aga-ASNase because it determines the viability of the immobilized enzyme over time. The free and immobilized enzymes were kept in 20 mM PBS (0.5 M NaCl) during storage. The results indicated that the free enzyme lost almost all of its activity in no more than 5 days, whereas Aga-ASNase still retained approximately 72.25% of its original activity after 28 days of storage at 4°C. Similarly, the retention of 60% of the residual activity after 30 days of storage at 25°C was previously reported (Koytepe and Ates, 2016).

Agarose spheres and Aga-ASNase were scanned by SEM. Compared with the unbonded spheres shown in Figure 4A, the agarose spheres clearly exhibited surface roughness after the binding of the enzymes, as shown in Figure 4B at a high SEM magnification, and significant changes were observed. Meanwhile, the unbound spheres and Aga-ASNase conjugates were analyzed by FT-IR. Figure 4C expressly showed that the peak of the amide II bond was observed at 1,536 cm–1 after immobilization, confirming the binding of the ligand to the receptor by chemical bonding forces and supporting the SEM results.


[image: image]

FIGURE 4. Scanning electron images (5.0 kV, 2,400×) showing the morphology image of agarose spheres before (A) and after (B) Aga-ASNase immobilization. (C) Fourier transform infrared (FTIR) spectra of unbonded agarose and agarose bonded with ASNase.




Parameter Optimization for the Reactor and Da Value Determination

Although several reports on the degradation of acrylamide by free and immobilized L-asparaginase have appeared in the literature, few bioreactor systems have been designed for practical use. A packed bed enzyme reactor was designed, the apparent axial diffusion coefficient Da was detected by the pulse method, and the specific activity and temperature were investigated first in preparation for later mathematical analysis of the continuous process.

As shown in Figure 5A, at the same total enzyme activity (24 U), Aga-ASNase with a low specific activity (4 U/g) exhibited a higher catalytic efficiency than those with specific activities of 12 and 24 U/g, whereas the latter two exhibited nearly the same catalytic efficiency. This result might be largely due to the internal diffusion restriction (Yizheng and Shuxiong, 2007b). Moreover, the same enzyme activity (24 U) combined with a lower specific activity (4 U/g) might lead to a higher column volume, resulting in a longer reaction time. In this way, the lower the specific activity is, the higher the catalytic efficiency is at a given total enzyme activity. However, the conditions for efficient immobilization should not be ignored. Aga-ASNases with specific activities of 4, 12, and 24 U/g were obtained with immobilization efficiencies of 22.32, 68.43, and 65.81%, respectively. Thus, the optimal specific activity of Aga-ASNase was 12 U/g, and this sample was used for later research.
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FIGURE 5. (A) Effect of the specific activity of Aga-ASNase on catalytic efficiency of enzyme reactor. The effluent through the reactor from 0 to 60 min was collected and detected. (B) The effect of temperature on catalytic efficiency of enzyme reactor. The effluent through the reactor from 0 to 30 min was collected and detected.


Changes in temperature cause an increase in the difference between the enzyme reaction rate and substrate diffusion rate. It would be somewhat complex to mathematically analyze the conversion rate as a function of temperature in a packed bed reactor. Thus, the effect of temperature was primarily determined experimentally. As shown in Figure 5B, the effect of temperature was investigated using the same amount of added immobilized enzyme. The maximum conversion rate ranged from 75.59 to 87.95% at 35, 40, and 45°C and was much higher than that at 30°C. In these experiments, 35°C was the optimal temperature for catalysis in the enzyme reactor. The later continuous analysis was conducted mathematically based on a specific activity of 12 U/g and temperature of 35°C.

As shown in Figure 6, the residence time distribution curve was detected by the pulse method (Shaofen et al., 2013), and the axial diffusion coefficient (Da) was calculated using the following formula. Here, σθ2 is the dimensionless variance in the residence time, and Pe is the Berkeley number, which indicates the relative size of convective flow and diffusion transfer, reflecting the degree of back-mixing. The calculation result gave σθ2 = 0.0061, Pe = 327.87, and Da = 7.47 × 10–8 m2/s, indicating that the reactor was in a typical plug flow state under these conditions.
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FIGURE 6. Residence time distribution curve in packed bed reactor was detected by pulse method. Potassium chloride was used as a tracer to determine the concentration distribution curve within 0 to 15 min.




Kinetic Analysis and Catalytic Performance of the Immobilized Enzyme Reactor

Based on the above assumptions, a differential was taken from the bottom h to a column height of H for the mass balance calculation. The following definitions were used: q (ml/min) is the flow rate, S (mol/L) is the substrate concentration, r (0.55 cm) is the radius, and p is the conversion rate ([image: image]). The mathematical model was defined as follows:

[image: image]

At height h, the inflow of the substrate was [image: image], and the amount of substrate diffusion was [image: image].

At height h + dh, the inflow of the substrate was [image: image], and the amount of substrate diffusion was [image: image].

The substrate reaction volume was [image: image].

This formula could be simplified to:

[image: image]

with the boundary conditions:

[image: image]

Based on the differential equation, which showed the relationship between p and q, h could be obtained and verified by the experiments. The experiments were performed as shown in Figure 7. The voidage (ε = 0.29) of the packed bed reactor was measured by the drainage method.


[image: image]

FIGURE 7. The structure diagram of an enzyme reactor.


The kinetics of the immobilized enzyme reactor were determined based on the differential mass balance calculation and enzyme reaction kinetics. Based on the optimized conditions, the relationships between the calculated and experimental p, h, and q values are presented in Figure 8. The height of the column (h) was changed with the amount of Aga-ASNase added, leading to a change in the conversion rate of the effluent, as shown in Figure 8A, and the calculated value was in good agreement with the experimental value (Figure 8C). Based on both the experimental and calculated values, the maximum conversion rate changed slowly as more immobilized enzymes were added. Thus, an addition of 96 U (15-cm column height) immobilized enzymes was sufficient for the catalysis.
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FIGURE 8. (A) Effect of the amount of Aga-ASNase addition on catalytic efficiency of enzyme reactor. The effluent through the reactor from 0 to 30 min was collected and detected. The Aga-ASNase addition of 24, 48, 72, 96, and 120 U was equal to the column height of 0.038, 0.075, 0.112, 0.15, and 0.185 m, respectively. (B) Effect of the volume flow rate on catalytic efficiency of an enzyme reactor. The effluent through the reactor from 0 to 60 min was collected and detected. (C) Calculated and experimental values of the effects of column height on conversion rate. (D) Calculated and experimental values of the effects of volume flow rate on conversion rate.


Then, parameter q was investigated, as shown in Figure 8B, and the conversion rate decreased with increasing velocity. Moreover, the experimental value appeared to be lower than the calculated value in Figure 8D when the flow rate increased more. This trend might be due to the difference between the kinetic parameters of batch and continuous reactors and the effect of the velocity on the diffusion coefficient (Da) (Zhong et al., 1993). Although the conversion rate obtained at 0.5 ml/min was somewhat higher than that at 1 ml/min, the production intensity was halved, and therefore, this flow rate was not a suitable choice. Hence, the volume flow rate was set to 1 ml/min.

According to the differential equation developed earlier, the conversion rate (p) is independent of the radius (r), and the flow rate was calculated to be a linear velocity of 1.75 × 10–4 m/s instead of 1 ml/min (r = 0.55 cm). Thus, at a velocity of no more than 1.75 × 10–4 m/s, the deviations between the experimental value and the calculated value could be acceptable. A high volume velocity with a linear velocity of no more than 1.75 × 10–4 m/s could be achieved by increasing the radius of the packed bed reactor or increasing the number of tubular reactors. In a way, the influences of the parameters (q, h) on the enzyme reactor can be described mathematically, and the mathematical model can be used for predictive purposes to decrease the number of experiments needed for catalysis optimization.

The immobilized ASNase was used to reduce acrylamide in a model food system. The effluent flowing from the continuous catalytic process under optimal conditions (96 U, 35°C, 1 ml/min) was heated at 180°C in an oil bath for 10 min. As shown in Figure 9, compared with acrylamide formation in the untreated system, acrylamide formation was reduced by almost 89% when the fluids were flowed through the packed bed reactor. An earlier study reported that almost no acrylamide was detected after incubation with immobilized ASNase for 30 min (Alam et al., 2018). However, in this experiment, the simulated food composition passed through a 15-cm column at 1.75 × 10–4 m/s with an average residence time of 12 min, and an 89% decrease in acrylamide formation was obtained. To some extent, the packed bed reactor has the advantages of rapidity, high efficiency, and continuity in acrylamide reduction compared with batch processing.
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FIGURE 9. The control group and experimental group were the simulated food components that did not flow into, and flow out of, the enzyme reactor, respectively. (A) The relative amount of asparagine and acrylamide of the control group and experimental group. (B) The result of acrylamide formation in simulated system detected by HPLC.




CONCLUSION AND DISCUSSION

In this study, L-asparaginase was immobilized on modified food-grade agarose spheres via covalent methods to decrease acrylamide in a liquid model food system. The binding of the enzyme was confirmed by SEM and FTIR, indicating that the catalytic efficiency, reusability, thermal stability, and storage stability of the immobilized L-asparaginase were significantly improved compared with those of the free enzyme. Based on the optimized temperature and specific activity, a simplified mathematical model involving the conversion rate, flow rate, and enzyme dosage was developed to assist in the design and optimization of the enzyme reactor. Moreover, simulated food components were continuously catalyzed in a packed bed reactor, resulting in an acrylamide reduction rate of nearly 89%. This work is the first to utilize food-grade agarose as the carrier and combine a mathematical model prediction with a continuous catalytic system, which enabled a rapid and efficient acrylamide control effect to be achieved.

Although the developed mathematical model was in agreement with the experimental values, large deviations were observed at high flow rates. As previously mentioned, this result might be due to differences in the kinetic parameters of the catalysts measured under batch and continuous conditions. It was speculated that when the flow rate was high, the substrate in the liquid phase failed to effectively contact the enzyme inside the carrier, resulting in nonactive enzymes in the internal space of the carrier. Using or developing a porous carrier with both a high specific surface area and high mass transfer efficiency might reduce these deviations. In this way, the enzyme reactor kinetic model might be more accurate and could be used for prediction instead of facilitating reactor optimization, which is more attractive. Furthermore, if a combination of a tubular packed bed reactor with a high conversion rate and a fluidized bed reactor with a high productivity could be designed, it might be possible to obtain greater benefits at a lower cost, and therefore, it is worthy of further study.
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A cell surface displayed system in Pichia pastoris GS115 was developed by using GCW61, a glycosylphosphatidylinositol-modified cell wall protein from P. pastoris, as the anchor protein. Thermomyces lanuginosus lipase (TLL) was successfully displayed on the P. pastoris cell wall by fusing GCW61 gene with TLL2 gene (NCBI Accession: O59952) that was optimized with codon bias and synthesized. Cell surface displayed TLL2 was confirmed by the immunofluorescence microscopy. Flask fermentation was performed for 144 h with lipase activity up to 1964.76 U/g. Enzymatic properties of cell surface displayed TLL2 were also investigated. Displayed TLL2 occurred the maximum activity at pH 9 and 55°C and demonstrated characteristics of wide thermal adaptability and alkaline pH resistance. The optimum substrate was p-nitrophenyl hexanoate. Bivalent metal ions Ca2+, Mn2+, and Zn2+ had the activation effect on displayed TLL2, while Cu2+, Fe2+, Fe3+, K+, Li+, Na+, and Co2+ ions had the inhibitory effect on it. Since cell surface displayed TLL2 required less purification steps compared with free enzyme and showed high enzyme activities, it would be able to be further applied in various potential applications.
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INTRODUCTION

Lipases (Triacylglyceroyl hydrolase, EC 3.1.1.3) are one of the most extensive used enzymes in the biocatalyst, which can catalyze a wide range of biological transformations, including hydrolysis, esterification, interesterification, alcoholysis, acidolysis, and ammonolysis (Jaeger and Eggert, 2002; Yamada et al., 2016). Contrary to most enzymes, lipases exhibit a wide specificity, recognizing very different substrates. This permits them to be as catalysts for very different reactions in a wide range of applications, including detergent, food, medicine, fine chemicals, biodiesel, biosensors, and biodegradation (Rodrigues and Fernandez-Lafuente, 2010a,b). Among lipases, Thermomyces lanuginosu lipase (TLL) has attracted more and more attention due to its noticeable thermostability (Fernandez-Lafuente, 2010). TLL was immobilized on silicate and commercialized with the name of Lipozyme TLIM in 1994 as a detergent additive by Novozymes Co. Nowadays, as an promising industrial biocatalyst, TLL is able to be used in many different fields, e.g., detergents, cosmetics, modification of oils and fats, production and recycling of biodiesel, organic chemistry, etc. (Prathumpai et al., 2004; Fernandez-Lafuente, 2010; Huang et al., 2012; Li et al., 2014). However, limited by the complicated separation and purification steps, the high cost or price seemed to be the bottleneck for the industrial production.

Cell surface display enables proteins to be displayed on the microbial cell surface by fusion with anchoring components (Lee et al., 2003). Cell surface display of enzymes on bacteria or yeast has been found effective in bio-catalysis reaction like free enzymes and behave better resistance to organic solvents to some extent (Yuzbasheva et al., 2015). Cell surface display integrates expression and immobilization of the enzyme together thus there is no requirement of complicated purification process except fusing the interest protein with anchor proteins through the convenient genetic operation (Kondo and Ueda, 2004). It has been used in many fields, such as live vaccine development, library screening and bioconversion (Georgiou et al., 1997; Tateno et al., 2007; Qiao et al., 2019), and have become a powerful technique in recent years. Up to now, few reports on the yeast surface display of TLL have been published, except Dai et al. (2012).

As for the yeast surface display system, many kinds of cell wall proteins such as Sed1, GCW21, Pir1, Flo1, CWP2, and GCW 61 have been used as anchor proteins on the cell surface in recent years (Kondo and Ueda, 2004; Kojima et al., 2012; Zhang et al., 2013). Most of them are glycosylphosphatidylinositol-modified cell wall proteins (GPI-CWPs), which contains the N-terminal signal peptide and C-terminal GPI signal sequence. They are essential proteins for the maintenance of normal morphology in yeast cells, and firstly found in Saccharomyces Cerevisiae (Hamada et al., 1998). Zhang et al. (2013) discovered about 50 kinds of GPI-CWPs derived from P. pastoris and used CALB as the target protein displayed on the surface for experimental verification, of which 13 GPI-CWPs could be used as anchor proteins in the P. pastoris surface display system. Displayed CALB exhibited the highest enzyme activities when the anchor protein was substituted with GCW61(Zhang et al., 2013).

In order to achieve the high expression of surface display of TLL in P. pastoris, we established a new cell surface display system with GCW61 as the anchor protein. By fusing GCW61 gene with TLL2 gene optimized with codon bias, TLL2 was displayed on the outer of P. pastoris GS115 cell wall and demonstrated high hydrolytic activity. Then displayed TLL2 was evaluated in regard of the optimum temperature and pH, as well as the stability toward temperature, pH, and substrate. The achievement of cell surface displayed TLL2 with good performance would be benefit the production cost reduction of TLL and foundation for its large-scale industrial application.



MATERIALS AND METHODS


Strains, Media and Growth Conditions

Escherichia coli TOP10F’ and P. pastoris GS115 (Invitrogen, United States) was used as a host strain for general cloning and a host strain for surface display studies, respectively. E. coli TOP10F’ was incubated at 37°C in Luria-Bertani medium (1% w/v tryptone, 0.5% w/v yeast extract, and 1% w/v NaCl) supplemented with 100 μg/mL kanamycin. P. pastoris was cultured at 30°C in following media: YPD (1% w/v yeast extract, 2% w/v peptone, and 2% w/v dextrose) for sub-cultivation, MD (1.34% w/v yeast nitrogen base, 2% w/v dextrose, 2% w/v agar) for the positive transformation selection, tributyrin plate (0.5% w/v ammonium sulfate, 0.3% w/v yeast extract, 0.5% w/v methanol, 2% w/v agar, 100 mM potassium phosphate pH 6, 0.5% w/v tributyrin) for the high expression strain selection, BMGY (1% w/v yeast extract, 2% w/v peptone, 100 mM potassium phosphate pH 6, 1.34% w/v yeast nitrogen base, and 1% v/v glycerol) for the cell growth, and BMMY (1% w/v yeast extract, 2% w/v peptone, 100 mM potassium phosphate pH 6, 1.34% w/v yeast nitrogen base, and 1% v/v methanol) for recombinant protein production.



Construction of the Plasmid

TLL2 gene (NCBI Accession: O59952) from Thermomyces lanuginosus was synthesized (Generay, China) with an EcoRI restriction and a Flag-Tag at the 5′ end and MluI restriction site at 3′ end. TLL2 gene was amplified using primers TLL2-F (5′-ACCG GAATTCGAGGTTTCTCAGGATCTTTTTAACCAGTTCA-3′) and TLL2- R (5′-ATCGACGCGTCTTATCGTCGTCATCCTTG TAATCGAGGCAGGTCCCGATAAGTCCGA-3′). TLL2 gene and GCW61 gene (NCBI Accession: XM_002494287) are co-cloned into the expression plasmid pHKA (His4 + Kna + 3’ AOX gene segment in plasmid pPIC9K was used to replace the zeocin resistance gene in the pPICZα A using BamHI and MluI sites), resulting in recombination plasmid pHKA-TLL2-GCW61. The plasmid was transformed into E. coli TOP10F’ competent cells and confirmed by using restriction enzyme digestion and DNA sequencing.



Yeast Transformation

Plasmids were linearized using SalI restriction enzyme (Takara, Japan) and transformed into P. pastoris GS115 competent cells via electroporation using the gene pulser apparatus (Bio-Rad, United States) with following parameters: 1500 V, 25 μF, and 200 V in a 0.2 cm cuvette. Electroporation was performed according to manufacturer’s instructions (Invitrogen, United States). Transformed cells were selected on MD agar plates, which had been incubated at 30°C for 2–3 days. Transformations were confirmed using the colony PCR, and the positive colony was transferred to the tributyrin plate for the high expression transformants screening.



Cultivation of P. pastoris and Expression of the Lipase

Transformants harboring the plasmids for cell surface expression of TLL2 were inoculated into a 50 mL Erlenmeyer flask containing 10 mL of BMGY medium and pre-cultivated overnight at 30°C and 250 rpm. Next, primary culture was inoculated from pre-cultures to obtain the cell density of OD600 of 1. Cells were grown in 25 mL of BMMY medium in the 250 mL Erlenmeyer flask in a shaking incubator at 30°C and 250 rpm. Fresh methanol was added to obtain a final concentration of 2% v/v every 24 h. OD600 and lipase activity was monitored throughout a 7-days incubation.



Immunofluorescence Microscopy

Immunofluorescence microscopy was performed according to the method reported previously (Kobori et al., 1992). P. pastoris was induced for 144 h in BMMY, and then were harvested by centrifugation for 1 min at 10,000 rpm and 4°C. The supernatant was discarded. Harvested cells were washed with distilled water and resuspended in ice-cold phosphate-buffered saline (PBS, pH 7.4), with 10 mg/mL of bovine serum albumin to block the cell surface. Anti-flag monoclonal antibody (Agilent, United States) was used as the primary antibody. Cell suspension was incubated with the primary antibody at a dilution of 1:200 in a total volume of 200 mL at room temperature for 2 h. Next, cells were washed twice with PBS and exposed to the secondary Alexa Fluor 488 goat anti-mouse IgG (H + L) antibody (Invitrogen, United States) at a final concentration of 10 ng/mL for 1 h at room temperature. Cells were washed three times with PBS and analyzed by using the BX51 fluorescence microscopy (Olympus, Japan). GS115/pPIC9K was also processed in the same procedure to serve as negative controls.



Surface Displayed Lipase Hydrolytic Activity Assays

A modified lipase hydrolytic activity assay was used (Kobori et al., 1992). After induction with BMMY for expression of TLL2, the hydrolytic activity was assayed by measuring spectrophotometrically with p-nitrophenyl octanoate (Sigma, United States) as the substrate. P-nitrophenyl octanoate was emulsified by sonication in ultrapure water containing 0.5% w/v Triton X-100, resulting in a final concentration of 25 mM. One milliliter reaction solution, consisting of 900 μL of 50 mM Tris–HCl buffer (pH 9), 50 μL of cell suspension with appropriate dilution, and 50 μL p-nitrophenyl octanoate, was incubated for 5 min at 55°C. After the reaction was completed, the assay mixture was centrifuged at 10,000 rpm at room temperature for 1 min. Two-hundred microliter aliquot of the supernatant was added to a 96-well plate, and the absorbance was measured using a kinetic microplate reader (Molecular Devices, United States). Average values were generated from triplicates of each sample. The cell concentration was determined by the OD600 measurement. One unit of enzyme activity of cell surface displayed TLL2 was defined as the amount of enzyme that released l μmol p-nitrophenol (pNP) per minute from p-nitrophenyl octanoate under the assay conditions.



Optimum Substrate

P-nitrophenol esters with different carbon chain lengths [p-nitrophenyl octanoate for p-nitrophenyl butyrate (Sigma, United States), p-nitrophenyl hexanoate (Ark Pharm, United States), p-nitrophenyl decanoate (Sigma, United States), p-nitrophenyl laurate (Sigma, United States), and p-nitrophenyl palmitate (Sigma, United States)] were used to determine the optimum substrate at a concentration of 25 mM for cell surface displayed TLL2. Operation procedures were the same as above, except replacing the substrate.



Effect of pH and Temperature

The optimal pH for cell surface displayed TLL2 was determined by examining the hydrolytic activity at 55°C in the following buffer: 50 mM citric acid-sodium citrate buffer, pH 6; 50 mM Tris–HCl buffer, pH 7–9; 250 mM glycine-sodium hydroxide buffer, pH 10-11.

The optimum temperature for cell surface displayed TLL2 was determined by examining hydrolytic activity in 50 mM Tris–HCl buffer (pH 9), over the temperature range from 35 to 65°C.

To study the thermal stability, cell surface displayed TLL2 was incubated at 50, 60, 70, and 80°C for 90 min. The residual activity was measured every 15 min. The relative activity after incubation was determined by comparing the activity with that without thermal incubation.

To determine the pH stability, displayed TLL2 was incubated at 55°C for 3 h at different pH in the range of pH 7–11 (50 mM Tris–HCl buffer, pH 7–9; 50 mM glycine–NaOH buffer, pH 10–11), then the residual enzyme activity was measured.

The residual activity was measured by hydrolytic activity assays as described above. All measurements were done in triplicate. In Figures 5A,B,D, the maximum activity of cell surface displayed TLL2 under optimal conditions was taken as 100% and the relative activity of enzymes was defined as the ratio of enzyme residual activity to the maximum enzyme activity. In Figure 5C, the original activity before thermal treatment was taken as 100%.



Effect of Metal Ions

Metal chloride solution [BaCl2, CaCl2, CoCl2, CuCl2, FeCl2, FeCl3, KCl, LiCl, MgCl2, MnCl2, NaCl, NiCl2, and ZnCl2 (concentration of 1, 5, and 10 mM)] was used to determine the effect of metal ions on the lipase activity. Cell surface displayed TLL2 was incubated in metal chloride solution and the residual activity was measured.



RESULTS AND DISCUSSION


Construction of the P. pastoris Surface Display System

In order to display TLL on the surface of P. pastoris GS115, approximate 900 bp fragment of TLL2 gene was synthesized and amplified (Figure 1A), then ligated with an about 160 bp fragment of anchor glycoprotein GCW61 gene into the pHKA expression vector, resulting in recombinant plasmid pHKA-TLL2-GCW61. Plasmids were confirmed by double restriction enzyme digestion (Figure 1B) and DNA sequencing.


[image: image]

FIGURE 1. (A) PCR amplification of TLL2. M: DL5000 DNA Marker; Line1–Line4: the product of TLL2 by PCR. (B) Identification of the recombinant plasmid pHKA-TLL2-GCW61. M(Left): DL5000 DNA Marker; M(Right): DL10000 DNA Marker; Line1 and Line2: the product of pHKA-TLL2-GCW61 by double digests.


Obtained plasmids were linearized using SalI and transformed into P. pastoris GS115 competent cells. After MD plate screening, positive transformants were verified using colony PCR with TLL2-F and 3’AOXI primer pair (Figure 2A). To select the high expression colony, positive transformants were further transferred on tributyrin plate (Figure 2B). The colony GS115/pHKA-TLL2-GCW61#8 with bigger hydrolytic circle was picked to be stored and conducted fermentation by flask.
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FIGURE 2. (A) Identification of GS115/pHKA-TLL2-GCW61 by colony PCR. M: DL5000 DNA Marker; line1–8: the colony PCR of GS115/pHKA-TLL2-GCW61. (B) Halo formation of GS115/pHKA-TLL2-GCW61 on the tributyrin plate.


After 168 h of induction with methanol, cells were harvested, and immunofluorescence microscopy of cells was performed. The green fluorescence of the immunostaining GCW61 fusion protein was clearly observed outlining P. pastoris GS115 harboring recombinant plasmid of pHKA-TLL2-GCW61. In contrast, little fluorescence was emitted by the control strain GS115/pPIC9K (Figure 3). This confirmed that TLL2-GCW61 fusion proteins were anchored on the P. pastoris GS115 surface.
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FIGURE 3. Detection of the recombinant P. pastoris with the immunofluorescence microscopy.




Productivity of the P. pastoris Surface Display System

GS115/pHKA-TLL2-GCW61#8 was selected to be fermented in flask, and GS115/pPIC9K was used as the negative control. From the growth curve of GS115/pHKA-TLL2-GCW61#8 (Figure 4A), the growth rate of surface displayed cells began to reach a plateau after 72 h of induction, which showed heterologous protein expression might have a certain adverse impact on the growth of host cells in the induced expression period. However, lipase activity retained increasing after 72 h and doubled within the following 48 h (72–120 h). After 144 h induction expression of transformants GS115/pHKA-TLL2-GCW61#8, the lipase hydrolysis activity reached 1964.76 U/g (Figure 4B).
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FIGURE 4. (A) Growth curve of GS115/pHKA-TLL2-GCW61. (B) Hydrolysis activity of GS115/pHKA-TLL2-GCW61.



[image: image]

FIGURE 5. (A) Optimum substrate of hydrolysis activity of cell surface displayed TLL2. C4 stands for p-nitrophenyl butyrate; C6 stands for p-nitrophenyl hexanoate; C8 stands for p-nitrophenyl octanoate; C10 stands for p-nitrophenyl decanoate; C12 stands for p-nitrophenyl laurate; C16 stands for p-nitrophenyl palmitate. (B) Optimum pH and temperature of cell surface displayed TLL2. (C) Thermal stability of cell surface displayed TLL2. (D) pH stability of cell surface displayed TLL2.




Enzymatic Properties of Cell Surface Displayed TLL2

The lipase activity of cell surface displayed TLL2 were detected by using p-nitrophenol esters with different carbon chain lengths as substrates. The results showed that hydrolytic activities of C4 (p-nitrophenyl butyrate), C6 (p-nitrophenyl hexanoate), and C8 (p-nitrophenyl octanoate) were higher than other p-nitrophenyl esters above C10, which suggested that cell surface displayed TLL2 preferred to catalyze the short and medium length chain of aliphatic acid ester. The optimum substrate was p-nitrophenyl hexanoate (Figure 5A).

As for pH and temperature, cell surface displayed TLL2 exhibited satisfactory alkaline pH and thermal adaptability (Figure 5B). The optimum pH was approximate pH 9, which is similar to the free TLL (NCBI Accession: AF054513) previously reported by Zheng et al. (2011). The maximum activity of cell surface displayed TLL2 occurred at 55°C, which is much higher than the optimum temperature of 30°C for the cell surface displayed TLL (NCBI Accession: AF054513) using Sed I as the anchor protein (Dai et al., 2012). In addition, cell surface displayed TLL2 showed above 70% activity from 40 to 65°C.

Moreover, when we focused the pH and thermal stability, the displayed TLL2 showed pretty good performance. As shown in the Figure 5C, cell surface displayed TLL2 retained approximately 70% of the original activity when it was incubated at 60°C for 90 min, which is almost coincides with the curve of 50°C. As for pH, more than 70% of lipase activities still retained after being preserved in pH 7 to pH 11 for 3 h that demonstrated the displayed TLL2 had good pH tolerance (Figure 5D).

Tables 1–3 showed the effect of metal ions on displayed TLL2 enzyme activity. As shown in Table 1, divalent metal ions Ca2+, Mn2+, and Zn2+ strongly activated the cell surface displayed TLL2. As for Zn2+, it was different from the results reported by Zheng et al. that Zn2+ has a certain inhibitory effect on free TLL (Zheng et al., 2011). There is a possible reason that the TLL2 spatial structure was influenced by the fusion protein GCW61, resulting in a change of dependence on some metal ions. Calcium ion was the strongest activator, and the TLL2 activity was found to be increased up to 839.36% when the calcium is at the concentration of 10mM. Another two groups, Cu2+, Fe2+, Fe3+, K+, Li+, Na+, Co2+ (Table 2) and Ba2+, Mg2+, Ni2+ (Table 3) had little activated and inhibitory effect on cell surface displayed TLL2, respectively.


TABLE 1. Metal ions with activation on cell surface displayed TLL2.

[image: Table 1]
TABLE 2. Metal ions with inhibition on cell surface displayed TLL2.

[image: Table 2]
TABLE 3. Metal ions with insignificant effect on cell surface displayed TLL2.

[image: Table 3]


CONCLUSION

Thermomyces lanuginosus lipase has broad application prospects due to its thermostability and substrate specificity. However, the low expression level of TLL and complexity of separation and purification process raises cost of the industrialized application. For this reason, the development and utilization of cell surface display to acquire higher performance TLL catalyst become the promising alternative way. This study reported the construction, expression and characterization of cell surface displayed TLL2 using GCW61 as the anchor protein in Pichia pastoris. Displayed TLL2 was relatively stable from pH 7 to 11 and retained approximately 70% of the original activity at 60°C for 90 min. Its maximal activities were observed at 55°C and pH 9. The high hydrolytic activity of 1964.76 U/g was obtained when the engineered strain was performed with flask methanol induced fermentation for 144 h. Displayed TLL2 exhibited higher activities in most kinds of metal ion solution, and could be strengthened by some kinds of metal ions, such as Ca2+, Mn2+, and Zn2+. Besides, displayed TLL2 preferred for short and medium length chain of aliphatic acid ester as substrates. These results indicate that cell surface displayed TLL2 might be suitable for a new cost-saving substitute for immobilized TLL in industry.
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Factors Absorption

rate
Absorbent Time Concentration Temperature

1 1(CP) 1 (15 min) 1(20g/L) 1(4°C) 72.94%
2 1 2 (30 min) 2 (80 g/L) 2 (10°C) 90.47%
3 1 3 (60 min) 3 (40 g/L) 3(20°C) 90.47%
4 2 (UWCP) 1 2 3 94.74%
5 2 2 g 1 91.04%
6 2 3 1 2 90.24%
7 3(CC) 1 3 2 73.49%
8 3 2 | 3 80.56%
9 3 3 2 1 75.54%
173 84.627 80.390 81.247 79.840

/3 92.007 87.357 86.917 84.733

/3 76.530 85.417 85.000 88.590

Ra 16.477 6.967 5.670 8.750
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Parameter

Empty biofilter volume (m?3)

Biofilter bed volume (m?®)

Gas flow rate (L h—)

Gas mixing ratio (CH4/COo/Air)
Temperature (°C)

Empty bed residence time (EBRT, min)

Value

0.0005
0.0003
0.9
1:156:84
25

20
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Surface elemental composition (atom, %)

Support material Contact angle (°)
C N (o] S Si Al Fe

FAC 25.49 1.69 31.66 1.53 24.45 14.29 0.89 42.0 £ 4.4°

CC 25.58 1.43 29.02 0.53 26.22 15.58 1.62 46.7 £1.5°

AC 87.97 1.91 7.73 0.29 1.07 0.81 0.21 131.7 £ 0.6°
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Support material CH,4 concentration Empty Biofilter Gas flow Empty bed Methane EC (g References

(%, v/v) biofilter bed volume rate (Lh=') residence time h=1m=9)
volume (m?) (m3) (EBRT, min)

Volcanic 0.9 0.0014 0.0007 0.0006 70 2.56 Sun et al., 2018b
Active carbon 0.9 0.0014 0.0007 0.0006 70 2.08 Wu et al., 2017
Sponge 0.9 0.0014 0.0007 0.0006 70 3.52 Sun et al., 2018b
Perlite 5 0.005 0.005 0.015 20 46.40 Kim et al., 2014b
Tremolite 5 0.005 0.005 0.015 20 27.72~28.96 Kim et al., 2014a
Glass 1 0.0015 0.001 0.0009 67 2.88 Karthikeyan et al., 2017
Polypropylene 1 0.0015 0.001 0.0009 67 3.32 Karthikeyan et al., 2017
Coal 1 0.0044 0.0039 0.096 2.4 19.20 Limbri et al., 2013
autoclaved aerated concrete 0.1 0.0051 0.0026 0.2 0.8 5.28 Ganendra et al., 2015
Suspended MOB 1 0.0005 0.0003 0.9 20 3.469 This work
FAC 1 0.0005 0.0003 0.9 20 4.628 This work
CC 1 0.0005 0.0003 0.9 20 3.989 This work
AC 1 0.0005 0.0003 0.9 20 3.556 This work
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Immobilization conditions

Immobilization yield

Actual enzyme load

(%) of each biocatalysts
(mg/q)

5 mM sodium acetate buffer, 84.6+4.2 50.8+25
pH 5.0
5 mM sodium acetate buffer, 79.8+43 479+26
100 mM NaCl, pH 5.0
5 mM sodium acetate buffer, 84.4 £ 4.7 506 +2.8
250 mM NaCl, pH 5.0
5 mM sodium acetate buffer, 79.1+45 474 £ 2.7
30% glycerol, pH 5.0
5 mM Tris buffer, pH 7.0 86.2 +4.9 51.7+£29
5 mM Tris buffer, 100 mM NaCl, 85.1+4.7 51.1+28
pH 7.0
5 mM Tris buffer, 250 mM NaCl, 842+ 5.1 50.6 &+ 3.0
pH 7.0
5 mM Tris buffer, 30% glycerol, 68.0 £ 3.7 408 £ 2.2
pH 7.0
5 mM Tris buffer, 10 mM CaCly, 84.6 +4.3 50.7 £ 2.6
pH 7.0
5 mM sodium phosphate 80.8+5.0 485 £ 3.0
buffer, pH 7.0
100 mM sodium phosphate 84.4+45 50.7 £ 2.7
buffer, pH 7.0
250 mM sodium phosphate 751 £ 3.7 451 £2.2
buffer, pH 7.0
5 mM sodium bicarbonate 92.6+4.2 556 +£25
buffer, pH 9.0
5 mM sodium bicarbonate 91.9+43 551 £ 2.2
buffer, 100 mM NaCl, pH 9.0
5 mM sodium bicarbonate 90.74 + 4.6 544 +£28
buffer, 260 mM NaCl, pH 9.0
5 mM sodium bicarbonate 88.4 £ 3.8 53.1+25

buffer, 30% glycerol, pH 9.0

Experiments were performed as described in section “Methods.”
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Immobilization conditions Activity versus pNPB (U/g) Activity versus triacetin (U/g) Half-life (min)

5 mM sodium acetate buffer, pH 5.0 82.39 + 4.86 310.50 + 18.63 116+ 18
5 mM sodium acetate buffer, 100 mM NaCl, pH 5.0 82.82 + 4.15 347.20 £ 20.15 110+ 14
5 mM sodium acetate buffer, 2560 mM NaCl, pH 5.0 7411 £ 4.44 296.90 + 14.55 125+ 16
5 mM sodium acetate buffer, 30% glycerol, pH 5.0 85.04 + 4.42 295 + 15.23 186+ 17
5 mM Tris buffer, pH 7.0 72.88 + 3.86 310.80 + 17.52 90+ 12
5 mM Tris buffer, 100 mM NaCl, pH 7.0 57.42 + 3.45 281.20 + 14.61 95+ 13
5 mM Tris buffer, 250 mM NaCl, pH 7.0 58.10 &+ 3.62 338 + 18.42 1156+ 13
5 mM Tris buffer, 30% glycerol, pH 7.0 5515 + 3.52 218 £12.10 130 £ 17
5 mM Tris buffer, 10 mM CaClyp, pH 7.0 48.99 + 3.26 289.33 + 13.69 (84 + 3%)*
5 mM sodium phosphate buffer, pH 7.0 54.17 + 3.58 329.80 + 16.85 190 + 21
100 mM sodium phosphate buffer, pH 7.0 49.88 + 3.11 302 + 15.6 (59 £ 3%)*
250 mM sodium phosphate buffer, pH 7.0 49.94 +£3.19 296 + 14.95 (57 £ 2%)*
5 mM sodium bicarbonate buffer, pH 9.0 62.05 + 3.08 183.10 £ 9.52 165 + 20
5 mM sodium bicarbonate buffer, 100 mM NaCl, pH 9.0 73.94 + 411 200.50 + 9.95 170 + 23
5 mM sodium bicarbonate buffer, 250 mM NaCl, pH 9.0 61.29 + 3.12 184.80 + 10.81 245 £ 295
5 mM sodium bicarbonate buffer, 30% glycerol, pH 9.0 79.97 + 4.68 212.90 +11.01 225+ 30.8

The experiments were performed using biocatalysts loaded using 60 mg of enzyme/g of support (see Table 2). The activities versus pNPB were measured as described in
section “Materials and methods” at pH 7.0 and 25 °C. The inactivations were performed at 75°C using 50 mM of Tris buffer at pH 7.0. Other specifications are described
in section “Methods.” *Residual activities after 24 h of inactivation.
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Kinetic parameter CadA ChBD-CadA I-ChBD-CadA

Vimax (Nmol product/min/iug)  24.57 £1.16 2304 +1.32  14.57 +£0.08
Km (mM) 0.64+0.03  0.66 +0.08 0.81+£0.17
Keat (min=" 0.13 + 0.01 0.12 £ 0.01 0.07 £ 0.01
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Cycle times

MW N =

Time (h)

2
2
25
35

Cadaverine yield (%)

9728 = 212
96.256 +£1.89
96.30 £ 1.91
97.11 £2.47

Residual enzyme activity (U/mL)

65.40 + 1.48
61.04 +£ 3.10
51.79 + 2.58
37.28 + 1.09

Residual protein amount (mg/mL)

0.71 £0.05
0.70 £0.03
0.67 £0.06
0.64 £0.04

Specific activity (U/mg)

9212+ 3.2
87.28+4.5
77.30+£3.7
58.25 + 1.1
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Immobilization matrix Enzyme?® Initial concentration of NADH ¥ roduct, (%) References

Polystyrene particles FateDH, FaldDH, ADH, GDH 50uM 52.6° El-Zahab et al,, 2008
GelCSi hybrid microcapsules FateDH, FaldDH, YADH 50mM 71.6° Wang D. et al., 2014
Porous siica sol-gel FateDH, FaldDH, ADH 50uM 9120 Obert and Dave, 1999
Alginate-siica hybrid gel FateDH, FaldDH, ADH 940pM 9.1 Xu etal., 2006

Hollow nanofiber membrane FateDH, FaldDH, ADH 1mM 103.2° Jietal, 2015

7F-8 FateDH,GDH, FaldDH, ADH 10mM 402° Zhuetal., 2019
Titania nanoparticle FateDH, FaldDH, 50mM 9.7 Shietal., 2012
Milimeter-scale gel bead FateDH, FaldDH, ADH 0.1mM 225° Jiang et al., 2009
HKUST-1@PEI(100)-MIL-101(Cr) CA, FateDH, GDH 0.1mM 353.9° This work

aFormate dehydrogenase (FateDH), formaldehyde dehydrogenase (FaldDH), alcohol dehydrogenase (ADH), glutamate dehydrogenase (GDH), and yeast alcohol dehydrogenase (YADH).
bThe final product was methanol.
©The final product was formic acid.
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MOF

MIL-101(Cr)
HMD-MIL-101(Cr)
Cystamine-MIL-101(Cr)
PEI(50)-MIL-101(Cr)
PEI(100)-MIL-101(Cr)

BET surface area (m?/g)

2,477
1,922
1,011
1314
1,160

Pore volume (cm®/g)

1.44
1.08
0.68
0.72
0.56
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MOF

MIL-101(Cr)
HMD-MIL-101(Cr)
Cystamine-MIL-101(Cr)
PEI(S0)-MIL-101(Cr)
PEI(100)-MIL-101(Cr)

HKUST-1
HKUST-1@HMD-MIL-101(Cr)
HKUST-1@Cystarmine-MIL-101(Cr)
HKUST-1@PEI(50)-MIL-101(Cr)
HKUST-1@PEI(100)-MIL-101(Cr)

Adsorption capacity for CO, (mmol/g)

1.88
257
311
4.48
825
217
0.65
0.80
0.94
1.14
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Immobilization conditions

5 mM sodium acetate buffer, pH 5.0

5 mM sodium acetate buffer, 100 mM NaCl, pH 5.0

5 mM sodium acetate buffer, 250 mM NaCl, pH 5.0

5 mM sodium acetate buffer, 30% glycerol, pH 5.0

5 mM Tris buffer, pH 7.0

5 mM Tris buffer, 100 mM NaCl, pH 7.0

5 mM Tris buffer, 250 mM NaCl, pH 7.0

5 mM Tris buffer, 30% glycerol, pH 7.0

5 mM Tris buffer, 10 mM CaCl2, pH 7.0

5 mM sodium phosphate buffer, pH 7.0

100 mM sodium phosphate buffer, pH 7.0

250 mM sodium phosphate buffer, pH 7.0

5 mM sodium bicarbonate buffer, pH 9.0

5 mM sodium bicarbonate buffer, 100 mM NaCl, pH 9.0
5 mM sodium bicarbonate buffer, 250 mM NaCl, pH 9.0
5 mM sodium bicarbonate buffer, 30% glycerol, pH 9.0

Activity versus pNPB (U/g)

13.256 £0.73
13.42 £0.79
13.47 £ 0.81
13.83 £ 0.65
10.90 + 0.62
11.67 £ 0.66
13.63 £0.78
12.79 £0.70
13.86 £ 0.85
13.27 £0.77
13.17 £ 0.65
14.20 £ 0.85
13.97 £0.75
13.39 £ 0.79
16.29 £ 0.82
183.14 £0.72

Activity versus triacetin (U/g)

298+ 0.14
320+ 0.17
320+ 0.19
3.46 +0.17
268+ 0.14
3.10+0.18
3.30+£0.19
3.27 £0.18
4.114+0.23
3.42 4+ 0.20
348+ 0.18
3.94+0.19
3.27 £ 0.16
3.10+0.17
3.562+0.18
258+ 0.13

Half-life (min)

90+ 10.8
120 £ 16.8
140 £18.2
110 £ 16.5
270 £ 37.8
180 £ 23.4
176+ 22.8
240 +28.8
280 £ 35.2
100 £ 13.6
220+ 27.5
410 £ 60.5
140 £18.2
1656 £ 22.4
165 £+ 20.5
160 £ 21.8

The experiments were performed using biocatalysts having 1 mg of enzyme/g of support. The activities versus pNPB were measured as described in section “Materials
and methods” at pH 7.0 and 25°C. The inactivations were performed at 70°C using 50 mM of Tris buffer at pH 7.0. Other specifications are described in section

“Methods.”





OPS/images/fbioe-08-00036/fbioe-08-00036-g001.jpg
300

LS
o~
(=3
-
)
o
- N
]
L ©
©o
T T T T T [=]
(=] (=3 [=] [=] m o o
N © ®© © ~
- -
(%) ‘A1anoe aApe|ay
o
¢ A rN

(%) “AnAnae aanejay

Time, (minutes)

Time, (minutes)

200 -

= (=] o

(=] 'e]
-

(%) ‘A1Anoe aAneRy

J-I_

6

T
o
0
-

200 -

(%) ‘A1Anoe aApe|ay

60

30

15

Time, (minutes)

Time, (minutes)





OPS/images/fbioe-08-00036/fbioe-08-00036-g002.jpg
Residual activity, (%)

100

80

60

40

20 -

150

300

450

600 750 900

Time, (minutes)

1050 1200 1350 1500





OPS/images/fbioe-08-00036/fbioe-08-00036-g003.jpg
150 120
§125 < 100 &
100 2 80
= 2
S 75 & 60
o [
> =
£ 50 T 40
@ [
g L “ 2
0 - T T T T T ] 0 + T T T T ]
0 500 1000 1500 2000 2500 3000 0 300 600 900 1200 1500
Time, (minutes) Time, (minutes)
C D
175
100 " C
. 150 s
X R T
=125 - 80 N1
2 2
Z 100 £ 60
S S
2 75 g 40
S 5 s
o X 2
25
0 . . . , . . 0+ . - : : v s
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Time, (minutes) Time, (minutes)





OPS/images/fbioe-08-00036/fbioe-08-00036-g004.jpg
Relative activity, (%)

100

80

60

40

20

300

600 900

Time, (minutes)

1200

1500





OPS/images/fbioe-08-00017/fbioe-08-00017-t001.jpg
Enzyme Kpn (MM)  Keat (S77) Keat/Km (S-1/mM)  Activity (U/mg)

KgBDH 5.4 4.9 0.9 6.7
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Strains Cells loading Substrate (mM) Time (h) Yield (mM) ee (%) References
E. coli BL21(DE3)-KgBDH-BsGDH Immobilized beads including 240 12 195 >99 This study

25 mg/ml wet cells
E. coli RIL/pET-R-SD-AS-G 50 mg/ml wet cells 44 24 44 99.9 Zhou et al., 2015
Candida parapsilosis 10 mg/ml wet cells 74 5 ~55 99.9 Wang et al., 2012
E. coli BL21(DE3)-BDHA-GDH 30 mg/ml lyophilized cells 400 3 396 >99 Cui et al., 2017
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acid)

C16:0 (Palmitic 20906 118£05 26503
acid)

C16:1 (Paimitoleic 74%03 5902 9202
acid, w-7)

C18:0 (Stearic 4202 19+0.1 44£04
acid)

C18:1 (Oleic acid, 16.6 £ 05 9003 20003
w9)

C18:2 (Linoleic 33%02 17 £0.1 3701
acid, 0-6)

C18:3 (Linolenic: 20+02 02400 2501
acid, w-3/6)

©20:1 (Eicosenoic 52+03 4901 5601
acid, -9)
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Time (min)  Acetonitrile-acetic acid (V/V,  Dichloromethane (V/V, %)
99.85:0.15, %)

0 100 0
4 100 0
12 90 10
25 90 10
30 70 30
35 70 30
45 20 80
55 20 80
60 100 0
65 100 0
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FA EPA DHA Other

Original fish oil

Total (%) 95+03 163 +£ 0.6 742 £1.0
sn-1(%) 10.1 £ 0.5 168 + 0.6 741 +£08
sn-2 (%) 83+05 174+ 05 743 +08

Residual glycerides mixture after Novozym ET2.0-mediated
methanolysis of fish oil

Total (%) 74402 532+ 0.4 397£07
sn-1 (%) 7005 539+ 06 39.1+06
sn-2 (%) 7203 52006 408+ 0.4
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Solvent logP Conversion (%)

DMSO —1.30 52.56 + 1.11¢c
Methanol —-0.76 50.28 £+ 0.82d
Ethanol —-0.24 54.08 £ 0.71¢c
Acetone —-0.23 52.53 +1.23¢
Isopropanol 0.28 4411 £ 0.65e
Tetrahydrofuran 0.49 65.39 + 0.24b
tert-butylalcohol 0.70 65.68 + 0.42b
t-Pentanol-pyridine 0.89 84.34 + 1.12a
Isopropyl alcohol 1.90 21.43 £+ 0.74f

The reaction time was 24 h. Data are expressed as the mean value (+ SD) of three
independent experiments; Data marked with a, b, and care significant differences
atp < 0.05.
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Time (min) Flow rate (mL/min)

0 1.000
20 1.000
25 1.000
26 1.000
30 1.000

Percent of mobile phase
substances (%)

A B
80 20
0 100
0 100
80 20
80 20

A: 0.1% formic acid solution (in water); B: methanol.
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Test no. Factors (level) Signal-to-noise ratio*

Cell density AgNPs NaCl Centrifugal force Concentration of AGNPs
1 1 1 1 1 1 715 +1.96
2 1 2 2 2) 2 6.95 + 1.91
3 1 3 3 3 3 2.24 + 0.61
4 2 1 1 2 2 10.53 £ 2.44
5 2 2 2 3 3 83.28 £ 4.79
6 2 3 3 1 1 26.06 + 5.81
7 3 1 2 1 3 18.13 £ 1.08
8 3 2 3 2 1 114.87 £ 25.22
9 3 3 1 3 2 61.25 +£22.10
10 1 1 3 3 2 1.34 £0.29
11 1 2 1 1 3 3.97 £ 1.65
12 1 3 2 2 1 8.86 +5.20
13 2 1 2 3 1 30.34 £ 10.37
14 2 2 3 1 2 40.52 +8.10
15 2 3 1 2 3 4.78 +£0.94
16 3 1 3 2 3 58.12 + 0.41
17 3 2 1 3 1 93.45 £ 10.33
18 3 3 2 1 2 31.25+5.93
K1j 30.51 125.60 181.13 127.07 280.72
K2j 195.50 343.04 178.80 204.10 151.83
K3;j 377.06 134.43 243.14 271.90 170.51
k1j 10.17 41.87 60.38 42.36 93.57
k2j 65.17 114.35 59.60 68.03 50.61
k3j 125.69 44.81 81.05 90.63 56.84
Rij 115.52 72.48 20.67 48.28 42.96

*The summation of signal-to-noise ratios of the peaks at 654, 732, 958, and 1008 nm~". The result shown in Table 2 was mean + SD after three measure-
ments of each sample.
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Level Factors
A B C D E
Cell density (cells/mL) AgNPs NacCl (M) Centrifugal forec (g) Concentration of AgNPs
1 108 AgNPs-1 0 0 0.5x
2 107 AgNPs-2 0.01 5000 1x
3 108 AgNPs-3 0.04 8000 2x
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Donor Acceptor Time Released Nucleoside

(min)  gua(%)  conversion (%)
Guanosine 2-ClAde 15 19405 05+02
45 5x2 65£05
120 481 71
2-FAde 15 211
45 48£05 25£05
120 52£15 52
81
2,6-DAP 291 706
15 50+ 1 38420
45 49:£2 4110
120
6-MeoGua 15 24405 1641
45 82 341
120 621 401
Ade 15 19£2 0501
5 45£2 81
120 481 8205

@Reaction ~ conditions: 224 ng of enzyme in 40 ul at 80°C, 20min.
[Substrates] 75mM, in 50 mM sodium phosphate buffer, pH 6.
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Apple juice T(%) 70°C, 30 min Freeze-thaw

T (%) Sediment T (%)
Untreated 6812210 733419° Yes 741 £1.5° Yes
AMF +MIL + UF 935310 939£22° No 927£25 No
AMF + MIL + MF 819£28° 821£18° No 810£26" No
MS +MIL + UF 829423 8254212 No 838426 No
MS + MIL + MF 540£1.7° 692:£1.9° Yes 703220 Yes
MS +FL + UF 893+£29° 897 £3.12 No 89.1£27° No

T, Light transmittance; AMF, alternating magnetic fielo; MIL, magnetic immabilized laccase; UF, ultrafitration; MF, microfitration; MS, mechanical stiring; FL, free laccase.
Means with different superscript lowercase letters within the same line are significantly different (p < 0.05).
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(A

SBET v d,q (average) dye (average)

(m?/g)  (cm®/g) (nm) (nm)
CaCOgz microspheres 6.888 0.048 30.914 27.937
(B)

Specific activity Km V max

Sample (mM min—1 mg—1) (mM) (mM min—1)
Free CE 48.32 0.25 £ 0.02 2.82+0.13
Cross-linked CE 7.63 0.94 +0.25 0.82 +0.16

Sger is the BET surface area; V is the total pore volume; pore size, dag and dge

were calculated using the BJH (Barett-Joyner—Halenda) method.
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DES residue? (mM)  Relative activity (%) Kmn (MM)  Viax (MM/min)  Keat (s77)  Keat/Km (571 mM—1)  kp (1072/h~1)

Free papain 0 100 1.35 0.95 7.58 5.62 4.27
Immobilized papain 1 0 86.4 1.47 0.79 5.60 3.81 3.85
Immobilized papain 2 116.7 36.8 1.94 0.31 1.08 0.56 412
Immobilized papain 3 10.5 97.3 1.38 0.92 5.69 412 2.48

aThe amount of DES in the immobilization solution after chitosan complete dispersion and dissolution. Immobilized papain 1: Chitosan without pretreatment with DES.
Immobilized papain 2: Chitosan pretreated with DES and without washing. Immobilized papain 3: Chitosan pretreated with DES and washed 3 times. The activity and
Kinetic parameters of the enzymes were obtained at 30°C. Kcat is the turnover number describing the maximal substrate turnovers per second per enzyme molecule.
Keat/Km expresses the efficiency of an enzyme to bind and convert a substrate molecule.
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II Parameter Surface area(m?/g) Pore Volume(cm?/g) Pore Size (nm)
(a) CS 0.63 0.0017 11.47
(b) TPESCS 2.15 0.0036 5.18
(¢) Papain@CS 2:51 0.0092 10.07
(d) Papain@™PESCS 3.28 0.0097 7.63

I11

~JN\ chitosan - glutaraldehyde
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Temperature TaGalU concentration Observed TaGalU activity

10°C 0.013 pg mi~1 213U mg~!
0.04 pg mi~" 424Umg™"
0.08 pg mi~! 15.6 Umg™"
8 pg mi—* 11.2Umg™"
22°C 8ugmli~! 61.7Umg™"
30°C 8 pugmi~! 68.4 Umg~’
50°C 0.013 g mi~1 1861 U mg~1!
0.04 pg mi~! 395 Umg™’
0.08 pg mi~! 157 Umg~"'
80°C 0.013 pgmi—* n.d.
0.04 pg mi~! n.d.
0.08 pg mi~! n.d.

Reaction solutions contained 2 mM UTP, 2 mM G1F, 4 mM MgClz, 50 mM Hepes,
pH 7.0, indicated amounts of TaGalU and reaction was carried out in 1 ml at
mentioned temperatures. Best conditions and highest specific activity is written
in bold. n.d., not detectable.
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Cell lines 1C50 (LM) 95% confidential interval

MCF-7/TR 70 13-18.2
MDA-MB-231 53 16.6-28.7

ICs0 half-maximal inhibitory concentration.
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Strain, plasmid, gene
or primer

Relevant characteristics

Source or reference

E. coli DH5a

E. coli BL21(DE3)

pLysS

pET16bP

pET16bP-Tagall

PET16bP-fw

pET16bP-rev

fhuA2 A(argF-lacZ)U169
phoA ginV44 ®80
A(lacZ)M15 gyrA96 recAl
relA1 endA1 thi-1 hsdR17
fhuA2 [lon] ompT gal (»
DEB) [decm] AhsdS »

DE3 =\ sBamHIo
AEcoRI-B
int::(lacl::PlacUvs:T7
genel) i21 Anin5

pET16b with additional
multiple cloning site; allows
production of recombinant
proteins with N-terminal
Histidine1o-Tag and gene
expression induction with
IPTG

pET16bP vector with
recombinant UDP-glucose-
pyrophosphorylase gene of
T. agreste DSM 44070
(Tagall)
5'-CATCACAGCAGCG
GCCATATCGAAG-3’

5'-CAGCTTC C
GGGCTTTGTTAG-3

New England Biolabs
Inc.

New England Biolabs
Inc.

Tischler et al., 2009

Eurofins Genomics

This study

This study
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SERIE

Operative conditions

Reaction cycles in the
MBR

S

Time contact between
Enzyme/glucose (h)

Amount of glucose in
contact with the enzyme
prior to the substrate
addition (mol)

2.43.1075
4.60-1075*
1.50 10-7*

Ultrafiltration with buffer
to remove glucose in
solution after UF process

Conversion%

93
82
23
96
93
94

*Moles of glucose bound to the enzyme, assuming that the glucose moles are equal to enzyme moles. **Moles of glucose remained in solution.
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Dilution factor Temperature pH Cross-linking Degradation rate

of the enzyme cc) agent (mg min~" L)
solution concentration
1 20 4 6 0.25% 801
2 20 20 7 05% 500
3 20 30 8 0.75% 4.59
4 50 4 7 0.75% 470
5 50 20 8 0.25% 6.49
6 50 30 6 05% 537
7 100 4 8 05% 391
8 100 20 6 0.75% 4.43
9 100 30 7 0.25% 6.12
Ky 587 554 594 687 -
Kz 552 531 527 476 -
K 482 536 500 458 -
R 1.06 023 0.94 230 -

aStandard degradation conditions: 55 wL. CLEA-RDE, 1mL 80% ChGly with 1mg mL~"
rutin content, 37°C, 15 min.
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Support Reaction parameters

Y (mol mol~1) x (MM h=1)
GA standard 0.87 £008° 1.14 £+ 0.006
GA fine 0.87 £ 0.042P 0.83 + 0.022
Am-GA standard 0.78 & 0.022:b 0.74 £ 0.042
Am-GA fine 0.81 + 0.042b 0.78 4+ 0.0042
CLAGs 0.74 £+ 0.03° 1.64 +£0.02

Syntheses were conducted at 30°C and 30/50/20% (w/w) in acetone/1-
butanol/aqueous solution ternary system. Superscripts are used to indicate a
statistically non-significant difference according to Tukey test (o = 0.05).
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Temperature (°C) Mass percentage

Acetone 1-butanol

30 0 80
10 70
30 50
0 60
10 50
30 30
0 40
10 30
30 10

50 [ 80
10 70
30 50
0 60
10 50
30 30
0 40
10 30
30 10

Superscripts are used to indicate a statistically non-significant difference according to Tukey test (a = 0.05).

Aqueous solution

20
20
20
40
40

883888

20
20
40
40
40
60
60
60

Reaction parameters

Y (mol mol~') x (MM h-1)
069 +006° 247 £009°
0.80 +0.0012 354 £0.18°
098+004 1.81 £ 0.05%°
0.41003° 337 +0.20°
0.57 +0.08%¢ 152 £021%4
058 +003% 149 +0.22°-°
0.39 +0.002°9 337 £0.11°
028.+0010de 135  0.240
023+001° 1.18 £0.18°
055+001™ 582033
044 £001™" 099 +002"
058+006™ 087 £0.12m
03900017 312024
01340020 087 £0.12m"
01200174 0.48 2 0.09mP
029+001° 137 £002™"
003 +0001Pa" 026 £ 0059
009 4 0.004P91 0,69 & 0.06™P:
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Parameter

Value with variable substrate

Hyp? PRPPP ATPS AMPY
K (mM) 1.014+005 677 +041 077 +0.04 8.02 + 0.40
Keat (51) 1.11+£006 2.82+021 0.07+0.003 0.16 +0.008
Keat/Knm 1.10 0.42 0.10 0.02
Ki (mM) 11.12 £1.02 - - -

aConcentration range 0.5-17.2 mM Hyp at a fixed PRPP concentration of 5 mM.
bConcentration range 0.5-17.2 mM PRPP at a fixed Hyp concentration of 5 miVI.
®Concentration range 0.5-10 mM AMP at fixed ATP concentration of 3.2 mM.
dConcentration range 0.5-10 mM ATP at fixed AMP concentration of 3.2 mM.
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Donor Acceptor Product 1 Specific activity (U/mg) Product 2 Specific activity (U/mg)

PRTase activity

PRPP Ade? AMP n.d.
Cyt? CMP n.d. — -
GuaP GMP 0.47 £0.03 - -
Hyp? IMP 0.53 +0.05 - -
Ura? UMP n.d. = =
Thy? TMP n.d. = =
XanP XMP n.d. = =

Kinase activity

ADP ADP® AMP 0.03 + 0.004 ATP 0.03 + 0.004

ATP AMPA ADP 0.09 + 0.01 — -

aReaction conditions were 6.5 pg of enzyme in 40 wl at 50°C for 10 min. Substrate concentrations were 2 mM PRPEF, 2 mM base, 2.4 mM MgCly in 50 mM sodium
phosphate buffer, pH 7. PReaction conditions were 6.5 g of enzyme in 40 wl at 50°C for 10 min. Substrate concentrations were 2 mM PRPP. 2 mM base, 2.4 mM
MgCly in 50 mM Tris-HCI buffer, pH 8. °Reaction conditions were 13 g of enzyme in 40 wl at 50°C for 10-20 min. Substrate concentrations were 6.4 mM ADR, 12 mM
MgCls in 50 mM sodium phosphate buffer, pH 7. 9Reaction conditions were 13 ug of enzyme in 40 ul at 50°C for 10-20 min. Substrate concentrations were 3.2 mM
AMPR 3.2 mM ATE, 12 mM MgCls, in 50 mM sodium phosphate buffer, pH 7.
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Organic Solvent Density Backbone Pocket RMSD Radius of Secondary structure relative content (%) SASA (nm?)
(kg/m3) RMSD (nm) (nm) gyration (nm)
o -helix B -sheet loop Hydrophobic Hydrophilic Total
Water 1,018.3 0.29 0.16 2.47 23.21 27.23 49.55 105.13 90.69 195.82
DMSO 1,083.9 0.21 0.16 2.51 24.55 27.23 48.21 112.72 89.25 201.98
PRG 9,68.2 0.34 0.29 2.45 16.52 22.32 61.16 120.47 63.1 183.57
EtOH 1075 0.43 0.35 2.34 16.07 21.43 62.50 128.89 56 184.89
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Solvent

Aprotic co-solvents
Ethyl acetate
Chloroform (non-miscible)
Acetone

Acetonitrile

DMF

DMSO

Protic co-solvents
Glycerol

Ethylene glycol
Propylene glycol
EtOH

MeOH

Isopropanol

Relative activity (%)

100
96
51
62
53
63

100
100
85
72
62
49

Log P

0.73

1.83
—0.21
-0.3
-1.0
-1.3

—3.03
—-1.80
—0.64
—0.24
—0.76

0.05

6.0

4.8
21
36.6
38.25
47.24

47
37
32
25
32.7
20

Reaction conditions were 6.5 ng of enzyme in 40 pl at 50°C for 10 min, in presence
of 20% organic co-solvents. Substrate concentrations were 2 mM PRPE 2 mM
Hyp, 2.4 mM MgCl» in 50 mM sodium phosphate buffer, pH 7.
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Factor Temperature  Speed (rpm) Proportion Coating

number (°C) (9/9) efficiency (%)
1 37 60 2:1 72.34

2 37 80 11 80.61

3 37 100 12 69.70

4 20 60 il 52.94

5 20 80 1:2 61.84

6 20 100 25 46.81

7 4 60 1:2 40.61

8 4 80 2:1 36.21

9 4 100 11 38.30
K1 2227 1.659 1.554 Total: 4.994
K2 1.616 1.787 1.719

K3 1.1561 1.548 1.722

Ko 0.7422 0.5530 0.5179

K® 0.5386 0.5955 0.5728

K® 0.3837 0.5160 0.5738

R 0.3584 0.0795 0.0560

Row rank 1 2 3
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Factor A/Temperature (°C) B/Speed (rpm) C/Proportion (g/g/L)?

1 ar 60 2
2 20 80 Tl
3 4 100 1:2

2The mass proportion of FezO4@chitosan (g): DCW (g/L).
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Molar Ratio of Fructose to Lactose

Inlet concentrations of sugar substrates (% w/w)

10

Reactor enzyme loading (IlUy-mL~1)
17.4

29.06

58.12

Feed flowrate (mL-min~1)

24
Yiu* CLu Y™ CLuy Yiu* CLu Y™ CLu
(9Lu/GLactosetotal) (9/L) (9Lu/YLactosetotal) (g/L) (9Lu/9GLactosetotal) (9/L) (9Lu/YLactosetotal) (g/L)
- - - - 0.064 415 — —
- - - - 0.137 7.51 — —
- - - - 0.193 8.39 - -
- - - - 0.228 10.562 — —
— — — — 0.246 9,19 - -
- - - - 0.209 7.27 — —
— — — — 0.246 9.14 — -
- - - - 0.185 7.79 — —
— — — — 0.162 0.53 - -
0.143 28.99 0.182 22.20 0.208 13.93 - -
0.149 30.19 0.193 23.60 0.246 16.43 — —
0.171 34.58 0.221 26.89 0.259 17.37 — —
0.165 33.43 0.216 26.24 0.259 17.28 — —
0.149 30.18 0.193 2355 0.246 16.42 0.277 13.00
0.122 24.76 0.183 22.24 0.245 16.40 0.276 12.87
0.161 32.32 0.214 26.02 0.22 16.13 0.238 1444
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Parameters

Lactulose yield (Y1 actuose)

Transgalactosylated
oligosaccharides (TOS) yield (Y7os)

Total yield of transgalactosylation
reaction (Y1)

Lactulose total yield (Y.,*)

Specific productivity of lactulose
synthesis (1t actulose)

Selectivity of lactulose synthesis
(SLu/0s)

Lactose conversion (X 4ctose)

Equation
M,
Yiactuose = o

— Mros
Yros = ML in— ML out

— MrostMiy
¥r= ML in =ML out

Y =X Y

M,
T actulose = ME—LUI

N
Stutos = s

My in— My out
Xiactose = v =

Lin

M jn =ML out

Continuous stirred tank reactor
Description

Represents the fraction of the mass of reacted lactose (M j» — My out) that is converted into
lactulose at the maximum lactulose concentration attained in the reaction (M)

Represents the fraction of the initial mass of reacted lactose (M jn — M out) that is converted into
TOS (M7os) at the maximum lactulose concentration attained in the reaction. TOS includes tri and
tetra-saccharides formed from lactose or lactulose during the reaction.

Represents the fraction of the of the mass of reacted lactose (M, i, — M o) that is converted into
lactulose and transgalactosylated oligosaccharides (tri and tetra-saccharides formed from lactose
or lactulose during the reaction).

Represents the fraction of the mass of total lactose that is converted into lactulose at the maximum
lactulose concentration attained in the reaction (M)

Represents the mass of lactulose produced per unit mas of protein in the enzyme preparation (Mg)
and unit of residence time (t), evaluated at the maximum lactulose concentration obtained during
the synthesis (My).

Represents the molar ratio of lactulose (Lu) to TOS in the reaction medium, evaluated at the
maximum lactulose concentration obtained during the synthesis. N;, and Nrps represent the moles
of lactulose and TOS respectively.

Represents the mass fraction of lactose that enters the reactor, which is reacted during reactor
operation.
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Structure Non-enzymatic Enzyme Immobilization Characteristics Application References
moiety method (regarding activity)
Monolith Poly(BMA-MAA- Trypsin Covalent binding 80% activity upon 5 IMERs®” Zhao et al., 2020
EDMA)? (thiol-ene) cycles;864 times faster
digestion
Methacrylate Cytochrome P450 Affinity (biotin-avidine) Reduction hydroxilation up IMERs Nicoli et al., 2008
Convective to 75% in presence of drug
Interaction Media
(CIM) disks
Ethylenediamine Arginase Covalent (GAZ") Km@P ca 14 mm3! IMERs André et al., 2011
(EDA) CIM disks
pDM/P/AUR Trypsin Adsorption Km@P13.9 mg/mL; IMERs Zhao et al., 2019
Vmax®P16.1 pg/mL/min®?
TRIM* Trypsin Covalent binding 79.41% sequence IMERs Fan et al., 2020
(thiol-ene) coverage of BSA3?
CP! film PTTBAS/AUNPs AChE'9/Ch0%° Covalent LOD® 0.6 nM Electrochemical Akhtar et al., 2017
biosensor of Ach®®
PTTCA® GIuOx?! Covalent (EDC?8) LOD 0.1 uM Biosensor Glu Rahman et al.,
2005
MWCNT’/PTTCA MP22, CAT23, Covalent (EDC-NHS?9)  LOD 4.3 nM Electrochemical Abdelwahab et al.,
/AUNPs SOD%* biosensor of NO 2010
PEIS/CNT? GOx?5/CAT Covalent Km@P 2.6, 4.3and 41 mM  EBFC39/GBFC*0 Christwardana
(GOx, CAT, and GOx/CAT) etal., 2017
MPD?% 180.8 pW?cm—2
Polymer film CdTe(QDs'0)/PDDA'! GOx, Tyrosinase Adsorption LOD 10 mM (catechol);LOD  Fluorescent biosensor Yuan et al., 2012
5 mM (glucose) of glucose and catechol
PPE'2/poly(aniline)  p-lactamase Adsorption (LbL30 High and fast activity Fluorescent biosensor ~ Vazquez et al.,
technique) of penicilin G 2007
CTPR'S proteins CAT Covalent (GA) Activity preserved. Energy device Sénchez-deAlcazar
Reusability etal., 2019
HEAA™, GOXx, B-Glu®® Affinity binding LR% 0.1-1.5 x 1073 m. Electrochemical Rodriguez-
MBAAM'S, Vim16 400-fold increase in biosensor and Abetxuko et al.,
isopropanol vs. HoO biotransformation 2019b
Cu?*/Hemin GOx In situ encapsulation LOD 2.73 pM; sensitivity Biosensor of glucose He J. etal., 2016
22.77 pAmM~—1 cm—2
Polymer Brush PSBMA'7, Lipase Covalent >100-fold increase Model for biocatalysis Weltz et al., 2019
PEGMA'8 (NHS) + Non-covalent and biosensing

interaction

1Conducting polymers; 2butyl methacrylate-a-methacrylic acid-ethylene glycol dimethacrylate; 3cryogel composite; *trimethylolpropane trimethacrylate; °2,2:5,2-
terthiophene-3-(p-benzoic  acid); ®Poly-5,2':5',2" -terthiophene-3'-carboxylic ~acid; "multi-walled carbon nanotubes; 8polyethylenimine; °carbon nanotubes;
10quantum dots; ' poly(dimethyidiallylammonium chioride); 2polyphenyl ether; 3consensus tetratricopeptide repeat protein; ‘*hydroethylacrylamide; 1°N,N’'-
methylenebisacrylamide; ®vinyl imidazole; 17 poly(sulfobetaine methacrylate); 18poly(poly(ethylene glycol) methacrylate); °acetylcholinesterase; 2Ocholinesterase;

2glutamate  oxidase;

2microperoxidase;

2catalase;

24superoxide  dismutase;

25glucose  oxidase;

268_glucosidase;

27 glutaraldehyde;

281-Fthyl-3-(3-

dimethylaminopropyl)carbodiimide; 2°N-hydroxysuccinimide; layer-by-layer; 3'apparent Michaelis constant; 32maximam velocity; 33bovine serum albumin;
34Jimit of detection; 3®maximum power density; %8linear range; 37 immobilized monolith-enzyme reactor; 38acetylcholine; 3%enzymatic biofuel cell: “°glucose biofuel cell.
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Structure Non-enzymatic Enzyme Immobilization Hybrid size Characteristics Application References
component method (regarding activity)
Hydrogels PEG® Lac'® Entrapment Macro Six cycles (100%) Polymerization Zhang et al., 2020
hydroquinone
PEG, dithiothreitol ALP'6, Covalent binding 9-32 pum [Enzyme] dependent Model for tissue Jivan et al., 2016
(OTT) GOx'" (Click chem) increase engineering, drug
delivery, and
biosensing
PNIPAM* Cellulase Entrapment 450 nm 85% retained after six Bagasse Zhou et al., 2019
cycles saccharification in
[EMIM]OAG?®
PEGDA®/Dextran CAT'® Entrapment 20 pm 52% of the original after  Micromotor Keller et al., 2018
UV exposure
Alginate LOx'9/CAT  Entrapment 11 um 20 cycles (100%) Lactate sensing Biswas et al., 2017
LbL! Poly dextran/poly-  ASN20 Encapsulation (LbL) 1-2 pm Slightly enhanced Model for therapy ~ Karamitros et al.,
microparticle L-arginine thermostability 2013
CLEPCs? Pluronic F127 OPH?1 Adsorption NA* High activity. MeOH Bioremediation of Kim et al., 2014
resistant OPs®
Pluronic F127 OPH Covalent (GA?*) ca. 600 nm Activity 2.2-fold vs. Bioremediation of Cheng et al., 2018
CLEAs. Activity 2.5-fold  OPs
with detergents
Imidazole-PAA® GOx Encapsulation and 400-900 nm Slight decrease and Model for Rodriguez-
affinity binding high thermostability biocatalysis Abetxuko et al.,
2019a
Agar, chitosan, a-amylase  Covalent NA* Higher activity retention  Model of Nadar et al., 2016
dextran and gum (biopolymers biocompatible
arabic oxidized) CLEAs®!
Polymer fibers ~ PAN’/MMT8/GOY  Lac Adsorption ca. d. 200 nm 39% of removal. GO Bioremediation Wang et al., 2014
increased stability
PMMA19/Fe304 Lac Covalent binding ca. d. 500 nm High activity retained Bioremediation Zdarta et al., 2019a
(EDC25/NHS?5), upon 40 days store
entrapment
pigLH Lac Entrapment, ca.d.500nm  Adsorbed lower Bioremediation Zdarta et al., 2019b
adsorption efficiency.
Km2PPads < Kim@PPentr?” .
PAN/PEDOT'? GOx Covalent binding ca. d. 800 nm Lowest LOD 2.9 pM. Amperometric Cetin and Camurlu,
(GA) Lowest K, @P biosensor of 2018
0.057 uM. glucose
PS13/PSMAT™ bCA?? Covalent binding ca. d.5um Activity preserved. Bioremediation Jun et al., 2020
(GA) Stability of ca. 800 days
Chitosan-gelatine HRP23 Covalent binding ca. d. 80 nm Activity preserved. Electrochemical Teepoo et al., 2017

*Not  availa
diacrylate;

ble;  Viayer-by-Layer;
8poly(acrylic  acid);

GA

2cross-linked  enzyme-polymer  conjugates;
poly(acrylonitrile);

8montmorillonite;

9graphene  oxide;

Spolyethylene  glycol:
10poly(methyl

LOD?8 0.05 mM

biosensor of HoO»

“4poly(N-isopropylacrylamide);
methacrylate);

Spoly(ethylene  glycol)
" poly(L-lactide-co-¢-caprolactone);

2poly(3,4-ethylenedioxythiophene);  "polystyrene; *poly(styrene-co-maleic anhydride); °laccase; '®alkaline phosphatase; "glucose oxidase; ‘8catalase;

19jipoxygenase;
3-(3-dimethylaminopropyl)carbodiimide;
291_ethyl-3-methyllimidazolium acetate; 30 organophosphorus; 31cross-linked enzyme aggregates.

asparaginase;

21organophosphate  hydrolase;
26N-hydroxysuccinimide;

22povine carbon  anhydrase;
2gpparent  Michaelis constant of adsorption and  entrapment;

23porseradish  peroxidase;

24 glutaraldehyde;
28limit of detection;

251-Ethyl-
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Structure Non-enzymatic Enzyme Immobilization Hybrid size Characteristics Application References
moiety method (nm) (regarding activity)
Reverse BHDC?® a-CT20 Encapsulation 1 Enhanced efficiency in Biotransformation Moyano et al., 2010
micelle water/BHDC® /benzene
CTAB*/AuNP Lipase Encapsulation ca. 40 3.5-fold increase vs. no  Model for Maiti et al., 2011
NP RMs®® nanoreactor
PS-based® plE2!, bCA%, Lyz?3  Encapsulation/Affinity ~ 37-50 Activity maintained in Selective transport  Gao et al., 2018
binding/adsorption the transport
Polymersome PMOXAS-PDMS”-  AGE24/NAL25 NAL, CSS 110 3.9-fold compared to Model for reaction  Klermund et al.,
PMOXA /CSS%6 adsorption. AGE polymersome without ~ segregation 2017
encapsulated membrane channel
PS-b-PAAS Trypsin Encapsulated 30-250 2 orders of magnitude Model for Chen et al., 2009
increase in enzyme confinement
efficiency vs. bulk
PEG?-b-PS CALB%" Encapsulated 200-400 Increased with Model for Kim et al., 2009
PEG-b-PSBA'0 permeability nanoreactors
controlled
permeability
PiCsome! PEG-b-P(Asp)'!, L-ASNase?® Encapsulation 100 Prolonged activity Model for therapy ~ Sueyoshi et al.,
P(Asp-AP)'2 in vivo 2017
PEG-P(Asp), B-Gal?® Encapsulation ca. 100 2-fold Kn@P39 vs. free  Enzyme delivery Anraku et al., 2016
Homo-P(Asp-AP)13 enzyme
MOFs? NPs  ZIF-8'* CAT30/GOX! Covalent bond on ca. 200 Activity preservation Photodynamic You et al., 2019
ZIF surface by therapy
GASB
CC-ZIF'® coated Cas9®? In situ 120 Activity preservation, CRISPR*/Cas 9  Alyamiet al., 2020
with cancer cells encapsulation fast release of Cas 9 delivery
membrane
ZIF-8 ¢29 DNA In situ ca. 90 Enzyme shielding, Rolling circle Zhang et al., 2019a
polymerase encapsulation activity preserved amplification (RCA)
in vivo
ZIF-8 and UiO-66'6  Taq polymerase Infiltration into ca. 1000 Increase of sensitivity Polymerase chain Sun et al., 2020
MOFs and efficiency reaction (PCR)
ZIF-8 Lipases In situ NA* High activity (15 days Model for Pitzalis et al., 2018
encapsulation storage) biocatalysis
ZIF-8 Cyt ¢33, HRP®4, In situ 20-30 Activity preserved even  Enhancing stability ~ Wu et al.,, 2017
CALB encapsulation in organic solvents
ZIF-8 Cytc Infiltration into ca. 1000 Km?®P reduced by Electrochemical Zhang et al., 2017
MOFs ~50%, 1.4-fold biosensor of HpoO»
increased sensitivity
ZIF-8 coating of B-Gal, CP-3% Encapsulation 70-200 Activity preserved Biomedical Chenetal., 2018
PVP17 application
COF/MOF COF42- GOx and CAT/GOx  In situ ca 1.5 Increase activity Model for cascade  Lietal., 2020
NPs B(BBTH/TB)' 8 encapsulation reaction

ZPF-219 or ZIF-90

*Not available; 'polyion complex vesicles; °metal organic frameworks; 3benzyl-N-hexadecyldimethylammonium chloride; *cetyltrimethyl-ammoniumbromide;
5polystyrene; ®poly(2-methyl-2-oxazoline); *polydimethylsiloxane; 8polyacrylic acid; ®polyethylene glycol; 1®poly(ethylene glycol)-b-poly(styrene boronic acid); 11 PEG-
poly(a,B-aspartic acid); 12poly([5- aminopentyl]-a, B-asoartamide); 3 homo-([5-aminopentyl]-a,p-aspartamide); *zeolitic imidazolate frameworks; °CRISPR/Cas9-ZIF;
18Universitetet i Oslo-66; 17 polyvinylpyrrolidone; 18covalent organic frameworks-42-B (2, 5- Bis(butenyloxy)terephthalohydrazide/1,3,5-triformylbenzene); 1°zeolitic pyrimi-
dine framework; 2°a-Chymotrypsin; 2'porcine liver esterase; 22bovine carbon anhydrase; 23lysozyme; 2*N-acyl-D-glucosamine 2-epimerase; 2°N-acetylneuraminate
lyase; 26CMP-sialic acid synthetase; 2" Candida antarctica lipase B; 28 -asparaginase; 2°B-galactosidase; ®catalase; 3! glucose oxidase; *2CRISPR associated protein 9;
33¢cytochrome c; 3*horseradish peroxidase; 3®caspase 3; 3®glutaraldehyde; 37 benzyl-n- hexadecyidimethylammonium chioride; 38reverse micelles; 3°apparent Michaelis
constant; “Oclustered regularly interspaced short palindromic repeats.
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Structure Non-enzymatic Enzyme Immobilization Hybrid size Characteristics Application References
moiety method (nm) (regarding
activity)
Micelle corona Pluronic F127 OPH8 Covalent 120 1.5-fold increase Bioremediation Suthiwangcharoen
(NHS?*-Lys) vs. free enzyme and Nagarajan,
(kcat2®) 2014
POEGMAZ HRP?, Est0 Affinity Ni2+/His tag 130-220 3-fold decrease vs.  Proof of concept Keller et al., 2017
free HRP (kcat) study
Dendrimer PBAS3-modified Cas9'/sgRNA'2, Nitrogen-boronate 100-200 >80% maintained Cytosolic enzyme Liu C. et al., 2019
PAMAM* trypsin, complexation after delivery (B-Gal)  delivery and gene
B-Gal's, Lyz'*,  Cation-nt editing
Cyt c'®, HRP, interactions lonic
and RNase A interaction
PAMAM + B-Gal, RNase lonic and 100200 Nearly 90% (HRP) Cytosolic enzyme Ren et al., 2020
dipicolylamine A, SOD'6, coordination delivery
/zinc (Il) a-CTV, Lyz, interactions
HRP, trypsin (DPA®%/Zn+ and
imidazole/amino)
NP PdPt bimetallic core  CALB'8/CALA'®  Bioadhesion- ca. 50 99% yield and 98%  DKR and Gao et al., 2020
and PDA? shell JOPH inspired ee?% (CALB). 78%  degradation of OP
strategy yield and 93% ee nerve agent
(CALA).
Iron oxide, PGMA®  ADH?, TL*" Covalent (GA%) ca. 70-160 97% yield in Model for Ngo et al., 2012
60 min > 99% ee heterogeneous
(R). 14 times catalysis
recycled 80%
activity.
Thermostable at
70°Cfor 12 h.
Iron oxide, PGMA 0ASS?2 Affinity (Ni-NTAZ7) 85 55% activity inthe ~ Unnatural aa Vahidi et al., 2016
10th cycle. synthesis
Self-assembled ~ PHPMA’ core GOx?3/HRP Covalent, 60-68 Fivefold enhanced ~ Glucose detection  Chiang et al., 2020
EPC' adsorption cascade activity

1Enzyme polymer conjugate; 2poly(oligo(ethylene glycol) methyl ether methacrylate); phenylboronic acid; *poly(amidoamine); ®polydopamine; ®poly(glycidyl methacry-
late); poly(N-(2-hydroxypropyl) methacrylate)); 8organophosphate hydrolase; °horseradish peroxidase; 1%esterase; 1 CRISPR associated protein 9; 12single guide RNA;
138_galactosidase; lysozyme; Y cytochrome c; ®superoxide dismutase; 17 a-chymotrypsin; '8Candida antarctica lipase B; 1°Candida antarctica lipase A; 2alcohol
dehydrogenase; 2'thermomyces lanuginose lipase; 220-acetylserine sulfhydrylase; 23giucose oxidase; 2*N-hydroxysuccinimide; 22 dipicolylamine; 2®glutaraldehyde;
27 ntrilotriacetic acid; 28Catalytic rate constant; 2%enantiomeric excess.





OPS/images/fbioe-08-00449/fbioe-08-00449-g005.jpg
magnetization(emu/g)

Ere0,
E=Fe,0,@cs
Ecirc

-30000 -20000

-10000

100
80
60
40

-100

Ms=80emu/g

Ms=32emu/g

Ms=31emu/g

10000 20000

Magnetic Field (Oe)

30000





OPS/images/fbioe-08-00699/fbioe-08-00699-g007.jpg
<
I~

Y Lactulose (gg _1)
e
N

0.8

I
o

<o
~

X Lactose (g' g ~1)

I
[§}

3 6 9 12
Flow rate (mL-min-')

3

6 9 12
Flow rate (mL-min')

T Lactulose (g'mjn‘l'g 1 )

o
i
T

3 6 9 12
Flow rate (mL-min1)

o
W
T

o
§)
T

3 6 9 12
Flow rate (mL-min)

-n

—
(=]

SLutos (mol-molY)
W

3 6 9
Flow rate (mL-min™)

12

3

6 9
Flow rate (mL-min!)

12






OPS/images/fbioe-08-00830/fbioe-08-00830-t001.jpg
Structure Non-enzymatic Enzyme Immobilization Hybrid Characteristics Application References
moiety method size (nm) (regarding
activity)
EPCs! PCBMA3 a-CT12 Covalent binding NA* Enhanced Potential protein Keefe and Jiang,
affinity/thermostability therapeutics 2012
PCBMA, POEGMA®, a-CT 5-30 Broaden functional Emulating Baker et al., 2018
PDMAEMAS, PQAS, pH chaperones for
PSMA’ modulating enzyme
folding
PNAME, pOEGMA Lyz'3 47-6.4 Enhanced Possible life Morgenstern et al.,
activity/solubility science 2018
applications
PSMA a-CT, UOX™, 13 (@-CT)  Enhanced Model for Baker et al., 2019
AChE'®, Lyz activity/solubility preserving the
surface charge
PDMAPA® TL® NA* 150% vs. free Polymer effect on Kovaliov et al.,
enzyme activity 2018
SENs® PAATO HRP!7 In situ 911 Thermostable at Model for Yan et al., 2006
encapsulation 65°C thermostability
PAA CALB'® 13-40 Stable at 60°C Stability in organic Ge et al., 2008,
(DMS0?") solvents 2009
PAA HRP, GOx? 10-20 No activity loss Stamped surfaces Beloqui et al., 2016
PAA HRP, SOD?, 15, 12, Activity in vitro Enzyme delivery Yan et al., 2010
cp-g?! 20
NH2-PAA CP-3 13 Low Enzyme delivery Gu et al., 2009
PAA GOx, HRP, PfE?, 10-20 50-100% Model for stability Beloqui et al., 2018
-Glu?3, CALB,
TvL?4,CAT, AOX?®,
NH2-Imidazole-PAA HRP 10 No activity loss Heterogeneous Rodriguez-
catalysts Abetxuko et al.,
2018
Imidazole, PEG Cas9?6 25 Not comparable Gene editing Chen et al., 2019
PCB! HRP <40 3-fold (keat)2® vs. Bioremediation Zheng et al., 2019
free
PCBMA Uricase ca. 30 100% (2 h at 65°C) Mitigating immune Zhang P. et al.,
response 2015

*Not available; 'enzyme polymer conjugates; 2single enzyme nanogels; 3poly(carboxybetaine methacrylate); *polyfoligo(ethylene glycol) methyl ether methacry-
late]; Spoly(dimethylamino)ethyl methacrylate; 8poly(quaternary ammonium methacrylate); 7 poly(styrene maleic anhydride); 8poly(N-acryloyimorpholine); °N-[3-
(dimethylamino)propyljacrylamide (DMAPA); Opolyacrylic acid; 11polycarboxybetaine; 12a-chymotrypsin; 13lysozyme; '4urate oxidase; 'acetylcholinesterase;
16thermomyces lanuginose lipase; 17 horseradish peroxidase; 18 Candida antarctica lipase B; 1°glucose oxidase: 2%superoxide dismutase; 2! caspase; 22Pseudomonas
fluorescens esterase; 23-glucosidase; 2* Trametes versicolor laccase; 22alcohol oxidase; 2CRISPR associated protein 9; 27 dimethyl sulfoxide; 28catalytic constant.
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Free enzyme Immobilized Free enzyme Immobilized
(h) (70°C) enzyme (h) (70°C) (h) (80°C) enzyme (h) (80°C)

IPS 243+1.4 87.7 £ 4.3 16.56+£0.6 47.8 £ 21
aGP 25.44+12 70.0 £ 3.6 7.7+04 341 +1.8
PGM 8.9+0.8 169+1.5 1.4+£02 35+0.3

IMP 2954+1.8 41 +£22 6.1 £0.3 11.0+ 04
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Sp. for free Sp. for immobilized Residual

enzyme U/mg enzyme U/mg activity%
IPS 2.07 £ 01 0.71 £0.04 34.30+1.9
aGP 16.13 £ 0.8 7.68 £0.3 47.57 + 2.1
PGM 1712+ 09 10.35 £ 0.4 60.50 + 2.6
IMP 8847 1.5 1870 £0.7 4082+ 1.8

Sp. represent specific activity.
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Organic solvents LogP Residual enzyme activity Residual enzyme activity

of CLEA-RDE (%) of free-RDE (%)
Dimethyl sulfoxide —1.3 626 268
Methyl alcohol ~ —0.76 9.6 7.96
Ethylacohol  —0.24 12168 66.32
Trichloromethane 2.0 180.01 102.43

“Standard degradation conditions: 55 wL CLEA-RDE or free-RDE solution, 1mL 80%
ChGly with 1mg mL=" rutin content, 37°C, 15 min.
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097
392
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(mg min~" L)

8.58
4.39
111
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0.30
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aStandard degradation conditions: 55 wL. CLEA-RDE, 1mL 80% ChGly with 1mg mL~"

rutin content, 37°C, 15 min.
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THNMR

Pyranosic ring 3 (ppm) (J/Hz) Alkyl group § (ppm) (J/Hz)
H-1 H2 H3 H4 H5 H6 H H2 HY H-4
445 354 3.68 396 372 38 368 1.63 14 0.93
(d 1H (ad, H (dd, 1H (dd, 1H (m, 1H (d,H 398 (@, 2H (sx,2H t2H
J=79 J=7.7) J=34) J=39 J=42) J=4.86) @2+ J=73 J=73) J=73

3¢ NMR
Pyranosic ring § (ppm) Alkyl group 5 (ppm)

c-1 c2 c3 c4 cs c6 cr cz c¥ ca
10273 7079 702 6868 75.00 60.88 72.76 309 18.47 13.08

d, doublet; t, triplet; q, quintuplet; sx, sextuplet; dd, doublet of doublets; m, multiplet.
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None
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Metal ions 1 mM (%) 5 mM (%) 10 mM (%)

None 100.00 100.00 100.00
Co?+ 66.59 78.43 126.44
Cu?t 39.18 15.51 59.63
Fe2+ 28.16 39.70 53.63
Fed+ 79.78 41.35 46.97
K+ 74.08 54.38 25.24
Li+ 59.78 56.10 28.84

Na* 61.87 58.65 18.73
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Method

In situ synthesis

In situ synthesis

In situ synthesis

In situ synthesis

In situ synthesis

In situ synthesis

In situ synthesis

In situ synthesis

In situ synthesis
In situ synthesis
Surface immobilization
Surface immobilization
Surface immobilization
Surface immobilization

Surface immobilization
Surface immobilization

Surface immobilization
Surface immobilization
Covalent linkage
Covalent linkage
Covalent linkage
Covalent linkage
Covalent linkage
Pore entrapment

Pore entrapment
Pore entrapment
Pore entrapment

Pore entrapment

Pore entrapment

MOF

ZIFs

ZIF-8, HKUST-1, etc.

ZIFs

ZIF-8

ZIF-8

ZIF-8
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Fe/Cu-MOF
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Al/Mg-MOF
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Enzyme

Cytochrome ¢, horseradish
peroxidase, lipase, etc.

Horseradish peroxidase,
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Catalase

Lipase, B-galactosidase,
glucose oxidase, etc.

Glucose oxidase, horseradish
peroxidase

Lipase

Dehydrogenase, horseradish
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Curve
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C10-DAG
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2212
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Substrate Peak Compound Functional group 3 (ppm)
80% Cg-DAG a CH CHs— 0.85-0.90
b CH -(CH2)4— 1.21-1.38
c CH -CHao— 1.57-1.63
d C,H,0 -CH,COO- 2.28-2.38
e C,H0O -CH,CHOHCH, - 3.55-4.35
83% C49-DAG a CH CHs— 0.80-0.90
b CH -(CH2)s— 1.20-1.38
€ CH -CHao— 1.58-1.70
d C,H,0 -CH,COO- 2.25-2.40
e C,HO -CH,CHOHCH;- 3.58-4.40
99% Cg-DAG a CH CHs— 0.76-0.90
b CH -(CH2)4— 1.23-1.33
c CH -CHao— 1.57-1.68
d C,H,0 -CH,COO- 2.27-2.31
e C,HO -CH,CHOHCH, - 3.59-4.30
99% C10-DAG a CH CHs— 0.75-0.89
b CH -(CH2)s— 1.13-1.36
c CH -CHa— 1.58-1.63
d C,H,0 -CH,COO- 2.27-2.41
e C,H,0 -CHoCHOHCHo - 3.569-4.30
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Multienzymatic cascade MEC example to L-NcAA MEC example to D-NcAA

Hydantoinase Process DHYD + HR + NSAR + LCAR DHYD + HR + DCAR
Amidohydrolase Process L-NxAH + NSAR D-NXAH + NSAR
Amidase Process L-AMID + ACLR D-AMID + ACLR
Amino acid oxidase-based MECs. DAAO/catalase + L-TA + TPL TpS + LAAO

Amino acid dehydrogenase-based MECs DAAO/catalase + LAADH + CRS LAAO/catalase + DAADH + CRS
Ammonia lyase-based MECs PAL + DACO PAL + LAAD
Transaminase-based MECs D-TA + L-PheDH + CRS LAAD + D-TA
Lipase-containing MECs Lipase + protease -

Tyrosine phenol lyase-containing MECs TD + TGDH + TPL -

Tryptophan synthase-containing MECs D-threonine aldolase + TrpS + AR -

Amino acid ester racemase/esterase system ACLR-homolog with AAER activty + esterase -

An illutrative example is shown, but there are other possible combinations. It s aduisable that the reader consults the specific example in the corresponding section
to determine whether () isolated, enantiopure and/or enantioenriched AAs are obtained, and (i) the MEC is a general method sutable for the production of different
NeAAs or specific NcAAs. Additional steps might also be necessary, such as separation of other compounds producedin the reations, or chemical steps o convert the
systems into chemoenzymatic DKR methods. DHYD, o-hydantoinase; HR, hydantoin racemase; NSAR, N-succinyi-amino acid racemase; DCAR, -Garbamoylase; LCAR,
L-carbamoylase; L-NXAH, L-N-Substituted amidohydrolase (e.g., L-acylase, LCAR or L-succinylase); D-NXAH, b-N-Substituted amidohydrolase (e.g., 0-acylase, DCAR,
or o-succinylase); L-AMID, L-amidase (e.g., L-proline amidase or L-amidase); ACLR, a-amino e-caprolactam racemase; D-AMID, b-amidase (e.., D-aminopeptidase);
DAAO, p-amino acid oxidase; L-TA, L-enantioselective transaminase; LAADH, L-amino acid dehydrogenase (e.g., LeuDH, GluDH); CRS, cofactor recyciing system; LAAO,
L-amino acid oxidase; TrpS, tryptophan synthase; DAADH, b-amino acid dehydrogenase; PAL, phenylalanine ammonia lyase; LAAD, L-amino acid deaminase; D-TA, D-
enantioselective transaminase; L-PheDH, L-phenylalanine dehydrogenase; TD, toluene dioxygenase; TGDH, toluene cis-glycerol de-hydrogenase; TPL, tyrosine phenol
Iyase; AR, alanine racemase; AAER, amino acid ester racemase.
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Substrate Composition (%)

Cg-DAG FFA
MAG
DAG
TAG
C10-DAG FFA
MAG
DAG
TAG

Crude DAG

6.70 +£ 0.1
46.7 £ 0.1
41.8+0.2

46+0.2
102+0.2
39.7 +£ 0.1
445+ 01

54 +£0.1

Molecular distillation

100°C

ND
11.36 £ 0.12
77.59 £ 0.2°
11.05 £ 0.1¢

ND

8.36 £ 0.12
80.62 £ 0.2°
11.02 £ 0.2°

120°C

ND
466 +0.2°
80.72 + 0.22
14.62 4+ 0.1°
ND
3.25 +0.20
83.79 £ 0.12
12.96 + 0.2°

140°C

ND
2.04 +£0.1°
79.39 £ 0.1b
18.57 £ 0.12
ND
2.01+0.2°
81.73 +0.1P
16.26 + 0.12

FFA, free fatty acid; MAG, monoacylglycerol; DAG, diacylglycerol; TAG, triacylglycerol; ND, not detected. All values are means =+ standard deviation of triplicate (n = 3);
Means that do not share the same letter in the same column are significantly different (o < 0.05).
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Sources DOF?2

Temperature 2
Speed 2
Proportion 2
Error 2
Total 8

Adj S8

0.194
0.0095
0.00616
0.00322
0.213

Adj MS

0.097
0.00475
0.00308
0.00161

F-value p-value

60.20 0.016
295 0.253
1.91 0.344

Significance

*

2Degrees of freedom. *Temperature is the most influential factor.





OPS/images/fbioe-08-00699/fbioe-08-00699-t004.jpg
Molar Ratio of Fructose to Lactose  Type of Reactor ~ Feed Flowrate

(mL-min -1)
4 =
1
5
12
6
8 u
4
CPBR 1
L
‘ 5
CSTR 12
ﬂ ¢
16 Batch -
Q
CPBR 1
L
; 5
CSTR 12

YLactulose
(grg-1)
0.29

0.15
0.32
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0.33

0.35
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0.37

0.34
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050
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Reactions in CPBR were conducted at a catalyst to packing inert material mass ratio of 1/8.

YTOS
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021

0.09

0.04
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Temperature (°C) kp (h—1) o t1/2 (h) R2

50 — - >120 -
60 0.189 0.436 21.8 0.99
70 0.112 0 13.4 1

kp: first-order inactivation rate; o specific activity ratio of the final and initial enzyme
species; R2: coefficient of determination.
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Methods

The preparation of
metal-hesperidin analogs
complexes

Biosynthesis pathway of
hesperetin analogs

The immobilization by
magnetic Fez0,@GO

Literatures

Gao et al. (2018)

Chen and Zhu (2018)

Carceller et al. (2019)

Koseki et al. (2008)

Yadav et al. (2012)

Patel et al. (2017)

Fan et al. (2017)

Hua et al. (2014)

Differences

The product was prepared by an integrated separation reaction pathway, but the substrate was not a
derivative of hesperidin.

The product purity of zinc-hesperidin complex prepared by solution coordination was lower than that
prepared by separation and integration method.

In this paper, GO was used to immobilize rhamnosidase for selective synthesis of citrus flavonoids prunin
and naringenin, but no magnetic separation.

The study focused on the hydrolysis ability of extracted rhamnosidase to flavonoids and did not immobilize
the enzyme.

The enzymatic properties of a-L-rhamnosidase were studied after it was purified without immobilization, and
hydrolyzed naringin, rutin and tangerine to liberate L-rhamnose.

Reduced GO-FezO4 was synthesized to support enzyme immobilization. Unlike the enzyme immobilized in
my paper, and the immobilized material GO was reduced.

A composite material (MIP@Fe3;O,@GO) was used to simultaneously separate and enrich two alkaloids
(evodiamine and rutaecarpine) in the extract of evodiae fructus.

The oxidative degradation characteristics of bisphenol A in a heterogeneous Fenton reaction catalyzed by
Fe304/GO were studied. It is different from the application of the composite in my paper.
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Sample Km/(ng-mL—1) Vmax/ng/(mL-min)

Free enzyme 479.0426 0.7467
Immobilized enzyme 489.6313 0.7612
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Factor DF

Temperature 2

Time {2}
Ratio molar 2
Biocatalyst 2
Residual 2
Total 8

SS

59.5
{20.5}
147.2
453.9

10.2
670.8

MS

29.7

73.6
226.9

F-value

2.9

72
22:1

p-value

0.2572

0.1232
0.0432

Contribution (%)

8.7
3.0
21.6
66.6

100

Further details are given on the section “Materials and Methods.” 8Means a 95%
confidence interval reflects a significance level < 0.05.
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Levels Temperature Time (h) Molar ratio Biocatalyst

(°C) (FFAs/alcohol) (%m/m)
1 29.8 25.8 33.2 18.3
2 29.7 29.3 27.3 30.5
3 24.3 28.7 23.3 35.1
Delta 55 3.5 9.8 16.8
Ranking 3 4 2 1

Further details are given on the section “Materials and Methods.”
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Run Temperature (°C) Time (h)

30
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4]
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1:3
125
11
18
11
1:3
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- O o0 0= © © o =

Conversion (%)

146+ 0.5
451 £0.1
456.3 £0.0
50.5 £+ 0.1
6.9+ 0.6
81707
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79.8 £0.7
54+£02

S/N

23.3
33.1
33.1
34.1
16.8
38.2
20.2
38.0
14.7

Additional details are provided in section “Materials and Methods.”
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Biocatalyst Half-life (t; 2, min)

pH5 pH7 pH 10
RML 6.4 12.8 5.8
FezgO4 @APTES-RML 105 108 91

Further details are given in section “Materials and Methods.”
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Biocatalyst 1Y (%) Aty (U/g) Atg (U/g) Atg (%)

FesO4@APTES-GLU-RML  91.9+0.2 4985402 199.6+35 40.0+35
Fezs 04 @APTES-RML 94.7+1.0 45804+1.0 341.3+12 745+12

Further details are given in section “Materials and Methods.”
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Temperature Time Molar ratio Biocatalyst
(°C) (hours) (FFAs/alcohol) content
(Yom/m)
Level 1 (L1) 30 2 1:1 1
Level 2 (L2) 40 4 1:3 5
Level 3 (L3) 50 6 15 9
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Medium Log P Viscosity? Vo (mM/h) Time (h) Cb (%) 6"-Regioselectivity® (%)
DMSO —1.30 2.24 . 3.0 2.7+04 100
Dioxane —-1.10 1.30 3.8+ 0.1 14.0 43.7 £ 0.5 100
DMF —1.00 0.92 - 3.0 3.5+ 0.1 100
Acetonitrile -0.33 0.37 50+0.2 14.0 65.6 £ 1.0 100
Acetone -0.23 0.32 57+0.2 14.0 63.3+0.9 100
THF 0.49 0.55 6.0+0.3 12.0 70.0+1.5 100
t-Butanol 0.60 3.30 28+ 0.1 16.0 50.7 £ 0.5 100
Pyridine 0.71 0.97 - 4.0 6.7 £ 0.1 100
MeTHF 0.99 0.60 71+£03 12.0 785+1.2 100
t-Amyl alcohol 1.15 3.70 51+£0.2 14.0 59.6 £ 0.7 100
Cyclohexanone 1.43 2.20 2.7+01 14.0 47.5+1.3 100

Reaction conditions: 0.03 mmol hyperoside, 0.21 mmol vinyl decanoate, 180 mg Fe304@PDA-TLL, 3.0 mL anhydrous solvent, 45°C, 200 rom. @ The viscosity of medium
at 20°C. PMaximum conversion. ©Regioselectivity was defined as the ratio of the concentration of the indicated product to that of all the products formed.
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Secondary structure a-helix (%) B-sheet (%) B-turn (%) Random coil (%) Amidase activity (U/mg)

Free alcalase 129401 241+02 11.1£0.1 51.9+03 105+27
Alcalase@HMSS-NH,-Fe3+ 171 +£0.1 28.7+0.1 131 +0.1 41.1+01 555+6.2
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Acalase@HMSS- 358 23 156
NH,-Fed+
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Alcalase@HMSS-NH;

Alcalase@HMSS-NH,-Cal*
Alcalase@HMSS-NH-Zn?*
Alcalase@HMSS-NH,-Cu?+
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Immobilization
method

Physical
adsorption
Metal-protein
affinity
Metal-protein
affinity
Metal-protein
affinity
Metal-protein
affinity

Loading
capacity
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2140+346

182.6 +£27.6

1245 = 16.4

136.7 £ 38.1

227.8+23.7

Amidase
activity
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Materials

Nanoporous gold

Amino-modified siver denditic
hierarchical nanostructure
QilGOxopa-functionalized TiO,
nanoparticles

PDA-PEVTIO, hybrid
microcapsules

Agarose beads modified by
glyoxyl and boronate

Octyl-modiiied agarose

Model enzymes

GOx and lignin peroxidase
GOx and glucoamylase
Formate dehydrogenase and
formaldehyde dehydrogenase

GO, catalase

NADH oxidase, formate
dehydrogenase and peroxidase

Lipase and p-galactosidase

Applications.

Preparation of gluconic acid
from glucose

Preparation of gluconic acid
from starch

Preparation of formaldehyde
from CO,

Preparation of gluconic acid
from glucose

Preparation of insoluble
phenolic derivatives from
aromatic compound
(phenol, 2,4-dichlorophenl,
4-aminophenol or
a-naphthol), formic acid
Preparation of galactose
o Hacetl and lectoss.

Types of
multi-immobilization

Random co-immobilization

Random co-immobilization

Compartmentalization

Random co-immobilization

Random co-immobilization

Compartmentalization

References

Qiu et al., 2009

Rezaei et al., 2019

Shietal,, 2012

Shietal.,, 2015

Rocha-Meartin et al.,
2014

Peirce et al., 2016
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Materials

Aminoalkylethoxysilane activated
siica beads

Catechol-modified gelatin-silica
microcapsules

Nanoscale siica layers

Poly(acrylic acid) brushes-nano
spherical siica

$i02 nanoparticle colloidosomes.

Core-shell magnetic SO hybrid
nanoparticles

Amino-modified Fes0a/SiO;
core-shell nanospheres.

Model enzymes

GOx and HRP

FateDH, FaldDH and YADH

Celulase, glucokinase and
phosphoglucose dehydrogenase

GOx and HRP

GOx and lignin peroxidase

Celulase and lysozyme

Glucoamylase and a-amylase

Applications.

Preparation of gluconic acid
from glucose

Preparation of methanol
from CO,

Preparation of cellobiose
from
6-phosphogluconalactone
Detection of glucose

Preparation of ethyl acetate
from pyridine-N-oxide
Biocatalysis (cell-walls
degradation)

Preparation of glucose from
starch

Types of
multi-immobilization

Random co-immobilization

Compartmentalization

Compartmentalization

Random co-immobilization

Compartmentalization

Random co-immobilization

Random co-immobilization

References

Van Aken et al., 2000

Wang etal., 2014

Begum etal., 2015

Zhao et al., 2016

Liu etal., 2018

Chen Q. etal., 2018

Bian et al.,, 2018
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Materials

Polystyrene nanoparticles

Polydoparnine microcapsle

Dendronized polymer
(de-PG12000)

Polyurethane hollow nanofiber
ABA polymersomes
Supramolecular-polymeric hybrid
hydrogel

PNIPAm-PEI

PMOXA-PDMS-PMOXA
Polymersomes

Polyglycidyl methacrylate sphere

LDPE-g-poly(PEGDAYBG-g-
PAANa
film

Model enzymes

FDH, FaldDH, ADH and GDH

aamylase, p-amylase and
glucosidase

Superoxide dismutase and HRP
3a-HSD, DP and NADH

GOx and HRP

GOx and HRP

Pyruvate kinase and L-lactic
dehydrogenase
AGE, NAL and CSS

GOx and catalase

B-glucosidase and cellulase

Applications

Preparation of methanol
from CO,

Preparation of
isomaltooligosaccharide
from starch

Preparation of ABTS*~, Oy
from ABTS2-, 03~
Preparation of 3-O-bile acid
from bile acids

Preparation of
D-gluconolactone from
glucose

Preparation of gluconic acid,
phenazine-2,3-diamine from
glucose,
O-phenylenediamine
Preparation of lactate from
phosphoenol pyruvate
Preparation of
OMP-NeuSAc from GicNAc,
pyruvate and CTP
Preparation of gluconic acid
from glucose

Preparation of glucose from
cellulose

Types of References

multi-immobilization

Random co-immobilization El-Zahab et al., 2008

Compartmentalization Zhang etal., 2011

Random co-immobilization Grotzky et al., 2012

Random co-immobiization Jietal, 2014
Compartmentalization Sitietal., 2014
Random co-immobiization Wei et al., 2016

Random co- Dubey et al.,, 2016
immobilization/compartmentalization
Compartmentalization Klermund et al., 2017

Random co-immobilization Liao et al., 2019

Compartmentalization Wang Y. etal, 2019
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Materials

DNA origami (hexagon-like
strips)

Rectangular DNA origarmi
DNA-inhibitor scaffold
Rectangular DNA origami
DNA origarmi

DNA hybrid (polystyrene)
Rectangular DNA origami
Triangle DNA origarmi

DNA hybrid (dopamine@

magnetic nanoparticles)

DNA hybrid (Fes0s@SiOz
nanoparticles)

DNA nanotweezer

Rectangular DNA origami

Triangle DNA origami

DNA Tetrahedron scaffold

Model enzymes

GOx and HRP

GOx and HRP

Invertase, GOx and HRP
GOx and HRP

GBpDH and MDH

GOx and HRP

Xylose reductase and xylitol
dehydrogenase

GOx and Catalase

GOx and HRP

GOx and HRP

GOx and HRP

Glucose 6-phosphate

dehydrogenase and lactate
dehydrogenase

Amylase, maltase and
glucokinase

GOx and HRP

Applications

Proparation of gluconic acid
from glucose

Preparation of gluconic acid
from glucose

Preparation of O-dianisidine
from sucrose and glucose
Preparation of gluconic acid
from glucose

Preparation of malic acid
from oxaloacetic acid
Preparation of gluconic acid
from glucose

Preparation of xylulose from
D-xylose

Preparation of gluconic acid
from glucose

Preparation of gluconic acid
from glucose

Detection of target DNA

Detection of glucose
Preparation of
6-Phosphogluconic acid,
lactate from
glucose-6-phosphate,
pyruvate

Preparation of
glucose-6-phosphate from
maltoheptaose

Detection of glucose

Types of
multi-immobilization

Positional co-immobilization

Positional co-immobilization

Positional co-immobilization

Positional co-immobilization

Positional co-immobilization

Positional co-immobilization

Positional co-immobilization

Compartmentalization

Random co-immobilization

Random co-immobilization

Positional co-immobilization
Positional co-immobilization

Positional co-immobilization

Positional co-immobilization

References

Wilner et al., 2009

Fuetal, 2012

Liuetal., 2013

Fuetal, 2013

Fuetal, 2014

Jiaetal., 2015

Ngoetal, 2016

Sunetal., 2017

Yang et al., 2017

Song et al., 2018

Kouetal., 2018
Chen Y. etal., 2018

Klein et al., 2019

Wang D. et al., 2019
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Materials

ZIF-8
PCN-888

HKUST-1@Fe304
nanoparticles
ZF8

PCN-333
Amine-functionalized
MIL-101(Cr)

Model enzymes

GOx and HRP
GOx and HRP

GOx and HRP

Glucoamylase and a-amylase
Cholesterol oxidase and HRP
Carbonic anhydrase, formate

dehydrogenase and glutamate
dehydrogenase

Applications

Detection of glucose
Preparation of gluconic acid
from glucose
Preparation of gluconic acid
from glucose

Preparation of glucose from
starch

Detection of cholesterol

Preparation of formic acid
from CO,

Types of
multi-immobilization

Random co-immobilization

Positional co-immobilization

Compartmentalization/Random
co-immobilization

Random co-immobilization

Compartmentalization
Compartmentalization

References

Wu et al., 2015
Lian et al., 2016

Chen et al., 2017

Salgaonkar etal.,
2018

Zhao et al., 2019
Lietal., 2019
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Materials

Amino-modified SWCNTs

MWCNTs
MWCNTs
MWCNTs

CNT Columns

Model enzymes

Glycerol dehydrogenase and
NADH oxidase

GOx and HRP
Glucoamylase and GOx
Salioylate hydroxylase and
tyrosinase

Hydrogenase, NAD* reductase
and dehydrogenase

Applications

Preparation of
4-hydroxy-2-butanone from
1,3-butanediol

Detection of glucose
Detection of starch
Detection of methyl
salicylate

Preparation of L-alanine/(S)-
1-phenylethanol from
pyruvate/acetophenone

Types of
multi-immobilization

Random co-immobilization

Random co-immobilization
Random co-immobilization
Random co-immobilization

Random co-immobilization

References

Wang et al., 2012

Huang et al., 2013
Lang etal, 2014
Fang et al., 2016

Zoretal., 2017
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Materials

Chenically reduced
graphene oxide
Reduced graphene
oxide-dendritic Pd
nanoparticles
Graphene oxide

Chenically reduced
graphene oxide

Luminol functionalized
graphene oxide

Hydroxyl and carboxyl
modified graphene oxide

Model enzymes

GOx and glucoamylase

Cholesterol oxidase and
cholesterol esterase

GOx and HRP

GOx and HRP

GOx and HRP

Cellulase and GOx

Applications.

Preparation of gluconic acid
from starch

Detection of cholesterol

Preparation of gluconic acid
from glucose

Preparation of gluconic acid
from glucose

Detection of glucose

Preparation of gluconic acid
from carboxymethyl
cellulose

Types of
multi-immobilization

Random co-immobilization

Random co-immobilization

Random co-immobilization

Random co-immobilization

Random co-immobilization

Random co-immobilization

References

Zhao et al., 2014

Dey and Raj, 2014

Zore etal., 2015

Mathesh et al., 2017

Lietal,, 2018

Zhang et al., 2020
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