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Editorial on the Research Topic
 Envisioning the Future of Industrial Bioprocesses Through Biorefinery



Biorefinery is generally described as a facility integrating the conversion of biomass into new chemicals, fuels, and other commercial products and commodities. Supported by the Circular Economy concept, the Biorefinery scope is now enlarging to the conversion of residues, co-products and wastes. Worldwide, academia and industry believe that Biorefinery will soon play a crucial role in the economy, considering the outstanding growth of population and the increased needs for food, energy, chemicals, materials, pharmaceuticals, and other products, as well as acknowledging that society is moving toward a bio-based economy. For a successful market implementation of an integrated Biorefinery, all process unit operations must be technically improved. Moreover, the sustainability of the biomass-to-products chain must be guaranteed. This requires proposing new process developments ensuring both economically profitable bioprocesses and an absence of adverse environmental impacts.

Forestry, food, marine, and freshwater sectors are some of the most relevant players under the concept of Biorefinery, but they have been until now largely unexplored. Experts are working worldwide on the development of new or improved processes in order to address most issues attributed to so-called Biorefinery failure. Their efforts, however, are often not recognized and the resulting potential development of new products included in cosmetics, pharmaceutical, food, feed, medicine, and nutraceutical sectors are compromised. With this in mind, this Research Topic intends to call the attention of academia, industry and society for the chemical wealth that is yet being neglected, not only by the producers of these residues and raw materials, but also by the players of the principal sectors of activity worldwide. This Research Topic presents and discusses the relevant actions under development considering the theme of Biorefinery, particularly, through the analysis of the three main ivory towers of Biorefinery: (i) raw materials and residues; (ii) new or improved processes; and (iii) new products for old markets and old products for new markets. Contributions focused on microalgae, marine residues, and agro-food residues that are explored within a Biorefinery concept.

Agro-food residues and their biotechnological processing to obtain added-value products are central in industrial bioprocesses toward a more “ecofriendly” perspective, this considering the economic and environmental footprints. In this sense, this Research Topic started (Li et al.) by investigating the methane production by processing different parts of corn stover and using a simple co-culture of Pecoramyces and Methanobrevibacter species. The use of this simple co-culture of anaerobic and methanogen microorganisms allowed high methane conversion rates to be obtained from both the leaf blade and stem pith of corn stover, thus demonstrating its potential to convert lignocellulosic substrates into energy. The focus on other products than the production of bioenergy was reviewed by Mayolo-Deloisa et al.. In this work, the authors reported the valorization of by-products from the food industry (e.g., wastewater) as sources of laccase, a multi-copper oxidase that catalyzes the oxidation of a wide range of phenolic compounds. In this work, the authors focused on the enzyme bioprocessing, industrial potential and biotechnological applications in the food industry, calling the attention for the great potential of laccase to oxidize lignin, as a pretreatment of agro-food-wastes, greatly fitting the “reduce-reuse-recycle” strategy.

The valorization of freshwater biomass, particularly microalgae was also investigated in this Research Topic. Woortman et al. analyzed the total folate content and vitamer distribution in marine microalgae using stable isotope dilution assay (SIDA) accoupled to LC-MA/MS. High amounts of folate were detected in different microalgae, confirming the use of microalgae as a promising source of food-based compounds, as reported by Desai et al. In this second work focusing the valorization of microalgae, the feasibility of using aqueous solutions of ionic liquids based on imidazolium and phosphonium cations in order to separate hydrophilic and hydrophobic components from Neochloris oleoabundans was demonstrated. Results showed the capacity of ionic liquids to permeabilize and disrupt the microalgae cells, allowing the effective extraction of intracellular lipids, proteins and carbohydrates, under a multi-product scenario, and following the scope of a Biorefinery approach.

Interestingly, the use of ionic liquids was widely explored in this Research Topic. Shamshina and Berton scrutinized the recovery, dissolution, and treatment of chitin in ionic liquids. In this review, recent developments in the processing of chitin, particularly using ionic liquid-based techniques (as solvents, co-solvents, or catalysts) were highlighted, demonstrating how this type of solvents improves the chitin processing. The importance of valorization of biomass in a circular economy and bioeconomy precepts was also underlined by both authors, specially, emphasizing the “paradigm shift” needed to balance the oil- to biopolymer-based chemicals, such as chitin for example. The positive impact of ionic liquids in biotechnological processes was also the focus of the original work of Dinis et al. Here, the authors investigated the use of aqueous solutions of ionic liquids as potential media on the DNA stability. The main results have confirmed pH as the most significant condition impacting the DNA stability, and cholinium-based ionic liquids as the most promising preservation agents. While in this work, the authors studied the DNA stability, this investigation also shed light on the interesting potential of using ionic liquids as preservation agents and stabilizing solvents for other molecules of interest, namely proteins and enzymes extracted from different biomasses (e.g., micro and macroalgae). The seventh work composing this Research Topic looked to another perspective of biotechnology industry, though strongly connected to the potential valorization of bioactive products of freshwater and marine origin. In this specific work, the authors developed a purification process able to obtain antigens for vaccine production. After a careful optimization, the authors were able to improve the purification of these antigens (pneumococcal capsular polysaccharides) by integrating an ultrafiltration with precipitation, demonstrating a higher immunogenicity of the conjugate vaccine prepared. In the end, the quality of the results, protocols, and reviews compiled in this Research Topic have caught our interest, and we hope that these will stimulate all scientific communities related to Biotechnology to move forward the investigation based on sustainability and circularity concepts associated with the industrial biorefineries.


AUTHOR CONTRIBUTIONS

SV, JP, and NP have contributed equally for this Editorial. All authors contributed to the article and approved the submitted version.



FUNDING

This work was developed within the scope of the project CICECO-Aveiro Institute of Materials, UIDB/50011/2020 & UIDP/50011/2020, financed by national funds through the Portuguese Foundation for Science and Technology/MCTES.



ACKNOWLEDGMENTS

SV thank FCT for the financial support through the project PTDC/BTA-BTA/30914/2017.

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.

Edited and reviewed by: Georg M. Guebitz, University of Natural Resources and Life Sciences Vienna, Austria

Copyright © 2021 Pereira, Papaiconomou and Ventura. 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.












	
	ORIGINAL RESEARCH
published: 25 October 2019
doi: 10.3389/fbioe.2019.00284






[image: image2]

Mild Fractionation of Hydrophilic and Hydrophobic Components From Neochloris oleoabundans Using Ionic Liquids

Rupali K. Desai1, Maria Salvador Fernandez1, Rene H. Wijffels1,2 and Michel H. M. Eppink1*


1Bioprocess Engineering, AlgaePARC, Wageningen University, Wageningen, Netherlands

2Faculty of Biosciences and Aquaculture, Nord University, Bodø, Norway

Edited by:
Sónia Patrícia Marques Ventura, University of Aveiro, Portugal

Reviewed by:
Pau Loke Show, University of Nottingham, United Kingdom (Revathy A/P Sankaran contributed to the review of Pau Loke Show)
 Jürgen Andreaus, Regional University of Blumenau, Brazil

*Correspondence: Michel H. M. Eppink, michel.eppink@wur.nl

Specialty section: This article was submitted to Industrial Biotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 19 July 2019
 Accepted: 07 October 2019
 Published: 25 October 2019

Citation: Desai RK, Fernandez MS, Wijffels RH and Eppink MHM (2019) Mild Fractionation of Hydrophilic and Hydrophobic Components From Neochloris oleoabundans Using Ionic Liquids. Front. Bioeng. Biotechnol. 7:284. doi: 10.3389/fbioe.2019.00284



Microalgae are a promising source for proteins, lipids, and carbohydrates for the food/feed and biofuel industry. To make microalgae production economically feasible, it is necessary to optimally use all produced compounds keeping full functionality. Therefore, biorefining of microalgae is the key to lower the cost of algal products using mild and effective processing techniques. In this article, we have tested the feasibility of aqueous solutions of imidazolium and phosponium ionic liquids to selectively milk the hydrophobic lipids from Neochloris oleoabundans biomass out of intact cells and recover after cell disruption the hydrophilic fraction containing proteins and carbohydrates. The results showed that the ionic liquid tributylmethylphosphonium methylsulfate (TBP SO4; Cyphos 108) is able to permeabilize fresh intact cells of N. oleoabundans for extracting 68% of total lipids out of the cells, whereas, after cell disruption, 80% of total proteins, and 77% of total carbohydrates could be obtained in aqueous buffers. This concept kept the recovered proteins in their native form without interacting with the ionic liquids that will denature the proteins. Selective biorefinery of different components from microalgae using ionic liquid TBP SO4 explains the novelty of this concept.

Keywords: biorefinery, hydrophobic compounds, hydrophilic compounds, ionic liquids, microalgae


INTRODUCTION

Microalgae are promising feedstocks for biofuel production. These photosynthetic microorganisms have high lipid productivity and do not compete for arable land when compared to terrestrial oleaginous crops (Wijffels and Barbosa, 2010). Microalgae have a very tough cell wall and thus require energy-intensive unit operations to break open the cell and release the intracellular content. Thus, despite the high lipid productivity, the energy input to separate the lipids is much higher than the energy obtained from the biomass, indicating the necessity to use less energy-intensive unit operations. Apart from lipids, microalgae are also good sources of proteins, carbohydrates, and pigments. Utilization of these value-added co-products for food, cosmetics, health, and chemicals would help in making the process economically feasible (Vanthoor-Koopmans et al., 2012).

The current process focuses on recovery of a single component from microalgae, i.e., lipids for biodiesel production (Cuellar-Bermudez et al., 2015). Most commonly, organic solvents are used for extraction of lipids. The Soxhlet (1879) method uses hexane as a solvent and the Bligh and Dyer's (1959) method uses chloroform and methanol mixture as a solvent for extraction. As these processes are designed to extract one component (lipids), it degrades the biomass, making it unsuitable for recovering other components (e.g., proteins, carbohydrates). Additionally, lipids can also be extracted using sub- and super-critical fluids (Herrero et al., 2006); however, these methods have high energy requirements and thus impact the overall economics of the process. In a study done by Ursu et al. (2014), protein extraction was performed using alkaline condition. However, the proteins precipitate and hydrolyzes under alkaline condition and had lower functional properties (Ursu et al., 2014). It is thus prudent to develop a mild process to fractionate the biomass into its components such that their value and functional integrity are retained.

Conventional extraction processes based on volatile organic solvents pose safety concerns, are toxic, and denature proteins. It is thus necessary to develop newer methods to address these issues. Some of the newer methods include use of supercritical fluids and, recently, ionic liquids (ILs).

ILs are salts that are liquid at temperatures below 100°C. They are composed of cations and anions and have negligible vapor pressure. They are known as designer solvents as their properties such as polarity and viscosity can be tailored by using a different combination of cation and anion (Freemantle, 1998). This makes IL an attractive solvent for liquid–liquid extraction.

ILs were used for lipid extraction from microalgae at elevated temperatures and together with co-solvents such as methanol (Young et al., 2010; Kim et al., 2012). Studies using mixtures of ILs have also been performed to extract lipids from algae biomass (Choi et al., 2014; Yu et al., 2015) and dissolution of microalgae in ILs were also demonstrated (Fujita et al., 2013). Teixeira in his studies have shown energy-efficient deconstruction of algae biomass by dissolution and hydrolysis of microalgae in ILs at temperatures above 100°C (Teixeira, 2012). Olkiewicz et al. (2015) showed ~75% lipid and 93% FAMEs recovery using hydrated phosphonium IL under ambient temperature conditions. All these studies together with some recent investigations (Orr and Rehmann, 2016; Orr et al., 2016; Wahidin et al., 2016; To et al., 2018) have established the potential of ILs to extract lipids from microalgae with high efficiency. While both Teixeira (2012) and Olkiewicz et al. (2015) have qualitatively demonstrated that all components of microalgae (lipids, proteins, and carbohydrates) can be recovered in one process after hydrolyzing the microalgae, it does not give any indication about recovery of proteins and carbohydrates and the stability of the more fragile proteins. Most of these studies address the recovery and extraction efficiency of lipids from microalgae showing a single-component isolation strategy. While recovery of other components such as the high-value proteins and carbohydrates are not addressed or that such harsh conditions are used (Wang and Zhang, 2012; Lee et al., 2017; To et al., 2018), the products are degraded/denatured. A recent study by Yu et al. (2015) reported energy-efficient extraction of lipids from Chlorella vulgaris using IL combined with CO2 capture. The study showed ~75% lipid (~89% FAMEs) recovery but the proteins were denatured in the process. Therefore, to be able to recover all components in their full functional state from microalgae biomass, it is necessary to use mild techniques. Majority of the articles discussed above are focused on lipid extraction from microalgae with ILs using harsh methods such as high temperature (100°C) that degrades the more fragile proteins and not biorefining all the functional biomass components. There is thus need to develop a process that is mild, i.e., does not degrade the proteins and thus helps recovering all components.

The primary objective of this article is to develop a novel mild biorefinery concept whereby the algal biomass is fractionated into a hydrophobic fraction (lipids) by milking the lipids out of intact cells using mild pre-treatment at low temperature with an aqueous solution of IL followed by cell disruption with bead milling to obtain the more fragile hydrophilic fraction (proteins, carbohydrates) in their functional state with aqueous buffer solutions (Figure 1).


[image: Figure 1]
FIGURE 1. Extraction of the hydrophobic compounds (lipids, pigments) after pre-treatment with ILs/solvents followed by cell disruption with bead milling for the recovery of hydrophilic (proteins, carbohydrates) compounds.


This study is in-line with a recent study we performed by developing a technology able to separate the hydrophilic (e.g., proteins, carbohydrates) and hydrophobic (e.g., pigments) components in their functional state after complete cell disruption with bead milling using emulsion-based IL separations (Desai et al., 2018). The microalgae strain used in this study is Neochloris oleoabundans, which is a high lipid- and protein-producing strain (Gouveia et al., 2009). Both fresh and freeze-dried algae were studied to understand the influence of IL pre-treatment on extraction efficiency of individual components and the stability of proteins.



MATERIALS AND METHODS


Description of the Materials

The ILs used in this study were ≥95% pure and used without further purification. All the ILs listed in Table 1 were purchased from Iolitec. Chemicals and organic solvents used in the study, ethyl acetate, hexane, chloroform, methanol, sulfuric acid, phenol, and fatty acid standards were bought from Sigma.


Table 1. Ionic liquids used in the study.

[image: Table 1]



Microalgae Cultivation

Neochloris oleoabundans was cultivated in the laboratory in fresh water medium as described by Breuer et al. (2012) and the algae were stressed to have a higher lipid content. The microalgae were then harvested by centrifugation (4,000 rpm for 10 min). The microalgae were freeze-dried and used for extraction studies. For the study, using fresh cells, the algae were grown at the AlgaeParc pilot facility, Wageningen, The Netherlands. The cell suspension was centrifuged at 4,000 rpm for 10 min and used for the study.



Pre-treatment With ILs and Fractionation of Biomass

As shown in Figure 2, two studies were performed, lipid extraction efficiency of IL from intact microalgae cells at two different IL concentrations (A) and IL pre-treatment of microalgae followed by subsequent fractionation into hydrophilic and hydrophobic components (B).


[image: Figure 2]
FIGURE 2. Experimental scheme: (A) IL lipid extraction efficiency; (B) IL pre-treatment and separation of hydrophobic and hydrophilic components.


Neochloris oleoabundans cells (~10 mg) (freeze dried and/or fresh cells) were treated with 1.5 ml of aqueous solution of IL (see Table 1) at 45°C for 30 min. Fresh and freeze-dried cells used in the study were from different batches.

In study A, preliminary screening studies on IL pre-treatment of microalgae were conducted using the ILs in Table 1. The cells were pre-treated with 1.5 ml of 40% aqueous solution of IL at 45°C for 30 min followed by centrifugation at 3,000 rpm for 10 min removing the IL and then contacted with 3 ml of solvent (ethyl acetate) for 2 h. The hydrophobic components from microalgae (lipids) were extracted in the solvent phase and the amount of lipids extracted in the IL phase was determined by measuring the residual amount of lipids remaining in the cells (section Fatty Acid Determination). After the preliminary screening studies, TBP SO4 and BMIM DBP were selected and further studied, whereby the cells were pre-treated with 1.5 ml of 40 and 80% aqueous solution of IL at 45°C for 30 min. The cells, after pre-treatment, were separated from ILs by centrifugation at 3,000 rpm for 10 min and then contacted with 3 ml of solvent (ethyl acetate) for 2 h. The hydrophobic components from microalgae (lipids) were extracted in the solvent phase and lipid content was determined.

In the B study, the cells were pre-treated with 1.5 ml of 40% aqueous solution of BMIM DBP and TBP SO4 at 45°C for 30 min. The cells, after pre-treatment, were separated from ILs by centrifugation at 3,000 rpm for 10 min and then contacted with 3 ml of solvent (ethyl acetate) for 2 h. The hydrophobic components from microalgae (lipids) were extracted in the solvent phase and lipid content was determined. The microalgae cells remaining after pre-treatment, containing the hydrophilic components mainly proteins and carbohydrates, were suspended in buffer, beaten, and finalized by analyzing the protein (section Protein Content) and carbohydrate (section Carbohydrate Analysis) content.



Fatty Acid Determination

The total fatty acids (FA) present in the microalgae were determined by treating the cells with CHCl3-MeOH as described by Breuer et al. (2013). For concentration studies, the total amount of fatty acids extracted in the IL phase was determined by measuring the residual amount of fatty acids remaining in the cells after pre-treatment with IL and is expressed as follows:

[image: image]

For calculating the total FA content of IL and solvent-treated cells, the solvent phase (ethyl acetate/hexane) was evaporated under N2 stream and the residue was analyzed for total FA content after transesterification. The samples were measured in duplicate. The samples were analyzed in the GC (Agilent 7890A) and the run time was 30 min. For control sample, the fatty acid content was determined by treating the cells with CHCl3-MeOH as described by Breuer et al. (2013).



Protein Content

Protein content was determined with a commercial assay kit (DC™ Protein assay, Bio-Rad, U.S.) using bovine serum albumin (Sigma–Aldrich A7030) as protein standard. The microplate assay protocol was used and the absorbance was measured at 750 nm using a microplate reader (Infinite M200, Switzerland). The cells after pre-treatment with IL were suspended in 1 ml of lysis buffer, 60 mM Tris, and 2% SDS, pH 9, in lysing matrix D tubes (6,913–500, MP Biomedicals Europe). The sample was bead beated for 3 cycles of 60 s at 6,500 rpm with a pause of 120 s between each cycle (Precellys 24, Bertin Technologies). The cell suspension was than heated at 100°C for 30 min. The cell suspension was separated by centrifugation and the supernatant was analyzed for protein content using the DC™ Protein assay. To determine the total protein content (control sample), the cells were directly resuspended in the lysis buffer, and analyzed as described above without any pre-treatment of cells. The samples were measured in duplicate. The protein is expressed as the % of total protein in the cells:
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Gel Electrophoresis

The stability of the proteins after pre-treatment with IL was confirmed by native gel electrophoresis. The cells after pre-treatment were suspended in 50 mM phosphate buffer and disrupted by bead beating (see procedure in section Protein Content). The supernatant was diluted 1:1 with native sample buffer. The diluted sample (~25 μl) was then applied on 4–20% Criterion TGX, Tris glycine precast gel and run with 10 × Tris glycine native buffer at 125 V for 75 min. The gel was stained with Pierce™ Silver Stain Kit. The material for electrophoresis was bought from Bio-Rad and staining kit was purchased from Thermo Fisher Scientific.



Carbohydrate Analysis

The total carbohydrate content of IL pre-treated cells was determined by acid hydrolysis, adapted from Dubois et al. (1951). The IL pre-treated cells were suspended in water such that the final cell concentration was 1 mg/ml and disrupted by bead milling (see procedure in section Protein Content). To 50 μl of this suspension, 450 μl water, 500 μl of 5% phenol solution, and 2.5 ml of concentrated sulfuric acid were added. The mixture was incubated at room temperature for 10 min and then at 35°C in a water bath for 30 min. The carbohydrates react with acidic phenol to give a yellow orange color that was then measured at 483 nm using a UV spectrophotometer (Beckman). For control process, the cells were directly suspended in water without any pre-treatment. Starch samples were measured as positive controls. All samples were measured in duplicate. The calibration curve was prepared using glucose as the standard. The total carbohydrate content is expressed as:
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RESULTS


Overview

Extraction efficiency of different components (e.g., proteins, carbohydrates, lipids) after IL pre-treatment is studied and the protein stability is determined by electrophoresis. The study discusses the impact of ILs on lipid extraction efficiency and impact of pre-treatment using ILs on separation of different components from microalgae.



IL Lipid Extraction Efficiency

Preliminary screening of two IL classes, imidazolium-, and phosphonium-based ILs (see Table 1), on lipid extraction from intact freeze-dried N. oleoabundans shows in Table 2 the highest lipid extraction efficiency for TBP SO4 and BMIM DBP (experiments carried out in duplicate).


Table 2. Effect of different ILs on N. oleoabundans permeability (lipid extraction).

[image: Table 2]

Further pre-treatment studies of freeze-dried N. oleoabundans with imidazolium (BMIM DBP)-based IL showed better lipid extraction efficiency compared to phosphonium (TBP SO4)-based ILs (see Figure 3) at concentrations of 40 and 80% w/w and at a temperature of 45°C. However, TBP SO4 could have an impact on the cell wall and was hence selected for further studies.


[image: Figure 3]
FIGURE 3. Effect of IL concentration on extraction of lipids at 45°C.




IL Pre-treatment and Extraction of Microalgae Components

Microalgae biomass also contains a large amount of proteins and carbohydrates besides lipids. Additional studies were performed to recover these components in their native form after biomass pre-treatment with ILs.

Pre-treatment studies were done on both fresh and freeze dried N. oleoabundans cells using 40% w/w solution of BMIM DBP and TBP SO4. Hydrophobic components were subsequently extracted with ethyl acetate and then the cells were mechanically disrupted to recover hydrophilic components. The amount of fatty acid extracted after pre-treatment was compared with the Bligh and Dyer (control using CHCl3-MeOH) method. The amount of lipid extracted from fresh biomass after pre-treatment was 11.4% and 17.7% per milligram of biomass for BMIM DBP and TBP SO4 compared to 26% per milligram of biomass using the Bligh and Dyer method. For the freeze-dried biomass, the amount of lipid extracted after pre-treatment was 10.5 and 15.9% per milligram of biomass for BMIM DBP and TBP SO4 compared to 18.2% per milligram of biomass using the Bligh and Dyer method. The results (see Figure 4) show that lipid recovery was better with TBP SO4 in comparison to BMIM DBP for both fresh and freeze-dried cells.


[image: Figure 4]
FIGURE 4. Total lipids extracted with ethyl acetate after IL pre-treatment at 45°C.


The hydrophilic components, proteins, and carbohydrates after lipid extraction were recovered by cell disruption. The percentage of total protein recovered after pre-treatment using BMIM DBP and TBP SO4 was 76.8 and 80.3% for fresh cells, and for freeze dried cells, 33.8 and 62.5%, respectively (see Figure 5), were observed.


[image: Figure 5]
FIGURE 5. Total proteins in the biomass after IL pre-treatment at 45°C.


The proteins recovered after extraction of lipids were run on a native gel and detected using silver stain (see Figure 6) and the multi-component protein Rubisco indicated.


[image: Figure 6]
FIGURE 6. Protein stability determined by native gel electrophoresis; M, marker; Std, standard Rubisco; C, control supernatant after bead beating the cells; B and T, After treatment with BMIM DBP and TBP SO4, respectively, cells suspended in water and bead beated.


Additionally, the aqueous phase after cell disruption was analyzed for carbohydrate content. The percentage of total carbohydrate recovered after pre-treatment using BMIM DBP and TBP SO4 was 49 and 77.1% for fresh cells and 74.6 and 64.8%, respectively, for freeze-dried cells (see Figure 7).
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FIGURE 7. Total carbohydrates in biomass after IL pre-treatment at 45°C.


A summary of the biomass components separated by IL pre-treatment is presented in Table 3. The results thus show that the microalgae components lipids, proteins, and carbohydrates can be selectively fractionated after IL pre-treatment and whereby the proteins retain their full functional composition.


Table 3. Summary of biomass components separated under different IL pre-treatment.
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A schematic overview of the IL pre-treatment studies with TBP SO4 for both fresh and freeze-dried cells using the data of Table 3 is shown below in Figure 8. This scheme shows the different products as a hydrophilic/hydrophobic fraction.


[image: Figure 8]
FIGURE 8. Overview of fractionation process with fresh and freeze-dried cells using the IL TBP SO4.





DISCUSSION


IL Lipid Extraction Efficiency

In this study, the extraction efficiencies of BMIM DBP (imidazolium)- and TBP SO4 (phosphonium)-based ILs were investigated after initial screening with different ILs (see Table 1). As the concentration of IL increases from 40 to 80% w/w at 45°C, the amount of lipid extracted increases from 2.61 to 9.89% per milligram of biomass for BMIM DBP and from 1.28 to 3.27% per milligram of biomass for TBP SO4 (see Figure 3). This increase in extraction capacity could be attributed to the increase in hydrophobicity of the IL solution. IL solutions under mild conditions were able to extract lipids from intact microalgae cells; the maximum amount extracted was ~42% of the total fatty acid present in the cells (this value is calculated as % of total fatty acid in the cells, wherein the total fatty acid in cell is measured by Bligh and Dyer—control). Based on the results in Figure 3, BMIM DBP could permeabilize the cells and extract lipids better than TBP SO4, indicating that the cation and anion influences the extraction efficiency, but to a different degree. The results also confirm that the lipid solubility in aqueous solution of ILs is low. Although TBP SO4 shows low lipid extraction efficiency, it might still have an influence on the cell wall. The hypothesis is that the hydrogen bonding network of the cell wall is disrupted, leading to the formation of pores through which lipids can leak out. ILs are known to solubilize natural polymers such as cellulose and pectin by direct IL interaction. Hydrophilic ILs displaying low viscosities and high hydrogen bond capacity are reported to be more efficient in the solubilization process (Brandt et al., 2013; Lee et al., 2017). In other studies by different authors (Kim et al., 2012; Teixeira, 2012; Fujita et al., 2013; Choi et al., 2014; Olkiewicz et al., 2015) wherein the IL pre-treatment was done at temperatures close to 100°C, lipids released were extracted with organic solvent and extraction efficiency was >90% of the total fatty acid content. Thus, it indicates that temperature is indeed an important factor influencing the extraction efficiency.



IL Pre-treatment and Extraction of Microalgae Components

The above studies showed that aqueous IL solutions could permeabilize the cells as well as extract the lipids without cell disruption. This observation is in accordance with our previously published studies (Desai et al., 2016) that aqueous IL solutions could permeabilize the intact microalgae cells under mild conditions and release the intracellular hydrophobic pigments (Desai et al., 2016).

Microalgae biomass also contains a large amount of proteins and carbohydrates besides lipids. Additional studies with fresh and freeze-dried cells were performed to recover these components in their native form after biomass pre-treatment with ILs. The results (see Figure 4) show that lipid recovery was better with TBP SO4 in comparison to BMIM DBP for both fresh and freeze-dried cells. This shows that TBP SO4, which has a low lipid extraction capacity, even at 40% w/w concentration, is able to permeabilize the cells and released lipids are subsequently extracted with ethyl acetate. The release of intracellular content with freeze-dried cells could be attributed partially to the drying effect of the cell walls, which makes it more permeable. The results also show that ethyl acetate alone is not able to permeabilize the cells and extract the lipids. Additionally, studies using hexane instead of ethyl acetate for extracting lipids after IL pre-treatment were performed (not shown). The results indicated that no lipids were extracted in the hexane phase, and this could prove a possible cooperative role of ethyl acetate together with IL in permeabilizing the cell wall so that lipids can be efficiently extracted.

The hydrophilic components, proteins, and carbohydrates after lipid extraction are recovered after cell disruption. The percentage of total protein recovered after pre-treatment using BMIM DBP and TBP SO4 was 76.8 and 80.3% for fresh cells and 33.8 and 62.5% for freeze-dried cells, respectively (see Figure 5). The decrease in protein recovery for freeze-dried cells could be due to direct contact of IL with proteins in the already compromised cell wall. In a separate study, aqueous solution of BMIM DBP (results not shown) and TBP SO4 (Desai et al., 2014) in contact with Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase) causes aggregation/precipitation of the protein molecule. These results thus indicate that TBP SO4 effectively permeabilizes the cell wall such that proteins remain intact inside the cell and can be recovered in their functional state after cell disruption. The proteins recovered after extraction of lipids were run on a native gel and detected using silver stain (see Figure 6). Although microalgae contains other proteins, Rubisco is used as the known biomarker protein for microalgae. The native gel shows that Rubisco remains intact and is not dissociated into its subunits, indicating that proteins recovered after IL pre-treatment retains its native form.

Additionally, the aqueous phase after cell disruption was analyzed for carbohydrate content. The percentage of total carbohydrate recovered after pre-treatment using BMIM DBP and TBP SO4 was 49 and 77.1% for fresh cells and 74.6 and 64.8%, respectively, for freeze-dried cells (see Figure 7).

A summary of the biomass components separated by IL pre-treatment is presented in Table 3, and for the IL TBP SO4, a schematic is also presented in Figure 8. The results thus show that the microalgae components lipids, proteins, and carbohydrates can be selectively fractionated after IL pre-treatment and whereby the proteins retain their full functional composition.




CONCLUSION

In this article, pre-treatment of N. oleoabundans using ILs and subsequent fractionation into hydrophilic and hydrophobic components was studied for both fresh and freeze-dried biomass. Additionally, the lipid extraction efficiency of aqueous IL solution under different concentration conditions was studied. We have demonstrated that aqueous solution of imidazolium- and phosphonium-based ILs was able to extract lipids from intact microalgae, albeit to a different degree. We have also shown that pre-treatment of microalgae with BMIM DBP and TBP SO4 at low concentration (40% w/w) results in permeabilization of cells. The biomass can then be fractionated into hydrophilic and hydrophobic components whereby the proteins were recovered without losing their nativity. The recovery of total fatty acids was ~68% and that of proteins and carbohydrates was ~80 and 77%, respectively, of the total amount present in the cells, after pre-treatment of fresh biomass with TBP SO4. Most of the current processes that use energy-consuming mechanical cell disruption (e.g., bead milling, high-pressure homogenization) (Günerken et al., 2015) and solvents such as methanol/chloroform and hexane (Cuellar-Bermudez et al., 2015) are able to recover only lipids and render the proteins unsuitable for use due to denaturation/degradation. This article is a step forward in establishing the role of ILs in microalgae biorefinery by developing a novel selective fractionation concept for both hydrophobic compounds (e.g., lipids) and hydrophilic compounds (e.g., proteins, carbohydrates).

Pre-treatment studies as described in this article show the novelty of separating lipids without mechanical disruption and subsequent separation of hydrophilic components (proteins, carbohydrates) in their native form after cell disruption. The process can be optimized further to improve the yields. There are various parameters that influence the efficacy such as biomass loading, time of contact with IL and organic solvent, amount of solvent added, and type of IL, and these should be investigated in detail.

While ILs indeed have a potential role to play in microalgal biorefinery, it can only be realized if they are biocompatible, biodegradable, and economical. The ILs must be tested for their reusability and recyclability so as to make the process economically viable. To be able to judge a process superior than other would require a systematic approach and certain criteria, on basis of which the process is evaluated. Most of these studies are at their infancy and should be evaluated in terms of energy consumption, efficacy, and cost. In the past years, a few studies were published (Ruiz et al., 2016; Chia et al., 2018) about economic and environmental aspects of microalgae biorefinery for biofuel and also on high value product perspectives (Vanthoor-Koopmans et al., 2012; Chew et al., 2017).
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Microalgae a Superior Source of Folates: Quantification of Folates in Halophile Microalgae by Stable Isotope Dilution Assay
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A multitude of human nutritional supplements based on Chlorella vulgaris biomass has recently been introduced to the specialty food market. In this study, an analysis of total folate contents in Chlorella sp. and a series of marine microalgae was conducted to evaluate folate content in alternative algae-based food production strains. For the first time, total folate content and vitamer distribution in microalgae were analyzed by stable isotope dilution assay (SIDA) using LC-MS/MS, which has demonstrated its superiority with respect to folate quantification. Consistently, high folate contents were detected in all examined microalgae samples. High folate concentrations of 3,460 ± 134 μg/100 g dry biomass were detected in freshly cultivated Chlorella vulgaris, notably also in other well-researched microalgae strains. To that end, the highest folate content currently documented for any algae sample was measured in the marine microalgae Picochlorum sp. isolate with values of 6,470 ± 167 μg/100 g dry biomass. This calls for alternative products based on other algae biomass. Our data indicate that freshwater and marine microalgae provide extremely high concentrations of folates, which warrant further studies on the regulation of pteroylpolyglutamates in algae as well as on bioaccessibility, absorption, and retention in humans.

Keywords: stable isotope dilution assay, microalgae, folates, Chlorella, Dunaliella, Picochlorum


INTRODUCTION

With an ever-growing global population and increasing limiting availability of agricultural land, there is a growing demand for edible biomass that contains high concentrations of macro- and micronutrients (Tilman et al., 2002; Foley et al., 2011; Lipper et al., 2014). This situation is further aggravated by climate change effects, which ultimately lead to a shift and total reduction of agricultural lands (Tilman et al., 2001). Hence, generating nutrient concentrated, edible biomass on non-agricultural landmass is a pivotal role for a food-centered, future biorefinery approach (Laurens et al., 2017; Sheppard et al., 2019). To that end, microalgae potentially yield at least five times more biomass than terrestrial plants on the equivalent land surface and can be cultivated without the need for freshwater (Benedetti et al., 2018). Therefore, microalgae cultivation does not compete with terrestrial agricultural activity but can act synergistically to generate concentrated food resources (Vanthoor-Koopmans et al., 2013). Hence, generating a microalgae-based biorefinery that generates various performance nutrient outlets, such as proteins, sugars and polyunsaturated fatty acids can significantly contribute to meet food demands of future generations (Subhadra and Grinson-George, 2011). While microalgae-based production of macronutrients such as sugars and proteins has been elucidated extensively in the literature, detailed studies on micronutrient, such as vitamins, which add significant economic and nutritional value to food-centered microalgae biorefinery, have been limited (Pulz and Gross, 2004; Draaisma et al., 2013; van der Spiegel et al., 2013). In that respect, Vitamin B9 (Folate) is of extensive importance due to its function in human development and health maintenance. The marine microalgae have recently been flagged as concentrated food production platforms for human and animal nutrition due to their high concentration of health-promoting nutrients, such as proteins and polyunsaturated fatty acids (PUFAs) (Harun et al., 2010; Grosso et al., 2014; Kent et al., 2015; Marventano et al., 2015). It has been reported that high vitamin containing algae biomass could be used to address malnutrition in populations at risk, which not only encompass pregnant women with higher nutritional demands, but also poverty-stricken populations (Pratt and Johnson, 1965; Brown et al., 1999; Becker, 2003; Christaki et al., 2011). A multitude of human nutritional supplements based on algae biomass has recently been introduced. Nevertheless, the often-cited nutritional value of algae food supplements with respect to their micronutrient content and bioavailability is still a matter of scientific debate (Brown et al., 1999; Wells et al., 2017).

Folate vitamins are essential to human nutrition and necessary for many one carbon metabolic pathways, particularly in the synthesis of amino acids and nucleotides (Shane, 1989). A deficiency of folates in women before and during pregnancy is related to an increased prevalence of neural tube defects (NTDs) in newborns. In contrast to humans, plants synthesize folates de novo and, therefore, provide dietary folates for humans. These compounds are accruing in all cellular compartments, such as mitochondria, cytoplasm, and nucleus, where they carry out distinct biochemical functions (Selhub, 2002). Folates consist of three different chemical building blocks, i.e., pterin, para-amino benzoic acid (pABA), and varying numbers of glutamate residues. Depending on the oxidation state, various C1 substituents, and the polyglutamyl tail lengths, the most abundant forms in plants are H4folate (tetrahydrofolic acid; 2-((4-((2-Amino-4-oxo-5,6,7,8-tetrahydro-1H-pteridin-6-yl)methylamino)benzoyl)-amino)pentandisäure), 5-CH3-H4folate (5-methyltetrahydrofolate; (2S)-2-[[4-[(2-Amino-5-methyl-4-oxo-1,6,7,8-tetrahydropteridin-6-yl) methylamino]benzoyl]amino]pentanedioic acid), 5-CHO-H4folate (5-formyltetrahydrofolate, 2-[[4-[(2-amino-5-formyl-4-oxo-3,6,7,8-tetrahydropteridin-6-yl)methylamino]benzoyl]amino]pentanedioic acid), 10-CHO-PteGlu (10-formyl-folate (2S)-2-[[4-[(2-amino-4-oxo-3H-pteridin-6-yl)methyl-formylamino]benzoyl]amino]pentanedioic acid), and PteGlu (pteroylglutamate (2S)-2-[[4-[(2-amino-4-oxo-3H-pteridin-6-yl)methylamino]benzoyl]amino]pentanedioic acid) (Hanson and Gregory, 2002). The structures of folate vitamers analyzed throughout this study are illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Overview of folate vitamers chemistry (Delchier et al., 2016). Folates are mostly present in the polyglutamated form, which need to be cleaved during sample preparation for quantitative LC-HRMS measurements. pABA, para-aminobenzoic acid. n, number of glutamates: 1–8.


Since there is an increased interest in the use of microalgae as functional food, the quantitative analysis of folates in well-characterized strains would add significantly to knowledge about the nutritional composition and value of microalgae. At present, there is only scattered information about the total folate content of microalgae biomass. Two publications presented microbiological assays for quantification with limited analytical robustness (Brown et al., 1999; Fujii et al., 2010). Folate quantification by microbiological assays are sensitive, but the results are biased by choice of the calibrants and reagents (Ringling and Rychlik, 2017a). Recently, Edelmann et al. published reliable folate data on commercially available microalgae using microbiological assay and an UHPLC method (Edelmann et al., 2019). However, using UHPLC, particular attention to a complete deconjugation of polyglutamates to the respective monoglutamates need to be paid as only monoglutamates can be detected (Ringling and Rychlik, 2017a). For a direct, reliable, and sensitive analysis, we applied a mass spectrometry-based stable isotope dilution assay (SIDA), which has demonstrated its superiority in folate quantification (Rychlik, 2011). SIDA is based on the application of isotopologic labeled internal standards, which present almost identically chemical and physical properties. As pointed out above SIDA has key advantages such as a complete compensation for losses of analytes during extraction and for ion suppression during LC-MS/MS measurements. Folate analysis using SIDA enables differentiation of the folate pattern (Asam et al., 2009) as well as the detection of an incomplete deconjugation by LC-MS/MS (Ringling and Rychlik, 2017a).

This study evaluates the differential folate content of industrial processed microalgae biomass including fresh biomass and strains isolated from the environment. We examined the folate content of lab-grown microalgae, in particular also marine microalgae as these organisms display higher process robustness in extreme saline media, and can be cultivated on non-arable land using sea, brackish or wastewater (Schenk et al., 2008). Additionally, it prevents culture instability in open pond reactor systems as many terrestrial contaminants, such as bacteria and filamentous fungi, cannot thrive in this medium (Rothschild and Mancinelli, 2011). Therefore, the large scale halophilic algae cultivation potentially shows better economic and ecological benchmarks than its freshwater equivalents (Schenk et al., 2008; Apel and Weuster-Botz, 2015). At present, there is little literature evidence of the nutritional value, specifically focused on folate production and vitamers with respect to halophilic algae strains (Kay and Barton, 1991; Brown et al., 1999; Fujii et al., 2010; Wells et al., 2017). We hypothesize, that in general halophilic green microalgae contain higher excess of folates compared to terrestrial, folate containing food sources, such as rice, strawberries and liver. In this context, it is noteworthy that there is currently no systematic study that elucidates algae strains with a specific analytical procedure that can distinguish folate vitamer species. Moreover, it has not been elucidated yet if processed biomass retains high folate contents compared to its freshly harvested counterpart. Thus, we analyzed total folates contents in freshwater and marine microalgae by SIDA using LC-MS/MS and examined the effects of different industrially applied cultivation conditions on total folate content.



MATERIALS AND METHODS


Commercial Grade Food Supplements

Biomass was sampled from algae food supplement products obtained from Terra Elements GmbH, Munich, Germany (Chlorella vulgaris) and Feelgood Shop BV, RK Venlo, Netherlands (Chlorella vulgaris). A single batch analysis was performed. The products were bought as dried powders and analyzed unprocessed.



Cultured Reference Strains

Reference microalgae strains found in Table 1 were obtained from the Sammlung von Algenkulturen der Universität Göttingen (SAG) and the Culture Collection of Algae and Protozoa (CCAP). Sample strains were transferred and adapted under sterile culture conditions to growth media.


Table 1. Overview of analyzed microalgae biomass.
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Cultured Isolated Strains

Isolated microalgae strains were enriched and purified from Australian environmental samples obtained in August 2014 by Thomas Brueck and coworkers under permission of the Australian government. Preparation of repeated serial dilution cultivations resulted in unialgal cultures after sampling. Maintained unialgal cultures were checked for purity by microscopy (Zeiss AxioLab, Carl Zeiss AG, Oberkochen, Germany) and in high throughput by fluorescence-activated cell sorting analysis (Biorad S3 Sorter, Bio-Rad Laboratories, Inc., Hercules, USA).



Microalgae Cultivation

All reference and isolated microalgae samples were cultured in 500 ml Erlenmeyer flasks with a fill volume of 200 ml in New Brunswick Innova 44 series shakers (26°C, 120 rpm) fitted with light emitting diodes (Future LED GmbH, Berlin, Germany) (Figure S1). The cultures were inoculated with fresh cultivars at a starting optical density of 0.1 (OD750). A constant visible sunlight spectrum approximation illumination at a Photosynthetic Photon Flux Density (PPFD) of 200 μmol m−2 s−1 was applied. Individual aeration with 1% v/v CO2 enriched air was controlled by a DASGIP® MX module (Eppendorf AG, Hamburg, Germany). A constant gas flow equivalent to 6 head volume exchanges per hour was applied. After 14 days of cultivation, the resulting algae biomass was harvested by centrifugation (2,450 × g, 5 min). No washing steps were applied. Subsequently, the frozen pellet (−80°C) Chlorella sp. isolate was freeze-dried for 24 h. Dried samples were sealed under nitrogen-enriched air, subdued light and stored at −80°C until further processing. Moreover, the analysis of folate content and vitamer distribution after 14 days of cultivation and subsequent 24-h osmotic stress, nitrogen limitation and light spectrum shift was studied. A batch of 15 Erlenmeyer flask cultures where combined after 14 days. The homogeneous culture was pelleted by centrifugation (2,450 × g, 5 min) in individual batches and re-suspended in BBM medium for the control, green light and blue/pink light groups in triplicates. Nitrogen limited conditions were initiated by resuspension in NaNO3 free BBM media. Osmotic stress was initiated by resuspension in 1% NaCl containing BBM media. After 24 h the cultures were harvested and stored for folate analysis as described above. LED spectrum is shown in Figure S2.

All cultivation media were prepared sterile. The microalgae media BG11 [Blue-Green Medium] (Allen, 1968), J/1 [Johnson's media] (Allen, 1968), ASW [Artificial Seawater] (Allen and Nelson, 1910), ASP-M [Artificial Seawater medium by Provasoli] (Provasoli et al., 1957) and BBM [Bold's Basal Medium] (Bischoff and Bold, 1963) were prepared as published, but without organic nutrients, vitamins or complex components; all media recipes where adapted accordingly and obtained from: BG11 and J/1 (Borowitzka and Borowitzka, 1988); BBM, ASW and ASP-M (Anderson, 2005). The salinities were adjusted by the addition of sodium chloride as listed in Table 1.



Phylogenetic and Fatty Acid Profile Characterization of Analyzed Biomass

Genomic DNA extracts were prepared using the InnuPrep plant DNA extraction kit (Analytic Jena AG, Jena, Germany, 845-KS-1060050). 18S rDNA amplification by PCR (Eppendorf AG, Germany, Mastercycler nexus) was conducted using the primers EukA (21F) (5′- AACCTGGTTGATCCTGCCAGT-3′) (Medlin et al., 1988) and EukB (1791R) (5′-TGATCCTTCTGCAGGTTCACCTAC-3′) (Medlin et al., 1988). The purified amplicons were sequenced by capillary sequencing (Eurofins Genomics GmbH, Ebersberg, Germany). The reads were searched against the GenBank database by the BLASTn (Altschul et al., 1990) algorithm. The nearest ancestral microalgae sequence hits of isolates were used for the lineage assignments. The phylogenetic tree was built with Geneious Tree Builder (Biomatters Ltd., New Zealand, Geneious software version 11.1.3). 18S rDNA data was included from deposited reference strains which are obtainable from SAG, UTEX, CCAP.

The Fatty Acid Methyl Esters (FAME) were prepared according to reported methods applied to microalgae biomass with the following modification (Griffiths et al., 2010): 10 mg lyophilized biomass of each sample was used; the internal standard C17-TAG was replacement by C19-TAG Sigma Aldrich T4632 (Merck AG, Darmstadt, Germany). Initial extraction with GC grade toluene was assisted by sonification for 40 min in an ice bath. BF3 methanol was replacement by a HCl/Methanol Supleco 17935 solution (Merck AG, Darmstadt, Germany). After transesterification FAMEs were extracted with GC grade hexane by vortexing with glass beads for 10 s at RT. After centrifugation for 5 min at 1,000 rpm, the hexane phase was transferred to GC-vails. The fatty acid profiles were measured with a Shimadzu GC-2025 equipped with a AOC-20i autosampler and FID detector (245°C) (Shimadzu, Kyoto, Japan). For each sample, 1 μl was injected with a split ratio of 1:10 at a temperature of 240°C and loaded on a Zebron ZB-WAX column (30 m × 0.32 mm, thickness of 0.32 μm, Phenomenex, Torrance, USA). The column oven temperature was set to 150°C for 1 min, a ramp of 5°C/min increased the temperature to a final target of 240°C. Thereafter holding the final temperature for 6 min. Hydrogen 5.0 was used as carrier gas at a constant flow rate of 35 ml/min. Identification of peaks was done by manual calibration with the external standard Marine oil FAME Mix (RestekGmbH, Bad Homburg, Germany). A relative quantification was done by integral FID signal comparison after normalization and exclusion of the internal C19 Fame Standard.



Folate Content and Isoform Distribution Analysis on Microalgae Biomass

For the folate stable isotope dilution assay analysis, the complete information about chemicals, standards, and preparations of solutions as well as validation of the method can be obtained from a previous publication (Striegel et al., 2018b). Briefly, LODs of all analytes were in the range of 0.17 and 0.33 μg/100 g, and LOQs in the range of 0.51 and 0.96 μg/100 g. Inter-injection precision was between 1.96 and 4.46%, intra-day precision between 2.44 and 4.60%, and inter-day precision between 3.04 and 5.06%. 10-CHO-PteGlu was quantified using [13C5]-5-CHO-H4folate as internal standard. The LODs and LOQs were estimated using the response factor of 5-CHO-H4folate as a reference value. We calculated a LOD of 0.14 μg/100 g and a LOQ of 0.40 μg/100 g. All results given in the results and discussion section are based on dry biomass.



Sample Preparation for the Folate Analysis of Algae Biomass

The sample extraction was performed under subdued light. Briefly, the freeze-dried algae samples were finely grounded using a mortar and pestle. Ten milligram of resulted biomass were used for each extraction. After addition of 10 ml buffer (200 nmol/l 2-(N-morpholino)ethanlsulfonic acid hydrate (MES), 114 nmol/l ascorbic acid, 0.7 nmol/l DTT, pH 5.0) internal standards ([13C5]-PteGlu, [13C5]-H4folate, [13C5]-5-CH3-H4folate, and [13C5]-5-CHO-H4folate [used for quantitation of 5-CHO-H4folate and 10-CHO-PteGlu)] were added to samples in equal amounts (0.004–0.5 nmol) to the anticipated respective analyte content. For deconjugation, an adjusted amount of 1 ml rat serum (used without dilution; endopeptidase used for deconjugation of diglutamates to monoglutamates) and 2 ml chicken pancreas suspension (1 g/l in phosphate buffer (100 mmol/l, 1 g/l ascorbic acid, pH 7); exopeptidase used for deconjugation of polyglutamates to the respective diglutamates) were added, and the samples were incubated overnight for a minimum of 12 h in a water bath at 37°C. After a 10 min boiling step, samples were cooled on ice and transferred into plastic centrifuge tubes with additional 10 ml acetonitrile. After centrifugation (20 min, 4,000 rpm, 4°C), the extracts were applied to a solid-phase extraction (SPE) clean-up using strong anion-exchange (SAX) cartridges (quaternary amine, 500 mg, 3 ml). In short, cartridges were activated with two volumes of methanol, equilibrated with 3 volumes of buffer [10 mmol/l phosphate buffer (consisting of 100 mmol/l sodium hydrogen phosphate and adjusting the solution with 100 mmol/l dipotassium hydrogen phosphate to pH 7.0) was mixed with 1.3 mmol/l DTT], extracts were completely applied, and cartridges were washed again with 3 volumes of buffer for equilibration and run dry. The folates were eluted using 2 ml of buffer for elution (5% sodium chloride, 1% ascorbic acid, 100 mmol/l sodium acetetate, and 0.7 mmol/l DTT), membrane filtered, and measured by LC-MS/MS.



LC-MS/MS

Chromatography was carried out on a Shimadzu Nexera X2 UHPLC system (Shimadzu, Kyoto, Japan) with a Raptor ARC-18 column (2.7 μm, 100 × 2.1 mm, Restek, Bad Homburg, Germany) and a Raptor ARC-18 precolumn (2.7 μm, 5 × 2.1 mm, Restek, Bad Homburg, Germany) as a stationary phase that was kept at 30°C. The mobile phase consisted of (A) 0.1% formic acid and (B) acetonitrile with 0.1% formic acid delivered as a binary gradient at a flow rate of 0.4 ml/min. Gradient concentration started at 3% B and raised linearly to 10% within the next 2.5 min and held at 10% for further 2.5 min. Then, the concentration went up to 15% B within 5 min and then to 50% within 1 min, followed by holding at 50% B for 1 min. Within 1 min, the concentration returned to 3% B and was equilibrated for 4 min. The injection volume was 10 μl.

The LC was interfaced with a triple quadrupole mass spectrometer (LCMS-8050, Shimadzu, Kyoto, Japan). It was operated in the positive ESI mode for all analytes. The specified settings are also described previously (Striegel et al., 2018b). Data acquisition was performed with LabSolutions software 5.8 (Shimadzu, Kyoto, Japan). The ion source paramaters were set as follows: heat block (400°C), dilution line (250°C), interface temperature (300°C), drying gas (10 l/min), heating gas (10 l/min), nebulizing gas (3 l/min), collision-induced dissociation gas (270 kPa), and interface voltage (4 kV), respectively. MS parameters were listed in the previously published paper about the method validation. The mass spectrometer was operated in the multiple reaction monitoring (MRM) mode for MS/MS measurements.



Statistical Evaluation

All folate results are means of technical triplicates ± standard deviation. The received values were tested for normal distribution with the test of Kolmogorov-Smirnov and were tested for outliers by the test of Dixon. A significance test was carried out by the T-test after applying the F-test for heteroscedasticity. The level of statistical significance was set to p < 0.05.




RESULTS

Within this project, a series of freshwater and marine microalgae were analyzed for their total folate content and vitamer distribution by SIDA based on dry biomass. For all cultured microalgae strains, we validated the lineage assignment by sample-specific fatty acid profiles and 18S rDNA sequence identity. To reflect on the analyzed diversity, we included a phylogenetic tree with reference strains from UTEX, SAG and CCAP collections. The construction of the phylogenetic tree (Figure 2) indicates a clustering according to the samples previous lineage assignments or reference. The 18S rDNA sequences of isolated microalgae strains are deposited in the NCBI database, and the accession numbers are listed in Table 1. The reference and environmental microalgae strains cluster with the reference Chlorophyta strains, nearest relatives obtainable from popular culture collections can be deduced from the phylogenetic tree shown in Figure 2. For enhanced strain validation and culture status, we determined the fatty acid profile (Table 2). All isolated and deposited microalgae samples showed similar fatty acid profiles as reference data (Lang et al., 2011). The red algae P. purpureum showed a previously observed 41.9% eicosatetraenoic acid content in total transesterified lipid extracts.


[image: Figure 2]
FIGURE 2. Phylogenetic tree of isolates and reference strains 18S rDNA data build by Geneious Tree Builder [Geneious 11.1.3 (https://www.geneious.com)]. Visualization of global alignment and Neighbor-Joining with 93% similarity cost matrix using the Tamura-Nei distance model.



Table 2. Fatty acid composition of microalgae samples by GC-FID analysis.

[image: Table 2]

Consistently, high folate contents were detected in all algae biomasses samples, in the range between 539 ± 150 μg/100 g and 6,470 ± 167 μg/100 g. The commercial reference food supplements showed high folate contents of 1,690 ± 17.3 μg/100 g (Supplement 1) and 2,450 ± 52.1 μg/100 g (Supplement 2), respectively. For the cultured reference Chlorella vulgaris (SAG211-12) biomass a folate content of 3,460 ± 134 μg/100 g was detected. The highest overall total folate content was observed in Picochlorum sp. isolate with a very high value of 6,470 ± 167 μg/100 g in dry biomass thus revealing a significantly higher [p < 0.05, n = 1 (biological)] total folate content compared to all other samples. The lowest total folate content was observed in P. purpureum biomass with a value of 539 ± 150 μg/100 g. The folate contents analyzed in microalgae are graphically shown in Figure 3 (left), and the detailed values are listed in Table 3.


[image: Figure 3]
FIGURE 3. (Left) Total folate content of food supplements, fresh cultured biomass, and isolated strains normalized by dry cell weight (dcw) biomass. (Right) Average folate vitamer distribution of the analyzed microalgae.



Table 3. The folate content and vitamer distribution of selected microalgae strains, calculated as PteGlu in [μg/100 g].

[image: Table 3]

Moreover, we differentially analyzed the main vitamers present in food encompassing PteGlu, H4folate, 5-CH3-H4folate, 5-CHO-H4folate, and 10-CHO-PteGlu. The average vitamer distribution is shown in Figure 3 (right), and a detailed distribution is listed in Table 3. The main vitamers were 5-CH3-H4folate (5.43–70.1%) and 5-CHO-H4folate (18.6–80.9%). The minor vitamers were 10-CHO-PteGlu (1.19–12.6%), H4folate (0.54–21.2%), and the fully oxidized PteGlu (0.07–13.3%). 5-CH3-H4folate was the main vitamer in Tetradesmus sp. isolate, Microchloropsis salina SAG 40.85, Chlorella vulgaris SAG 211-12, and the Picochlorum sp. isolate.

Microalgae cultivation often requires product accumulation measures to increase obtainable yields in a technical scale. Particularly, effects of osmotic stress in case of pigment production and nitrogen limitation in case of lipid production are utilized (Borowitzka et al., 1990; Wang et al., 2019). The model microalgae Chlorella sp. isolate was used in an additional experiment to evaluate effects of widely applied stressors during late cultivation stages. Osmotic stress for 24 h did have a significant negative effect [p < 0.05, n = 3 (biological)] on total folates in Chlorella sp. isolate (Figure 4). Also, nitrogen limitation resulted in reduced [p < 0.05, n = 3 (biological)] detectable total folate contents. In contrast, light spectrum shift did not show differences on total folate. The detailed values and illumination conditions are shown in Table S1.


[image: Figure 4]
FIGURE 4. Total folate content and vitamer distribution after conditional changes applied for 24 h in triplicates. Chlorella sp. isolate cultivations show reduced folate content when exhibited to osmotic stress and nitrogen limitation. Light wavelength changes did not affect folate contents when shifted for 24 h.




DISCUSSION

In this study, an analysis of the total folate content of a genetically defined microalgae series with a focus on halophilic Chlorophyta has been carried out. We measured very high total folate contents in all analyzed microalgae samples. The cumulative data indicate that microalgae can serve as a concentrated source of natural folates in form of food supplement products for folate-deficient populations. However, the set of analyzed microalgae species showed high variations in total folate, giving room for process and strain optimization toward concentrated algae food products. As a reference to our cultivated algae species, we measured the folate content of commercial, algae food supplement products based on Chlorella biomass. Interestingly, the industrially processed dried Chlorella biomass retained a relatively high folate content, which however was only half of the total amount detected in cultured Chlorella vulgaris. Chlorella biomass has gained industrial attention in the past due to their generally regarded as safe (GRAS) status declared by the U.S. Food and Drug Administration (FDA). This GRAS status renders novel food approval of these products unnecessary and allows a rapid market rollout of these products. While our isolated halophilic algae strains Dunaliella sp. and Picochlorum sp. displayed significantly higher folate yields than Chlorella, the regulatory barriers for novel food would delay their market entry despite their excellent nutritional content. What is more, the biomass of the Picochlorum sp. isolate showed a total folate content of 6,470 μg/100 g, which is currently the highest total folate content detected in algae. This results further emphasizes the importance of halophilic microalgae as an excellent source of micronutrients. Previous publications reported total folate contents within the same order of magnitude as our results. Brown et al. analyzed the vitamin content of four Australian microalgae, inter alia Nannochloropsis sp., Pavlova pinguis, Stichococcus sp., and Tetraselmis sp. (Brown et al., 1999). The latter authors detected folate concentrations ranging between 1,700 and 2,600 μg/100 g. Microalgae collected in Japanese ponds were found to contain total folate contents in a range between 1,500 and 3,600 μg/100 g in dry biomass (Fujii et al., 2010). As previous studies applied microbiological assays to determine the folate content, they were not able to determine the folate pattern. Recently, Edelmann et al. analyzed various commercially available microalgae powder using microbiologial assays and an UHPLC methods to differentiate between different vitamers (Edelmann et al., 2019). The group found in average significantly higher total folate contents in Chlorella (2,500–4,700 μg/100 g) and Nannochloropsis gaditana (2,080 μg/100 g) compared to Spirulina (250–470 μg/100 g). The reviewed amounts of Chlorella agree with the folate contents in this study.

Furthermore, we found 5-CH3-H4folate and 5-CHO-H4folate as the main vitamers in all algae isolates studied, which is in accordance with Edelmann et al. (2019). The latter authors also quantified 5,10-CH+-H4folate and found not negligible amounts of this vitamer in Spirulina samples. This vitamer should be included in future analysis of microalgae. As previous studies applied microbiological assays or UHPLC methods to determine the folate content, this is the first report of the folate vitamer distribution in microalgae by high-resolution mass spectrometry. As folate vitamers show different stabilities and conversion reactions, the folate pattern can give additional information about the stability of folates in microalgae.

The absorption capacity, as well as the post-absorptive metabolism of different vitamers, lacks deeper understanding (Visentin et al., 2014). However, due to the different stability of folate vitamers, we assume that H4folate is less bioavailable (Ringling and Rychlik, 2017b). Furthermore, to shed light on the extend of absorption of folates from algae, human trials are required. In the context of species-specific folate concentrations our results for the Dunaliella genus exceeded previously reported values (Dunaliella tertiolecta, 480 μg/100 g dry biomass) by the factor of ten. In this context it remains to be demonstrated, whether this discrepancy is due to physiological and phenotypic states of the algae or based on subspecies genetic variations.

High folate and vitamin concentration in microalgae biomass is not a generality (Croft et al., 2006); and we observed significantly lower folate content in the studied red algae P. purpureum. Osmotic stress and nitrogen limitation during cultivation showed negative effects on total folate content in Chlorella sp. As far as we know, this is the first report of precise stress effects during microalgae cultivations, indicating that nitrogen starvation and increased salinity impacts on total folate content negatively in Chlorella sp. This is particularly interesting for cultivation processes of microalgae biomass for food and feed. Typical valorization concepts for marine algae biomass includes multiple product streams, and relies on lipid and pigment accumulation, which seems at least in the model algae Chlorella sp. to be unfavorable for folate production. Also, Dunaliella sp. isolates showed a reduced total folate content when samples were analyzed from the stationary cultures (data not shown). However, only limited and contradictory results on folate accumulation under differential growth conditions are documented (Brown et al., 1999). Folate synthesis is associated with assimilation processes, thus we postulate that highest folate concentrations will be found under unlimited growth conditions (Hjortmo et al., 2008). Further studies are needed to shed light on the underlying metabolic regulation of folates in freshwater and marine microalgae. Product stability is a major concern as degradation of folates is known (Fitzpatrick et al., 2012; Blancquaert et al., 2015) rendering supplement product formulation, packaging, and distribution similar decisive as developments in process and strain optimization (Blancquaert et al., 2015).

Figure 5 depicts a summary of previously analyzed foods and supplements, presented in comparison with our results. In order to reach the European RDA of 300 μg or United States RDA of 400 μg (Krawinkel et al., 2014), an intake of only 6 g Picochlorum sp. dry biomass would be required. In contrast, reaching the RDA with high folate content fruits as strawberries would require about 400 g dried biomass (Figure 6). Thus, it is viable to flag algae as concentrated food and nutrient producing platforms. To the best of our knowledge, we are the first to report the folate content of different microalgae strains using SIDA as quantification method. Microalgae, the potentially highest source of folates, warrant further studies on the distribution of pteroylpolyglutamates as well as on bioaccessibility, absorption, and retention for physiological functions.


[image: Figure 5]
FIGURE 5. The total folate content in selected food and algae dry biomass. Dark blue bars represent measured values from this study. The total folate content of food products was taken from previous publications using the same quantification method. The total folate contents were adapted to dry biomass according to literature values (Souci et al., 2008): Rice (Oryza sp.) from Ringling and Rychlik (2017a), Strawberry (Fragaria sp.) from Striegel et al. (2018b), Brown bread from Ringling and Rychlik (2013), Spinach (Spinacia sp.) (Ringling and Rychlik, 2013), Durian (Durio zibethinus) from Striegel et al. (2018a), Calf liver from Ringling and Rychlik (2017a), Yeast extract from Jacob et al. (2019).
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FIGURE 6. Analyzed food products during this (Dark blue) and previous (Light blue) studies. Required biomass consumption in logarithmic scale according to the U.S. RDA for folate intake.
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Lignocellulosic biomass biorefinery is the most extensively investigated biorefinery model. At the same time, chitin, structurally similar to cellulose and the second most abundant polymer on Earth, represents a unique chemical structure that allows the direct manufacture of nitrogen-containing building blocks and intermediates, a goal not accomplishable using lignocellulosic biomass. However, the recovery, dissolution, and treatment of chitin was fairly challenging until the polymer's easy dissolution in ionic liquids (salts that are liquid at room temperature) was discovered. In this systematic review, we highlight recent developments in the processing of chitin, with a particular emphasis placed on methods conducted with the help of ionic liquids used as solvents, co-solvents, or catalysts. Such use of ionic liquids in the field of chemical transformations of chitin not only allows for shorter times and less harsh reaction conditions, but also results in different outcomes and higher product yields when compared with reactions conducted in “traditional” manner. Valorization of biomass in general, and chitin in particular, is a key enabling strategy of the circular economy, due to the importance of the sustainable production of biomass-based goods and chemicals and full chain resource efficiency. Economics is driven by the production of high-value chemicals or chemical intermediates from various biomasses, and chitinous biomass is a valuable potential resource. A fundamental “paradigm shift” will radically change the balance of oil-based chemicals to biopolymer-based chemicals, and chitin valorization is a necessary step aimed toward its full market competitiveness and flexibility.
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BIOREFINERY AND CHITIN BIOPOLYMER

Today, there is a strong drive toward the circular economy of producing materials and chemicals from sustainable sources (Mitchell, 2018) caused by the devastating quantity of plastics and the limits of oil resources (North and Halden, 2013). In this regard, biorefining is one of the key enabling strategies of the circular economy, with a primary purpose of developing biomass-based products and chemicals rather than oil-based ones. The concept is similar to petrochemical refineries where feed crude oil, initially consisting of several thousand different organic compounds, is first separated into major streams and then chemically converted into pure building blocks for consumer goods (de Jong and Jungmeier, 2015). Similarly, biomass feedstock can be partially or completely separated into main fractions, followed by the deconstruction of the components into valuable materials, chemicals, and biofuels (Stöcker, 2008; Stark, 2011; North and Halden, 2013; Sun et al., 2017). A great example of biorefinery that uses lignocellulosic biomass is the National Renewable Energy Laboratory (NREL), where an Integrated Biorefinery Research Facility (IBRF) was built encompassing a pilot plant on site to “develop, test, evaluate, and demonstrate processes and technologies for the production of bio-based products and fuels (NREL, 2019).”

We believe biopolymers, such as chitin, cellulose, or lignin (Figure 1), are of great interest due to their unique set of properties and characteristics suitable for direct preparation of functional materials in many fields, and we will always strongly advocate for using unmodified polymers as-is, for the preparation of materials directly (Qin et al., 2010; Barber et al., 2013; Shamshina et al., 2014, 2019; Rogers, 2015; Shen et al., 2016; King C. A. et al., 2017; King C. et al., 2017). However, following the practice with oil-based products, these biopolymers can be cut up into building blocks for production of low-volume, but high-value, chemicals. This is especially true for biopolymers such as lignin, with a highly variable composition. Whereas, a lot of research has been conducted on the topic of lignocellulosic biomass transformation (de Jong and Gosselink, 2014), much less research has been done on the treatment of chitin.


[image: Figure 1]
FIGURE 1. Structure of chitin (Top Left), cellulose (Bottom Left), and lignin (Right).


Chitin, the second most copious polysaccharide on Earth (after cellulose) (Elieh-Ali-Komi and Hamblin, 2016), is structurally analogous to cellulose except for the acetamide side chain at the C-2 position (Figure 1). It is a linearly assembled 2-(acetylamino)-2-deoxy-D-glucose β-linked polymer (Foster and Webber, 1961), available mostly from shrimp and crab shell waste biomass (15–40%) (Younes and Rinaudo, 2015), where it coexists with proteins (20–40%) and minerals (20–50%) (Rhazi et al., 2000; Ibitoye et al., 2018). Its abundance (ca. 0.15 megatons per year) (Roberts, 1992) makes chitin a remarkably valuable potential resource for the production of value-added chemicals. Because chitin has 5–7 wt% of biologically fixed nitrogen (value that depends on its degree of acetylation or DA) (Schoukens, 2009), it is possible to directly produce nitrogen-containing building blocks from this polymer. This is a task which cannot be accomplished using lignocellulosic biomass. Chitin possesses a unique combination of properties and is widely used in preparation of chemicals and materials, mostly for the biotechnology market (Prudden et al., 1970; Peluso, 1994; Jayakumar et al., 2011; Yang, 2011; Vázquez et al., 2013; Wan and Tai, 2013; Shamshina et al., 2018).

Chitin can be transformed into valuable chemicals using transformations shown in Scheme 1, such as the hydrolysis to its monomer N-acetylglucosamine (GlcNAc), dimer N, N′-diacetylchitobiose, or longer oligomers, where the hydrolysis of the glycosidic linkages is much faster than deacetylation (Einbu and Vårum, 2008). Also, its deacetylation is widely explored to generate chitosan of different DAs, obtained using more or less harsh conditions, depending on the potential applications (Sivashankari and Prabaharan, 2017). Less explored reactions of chitin include formation of furan derivatives such as 5-hydroxymethylfurfural (5-HMF) and nitrogen-containing (N-containing) furan derivatives such as 3-acetamido-5-acetylfuran (3A5AF), normally conducted with the use of acidic catalysts and dehydration agents (Omari et al., 2012). Other, less known, chemical transformations include the purification of fructosazine and deoxyfructosazine, normally obtained from glucose under weakly acidic reaction conditions (Tsuchida et al., 1973).


[image: Scheme 1]
SCHEME 1. Chitin conversion to high-value chemicals.


Perhaps one of the main reasons for the limited exploratory work for chitin in comparison with cellulose can be explained by its insolubility in water and most organic solvents (Sieber et al., 2018). In this regard, the field of ionic liquids (ILs, organic salts with melting points below 100°C) (Hayes et al., 2015) offers tremendous potential as a class of solvents suitable for chitin processing. Due to their ability to directly dissolve both biomass (Fort et al., 2007; Kilpeläinen et al., 2007; Sun et al., 2009; V2020 Alternate Feedstock Report, 2019) and purified biopolymers (Phillips et al., 2004; Heinze et al., 2005; Xie et al., 2005, 2006; Zhang et al., 2005; Biswas et al., 2006; Pu et al., 2007; Wu et al., 2008), ILs have opened a door to effectively explore the carbohydrate economy and are widely used for biomass conversion. At the same time, the use of chitin as a sustainable resource assumes employment of more sustainable methods for its processing.

Indeed, the use of ILs for biopolymer processing presents a great advantage. Because ILs are capable of the disruption of chitin's hydrogen bonds, ILs have been shown to act as agents for biopolymer (or biomass) pre-treatment and solvents/co-solvents (Heinze et al., 2005; Biswas et al., 2006; Wu et al., 2008; Sun et al., 2009). Hence, chitin polymer can be pre-treated or even dissolved in the suitable IL prior to its transformation, with its hydrogen bond network being partially or fully destroyed. This provides an amorphous chitin of lower degree of crystallinity and makes the polymer chain “opened” and fully accessible to the reactant(s). ILs are also used as acidic catalysts (e.g., -SO3H functionalized ILs, where -SO3H is a part of cation or anion demonstrated high catalytic activity compared with non-functionalized ILs) (Sharghi et al., 2018) and as solvents or co-solvents at the same time. Besides, in many areas, reactions conducted using ILs as solvents, catalysts, or reactants have different outcomes and/or product yields when compared with those done in “traditional” manner. Furthermore, reactions utilizing ILs often require less harsh conditions and shorter reaction times (Maier et al., 2017).

Despite of all these achievements, the field of converting chitin into chemicals using ILs is still in its infancy. This fact is rather surprising, considering the structural similarity between chitin and cellulose and the significant efforts from industry and research centers (e.g., Joint Bioenergy Institute, JBEI, 2019)1 in maximizing the value derived from the lignocellulosic biomass feedstock with the help of ILs. This systematic review will hence focus on the different approaches explored on processing the chitin polymer with the help of ILs for production of sugars, aldehydes, nitrogen-containing compounds, and further chemical transformations.



HYDROLYSIS

From polymers, a broad range of monomers can be obtained as a single feedstock making them a good resource for the development of renewable chemicals. Thus, the first step in chitin transformation into various chemicals is its depolymerization, a process where chitin is broken down into its basic building blocks: the monomer GlcNAc, dimer N, N′-diacetylchitobiose, and longer oligomers (Scheme 2). The GlcNAc is used as a food additive in the food industry (as, e.g., antimicrobial and antitumoral food additive) (Nakagawa et al., 2011), joint-pain reliever, osteoarthritis and diabetes cure (Future Market Insights, 2019), and in cosmetic (as, e.g., skin moisturizers). The dimer is known to be a plant elicitor and promote plant induced immune response (Nakagawa et al., 2011); it is also used in research of chitobiose transporter systems and enzymes (Rhodes et al., 2010).


[image: Scheme 2]
SCHEME 2. Chitin hydrolysis.


The hydrolysis of chitin can be achieved either by enzymatic or chemical approaches. The former approach for GlcNAc production is less preferred due to its lower product yield than that in the chemical (acidic) hydrolysis. However, the highly corrosive nature of the hydrochloric acid (HCl) generally used in the process requires replacing the equipment after a certain period of time, increasing the final cost of GlcNAc (Future Market Insights, 2019).

A few examples use ILs for the hydrolysis of chitin (Table 1). The initial report used the IL 1-ethyl-3-methyl-imidazolium acetate ([C2mim][OAc]) to pre-treat chitin prior to enzymatic hydrolysis (Table 1, Entry 1). After pre-treatment, chitin was further hydrolyzed into the GlcNAc monomer using commercially available enzymes from Trichoderma viride and S. griseus (Husson et al., 2017). The IL-pre-treated (swollen) commercially available chitin resulted in a significant facilitation of, otherwise slow, enzymatic hydrolysis. The products of the reaction were GlcNAc (~18%), N, N′-diacetylchitobiose (~67%), and small amount of oligomers. The study suggested an increase in accessibility of enzymes to the chitin polymer after the IL pre-treatment.


Table 1. Hydrolysis and deacetylation of chitin with the use of ILs.

[image: Table 1]

The enzymatic hydrolysis of chitin was also studied using S. griseus chitinase but utilized different chitin substrates (Table 1, Entry 2) (Berton et al., 2018). One type of chitin was dissolved in [C2mim][OAc] IL and then reconstituted using water as an antisolvent remaining in amorphous, gel-like, state (amorphous wet IL-chitin). The second type of chitin was isolated with the help of [C2mim][OAc] IL and not otherwise pre-treated or dissolved (IL-dry-chitin). It was found that in both cases, the enzymatic reaction resulted in the formation of GlcNAc and the dimer N, N′-diacetylchitobiose. However, a longer chain trimer was detected in hydrolysis of regenerated amorphous wet chitin, which might be a result of its slower hydrolysis rate due to its higher hydration degree. This study pointed out the identity of obtained oligomers depending on pre-treatment of chitin with the IL and suggested that control of the hydrolysis products might be achieved using different pre-treatment conditions.

In the reactions where IL and a carbohydrate (e.g., chitin, chitosan, glucosamine, N-acetylglucosamine) is involved, the first, common step is the disruption of the hydrogen bonding of the carbohydrate, both inter- and intramolecular, and the formation of new hydrogen bonds between its hydroxyl groups and the anions of the IL. For the enzymatic hydrolysis reaction, it was shown that the enzymatic activity is strongly governed not only by the enzyme but also by the nature and amount of ionic liquid(s). For example, the enzymatic hydrolysis of chitin that has been pre-treated with [C2mim][OAc] (either as pretreatment solvent, a co-solvent, or both), was found to be conditioned by the structural changes of the biopolymer induced by the IL. In all cases, the IL disrupted the hydrogen bonding of the chitin molecule and increased the enzymes' accessibility to the chitin substrate. It has also been shown that simultaneous use of the IL as pretreatment solvent and co-solvent was the most efficient and required the least amount of [C2mim][OAc].

This was also confirmed by Li et al. (2019), who reported a significant decrease in the crystallinity of the polymer after IL pretreatment, and thus higher enzyme activity when compared to non-treated polymer. The authors hypothesized that enzymatic performances were correlated with the polymers' structural changes and depended on polymer's particle size and porosity. They evaluated N-acetylglucosamine solvation in [C2mim][OAc] by NMR spectroscopy studies and confirmed the disruption of H-bonding network and the formation of new H-bonds between the IL anion and chitin hydroxyl groups as the major forces for the transformation.

An interesting example of an acidic, not enzymatic hydrolysis of chitin into GlcNAc monomer was presented using acidic ILs, namely 3-(1-methyl-1H-imidazol-3-ium-3-yl)propane-1-sulfonate triflate ([HOSO2C3mim][CF3SO3]) and 8-(1-methyl-1H-imidazol-3-ium-3-yl)octane-1-sulfonate bis(trifluoromethylsulfonyl)imide ([HOSO2C8mim][NTf2]), that were used as both a solvent and acidic catalyst (Pischek et al., 2014) to produce GlcNAc in moderate yield (Table 1, Entry 3). Still, although a good example of the use of the IL as both the catalyst and solvent for the hydrolysis of chitin, this work was presented at a conference, and as such, there is no record of the results (yields) achieved.



DEACETYLATION

The de-N-acetylation (or “deacetylation”) process can be used on either chitin itself (Scheme 3), chitosan, or the N-acetylated sugars obtained after the hydrolysis of chitin. We could find only one report where ILs were used in the enzymatic deacetylation using the enzyme chitin deacetylase (ChD) (Table 1, Entry 4). In this study, chitosan with degree of acetylation (DA) of 23% was further deacetylated using ChD enzyme isolated from Absidia orchidis (Aspras et al., 2016). In this reaction, the authors reported that the [C4mim]Br IL acts as an activator of chitin deacetylase (ChD) (Aspras et al., 2016). Since chitin deacetylase can function in an IL-free environment, this activation effect takes place via non-essential enzyme activation mechanism. The IL was proposed to bind both the enzyme and the enzyme-substrate complex, although with different binding strength. However, when the concentration of the IL becomes high, this effect decreased, possibly because of some non-specific interactions between the IL and the ChD enzyme, affecting the tertiary structure of the enzyme. Other ILs, such as composed of imidazolium and pyridinium cations (1-alkyl-3-methylimidazolium [C2mim]+, 1-allyl-3-methylimidazolium [Amim]+, 1-butyl-3-methylimidazolium [C4mim]+, and 1-ethylpyridinium [C2pyr]+) combined with halide (chloride Cl−, bromide Br−, iodide I−), bis(trifluoromethane)sulfonimide ([NTf2]−), and dicyanamide ([DCA]−) anions, were screened for their ability to activate ChD enzyme.


[image: Scheme 3]
SCHEME 3. Chitin deacetylation.


The experiments were carried out using 0.1 wt% chitosan load, 2% (v/v) ChD enzyme, and 10–70% IL in the reaction mixture. While none of the ILs acted as ChD inhibitors, [Amim]-containing ILs were able to significantly increase the activity of ChD. The highest increase in activity was noticed for [Amim]Cl IL (40% increase compared to the reaction conducted in the absence of the IL). [C4mim]Br IL also demonstrated a significant increase in the activity of ChD (30% increase compared to the reaction conducted in the absence of the IL), while [C2mim]+ or [C2pyr]+-derived ILs had no effect on the enzyme activity. A follow up study indicated that the activity of ChD depended on the IL concentration, and at a low concentration, [C4mim]Br acted as an activator for ChD. Contrarily, with an increase of IL amount, no change in enzyme activity was observed (Aspras et al., 2017).



PRODUCTION OF FURAN DERIVATIVES


Preparation of 3-Acetamido-5-Acetylfuran (3A5AF)

One of the most studied areas of chitin transformation using ILs is its direct conversion into the furan derivative 3A5AF through hydrolysis followed by dehydration (Scheme 4, Table 2). Generally, this type of reactions is conducted under catalyzed high-temperature conditions or using microwave energy, utilizing dimethylformamide (DMF) or dimethylacetamide (DMAc) as solvents (Chen et al., 1998, 2014; Drover et al., 2012; Omari et al., 2012).


[image: Scheme 4]
SCHEME 4. Chitin conversion into 3-acetamido-5-acetylfuran (3A5AF). Adapted from Drover et al. (2012).



Table 2. Preparation of chemicals from chitin with the use of ILsa.

[image: Table 2]

The initial study by Kerton et al. screened six ILs for the conversion of GlcNAc monomer into 5A5AF, prior to testing chitin polymer (Table 2, Entries 1–4) (Drover et al., 2012). The ILs featured imidazolium cations and basic anions, namely [C2mim]Br, [C2mim][OAc], [C4mim]Br, [C4mim]Cl, [C4mim][OAc], and 1,2-dimethyl-3-butylimidazolium chloride ([C1C4mim]Cl). Out of the six tested ILs, those containing Cl− as the anion showed the best performance for the transformation of the amino-sugar into the N-substituted furan; yields of the product were found to be 14.1 and 25.5% in [C4mim]Cl (at 120°C and 180°C, respectively), and 25.3% in [C1C4mim]Cl (at 180°C). Various additives were screened to increase the 3A5AF yield, and it was found that the addition of boric acid (B(OH)3) significantly improved the yield up to 60%.

As continuation of these studies, Kerton et al. used chitin in place of GlcNAc for the formation of 3A5AF using ILs (Table 2, Entries 5, 6) (Chen et al., 2015b). The portfolio of ILs was much broader than that in the previous study and consisted of the commercially available imidazolium ILs such as [Amim]Br, [Amim]Cl, [C4mim][OAc], 1-butyl-3-methylimidazolium tetrafluroborate ([C4mim][BF4]), [C4mim]Cl, 1-butyl-3-methylimidazolium triflate ([C4mim][CF3SO3]), [C4mim][NTf2], 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mim][PF6]), [C2mim]Cl, and 1-(2-hydroxyethyl)-3-methylimidazolium chloride ([HOC2mim]Cl) and the in-house synthesized ILs 1-butyl-3-methylimidazolium hydrogen sulfate ([C4mim][HSO4]) and its sulfonated derivative ([HOSO2C4mim][HSO4]). The ILs were used with and without additives (e.g., aluminum chloride (AlCl3), calcium chloride (CaCl2), chromium chloride (CrCl3), cobalt chloride (CoCl2), nickel chloride (NiCl2), HCl, and B(OH)3).

For the screening, all reactions were conducted in a multi-cell reactor at 120–180°C using commercially available, low molecular weight (MW) chitin. It was found that conversion into 3A5AF product was successful in ILs featuring Cl− anion, in which chitin had either partial or complete solubility. These ILs included [Amim]Cl, [C2mim]Cl, and [C4mim]Cl. Interestingly, no additive was required for the conversion to occur, although incorporation of an additive into the reaction significantly improved the yield. Here, 400 mol% in respect to chitin using B(OH)3 and 100 mol% in respect to chitin using HCl were the best performing “combinational” additives. The optimum conditions were found to be as follows: 8 wt% chitin load in [C4mim]Cl IL, B(OH)3/HCl and stirring with heating at 180°C for 1 h. These conditions resulted in a 3A5AF with 6.2% yield.

Chen et al. also reported the formation of 3A5AF from chitin, using [C4mim]Cl and utilizing the conditions described above, however in this case, chitin was pre-treated by various means prior to the transformation (Table 2, Entry 8) (Chen et al., 2015a). The pre-treatment included ball-mill grinding, steam, alkaline and acidic treatments, and decreasing of crystallinity through the dissolution-regeneration of the polymer from [Amim]Br IL. After pre-treatment, the procedures for chitin dehydration in IL solvent were carried out as reported by Kerton et al. (Chen et al., 2015b): 8 wt% chitin in [C4mim]Cl, B(OH)3/HCl additive at 180°C. After the reaction, 3A5AF product was extracted with ethyl acetate. The yield was improved significantly in IL solvent after ball-milling treatment, with the best yield of 28.5% being achieved within 10 min (vs. 7.5% for untreated chitin).

The first step is based on the disruption of the inter- and intramolecular hydrogen bonding of sugars and the formation of new hydrogen bonds between the carbohydrate hydroxyl protons and the anions of the IL, which facilitates the hydrolysis of chitin to its monomer. In fact, kinetic studies suggest that hydrolysis of the crystalline region of chitin is likely to be a rate-determining step (Chen et al., 2014). Then, the mechanism for formation of 3A5AF from N-acetylglucosamine is analogous to that described elsewhere for other sugars (e.g., fructose and glucose) dehydration processes. Here, complexation of imidazolium (or additive employed) with the hydroxyl oxygen of the sugar facilitates its conversion into the open chain aldose form. The nucleophilic attack by a hydroxyl group to a carbonyl yields the 5-membered heterocyclic ring, which, in turns undergoes subsequent dehydration and keto-enol tautomerization to yield the 3A5AF product.

The produced 3A5AF can be further employed as a building block in a multistep synthesis. New applications and markets for this chemical include its incorporation into active pharmaceutical ingredients (APIs), such as proximicins, aminofuran antibiotics, and anticancer compounds isolated from marine strains MG-37 of the actinomycete Verrucosispora (Fiedler et al., 2008). Sadiq et al. developed a safe, sustainable synthesis of proximicin A (Sadiq et al., 2018) from 3A5AF prepared from mechanochemically treated chitin by Chen et al. (2015a) (Table 2, Entry 7), i.e., by using [C4mim]Cl as a solvent, and B(OH)3/HCl additives. The reaction sequence from 3A5AF proceeded through 6 steps, namely the oxidation of 3A5AF into the corresponding ester, selective hydrolysis of respective amide, installation of the methyl carbamate moiety, selective ester hydrolysis, and finally selective formation of amide using ammonium hydroxide coupling with 3-aminofuran. Although an IL was used to generate 3A5AF from chitin, their use in the following steps is still to be explored. Still, the proposed synthesis eliminated the use of toxic chemicals previously employed for this transformation. In addition, the study emphasized the role chitin would be playing in the sustainable production of nitrogen-containing building blocks, which are not directly obtainable from lignocellulosic biomass.



Preparation of 5-Hydroxymethylfurfural (5-HMF)

The direct conversion of chitin into 5-HMF is a traditional reaction usually conducted using metal salts as catalysts (FeCl2, ZnCl2, AlCl3, and B(OH)3) under high temperature, hydrothermal conditions (Scheme 5) (Wang et al., 2013; Yu et al., 2016). In 2015, ILs with different cations and anions of varying acidity, hydrogen-bonding capacity, and steric hindrance were tested as catalysts for 5-HMF formation from chitosan as the starting material (Table 2, Entry 9). The ILs included [C4mim][HSO4], [C4mim][BF4], [C4mim]Cl, [C4mim]Br, 1,3-bis(4-sulfobutyl)-1H-imidazol-3-ium hydrogen sulfate [(HOSO2C4)2im][HSO4], 3-methyl-1-(4-sulfobutyl)-1H-imidazol-3-ium hydrogen sulfate [HOSO2C4mim][HSO4], 1-methylimidazolium hydrogen sulfate ([Hmim][HSO4]), 1-methylimidazolium chloride ([Hmim]Cl), and 1-carboxymethyl-3-methylimidazolium hydrogen sulfate ([HOOCCH2mim][HSO4]) (Li et al., 2015).


[image: Scheme 5]
SCHEME 5. Chitin conversion into 5-hydroxymethylfurfural (5-HMF).


The nine ILs were initially evaluated using chitosan as a substrate, five of which performed satisfactorily, although the reaction required a high temperature (180°C). The best performances (based on yields) were [Hmim][HSO4] (21.7% yield at 2 wt% IL loading and 29.5% yield at 4 wt% IL loading) > [C4mim][HSO4] (18.9% yield) > [(HOSO2C4)2im][HSO4] (12.8% yield) > [HOOCCH2mim][HSO4]) (11.5 % yield) > [C4mim][BF4] (10.8% yield). After using chitosan for the reaction optimization, the best performing IL, [Hmim][HSO4], was tested on chitin under the optimized conditions (0.5 wt% chitin suspension in water, 5 h treatment time, 4 wt% [Hmim][HSO4] IL, at 180°C) resulting in 19% yield of HMF. As a comparison, the reaction in the absence of any catalyst did not form any product, and the yield of the reaction that used SnCl4·5H2O or ZnCl2 resulted in only 10% yield of HMF.

A series of Brønsted acidic ILs with different structures were also tested for the conversion of chitin and its derivative into 5-HMF (Table 2, Entry 10). The ILs included [Hmim][HSO4], 1-methylimidazolium dihydrogen phosphate ([Hmim][H2PO4]), 1-methylimidazolium nitrate ([Hmim][NO3]), [Hmim]Cl, 4,5-dimethylthiazolium hydrogen sulfate ([TM][HSO4]), 2-isobutylthiazolium hydrogen sulfate ([TB][HSO4]), and 4,5-dimethyl-3-(4-sulfonic acid butyl)thiazolium hydrogen sulfate ([TBSO3H][HSO4]). Initially the reaction was conducted using GlcNAc as a substrate, and then was extended to the use of chitin and chitosan under the best determined conditions.

With exception of [Hmim][HSO4], the other ILs resulted in a moderate conversion of GlcNAc into 5-HMF (traces to 28.7% yield). The IL [Hmim][HSO4] exhibited the best catalyst performance (45.2% yield) which, when optimized, reached 64.6% yield without the need of catalysts other than the IL. The reaction was conducted using GlcNAc/water/dimethylsulfoxide (DMSO) ratio of 1/120/80 by weight, under 180°C for 6 h. When chitin was employed as a substrate, the usage of [Hmim][HSO4] IL resulted in 25.7% yield of HMF under these conditions, providing access to valuable chemicals from chitin for biorefinery purposes.

A patent application (Zang et al., 2015) has also used chitinous raw materials for their catalytic conversion into 5-HMF, employing ILs as co-solvents and catalysts. Both chitin and chitosan were studied: several chotosans with DA in the range of 20–50% and several chitins with DA in the range of 85–95%. Some of the ILs used in this study were the same as previously noted, namely [C4mim]Cl, [C4mim][OAc], [Amim][OAc], [Hmim][HSO4], but also included novel ILs (not previously evaluated for this application): 3-methyl-1-(4-sulfobutyl)-1H-imidazol-3-ium hydrogen sulfate [HO3S(CH2)4mim][HSO4], lysine 4-methylbenzenesulfonate [Lys][pCH3C6H4SO3], 1-carboxy-3-methylimidazolium chloride [HOOCmim]Cl, glycine chloride [Gly]Cl, 1-(4-sulfobutyl)pyridinium hydrogen sulfate [HO3S(CH2)4Py][HSO4]. The reaction was conducted in water as a solvent, with 0.25–0.33 wt% load of chitin or chitosan to form a suspension and 1–20 wt% IL as a co-solvent and acidic catalyst. This reaction was conducted with or without additional catalysts (trace amounts of La(CF3SO3)3, CrCl3·6H2O, Gd(CF3SO3)3·H2O, Yb(CF3SO3)3·H2O, etc.), under 120–200°C heating. Unfortunately, due to the patent being relatively broad, it is not clear which ILs were the best performing. The best reported yield of 5-HMF (46%) was achieved using [(CH2)4SO3Hpy][HSO4] as co-solvent and Fe(ClO4)3·H2O as catalyst.

Similarly for 5-HMF, the first step of the reaction no matter whether it is done from chitin or chitosan is the formation of new hydrogen bonds though the coordination of basic anions with chitin's or chitosan's hydroxyls, which breaks the original hydrogen bonding (This step is similar to all related chitin biorefinery reactions.). Then, the mechanism is very similar to that for formation of 3A5AF from N-acetylglucosamine, followed by the released of H+ and/or electron-rich aromatic, which facilitates the conversion of the carbohydrate into its open chain aldose form; this is the rate-limiting step. This step is followed by the isomerization into enol-intermediate, followed by ring closure with simultaneous deamination. Subsequent keto-enol tautomerization into 4-hydroxy-5-hydroxymethyl-4,5-dihydrofuran-2-carbaldehyde followed by dehydration yields the desired 5-HMF product (Li et al., 2015).




PREPARATION OF COMPLEX COMPOUNDS

The preparation of fructosazine [IUPAC name: 2,5-bis(1,2,3,4-tetrahydroxybutyl)pyrazine]) and deoxyfructosazine (Scheme 1) from chitin was also reported (Hou et al., 2015; Wang et al., 2016). These compounds are used as flavoring agents, fragrance compounds, and in medicine for the prevention and treatment of osteoarthritis and as popular anti-inflammatory agents (Leffingwell, 1976; Giordani et al., 2006; Yang and Yan, 2018).

To produce fructosazine (Table 2, Entries 12–19), chitin biomass was oxidized with strong oxidizer in DMSO, with an IL catalyst which also played a co-solvent role; traditionally this reaction requires inorganic salts as catalysts (Hou et al., 2015). The ILs evaluated were the imidazolium ILs [C2mim][OAc], [C4mim][OAc], 1-ethyl-3-methylimidazolium hydroxide ([C2mim][OH]), 1-butyl-3-methylimidazolium hydroxide ([C4mim][OH]), 1-butyl-3-methylimidazolium carbonate ([C4mim]2[CO3]), 1-butyl-3-methylimidazolium bicarbonate ([C4mim][HCO3]), and 1-butyl-3-methylimidazolium benzoate ([C4mim][C6H5COO]). The chitin raw material was loaded into DMSO/IL mixture (DMSO to chitin ratio of 10:1 w/w, IL to chitin ratio of 1:2–100 w/w), and then oxidant added (oxidant to chitin ratio of 1–50:1 w/w). Aqueous hydrogen peroxide, sodium hypochlorite, sodium hypobromite, or potassium hypobromite (30–95% solutions in water) were used as oxidants. The reactants were mixed and then allowed to react at temperatures up to 200°C, for up to 10 days. The product was easily recrystallized from the reaction mixture using acetonitrile, ethanol, propanol, or acetone as recrystallization solvents. Unfortunately, details or more narrow ratios between reagents were not provided as the patent is broad.

Deoxyfructosazine was prepared using very similar conditions as those reported above (Table 2, Entries 20–27): DMSO was used as a solvent, ILs as co-solvent/catalyst, and a dehydration agent (B(OH)3, sodium tetraborate, phenylboronic acid, acetic acid, AcOH, carbonic acid or phosphoric acid) (Wang et al., 2016). While the reaction was also attempted in DMF and DMAc, the use of DMSO resulted in the highest product yield. The reaction was carried out in a pressure vessel with a Teflon screw cap. Chitin, DMSO, IL and an additive were placed in a pressure vessel equipped with a magnetic stirring bar, and a reaction was heated in an oil bath (25–200°C) at different time intervals (from 5 min to 2 days). While the ratios of reagents depended on the IL identity and the dehydration agent used in the reaction, in general the ratio of IL:chitin was ca. 1–1.5:1 w/w, 2–50:1 mol/mol dehydrating additive:chitin, IL/DMSO 0.25:1–50 v/v.

Using low MW chitin (MW 250,000 Da), [C4mim][OAc] IL was employed as catalyst, AcOH as dehydration agent, and the ratio of reagents was 1.2:1 w/w IL:chitin, 2:1 mol/mol AcOH:chitin, 4:1 v/v IL:DMSO, at 150°C for 6 h. In another example, [C6mim][OH] IL and K2CO3 as a dehydration agent were utilized for conversion of high MW chitin (MW 1,000,000 Da). The ratio of reagents was 1.1:1 w/w IL:chitin, 15:1 mol/mol K2CO3:chitin, 1:3 w/w IL:DMSO, at 180°C for 4 h. The yield of deoxyfructosazine was determined to be 50–60%. Interestingly, the use of ILs with acidic sulfonic group that are usually used as dehydration agents in similar reactions as catalysts required increase in the reaction temperature and resulted in bond cleavage with formation of formic and levulinic acids, and not deoxyfructosazine (Wang et al., 2016). Recently, selective transformation of chitin and chitosan into levulinic acid has been realized by the catalysis using acidic 1-methyl-3-(3-sulfopropyl)imidazolium hydrogen sulfate ([HSO3C3mim][HSO4]) up to a yield of 67.0% (Hou et al., 2019). The authors suggested the IL was not basic enough to completely disrupt H-bonding of the N-acetyl groups which shielded the accessibility of glycosidic linkages to the acidic catalyst, thus deacetylation-depolymerization mechanisms occurred only at the outer surface of the polymer.



THE ROLE OF IONIC LIQUIDS

Although enzymatic reactions (hydrolysis and deacetylation) could proceed without use of IL (IL is considered to be non-essential activator), ILs disrupt the H-bonding and thus facilitate the access of the enzyme to the substrate. This results in formation of different products and different product distribution profile (ratio of monomer to dimer to oligomers) than what is observed without the use of ILs (Husson et al., 2017; Berton et al., 2018). The IL systems also appear to be superior in terms of product yields and reaction speed.

In those cases reporting the formation of small molecule heterocycles (5-HMF, 3A5AF), no product could be formed from chitin using VOCs instead of ILs, even at harsh reaction conditions. Besides, in many cases, the product was not stable at high temperatures or for elongated reaction times, while the use of ILs allows mild reaction conditions (Chen et al., 2015b). For example, no 3A5AF was formed by using organic solvents even at a high temperature (Chen et al., 2015b). One of the reasons for this phenomenon is that there is a strong correlation between the hydrogen-bonding network strength and the reactivity of chitin, and ILs allow an easy disruption of this H-bond network (Chen et al., 2015a).

The pretreatment of chitin may be an essential step in all reactions for chitin deconstruction because it allows faster chitin depolymerization through breaking down the polymer's robust structure and H-bonding network. Considering this, ILs that possess anions that are more basic should be investigated more closely. Rational design directed to functionalization of ILs that could assist in this step may be necessary, in order to improve the reaction yield from chitin, which currently remain low.



RECOVERING OF IONIC LIQUIDS

Contrarily to methods for IL dewatering (Abu-Eishah, 2011; Kuzmina and Hallett, 2016; Zhou et al., 2018), the literature addressing the recyclability of the ILs after deconstruction of chitin polymers into chemicals is scarce. The process of IL recycle would not be as simple as a dewatering of the ILs after formation of chitin materials, but instead we envision a two-step process, with the recovery of products and unreacted starting materials first, and then the IL purification and recovery. We will review the methods that were reported by authors of these technologies where available.

The simplest IL recovery strategy would potentially be after enzymatic hydrolysis reaction, where IL is used for the polymer's pretreatment and then is washed out with water prior to the reaction of the sugar with enzymes. Such “pre-treatment” strategy facilitates purification of mono-/oligosaccharides from the reaction media. At the same time, washing chitin out with water not only leads to a production of hydrolysates, which are nearly free of residual ILs, but also results in an IL that is simply “wet.” A simple dewatering step could be done to recover of the IL for the next pretreatment cycle. The dewatering strategies for the IL are provided elsewhere (Shamshina, 2019).

In the reactions where small molecule heterocycles (3A5AF or 5-HMF) are formed, the product is normally extracted with a suitable volatile organic solvent (VOC) such as ethyl acetate, diethyl ether, or dichloromethane, after which the IL is recovered together with the additive or catalyst used (Chen et al., 2015a). In this recovery process, the water is removed through evaporation under high-vacuum, usually using a rotary evaporator. The IL/additive that was used as catalyst remained unseparated and are used “as is,” in the next catalytic cycle. For instance, in the formation of 5HMF from glucosamine (Li et al., 2019), the recyclability of [Hmim][HSO4] catalyst was evaluated over five cycles on the “model” reaction, in a DMSO/water mixture. In every cycle, IL/catalyst was recovered, re-used, and the product yield was evaluated. The product yield slightly decreased (ca. ~10% of initial yield) with each re-use cycle, which was attributed to the catalyst mass loss during the recycle procedure. It was found that unreacted starting material and 5-HMF product can be easily removed from the reaction mixture by extraction with ethyl acetate. After removal of the product, the water was evaporated under vacuum and the remaining [Hmim][HSO4]/DMSO used directly in the next catalytic cycle, under the same reaction conditions.

Although not reported in the literature reviewed for chitin conversion, there are two methods that might be of interest and that would not depend of the components of the mixture to be separated. The first method is the recovery of the IL through the formation of the distillable carbene, patented by BASF (Earle and Seddon, 2001). The method involves the treatment of imidazolium IL with a strong base (such as potassium tert-butoxide), which deprotonates the imidazolium cation at C-2 position, forming 1,3-dimethyl-imidazol-2-ylidene carbene. This carbene is distillable and could be distilled out (Earle and Seddon, 2001). Afterwards, the formed carbene reacts with the acid of the desired anion, reforming the imidazolium IL. The method can be used after the desired products have been extracted from the IL, and the IL/residues mixture has been dewatered fully.

Membrane separation might constitute another method for the IL recovery, including the commercially available pervaporation systems (PVs). These systems have been shown to be suitable for the recycling of [C2mim][Ac] IL after lignocellulosic biomass pretreatment. The inventors of the technology claim separation factors of 1,500 and recycle efficiency of >99.9 wt% IL (Campos et al., 2014). This said, the efficiencies of removing contaminants by membrane separation processes would be dependent on the size and molecular weight of the mixture constituents. Either way, we are convinced that the choice and application of the separation method would depend on the product yield, other contaminants (e.g., starting materials) level, cost of the process, and chemical nature of components.



OUTLOOK

Every so often in the history of society, a paradigm shift, an important change that happens when the traditional way of thinking is replaced by a new and/or different way, takes place. The reason behind such change is that “crisis simultaneously loosens the stereotypes and provides the incremental data necessary for a fundamental paradigm shift” (Kuhn, 1962). Nowadays, it is all about a shift from oil-based economy to biopolymers-based one, caused by depletion of oil resources, and environmental awareness.

Due to numerous worldwide-enforced legislative measures around environmental protection, and public environmental awareness, biopolymers have finally started gaining recognition in multiple industrial sectors. Such replacement of oil-based chemicals with biopolymer-derived ones, should, however, be done in a clever fashion and careful decisions must be made whether the biopolymers should be used in their unmodified state for high-value products, or in a bio-/chemical transformation for low-value commodity chemicals. For chitin, IL-extracted chitin would be considered a specialty polymer, due to its unprecedented high molecular weight, while pulped chitin would be considered a bulk commodity. In this case, prices for the polymer would differ greatly reflecting not only more expensive process of isolation for IL-extracted chitin, but also development costs for its special molecular weight.

Since market for chemicals made from renewable biopolymers such as cellulose or chitin is driven by a low tech, but high-volume commodity, chitin obtained by pulping (Shamshina et al., 2016) would work as a suitable starting material for chitin conversion into chemicals, and provide access to the chemicals that are cannot be obtained otherwise. It is cheap and commercially available, and thus would be ideal for the purpose (Shamshina et al., 2019). A large number of existing National programs is indeed built around such bio-refineries where biomass feedstock, after partial or complete separation into main fractions, is followed by the deconstruction of the components into valuable chemicals. This includes the program by the National Renewable Energy Laboratory (NREL, 2019), and the program by Joint BioEnergy Institute (JBEI, 2019)1 which focus on the production of bio-based chemicals. On the other side, we believe in taking advantage of polymers accessible directly from Nature as primary polymer source for the preparation of materials, and not chopping them up into the chemicals. Here, high-cost, high-value medical devices, and implantables of IL-extracted chitin would more than cover the cost of its isolation and other chitin-based products will become more financially attractive.

Review of scientific literature suggests that biopolymers in general, and chitin in particular, are very appealing for overall biorefinery, although further research is needed for proper biopolymers' valorization. Yet, the principle of circular economy encourages its exploitation as an alternative resource for a sustainable future.
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Streptococcus pneumoniae is the causative agent of many diseases, most notably pneumonia. Most of the currently used vaccines to protect against this pathogen employ pneumococcal capsular polysaccharides (CPSs) as antigens, but purifying CPS of sufficient quality has been challenging. A purification process for CPS comprising conventional methods such as ultrafiltration, CTAB precipitation, and chromatography was previously established; however, this method resulted in high cell wall polysaccharide (CWPS) contamination, especially for serotype 5. Thus, a better purification method that yields CPS of a higher quality is needed for vaccine development. In this study, we significantly reduced CWPS contamination in serotype 5 CPS by improving the ultrafiltration and CTAB precipitation steps. Moreover, by applying an acid precipitation process to further remove other impurities, serotype 5 CPS was obtained with a lower impurity such as decreased nucleic acid contamination. This improved method was also successfully applied to 14 other serotypes (1, 3, 4, 6A, 6B, 7F, 9V, 11A, 14, 18C, 19A, 19F, 22F, and 23F). To assess the immunogenicity of the CPS from the 15 serotypes, two sets of 15-valent pneumococcal conjugate vaccines were prepared using the previous purification method and the improved method developed here; these vaccines were administered to a rabbit model. Enzyme-linked immunosorbent assay and opsonophagocytic assay demonstrated higher immunogenicity of the conjugate vaccine prepared using CPS produced by the improved purification process.

Keywords: pneumococcal capsular polysaccharide, purification, cetyltrimethylammonium bromide (CTAB) precipitation, cell wall polysaccharide, vaccine


INTRODUCTION

Streptococcus pneumoniae, which was first isolated by Louis Pasteur and George Sternberg independently in 1880 (Grabenstein and Klugman, 2012), is a gram-positive bacterium and major cause of pneumonia. The bacterium is also responsible for meningitis, otitis media, and other infectious diseases (Örtqvist, 1999; Hortal et al., 2000; Mitchell and Mitchell, 2010; Blasi et al., 2012). One of the most important virulence factors in S. pneumoniae is capsular polysaccharide (CPS), the types of which determine the serotypes of the pneumococcal bacterium (Dubos and Avery, 1931; Henrichsen, 1995). CPS composes the outer layer of S. pneumoniae, and more than 90 structurally different serotypes of S. pneumoniae have been reported thus far; 11 serotypes are known to cause over 70% of invasive pneumococcal diseases (Geno et al., 2015). Because pneumococcal CPS is a major factor of pathogenicity and involved in the antigen-specific immune response against S. pneumoniae, it has been a primary target for the development of pneumococcal disease vaccines by pharmaceutical companies worldwide (Melegaro et al., 2006).

In the cell wall of S. pneumoniae, cell wall polysaccharide (CWPS) coexists with CPS and is a common contaminant during the process of CPS purification (Xu et al., 2005). CWPS is a negatively charged molecule and structurally conserved, except for the number of phosphocholine groups, among the serotypes (Vialle et al., 2005; Brown et al., 2013). Because CWPS is known to cause an inflammatory response (Tuomanen et al., 1987) and antibodies against CWPS are known to be not protective despite its high immunogenicity (Nielsen et al., 1993), CWPS must be separated from CPS for pneumococcal vaccine development. However, it is difficult to remove CWPS from CPS because the molecules are covalently bound through peptidoglycan (Sørensen et al., 1990; Larson and Yother, 2017) except for serotypes 3 and 37. In this study, we developed an improved process for CPS purification from the fermentation broth of S. pneumoniae that reduces CWPS as well as other contaminants such as nucleic acids and proteins. We exploited the differences in molecular weight and electrostatic properties between CPS and CWPS and successfully improved the quality of isolated CPS. Higher-quality CPS and CPS with high CWPS content were then conjugated to the carrier protein CRM197 to overcome the limited effectiveness of polysaccharide vaccines since polysaccharide alone cannot elicit T-cell dependent immune responses (Beuvery et al., 1982; Lesinski and Westerink, 2001). Animal studies were conducted to compare the immunogenicity between the conjugate vaccines produced by the previous and new methods.



MATERIALS AND METHODS


Cell Culture

To produce pneumococcal polysaccharides, each serotypes of S. pneumoniae were cultivated in Hemin free media in a 40L fermenter (Sartorius, BIOSTAT, D-DCU, Göttingen, Germany) at 37°C, pH 7.2. All 15 serotype of S. pneumoniae (1, 3, 4, 5, 6A, 7F, 9V, 11A, 14, 18C, 19A, 19F, 22 F, 23F) were obtained from Culture Collection University of Gothenburg (CCUG).



Purification


Purification Before Process Optimization

After the cultivation of S. pneumoniae, 10% sodium deoxycholate (DOC) was added to the cell broth to achieve a final concentration of 0.1% to lyse the cells, followed by centrifugation at 7000 rpm. The supernatant was filtered using a 0.2 μm cut-off filter and subjected to ultrafiltration/diafiltration (UF/DF) against pure water at 10-fold volume of the supernatant by using a 50 kDa (for serotypes 4, 5, and 14) or 100 kDa (for serotypes 1, 2, 3, 6A, 6B, 7F, 9V, 11A, 18C, 19A, 19F, 22F, and 23A) cut-off cassette membrane filter (Hydrosart, Sartocon Ultrafiltration cassettes, Sartorius, Göttingen, Germany), depending on the size of the CPS. CTAB (10%) was added to achieve a final concentration of 0.7% to the diafiltered solution of CPS. For negatively charged CPS such as 1, 3, 4, 5, 6A, 6B, 9V, 11A, 18C, 19A, 19F, 22F, and 23A, CPS precipitated with some negatively charged impurities, including nucleic acids, and for neutral CPS such as 7F and 14, only impurities precipitated, leaving the CPS remain in the solution. Thus, after centrifugation of CTAB-treated solution, precipitates were collected for negative CPS, and supernatant was collected for neutral CPS. NaCl solution (1 M) was added to the precipitated CPS, and CPS in the supernatant was mixed with NaCl solution to achieve a final NaCl concentration of 1 M. Then, ethanol was added to CPS in 1 M NaCl solution (1st ethanol CPS precipitation) to a final concentration of 75% to precipitate CPS. Precipitates were recovered by centrifugation and dissolved in water. After treating 6% (w/v) sodium acetate and 0.5% (w/v) DOC, the pH of the solution was adjusted to 6.4 using 8 M acetic acid. Ethanol was added to this solution (ethanol impurity precipitation) to a final concentration of 20% (1, 3, 4, 5, 19A, and 19F) or 33% (6A, 6B, 7F, 9V, 11A, 14, 18C, 22F, and 23A) to precipitate the impurities. After centrifugation, the supernatant was collected and mixed with 6% (w/v) sodium acetate, and ethanol was added (2nd ethanol CPS precipitation) to achieve a final concentration of 75%. As in the 1st ethanol CPS precipitation process, in the 2nd ethanol CPS precipitation, CPS were precipitated, and these precipitates were collected by centrifugation and dissolved in water. Then, this CPS solution was sequentially diafiltered against Buffer I (50 mM Tris–HCl, 2 mM EDTA, 0.3% DOC), Buffer II (50 mM Tris–HCl, 2 mM EDTA), and Buffer III (150 mM NaCl). Afterward, buffer exchange to water was performed by diafiltration for hydroxyapatite (HA) chromatography, during which impurities will bind to the column. For the HA chromatography, column was equilibrated with PBS (10 mM phosphate buffer, 150 mM sodium chloride, pH 7.4) before sample loading. The flow through (F/T) was recovered for the final UF/DF and formulation.



Improved Purification Method

To improve the process, after cell lysis, acid precipitation was performed, during which the pH of the cell broth was adjusted to 5.0 by adding acetic acid to remove impurities such as soluble proteins. After the acid precipitation, extensive UF/DF against pure water at 20-fold volume of the supernatant, which was twice the volume used in the former method, was performed to remove low molecular weight molecules including CWPS. CTAB concentration was also increased, from 0.7 to 2%. The purification steps before and after optimization are presented in Figure 1.
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FIGURE 1. Process flowchart of pneumococcal polysaccharide purification. The method before improvement is presented in the left and the improved steps are indicated in the green box in the right.




Gel Permeation Chromatography (GPC)

To determine the molecular sizes of pneumococcal CPS from each serotype, gel permeation chromatography (GPC) was performed using the Waters e2695 system equipped with the TSKgel G6000PW/5000PWXL column (2× bed column). Dextran standard (American Polymer Standard Corporation) was used to calculate the molecular weight of CPS, as dextran and pneumococcal CPS have similar characteristics.



Nuclear Magnetic Resonance (NMR) Spectroscopy

Concentrations of CWPS were measured by 1D 1H-NMR spectroscopy. CPS samples were dissolved in 10% D2O solution, and the 1D spectra were recorded with a Bruker Avance Neo 600 (600 MHz) spectrometer. NMR data were processed, and the spectra were analyzed in Topspin® software. CWPS content was calculated as the relative peak area ratio of CWPS to CPS.



Measurement of Proteins and Nucleic Acids

Proteins and nucleic acids as contaminants in CPS were measured by a Lowry protein assay kit (Thermo Fisher Scientific, Waltham, MA, United States) and NanoDrop spectrophotometer.



Activation of PnPSs

Purified CPS larger than 700 kDa was fragmented by a Microfluidizer® (Microfluidics, United States) at 30.000 psi to reduce the size. An ADH linker molecule was covalently bound to 5 mg/mL of fragmented CPS between 250 and 700 kDa in size using 1-cyano-4-diethylaminopyridinium (CDAP) and tri-ethylene amine (TEA) as described in literatures (Lees et al., 1996; Suárez et al., 2008). Briefly, CDAP in acetonitrile was added to 5 mg/mL of the polysaccharide solution at 1/10 of the volume (50 mg/mL), and after 1 min, 0.21 M of TEA was added at the same volume of CDAP (50 mg/mL, in acetonitrile). After 3 min, the same volume of 0.5 M ADH with 50 mg/mL CDAP (in acetonitrile) was added to the solution, and the activation reaction was performed for 15 h at 4–10°C with shaking at 200–300 rpm using a magnetic stirrer. Activated polysaccharides were confirmed by measuring the degree of activation, which shows the concentration of ADH molecules bound on the polysaccharide chains, by TNBS (2,4,6-trinitrobenzene sulfonic acid) assay (Snyder and Sobocinski, 1975).



Conjugation of Activated PnPSs to CRM197

Activated PnPSs were conjugated to CRM197 using 1-ethyl-3-(-3dimethylaminopropyl) carbodiimide hydrochloride (EDAC) as a catalyst in 0.1 M MES buffer (pH 6.0). After the conjugation reaction proceeded at 4°C, EDAC and unbound CRM197 were removed by DF with a 100-kDa cut-off membrane filter, and Polysorbate 80 was added to a final concentration of 0.005%.



Formulation of 15-Valent Pneumococcal Conjugate Vaccines

All 15 CPS-CRM197 conjugates were adsorbed on aluminum phosphate adjuvant. Each vial of vaccine (0.5 mL) contained 125 μg of aluminum phosphate and 2.2 μg of CPS (except 6B, which contained 4.4 μg).



Animal Study

All animal studies were approved by the Institutional Animal Care and Use Committee (approval No.: 17B025) according to Animal Protection Law (13023, January 20th, 2015). To test the immunogenicity of the 15-valent pneumococcal conjugate vaccines, 0.5 mL of Prevnar 13® and formulated vaccine were intramuscularly injected into New Zealand white rabbits weighing 1.16–1.30 kg. After the first injection, two boosting injections were conducted at 2-week intervals, and serum samples were collected 6 weeks after the first injection.



Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assay units for 15 serotypes were measured by a modified method described by Concepcion and Frasch (2001). Microtiter plates were coated with 1 μg/mL of serotype-specific pneumococcal CPS antigens and incubated for 5 h at 37°C. Rabbit sera were pre-absorbed with pneumococcal C-polysaccharide (Statens Serum Institut) and each serotype of CPSs (American Type Culture Collection) for 30 min at room temperature before serial dilution. Serially diluted serum was added onto a washed plate, and the plates were incubated at room temperature for 1 h. After 1 h of incubation, the plates were washed, and HRP-conjugated goat anti-rabbit IgG (AB Frontier) was added. Following a 1-h incubation and washing, substrate (3,3′,5,5′-tetramethylbenzidine, TMB) was added to all wells. The optical density of each well was measured at 450 nm using an ELISA plate reader. t-test was used to evaluate the increase of the serotype specific IgG levels in the sera. p values of <0.05 was considered as statistically significant and all statistical analysis was performed by GraphPad Prism v5.01 (GraphPad, La Jolla, CA, United States).



Opsonophagocytic Activity Assay (OPA)

The functional activity of antibodies in sera was measured by the standard opsonophagocytic activity assay (OPA) (Burton and Nahm, 2006). HL-60 cells (Korean Cell Line Bank, KCLB No. 10240) were used as effector cells, which express complement receptors CR1 and CR3 (for iC3b and C3b). HL-60 cells were maintained, passaged, and differentiated into granulocytes with dimethylformamide. HL-60 cells were allowed to phagocytose bacteria in the presence of sera containing anticapsular antibodies and baby rabbit complement (Pel-Freez Biologicals). The assay was performed on microtiter plates, and duplicate samples from each well were plated on THYE agar plates. The results were expressed as an opsonic index, which is the reciprocal of the serum dilution at 50% killing as compared to bacterial growth in controls without serum.



RESULTS


Molecular Weights of CPS and CWPS

The molecular weights of CWPS were measured by GPC to determine if CWPS can be separated from CPS based on size differences (Figure 2). As summarized in Table 1, the molecular weights of CPS were 951.0, 1002.1, 1275.1, 1153.8, and 1128.3 kDa for serotypes 4, 5, 7F, 14, and 18C, respectively. CWPS has a molecular weight of approximately 10 kDa, indicating that the large difference in size can be utilized for separation.
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FIGURE 2. Molecular weights of serotypes 4, 5, 7F, 14, 18C measured by GPC. The serotypes of 4, 5, 7F, 14, and 18C are shown in red, blue, green, cyan, and pink colors, respectively.



TABLE 1. Calculated molecular weights of serotypes 4, 5, 7F, 14, and 18C measured by GPC.
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Concentrations of CWPS, Nucleic Acids, and Protein Impurities in Serotype 5 CPS

Cell wall polysaccharide content in serotype 5, determined to be 50% by NMR, was the highest among all 15 serotypes (data not shown) and similar to that of a comparator CPS (ATCC standard pneumococcal serotype 5 polysaccharide) (Figures 3A,B). After optimization of the purification processes, which included changes in the conditions of CTAB addition and ultrafiltration, the CWPS concentration fell to 9.3% (Figure 3C). Despite the decrease in CPS yield, the levels of other contaminants such as nucleic acids were also reduced, as was the concentration of CWPS, after applying the improved processes (Table 2). There was a small increase in protein contamination after process optimization; however, it is thought to be within a batch variation range. The reduction rates of nucleic acids and proteins in CPS from serotype 5 were monitored step-by-step in each process, revealing that the majority of the impurities were removed by the intensive microfiltration step (Figure 4). During UF/DF, proteins and nucleic acids were reduced by 85.7 and 75.6%, respectively. When impurity precipitation was performed using ethanol, proteins and nucleic acids decreased by 98.6 and 96.7%, while in the chromatography step, levels decreased by 99.3 and 99.6%. Therefore, changes in UF/DF and impurity precipitation processes resulted in the most dramatic decreases in nucleic acid contaminants from serotype 5.
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FIGURE 3. 1D 1H-NMR spectra of pneumococcal polysaccharide of serotype 5. (A) Pneumococcal polysaccharide of ATCC standard. (B) Pneumococcal polysaccharide purified using the method before improvement. (C) Pneumococcal polysaccharide purified using improved method. The peaks from CPSs and cell wall polysaccharides are indicated by arrows. The peaks in the 1–1.5 ppm region are three methyl groups in type 5 CPS, and the peak that appeared at 3–3.5 ppm is phosphocholine groups in CWPS.



TABLE 2. Comparison of the yields and content of impurities of serotype 5 before and after process optimization.
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FIGURE 4. Reduction rates of impurities in each steps of improved method. Reductions of protein and nucleic acid contaminants are indicated by circle and square dots, respectively. Microfiltration is a filtering process using 0.2 μm cut-off capsule filter while UF/DF process is a process to remove low molecular contaminants using 50 kDa cut-off filter. PS and impurity precipitation were carried out by using CTAB and ethanol, respectively. Hydroxyapatite (HA) column was used in chromatography process and buffer exchange to the final formulation was performed in final UF/DF process.




Concentrations of CWPS, Nucleic Acids, and Protein Impurities in 14 Other Serotypes

This improved purification method was then applied to four other serotypes (4, 7F, 14, and 18C) that also exhibited high CWPS concentrations used the previous method. The NMR spectra of CPS produced by each method were compared (Figure 5). CWPS concentration was decreased from 25 to 4.8% for serotype 4 (Figure 5A), 35–6.8% for 7F (Figure 5B), 52–1.4% for 14 (Figure 5C), and 9.2–2.8% for 18C (Figure 5D). The production yield of CPS and concentrations of nucleic acids and proteins from serotypes 4, 7F, 14, and 18C were not affected by modification of the processes (Table 3), indicating that CWPS concentrations were efficiently reduced by the improved method, without affecting other factors. When the improved method was applied to other serotypes (1, 3, 6A, 6B, 9V, 11A, 19A, 19F, 22F, and 23F), decreases in CWPS were consistently observed, indicating that the method is generally applicable (Figure 6). In particular, notable decreases were observed in serotypes 1, 4, 5, 6A, 7F, and 14.
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FIGURE 5. 1D 1H-NMR spectra of pneumococcal polysaccharide of serotypes (A) 4, (B) 7F, (C) 14, (D) 18C. Peaks from capsular polysaccharides and cell wall polysaccharides are indicated by arrows in each panel. The peaks from pyruvyl ketal (type 4) and anomeric protons (types 7F, 14, and 18C) are chosen and identified in the spectra since these chemical groups are unique and easily identifiable from the peaks from phosphocholine groups in CWPS.



TABLE 3. Comparison of the yields and content of impurities of serotypes 4, 7F, 14, and 18C.
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FIGURE 6. CWPS contents in each of 15 pneumococcal polysaccharides (1, 3, 4, 5, 6A, 6B, 7F, 9V, 11A, 14, 18C, 19A, 19F, 22F, 23F). CWPS contents are presented as a percentage of the ratios of cell wall polysaccharides to capsular polysaccharides. The comparison of before and after the process improvement are presented in the graph for each serotype.




Impact of the Increased Quality of CPS on Immunogenicity

A 15-valent conjugate vaccine prepared using CPS produced without process optimization was injected into rabbits, and sera were subsequently analyzed by ELISA and OPA. Significantly lower IgG levels for serotypes 1, 3, 5, 6A, 6B, 18C, 19A, and 23F were observed in the sera compared with those following administration of a comparator vaccine (Prevnar 13®), while IgG for serotypes 4, 7F, 9V, and 19F showed no significant differences (Figure 7A). When the CPS produced by the improved method was used in the conjugate vaccine, the concentration of IgG for most serotypes was equivalent to or higher than those observed after administration of Prevnar 13®, except for serotype 7, indicating that the polishing of the CPS production steps dramatically improved the quality of the vaccine and thus increased the immunogenicity of the vaccine (Figure 7B). In addition, IgG levels for serotypes 11A and 22F, which are not covered by Prevnar 13®, were similar to those for other serotypes covered by the 15-valent pneumococcal conjugate vaccine. OPA to measure the functional antibody levels in the sera also showed results similar to those of ELISA. Notably, serotypes 1, 5, 6B, 9V, 19A, and 23F in the method before improvement demonstrated lower opsonophagocytic killing activity than a comparator vaccine (Figure 8A); however, by improving the purification method and decreasing the CWPS, these serotypes showed higher or similar fold increases of OPA index (Figure 8B).
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FIGURE 7. Immune responses against pneumococcal polysaccharides in mice measured by ELISA. (A) Before the process optimization. (B) After the process optimization. Prevenar 13® was used as a comparator vaccine and PCV15 indicates the polysaccharide-carrier protein conjugate produced in this study by Eubiologics. (∗p < 0.05, ∗∗p < 0.01).
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FIGURE 8. Immune responses against pneumococcal polysaccharides in mice measured by OPA. (A) Before the process optimization. (B) After the process optimization. Prevenar 13® was used as a comparator vaccine and PCV15 indicates the polysaccharide-carrier protein conjugate produced in this study by Eubiologics. (∗p < 0.05, ∗∗p < 0.01).




DISCUSSION

Several methods for purification of CPS from S. pneumoniae have been reported, and advances in technology have enabled production of CPS with high purity and yield (Suárez et al., 2001; Macha et al., 2014; Yuan et al., 2014; Zanardo et al., 2016; Morais et al., 2018). However, while these methods were optimized for specific serotypes of CPS such as type14 (Suárez et al., 2001; Zanardo et al., 2016), types 3, 6B, 14, 19F, and 23F (Macha et al., 2014), and types 1, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F (Yuan et al., 2014), our method can be universally applied to all 15 serotypes (1, 3, 4, 5, 6A, 6B, 7F, 9V, 11A, 14, 18C, 19A, 19F, 22F, and 23F) contained in a newly developing 15-valent conjugate vaccine, although there is one determination step whether to use supernatant or precipitant depending on the charge of the target CPS after CTAB precipitation. Methods mentioned above do not use traditional CTAB precipitation which is our main separation step, and we combined this with other techniques including acid precipitation, ethanol precipitation, and HA chromatography and this ensured high purity of CPS and low CWPS contamination. Moreover, while most studies in the literature focus on reducing nucleic acid and protein impurities, we focused on the CWPS, which is one of the major contaminants in the process of CPS purification and remains a concern in the production of pneumococcal vaccines. Although CPS yield could have been compromised due to many steps which is the case in traditional methods (Morais et al., 2018), we substantially reduced CWPS contaminations in CPS. The method used in the development of Prevenar 13®, which is a comparator vaccine in our animal immunogenicity study, is based on CTAB precipitation as our technique (Hausdorff et al., 2010); however, the main difference is that it uses NaI to precipitate CTAB after CTAB precipitation and our method uses ethanol precipitation to specifically precipitate CPS.



CONCLUSION

In conclusion, we developed our own pneumococcal CPS purification method by combining several traditional separation techniques such as ultrafiltration, CTAB precipitation, and chromatography; however, concerns about CWPS contamination remained, as high CWPS concentrations in CPS were observed by NMR spectroscopy. To solve this problem and reduce CWPS and other impurities, process optimization was carried out, which resulted in lower CWPS, leading to higher immunogenicity when used in a conjugate vaccine. By optimizing only the main purification processes, including extensive UF/DF and impurity precipitation, concentrations of CWPS were notably decreased. Moreover, in animal models, ELISA and OPA analyses revealed that the higher-quality CPS affected the immunogenicity of the multivalent pneumococcal conjugate vaccine in which CPS was used as an antigen. Our results reveal that the reduced levels of CWPS contamination of CPS by our optimized method significantly improved the quality of the CPS which can contribute to the development of new multivalent conjugate vaccines to prevent pneumococcal diseases.
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Laccase is a multi-copper oxidase that catalyzes the oxidation of one electron of a wide range of phenolic compounds. The enzyme is considered eco-friendly because it requires molecular oxygen as co-substrate for the catalysis and it yields water as the sole by-product. Laccase is commonly produced by fungi but also by some bacteria, insects and plants. Due it is capable of using a wide variety of phenolic and non-phenolic substrates, laccase has potential applications in the food, pharmaceutical and environmental industries; in addition, it has been used since many years in the bleaching of paper pulp. Fungal laccases are mainly extracellular enzyme that can be recovered from the residual compost of industrial production of edible mushrooms as Agaricus bisporus and Pleurotus ostreatus. It has also been isolated from microorganisms present in wastewater. The great potential of laccase lies in its ability to oxidize lignin, one component of lignocellulosic materials, this feature can be widely exploited on the pretreatment for agro-food wastes valorization. Laccase is one of the enzymes that fits very well in the circular economy concept, this concept has more benefits over linear economy; based on “reduce-reuse-recycle” theory. Currently, biorefinery processes are booming due to the need to generate clean biofuels that do not come from oil. In that sense, laccase is capable of degrading lignocellulosic materials that serve as raw material in these processes, so the enzyme’s potential is evident. This review will critically describe the production sources of laccase as by-product from food industry, bioprocessing of food industry by-products using laccase, and its application in food industry.
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INTRODUCTION

Laccase (benzenediol:oxygen oxidoreductase; EC 1.10.3.2) is a blue-copper oxidoreductase that catalyze the oxidation of wide range of substrates including phenolic compounds with the concomitant reduction of molecular oxygen to water (Nunes and Kunamneni, 2018). Fungal laccases contain two disulfide bonds and four copper atoms distributed in three cupper centers: T1, T2, and T3. Type I (T1) is mononuclear and has an absorption band at around 610 nm, which is responsible for the characteristic blue color of such enzyme. T2/T3 are a trinuclear cluster. The oxidation of the substrate is carried out in T1, through a His-Cys-His tripeptide sequence, the extracted electrons are transferred to the T2/T3 site where the reduction of molecular oxygen to water finally occurs (Osma et al., 2010; Hautphenne et al., 2016; Nunes and Kunamneni, 2018). That is the reason why laccase is considered as a “green tool,” due to it is able to perform the catalysis process using molecular oxygen as the only co-substrate rather than hydrogen peroxide like other oxidoreductases (v.gr. lignin peroxidase and manganese peroxidase) (Agrawal et al., 2018). Laccase can cooperate with small compounds called “mediators” and oxidize non-phenolic compounds, so that its activity is not limited only to phenolic compounds (Chio et al., 2019). Mediator is oxidized giving one or more electrons to laccase, after the mediator oxidized form diffuses away from the catalytic pocket, where it is capable of oxidizing the substrate. Mediator is able of oxidizing substrates inaccessible for the laccase due to its small size (Rochefort et al., 2004; Munk et al., 2018). Most biotechnologically useful laccases are fungal origin, however, the enzyme has been found in plants, insects and some bacteria (Nunes and Kunamneni, 2018). Around 150 laccases have been fully characterized. The most studied have been isolated from fungi capable of destroying wood, especially white-rot fungi as: Pleurotus pulmonarius, Pleurotus ostreatus, Agaricus bisporus, Trametes versicolor, etc. (Bertrand et al., 2016; Nunes and Kunamneni, 2018). The production of the enzyme can be influenced for the type of culture (submerged or solid state), type of microelements and the source of nitrogen. Generally, the enzyme is produced during the fungi secondary metabolism (Brijwani et al., 2010). Laccases are secreted, with typical molecular weight around of 60 kDa. Typical fungal laccases have an isoelectric point around 4.0, however there are some laccases with basic isoelectric points (Mukhopadhyay and Banerjee, 2015). The optimal temperature of fungal laccases may vary in a range of 40–70°C (Debaste et al., 2018). They are generally glycosylated, which contributes to the high stability of the enzyme (Osma et al., 2010). Owing its versatility, stability, and wide range of substrates; a large number of laccase industrial applications have been explored in the past years, including delignification and brightening of pulp paper, decolorization of dyes in textile industry, bioremediation of soils, organic synthesis of medications, biosensor technology, and in food processing (Upadhyay et al., 2016).

In nature, laccase is secreted by the fungus to access carbohydrates (cellulose and hemicellulose) in the wood through the degradation of lignin (Osma et al., 2010). Lignin, which is a phenylpropanoid biopolymer, it is considered the most abundant polymer in nature (Chio et al., 2019). Lignin has an extremely complex structure; it is recalcitrant and difficult to degrade. In its natural state it has practically no applications, however, it can be burned to get energy. That is why one of the great challenges to allow the use of lignin is its depolymerization. Currently, there are different methods of lignin depolymerization: thermo-chemical, mechanical, chemical, and biological (Chio et al., 2019). Naturally, biological treatments have been classified as “environmental friendly catalyst” since they are developed by microorganisms or enzymes that are generally not toxic (Chio et al., 2019). In addition, biological treatments have low energy requirements, reduced waste streams and low downstream cost (Albornoz et al., 2018). In this way, the role of laccases in the production of bioethanol through the pretreatment of ligninolytic residues has been studied. Since the treatment with laccase allows the degradation of lignin which increases the fermentability of such ligninolytic residues (Agrawal et al., 2018). It is known that with help of mediators, laccase degrades almost 80–90% of lignin structure (Chio et al., 2019). The conversion of lignin moieties into biofuels is one of the objectives of biorefinery (Ponnusamy et al., 2019). In general, biorefinery has been defined as a facility for converting lignocellulosic materials into bioenergy and chemicals with potential industrial significance (Roth and Spiess, 2015; Sperandio and Ferreira Filho, 2019). As mentioned earlier, lignocellulosic materials are very abundant and therefore represent a much more suitable resource as a raw material for biorefineries. Thus eliminating the problem of using feedstock for producing biofuel that can be used in food production (Roth and Spiess, 2015).

In this review paper; we analyzed the production sources of laccase, together with the state of the art in the recovery of laccase from by-products generated mainly by the food industry. The bioprocessing of the food industry by-products using laccase and the potential applications of the enzyme in the food industry are presented. Potential trends and current challenges of the potential application of laccase are critically described.



LACCASE AS BY-PRODUCT FROM FOOD INDUSTRY

The biological pretreatment of lignocellulosic biomass is cost-effective and eco-friendly. Lignin can be degraded by enzymes secreted through the metabolism of wide variety of fungi. For example, white-rot fungi show more significant effects in the degradation of lignocellulose materials (Ponnusamy et al., 2019). Traditionally, laccase has been produced by white-rot fungi using submerged fermentation batch culture. This strategy is very convenient due it makes possible to control the conditions and enhance the production of the enzyme. Nevertheless, sometimes it can be an expensive process, especially if the enzyme requires a high fold purification. The production of laccase at laboratory level has been widely reported, however in the market, there are only some presentations from fungi available such as Agaricus bisporus, Coriolus versicolor, Pleurotus ostreatus, Trametes versicolor, and Rhus vernicifera (Osma et al., 2010). A great alternative to obtain laccase from agro-food wastes is the residual compost used for the commercial production of edible mushrooms; because laccase is secreted to the compost during the growth of the fungus.

Royse et al. (2017) reported that in the last 40 years the cultivation of edible mushrooms in the world increased about 30-fold, which gives an idea of the commercial value of this type of food. In 2013, the mushroom production industry was valued about of $63 billion and in per capita consumption it exceeds 4.7 kg annually. Cultivated mushroom are saprophytes, capable of growing on lignocellulosic materials as they have the ability to degrade them, such materials are generally abundant and may come from industrial or agricultural wastes (Kertesz and Thai, 2018). Residual compost is available in huge amounts; when 1 kg of mushrooms is produced, about 5 kg of residual compost are obtained (Grimm and Wösten, 2018). Among the main edible mushrooms produced around the world are the genera: Lentinula, Pleutorus, Auricularia, Agaricus, and Flammulina. Lentinula edodes (Wong et al., 2013), Agaricus bisporus, and Pleurotus ostreatus have been recognized as laccase-producing basidiomycetes and they are produced at industrial scale (Yang et al., 2017).

Agaricus bisporus is one of the most produced mushrooms worldwide, capable of using different substrates for its growth (Trejo-Hernandez et al., 2001). The compost used is a complex mixture prepared using horse manure and/or straw added with nitrogen sources such as poultry manure, urea, ammonium nitrate and plaster (Kertesz and Thai, 2018). The production of laccase during the growth of A. bisporus on this type of compost has been reported previously so it is known that large quantities of laccase are secreted. Once the fungus production is finished, the compost can be discarded (Trejo-Hernandez et al., 2001; Mayolo-Deloisa et al., 2009). There are some studies demonstrating the presence of laccase in the residual compost. Trejo-Hernandez et al. (2001) evaluated the oxidative capacity of an aqueous crude extract from compost using various phenolic compounds which are laccase typical substrates. On such studies, they worked with an aqueous extract of the residual compost; that is to say, the enzyme was not pure. That represents an advantage, if the future application does not require a high pure laccase, as it is the case of decolorization of textile dyes. Further, the use of aqueous two phase systems (ATPS) for the primary recovery of laccase from residual compost of A. bisporus has been reported (see Figure 1; Mayolo-Deloisa et al., 2009). The most commonly used ATPS are formed by two polymers or one polymer and one salt, which mixed in critical concentrations demonstrate incompatibility (Mayolo-Deloisa et al., 2017). The components of each phase are immiscible despite containing about 80% water (molal base). Each phase has different characteristics, which allows them to partition a sample with different molecules (Zaslavsky et al., 2016). They are considered as a primary recovery stage for the separation of biological molecules, due to the large amount of water they contain. ATPS have been used for the treatment of complex samples such as the aqueous extract of residual compost. In that work, polyethylene glycol (PEG) - phosphate ATPS were utilized and the presence of laccase in the PEG rich-phase (top-phase) was proved. It is known that PEG prevents aggregation and gives some stability to proteins, so it was not separated from laccase and the top-phase was used to oxide several Polycyclic Aromatic Hydrocarbons (PAHs), which are generally present in the most recalcitrant fraction of crude oil. The best results were reached with the oxidation of benzo[a]pyrene (BaP), which is formed by a very complex structure difficult to degrade. During the treatment, no interference was observed due to the presence of PEG, on the contrary, a higher oxidation percentage was achieved than the one obtained with the crude extract (Mayolo-Deloisa et al., 2011).
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FIGURE 1. Aqueous two-phase systems (ATPS). ATPS can be formed through the combination of two polymers or a polymer and a salt at critical concentrations. Many parameters are involved in the partition, however in general the enzyme is concentrated in one of the phases.


On the other hand, Pleurotus ostreatus is one of the most-produced species in the world. It is cultivated mainly on sawdust but it is capable of a rapid conversion of other substrates, including bagasse and cornstalks. Generally the fungus grows by competing with other microorganisms since it is not very common to sterilize the compost before being inoculated (Kertesz and Thai, 2018). The residual compost from Pleurotus ostreatus has been used in the production of bioethanol as it is a rich source of sugars such as glucose and xylose (Grimm and Wösten, 2018). Additionally, the presence of laccase in this waste has also been proved. Bertrand et al. (2016) evaluated the potential of different ATPS in the partial recovery of laccase including PEG-phosphate, UCON-salts and polymer-polymer ATPS. The UCON-salts ATPS, specially UCON-(NH4)2SO4, reached a recovery percentage and purification factor up to 98.31% and 9.97, respectively. This demonstrates the potential of systems to recover laccase. UCON is a random copolymer (composed by 50% ethylene oxide and 50% propylene oxide) with a cloud point temperature as low as 40°C. It is a thermoresponsive polymer so it is easier to recover it after a temperature change, where laccase can be separated and the polymer can be recycled (Pereira et al., 2003). Additionally, polymer-polymer systems as PEG10,000/Dextran 10,000 and PEG10,000/Dextran 100,000 have also proved their potential in the recovery of the enzyme; reaching high purification factors. In general, polymer-polymer systems are more expensive, so their application will depend on the final destination of the enzyme.

Laccase can be recovered from residual compost, a lignocellulosic material waste from food industry. After the recovery, laccase can be used for different applications including the degradation of other lignocellulosic materials. It is clear that ATPS represents a viable alternative to be applied in the primary recovery of this enzyme from waste. ATPS-based processes can be formed through a large combination of polymers and salts, are often inexpensive and easy to scale up for commercial purposes.



PRODUCTION OF LACCASE USING AGRORESIDUES

The generation of waste from the processing of fruits and vegetables represents up to 60% of its production, which highlights the importance of developing new alternatives for the use of this material (Pleissner et al., 2016). There are also other sources of waste production such as those generated by the processing of palm oil and rubber wood that are discharged in large quantities into the environment (Vikineswary et al., 2006). Many of them are lignocellulosic residues. The potential of using such residues in the growth of the Pycnoporus sanguineus fungus through solid state fermentation (SSF) has been previously reported, proving that it is a route for the production of laccase (Figure 2). Laccase can be produced with high yields through the degradation of sago and oil palm parenchyma tissue (Rajagopalu et al., 2016). There are also other residues that have been reported for the growth of the Ganoderma lucidum fungus, including sunflower seed hulls and rice residues (straw and husk). G. lucidum is a laccase-producing fungus, recognized as a medicinal mushroom and highly valued in the market. Pilot-scale studies demonstrated the bioconversion of these substrates during the production process of G. lucidum, additionally the presence of laccase in the different crude extracts was also detected. This suggests that there is an area of opportunity in the optimization of enzyme production (Postemsky et al., 2017). There is also evidence of the use of paddy straw and coir pith in combination with biogas digester residue (anaerobically digested plant material) in the cultivation of Pleurotus ostreatus and Pleurotus florida; reaching high levels of fungus production and demonstrating effectiveness in the degradation of lignin, cellulose, and hemicellulose. Although in this case, the production of laccase was not directly measured, its activity is implicit due to the degradation of lignin (Chanakya et al., 2015). In addition, there are other substrates of agro-industrial origin that can be used for the growth of ligninolytic fungi and therefore for the production of laccase. These may include: barley bran, chestnut shell waste, potato pulp, banana skins, mandarin peels, kiwifruit wastes, and grape seeds (Strong and Claus, 2011).
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FIGURE 2. Laccase in food industry. Laccase can be used for the bioprocessing of different food industry by-products, as well as produced in agroresidues by laccase producing fungi.




BIOPROCESSING OF FOOD INDUSTRY BY-PRODUCTS USING LACCASE

Many by-products generated by food industry have high content of phenolic compounds, low pH, as well as high biochemical oxygen demand (BOD) and chemical oxygen demand (COD). Due such complex characteristics is difficult to apply directly a treatment using microorganisms hence enzymatic treatments are more appropriate. Thus, this section will review the main applications of laccase in the processing of by-products from food industry (summarized in Figure 2).


Olive-Oil Mill Wastewater

The olive-oil production process contributes significantly to the pollution of the Mediterranean area, because it generates a large amount of both solid and liquid wastes with a concentration of organic compounds that is toxic to nature (Osma et al., 2010; Jurado et al., 2011). The biggest problem in olive-oil wastewater treatment is principally related to the low pH, high BOD, COD, the high concentration of phenols (from 1.5 to 8.0 g/L) and other organic substances (Chiacchierini et al., 2004). Chemical treatments have so far been the most used to treat this waste. However, due to the toxicity of the residue, biological treatments directly with ligninolytic fungi and/or their enzymes have been studied (Berrio et al., 2007). Laccase from white-rot fungi as Pleurotus ostreatus, Trametes versicolor, Lentinula edodes, Cerrena unicolor, and Pycnoporus coccineus have been able to oxidize different phenolic compounds present in olive-oil mill wastewaters (Osma et al., 2010), and such activity can be enhanced by enzyme immobilization (Berrio et al., 2007). A strong impact of the enzyme on color removal and phytotoxicity has also been reported (Strong and Claus, 2011).



Distillery Wastewater

During the fermentation of molasses from sugarcane, ethanol is produced, which leads to the generation of distillery wastewater (Osma et al., 2010). Due to its extreme physicochemical characteristics such as high content of organic and inorganic matter, high values of BOD and COD, acidic pH, high concentration of ash, high temperature, and dark color; distillery wastewater is one of the most polluting waste and difficult to degrade (Kharayat, 2012). The effectiveness of the laccase in removing phenolic compounds and the color of different distillery wastewater has been evaluated, however it has been found that the fungal culture is more effective than the laccase alone (Strong and Burgess, 2008). Which suggests that this residue can also be used for the production of ligninolytic enzymes (as laccase) using it as a substrate for the growth of white-rot fungi.



Beer-Factory Wastewater

Another residue contaminated with a high load of polyphenolic compounds (especially tannins) is that generated from beer production (Chiacchierini et al., 2004). Tannins are one of the very abundant phenolic compounds in plants, only surpassed by lignin. There are studies that shown the efficiency of Corolopsis gallica in the decolorization and a reduction of the COD of a beer-industry effluent containing a high tannins proportion (Yagüe et al., 2000). C. gallica fungus is able to grow on beer-factory wastewater because it has a high tolerance to tannins which even allows the production of laccase. It has been observed that when this residue is added to the fungus culture, laccase secretion is increased (Chiacchierini et al., 2004).



Delignification of Agroresidues

Laccase is one of the enzymes that fits very well in the circular economy concept, this concept has more benefits over linear economy; based on “reduce-reuse-recycle” theory (Agrawal et al., 2018; Giacobbe et al., 2018). In that sense and as mentioned before, laccase can be recovered from waste materials after industrial mushroom cultivation but can also be used to treat lignocellulosic residues generated by agro-industrial activities (Jurado et al., 2011). Agroresidues contain high concentrations of cellulose and hemicellulose that can be a raw material used in biorefinery processes (Giacobbe et al., 2018). It has been reported that the use of laccase for the degradation of lignin present in food residues, such as apple pomace and coffee silverskin, allows the hydrolysis of hemicellulose generating a high sugar content (Giacobbe et al., 2018). In the same way the use of laccase from Myrothecium verrucaria in the delignification of agroresidues (like wheat straw, rice straw, and sugar cane bagasse) has been reported, reaching efficient delignification in the absence of mediators (Agrawal et al., 2018).



FOOD INDUSTRY APPLICATION OF LACCASE

Over the years, laccase has been used in the food industry especially in the determination of different phenolic compounds that can affect the quality of some products. Table 1 summarizes some of the most important applications of laccase in the processing of foods.


TABLE 1. Direct applications of laccase in food processing industry.
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Beverage Processing

The content and quantity of phenolic compounds present in juices affects their quality, changing their color and taste and thus decreasing their value. Darkening of these products is very common due to the presence of polyphenols. In that sense, it has been demonstrated the high efficacy of laccase to remove phenols, avoiding the use of other chemical treatments such as activated carbon adsorption (Ribeiro et al., 2010). Color stability can be greatly increased after the treatment with the enzyme (Brijwani et al., 2010).



Wine Stabilization

One of the best known applications of laccase in the food industry is in the wine stabilization through the control of phenolic compounds (Osma et al., 2010). The maintenance of flavor in this type of products is fundamental for quality control. Besides, the oxidative reactions that may occur due to the complexity of the mixture of chemicals in the wines can even intensify the color, especially in red wines (Minussi et al., 2007). Chemical methods for the elimination of phenolic compounds, such as the addition of polyvinylpolypyrrolidone (PVPP) and sulfur dioxide, have been used to stabilize the wines and prevent the loss of flavor and color quality (Minussi et al., 2002). Due laccase has good stability at low pH and it is possible to reverse its inhibition with sulfite, the treatment of wines with the enzyme is widely used (Osma et al., 2010). It has been reported that the treatment of white wine with laccase is also feasible, this represents an alternative to ensure the quality of the wines that remain stored for a long time, avoiding their deterioration and reducing the costs of their production. In addition to the advantage of using an ecological treatment (Minussi et al., 2007).



Beer Stabilization

Another product that needs to be stored for long time periods is beer. The control of temperature, oxygen and a cloudy appearance are factors that can affect its quality (Osma et al., 2010). The presence of phenolic compounds such as proanthocyanidins can provoke the precipitation of proteins favoring haze formation (Brijwani et al., 2010). The half-life of the beer can be prolonged through laccase treatment, which can be added at the end of the production process allowing the oxidation of the phenolic compounds (Osma et al., 2010).



Baking

Enzymes have been widely used in the bakery industry because they improve the texture of bread. Laccase is no exception and its usage has been reported to improve dough consistency and enhancing strength of gluten structures. It has also been observed how the structure of the crumb changes, the volume and softness of the dough is improved when the laccase is added (Brijwani et al., 2010).



Sugar Beet Pectin Gelation

This product is a gel formed by the oxidative cross-linking of ferulic acid, widely used in the food industry due to its functional properties. The oxidative process can be carried out by oxidoreductases such as laccase and peroxidase. There is a fundamental difference between these enzymes, laccase only needs molecular oxygen for the oxidation process while peroxidase requires the presence of H2O2. The obtained gel after the process with laccase is thermo-irreversible and can be used in products like luncheon meat (Norsker et al., 2000; Minussi et al., 2002).

The main applications of laccase directly in food processing were aforementioned. However, alternative indirect applications have been reported. These applications may include: laccase amperometric biosensors to measure polyphenols concentration (Osma et al., 2010); the detection and quantification of ascorbic acid in different products and other biosensors for glucose and aromatic amines determination (Minussi et al., 2002). Additionally, laccase has also been applied in the synthesis of medications such as analgesic, sedatives, anti-inflammatory and antibiotics (Upadhyay et al., 2016).



POTENTIAL TRENDS AND CURRENT CHALLENGES

The use of by-products from food industry is a growing trend due to the prevailing need to combat environmental pollution and follow the trend of “reduce-reuse-recycle.” So, researchers have a shared responsibility with the private initiative to explore ways for the proper disposal of waste and its reuse in the generation of new products.

Edible mushrooms production represents one of the most important food industries around the world. As already mentioned, the production of laccase during the cultivation of different species of fungi has been proven through different studies. However, not many studies are known about the increase in laccase concentration during the industrial production of these fungi without altering their nutritional value. Which represents an area of opportunity in the optimization of the production of the fungus, while optimizing the production of laccase and even other ligninolytic enzymes. In turn, it is necessary to optimize the recovery process of the enzyme from the residual compost, explore other primary recovery techniques and purification stages that allow high purities to be achieved. This represents a real challenge, since the crude extract is very complex and not well characterized. In that sense, the integration of ultrasonication in the primary recovery of laccase using ATPS can be a suitable option for to increase the yield. It has been reported that its use can increase the yield, especially of phenolic compounds, in addition to increasing the activity; so, it could be an excellent strategy to treat the crude extract from the residual compost and evaluate its impact in the laccase activity.

Laccase production at the laboratory level in submerged cultivation has been widely reported in recent years. However, in the market there are few presentations of the enzyme, with low levels of purity and from extracts that are not fully characterized, which complicates the reproducibility of many processes that were mentioned throughout this work. Therefore, it is necessary to increase the interest in the area of production and purification of commercial laccases for the development of new products.

The potential of laccase in the pretreatment of lignocellulosic residues to integrate them into biorefinery processes in order to obtain biofuels has been well established in the literature. However, it is necessary to further consider the optimization of conditions to obtain the highest degradation yields, since in many occasions the effectiveness of the fungus is greater than the enzyme. This may be due to the presence of other ligninolytic enzymes, so the possibility of using enzyme cocktails, increase the affinity of laccase through different chemical modifications or realize changes in the parameters of the reactions that are being carried out should be explored.

Additionally, the modification of the laccase through the covalent attachment of one molecule of PEG, known as PEGylation, can be considered to improve its stability. PEGylation is common process reported for the modification of protein drugs and its efficiency has been widely demonstrated. Even though, there are few reports about laccase PEGylation, they present evidence on the improvement of its catalytic activity (Mayolo-Deloisa et al., 2015; Su et al., 2018). This can be an alternative when the process justifies it, especially when the enzyme is used for the detection of certain compounds using biosensors. In that sense, one of the applications of laccase is the detection of various compounds in certain foods. However, it is also used for the synthesis of chemical compounds, their detection and recently it has been reported that the enzyme is capable of removing morphine from aqueous systems (Huber et al., 2018). This reflects the great potential of the enzyme not only in the food industry but also for the recovery of contaminated areas, hence the importance and relevance of the information presented here.



CONCLUDING REMARKS

Laccase is one of the most studied enzymes in the world. Its low substrate specificity and capacity to degrade phenolic compounds using just oxygen, make it suitable for different industrial applications. In addition, it is secreted by several microorganisms to degrade lignin, especially the white-rot fungi. The enzyme can be recovered from residual compost of edible mushroom as Agaricus bisporus and Pleurotus ostreatus using aqueous two-phase systems; thereby this technique can be applied for the extraction of the enzyme from other food by-products. Laccase is also capable of degrading phenolic compounds present in wastewaters from food processing such as olive oil, fermentation of sugarcane molasses, and brewing. However, laccase can also be produced using many of the agro-residues from the food industry, as lignocellulosic waste can serve as a substrate for many enzyme-producing fungi, generating a cycle of production and reuse suitable to be applied in the circular economy. This makes the enzyme highly valued in biorefinery processes for its already recognized ability to degrade lignin naturally. In addition, laccase is widely used in various food industry processes such as beverage processing, baking, stabilization of wine and beer, and sugar beet pectin gelation. This potential justifies the need to deepen the sources of production and purification processes of the enzyme. Furthermore, the opportunity to establish a complete process where the enzyme is obtained from a waste material, recovered purified and placed on the market for a new application, is still available.
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To determine ways to improve the utilization of corn stover, this study investigated methane production from different parts of corn stover using a simple co-culture of an anaerobic fungus (Pecoramyces species) and methanogen (Methanobrevibacter species). The simple co-culture was incubated with the stem pith, leaf blade, or stem bark of corn stover (as substrates) at 39°C for 72 h. The results showed that the stem bark had the lowest (P < 0.05) digestibility (38.0 ± 1.36%) and neutral detergent solubles, that is, cell solubles (31.6 ± 0.45%), and the highest (P < 0.05) lignin content (4.8 ± 0.56%). The leaf blade had a significantly higher methane conversion rate (56.6 ± 0.76 mL/g digested substrate) than the stem pith (49.2 ± 1.60 mL/g digested substrate), even though they showed similar levels of methane production (42.4 ± 1.0 mL and 40.9 ± 1.35 mL, respectively). Both the leaf blade and stem pith of corn stover have the potential to produce methane in a simple co-culture of an anaerobic fungus and methanogen.
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INTRODUCTION

The rational exploitation and utilization of energy are vital for sustainable social development. The increasing depletion of fossil fuels is one of the biggest challenges for the future development of the economy and society. The production of non-petroleum sources of energy has attracted increased attention in several countries. Today, dedicated energy crops, such as maize, sorghum, and wheat, are widely used to produce methane (Riva et al., 2014). However, an increasing energy demand has led to the need to consume large amounts of such energy crops to produce methane. This makes the cost of methane production very high, and leads to an inevitable conflict between the use of limited supplies of energy crops for both food/feed and energy production (Croce et al., 2016).

The use of corn stover, instead of energy crops, to produce methane is one way to address this challenge. Corn stover stores half of the organic matter of an entire crop and has a reasonably high nutritional value (Li et al., 2017). However, cellulose, which is complexed with lignin in crop residues, is highly resistant to anaerobic fermentation and thus to methane production (Berchem et al., 2017; Wu and Tian, 2018). Although there are many limitations in the production of methane from corn stover, it is still considered a good potential substrate for anaerobic fermentation. Furthermore, the production of methane from corn stover is greater than that produced from other crop straws (Croce et al., 2016). In recent years, corn stover has been used to produce methane in anaerobic digestors or in batch cultures (Haag et al., 2015).

Methane production from corn stover depends on its chemical composition (Fernando et al., 2006). At present, some physical and chemical pretreatment methods can improve the degradation of straw and thus improve the efficiency of methane production. Steam explosion, microwave, and other heat treatment methods can dissolve lignin, but they also produce toxic substances, which can inhibit anaerobic fermentation (Sapci et al., 2013; Theuretzbachera et al., 2015). Although cold treatment methods, such as extrusion and comminution, do not produce harmful substances, they do not remove lignin from the fiber structure, which leads to poor methane production (Hjorth et al., 2011).

Other processes, such as acid and alkali pretreatment, may also be applied separately before anaerobic fermentation. The application of acid for pretreatment is great extent restricted by high acid and energy consumption, equipment corrosion, and obligation for acid recovery (Ibrahim, 2012). Moreover, alkaline treatment can even produce secondary products, thereby reducing the production of methane during fermentation (Croce et al., 2016). When combined with some physical and chemical methods to simultaneously pretreat straw, the above listed drawbacks could be alleviated, and methane production increased. However, such pretreatment itself violates the original intention of producing new energy sustainably, owing to the considerable consumption of energy. In addition, the application of such treatments can be expensive.

Anaerobic fungi (AF), a constituent of the natural microbial communities found in the rumen of herbivores, are known for their fiber-degrading ability. Unlike fiber-degrading bacteria, AF have unique rhizoid systems that can colonize and degrade the plant cell wall for effective degradation (Gruninger et al., 2014; Solomon et al., 2016). Anaerobic fungi use many carbohydrate-degrading enzymes and their unique rhizoid system to physically destroy the ultrastructure of the plant cell wall to degrade lignocellulose. This action is considered to increase the surface area for bacterial colonization and further enzymatic digestion (Gruninger et al., 2018). The use of AF could preclude the requirement for pretreatment in methane production.

Compared with industrial preparations, AF are natural, harmless, efficient, and convenient and can be easily obtained. Methanogens can be found toward the end of the metabolic process in the rumen, which can utilize the metabolic products of AF and fibrolytic bacteria to produce methane (Jin et al., 2017). Many studies using co-cultured AF and methanogens have shown that co-cultured methanogens could not only use fungal metabolites to produce methane, but also shift the fungal metabolic pathway to confer significantly higher levels of fiber-degrading ability to the AF (Joblin et al., 1990). Thus, co-cultures of AF and methanogens have the potential for use in the degradation of lignocellulosic substrates for methane production (Theodorou et al., 1996; Bootten et al., 2011; Shi et al., 2019).

Zhou et al. (2015) reported that the structural components and nutrient utilization rates of different parts of the same straw were significantly different. Zhao et al. (2011) demonstrated that the content and structure of cellulose and hemicellulose in the stem bark (SB), leaf blade (LB), and stem pith (SP) of corn stover also differed. In order to improve the utilization of corn stover, this study investigated the methane production from different parts of corn stover using a simple co-culture of an anaerobic fungus and methanogen.



MATERIALS AND METHODS


Co-culture of Anaerobic Fungus and Methanogen

The co-culture of an anaerobic fungus and methanogen used in the present study was isolated from a goat (Jin et al., 2011). The fungus was identified as Pecoramyces species (Li et al., 2017), and the methanogen was identified as Methanobrevibacter species (Jin et al., 2011). The anaerobic fungus was identified to the genus level through the use of traditional morphological identification and molecular phylogenetic analyses. Morphological identification included rhizoid, mycelium, and flagella identification and nuclear staining with DAPI (4′,6-diamidino-2-phenylindole). Molecular phylogenetic analyses were based on the amplification and sequencing of the genes encoding the 28S rRNA (LSU) and ITS (internal transcribed spacer) sequences with AF-LSU primers (Li et al., 2019). The 16S rRNA genes amplified from the total DNA extracted from the cultures were used for gene sequencing to evaluate the specific type of methanogen, using the Met86F and Met1340R primers, according to the methods of Jin et al. (2011).

The co-culture was maintained in liquid media (Davies et al., 1993) with rice straw as a substrate and transferred every 3 days. Briefly, this method entailed the transfer of 1 mL of co-cultured anaerobic fungus and methanogen solution into a roll tube with 9 mL of fresh medium, according to the methods of Cheng et al. (2009). Each 1,000 mL of medium contained 150 mL of buffer solution A, 150 mL of buffer solution B, 550 mL of basal medium, (2.5 g yeast extract, 100 g tryptone, and 6 g NaHCO3), 150 mL of cell-free rumen fluid (centrifuged at 16,000g for 20 min at 4°C, with the supernatant decanted and stored at −20°C), 1 g of L-cysteine hydrochloride, and 1 mL of 0.1% (wt/vol) resazurin. Buffer solution A contained 0.3 g of K2HPO4 per 100 mL, and buffer solution B contained 0.3 g of KH2PO4, 0.6 g of NaCl, 0.6 g of (NH4)2SO4, 0.06 g of MgSO4 ⋅ 7H2O, and 0.06 g of CaCl2 ⋅ 2H2O per 100 mL. This medium was sterilized by autoclaving at 115°C for 20 min.

Penicillin–streptomycin solution was added to the medium to inhibit bacterial growth. The final concentrations of penicillin and streptomycin were 1,915 and 2,031 U mL–1, respectively. Antibiotic solution was sterilized by using a filtration membrane (size 0.22 μm, SCAA-102; ANPEL, Shanghai, China). At the end of the fermentation process, an aliquot of 10 mL of the supernatant from each bottle was transferred to new media, to which chloramphenicol was added to determine whether the medium became clear after 3 days of incubation. If the medium became clear, this indicated the presence of methanogens in the fermentation medium, and if the medium remained turbid, this indicated the presence of bacteria.



Different Parts of Corn Stover

The corn stover was collected, air dried, and separated into the LB, SP, and SB. The three parts were separately oven dried at 65°C and ground to be passed through a sieve (∼1 mm) for further use as substrates.



Experimental Design and Sample Collection

The experiment comprised three groups, each containing 1 g of SP, LB, or SB as substrates. Each group had four replicates. The media (90 mL) was pre-warmed at 39°C and inoculated with 10 mL of 3-day-old anaerobic fungus and methanogen co-culture. Based on the established growth characteristics of the anaerobic fungus (Li et al., 2017), the co-culture of the anaerobic fungus and methanogen was conducted under strict anaerobic conditions under a headspace of 100% CO2 at 39°C in a butyl rubber-stoppered 180 mL serum bottle containing 90 mL of media without shaking for 72 h. A blank group without inoculation was prepared for gas and analyte correction.

Before the fermentation process, 2 mL of the supernatants was collected from the SP, LB, and SB vessels and used to measure the concentrations of reducing sugars, glucose, and xylose. Gas production and methane production were measured every 6 h (at 0, 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66, and 72 h). At the end of fermentation, the pH was immediately measured, and the supernatant was collected for the analysis of fermentation end products, fiber-degrading enzyme activities, and reducing sugars. The remaining substrates were collected for the analysis of the digestibility of dry matter (DM), neutral detergent fiber (NDF), acid detergent fiber (ADF), cellulose, and hemicellulose.



Analysis of Chemical Composition of Different Parts of Corn Stover

The contents of NDF, ADF, and lignin of the LB, SP, and SB were determined according to the methods of Van Soest et al. (1991). The cell solubles or the soluble solutes in the neutral detergent solution (NDS), cellulose, and hemicellulose were calculated according to the methods of Niu et al. (2018). In addition, NDF and ADF were determined using a fiber analyzer (Ankom A200i; Ankom Technology, Macedon, NY, United States). First, the samples were treated with NDS; the dissolved part was NDS, and the residue was NDF. The NDF was further treated with acid detergent solution to dissolve the hemicellulose and obtain the ADF. The ADF thus obtained was digested with 72% sulfuric acid, which dissolves cellulose, and the residue comprised a mixture of lignin and silicate. This residue was ashed, which removes the lignin, thereby facilitating the determination of silicate. The digestibility of DM, NDF, ADF, cellulose, and hemicellulose was calculated according to the methods of Li et al. (2016).

Each 1,000 mL of NDS contained 30 g of sodium dodecyl sulfate, 18.6 g of disodium ethylenediamine tetraacetic acid (Na2EDTA), 6.8 g of Na2B4O7, 4.6 g of Na2HPO4, and 10 mL of C6H14O4. Each 1,000 mL of acid detergent solution contained 20 g of cetrimonium bromide dissolved in 1,000 mL of 0.5 mol/L sulfuric acid solution.



Measurement of Gas and Methane Production

Gas production was determined using a pressure transducer, according to the methods of Theodorou et al. (1994). The pressure transducer determined the levels of gas production during fermentation at the top surface of the serum bottles with a capacity of 180 mL. Gas production was recorded every 6 h, and the gas was then released to bring the air pressure within the bottle to 0, to facilitate the determination of gas production at the next time point. The gas production volumes at each time point were added to determine the cumulative gas production. By recording the gas production at intermittent time points, a complete growth curve of the co-culture of the anaerobic fungus and methanogen was obtained. After each time point at which gas production was determined, 5 mL of gas was collected in an air bag to determine the methane concentration in the gas.

Methane content in the gas was determined by gas chromatography (Agilent 7890B; Agilent, Palo Alto, CA, United States), according to the methods of Hu et al. (2006). The conditions used were as follows: column temperature of 80°C; vaporization chamber temperature of 100°C; H2 ion flame detector, with a detection temperature of 120°C; and carrier gas (N2) pressure of 0.05 MPa; air pressure of 0.05 MPa; and H2 pressure of 0.05 MPa. The volume of methane was calculated according to the method of Li et al. (2018).



Analysis of Fermentation End Products

The reducing sugars were analyzed using the 3,5-dinitrosalicylic acid (DNS) method (Lowe et al., 1987b). The ratio of the sample to DNS reagent was 1:2, and absorbance was read at 640 nm. The concentrations of glucose, xylose, formate, acetate, and lactate were determined according to the protocol described by Shi et al. (2019). Glucose was determined using the glucose oxidase method, xylose was measured using the phloroglucinol color-developing method, and lactate was determined by the NAD+ transformation method. These analytes were all determined using the applicable assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Formate was measured with the Formate Assay Kit (Sigma, Santa Clara, CA, United States). Acetate was measured by gas chromatography (Daojin GC- 2014AFsc Instrument; Shimadzu, Kyoto, Japan) using a capillary column. An aliquot of 0.2 mL of crotonate metaphosphate solution (0.25 g/mL) was mixed with 1 mL of supernatant from the fermentation medium and centrifuged at 16,000g for 10 min. The supernatant was then analyzed by gas chromatography with a column temperature of 130°C; vaporization temperature of 180°C; H2 ion flame detector and detection temperature of 180°C; N2 carrier gas at a pressure of 60 kPa; H2 pressure of 50 kPa; and O2 pressure of 50 kPa. Ethanol was determined by gas chromatography (TRACE GC Ultra; Thermo Fisher, Waltham, Massachusetts, United States) using the method described by Edgardo et al. (2008).



Analysis of Fiber-Degrading Enzyme Activity

The activities of carboxymethyl cellulase (CMCase), a cellulose-degrading enzyme, and xylanase, a hemicellulose-degrading enzyme, were measured according to the method of Lowe et al. (1987a). The fermentation supernatant was used to measure enzyme activities. To an appropriate volume of the supernatant solution (preheated at 50°C), either 1 mL of xylan solution or 10 mg of carboxymethylcellulose sodium in 0.1 mol/L citric acid disodium hydrogen phosphate buffer solution was added. After 30 min of reaction at 50°C, DNS reagent was added, and the mixture was then boiled for 10 min, and the absorbance was read at 640 nm. The ratio of the sample to DNS reagent was 1:2. One unit of CMCase activity was defined as 1 μmol of glucose released per mL of supernatant per minute (U mL–1 min–1). One unit of xylanase enzyme activity was defined as 1 μmol of xylose released per mL of supernatant per minute (U mL–1 min–1).



Statistical Analysis

Statistical analysis was performed using the SPSS 20.0 software (IBM SPSS Statistics, version 20.0; IBM Corp, Armonk, NY, United States) with one-way analysis of variance at a confidence interval of 95%. Duncan new multiple-range test was then used to compare the differences among the three groups. Data were presented as the mean ± standard error of the mean.



RESULTS


Chemical Composition and Digestibility of the SB, LB, and SP of Corn Stover

The results are presented in Table 1. The SB had the lowest (P < 0.05) NDS content (31.6 ± 0.45%) and highest (P < 0.05) cellulose (40.9 ± 0.30%) and lignin (4.8 ± 0.56%) contents. The LB had the lowest (P < 0.05) cellulose (26.5 ± 0.09%) and lignin contents (2.4 ± 0.07%), and highest (P < 0.05) hemicellulose content (27.4 ± 0.55%). The SP had the highest (P < 0.05) NDS content (45.4 ± 0.55%).


TABLE 1. Chemical composition of the stem bark, leaf blade, and stem pith of corn stover.

[image: Table 1]The degradation values of the SB, LB, and SP of corn stover in the co-culture are shown in Table 2. The DM digestibility (DMD) of the SP was the highest (82.0 ± 1.95%, P < 0.05), followed by those of the LB (74.8 ± 1.95%) and SB (38.0 ± 1.36%). The hemicellulose digestibility of the SP was highest (78.6 ± 1.64%), followed by those of the LB (77.4 ± 0.95%) and SB (25.7 ± 0.75%). As shown in Figure 1, the concentrations of reducing sugars, glucose, and xylose in the SP were the highest (P < 0.05), followed by those in the LB and SB.


TABLE 2. Degradation of the stem bark, leaf blade, and stem pith of corn stover in a co-culture of an anaerobic fungus and methanogen.
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FIGURE 1. Concentrations of reducing sugar before (A) and after (B) fermentation and of glucose (C) and xylose (D) in the supernatant, following incubation using the stem bark (SB), leaf blade (LB), and stem pith (SP) of corn stover as substrates. The error bars represent the standard error of the mean (n = 4). *P < 0.05, **P < 0.01, and ***P < 0.001.




Gas and Methane Production From the SB, LB, and SP of Corn Stover

Figure 2 shows the cumulative gas production, over 72 h of fermentation, from the SB, LB, and SP of corn stover using the co-culture. The curves of methane production were similar to those of overall gas production. At the end of fermentation, the total gas production values of the LB (184.6 ± 3.74 mL) and SP (188.8 ± 2.60 mL) were significantly higher than those of the SB (105.8 ± 5.06 mL, P < 0.05), and no significant difference was observed between those of the LB and SP (P > 0.05) (Figure 3). Total methane production values from the LB (42.4 ± 0.99 mL) and SP (40.9 ± 1.35 mL) were significantly higher than those from the SB (25.8 ± 1.85 mL, P < 0.05), and no significant difference was observed between those from the LB and SP (P > 0.05) (Figure 3). The LB and SP showed similar levels of methane production, but the DMD of the LB was significantly lower than that of the SP (P < 0.05). This indicated that the methane conversion rate of the LB (56.6 ± 0.76 mL/g digested substrate) was significantly higher than that of the SP (49.2 ± 1.60 mL/g digested substrate) (P < 0.05).
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FIGURE 2. Cumulative gas production from the stem bark (SB), leaf blade (LB), and stem pith (SP) of corn stover using a co-culture of anaerobic fungus and methanogen. The error bars represent the standard error of the mean (n = 4).
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FIGURE 3. Total gas and methane production from the stem bark (SB), leaf blade (LB), and stem pith (SP) of corn stover using a co-culture of anaerobic fungus and methanogen. The error bars represent the standard error of the mean (n = 4). ***P < 0.001.




Fiber-Degrading Enzyme Activity and Fermentation Metabolites Following Incubation of the SB, LB, and SP of Corn Stover

As shown in Table 3, the activity of CMCase in the LB group was significantly higher (P < 0.05) than that in the SP and SB groups. Xylanase activity in the SB group was significantly lower (P < 0.05) than that in the LB and SP groups, and no significant difference (P > 0.05) was observed between the values in the LB and SP groups.


TABLE 3. Activities of fiber-degrading enzymes of an anaerobic fungus following incubation using the stem bark, leaf blade, and stem pith of corn stover as substrates.

[image: Table 3]The pH values showed significant differences among the three groups (P < 0.05). The SB had the highest pH value (6.6 ± 0.01), which was significantly higher than those of the LB (6.4 ± 0.02) and SP (6.3 ± 0.01) (P < 0.05). The pH value of the LB was also significantly higher than that of the SP (P < 0.05). The concentrations of water-soluble metabolites in the supernatant of the co-culture of the anaerobic fungus and methanogen when incubated with SB, LB, and SP as substrates are shown in Figure 4. Acetate was the dominant metabolite in the supernatant, followed by formate, ethanol, and lactate. The concentrations of formate, ethanol, lactate, and acetate all showed significant differences among the three groups (P < 0.05).
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FIGURE 4. Concentrations of formate (A), ethanol (B), lactate (C), and acetate (D) in the supernatant of a co-culture of anaerobic fungus and methanogen, following incubation using the stem bark (SB), leaf blade (LB), and stem pith (SP) of corn stover as substrates. The error bars represent the standard error of the mean (n = 4). *P < 0.05, **P < 0.01, and ***P < 0.001.




DISCUSSION

The DMD of substrates reflects their utilization (Hao, 2011). In the present study, the DMD of the SP, LB, and SB of corn stover showed significant differences (P < 0.05). The DMD of the SB was significantly lower than that of the SP and LB, and the DMD of the LB was significantly lower than that of the SP (P < 0.05). These findings might be due to the differences in cell-soluble and lignin contents among the three parts. According to Ma et al. (2018), NDS mainly contains protein, fat, starch, and sugar, all of which can be easily degraded by microorganisms (Teunissen et al., 1992).

In the present study, NDS in the SP was the highest, and that in the SB was the lowest. In plant fibers, lignin and hemicellulose are assembled into a complex supramolecular network, which coats the cellulose fibrils. This complex network reduces the digestibility of plant fiber and is the major constraint in the sustainable production of biofuels (Gruber, 2009; Silveira et al., 2015). In the present study, the digestibility of hemicellulose and cellulose in the LB and SP was significantly higher than that in the SB, which might be due to the significantly higher lignin content in the SB compared with that in the LB and SP.

Sun et al. (2005) investigated the attachment on and fermentation profiles of substrates with different lignin contents exposed to ruminal AF. They found that the growth of AF was decreased with increasing lignin content in the substrates. Lignin is a complex compound composed of phenylpropane. It is the most difficult part of the plant cell wall to be degraded. Lignin and polysaccharide are linked by hydroxycinnamic acid, which forms an ester bond and ether linkage with carbonyl and phenolic groups of hydroxycinnamic acid. Although AF can degrade arabinoxylan and release hydroxycinnamic acid, they can neither break the ether bond between lignin and hydroxycinnamic acid, nor degrade lignin (Borneman et al., 1990). Therefore, AF can degrade plant tissues with a relatively low lignin content to a greater extent and at a higher rate.

Methane production by the SB was the lowest in this study, which might be due to the low DMD of the SB, resulting in less substrates (H2/CO2/formate) for the co-cultured methanogens. Zhu et al. (2001) determined the total gas and methane production in their study of the degradation of straw by an anaerobic fungus. They found that the DMD was positively correlated with total gas production and methane production. Jin (2009) also reported that methane production was positively correlated with the DMD of substrates following the co-culture of an anaerobic fungus and methanogen. The process of anaerobic fungal growth and the utilization of crude fiber can be divided into two stages: in the first phase, the polysaccharide hydrolytic enzyme secreted by the anaerobic fungus hydrolyzes the crude fiber into fermentable sugars (mainly glucose and xylose); in the second stage, the anaerobic fungus absorbs or transports these fermentable sugars into the cell and finally metabolizes them into H2, CO2, formate, acetate, lactate, and ethanol (Solomon et al., 2016). In this study, each part of corn stover was first degraded into a large number of fermentable carbon sources, and then these carbon sources generated H2, CO2, and soluble metabolites in the cytosol and hydrogenosome of anaerobic fungus. At the end of the fermentation, the measured amount of H2 accumulation was very low, accounting for only 2% of the total gas production, indicating that most of the H2 produced was used by methanogens, H2 reduces CO2 to generate methane.

Li (2017) reported that during co-culture methane production is accelerated during the period from 32 to 64 h, and methanogens can utilize both the H2 and formate produced by the anaerobic fungus. In our current study, the LB fraction with the highest methane conversion efficiency had the lowest formate concentration in the medium. In addition, gas production from the LB fraction was highest at 30–64 h of fermentation. These results suggest that a large amount of formate produced by the anaerobic fungus was utilized by methanogens during this fermentation stage, which is consistent with previous results.

The SP had the highest DMD in the present study, which might be explained by the higher content of NDS and lower contents of cellulose and lignin, as discussed above. It is interesting that the LB had a significantly lower DMD than the SP but showed similar levels of gas and methane production. Thus, the methane conversion efficiency of the LB was higher than that of the SP, which might be attributed to higher levels of hemicellulose degradation in the LB compared with that in the SP. Without considering economic performance, the methane conversion efficiency of the co-culture pretreatment strategy used in the present study was lower than that of the physical and chemical pretreatment mentioned in the introduction. Whether sulfuric acid, hydrochloric acid, sodium hydroxide, extrusion, or steam explosion pretreatment is used, the conversion efficiency of methane is consistently higher than 100 mL/g, which is more than twofold the conversion efficiency of the pretreatment strategy used in the present study. However, the pretreatment of sulfuric acid, hydrochloric acid, and sodium hydroxide took 9 days (7 days of acid treatment and 2 days of drying), and the following anaerobic digestion was up to 35 days, which indicated that the whole procedure was 44 days (Song et al., 2014; Croce et al., 2016). Meanwhile, the present strategy provided in this study took only 3 days for the whole procedure, which is much more efficient than the above discussed pretreatments.

Compared with the NDS, hemicellulose and cellulose in plants need to be gradually degraded into usable sugars by plant cell wall-degrading enzymes secreted by the anaerobic fungus (Mountfort and Asher, 1985; Haitjema et al., 2014). These usable sugars are then metabolized by the anaerobic fungus into H2, CO2, formate, acetate, ethanol, and succinic acid (Li et al., 2016). Methanogens use H2, reduce the partial pressure of H2 in the system, remove the inhibition of hydrogenase, and thus catalyze more NAD(P)H to H2, which results in increased methane production (Bernalier et al., 1991). The formation of lactate and ethanol requires the participation of NAD(P)H; thus, the production of lactate and ethanol should be inhibited. In this study, the concentrations of ethanol and lactate in the LB group were significantly lower than those in the SP group (P < 0.05).

Solomon et al. (2016) showed that hemicellulase expression is more easily regulated than cellulolytic enzymes in AF. Recent studies have also found that under the same conditions the activity of xylanase produced by AF in the rumen is six times that of cellulase (Li et al., 2017) and four times more than that of the xylanase produced in some industrial fermentations (Lee et al., 1999). Yu (2017) studied the activity of plant cell wall–degrading enzymes in 12 strains of an anaerobic fungus and found that the xylanase activity in Piromyces species CN6 was significantly higher than that of cellulase. Jin (2009) studied the activities of several enzymes after 96 h of fermentation of rice straw by AF and found that xylanase activity of the AF was much higher than that of cellulase. The results of our current study also reflect this situation, in which xylanase activity was much higher than that of cellulase.

At the end of fermentation, the difference in pH values was due to the differences in the concentrations of metabolites. The accumulation of metabolites (acetate, lactate, and formate) can result in a reduction of the pH. Formate, lactate, acetate, and ethanol are reportedly the main water-soluble metabolites of AF (Boxma et al., 2004; Li et al., 2016). Ethanol and lactate are the end products of cytoplasmic metabolism by AF. Compared with the SP, the low concentrations of ethanol and lactate in the LB indicate that cytoplasmic metabolism by the anaerobic fungus was reduced, and more metabolites entered the hydrogenosome to generate H2 and acetate, which promoted the co-cultured methanogen to produce methane, as discussed above. When co-cultured with methanogen, the formate in the supernatant might be utilized to produce methane when H2 is limited (Jin, 2012; Wei et al., 2016).

In the present study, significantly lower levels of formate were observed in the LB group, which implied that the formate was used by the co-cultured methanogen to produce methane, resulting in higher levels of methane in this group. Previous studies have shown that the co-culture of an anaerobic fungus and methanogen could degrade lignocellulosic substrates and produce methane with very limited amounts of formate in the supernatant within 3 days (Kim et al., 2011; Tapio et al., 2017). In the present study, the concentrations of formate were all greater than 1 mmol/L, which implies that the co-culture needed more time to utilize formate to produce methane. Moreover, a large amount of acetate was accumulated in the culture. If acetate-utilizing methanogens could be added to the culture, much higher levels of methane could be produced.

The SB, LB, and SP showed significantly different chemical compositions, which resulted in different levels of digestibility and methane production. The LB and SP of corn stover had higher levels of digestibility and methane production, as they had higher levels of NDS and hemicellulose, which could be easily degraded by the anaerobic fungus. The co-culture of an anaerobic fungus and methanogen has the potential to degrade lignocellulosic substrates to produce methane. More studies are needed in this area to pave the way toward sustainable methane production from lignocellulosic substrates.
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Deoxyribonucleic acid (DNA) carries the genetic information essential for the growth and functioning of living organisms, playing a significant role in life sciences research. However, the long-term storage and preservation of DNA, while ensuring its bioactivity, are still current challenges to overcome. In this work, aqueous solutions of ionic liquids (ILs) were investigated as potential preservation media for double stranded (dsDNA). A screening of several ILs, by combining the cholinium, tetrabutylammonium, tetrabutylphosphonium, and 1-ethyl-3-methylimidazolium, cations with the anions bromide, chloride, dihydrogen phosphate, acetate, and glycolate, was carried out in order to gather fundamental knowledge on the molecular features of ILs that improve the dsDNA stability. Different IL concentrations and the pH effect were also addressed. Circular dichroism (CD) spectroscopy was used to evaluate the conformational structure and stability of dsDNA. IL-DNA interactions were appraised by UV-Vis absorption spectrophotometry and 31P nuclear magnetic resonance (NMR) spectroscopy. The results obtained demonstrate that pH has a significant effect towards the dsDNA stability. Amongst the ILs investigated, cholinium-based ILs are the most promising class of ILs to preserve the dsDNA structure, in which electrostatic interactions between the cholinium cation and the DNA phosphate groups play a significant role as demonstrated by the 31P NMR data, being more relevant at higher IL concentrations. On the other hand, the denaturation of dsDNA mainly occurs with ILs composed of more hydrophobic cations and able to establish dispersive interactions with the nucleobases environment. Furthermore, the IL anion has a weaker impact when compared to the IL cation effect to interact with DNA molecules. The experimental data of this work provide relevant fundamental knowledge for the application of ILs in the preservation of nucleic acids, being of high relevance in the biotechnology field.
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INTRODUCTION

Deoxyribonucleic acid (DNA) is one of the most important macromolecules in cells, carrying the genetic information essential for the growth and functioning of living organisms. DNA is arranged in a helical stranded structure, but it can adopt different three-dimensional conformations. Because of this structural polymorphism (Renčiuk et al., 2009), experimentally, DNA can be designed to create specific structures, being a powerful tool in many fields of application, such as in the development of advanced materials (Tateishi-Karimata and Sugimoto, 2014), templated chemical synthesis, nanomachines, and biosensors (Gartner et al., 2004; Yamada et al., 2005; Liu and Liu, 2009). On the other hand, the biological significance of DNA as a genetic information carrier places this biopolymer as a hot topic of research in life sciences.

In the past decades, several studies pointed out DNA as a relevant biopharmaceutical for genetic therapy purposes (Uludag et al., 2019), namely in the development of DNA vaccination, in pluripotent stem cells research, cellular therapy in psychiatric diseases (Lissek, 2017) and to induce the expression of therapeutic transgenes (Yin et al., 2014). However, the therapeutic efficacy and biological activity of DNA mainly depends on its structural stability and integrity (Diamantino et al., 2016). Due to its degradation by nucleobases and chemical instability, DNA is not stable in aqueous solutions at room temperature for long periods (Lindahl and Nyberg, 1972; Sasaki et al., 2007). Furthermore, temperature, ionic strength, pH and solvent type, and concentration are critical factors that lead to DNA destabilization (Lindahl and Nyberg, 1972; Cheng and Pettitt, 1992). Long-term storage and preservation of DNA at room temperature, while ensuring its bioactivity, are therefore important issues, motivating the research on effective and sustainable solvents for DNA preservation.

With the appearance of the first air- and water-stable ionic liquids (ILs), the scientific community focused the research on the finding of alternative applications for these compounds (Plechkova and Seddon, 2008), namely in organic chemistry (Sheldon, 2001; Jain et al., 2005; Zhao et al., 2005; Wong et al., 2006), new materials formulations (Hussey, 1994; Bowlas et al., 1996; Gordon et al., 1998; Endres and El Abedin, 2006), biocatalysis (Ventura et al., 2012) and as improved solvation media for a plethora of solutes and biomolecules (Freire et al., 2012; Padrino et al., 2018; Shamshina and Berton, 2020). Despite the relevant properties of most ILs, such as low flammability, and high thermal, and chemical stabilities (Seddon, 1997), they also display tunable properties, being generally described as “designer solvents” (Freire et al., 2012). For instance, the physicochemical properties of ILs can be adjusted to provide adequate aqueous microenvironments for biological applications, such as in gene delivery (Satpathi et al., 2015; Freyer et al., 2016) and long-term storage and structural preservation of nucleic acids (Vijayaraghavan et al., 2010; Mukesh et al., 2013; Pedro et al., 2018).

Several research groups have studied the interactions between DNA molecules and ILs, most of the times focused on the finding of novel solvents for DNA preservation. For instance, Ding et al. (2010) suggested a mechanism of interaction between IL and DNA mainly dependent on the IL concentration in water: for IL concentrations lower than 1.05 wt%, the IL cation is localized at several angstroms of distance from DNA phosphate strand, while the IL hydrophobic chains are in parallel arrangement to the DNA molecule surface; however, for higher IL concentrations, the IL cationic head group is near to the DNA phosphate strand and the IL hydrocarbon chains are perpendicularly attached to the DNA molecule surface. Chandran et al. (2012) described that the electrostatic interactions between ILs and DNA phosphate groups as well as hydrophobic and polar interactions between ILs and DNA major and minor grooves are responsible for dehydration and high stability of DNA macromolecules. More recently, Sahoo et al. (2018) reported the molecular mechanism of binding between DNA and non-toxic ILs composed of a cholinium cation and amino-acid-derived anions, namely glycine, alanine, and proline. The authors showed that IL anions have a negligible effect on binding to DNA, when compared with the cholinium cation. On the other hand, Satpathi et al. (2015) proposed that the IL guanidinium tris(pentafluoroethyl)trifluorophosphate is not involved in specific interactions with DNA but instead leads to the compaction of the DNA structure from coil-to-globule conformation.

Although relevant manuscripts have been published (Ding et al., 2010; Chandran et al., 2012; Satpathi et al., 2015; Sahoo et al., 2018), the existence of variable discussions on the mechanisms responsible for the interactions occurring between ILs and DNA is also affected by a still limited number of studies regarding the IL chemical structure effects. Furthermore, a more comprehensive description of the importance of water molecules in the DNA native structure and stability is still missing when dealing with hydrated ILs or IL-water mixtures. In this work, we investigated a series of hydrophilic ILs (combining different cations and anions) in aqueous solutions in order to extend the scientific knowledge about the DNA stability and binding phenomenon occurring between IL and DNA in aqueous solutions, aiming at identifying promising ILs and adequate concentrations to be used in formulations and extraction/separation processes. Although neat ILs have been investigated as well (Zhao, 2015), the use of IL aqueous solutions presents several advantages when compared with neat ILs. Aqueous solutions of ILs may improve the solubility of biomolecules (Cláudio et al., 2013, 2015), provide a more amenable environment and reduced viscosity (Passos et al., 2014) to maintain the biological activity and structural stability of bioactive compounds, and also represent more sustainable solvents since water is used. Circular dichroism (CD) spectroscopy was used to evaluate the conformational structure and stability of DNA in presence of different ILs at different concentrations. The pH and buffer concentration effects were also investigated. The binding characteristics and molecular mechanisms of IL-DNA interactions were studied by UV-Vis absorption spectrophotometry and 31P nuclear magnetic resonance (NMR) spectroscopy. To the best of our knowledge, this work comprises for the first time a screening of several ILs with different cations and anions combinations, allowing a deeper understanding of the ILs molecular features responsible for the DNA stability and structural conformation in aqueous solutions.



MATERIALS AND METHODS


Materials

Double stranded deoxyribonucleic acid (dsDNA) sodium salt extracted from Salmon testes (CAS no. 9007-49-2), of analytical grade, was purchased from TCI Chemicals. The 260/280 nm absorbance ratio of the DNA stock solution was found to be 1.896, indicating the absence of proteins as contaminants (Saenger, 1984). The ILs studied were: tetrabutylammonium bromide, [N4444]Br, tetrabutylphosphonium bromide, [P4444]Br, 1-ethyl-3-methylimidazolium bromide, [C2C1im]Br, (2-hydroxyethyl)-trimethylammonium (cholinium) bromide, [N111(2OH)]Br, cholinium chloride, [N111(2OH)]Cl, cholinium dihydrogen phosphate, [N111(2OH)][DHP], cholinium acetate, [N111(2OH)][Ac], and cholinium glycolate, [N111(2OH)][Gly]. The molecular structures of the investigated ILs are illustrated in Figure 1. [C2C1im]Br (99 wt%), [N111(2OH)][DHP] (>98 wt%), [N111(2OH)][Ac] (>99 wt%), and [P4444]Br (95 wt%) were purchased from Iolitec. [N4444]Br (98 wt%) was purchased from Fluka. [N111(2OH)]Br (>98 wt%) was purchased from TCI chemicals. [N111(2OH)]Cl (98 wt%) was provided by Acros Organics. [N111(2OH)][Gly] was synthetized by us, by the neutralization of cholinium hydroxide ([N111(2OH)]OH) with the respective acid, glycolic acid (1:1.10 mole ratio), at room conditions according to published protocols (Sintra et al., 2015). [N111(2OH)]OH (in methanol solution at 45 wt%) was purchased from Sigma-Aldrich. Glycolic acid (99 wt%) was acquired from Acros Organics. Tris (hydroxymethyl) aminomethane (Tris buffer) (>99.8 wt%) was purchased from Pronalab. Hydrochloric acid (HCl) (in water solution at 37 wt%) was from Sigma-Aldrich. Acetone (100 wt%) and ethanol absolute were acquired from Thermo Fisher Scientific. The water used was double distilled, passed by a reverse osmosis system and further treated with a Milli-Q plus 185 water purification apparatus (18.2 MΩ cm at 25°C).
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FIGURE 1. Chemical structures of the ILs used in this work: (A) [N4444]Br; (B) [P4444]Br; (C) [C2C1im]Br; (D) [N111(2OH)]Br; (E) [N111(2OH)]Cl; (F) [N111(2OH)][Ac]; (G) [N111(2OH)][DHP]; (H) [N111(2OH)][Gly].




Experimental Procedure


CD Spectroscopy

CD experiments were performed using a Jasco J-1500 CD spectrophotometer. Aqueous solutions containing 1 g dm–3 of DNA in 10 mM of Tris–HCl (pH ≈ 7.2) were incubated during 12 h at 25°C with different concentrations of ILs (5, 15, and 30 wt%), and CD spectra were acquired at a constant temperature of 25°C using a scanning speed of 100 nm min–1, with a response time of 4 s over wavelengths ranging from 220 to 350 nm. Due to the high interference caused by [C2C1im]Br in the CD spectrum in the studied wavelengths, for this particular IL, DNA was regenerated using ice cold ethanol (EtOH) in a sample:EtOH ratio of 1:6. The CD spectrum of 10 mM of Tris–HCl (pH ≈ 7.2) was firstly taken as a blank. The recording bandwidth was of 1 nm with a step size of 0.5 nm using a quartz cell with an optical path length of 1 mm. Three scans were averaged per spectrum to improve the signal-to-noise ratio. Measurements were performed under a constant nitrogen flow, which was used to purge the ozone generated by the light source of the instrument.



UV-Vis Spectrophotometry

The UV-Vis absorption spectra were obtained with a Shimadzu UV-1800, Pharma-Spec Spectrophotometer. To prepare the samples, different weights of ILs were added to a constant concentration of DNA in aqueous solutions, namely 0.03 g dm–3 in 10 mM of Tris–HCl (pH ≈ 7.2) (0.21 g dm–3 of DNA for the samples composed of [C2C1im]Br due to the high UV absorption caused by this IL), in order to have IL final concentrations of 5 and 30 wt%. The concentrations of DNA used were chosen to avoid absorbance saturation. Each sample was allowed to stand for equilibration during 12 h at 25°C before the UV absorption spectra were recorded. To remove the background of each IL in UV absorption, solutions of ILs at the same concentrations, yet with no DNA added, were used as standard controls, while 10 mM of Tris–HCl (pH ≈ 7.2) was taken as blank reading. All measurements were performed from 200 to 400 nm and carried out in a quartz cuvette with optical path length of 10 mm.



31P NMR

A total of 35 g dm–3 of DNA in 10 mM of Tris–HCl (pH ≈ 7.2) aqueous solutions were prepared in different concentrations of ILs (5 and 30 wt%). These solutions were left to stabilize during 12 h at 25°C. NMR spectra of DNA were recorded in a Bruker Avance III operating at 300 MHz, using deuterium oxide (D2O) as solvent containing trimethylsilyl propanoic acid (TSP) as the internal reference. The phosphorus chemical shifts of DNA were externally referenced to 5 vol% of orthophosphoric acid.



pH Measurements

pH values of the DNA/IL samples were monitored at (25 ± 1)°C using a SevenMulti (METTLER TOLEDO Instruments) with a relative accuracy of ±0.02. All the aforementioned measurements were performed in triplicate.



RESULTS AND DISCUSSION

The evaluation of the dsDNA stability in aqueous solutions of ILs is of high complexity, particularly when aiming the understanding of the interactions occurring between dsDNA and each IL. In the first place, hydration itself has an important impact on the dsDNA structure (McDermott et al., 2017). The helical structure of dsDNA is stabilized by a solvation environment, where changes on hydration can lead to significant changes in the DNA conformation. Furthermore, several hydrophilic ILs composed of distinct ions were investigated in this work, being organized into four classes: cholinium-, [N111(2OH)]+, tetrabutylammonium-, [N4444]+, tetrabutylphosphonium-, [P4444]+, and 1-ethyl-3- methylimidazolium-, [C2C1im]+, based ILs. All classes of ILs have bromide as a similar anion. ILs with cholinium as cation were further combined with bromide, chloride, acetate, [Ac]–, dihydrogen phosphate, [DHP]–, and glycolate, [Gly]–, anions.


dsDNA Conformational Structure in ILs Aqueous Solutions

The dsDNA conformational structure was firstly evaluated by CD assays in order to infer the stability of this macromolecule in aqueous solutions of ILs at different concentrations: 5, 15, and 30 wt%. Apart from the IL concentration and chemical structure, the buffer concentration and pH were evaluated in order to address their impact on the dsDNA stability. It is well-known that the pH influences the dsDNA stability and structural integrity (Lindahl and Nyberg, 1972; Cheng and Pettitt, 1992). In this work, the pH was controlled by the use of Tris–HCl buffer (pH ≈ 7.2) in all solutions, in which different concentrations were also investigated.

Circular dichroism spectroscopic measurements allow to gather information on the DNA secondary structure (Satpathi et al., 2015), being commonly used to monitor nucleic acids structure perturbations (Tateishi-Karimata and Sugimoto, 2014). The dsDNA from salmon testes, used in this work, presents a β-form conformation, exhibiting two characteristic peaks: one positive band at approximately 275–280 nm associated to π–π base stacking and a negative band around 245 nm corresponding to helicity (Williams and Kielland, 1975; Evdokimov et al., 1976).

Double stranded deoxyribonucleic acid aqueous solutions were prepared in Tris–HCl buffered solutions at different concentrations (from 10 to 1000 mM) to initially appraise the buffer concentration effect in the dsDNA structural conformation. Since no significant changes were observed in the DNA secondary structure when increasing the buffer concentration (cf. Supplementary Figure 1), 10 mM of Tris–HCl was selected and used in the following assays.

For almost all ILs and at the three concentrations investigated, dsDNA maintains its β-form conformation with no transition of the native double-helical structure, as shown in Figures 2, 3. Regarding the IL cation effect, shown in Figure 2, and with the exception of [P4444]Br, when the remaining ILs are added to DNA aqueous buffered solutions, no significant variations in the CD signal and spectrum of dsDNA are observed. However, with [P4444]Br, a significant perturbation in the dsDNA structural conformation is observed at 15 wt% of IL, with a slightly higher effect reflected in the helicity peak than in the base stacking corresponding peak. Furthermore, when using 30 wt% of this IL, no CD spectrum of dsDNA in solution was acquired due to the complete precipitation of DNA.
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FIGURE 2. CD spectra regarding the ellipticity, θ, of 0.01 g dm−3 of β-DNA (from salmon testes) as a function of wavelength, λ, in 10 mM of Tris–HCl buffer (pH ≈ 7.2) aqueous solutions at different concentrations of bromide-based ILs: (A) 5 wt%; (B) 15 wt%; (C) 30 wt%. ([image: image]) only buffer; ([image: image]) [N111(2OH)]Br; ([image: image]) [N4444]Br; ([image: image]) [C2C1im]Br; ([image: image]) [P4444]Br.



[image: image]

FIGURE 3. CD spectra regarding the ellipticity, θ, of 0.01 g dm−3 of β-DNA (from salmon testes) as a function of wavelength, λ, in 10 mM of Tris–HCl buffer (pH ≈ 7.2) aqueous solutions at different concentrations of cholinium-based ILs: (A) 5 wt%; (B) 15 wt%; (C) 30 wt%. ([image: image]) only buffer; ([image: image]) [N111(2OH)]Br; ([image: image]) [N111(2OH)]Cl; ([image: image]) [N111(2OH)][Ac]; ([image: image]) non-buffered [N111(2OH)][DHP]; ([image: image]) buffered [N111(2OH)][DHP]; ([image: image]) [N111(2OH)][Gly].


When dealing with the IL anion effect, being these studies carried out with cholinium-based ILs, less significant changes in the CD signal were observed in the same range of IL concentrations, with the exception of [N111(2OH)][DHP] (Figure 3). Aqueous solutions of [N111(2OH)][DHP] are highly acidic, being the pH a main factor leading to the destabilization of DNA as demonstrated below.

The effect of the IL concentration on the CD data of nucleic acids has already been reported. Sahoo et al. (2018) reported no conformational changes in both positive and negative bands of β-form DNA along with the increase of [N1111(2OH)][Gly] concentration, up to 1.8 wt%. Pabbathi and Samanta (2015) demonstrated no significant modifications on the DNA β-form structure when ranging the N-ethyl-N-methyl-morpholinium bromide ([Mor1,2]Br) concentration from 6 to 20 wt%. These results are in agreement with the results obtained in this work, at least in the range of IL concentrations studied.



Effect of pH on the dsDNA Conformational Stability

According to the aforementioned results (Figures 2, 3), both [P4444]Br and non-buffered [N111(2OH)][DHP] induce significant perturbations in the dsDNA native conformation. Although 10 mM of Tris–HCl (pH ≈ 7.2) was used to keep the pH of all ILs solutions, these two ILs provide highly acidic conditions, with the respective aqueous solutions with pH values ranging between 2 and 4 (cf. Supplementary Table 1 with detailed data). The commercial [P4444]Br used contains phosphines as main impurities, whereas [N111(2OH)][DHP] provides acidic medium due to the IL anion. It should be noted that the presence of DNA in the aqueous solutions of ILs does not influence the pH values, as experimentally verified. Accordingly, the results obtained in terms of the dsDNA loss of stability seem to be highly affected by the pH and not by the IL chemical structure alone. Some authors already associated acidic properties, along with the increase of the IL concentration, to a significant perturbation of the nucleic acids structure. For instance, Pedro et al. (2018) observed that the structural integrity of ribonucleic acid (RNA) is destabilized in presence of non-buffered [N111(2OH)][DHP] that confers acidic conditions to the aqueous medium. However, by the addition of cholinium hydroxide to [N111(2OH)][DHP] aqueous solutions to reach a pH ca. 7, the authors (Pedro et al., 2018) demonstrated significant improvements in the RNA stability. In the same line, in this work, the stability of dsDNA was further evaluated in buffered [N111(2OH)][DHP] by adding cholinium hydroxide up to pH 7. By increasing the pH of the medium there is the improvement of the stability of dsDNA, as shown in Figure 3. These results demonstrate that the IL chemical structure alone is not responsible for the DNA destabilization, but yet the pH plays a significant role.

In order to better address the pH effect, a set of studies was additionally performed on the dsDNA stability in aqueous solutions of [P4444]Br, since this was the IL that provided the most acidic conditions due to the present impurities (cf. Supplementary Table 1), and where DNA precipitation was observed at 30 wt% of IL. Different concentrations of Tris–HCl buffer were used in 30 wt% [P4444]Br aqueous solutions. As shown in Supplementary Figure 2, only with Tris–HCl concentrations from 500 mM it is possible to reach the physiological pH in aqueous solutions containing 30 wt% of [P4444]Br. Furthermore, in aqueous solutions composed of [P4444]Br at 30 wt% in 1000 mM of Tris–HCl (pH ≈ 7.2) it was observed that the solubility of DNA increases (Figure 4A – the tendency followed by the arrow), thus avoiding the DNA precipitation initially observed, reinforced by the improvement in the maintenance of the dsDNA native conformation (Figure 4B). Our results are in agreement with those published by Vijayaraghavan et al. (2010), who performed a set of experiments to demonstrate the effect of pH on the fluorescence emission intensity of aqueous solutions of DNA. Since fluorescence is the result of the presence of the hydrogen-bonded adenine base in native DNA, its intensity depends on the pH of the medium. In acidic conditions, the authors attributed the increase of the intensity to the increased protonation of adenine (Vijayaraghavan et al., 2010). Overall, and although pH plays a significant role since the protonation of DNA is an important factor for maintaining the stability of the macromolecule, the IL chemical structure influence and the existence of specific interactions occurring between IL and DNA should not be dismissed, as shown below.
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FIGURE 4. Schematic representation of (A) DNA dissolution process with the increase of buffer concentration (increase of pH value) and (B) CD spectra regarding the ellipticity, θ, of 0.01 g dm−3 of β-DNA (from salmon testes) as a function of wavelength, λ, in 1000 mM Tris–HCl buffer (pH ≈ 7.2). ([image: image]) only buffer; ([image: image]) 5 wt% of [P4444]Br; ([image: image]) 15 wt% of [P4444]Br; ([image: image]) 30 wt% of [P4444]Br.




DNA-IL Interaction Studies

Considering the set of results presented before, it is still required a deeper analysis of the molecular mechanisms and interactions occurring between ILs and DNA. Only with this information it will be possible a proper design of IL-based media for the long-term preservation of nucleic acids. In this line, UV-Vis absorption measurements were carried out to investigate interaction patterns between DNA and ILs.

Figure 5 shows the effect of adding different concentrations of IL, namely at the minimum and maximum concentrations used in the previous studies, i.e., 5 and 30 wt%, on the dsDNA absorption spectra. Figures 5A,C represent the IL cation effect, whereas Figures 5B,D represent the IL anion effect. It should be noted that changes in position (shift) and absorbance maximum of dsDNA is associated to DNA-IL interactions and/or DNA gains and losses of stability (Haque et al., 2017; Sahoo et al., 2018). For all the absorption spectra acquired an hyperchromic effect is observed, where the absorption of dsDNA in aqueous solutions of ILs is higher than that for dsDNA in 10 mM of Tris–HCl buffer (pH ≈ 7.2). In what concerns the IL cation effect (Figures 5A,C), a specific trend of the cation structure is observed independently of the IL concentration. At 260 nm, and at the two concentrations of ILs investigated, the hyperchromicity increases in the following order: [N111(2OH)]Br < [C2C1im]Br ≈ [N4444]Br < [P4444]Br. An increase of the dsDNA absorption spectrum is due to the unstacking of nucleobases, as a consequence of uncoiling or denaturation processes of dsDNA, which seems to be affected by the IL chemical structure. Overall, and among the bromide-based ILs investigated, [P4444]Br is the IL that leads to a higher unstacking of the DNA bases, whereas [N111(2OH)]Br is the most promising IL to promote the DNA stability. In what concerns the IL anion effect (Figures 5B,D), a specific trend associated to the anion structure is not observed considering its impact on the dsDNA structure. Different patterns are observed when changing the IL concentration. However, amongst the cholinium-based ILs investigated, [N111(2OH)][Gly] is the IL that leads to a higher unstacking of nucleobases in DNA, as confirmed by the higher hyperchromic effect observed with this IL. On the other hand, [N111(2OH)]Br and [N111(2OH)][Ac] seem to be the most appropriate ILs to keep the DNA structure at the two concentrations investigated.
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FIGURE 5. Absorption spectra of β-DNA (from salmon testes) as a function of wavelength, λ, in 10 mM of Tris–HCl buffer (pH ≈ 7.2) aqueous solutions at different concentrations of IL. (A) 5 wt% of bromide-based ILs: ([image: image]) only buffer; ([image: image]) [N111(2OH)]Br; ([image: image]) [C2C1im]Br; ([image: image]) [N4444]Br; ([image: image]) [P4444]Br; (B) 5 wt% of cholinium-based ILs. ([image: image]) only buffer; ([image: image]) [N111(2OH)]Br; ([image: image]) [N111(2OH)][Ac]; ([image: image]) non-buffered [N111(2OH)][DHP]; ([image: image]) [N111(2OH)]Cl; ([image: image]) [N111(2OH)][Gly]; (C) 30 wt% of bromide-based ILs: ([image: image]) only buffer; ([image: image]) [N111(2OH)]Br; ([image: image]) [C2C1im]Br; ([image: image]) [N4444]Br; (D) 30 wt% of cholinium-based ILs. ([image: image]) only buffer; ([image: image]) [N111(2OH)]Br; ([image: image]) [N111(2OH)][Ac]; ([image: image]) non-buffered [N111(2OH)][DHP]; ([image: image]) [N111(2OH)]Cl; ([image: image]) [N111(2OH)][Gly].


Although the UV absorption results demonstrate that the IL influences the dsDNA helical structure, a quantitative approach was additionally carried out by 31P NMR analysis of the DNA phosphate backbone with aqueous solutions of ILs at 5 and 30 wt%. The intensity values of the 31P NMR peaks express the DNA phosphate backbone and the exposition of phosphate groups in a given environment. Figure 6 depicts the 31P NMR intensity values of DNA phosphate groups, in aqueous solutions of ILs at 5 and 30 wt%, as a function of dsDNA ellipticity at 245 nm that represents the helicity, whose values were taken from the data given in Figures 2, 3. Regardless the IL concentration, there is a correlation between the helicity and the 31P NMR intensity peaks of DNA. The higher the ellipticity of dsDNA, the higher the phosphorous peaks intensity of phosphate groups of DNA. According to Figure 6, [N111(2OH)]Br presents the lowest value of ellipticity and the lowest intensity peak of DNA phosphate groups, supporting the possibility of the IL cation being more strongly interacting with the phosphate backbone of dsDNA, thus lowering the phosphorous exposition to the aqueous environment. These results reinforce the higher capability of [N111(2OH)]Br to better stabilize dsDNA in aqueous solutions, being in agreement with the CD and UV absorption analysis (Figures 2, 3, 5). At the IL concentration of 5 wt% (Figure 6A), [P4444]Br presents the highest values of ellipticity and 31P NMR intensity associated to the phosphate groups of DNA. With [P4444]Br, the dsDNA macromolecule surface is more exposed to the aqueous environment and the IL cation is not preferentially interacting with the phosphate groups of the biopolymer. Accordingly, the perturbation on the dsDNA conformation due to [P4444]Br are not due to electrostatic interactions, but yet by dispersive interactions that may be established between the alkyl side chains of the IL cation and the nucleobases. However, with this ILs, it should be remarked that the pH effect cannot be discarded. Since [P4444]+ is also detected in 31P NMR spectra, an example of the obtained spectrum for the samples composed of dsDNA in 5 wt% of [P4444]Br in 10 mM of Tris–HCl buffer (pH ≈ 7.2) is provided in the Supplementary Figure 3, allowing to demonstrate that 31P NMR peaks values of DNA phosphate groups are distinguished from [P4444]+ peaks. At higher concentrations of IL (Figure 6B), i.e., at 30 wt%, there is a general trend of the cholinium-based ILs to display lower 31P NMR peaks intensity, reinforcing that the cholinium cation preferentially interacts with the DNA phosphate groups when compared with imidazolium and tetrabutylphosphonium/ammonium cations.
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FIGURE 6. 31P NMR intensity peaks of DNA as a function of dsDNA ellipticity at 245 nm. (A) IL at 5 wt%; (B) IL at 30 wt%.


Figure 7 depicts the 31P NMR intensity values of DNA phosphate groups (in aqueous solutions of ILs at 5 and 30 wt%) as a function of the dsDNA ellipticity at 280 nm, representing π–π base stacking, whose values were taken from the data provided in Figures 2, 3. As dsDNA ellipticity at 280 nm represents the binding strength occurring between bases, the higher this value is the more consistent the base stacking, thus fostering a more stable double strand conformation of dsDNA. Overall, at 5 wt% of IL (Figure 7A), the 31P NMR peak intensity values decrease with the increase in the dsDNA ellipticity at 280 nm. This trend supports that favorable interactions of the IL cation with the DNA phosphate groups, expressed by a decrease in the NMR peak intensity, improve the DNA π–π base stacking. At 5 wt% of IL, [N111(2OH)]Br induces the highest dsDNA ellipticity value at 280 nm and the lowest NMR intensity peak of DNA phosphate groups, meaning that π–π base stacking occurring in dsDNA molecules are better preserved and that interactions of the IL cation with the DNA phosphate groups are preferentially established. This trend reinforces the preferential interactions of cholinium with the DNA phosphate backbone. On the other hand, π–π base stacking seems to be more relaxed in presence of [P4444]Br, being this the IL with the lowest ability to preserve the DNA structure as discussed above. However, at 30 wt% of IL (Figures 7B,C), no correlation between the 31P NMR intensity values of DNA phosphate groups as a function of the dsDNA ellipticity at 280 nm was found. These results support that at higher concentrations of ILs the molecular-level phenomenon is more complex and that other interactions different from electrostatic may play a role in the stabilization of DNA.
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FIGURE 7. 31P NMR intensity peak of DNA as a function of dsDNA ellipticity at 280 nm. (A) IL at 5 wt%; (B) bromide-based ILs at 30 wt%; (C) cholinium-based ILs at 30 wt%.


Overall, taking into account the data shown in Figures 6, 7, the main molecular-level mechanisms occurring in aqueous solutions containing ILs and dsDNA can be summarized as follows: (i) electrostatic interactions – at lower IL concentrations higher 31P NMR intensity peak values are observed, meaning that the DNA phosphate backbone is more exposed, and thus less electrostatic interactions are established between the IL cation and the DNA phosphate groups, which may be due to difficulties in “breaking” the DNA hydration shell. At higher IL concentrations, IL cations compete stronger with water molecules for the dsDNA phosphate backbone, thus decreasing the 31P NMR intensity peak values; (ii) dispersive interactions – the hydrophobicity of the IL cation plays a role since an increase in the DNA ellipticity and a decrease in π–π base stacking is observed with more hydrophobic ILs cations, therefore causing perturbation on the dsDNA native conformation; and (iii) the IL anion has a weaker impact when compared to the IL cation effect on interacting with DNA molecules since no correlation was found at higher concentrations of IL (Figure 7C).

The hypothesis previously addressed is in accordance with previously published results. Ding et al. (2010) demonstrated that at IL concentrations lower than 1.05 wt%, the IL cation is localized at several angstroms of distance from DNA phosphate strand, while the IL hydrophobic chains are in parallel arrangement to the DNA molecule surface. On the other hand, at higher IL concentrations, the IL cation is near to the DNA phosphate strand and the IL hydrocarbon chains are perpendicularly attached to the DNA molecule surface. Sahoo et al. (2018) described that when using cholinium-based ILs with anions derived from amino acids, the cholinium cation interacts with DNA through with an independent effect of the anions. According to the experimental and theoretical data gathered by the authors, they suggested a heterogeneity in binding modes of IL to DNA, where electrostatic interactions and H-bonding with the phosphate groups occur, while binding modes in the minor groove of dsDNA were predominantly stabilized by van der Waals interactions. Pabbathi and Samanta (2015) demonstrated that the morpholinium cation binds to the minor grooves of dsDNA and its binding is weaker when compared with the imidazolium cation. Singh et al. (2012) suggested not only the presence of electrostatic interactions between DNA and IL by fluorescence intensity measurements, but also that non-electrostatic interactions between the IL cation alkyl chain and the dsDNA base pairs are relevant. Overall, the data previously published by different authors together with the results presented in this manuscript correspond to relevant fundamental insights on the ILs effects toward DNA in aqueous solution. The gathered data are of high relevance for the preparation of effective DNA preservation media and for the design of IL-based separation processes from biological media.



CONCLUSION

In this work, a screening of several ILs with different cations and anions combinations, and at different concentrations and pH values, was carried out for a deeper understanding on the molecular features responsible for the dsDNA stability and structural conformation in aqueous solutions. CD, UV absorption, and 31P NMR spectroscopic studies were performed, where it was observed that the pH, type, and IL concentration contribute to changes in the dsDNA conformational structure. It was observed that higher IL concentrations and hydrophobicity of the corresponding cation lead to perturbations on the structural conformation of dsDNA. Overall, the best IL identified to preserve the stability of dsDNA was [N111(2OH)]Br.

The obtained results allowed us to identify main interactions and phenomena responsible for the dsDNA stability in IL aqueous solutions. At lower IL concentrations, less electrostatic interactions are established between the IL cation and the DNA phosphate groups, which may be due to difficulties in “breaking” the dsDNA hydration shell. On the other hand, at higher IL concentrations, IL cations compete stronger with water molecules for the dsDNA phosphate backbone, as verified with the decrease in the 31P NMR intensity peak values. The hydrophobicity of the IL cation plays a main role since an increase in the DNA ellipticity and a decrease in π–π base stacking is observed with more hydrophobic ILs cations, leading to the perturbation of the dsDNA native conformation. Finally, the IL anion has a weaker impact when compared to the IL cation effect on interacting with DNA molecules. In summary, the results presented in this work provide fundamental knowledge for the application of adequate ILs in the preservation and separation and purification of nucleic acids, with significant impact in the biotechnology field.
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Items Corn stover parts SEM P
SB LB SP

NDS (%) 31.6° 42.8° 45.42 0.73 <0.001
NDF (%) 68.42 57.2P 54.6° 0.73 <0.001
ADF (%) 46.6° 29.8° 31.4P 0.48 <0.001
Cellulose (%) 40.92 26.5° 28.0° 0.42 <0.001
Hemicellulose (%) 21.8P 27.42 23.3b 0.90 0.002
Lignin (%) 4.8° 2.4b 2.6° 0.62 0.013

Values in the same row with different superscript letters are significantly differ-
ent (P < 0.05). SB, stem bark; LB, leaf blade; SF, stem pith; NDS, neutral
detergent soluble solute; NDF, neutral detergent fiber; ADF, acid detergent fiber;
SEM, standard error of the mean (n = 4).
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Items Corn stover parts SEM P
SB LB SP

DMD (%) 38.0° 74.8° 82.0% 2.51 <0.001
NDFD (%) 32.7¢ 63.3° 79.52 017 <0.001
ADFD (%) 36.0° 50.3° 80.22 0.12 <0.001
NDSD (%) 62.4° 81.4P 86.9° 0.07 <0.001
HD (%) 25.7° 77.42 78.62 0.30 0.002
CD (%) 24.2° 60.1P 75.0% 0.75 < 0.001

Values in the same row with different superscript letters are significantly different
(P < 0.05). SB, stem bark; LB, leaf blade; SR stem pith; DMD, digestibility of
dry matter; NDFD, digestibility of neutral detergent fiber; ADFD, digestibility of acid
detergent fiber; NDSD, digestibility of neutral detergent solubles; HD, digestibility
of hemicellulose; CD, digestibility of cellulose; SEM, standard error of the mean

(=4





OPS/images/fbioe-08-00314/fbioe-08-00314-t003.jpg
Items Corn stover parts SEM P

SB LB SP

CMCase (UmL~" min~7) 0.37° 0.502 0.45° 0.01 <0.001
Xylanase (UmL=" min—1) 9.510 14.532 13.802 0.71 <0.001
Values in the same row with different superscript letters are significantly different

(P < 0.05). SB, stem bark; LB, leaf blade; SF stem pith; SEM, standard error of
the mean (n = 4); CMCase, carboxymethyl cellulase.
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Food application

Beverage
processing

Wine stabilization
Beer stabilization

Baking

Sugar beet pectin
gelation

Objective

Enhance or modify color
appearance

Selective polyphenol removal
Removal of oxygen in finished
beer

Increase strength, stability, and
reduce stickiness improving
machinability of the dough
Crosslink the beet pectin
through the oxidative coupling
of the feruloyl groups

References
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Genus; species; strain Origin [country, place (CC ID)] GPS coordinates (DMS) Medium NaCl content (w/v)

Terra Elements GmbH, Munich, Germany

Feelgood Shop BV, Venlo, Netherlands
na. na  na

Chlorella vulgaris na. (SAG 211-12) na. BGH 0%
Porphyricium purpureum UK, Brixham (CCAP 1380/3) na. ASW 8%
Microchioropsis salina UK, Isle of Cumbrae (SAG 40.85) N 055° 46.081', W 004° 55.18464 BG11 3%
Picochlorum sp. isolate Australia, Salt Creek S036°09.6874', E 139° 388328 ASP-M 5%
Dunaliella salina isolate Australia, Salt Creek S036° 09.6874', E 139° 38.8328  J/1 5%
Tetradesmus sp. isolate Australia, Salt Creek S036° 00.6874', € 139° 388328 BG11 3%
Chlorela sp. isolate Australia, Brisbane River na. BBM 0%

n.a., not available; NaCl, Sodium chioride; CC ID, Culture collection identification; DMS, Degrees-Minutes-Seconds.
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Fatty acid methyl esters (FAME) [%]

c16:0

ci6:1

c18:0

ci8:1

ci8:1

ci8:2

cie3

C20:4

€20:5

18S rDNA accession number

Chlorelia vulgaris SAG 211-12
Porphyricium purpureum CCAP 1380/3
Microchloropsis salina SAG 40.85

Picochlorum sp. isolate
Dunalilia salina isoiate

Tetradesmus sp. isolate
Chlorelia sp. isolate

242
268
34.1

35.9
230
314
243

91
Trace
5.7

Trace
93
1.0

Trace

Trace
Trace
Trace

1.7
10
Trace
Trace

5.7
26
8.7

16.8
78
26.1
72

Trace
Trace
Trace

Trace
16
1.1
18

251
16.8
40.7

231
253
23.0
23.4

346
ND
76

19.5
30.1
132
314

ND

41.9

ND

ND
ND
ND
ND

ND
89
ND

ND
ND
ND
ND

MKO71791
MKO71789
MKO71790

MK973100
MK973098
MK973099
MN365023

ND, not detected; Trace <1%.
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Genus; species; strain 5-CHs-Hafolate 5-CHO-Hafolate 10-CHO-PteGlu Hafolate PteGlu Total folate content

M IAL FOOI

Chlorella vulgaris (Supplement 1) 397 £ 116 1010 £17.3 119+ 181 60.6 £6.41 108 £ 7.86 1690 = 17.3

Chlorella vulgaris (Supplement 2) 631 +£827 1510 £ 65.8 132+£7.58 102 +£17.9 73.3+£253 2450 = 52.1
Chlorella vulgaris SAG 211-12 2420 £ 47.8 643 +4.29 168 £83.9 216+ 136 7.96 +3.88 3460 £ 134
Porphyridium purpureum CCAP 1380/3 191 £ 40.3 137 £28.4 7.7 £75.0 71.0+284 71.5£474 539 £ 150

Microchloropsis salina SAG 40.85 3050 + 50.0 1060 + 50.0 772+ 455 147 £2.50 232145 4360 + 5.60
Picochlorum sp. isolate 4020 + 8.87 1990 + 124 76.9+10.8 285 +73.0 96.4 +22.1 6470 £ 167
Dunaliella salina isolate 847 £33.7 3960 £ 48.0 255 £28.6 269 £ 433 398 +235 5370 £ 129
Tetradesmus sp. isolate 1410 + 8.62 731 £ 145 823+ 148 306 + 4.54 67.0 £ 0.68 2690 +9.59

Chiorella sp. isolate 718 +£99.9 832+823 38.6£4.93 407 £40.3 1.40 £0.70 2000 + 66.6
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S.no  Substrate Conditions Most successful  IL role Product References
ILs (Yield, %)
1 Commercial GIeNAC  Multi-cell reactor, water/IL, [CamimCI Co-solvent BASAF (14.1) Drover etal., 2012
monomer 120°C, 1h
2 Commercial GIeNAG  Muti-cell reactor, water/IL, [CamimCI Co-solvent BASAF (25.5) Drover et al., 2012
monomer 180°C, 1h
3 Commercial GicNAc ~ Multi-cell reactor, water/IL, [C1Camim]CI Co-solvent 3ABAF (25.3) Drover et al., 2012
monomer 180°C, 1h
4 Commercial GIeNAG ~ Multi-cell reactor, water/IL, [C1CamimiCI Co-solvent BASAF (60.0) Drover et al., 2012
monomer 180°C, B(OH)s, 1h
5 Commercial chitin Mutti-cell reactor, water/IL, [Amim]CI Co-solvent BASAF (0.5) Chen et al., 2015b
8 wt% chitin load, 180°C, CrCls, 1h
6 Commercial chiin ~ Multi-cell reactor, water/IL, [ComimCI Co-solvent BASAF (4.5) Chen et al,, 20156
8 wt% chitin load, 180°C, B(OH)s/HCI, 1h
% ‘Commercial chitin Multi-cell reactor, water/IL, [Camim]Cl Co-solvent BA5AF (6.2) Chen et al,, 2015b
8wt% chitin load,
180°C, B(OH)s/HCI, 1h
8 Commercial chitin ~ Multi-cell reactor, water/IL, [Amim]Br for Co-solvent BASAF (28.5) Chen et al, 2015a
8 wt% chitin load, 180°C, B(OH)s/HCI, dissolution-
10min regeneration of the
polymer then
[CamimCI
9 Commercial chitin  50mL stainless steel vessel with a Teflon  [Hmim][HSO4] Co-solvent/ 5-HMF (205 fom  Lictal, 2015
and chitosan lining, sealed by a screw cap, 4 wi% ILin catalyst chitosan); (19.3 from
water, 100mg chitosan, 180°C, 5h chitin)
10 Commercial chiin ~ 50mL stainless steel vessel witha Teflon  [Hmim][HSO4] Catalyst 5-HMF (846 fom  Zang etal., 2017
and GloNAC lining, sealed by a screw cap, L in GIeNAG); (25.7 from
monomer DMSO/water, 100mg GIcNAc, 20 of chitin)
{Hmim]{HSO4)/GIcNA molar ratio, 180°C,
6h
1 Commercial chifin  Synthesis reactor with 3% w/w IL in water,  [(CHz)sSOsHpy]IHSOx] Co-solvent 5-HMIF (46) Zang etal, 2015
Fe(CIOs)s.xH,O (catalyst), chitin, 6h,
200°C
12 Commercial Synthesis reactor with 10g IL, 20g [Cmim)[OAC] Co- Fructosazine (40) Hou et al., 2015
GicNAG-HCI GIeNAG-HCI, H20z00q, solvent/catalyst
80mL DMSO, 10 days, 20°C
13 Commercial Synthesis reactor with 15g IL, 359 [Camim][OAc) Co- Fructosazine (25)  Hou et al,, 2015
GIeNAG-HCI NaGIeN-25, hypobromous acid, 100mL solvent/catalyst
DMSO, 10min,
80°C
14 Commercial chiin ~ Synthesis reactor with 20 IL, 200g chiin, ~ (Comim)[OH] Co- Fructosazine (18) ~ Hou et al, 2015
KBrO, 200mL DMSO, 5min, 200°C solvent/catalyst
15 Commercial chiin  Synthesis reactor with 50g IL, 45 chitin,  (Comim][OH] Co- Fructosazine (1)~ Hou et al, 2015
H20z0aq. 500mL DMSO, 1h, 180°C solvent/catalyst
16 Commercial Synthesis reactor with 80g IL, 60g [Camim]2[COs) Co- Fructosazine (10) Hou et al., 2015
chitosan chitosan, HyOz(aq), 800 mL DMSO, 9h, solvent/catalyst
100°C
17 Commercial Synthesis reactor with 70g 1L, 15g [Camim[HCOs] Co- Fructosazine (28)  Hou et al, 2015
chitosan chitosan, HzOzaq), 500mL DMSO, 6h, solvent/catalyst
200°C
18 Commercial Synthesis reactor with 35g IL, 25g [Camim][CsHsCOO] ~ Co- Fructosazine (54) ~ Hou et al, 2015
chitosan chitosan, KBrOz, 10mL DMSO, 5h, solvent/catalyst
170°C
19 Commercial Synthesis reactor with 20g 1L, 15g [Camim][OAc) Co- Fructosazine (59) ~ Hou et al, 2015
NaGIcN-2S GIeNAG-HCI, Hz0z(0q), 500mL DMSO, 5h, solvent/catalyst
80°C
20 Commercial Synthesis reactor with 10g 1L, 1g [Comim][OAc) Co- Deoxyfructosazine  Wang et al., 2016
GIeNAG-HCI GIeNAG-HCI, 50mL DMSO, 48h, 25°C solvent/catalyst  (60)
21 Commercial Synthesis reactor with 25g IL, 50g [Comim)[OAc) Co- Deoxyfructosazine  Wang et al., 2016
NaGIcN-2S NaGIoN-28, NapB;O7, 10 ml DMSO, solvent/catalyst (55
10min, 80°C
22 Commercial Synthesis reactor with 10g IL, 5g [Camim][OAc) Co- Deoxyfructosazine  Wang et al., 2016
NaGIcN-2S NaGIcN-28, K;SO4, 25 mL DMSO, S min, solvent/catalyst  (65)
150°C
23 Commercial chitin ~ Synthesis reactor with 40g IL, 35 chitin,  [Csmim][OAc] Co- Deoxyfructosazine  Wang et al., 2016
HOAG, 10mL DMSO, 6h, 150°C solvent/catalyst ~ (15)
24 Commercial chitin ~ Synthesis reactor with 50g IL, 45 chitin,  [Cemim][OH] Co- Deoxyfructosazine  Wang et al., 2016
KzCOs, 160 mL DMSO, 4h, 180°C solvent/catalyst  (10)
25 Commercial Synthesis reactor with 100g IL, 60g [Camim}[COs) Co- Deoxyfructosazine  Wang et al,, 2016
chitosan chitosan, H3PO;, NapCO3, 200mL solvent/catalyst  (36)
DMSO, 9h, 100°C
26 Commercial Synthesis reactor with 70g IL, 15¢ [Camim][HCOs] Co- Deoxyfructosazine  Wang et al,, 2016
chitosan chitosan, KHzPO;, 10mL DMSO, 1h, solvent/catalyst (30
200°C
27 Commercial Synthesis reactor with 35 IL, 25¢ [Camim][CsHsCO0]  Co- Deoxyfructosazine  Wang et al., 2016
chitosan chitosan, phenylboronic acid, 10mL solvent/catalyst  (45)

a3ASAF, 3-acetamido-5-acetylfuran;

DMSO, 5h, 170°C

-HMF, 5-hydroxymethylfurfural: NaGIcN-2S, Sodium glucosamine Sulfate; NasB4Oy, Sodium tetraborate.
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Reaction
type

Enzymatic
hydrolysis

Enzymatic
hydrolysis

Acidic
hydrolysis

Enzymatic
deacetylation

Conditions

Trichoderma viride and
Streptomyces griseus
chitinases

. griseus chitinase

N/A

ChD enzyme from
Absidia orchidls

IL used

(Comim]OAC)

[Camim]OAc)

[HOSO,Csmim]
[CF3SOg]; [HOSOzCamim]
INTR2]

[Amim|Cl;

[Camim]Br

IL role

Pre-treatment agent

Used to regenerate

chitin using this IL

Solvent and catalyst

Activator of ChD

Products

GleNAc, N,
N'-diacetylchitobiose,
and oligomers

GleNAc, N,
N'-diacetylchitobiose,
and triacetylchito-biose
GieNAC

Fully deacetylated
chitosan

References
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