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Editorial on the Research Topic
Genetic engineering, pretreatment, thermochemical, and
biochemconversion for lignocellulose valorization

Introduction

Lignocellulosic biomass, comprising cellulose, hemicelluloses, and lignin, is a remarkable
renewable resource with the potential to replace fossil feedstocks and drive a sustainable
bioeconomy (Queneau and Han, 2022; Shen et al., 2022). However, the complex structure of
lignocellulose presents challenges in effectively converting it into high-value products
(Huang et al., 2022; Cai et al., 2023). The need to unlock its full potential has led to the
development of biorefineries, aiming to fractionate lignocellulose and convert it into
bioenergy, biomaterials, and biochemicals. Since the complex compositional structure of
lignocellulosic biomass and biomass recalcitrance severely inhibited their effective
conversion and selective production of high-value products. To overcome this
disadvantage, using genetic and chemical approaches can modify cell wall composition
and change interactions between the major cell wall polymers-cellulose, hemicelluloses and
lignin, which would reduce the biomass recalcitrance and facilitate the subsequent
fractionation and conversion of the feedstocks (Huang et al., 2022). Despite its vast
potential, only a small fraction of lignocellulose is currently valorized, with the majority
being wasted or burned. To address this issue, advanced technologies, including genetic,
biotechnological, and chemical approaches, are required to fractionate and convert
lignocellulose into valuable products efficiently.

OPEN ACCESS

EDITED AND REVIEWED BY

Alirio Rodrigues,
University of Porto, Portugal

*CORRESPONDENCE

Xiaojun Shen,
shenxiaojun@bjfu.edu.cn

Chen Huang,
huangchen3127@njfu.edu.cn

RECEIVED 22 July 2023
ACCEPTED 31 July 2023
PUBLISHED 21 August 2023

CITATION

Shen X, Wen J-L, Huang C, Ragauskas AJ
and Zhang C (2023), Editorial: Genetic
engineering, pretreatment,
thermochemical, and
biochemconversion for
lignocellulose valorization.
Front. Bioeng. Biotechnol. 11:1265271.
doi: 10.3389/fbioe.2023.1265271

COPYRIGHT

© 2023 Shen, Wen, Huang, Ragauskas
and Zhang. 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.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Editorial
PUBLISHED 21 August 2023
DOI 10.3389/fbioe.2023.1265271

4

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1265271/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1265271/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1265271/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1265271/full
https://www.frontiersin.org/researchtopic/40001
https://www.frontiersin.org/researchtopic/40001
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1265271&domain=pdf&date_stamp=2023-08-21
mailto:shenxiaojun@bjfu.edu.cn
mailto:shenxiaojun@bjfu.edu.cn
mailto:huangchen3127@njfu.edu.cn
mailto:huangchen3127@njfu.edu.cn
https://doi.org/10.3389/fbioe.2023.1265271
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1265271


The Research Topic “Genetic engineering, pretreatment,
thermochemical, and biochemconversion for lignocellulose
valorization” covers the new biotechnological approaches for
value-added utilization of biomass, new biomass fractionation
techniques for improving lignin and cellulose quality, new
catalytic biomass valorization strategies, and applications of
lignocellulosic materials and derivatives in related fields.
Here, we sincerely appreciate the 61 authors for their
excellent work on this Research Topic. Following are the
highlights drawn from their contributions to this Research
Topic.

New biotechnological approaches for
value-added utilization of biomass

In the enzymatic hydrolysis process of cellulose, the presence
of lignin leads to non-specific adsorption of cellulose hydrolyzing
enzymes, resulting in low cellulose conversion rates.
Additionally, water-soluble lignin in the liquid phase also acts
as an inhibitor of enzymatic hydrolysis. Therefore, the existence
of lignin has long been a hindrance to the conversion of
carbohydrate biomass. Tang et al. addressed this issue by
subjecting pretreated residues to enzymatic hydrolysis for
glucose production, during which lytic polysaccharide
monooxygenase (LPMO) was introduced. Despite the presence
of lignin, the cellulose enzymatic hydrolysis conversion rate was
increased by 25%, surpassing the enhancement achieved with
microcrystalline cellulose by 14%. This significant improvement
is mainly attributed to lignin and its derivatives serving as
electron donors, facilitating LPMO in catalyzing the oxidative
cleavage of glycosidic bonds in cellulose, thus generating more
targets for hydrolysis. This study offers a novel approach to
overcoming the challenges posed by lignin during carbohydrate
enzymatic conversion processes and provides new insights into
the utilization of lignin in such contexts. Besides, Reger et al.
developed a novel hybrid process strategy that tackles the key
challenges of current biomanufacturing of either low
productivity or high media consumption, representing a new
and innovative approach for future process intensification
efforts. In addition, most enzymes used for carbohydrate
hydrolysis are mesophilic enzymes, limiting their industrial
applications. Zhang et al. utilized thermophilic filamentous
fungi to produce xylanase and obtained a heat-tolerant mutant
M 2103, through atmospheric and room temperature plasma
(ARTP) mutagenesis. The M 2103 mutant exhibited stable
enzymatic activity for xylanase within a temperature range of
70°C–85°C, with an optimum temperature of 75°C, surpassing the
wild-type strain by 15°C. The xylanase activity of the mutant
increased by 21.71% compared to the original strain. This
provides an alternative biocatalyst for producing xylo-
oligosaccharides and holds promising potential in the
mutagenesis of thermostable mutants. In addition to
agricultural and forestry waste, cigar filler leaves, when
subjected to fermentation using nine different aroma-
producing yeasts, were found to possess distinct profiles that
can enhance the quality of cigar filler leaves Yao et al.

New biomass fractionation techniques
for improving lignin and cellulose
quality

In plant cell walls, hemicellulose and lignin are linked by covalent
and hydrogen bonds to form a heterogeneous structure, which wraps
around cellulose, creating a robust “natural recalcitrance barrier.” This
barrier significantly limits the efficiency of biomass refinement.
Pretreatment is essential to overcome biomass recalcitrance and
achieve efficient fractionation of biomass components. Cui et al.
employed a synthesized deep eutectic solvent of choline chloride/
lactic acid combined with ethanol for the pretreatment of
Broussonetia papyrifera, which efficiently separated cellulose and
lignin. When the deep eutectic solvent and ethanol were mixed at a
ratio of 1:1, and the pretreatment conditions were set at 160°C for 1 h,
the majority of hemicellulose and lignin in the residue was removed,
resulting in the highest cellulose enzymatic hydrolysis efficiency of up to
46.25%. Furthermore, the study revealed that with an increase in
pretreatment temperature, the content of phenolic hydroxyl groups
in the separated lignin also increased, enhancing the antioxidant
capacity of lignin.

New catalytic biomass valorization
strategies

The depolymerization of lignin to produce fuels and chemicals is
crucial for converting lignocellulosic biomass into second-
generation biofuels, promoting value-added utilization of lignin.
Shao et al. employed formic acid as an in-situ hydrogen donor, and
synergistically catalyzed the depolymerization of lignin using a noble
metal catalyst Ru/C in combination with Lewis acid zinc chloride.
Under the optimal process conditions, the bio-oil yield reached 91.
1 wt%, with monomer yield accounting for 13.4 wt%. The presence
of Lewis acid promoted the formation of monomeric guaiacyl
compounds and 2,3-dihydrobenzofurans during the reaction.

Compared to lignin, carbohydrates have a simpler structure and
can be industrially prepared as chemicals, especially hemicellulose.
Currently, cellulose and hemicellulose can be efficiently and
selectively converted to produce a range of platform chemicals,
which can increase the profitability of biomass refining.
Hemicellulose-derived furfural is a sustainable alternative to
petrochemical intermediates in bulk chemical and fuel
production. However, existing methods for converting xylose or
hemicellulose in single/dual-phase systems involve non-selective
sugar separation or lignin condensation, limiting the value-added
utilization of lignocellulosic biomass. Previously, Huang et al.
achieved efficient biomass separation using an aldehyde
protection system, obtaining diformylxylose. This aldehyde-
protected xylose derivative can efficiently produce furfural in a
dual-phase system. In a water-methyl isobutyl ketone biphase
system, diformylxylose can be converted to more than 76 mol%
furfural at higher temperatures and shorter reaction times, which is
more than twice the conversion efficiency of free xylose without
aldehyde protection. Moreover, due to the advantages of separating
highly active lignin using the formaldehyde-stabilized fractionation
method, this combined approach not only improves the conversion
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efficiency from hemicellulose to furfural but also promotes the
comprehensive utilization of the three main biopolymers in
lignocellulose.

He et al. developed an efficient cascade reaction combining
chemical catalysis and enzymatic biocatalysis to convert
hemicellulose in lignocellulose to furfurylamine. Firstly, solid acid
catalysis was used in a deep eutectic solvent composed of
ethylenediamine hydrochloride and glycerol to convert hemicellulose
to furfural efficiently. Subsequently, in the presence of NH4Cl (as the
amine donor), Escherichia coliCCZU-XLS160 cells effectively aminated
the formed furfural to furfurylamine with a yield exceeding 99%.

Applications of lignocellulosicmaterials
and derivatives in related fields

Currently, efficient separation of cellulose, hemicellulose, and lignin
from lignocellulosic biomass can be achieved through specific isolation
methods, promoting high-value utilization of individual components.
Food safety is of paramount importance, making the production of
food-safe detection materials from biobased materials highly attractive.
Qin et al. successfully prepared starch films with pH-responsive and
sensitive current responses by introducing innovative fractionation
techniques, advanced characterization methods, and metabolic
engineering strategies for carboxymethyl cellulose into starch. These
films hold potential applications in rapid and real-time detection of
liquid safety. Additionally, Xiang et al. utilized natural macromolecule
xylan as a reducing and stabilizing agent to successfully synthesize stable
bimetallic gold-silver nanoparticles, which were immobilized on paper
surfaces to create paper-based surface-enhanced Raman scattering
materials. This material effectively detected trace amounts of
pesticides, showcasing the significant potential for rapid food safety
monitoring.

Conclusion

This Research Topic represents a significant advancement in
lignocellulosic biomass valorization. The articles collectively

emphasize the need to exploit genetic, biotechnological, and
chemical approaches to fully understand the heterogeneous
structure of lignocellulose. Researchers can efficiently convert
lignocellulose into high-value chemical products and functional
materials through thermochemical and biochemical conversion
by employing innovative fractionation techniques, advanced
characterization methods, and metabolic engineering strategies.
The successful implementation of these approaches holds great
promise for achieving large-scale, cost-effective production of
biofuels and biomaterials, contributing to a more sustainable and
renewable future.
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A xylan assisted
surface-enhanced Raman
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Cellulose fiber/paper-based surface-enhanced Raman scattering (SERS) is

considered as a promising food safety detection technology due to its non-

toxicity, low cost, flexibility, and hygroscopicity for possible rapid on-site

agricultural product contaminant detection. However, it faces the problems

of poor noble metal adhesion and toxic noble metal reducing agent. In this

study, a natural macromolecule—xylan was used as both a reducing agent and a

stabilizing agent to prepare stable Au-Ag bimetal nanoparticles, which were

anchored on the paper surface by xylans in order to fabricate a paper-based Au-

Ag bimetallic SERS substrate. The results show that the SERS substrate has a high

Raman enhancement performance and reproductively. The substrate can

effectively detect trace pesticide, i.e., thiram, and the limit of detection is as

low as 1 × 10–6 mol/L (0.24 ppm). In addition, the paper-based SERS substrate

can be used for direct detection of pesticide residues on the surface of fruit. The

paper-based SERS substrate developed in this study has great potential in

applications for rapid food safety detection.

KEYWORDS

xylan, bimetal nanoparticle, paper base, surface-enhanced Raman scattering, food
safety detection

1 Introduction

Since food safety has become a worldwide issue, in the process of food production,

processing, preservation, packaging, transportation and consumption, monitoring

contaminants such as pesticides, antibiotics, illegal additives, bacteria, pathogens and

heavy metals in food is of great significance (Hu et al., 2021a). Currently, the commonly

used detection methods include Enzyme Linked Immunosorbent Assay (ELISA), High

Performance Liquid Chromatography (HPLC), Gas Chromatography-Mass

Chromatography (GC-MS), High Performance Thin-layer Chromatography,

Supercritical Fluid Extraction, etc. (Guo et al., 2021). These methods are labor-
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intense, time-consuming and require expensive instruments and

skilled workers, which are difficult to meet the requirements of

rapid on-site detection and screening a large batch of samples.

Therefore, it is urgent to develop sensitive, efficient and

convenient food detection technology.

Surface-enhanced Raman scattering (SERS) is considered as

a promising food safety detection technology due to its

nondestructive, fingerprint and high sensitivity. In recent

years, with the development of nanotechnology, researchers

have established a series of rapid monitoring methods for

common food contaminants (mycotoxins, drug residues,

pesticides and illegal additives, etc.) based on SERS

technology. Generally, traditional SERS active substrates are

generally composed of noble metals (such as Au, Ag, Pt, etc.)

in the form of nanoparticle aggregation or array (Hu et al.,

2021a). Localized surface plasmon resonance (LSPR) excited on

the surface of metal nanoparticles (NPs) generates a strong

electromagnetic field to achieve the enhancement of Raman

signals. The dominant enhancement often observed is the

electromagnetic enhancement of targeted molecules adsorbed

on the metal surface, with the enhancement factors ranging from

104 to 1012 (Zong et al., 2018). Non-metallic materials such as

semiconductor, graphene quantum dots and photonic crystal

fiber have also been used to prepare SERS substrate due to their

high chemical stability, good biocompatibility and high carrier

mobility (Yang et al., 2019; Beffara et al., 2020). However, rigid

solid SERS substrates such as metals, silicon wafer, glass or

graphite are expensive and not suitable for direct in-situ

detection of irregular-shaped agricultural products, which

hinders the practical application of SERS technology. In recent

years, due to their weak SERS response, low background signal

and interference signal during detection, cellulose fibers or paper

bases are used as the supports for noble metals to prepare flexible

SERS substrates, which are considered to be one of the most

promising materials for preparing test paper for in-situ food

detection.

Recent developments of using various forms of cellulose,

such as cellulose fiber, cellulose membrane, paper base, cellulose

nano-fiber (CNF), cellulose nano-crystal (CNC), bacterial

cellulose, and various cellulose derivatives in fabricating

functional materials have been extensively studied (Ling et al.,

2022a; Ling et al., 2022b). The applications of different forms of

cellulose in SERS substrate for food safety detection have been

explored. Vávrová et al. (Vávrová et al., 2022) successfully

prepared Au NPs using dicarboxylic cellulose (DCC) and

hyaluronate (DCH) as reducing agent and end-capping

reagent, and applied the Au NPs to detect the Raman signal

of N-acetylcysteine (NAC). The enhanced effect was subjected to

further improvement, which may be due to the presence of DCC

and DCH hinder the contact of NACwith Au NPs. Marques et al.

(2008) used sodium citrate as a reducing agent to prepare Ag

NPs/BC composite by in-situ reduction, and used it as a surface-

enhanced Raman scattering (SERS) substrate to detect

thiosalicylic acid and 2,2-dithio-bipyridine. The detection limit

was about 10−4 mol/L, but there is room for improvement in

sensitivity. Barbosa et al. (2021) prepared a novel SERS substrate

by coating a layer of Ag NPs on the β-D-glucan film by laser

ablation method. The SERS activity was evaluated by using

crystal violet as probe molecules. The results showed that the

enhanced effect reached 106, which means that this substrate had

stronger SERS effect than silver colloid. Hu et al. (2021b)

successfully prepared a 3D cellulose nanocomposite doped

with Au NPs by one-pot method, and the Raman signal of

R6G can be collected on its surface at a concentration of 1 ×

10–9 mol/L, which indicates that the sensitivity of this SERS

substrate is greatly improved. In addition, due to the porous

structure of the SERS substrate, melamine in milk could be

directly detected with a detection limit of 2.5 mg/kg.

Significantly, a good SERS base should ensure homogeneity

stability and repeatability in trace detection. Therefore, it is

necessary to utilize chemical reducing agents and stabilizers to

control the size and shape of metal nanoparticles during the

preparation of SERS substrates. Due to the weak reducing ability

of cellulose, compounds such as NaBH4, hydroxylamine, CTAB,

and PVP were often added as reducing agents or stabilizers. On

the one hand, such compounds are toxic and unfriendly to the

environment; on the other hand, the reducing agents and

stabilizers doped in the substrate may interfere with the SERS

signal.

Polysaccharides are the most abundant natural polymers and

widely found in animals, plants and microorganisms. Common

polysaccharides include hemicelluloses, pectin, starch, chitosan,

etc. The differences in sugar compositions and molecular chain

structures endow polysaccharides with unique physicochemical

properties. In recent years, the use of polysaccharides and their

derivatives as reducing agents or stabilizers to prepare metal

nanoparticle for SERS substrate materials has aroused the

interests of researchers (Zhao et al., 2015; Puente et al., 2021).

Xylan is a type of hemicelluloses, widely present in various

lignocellulosic biomass. Due to the containing of abundant

reducing functional groups, e.g. hydroxyls and aldehydes, and

its unique rheological properties, it can be used as a green

reducing agent and stabilizer for the preparation of metal

nanoparticles (Zong et al., 2018). Compared with other

reducing agents, such as NaBH4 and hydrazine hydrate, xylan

is more environmentally friendly and does not require additional

stabilizers. Using xylan as the reducing agent and stabilizer, Cai

et al. (Cai et al., 2019) prepared two kinds of nanoparticles, Au@

Ag and Au-Ag, with different shell thicknesses by microwave

heating-assisted reduction and applied them to fabricate SERS

substrate; SERS substrate with embedded xylan wrapped Au@Ag

particles had an excellent enhancement effect on Raman signal of

4-mercaptobenzoic acid and a detection limit as low as 1 nmol/L.

Bi-metal core-shell structure is more advantageous than single

metal SERS substrate materials (Guo et al., 2019). Firstly, the

surface plasmon resonance effect could be regulated by adjusting
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core-shell composition ratio. Secondly, the protective effect of the

shell can improve the stability of the materials. Although core-

shell structure has an excellent SERS effect, its application

process involves multiple steps, i.e. mixing the analyte with

the core-shell particles before detection, which could cause

agglomeration.

Aiming at the above problems, an environmental friendly

and flexible SERS substrate was designed. Xylans were used as a

green reducing agent and stabilizer, while chloroauric acid was

used as Au precursor to prepare Au NPs, which were

immobilized on paper base by coating. Tollens reagent was

then used as the Ag precursor and microwave-assisted

reduction was used to prepare SERS substrates loaded with

Au-Ag bimetallic NPs. The SERS activity and signal

uniformity of the substrate were evaluated by using thiram as

the probe molecule. Finally, the in-situ detection of pesticide

residues on real fruit surfaces using this paper-based SERS

substrate was conducted.

2 Experimental

2.1 Material

Sodium chlorite, gold (III) chloride trihydrate,

ammonium hydroxide solution, tetramethylthiuram

disulfide (thiram) were purchased from Shanghai Macklin

Biochemical Co., LTD. (Shanghai, China). Silver nitrate was

obtained from Shanghai Fine Chemical Materials Research

Institute (Shanghai, China). Sugarcane bagasse used in the

experiment was supplied by Xinping Nan’en Sugar and Paper

Manufacturing Co., Ltd. (Yunnan, China). The filter paper

was purchased from General Electric Biotechnology Co., Ltd.

(Hangzhou, China).

2.2 Extraction of xylan

The oven dried bagasse raw materials was first dewaxed in

a Soxhlet apparatus with 95% ethanol for 6 h. After dewaxing,

bagasse was successively bleached with 4 wt% NaClO2

solution and 2 wt% NaClO2 solution (w/w) at 75°C and

pH 3.9–4.0 for 1 h. The solid-liquid ratio was 1:12 (w/v).

The obtained solid residue, i.e., holocellulose, was washed

three times with deionized (DI) water and one time with

anhydrous ethanol. The holocellulose was extracted with 2 wt

% NaOH at 90°C for 3 h under stirring with a solid/liquid ratio

of 1:20 (w/v, g/mL). After the filtrate was neutralized to

pH 5.5 with acetic acid, the filtrate was concentrated to 1/

3 of its original volume by rotary evaporation and then was

precipitated in 95% ethanol of the volumes of three times of

the concentrated filtrate. Finally, the xylan was separated by

centrifugation, washed with 75% ethanol and freeze-dried for

further use. The compositional analysis of xylan followed the

methods described by Jin (Jin et al., 2019).

2.3 Preparation of the paper-based Au-Ag
bimetallic SERS substrate

The extracted xylan was used as reducing agent and

stabilizer to prepare gold nanoparticles (Au NPs) according

to the method reported by Luo (Luo et al., 2015). In detail,

0.12 g of xylan was dispersed in 3 ml DI water, and HAuCl4
3H2O of different mass (5–40 mg) was dissolved in 12 ml DI

water. The two were mixed. The reaction temperature and

time varied between 60–100°C and 10–80 min, respectively.

The sample was properly diluted and the characteristic

adsorption peak of Au NPs were detected by UV

spectrophotometer with a scanning range of 300–800 nm.

The xylan/gold nanoparticle dispersion prepared by the

reaction of 0.12 g xylan and 5–40 mg HAuCl4 3H2O at 80°C

for 20 min was coated on the surface of the paper base by a hand-

coating machine. Filter paper sheets were cut into 3 cm × 3 cm

specimens. Each specimen was coated both sides and each side

was coated 10 times to control the amount of Au NPs. In each

time of coating, 0.15 mL of the xylan/gold nanoparticle

dispersion was used. After each time of coating, the paper

base was placed in an oven at 60°C to dry for 15 min, and

then the second coating was performed. The gold nanoparticles-

filter paper (Au-FP) was finally obtained.

According to the method of Luo (Luo et al., 2015), Au-Ag

bimetallic nanoparticles were prepared. In detail, the Au-FP

was placed in a three-port round-bottom flask with xylans and

Tollens reagent added and the mixture was subjected to 30-

min microwave reaction at 800 W and 65°C. Tollens reagents

were prepared by 0.1 mol/L AgNO3 solution, 2 wt% NaOH

solution and 2 wt% ammonium hydroxide; the amount of 0.1

mol/L AgNO3 used was varied to give different Ag/Au mole

ratio ranging from 0.5 to 10 (the mole of Au was calculated

based on the amount of xylan/gold nanoparticle dispersion

used for coating). They were then dried in a vacuum oven for

24 h to obtain different Au-Ag-FP. Different Au-Ag bimetallic

nanoparticles are denoted as Au-Agm-n, where m represents

Ag/Au mole ratio (m varied from 0.5 to 10), n represents

different amounts of xylan added when preparing Ag (n = 0, 1,

2, 3, 4, 5, and 6 correspond to 0, 5.71 × 10–8, 5.71 × 10–7, 5.71 ×

10–6, 5.71 × 10–5 and 5.71 × 10–4 mol of anhydrous xylose

units). The surface morphology and elements distribution

were characterized by FESEM (LEO1530VP, Carl Zeiss,

Germany). The electron valence states and chemical

properties of Au and Ag were determined by X-ray

photoelectron spectroscopy (XPS) (K-Alpha, Thermo

Fisher, United States). Au-Ag bimetallic nanoparticles

embedded on the paper surface were separated by

ultrasound and centrifugation. The nanoparticles were then
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evaluated by a UV spectrophotometry with a scanning range

of 300–800 nm and a transmission electron microscopy (Talos

F200s, Thermo Scientific, United States).

2.4 Analysis of the SERS performance of
substrates

To evaluate the Raman enhancement performance of

different Au-Ag-FP, 10 μL thiram (concentration between

1 × 10−3–10–6 mol/L) solution was dropped onto the

substrate and placed in a 50°C oven for 5 min. After

ethanol volatilization, a Micro-Raman Spectroscopy System

(LabRAMAramis, Horiba Jobin Yvon, France) with excitation

wavelength of 633 nm was used to collect the spectra of the

substrate. In addition, on the same Au-Ag8-3-FP substrate,

after dropping thiram solution, 20 points were randomly

selected for SERS detection.

In order to test the feasibility of in-situ extraction and

detection of pesticide residues on fruit surface with the

substrate, slightly wetted Au-Ag8-3-FP substrate was used to

wipe the surface of apple containing thiram, and then the Micro-

Raman Spectroscopy System was used to irradiated the substrate

to collect SERS spectra.

3 Results and discussion

3.1 Characterization of Au nanoparticles

The extracted sugarcane bagasse xylan had a sugar

composition of 58.6% xylose, 17.2% glucose, 9.1% arabinose,

2.1% galactose, 1.2% mannose and 5.3% uronic acid. Previous

studies have found that the presence of side-chain groups plays

an important role in preventing the crystallization/aggregation of

xylan molecules, and the low-branching xylan extracted from

bagasse is easy to crystallize and cannot form water casting film

(Xiang et al., 2020). Based on previous studies, the branching

degree of xylan used in this study (arabinoglycan + uronic acid/

xylan) was deliberately controlled at about 0.24, thus providing

good film formation and suitable for coating applications in this

paper.

Au NPs prepared by xylan as reducing agent were

characterized by UV-vis spectroscopy. In Figure 1, a strong

adsorption peak can be observed at 524 nm, which is the

characteristic surface plasmon resonance peak (SPR) of Au

NPs, indicating the formation of Au NPs (Chen et al., 2012). In

Figure 1A, when 5 mg HAuCl4·3H2O was used as gold source,

the adsorption peak was weak, indicating that very few Au NPs

were formed under this condition. With the increase of Au3+

concentration, a strong and narrow peak appeared in the UV

spectra, indicating that the amount of Au NPs increased. When

the amount of HAuCl4·3H2O increased to 25 mg, the

adsorption peak was the largest among different amounts of

HAuCl4·3H2O addition. As the amount of HAuCl4·3H2O

further increased, the adsorption peak became weaker and

wider with red shift. This is due to Au NPs aggregation,

resulting in the weak adsorption strength of Au NPs at

524 nm. Furthermore, the larger size of Au NPs may lead to

longitudinal plasma resonance due to plasma coupling between

particles (Sun et al., 2004). The absorbance of Au NPs coupled

plasma in close contact leads to red shift in UV-vis spectra, and

SPR broadening indicates that the surface ligand provides a new

relaxation channel for plasma excitation (Itoh et al., 2004). All

these phenomena indicate that excessive HAuCl4·3H2O lead to

aggregation of Au NPs. Therefore, the suitable mass ratio is

0.12 g xylan: 25 mg HAuCl4·3H2O, which was selected in

subsequent experiments.

Figure 1B shows the UV-vis spectra of Au NPs prepared at

different reaction temperatures. At 60°C, the absorption peak

intensity was low because the reaction was incomplete due to the

low temperature, and fewer Au NPs were generated. When the

FIGURE 1
UV-vis spectra of xylan/Au NPs dispersions at (A) different reactant ratios (0.12 g Xylan: 5–40 mg HAuCl4·3H2O), (B) different reaction
temperature and (C) different reaction time.
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reaction temperature was raised to 80°C, the absorbance value of

UV-vis spectra reached the maximum, but when the reaction

temperature was raised further, the absorption peak widened.

This may be due to the relatively high temperature that the

generation of a large amount of Au NPs may lead to the

agglomeration phenomenon of AuNPs, thus widening the SPR

absorption peak and redshifting the absorption peak. Therefore,

80 °C was chosen as the optimum reaction temperature for

subsequent experiments.

In Figure 1C, the influence of reaction time on Au NPs

formation was discussed. With the increase of reaction time from

10 min to 20 min, the intensity of SPR peak increases

significantly, confirming the formation of Au NPs. It should

be noted that at 20 min, the SPR absorption peak intensity of

xylan/Au NPs composite already shows a relatively high value.

Further increase of heating time, the SPR absorption peak

intensity does not vary significantly. At 80 min, the peak

intensity even decreases significantly, indicating that long

reaction time leads to Au NPs aggregation and unstable

xylan/Au NPs composite. Therefore, the optimal reaction time

is determined to be 20 min.

The XRD spectrum of Au-FP is shown in Figure 2. The

diffraction peaks of Au NPs are at 2θ = 38.02°, 44.11°, 64.45°,

77.42°, 81.49° correspond to the (111), (200), (220), (311), and

(222) planes of Au, respectively. These peaks match well with

the diffraction peaks of standard Au NPs (JCPDS No.

04–0784) and is consistent with previous literatures (Luo

et al., 2015).

3.2 Characterization of the paper-based
Au-Ag bimetallic SERS substrate

In order to determine the chemical valence state of Au and

Ag, Au-Ag-FP was characterized by XPS, and the results were

calibrated with C1s = 284.8eV binding energy standard, as shown

in Figure 3. In Figure 3A, Au and Ag are found on the surface of

Au-Ag-FP in addition to C and O. The C and O may be derived

from xylan or cellulose on the surface of paper base, while the

peaks at Au 4f and Ag 3 days are derived from Au-Ag bimetal

nanoparticles on the paper base.

In the XPS narrow spectrum scanning of Au 4f (Figure 3B),

the peaks with binding energies of 87.66 eV (4f5/2) and 83.96 eV

(4f7/2) correspond to Au (0). In the XPS narrow spectrum

scanning of Ag 3 days (Figure 3C), the peaks of 374.16 eV

(3d3/2) and 368.16 eV (3d5/2) are the characteristic peaks of

Ag (0). It shows that xylan has good reducibility so that Au3+ and

Ag+ are successfully reduced to Au and Ag.

In order to further understand the dispersion of Au-Ag on the

paper surface, the surface morphology and surface element

FIGURE 2
X-ray diffraction patterns of Au-FP.

FIGURE 3
XPS spectra of Au-Ag8-3-FP: (A) wide scan spectra, (B) high-resolution XPS sprectra of Au 4f, (C) high-resolution XPS sprectra of Ag 3 d
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distribution of Au-Ag8-3-FP surface were characterized by FESEM

(Figure 4). FromFigure 4H, it can be observed that a large number of

metal nanoparticles are attached to the surface of the paper base, and

the distribution is relatively uniform, with only a slight aggregation

phenomenon. However, when the magnification is reduced to 10 k

and 5 k, some agglomeration occurs. Through the element

distribution map, it can also be found that some aggregations of

Ag NPs can be observed. It indicates that although the hydroxyl

groups on xylan can coordinate and interact with metal

nanoparticles, the ability to stabilize metal nanoparticles is not

ideal; when the concentration of metal nanoparticles is high,

aggregation is easy to occur. In Figure 5, it can be observed that

there are some obvious XRD diffraction peaks between 10–35°.

These diffraction peaks belong to the xylan hydrate crystals. Since

alkali extraction cleaves the acetyls on xylan, xylans with low degree

of branching may crystalize with water forming xylan hydrate

crystals (Xiang et al., 2020). The xylan extracted from sugarcane

has a high degree of branching, and its XRD pattern shows a mostly

amorphous structure. However, the crystallinity of the xylan after

FIGURE 4
(A) FESEM images of Au-Ag8-3-FP surface and images with elemental mapping of (B) C, (C) Au, (D)O, (E) Ag, respectively. FESEM images of Au-
Ag8-3-FP surface with (F) 5 k magnification, (G) 10 k magnification and (H) 50 k magnification.

FIGURE 5
X-ray diffraction patterns of Au-Ag-FP, Au-FP and xylan.
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the reaction increases significantly with the appearance of evident

characteristic XRD peaks of xylan hydrate crystals (Li and Xiang,

2022). The forming of xylan hydrate crystals may be due to the

destruction of xylan branches during the reaction with Tollens

reagent at high pH (Xiang et al., 2020).

As mentioned above, Au NPs exhibit a strong surface plasmon

resonance peak at 524 nm. According to previous studies, the

adsorption peak of silver nanoparticles is generally at around

410 nm, and red shift or blue shift would occur with the change

of particle size (Zhang et al., 2007). In Figure 6A, it can be found that

with the increase of silver content, the resonance of silver gradually

dominates and the adsorption peak gradually blue shifts. In order to

further explore the structure of nanoparticles, STEM dark-field

images and EDS elemental mapping tests were carried out. As

can be seen from Figure 6B, multiple nanoparticles with a bright

inner core and a dark outer shell aggregate together, with gold

element in the inner core and silver element in the outer shell,

suggesting the successful formation of bimetallic core–shell

nanoparticles (Cai et al., 2019). Figures 6D,E shows that some

Ag NPs do not completely wrap the Au NPs, which may be due

to that, after the Au NPs are coated on the paper-based surface, only

the exposed surface can be in contact with the AgNPs. Figures 6C–E

show that some Au-Ag nanoparticles have slight agglomerations,

which may be caused by the ultrasonic and centrifugal operation

when Au-Ag bimetal nanoparticles are separated from the paper-

based surface.

3.3 The SERS performance of the paper-
based Au-Ag bimetallic SERS substrate

The Raman enhancement performance of Au-Ag-FP substrates

prepared with different Au/Ag molar ratios was evaluated, and the

results were shown in Figure 7A. After thiram was dropped on the

surface of Au-Agm-3-FP, the strongest Raman spectrum peak of

10–3 mol/L thiram was located at 1377 cm−1, corresponding to the

FIGURE 6
(A) UV-vis spectra of the nanoparticles on Au-Agm-3-FP, (B) STEM dark-field picture and EDS mapping pictures of nanoparticles on Au-Ag8-3-
FP, (C), (D), (E) TEM images of nanoparticles on Au-Ag8-3-FP.
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stretching vibration of C-N bonds and the symmetric stretching

vibration of CH3. The peak at 1145 cm−1 is attributed to the

antisymmetric vibration of CH3, the peak at 1510 cm−1 and

1145 cm−1 corresponds to the stretching vibration of C-N and

the in-plane bending vibration of CH3, the stretching vibration

peak of C=S and CH3N corresponds to the peak at 932 cm−1, and the

vibration peak of S-S is at 559 cm−1. The peak at 444 cm−1

corresponds to the bending vibration of CH3NC and the

stretching vibration of C=S (Kang et al., 2002). With the increase

of Ag dosage, the Raman enhancement effect of the substrate is

obviously enhanced. When the mole quantity of Ag is 8 times of Au

(Au-Ag8-3-FP), the Raman intensity is the highest, which is about

80 times of Au-Ag0.5-3-FP. However, with further increase of Ag

dosage, the enhancement performance of the substrate decreases,

which may be due to the stabilizing effect of xylan on nanoparticles

is not strong enough, leading to agglomeration phenomenon

(Figure 4H) and uneven size and shape of Au-Ag particles.

Raman enhancement performance of Au-Ag8-n-FP prepared

with different amounts of xylan is shown in Figure 7B. With the

increase of xylan addition during Ag NP preparation, the Raman

spectra of 10–3 mol/L thrima dropped on Au-Ag8-n-FP have

increased intensities for peaks at 559, 932, 1145, 1377 and

1510 cm−1. Au-Ag8-2-FP and Au-Ag8-3-FP have the largest

intensity, which indicates that they have a strong Raman

enhancement. However, with further increase of the xylan

addition during Ag NP preparation, the peak intensities of the

substrates (Au-Ag8-4-FP, Au-Ag8-5-FP and Au-Ag8-6-FP)

decreases. This phenomenon indicates that the addition of

xylan is beneficial to reducing the aggregation of

nanoparticles, leading to a strong Raman enhancement effect.

However, it can also be postulated that with further increase of

the xylan dosage, excessive xylans may cover or bury the Ag NPs

leading to a weakened Raman enhancement effect.

In order to explore the practical application performance of the

SERS substrates, the Raman enhancement performance of Au-Ag8-

3-FP on common pesticide pollutant thiram was evaluated. As can

be seen from Figure 7C, the higher the thiram concentration, the

stronger the SERS signal peak is. In the SERS spectrum for 10–3 mol/

L thiram, very strong signal peaks are observed at 1377 cm−1,

1510 cm−1, 1145 cm−1 and 559 cm−1. With the decrease of thiram

concentration, the signal peak intensity at 1377 cm−1 weakens

significantly, but the signal peak at 1510 cm−1 increases. This

may be due to that at a low concentration, the thiram adsorbed

on the Au-Ag may not completely cover the metal surface. The

charges transferred from thiram molecule to metal redistribute the

electron density of thiram and enhance the intensity of Raman peaks

(Dao et al., 2021).

Practical application of SERS substrate not only requires

high sensitivity, but also requires good reproducibility. The

reproducibility of Au-Ag8-3-FP substrate was studied by

using thiram as the probe molecule. Approximately 15 μL

200 ppm thiram ethanol solution was dropped on the

substrate, and then 20 points were randomly selected to

collect the SERS spectrum of thiram. The SERS spectra of

different points (Figure 8A) show high similarity in quantity,

location and intensity of characteristic peaks. Figure 8B plots

the intensity of Raman characteristic peak at 1377 cm−1 from

the 20 points, which is used to demonstrate the

reproducibility of SERS base. According to the standard

formula of relative intensity deviation of SERS spectrum

(Luo et al., 2015), RSD was calculated to be 10.43%,

showing good reproducibility. The paper-based SERS has

good flexibility, which enables the substrate to make good

contact with the surface of the object to be measured. The

three-dimensional porous structure of filter paper acts as a

capillary, giving it good water adsorption performance. Based

on the above characteristics, the use of Au-Ag8-3-FP

substrate should be able to achieve effective extraction and

rapid detection of complex sample surface. The Au-Ag8-3-FP

substrate was slightly wetted with 15 μL ethanol solution, and

FIGURE 7
(A) The Raman spectra of thiram at 10–3 mol/L on the surface of Au-Agm-3-FP, (B) the Raman spectra of thiram at 10–3 mol/L on the surface of
Au-Ag8-n-FP, (C) the Raman spectra of different concentrations (10−3–10–6 mol/L) of thiram on the surface of Au-Ag8-3-FP.
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then the apple surface was dried after dropping with 15 μL

thiram ethanol solution. The SERS spectrum of the substrate

collected with thiram was shown in Figure 8C. The

characteristic peak of thiram could still be observed when

the solution concentration is as low as 1 ppm. The results

show that SERS substrate could be used for rapid extraction

and detection of pesticide residues on real vegetable and fruit

surface.

In recent years, it has been reported that various metal

nanoparticles supported by cellulose as the substrate were

used for food safety SERS detection (Table 1). The SERS

substrate developed in this study has better or comparable

performance in detection limits compared to some recent

studies (Table 1). In addition, the detection limit of Au-

Ag8-3-FP in this study is 1 × 10–6 mol/L (i.e. 0.24 ppm),

which is lower than the maximum thiram residue level of

7 ppm regulated by US Environmental Protection Agency

(Sun et al., 2017) and 5 ppm required by the National Food

Safety Standard of China (Zhang et al., 2019) indicating that

the substrate developed in this study can potentially be used in

food safety detection.

4 Conclusion

Using natural macromolecule xylan as a reducing agent, a

stabilizing agent and an anchoring agent, Au-Ag bimetal

nanoparticles were successfully prepared and steadily anchored on

the paper base to fabricate a paper-based Au-Ag bimetallic SERS

substrate. Different SERS substrates were prepared by adjusting the

amounts of xylan, HAuCl4·3H2O and Tollens reagent. The results

show that these SERS substrates have high Raman enhancement

performance and reproductively. The substrate fabricated through

Ag/Au mole ratio of 8 and xylan addition during Ag preparation of

5.71 × 10–6 mol has the highest Raman intensity. The substrate can

effectively detect trace pesticide, i.e., thiram, and the limit of detection

is as low as 1 × 10–6 mol/L (0.24 ppm). In addition, the good water

adsorption performance of the paper-based SERS substrate makes it

possible for direct detection of pesticide residues on the surface of

fruit. The paper-based Au-Ag bimetallic SERS substrate developed in

this study has better or comparable performance in detection limits

compared to some recent studies in cellulose-based SERS substrates,

showing a great potential in applications for rapid food safety

detection.

FIGURE 8
(A)Raman spectra of 200 ppm thiram collected from20 randomly selected spots from the same Au-Ag8-3-FP substrate, (B) the scatter diagram
of intensity distribution of the 1377 cm−1 peak of thiram corresponding to spectra in (A), (C) Raman spectra of thiram with different concentration
swabbed from the apple surface.

TABLE 1 Cellulose-based SERS material for food safety detection.

Cellulose form Substrate Analyte Method LODa References

filter paper Au-Ag/filter paper thiram in-situ reduction 0.24 ppm This paper

Ag@SiO2/filter paper Droping 1 nmol/L Sun et al. (2019)

AgNPs/AKD/filter paper Droping 0.46 nmol/L Lee et al. (2018)

AgNPs/filter paper Droping 1 ppm Zhang et al. (2019)

Au@Ag cellulose membrane/filter paper transfer 0.24 ppm Lin et al. (2019)

cellulose Ag coated cellulose magnetron sputtering 0.20 ppm Gao et al. (2020)

aLOD, limit of detection.
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Comparison of solid and liquid
fractions of pretreated Norway
spruce as reductants in
LPMO-supported
saccharification of cellulose
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The role of lignin in enzymatic saccharification of cellulose involving lytic

polysaccharide monooxygenase (LPMO) was investigated in experiments

with the solid and liquid fractions of pretreated Norway spruce from a

biorefinery demonstration plant using hydrothermal pretreatment and

impregnation with sulfur dioxide. Pretreated biomass before and after

enzymatic saccharification was characterized using HPAEC, HPLC, Py-GC/

MS, 2D-HSQC NMR, FTIR, and SEM. Chemical characterization indicated that

relatively harsh pretreatment conditions resulted in that the solid phase

contained no or very little hemicellulose but considerable amounts of

pseudo-lignin, and that the liquid phase contained a relatively high

concentration (~5 g/L) of lignin-derived phenolics. As judged from reactions

continuously supplied with either air or nitrogen gas, lignin and lignin fragments

from both the solid and the liquid phases efficiently served as reductants in

LPMO-supported saccharification. When air was used to promote LPMO

activity, the enzymatic conversion of cellulose after 72 h was 25% higher in

reactions with pretreated solids and buffer, and 14% higher in reactions with

pretreatment liquid andmicrocrystalline cellulose. Research in this area is useful

for designing efficient saccharification steps in biochemical conversion of

lignocellulosic biomass.

KEYWORDS

lignocellulose bioconversion, Norway spruce, enzymatic saccharification, lytic
polysaccharide monooxygenase, cellulose, reductant, lignin, pretreatment liquid

1 Introduction

Lignocellulose is an abundant bioresource that has gained wide attention in the

production of bio-based commodities (Zhang, 2008). Enzymatic deconstruction of

cellulose and hemicelluloses in lignocellulosic biomass to sugars offers a renewable

alternative to the refining of fossil resources, which are associated with environmental

problems and problems concerning energy security (Kaparaju et al., 2009). Biochemical

conversion typically includes hydrothermal pretreatment, enzymatic saccharification of

OPEN ACCESS

EDITED BY

Jia-Long Wen,
Beijing Forestry University, China

REVIEWED BY

Ling-Ping Xiao,
Dalian Polytechnic University, China
Hua-Min Liu,
Henan University of Technology, China

*CORRESPONDENCE

Leif J. Jönsson,
leif.jonsson@umu.se

SPECIALTY SECTION

This article was submitted to Bioprocess
Engineering, a section of the journal
Frontiers in Bioengineering and
Biotechnology

RECEIVED 15 October 2022
ACCEPTED 01 December 2022
PUBLISHED 13 December 2022

CITATION

Tang C, Gandla ML and Jönsson LJ
(2022), Comparison of solid and liquid
fractions of pretreated Norway spruce
as reductants in LPMO-supported
saccharification of cellulose.
Front. Bioeng. Biotechnol. 10:1071159.
doi: 10.3389/fbioe.2022.1071159

COPYRIGHT

© 2022 Tang, Gandla and Jönsson. 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 permittedwhich does
not comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 13 December 2022
DOI 10.3389/fbioe.2022.1071159

18

https://www.frontiersin.org/articles/10.3389/fbioe.2022.1071159/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1071159/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1071159/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1071159/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1071159/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.1071159&domain=pdf&date_stamp=2022-12-13
mailto:leif.jonsson@umu.se
mailto:leif.jonsson@umu.se
https://doi.org/10.3389/fbioe.2022.1071159
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.1071159


cellulose, microbial fermentation of sugars, and valorization of

the lignin-rich solid residue, often referred to as hydrolysis lignin

(Martín et al., 2022). The challenges of biochemical conversion

are highly dependent on achieving high sugar yields from

cellulose at low cost, thus making it more competitive (Østby

et al., 2020).

Enzymatic saccharification of cellulose has typically been

achieved using hydrolytic enzymes, such as cellobiohydrolase,

endoglucanase, and β-glucosidase (Van Dyk and Pletschke,

2012). More recently, an oxidoreductase called LPMO (lytic

polysaccharide monooxygenase) has emerged as a new tool in

the deconstruction of recalcitrant lignocellulose, contributing to

higher sugar yields (Horn et al., 2012). LPMO is a typical

component of currently available commercial enzyme

cocktails due to its ability to boost the action of enzymes

involved in saccharification of cellulose. It serves as a

complement to hydrolytic enzymes due to its ability to

catalyze oxidative cleavage of glycosidic bonds of cellulose to

create more targets for hydrolysis, which is achieved in the

presence of molecular oxygen as co-substrate and an electron

donor (Hemsworth et al., 2015).

LPMO-catalyzed reactions can involve different types of

electron donors, both small and large molecules. Small

organic molecules that serve as electron donors include

ascorbic acid (Vaaje-Kolstad et al., 2010) and gallic acid

(Quinlan et al., 2011). Larger molecules, such as fungal CDH

(cellobiose dehydrogenase) (Phillips et al., 2011), polyphenol

oxidase (Frommhagen et al., 2017), and glucose-methanol-

choline (GMC) oxidoreductase, have also been proposed to

serve as electron donors (Kracher et al., 2016).

Lignin, one of the main components of lignocellulosic

biomass, may also increase the activity of GH61 enzymes

(later renamed as auxiliary activity family AA9, LPMO)

(Dimarogona et al., 2012). Lignin has been proposed to be an

electron donor since LPMO has been found to have the ability to

oxidize lignocellulosic substrates without addition of an external

electron donor, such as ascorbic acid (Cannella et al., 2012;

Westereng et al., 2015). This is industrially important, because

if lignin or lignin derivatives are sufficient to sustain LPMO-

supported saccharification, addition of costly external reaction

chemicals, such as ascorbic acid, can be minimized. However,

relatively few studies have so far focused on reactions with real

industrial lignocellulosic substrates, commercial cellulase

cocktails under industrially relevant conditions, and with a

controlled supply of gas in the reaction mixtures.

Other reasons for studying lignin and lignin derivatives as

electron donors for LPMO include that the lignin content and

type of lignin of lignocellulosic biomass differ depending on the

biological origin, and that the structure and the fraction of lignin

in the raw material are affected in different ways by different

types of pretreatments and pretreatment conditions (Martín

et al., 2022). The lignin content (DW, dry-weight) in biomass

differs from below 20% in grasses and many agricultural residues

(Ralph et al., 2004) to around 30% in softwood (Sjöström, 1993).

Furthermore, the phenylpropane units in softwood lignin are

predominantly G (guaiacyl) units, whereas the lignin of many

agricultural residues consists of considerable proportions of G, S

(syringyl), and H (p-hydroxyphenyl) units (Ralph et al., 2004).

The fractions of different interunit linkages also vary in different

forms of biomass, although the β-O-4-aryl ether linkage is the

most common (Ralph et al., 2004). Although it is hemicellulose

rather than lignin that is the target of hydrothermal pretreatment

under acidic conditions (Galbe andWallberg, 2019; Martín et al.,

2022), the lignin is also affected. A minor fraction of the lignin is

degraded and ends up as phenylic substances (i.e., phenolic and

non-phenolic aromatic substances) in the liquid phase after the

pretreatment (Ko et al., 2015; Jönsson and Martín, 2016). So far,

the role of lignin-derived phenolics as inhibitors has received

considerable attention (Jönsson and Martín, 2016), whereas their

potential positive role as electron donors for LPMO is not well

understood. Due to the large differences between different

lignins, more studies on the action of LPMO are needed,

especially with lignins and lignin derivatives from industrially

important feedstocks and pretreatment processes.

Depending on the industrial process scenario, the liquid

phase of pretreated biomass (i.e., the pretreatment liquid or

the hemicellulosic hydrolysate) could either be included or

excluded during enzymatic saccharification. A common

approach is to use a slurry (i.e., a mixture of the solid and the

liquid phases obtained after pretreatment) as a substrate for

enzymatic saccharification. In that case, both the lignin in the

solid phase and water-soluble lignin degradation products in the

liquid phase would be present during enzymatic saccharification,

and both could potentially serve as reductants in LPMO-

catalyzed reactions. However, an alternative approach is to

separate the solid and the liquid phases after pretreatment,

and in that case only the solid phase would be present during

enzymatic saccharification. Then, only the lignin in the solid

phase would serve as reductant in LPMO-catalyzed reactions.

The question then arises how the electron donor capacity of the

pretreated biomass is divided between the solid and the liquid

phases.

In this investigation we address the question about how the

electron donor capacity is divided between the phases using

pretreated biomass from a demonstration plant operated by a

commercial company and a novel experimental set-up allowing

controlled gas addition to six parallel reaction mixtures.

Thereby, better control of the redox environment was

achieved, and statistical analysis of results from parallel

reaction mixtures was made possible. Even if LPMO is

present in modern enzyme preparations, it is not always

clear that its capacity is fully exploited due to insufficient

supply of reductant and/or molecular oxygen. This makes an

experimental set-up with gas addition advantageous,

permitting controlled addition of oxygen. Research in this

area provides more knowledge about LPMO-catalyzed
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reactions and guidance on how to best perform enzymatic

saccharification in industrially relevant settings.

2 Materials and methods

2.1 Raw material and pretreatment

Chipped unbarked Norway spruce (Picea abies) was

pretreated in the Biorefinery Demonstration Plant (BDP)

(Örnsköldsvik, Sweden) by SEKAB E-Technology AB. The

wood chips were impregnated with sulfur dioxide (approx. 2%

based on the dry weight of the biomass), and subsequent

pretreatment was performed using continuous steam

explosion at 205°C for approx. 10 min. The pH of the

generated slurry was approx. 1.8, and the dry-matter content

was around 30%.

Prior to enzymatic saccharification experiments, the pH of

the slurry was adjusted to 5.2 using a 10 M aqueous solution of

sodium hydroxide, and the total solid (TS) content was adjusted

to 12.5% (w/w) by dilution with ultra-pure water. The solid and

liquid phases of the slurry were separated by centrifugation

(Avanti J-26 XP, Beckman Coulter, United States). The solid

phase was extensively washed with ultra-pure water until glucose

was no longer detectable in the filtrate through analysis with a

glucometer (Accu-Chek Aviva, Roche Diagnostics GmBH). The

solids were then air-dried before further use. The dry-matter

content of the washed and dried solids was 96.6% according to

measurements using an HG63 moisture analyzer (Mettler-

Toledo, Greifensee, Switzerland). Particles remaining in the

liquid phase after centrifugation were removed by passing it

through Nalgene™ Rapid-Flow™ sterile filters (0.2 µm, PES,

Thermo Fisher Scientific, Waltham, MA, United States). The

pretreated solids (PS) and the pretreatment liquid (PL) were then

used in enzymatic saccharification experiments.

2.2 Enzymatic saccharification

Two series of enzymatic saccharification experiments were

performed. One consisted of pretreatment liquid (PL) with

microcrystalline cellulose (Avicel® PH-101 obtained from

Sigma-Aldrich, St. Louis, MO, United States) and the other

consisted of pretreated solids (PS) with 20 mM sodium acetate

buffer, pH 5.2. Reaction mixtures consisted of 8.75 g (dry-weight)

solids (PS or Avicel, used as substrate in the enzymatic reaction),

61.25 g liquid phase (buffer or PL), 540 µL Cellic® CTec3

(Novozymes A/S, Bagsvaerd, Denmark) (1.13 g/mL), and

88 µL antifoaming agent (Tween-80). A separate experiment

was performed to assure that inclusion of antifoaming agent

did not affect the enzymatic reaction (data not shown).

Enzymatic saccharification experiments were carried out

using 125 mL gas wash bottles (Quickfit® Drechsel bottle,

Sigma-Aldrich). Aerobic and anaerobic conditions were

achieved by continuous supply of air or N2 to the gas wash

bottles through Polyamide 12 tubing (outer diameter 6 mm). The

set-up could accommodate up to six gas wash bottles in parallel

in each experiment, allowing for two sets of triplicates (one set

with air and one set with N2) and subsequent statistical analysis

of the results. For each gas supply, a gas distributor divided the

gas into three strands, and each gas strand was connected with a

flow meter (Porter F65, Parker, United States). The purity of the

N2 was 99.996%. The gas flowwas kept at one vvm (based on flow

rate and reaction mixture volume). The gas wash bottles were

positioned on a multipoint stirrer (Cimarec from Thermo

Scientific) immersed in a water bath to allow for temperature

control. The bottles were equipped with magnetic stirrer bars

(cylindrical 40 × 8 mm), and the stirring speed was 215 rpm.

Incubation was performed at 45°C for 72 h, and samples (0.5 mL

each) were withdrawn after 24 h, 48 h, and 72 h by using an

automatic pipette. Zero samples (0 h) were collected after adding

enzyme. Reactions were conducted in triplicates, and the

monosaccharides produced in the reactions were analyzed

using HPAEC (Section 2.3.1).

After enzymatic saccharification experiments, the mixtures

were centrifuged to separate the solid and the liquid phases. Solid

phases were washed with abundant ultra-pure water until no

glucose was detectable in the filtrate. Washed solids were air-

dried until the dry-matter content was over 90%, and they were

then sieved using sieve shakers (Retsch AS 200) with an aperture

size of 100 μm to homogenize the solid fraction. Liquid phases

were stored at 4°C until further analysis.

2.3 Analysis of liquid phase

2.3.1 Analysis of monosaccharides and glucan
conversion

Analysis of monosaccharides was performed using high-

performance anion-exchange chromatography (HPAEC) with

pulsed amperometric detection (PAD). The separation system

consisted of an ICS-5000 system equipped with an

electrochemical detector, a CarboPac PA1 (4 mm × 250 mm)

separation column, and a CarboPac PA1 (4 mm × 50 mm) guard

column (all from Dionex, Sunnyvale, CA, United States). The

temperature of the column oven was kept at 30°C and all samples

were diluted with ultra-pure water and filtered through 0.20 µm

nylon membrane filters (Merck Millipore Ltd., Cork, Ireland).

Samples were eluted for 25 min with ultra-pure water at a flow

rate of 1 mL/min. The column was regenerated by washing for

11 min with a mixture containing 60% of an aqueous solution of

300 mM sodium hydroxide and 40% of an aqueous solution

consisting of a mixture of 200 mM sodium hydroxide and

170 mM sodium acetate, followed by 3 min equilibration with

ultra-pure water. External calibration standards of

monosaccharide mixtures in the range of 0.5 mg/L–30 mg/L
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were prepared, and each sample was analyzed in triplicate. Data

analysis was performed using the Chromeleon 7.1 software

(Dionex).

The conversion of cellulose to glucose (glucan conversion) in

the enzymatic hydrolysis was calculated by the ratio of glucose

produced during enzymatic hydrolysis in relation to the glucan in

the substrate using Eq. 1 (Lu et al., 2012)

Glucan conversion %( ) � produced glucose concentration × M × 0.9
glucan content × m

× 100

(1)

In Eq. 1, the “produced glucose concentration” refers to the

glucose concentration determined using HPAEC in (g/L) with

potential glucose in the reaction mixture prior to the enzymatic

reaction deducted. “M” refers to the total mass (in g) of the

enzymatic reaction mixture (solid and liquid) in the beginning of

the reaction, and “m” refers to the mass (in g) of total solids. The

glucan content of PS was calculated on basis of compositional

analysis (Section 2.4.1) and the glucan content of the model

substrate Avicel PH-101 was assumed to be 97.6% on basis of

literature data (Yu et al., 2012).

2.3.2 Analysis of total phenolics
Folin - Ciocalteu’s reagent (Singleton et al., 1999) was used

for determination of total phenolics in the PL. Vanillin was used

as the calibration standard. The color generated after 40 min

incubation at room temperature was measured as the absorbance

at 760 nm using a BioTek Epoch Microplate Spectrophotometer

(Agilent, Santa Clara, CA, United States). Reactions were

performed in triplicates.

2.3.3 Analysis of total carboxylic acid content
The total carboxylic acid content (TCAC) was determined as

previously described (Wang et al., 2018a). Briefly, titration using

an aqueous sodium hydroxide solution (200 mM) was performed

in the range from pH 2.8 to pH 7.0.

2.3.4 Analysis of total aromatic content
Total aromatic content (TAC) covers both aromatics

(phenolic and non-phenolic aromatics) and

heteroaromatics, such as 5-hydroxymethylfurfural (HMF)

and furfural (Wang et al., 2018a). TAC was measured as

absorbance units at 280 nm (AU280) using a UV

1800 spectrophotometer (Shimadzu, Kyoto, Japan) with a

dilution factor of 1,000.

2.3.5 Analysis of furan aldehydes
Quantitation of HMF and furfural was performed using a

Thermo Scientific UltiMate 3,000 HPLC system (Dionex

Softron GmbH, Germany) equipped with a detector. The

eluents were ultra-pure water with 0.1% (v/v) formic acid

(Eluent A) and acetonitrile with 0.1% (v/v) formic acid (Eluent

B). The flow rate was 0.5 mL/min. Chromatographic

separation was conducted on a Zorbax RRHT SB-C18

column (3.0 mm × 50 mm, 1.8 µm particle size) with 3% of

eluent B for 3 min. This was followed by a 4 min cleaning step

with 20% of eluent B, and finally the column was equilibrated

for 4 min with 3% of eluent B. The absorption at 282 nm was

recorded, and the temperature of the column oven was 40°C.

An external calibration curve covering the interval

5 μM–250 µM and the Chromeleon 7.1 software were used

for quantitation.

2.3.6 Analysis of LPMO oxidation products
Tentative C1 and C4 oxidation products from LPMO-

catalyzed reactions were analyzed using the ICS-5000 system

and pulsed amperometric detection. Separation was performed

on a CarboPac PA1 column for 20 min with a flow rate of 1 mL/

min. Gradient elution was carried out for 1.5 min using an

aqueous solution of 0.3 M sodium hydroxide, followed by

elution for 15.5 min with an aqueous solution consisting of a

mixture of 0.3 M sodium hydroxide and 0.5 M sodium acetate.

Finally, an aqueous solution of 0.3 M sodium hydroxide was

added for 3 min to condition the column before the next sample

injection.

2.4 Analysis of pretreated solids

2.4.1 Two-step treatment with sulfuric acid
The contents of carbohydrates and lignin (Klason lignin and

acid-soluble lignin) of the solid were determined using the TSSA

method. The analysis was performed according to the NREL/TP-

510–42618 protocol (Sluiter et al., 2012), with some

modifications. Monosaccharides were analyzed by using

HPAEC instead of HPLC. Prior to monosaccharides analysis,

samples were diluted with ultra-pure water and filtered through

0.20 µm nylon membranes (Section 2.3.1). Acid-insoluble lignin

(Klason lignin) was determined gravimetrically by using glass

crucibles with integral glass sintered discs (Pyrex 2, porosity

10 µm–16 µm). Acid-soluble lignin (ASL) was determined

spectrophotometrically at λ 240 nm (UV-1800 spectrometer,

Shimadzu, Kyoto, Japan). All analyses were performed in

triplicates.

2.4.2 Pyrolysis-gas chromatography/mass
spectrometry

Py-GC/MS was used to determine the lignin-carbohydrate

fraction of pretreated solids. The analysis was performed at

the Biopolymer Analytical Platform (BAP) of the KBC

Chemical-Biological Center (Umeå, Sweden). The

instrument consisted of an oven pyrolyzer equipped with

an autosampler (PY-2020iD and AS-1020E, Frontier Labs,

Koriyama, Japan) connected to a GC/MS system (Agilent

7890A/5975C). The method has been described in detail by

Gerber et al. (2016).
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2.4.3 Phenolic content of solids
The determination of the phenolic groups content of pretreated

solids was performed by MoRe Research AB (Örnsköldsvik,

Sweden) using a method based on the study by Lai et al. (Lai

et al., 1990). The relative standard error was estimated to 10%.

2.4.4 Fourier transform infrared spectroscopy
FTIR analysis was conducted at the Vibrational Spectroscopy

Core Facility (ViSp) of the KBC Chemical-Biological Center. The

samples were prepared using potassium bromide (Spectrograde

KBr, Fisher Scientific, Waltham, MA, United States). The spectra

were obtained on a Bruker IFS 66v/S FTIR spectrometer,

equipped with a standard deuterated triglycine sulfate detector

and fitted with a diffuse reflectance accessory (Bruker

Corporation, Billerica, MA, United States). Spectra between

800 and 1800 cm−1 were recorded using 256 scans and 4 cm−1

resolution.

2.4.5 2D-HSQC NMR
A portion (25 mg) of each sample was transferred to a 5 mm

NMR-tube to which 600 μL DMSO-d6 was added. Samples were

analyzed using 2D 1H-13C Heteronuclear Single Quantum

Coherence (HSQC) NMR with a Bruker 600 MHz Avance III

HD spectrometer equipped with a BBO cryoprobe and using the

pulse program hsqcetgpsisp 2.2. For each of the 256 t1-

increments, 32 scans were recorded with an inter-scan delay

of 1.5 s, resulting in an experimental time of approximately 3 h

and 50 min. Experiments were performed at 298 K. Alcohol-

insoluble residue (AIR) of wood of Norway spruce was dissolved

in DMSO-d6 and used as non-pretreated reference. Spectra were

processed using Topspin 3.6 (Bruker Biospin, Germany) with

Gaussian window function in F2 and a 90-degree shifted squared

sine-bell window function in F1.

2.4.6 Scanning electron microscopy
After washing with water and drying (Section 2.1), dried PS

were dispersed onto carbon conductive tape mounted on an

aluminum specimen stub and coated with 10 nm platinum using

a carbon-sputter coater (Quorum Q150T-ES). The morphology

of the PS samples was analyzed by field-emission scanning

electron microscopy (FESEM, Carl Zeiss Merlin GmbH) using

an in-lens secondary electron detector at a voltage of 3 kV and a

probe current of 30 pA. The SEM analysis was conducted at the

Umeå Core Facility Electron Microscopy (UCEM) of the KBC

Chemical-Biological Center.

3 Results and discussion

3.1 Analysis of pretreated biomass

The liquid and solid fractions of pretreated softwood from

the demonstration plant were analyzed to get an overview of

lignin-related material and carbohydrates in the fractions.

According to compositional analysis using TSSA (Table 1),

the pretreated solids contained (DW) 44.5% glucan and 51.6%

total lignin (Klason lignin and ASL). No other carbohydrates

than glucan were detected. This indicates that the pretreatment

conditions had been very harsh, as all hemicellulosic

carbohydrates had been removed and as the lignin content

was higher than the glucan content. From the beginning, it is

the other way around, as untreated spruce wood contains 27.4%

lignin and 41.7% cellulose (Sjöström, 1993). The aim with the

pretreatment is to achieve an almost quantitative removal of

hemicelluloses, without degrading cellulose, which is left for

enzymatic saccharification. The fact that the total lignin

content was higher than the glucan content indicates partial

degradation of cellulose, formation of pseudo-lignin from

hemicelluloses, or occurrence of both these events. Pseudo-

lignin is a Klason-lignin-positive aromatic substance formed

from carbohydrates during thermal treatment under harsh

conditions (Shinde et al., 2018; Martín et al., 2022; Yao et al.,

2022).

Analysis using Py-GC/MS (Table 1) suggested that the

pretreated material predominantly (~70%) consisted of

carbohydrates and that around a quarter of the content was

lignin. As expected for softwood (Ralph et al., 2004) such as

spruce, the lignin predominantly consisted of G units (Table 1).

With respect to the determined fractions, the discrepancy

compared to the results from the TSSA analysis can be

explained by pseudo-lignin being characterized as

carbohydrates in the Py-GC/MS analysis, which has been

observed previously (Wang et al., 2018a). Thus, compositional

analysis using TSSA and Py-GC/MS indicated that the

hemicelluloses had been quantitatively removed or degraded

and that the pretreated material predominantly consisted of

three substances: glucan, lignin, and pseudo-lignin.

The pretreated solids were analyzed further using HSQC

NMR (Figure 1). Pretreated solids exhibited relatively poor

solubility in DMSO compared to non-pretreated Norway

spruce wood, and the signals were weaker. The pretreatment

affected the aromatic region of the lignin, as indicated by the

lower intensity of G2 and G6 after pretreatment. Signals from

common interunit lignin linkages, such as β-O-4 and

phenylcoumaran, were weak in the pretreated material

(Figure 1). These changes are in agreement with previous

studies of lignin after pretreatment under acidic conditions

(Yao et al., 2022). An attempt to solubilize more of the

pretreated material using a mixture of DMSO-d6 and

pyridine-d5 (Kim and Ralph, 2010) to obtain stronger signals

was unsuccessful.

SEM was used to further investigate the structure of the solid

fractions.Micrographs of PS showed nano-sized particles or droplets

on fibrillar surfaces (Figure 2A). There are previous reports on

droplets on biomass surfaces caused by relocalization of lignin (Selig

et al., 2007; Donohoe et al., 2008) and by pseudo-lignin formation
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(Sannigrahi et al., 2011) during pretreatment under acidic

conditions. Such droplets could vary significantly in size, such as

from 5 nm up to 10 μm (Donohoe et al., 2008) or 0.3 μm–8.0 μm

(Sannigrahi et al., 2011). It is a possibility that harsh, acidic

pretreatment conditions contributed to the formation of these

structures (Figure 2A). After enzymatic saccharification with air,

the surfaces appeared somewhat smoother (Figure 2B). This was less

pronounced in reactions with N2 (Figure 2C), where the enzymatic

saccharification had reached less far.

As expected considering the relatively high content of

galactoglucomannan in spruce wood (Sjöström, 1993),

mannose was the predominant hemicellulosic monosaccharide

in the PL (Table 2). The total concentration of hemicellulosic

sugars (mannose, xylose, galactose, and arabinose) (Table 2) was

36 g/L, and the concentration of glucose was around 31 g/L

(Table 3). Even if it is not intentional to degrade cellulose in

the pretreatment, the glucose could come either from

hemicelluloses or from partial degradation of cellulose.

The concentrations of substances in the pretreatment liquid

(Tables 2, 3) can be compared to those found in a series of

pretreatment liquids from Norway spruce pretreated with sulfur

dioxide under low, medium, and high severity (Wang et al.,

2018a; Martín et al., 2018). The TCAC content was just below

200 mM (Table 2), which is very high for a TS content of 12.5%

considering that it was 203 mM after the most severe treatment

when the TS was 25% (Wang et al., 2018a). The content of total

phenolics was around 5 g/L, which again is very high compared

to 1.6 g/L after the most severe treatment in a previous study of

material with TS ~30% (Martín et al., 2018). The combined

concentration of furfural and HMFwas around 59 mM (Table 2).

Considering the TS, 12.5%, that is higher than the highest

combined value for furfural and HMF reported by Martín

et al. (2018), which was 87 mM at a TS of around 30%. The

TAC value (1.2 with 1,000 × dilution) was also relatively high

compared to previous studies, as Wang et al. (2018a) reported

values from 0.59 up to 2.74 with TS 25% and 500 × dilution. That

is consistent with the high values for total phenolics and furan

aldehydes, as TAC covers both of these groups of substances.

The results of the analysis of the liquid phase are consistent

with the results of the analysis of the solid phase, as both data sets

point to very harsh pretreatment and, consequently, high

contents of Klason lignin and phenolics. The content of lignin

TABLE 1 Analysis of the solid phase of pretreated Norway spruce.

Analysis and constituent PSg PS-Airg PS-N2
g

TSSAa Glucan 44.5 (1.6) 28.8 (1.2) 37.5 (1.0)

Xylan ND ND ND

Mannan ND ND ND

Arabinan ND ND ND

Galactan ND ND ND

Klason lignin 44.8 (0.7) 56.2 (2.7) 47.9 (1.4)

ASLf 6.8 (0.1) 6.3 (0.2) 5.8 (0.1)

Ash ≤ 0.3 ≤ 0.3 ≤ 0.3

Py-GC/MSb Carbohydrates 67.4 (1.0) 58.6 (1.0) 63.7 (1.1)

G 21.3 (0.6) 28.7 (0.7) 24.7 (0.6)

H 2.5 (0.1) 3.3 (0.1) 2.9 (0.1)

Total lignin 24.2 (0.6) 32.6 (0.8) 28.0 (0.7)

Carb./lignin 2.8 (0.1) 1.8 (0.1) 2.3 (0.1)

Phenolic hydroxyl groupsc mmol/kg DSd 760 1,030 970

mmol/kg total lignine 1,460 1,650 1810

aTwo-step treatment with sulfuric acid. Values given in percent dry weight with standard deviations in parentheses.
bValues given in percent of peak area, according to method described by Gerber et al. (2016).

G, guaiacyl; H, p-hydroxyphenyl. Standard deviations in parentheses.
cMethod described by Lai et al. (1990), with relative standard error estimated to 10%.
dValues given in mmol/kg dry solids.
eMmol/kg total lignin (compositional analysis).
fASL: acid-soluble lignin.
gPS, pretreated solids; PS-Air, solid fraction after 72 h enzymatic saccharification with air; PS-N2, solid fraction after 72 h enzymatic saccharification with N2.
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in the solid phase and the content of phenolics in the liquid phase

would be relevant, as it may affect the ability of these fractions to

serve as reductants in reactions with LPMO. In addition to that,

substances in the PL might inhibit cellulolytic enzymes. Such

substances include both sugars (causing feedback inhibition of

cellulases) and aromatics, such as phenolics (Zhai et al., 2016;

Martín et al., 2022).

The total monosaccharide concentration (~67 g/L) of the PL

used in this work was similar to the total monosaccharide

concentrations (64 g/L–77 g/L) of the PLs studied by Wang

et al. (2018a). As all PLs studied by Wang et al. (2018a) had

total monosaccharide concentrations that were inhibitory to the

cellulolytic enzyme preparations, it is safe to assume that the PL

used in this work also caused sugar inhibition. All PLs studied by

Wang et al. (2018a) were also clearly inhibitory to cellulolytic

enzyme preparations with respect to other substances than

monosaccharides, such as phenolics, despite that the

concentrations of phenolics in the PLs [0.7 g/L–1.6 g/L

according to data from Martín et al. (2018)] were much lower

than in the PL used in this work (~5 g/L). It is therefore likely that

FIGURE 1
Overlay of two-dimensional 1H–13C HSQC NMR spectra of alcohol-insoluble residue from Norway spruce (in green) and pretreated solids (in
black).
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FIGURE 2
SEM micrographs of washed pretreated solids prior to enzymatic saccharification reactions (A), and after 72 h of enzymatic saccharification in
reactions supplemented with (B) air and (C) N2. The scale bar length is 1 µm.

TABLE 2 Analysis of pH-adjusted pretreatment liquid and the liquid phases after 72 h saccharification.a

Property/substance PL PL-air PL-N2

pH 5.1 4.6 5.0

TCAC (mM)b 192 (5) 261 (2) 244 (8)

Total phenolics (g/L)c 5.1 (0.3) 5.6 (0.2) 5.9 (0.6)

HMF (mM) 26.6 (0.2) 31.1 (0.3) 29.8 (2.1)

Furfural (mM) 32.2 (0.2) 0.5 (0.1) 0.6 (0.1)

TACd 1.2 (0.1) 0.8 (0.1) 0.8 (0.1)

Mannose (g/L)e 20.0 (0.7) 25.0 (0.7) 26.8 (1.4)

Xylose (g/L)e 10.2 (0.4) 14.2 (0.3) 14.8 (0.7)

Galactose (g/L)e 3.9 (0.2) 5.0 (0.2) 5.3 (0.3)

Arabinose (g/L)e 2.3 (0.1) 2.7 (0.1) 2.9 (0.2)

aStandard deviations are shown in parentheses.
bTotal Carboxylic Acid Content determined using titration with a solution of sodium hydroxide.
cConcentration of total phenolics using the Folin-Ciocalteu assay with vanillin as the standard.
dTotal Aromatic Content indicated as absorbance units at 280 nm (AU280) with a dilution factor of 1,000.
eConcentration of hemicellulosic monosaccharides. Values from PL, are zero samples while values from PL-Air and PL-N2, are from 72 h of saccharification.

TABLE 3 Sugar yields from reaction mixtures with pretreated solids or pretreatment liquid.a,b

Reaction
Mixture

Glucose concentration (g/L)c Glucan conversion (% w/
w) after 72 hd

Increase in glucan conversion in
aerated reaction after 72 h (%)

0 h 24 h 48 h 72 h

PS with buffer Air 3.0
(0.4)

27.7
(2.6)***

38.2
(4.9)*

56.3
(5.2)***

85.9 (8.1)*** 25

N2 2.8
(0.4)

23.7 (2.1) 33.5 (3.5) 45.3 (4.1) 68.6 (6.3)

Avicel with PL Air 31.3
(1.2)

63.9
(1.1) ***

77.9
(2.5)***

85.7
(2.6)***

40.1 (1.5)*** 14

N2 30.6
(1.2)

52.4 (1.4) 65.8 (2.6) 78.4 (3.8) 35.2 (3.2)

aEnzymatic saccharification of pretreated solids (PS) in 20 mM sodium acetate buffer (pH 5.2) and of Avicel PH-101, in pretreatment liquid (PL).
bStandard deviations in parentheses. Asterisks indicate significant differences (Student t-test) between aerobic and corresponding anaerobic conditions: ***p ≤ 0.01; ** 0.01 < p ≤ 0.05; *

0.05 < p ≤ 0.1.
cGlucose concentrations (g/L) analyzed using HPAEC.
dGlucan conversion (% w/w) was calculated according to Eq. 1, with a glucan content of 44.5% in PS, and 97.6% in Avicel PH-101.
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the PL used in this work also contained inhibitory concentrations

of phenolics.

3.2 Sugar yields in enzymatic
saccharification experiments

The enzymatic saccharification reactions contained the same

amount of solids (8.75 g Avicel or PS), but different glucan

content. Whereas Avicel consists almost exclusively of glucan

(in the form of microcrystalline cellulose), the PS had a glucan

content of 44.5%, and therefore the reaction mixtures with PS

contained 3.89 g glucan rather than 8.75. Reactions with PS also

contained lignin and pseudo-lignin, which have a negative effect

on saccharification (Shinde et al., 2018; Martín et al., 2022; Yao

et al., 2022). Avicel would therefore be a much better substrate

than PS, but the reactions with Avicel also contained PL and

therefore also sugars and phenolics that inhibit enzymatic

saccharification. For these reasons, it was not self-evident

which set of reactions that would result in the highest

enzymatic saccharification yields.

Data on glucose concentrations and glucan conversion

are shown in Table 3. As expected (Arantes and Saddler,

2011), the glucose concentrations increased rapidly in the

beginning and leveled off at the end. The glucose

concentrations (in g/L) generated between the zero sample

and 72 h were: PS/air, 53.3; PS/N2 42.5; Avicel/air, 54.4;

Avicel/N2, 47.8. Thus, reactions with air always resulted in

more glucose than the corresponding reactions with N2 (25%

more for PS and 14% more for Avicel). This can be attributed

to the catalytic action of LPMO, and it was apparent both

with PS and PL without any addition of external reductant.

Although the glucose yields of enzymatic saccharification

were rather similar for reactions with air (53 g/L–54 g/L) and

for reactions with N2 (42 g/L–48 g/L), the glucan conversion

was higher for reactions with PS (68.6%–85.9%) than for

reactions with Avicel (35.2%–40.1%). This phenomenon can

be attributed to the presence of enzyme inhibitors in PL

having a negative effect on the reactions with Avicel, and

perhaps also to the enzyme:glucan ratio being more than

twice as high in experiments with PS as in experiments with

Avicel.

This work differs from previous studies of LPMO-catalyzed

reactions with pretreated biomass in several different ways; as it

(i) covers the separated solid and liquid phases from the

pretreated biomass, (ii) involves controlled continuous gas

addition using air or N2, (iii) is based on hydrothermal

pretreatment of spruce wood with sulfur dioxide in a

demonstration plant, (iv) involves no redox-active chemicals

except oxygen in air in additions after pretreatment, and (v)

involves detailed characterization of the liquid and solid phases,

for instance with respect to the occurrence of pseudo-lignin. In a

series of experiments with steam-pretreated lodgepole pine with

different lignin content, Hu et al. (2014) found that addition of an

external reducing agent (gallate) had a positive effect on the

LPMO reaction only with a completely delignified substrate, but

not when the lignin content was 12% or higher. Rodríguez-

Zúñiga et al. (2015) investigated washed pretreated solids from

sugarcane bagasse, wheat straw, and corn stover. The gas phase

was not controlled, but determination of gluconic acid, an

oxidation product from the LPMO reaction, suggested that

substrates with low (9.6% or less) Klason lignin content were

associated with no or very small LPMO activity. Müller et al.

(2015) showed improved saccharification of pretreated birch

wood in flasks containing air in the headspace compared to

reactions in flasks in which the headspace was flushed with N2

and in which cysteine was added to the reaction mixtures to

remove residual oxygen. Chylenski et al. (2017) investigated

saccharification of sulfite-pulped softwood, and therefore their

biomass contained much less lignin (4%–9% acid-insoluble

lignin) than that used by Müller et al. (2015) or that used in

the present study. As a result, improved saccharification with air

in the headspace was observed only when an electron donor, such

as ascorbic acid or lignosulfonates, was added to the reaction

mixtures (Chylenski et al., 2017). These results agree with our

findings, as the lignin content of the solid phase used in our

experiments was clearly higher than the lignin contents of

substrates for which no or very little LPMO activity has been

detected without addition of an external reductant.

3.3 Analysis of liquid phase after enzymatic
saccharification

The liquid phases at the end of the reactions with Avicel (PL-

Air and PL-N2) were analyzed with regard to other substances

than glucose (Table 2; Figure 3). Smaller increases (0.4 g/L–6.8 g/

L) in the concentrations of sugars other than glucose (Table 2)

can be attributed to enzymatic saccharification of

oligosaccharides and disaccharides, and also to concentration

of reaction mixtures at the end of the experiments due to

evaporation caused by gas flow.

The pH decreased somewhat in PL-Air, and the TCAC

value was higher than for PL-N2. It is a possibility that

oxidation products from LPMO-catalyzed reactions

contribute to the high acid content in PL-Air. This is

supported by data in Figure 3, which shows analysis of

tentative C1 and C4 oxidation products. As judged from

the elution time, the tentative C1 product [RT (retention

time) 8.83] would correspond to gluconic acid (RT 8.84 for

gluconic acid reference), and, at the end of the reaction (48 h),

the peak area was much larger for reactions with air than for

reactions with N2 (Figure 3C). The area of an unidentified

peak at RT 13.4 increased for reactions with air, which was not

observed for reactions with N2 (Figure 3B). This could

tentatively reflect formation of a C4 oxidation product.
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Minor concentrations of the tentative C1 and C4 products

were present also in reaction mixtures with N2, but that could

be due to that those reactions were not completely devoid of

molecular oxygen or other oxidants. Also, N2 contains

molecular oxygen as contaminant, so small amounts of

molecular oxygen would be added throughout the

experiment even in reactions with N2.

LPMO-catalyzed cleavage of cellulose leads to oxidation of

carbons in the β-1,4-glycosidic bonds, i.e., oxidation of C1 or

C4. Using Cellic CTec2, Cannella et al. (2012) studied

C1 oxidation products, such as gluconic acid and

cellobionic acid, in reactions with pretreated wheat straw.

Müller et al. (2015) quantified C4-oxidized cellobiose in

reaction mixtures with pretreated birch wood and Cellic

CTec2.

With regard to aromatic and heteroaromatic substances,

the concentrations of total phenolics and HMF did not change

very much throughout the experiment (Table 2). The

concentration of furfural decreased from 32 mM in PL to

around 1 mM in PL-Air and PL-N2. This is because furfural is

much more volatile than HMF and the gas flow will remove it,

as has also been observed in previous studies (Larsson et al.,

1999). The TAC value decreased somewhat in both PL-Air

and PL-N2, which can be attributed to the removal of furfural,

as both aromatics and heteroaromatics contribute to TAC.

The total phenolic content was somewhat higher after the

reactions than in the original PL (Table 2). One reason for this

could be contribution to total phenolics by the enzyme

preparation, which was not yet added to the PL when

samples for analysis of total phenolics were withdrawn.

FIGURE 3
Estimation of oxidation products from LPMO-catalyzed reactions. The figure shows data for peaks with oxidation products from reactions with
pretreated solids in buffer (A) and (B) and with Avicel in pretreatment liquid (C) and (D). Left-hand panels (A) and (C) show the tentative C1 product,
while right-hand panels (B) and (D) show the tentative C4 product. Red bars, reactions with air; blue bars, reactions with N2.
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3.4 Analysis of solid phase after enzymatic
saccharification

As expected on basis of the saccharification data in Table 3, the

glucan (TSSA) and carbohydrate (Py-GC/MS) contents of PS-Air

and PS-N2 decreased compared to that of PS, while Klason lignin

(TSSA) and total lignin (Py-GC/MS) increased (Table 1). The

changes compared to PS were consistently larger for PS-Air than

for PS-N2. This can also be seen as shifts in the carbohydrate:lignin

ratio according to the Py-GC/MS analysis (Table 1).

Spruce lignin contains around 20.5 phenolic hydroxyl groups

per 100 C9 (phenylpropane) units (Adler, 1977). The content of

phenolic hydroxyl groups on dry solids increased in PS-Air and

PS-N2 compared to PS (Table 1). This is expected, as the

enzymatic saccharification of cellulose increases the fraction of

lignin. When calculated as phenolic hydroxyl groups on total

lignin (Klason lignin and ASL), the values for PS-Air and PS-N2

were still slightly higher than for PS.

Solid residues from PS-Air and PS-N2 reactions were analyzed

using HSQC-NMR and FTIR. As for PS (Figure 1), the solubility

was rather poor and the signals were relatively weak. Using FTIR,

the solid fraction after enzymatic saccharification was compared to

PS (Figure 4). Lower wavenumber regions, such as

1,030 cm−1–1,060 cm−1 and 1,108 cm−1 (ring vibrations) were

assigned to polysaccharides (Labbé et al., 2005; Fackler et al.,

2010; Durmaz et al., 2016). Lower band intensities for the reaction

with air are consistent with more efficient enzymatic

saccharification. This is also supported by differences observed

for the bands at ~ 1,150 cm−1 (Labbé et al., 2005) and 1,158 cm−1

(Pandey and Nagveni, 2007), which are associated with C-O-C

asymmetric vibrations. Bands from 1,300 cm−1 to 1,450 cm−1 were

assigned to C-H vibrations attributed to cellulose (Labbé et al.,

2005). Lignin exhibits characteristic bands at 1,510 cm−1 and

1,600 cm−1. These bands are assigned to aromatic carbon-

carbon double bonds (Sarkanen and Ludwig, 1971) and the

band at 1,510 cm−1 is especially assigned for G units of lignin

(Faix, 1991). In addition, an increase at 1,595 cm−1 is associated

with aromatic skeletal vibrations (Faix, 1991; Faix and Böttcher,

1992) and indicates formation of pseudo-lignin (Wang et al.,

2018b). According to previous studies (Faix, 1991; Pandey,

1999; Pandey and Nagveni, 2007), the band at 1,268 cm−1 is

attributed to guaiacyl rings and carbonyl stretching in lignin.

The band at 1,714 cm−1 is related to C = O stretching in

unconjugated ketones, associated with pseudo-lignin

(Sannigrahi et al., 2011), whereas the band at 1,672 cm−1 has

been assigned to conjugated carbonyl groups (Gillgren et al., 2017).

FIGURE 4
FTIR analysis of pretreated solids and solid fractions after 72 h of enzymatic saccharification. Black line, pretreated solids; blue line, reactionwith
N2; red line, reaction with air. Observed differences reflect relative compositional changes [total area normalization was performed on the spectra
using MATLAB software developed by ViSp (Vibrational Spectroscopy Core Facility)].
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4 Conclusion

The benefits of exploiting the LPMO present in a commercial

enzyme mixture was investigated in experiments with softwood

pretreated using continuous steam explosion with sulfur dioxide as

catalyst. Harsh pretreatment conditions created a solid phase

consisting mainly of Klason lignin and cellulose, with pseudo-

lignin but without detectable amounts of hemicelluloses, and a

liquid phase with high contents of lignin-derived phenols.

Experiments with reaction mixtures that were continuously

supplied with air or N2 indicate that both insoluble lignin in the

solid phase and water-soluble lignin fragments in the liquid phase

efficiently served as reductants in LPMO-supported saccharification

of cellulose. Although relatively high concentrations of pretreatment

by-products in the liquid phase had a suppressing effect on the

saccharification reactions due to inhibition of cellulolytic enzymes,

they also had a positive effect in the presence of air by supporting the

LPMO reaction. Further research is needed to elucidate more details

regarding the effects of water-soluble lignin fragments and potential

effects of pseudo-lignin on LPMO-supported saccharification of

cellulose.
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Lignin, an abundant aromatic biopolymer, has the potential to produce various

biofuels and chemicals through biorefinery activities and is expected to benefit

the future circular economy. Microwave-assisted efficient degradation of lignin

inmethanol/formic acid over Ru/C catalyst cooperated withmetal chloride was

investigated, concerning the effect of type and dosage of metal chloride,

dosage of Ru/C, reaction temperature, and reaction time on depolymerized

product yield and distribution. Results showed that 91.1 wt% yield of bio-oil

including 13.4 wt% monomers was obtained under the optimum condition.

Yields of guaiacol-type compounds and 2,3-dihydrobenzofuran were

promoted in the presence of ZnCl2. Formic acid played two roles: (1) acid-

catalyzed cleavage of linkages; (2) acted as an in situ hydrogen donor for

hydrodeoxygenation in the presence of Ru/C. A possible mechanism for lignin

degradation was proposed. This work will provide a beneficial approach for

efficient depolymerization of lignin and controllable product distribution.

KEYWORDS

lignin, microwave, degradation, synergetic catalysis, controllable product distribution

1 Introduction

The global population growth and the development of industrialization lead to a rising

demand for fuels and chemicals, resulting in many societal problems, such as energy

security and environmental concerns (Sun et al., 2018; Wang et al., 2019; Jing et al., 2020;

Ma et al., 2021). Developing renewable and environment-friendly energy has become an

essential measure for many countries to promote energy transformation. Lignin, which

constitutes up to 40% of the energy content of most terrestrial plants, shows great

potential to produce liquid fuel or petroleum-based aromatic chemicals owing to its
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aromatic building blocks (Regalbuto, 2009; Barta et al., 2010; Cao

et al., 2019; Ekielski and Mishra, 2020; Tang et al., 2022; Zhou

et al., 2022).

Despite various challenges associated with lignin

valorization, several strategies have emerged that could deliver

value-added products, such as biological (Chong et al., 2018) and

chemical process (Li et al., 2015). In particular, a wide range of

thermochemical approaches for converting lignin into aromatic-

rich bio-oil, including pyrolysis (Shao et al., 2017; Cao et al.,

2021), acid/base catalytic hydrolysis (Deuss et al., 2015;

Hernández-Ramos et al., 2020), oxidation (Lancefield et al.,

2015; Sun et al., 2020) and reductive depolymerization (Liu

et al., 2019), have been extensively investigated. Bio-oil is a

higher energy content transportable liquid for subsequent

production of biofuels and aromatic chemicals. Previous

researches have indicated that solvents and catalysts have

significant effects on lignin depolymerization. Various solvents

(such as water, alcohol, formic acid, etc.) were investigated

during the lignin valorization process. Shu et al. (2016b)

investigated the influence of solvent on lignin

depolymerization, and concluded that supercritical methanol

showed the bested depolymerization performance. Hidajat

et al. (2018) used formic acid as hydrogen source to produce

oxygen-free aromatics, achieving high-calorific-value oil (>
40 MJ kg−1) with a high content of oxygen-free aromatics

(6.8 wt%). Various kinds of catalysts, including homogeneous

and heterogeneous catalysts, have been extensively tested (Wang

et al., 2019). Kristianto et al. (2017) reported the

depolymerization of concentrated acid hydrolysis lignin using

a Ru/C catalyst in ethanol/formic acid media, achieving a high

bio-oil yield of ~70 wt% and a high heating value of 32.7 MJ kg−1.

Luo et al. (2020) used boric acid as a novel homogeneous catalyst

coupled with Ru/C to overcome the product separation problem

and perform the hydrodeoxygenation (HDO) of phenolic

compounds and raw lignin oil. The content of hydrocarbons

increases from 7.9% to 93.1% at 260°C. Most of these

thermochemical approaches required relatively harsh reaction

conditions (high reaction temperature and/or high pressure).

Therefore, it is urgent to explore mild reaction conditions and

technologies for converting lignin into high-value liquid fuel and/

or aromatic chemicals.

Recently, in comparison with those conventional heating

processes, microwave-assisted depolymerization of lignin has

attracted increasing attention on account of its advantages of

fast heating rate and high heating efficiency (Liu et al., 2017;

Zhou et al., 2019; Cederholm et al., 2020). Microwave heating

occurs via dipole rotation and ionic conduction. Therefore, polar

solvents which have high microwave absorption abilities are

adopted as additional microwave receptors. Moreover, the

addition of molecular hydrogen will increase the cost and risk

of the process (Jiang et al., 2019). Consequently, the use of polar

hydrogen-donating reagents (methanol, ethanol, formic acid,

et al.) would be potentially safer and more cost-effective

(Zhou et al., 2018). Toledano et al. investigated the influence

of various hydrogen-donating solvents on lignin

depolymerization under microwave conditions, finding that

formic acid showed the best performance (Toledano et al.,

2013). Apart from solvents, catalysts also played an essential

role in the microwave-assisted depolymerization of lignin. Noble

metal-based catalysts (such as Pd, Pt, and Ru, etc.) were proved to

be effective for lignin depolymerization (Zhang et al., 2019;Wang

et al., 2021). Previous studies indicated that the combination of

the noble metal with acid catalyst had better performances for

lignin depolymerization (Klein et al., 2016; Bjelić et al., 2020;

Jiang et al., 2021). Shu et al. investigated the catalytic

performances of various metal chlorides cooperated with Pd/C

for lignin depolymerization and observed that the highest yield

(28.5 wt%) of phenolic monomers was obtained with CrCl3
under harsh conditions (4 MPa H2, 260°C, 5 h) (Shu et al., 2015).

In our previous work, microwave-assisted degradation of

alkaline lignin in methanol/formic acid (FA) media was

investigated, and 72.0 wt% yield of bio-oil including 6.7 wt%

monomers was achieved at 160°C and a FA-to-lignin mass ratio

of 4 after a reaction time of 30 min (Shao et al., 2018). Herein,

highly efficient depolymerization of lignin in methanol/formic

acid over Ru/C catalyst cooperated with metal chlorides assisted

by microwave heating is reported. The effects of catalyst, reaction

temperature, and reaction time on the product yield and

distribution are studied in detail. The possible mechanism of

lignin depolymerization is proposed.

2 Materials and methods

2.1 Materials

The alkaline lignin was provided by Shandong Longlive Bio-

Technology Co., Ltd., China, a by-product of

xylooligosaccharides production from corn cob. The lignin

was composed of 90.81% Klason lignin, 3.61% acid-soluble

lignin, 0.63% sugars, 2.16% ash, and 2.79% others (Shao et al.,

2018). 5 wt% Ru/C, formic acid (FA, 99%), ethyl acetate (HPLC

grade, 99.9%), and acetophenone (standard for GC, 99.5%) were

provided by Aladdin® company. Methanol (99.5%), ethyl acetate

(99.5%), and tetrahydrofuran (THF, 99.0%) were analytical grade

and provided by Beijing Chemical Works. AlCl3, CrCl3, LiCl,

NaCl, FeCl3, FeCl2, MgCl2, ZnCl2, KCl, and Zn(OAC)2 were also

analytical grade and purchased from Macklin® company. All

reagents were used as received.

2.2 Lignin depolymerization

Microwave-assisted depolymerization of lignin was carried out

in microwave digestion instrument (MDS-6G, Sineo Microwave

Technology Co., Ltd., China). Methanol and formic acid (FA) were
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chosen as solvent and hydrogen donor during the depolymerization

process. Ru/C andmetal chloride were used as catalysts. For a typical

experiment, 1 g lignin, 1 mmol metal chloride, 0.2 g 5 wt% Ru/C,

20 ml methanol, and 4 g formic acid (FA) were added into the

digestion tank. The reaction was conducted at 400W under settled

reaction temperature (140, 160, and 180°C) and reaction time (15,

30, and 45 min). After the reaction, the mixture was cooled down to

ambient temperature.

2.3 Products separation and analysis

The products separation was as follows. The reaction mixture

was first filtered, and the filter cake was washed three times with

methanol. The solid fraction 1 (including catalyst and residue)

was obtained. The filtrate was collected and subjected to rotary

evaporation, followed by adding ethyl acetate. The resulting

mixture was filtered again. The solid fraction 2 was obtained.

The filtrate was rotary evaporated, achieving the bio-oil. The

solid fractions were washed with THF and filtered, achieving the

residue and catalyst. The yields of bio-oil, aromatic monomers,

and residue were calculated according to the following equations:

YAM %( ) � Yield of aromaticmonomer � WAM/WL × 100% (1)
YBO %( ) � Yield of bio−oil � WBo/WL × 100% (2)
YR %( ) � Yield of residue � WR/WL × 100% (3)

Where WAM, WBO, WR, and WL depict the weight of aromatic

monomer, bio-oil, residue, and starting lignin, respectively.

Qualitative and quantitative analysis of aromatic monomers

in bio-oil were carried out by SHIMADZU GC–MS-QP 2010 SE

and SHIMADZU GC-2010 Plus with a FID detector equipped

with HP-5 capillary columns (30 m × 0.25 mm × 0.25 μm),

respectively. The oven temperature was programmed from

50°C to 300°C with a 10°C /min heating rate. The injector was

kept at 250°C with a split ratio of 20, using helium as carrier gas.

Acetophenone was used as the internal standard.

3 Results and discussion

3.1 Product distribution of lignin
depolymerization

3.1.1 Effect of metal chloride
Various products can be obtained after lignin

depolymerization. Table 1 shows the effect of different

metal chloride on bio-oil, aromatic monomer, and residue

yields. The specific aromatic monomer distribution and yield

are shown in Supplementary Table S1. Generally, the

distribution of depolymerized lignin products was complex.

According to the specific functional groups, products were

classified into four categories: 2,3-dihydrobenzofuran

(DHBF), phenol-type compounds (H), guaiacol-type

compounds (G), and syringol-type compounds (S). It

should be noted that no chloride-contained compounds

were detected in products, indicating that dissolved

chloride did not react with the lignin.

TABLE 1 The effect of different metal chloride on the products of lignin depolymerization.

Entry Metal chloride YBO (%) YAM (%) YR (%)

1 -a 72.0 6.7 20

2 -b 74.2 5.4 24.6

3 ZnCl2 84.3 10.2 17.3

4 AlCl3 69.3 5.4 29.6

5 CrCl3 78.8 9.0 18.9

6 LiCl 63.6 5.0 35.7

7 FeCl3 74.5 7.5 24.6

8 NaCl 68.6 6.0 29.2

9 KCl 65.8 5.6 33.6

10 FeCl2 70.2 6.8 31.8

11 MgCl2 71.7 7.5 34.8

12 Zn(OAC)2 69.2 6.9 32.1

awithout both metal chloride and Ru/C.
bwithout metal chloride.

YBO: Yield of bio-oil, YAM: Yield of aromatic monomer, YR: Yield of residue.

Condition: 1 g lignin, 1 mmol metal chloride, 0.2 g 5 wt% Ru/C, 20 ml methanol, 4 g formic acid, 160°C, 30 min.
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As shown in Table 1, the bio-oil yield increased slightly after

adding Ru/C catalyst, but the promotion effect on the aromatic

monomer yield was not significant. The yield of bio-oil increased

or decreased when metal chloride was added. It is generally

known that Cl is a high electronegativity element, and Cl−1 was

widely used in biomass dissolution and conversion as an excellent

nucleophilic regent (Long et al., 2011; Shu et al., 2015). C-O bond

in cellulose was easier to be broken in most cellulose conversion

reactions using chloride ionic liquids as solvent (Swatloski et al.,

2002). Lignin contained a large number of ether bonds, especially

the β-O-4′ bonds. Therefore, it is considered that Cl−1 in metal

chloride can work in lignin depolymerization. Data in Table 1

showed that ZnCl2, CrCl3, and FeCl3 significantly promoted

lignin depolymerization. The common feature was the higher

valence of metal cation. The result showed that metal cations also

affected lignin depolymerization, which may be related to the

Lewis acid strength of metal cation. It has been reported that

metal cations can produce more acid centers (Miessler et al.,

2013), promoting lignin depolymerization. One more interesting

phenomenon, metal cations of AlCl3 and MgCl2 also had high

valence, but the bio-oil yield was lower than that of other high-

valent metal cations. This might be caused by hydrated metal

chloride used in the experiment, such as AlCl3•6H2O and

MgCl2•6H2O. Water present in the reagents might affect

lignin depolymerization, which was also confirmed by the

high residue yield.

Yields of bio-oil and aromatic monomers were the highest in

the presence of ZnCl2. The result differed from Shu et al. (2018)’s

research, who believed that CrCl3 provided a better catalytic

effect. The higher valence of Cr3+ in CrCl3 could produce more

acidic centers, which promoted lignin depolymerization. Cr3+

was first conjunct with O and benzene ring of lignin molecule to

form a stable complex. Synchronously, Cl− with high

electronegativity was connected to lignin molecule, resulting

in the breakage of C-O bonds (Tang et al., 2021).

Furthermore, hydrogenolysis was promoted by capturing

hydrogen under the polarization effect of Cl− and the synergic

effect of Pd/C (Parsell et al., 2013). The product distribution was

significantly different by comparing the aromatic monomers

generated from ZnCl2 and CrCl3 synergistic Ru/C catalytic

depolymerization of lignin. For example, when ZnCl2 was

used, the yield of 4-ethylphenol (H2, 0.89 wt%) was the

highest among the H-type compounds, without the generation

of p-coumaric acid (H4). When CrCl3 was used, it showed the

opposite result that the yield of H4 (1.55 wt%) was the highest

among the H-type compounds without H2. The result indicated

that the catalytic mechanism of ZnCl2 and CrCl3 was different.

Compared with other metal chloride, using ZnCl2 could facilitate

the formation of H4 and increase the yield of G-type compounds.

Besides, the highest yield (5.58 wt%) of 2,3-dihydrobenzofuran

(DHBF) was obtained. Significant decreases of bio-oil and total

aromatic monomers were exhibited when ZnCl2 was replaced by

Zn(OAc)2. Meanwhile, a dramatic change of product distribution

occurred, especially the S-type compounds. It indicated that the

synergic effect between Zn2+ and Cl− was contributed to improve

the yields of bio-oil and aromatic monomer. Data showed that

lignin could be efficiently depolymerized under the catalyst of

ZnCl2 cooperated with Ru/C.

3.1.2 Effect of ZnCl2 dosage
The effect of ZnCl2 dosage on lignin depolymerization was

investigated. As shown in Table 2, the category and yield of

S-type compounds decreased with the increase of ZnCl2 dosage.

Only S3 was produced when the dosage of ZnCl2 was 1 and

2 mmol. As the dosage of ZnCl2 was further increased to 3 mmol,

no S-type compounds were produced. In view of the lower yield

of S-type compounds in depolymerized products, yields of bio-

oil, total monomers, DHBF, H-type, and G-type compounds

were mainly discussed as follows.

As shown in Figure 1, the yield of bio-oil increased with

increasing ZnCl2 dosage. And the highest bio-oil yield of 93.4 wt

% was obtained when 3 mmol ZnCl2 was used. The yield of total

monomers rose from 5.38 wt% to 13.4 wt% with increasing

ZnCl2 dosage from 0 to 2 mmol. However, as ZnCl2 dosage

was further increased to 3 mmol, yield of total monomers

decreased to 11.6 wt%. This phenomenon suggested that

lignin depolymerization was favored at high ZnCl2 dosage;

meanwhile, repolymerization of monomers to form oligomers

was also promoted. Among the monomers, DHBF was

abundantly produced; the yield first increased to 5.6 wt% and

then decreased to 2.03 wt% as a function of ZnCl2 dosage. The

yield of H-type compounds increased as the amount of ZnCl2
increased, and the highest yield (5.63 wt%) was obtained when

3 mmol ZnCl2 was used. It should be noted that H2 was produced

only in the presence of ZnCl2, and phenol was produced only

when the ZnCl2 dosage was more than 2 mmol. The yields of

H2 and phenol were proportional to ZnCl2 dosage. This

phenomenon indicated that increasing the dosage of ZnCl2
was conductive to the formation of H1 and H2. The highest

yield (1.91 wt%) of p-coumaric acid appeared when the ZnCl2
dosage was 0.5 mmol. Further increasing ZnCl2 dosage, no

p-coumaric acid was detected in products. This indicated that

high ZnCl2 dosage inhibited the production of p-coumaric acid.

For G-type compounds, the yield first increased to 6.4 wt% and

then decreased to 3.92 wt% as a function of ZnCl2 dosage. The

decrease in the yield of G-type compounds was mainly caused by

a decline of G3, G4, G5, and G6. The yields of G1 and G2 showed

similar variation tendency with H1 and H2, respectively, when

increasing ZnCl2 dosage. The result indicated great significance

for controlling the selectivity of depolymerized products by

varying ZnCl2 dosage.

3.1.3 Effect of Ru/C dosage
The effect of Ru/C dosage had also been carefully examined.

Table 3 shows the distribution of aromatic monomers. When the

amount of ZnCl2 was 2 mmol, there were basically no S-type
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phenolic compounds in the products regardless of the amount of

Ru/C. As can be seen from Figure 2, the yield of bio-oil increased

after adding Ru/C catalyst. The highest bio-oil yield (91.1 wt%)

and total aromatic monomer yield (13.4 wt%) were obtained

when 0.2 g Ru/C was used. Further adding Ru/C dosage would

decrease the yields of bio-oil and total aromatic monomer.

According to Figure 2, the amount of Ru/C had little effect on

the yield of DHBF, but mainly affected the yield of H-type and

G-type compounds. The yield of H-type compound was

proportional to the amount of Ru/C, and the main products

were H1 and H2. For G-type compounds, the highest yield

(6.4 wt%) was obtained when 0.2 g Ru/C was used. The yield

of G1 increased after the addition of Ru/C, but the amount of Ru/

C had little effect on the yield, basically keeping at 0.9 wt%. The

increase of Ru/C dosage was beneficial to the production of G2,

but decreased the yield of G4. According to Table 4, when the

amount of Ru/C increased, the yield of the products containing

carbonyl group or double bonds in the side chain showed a

decreasing trend. In contrast, the yield of products without

unsaturated bonds in the side chain tended to increase. The

result demonstrated that Ru/C facilitated hydrodeoxygenation in

TABLE 2 Effect of ZnCl2 dosage on the distribution of lignin-derived aromatic monomers.

Typea Compound Retention time (min) Yield (%)

ZnCl2 dosage (mmol)

0 0.5 1 2 3

DHBF 2,3-Dihydrobenzofuran 13.832 2.57 3.63 5.6 2.48 2.03

H1 Phenol 8.731 1.26 1.46

H2 Phenol, 4-ethyl- 12.753 0.23 0.89 2.47 3.11

H3 2-Propenoic acid, 3-(4-hydroxyphenyl)-, methyl ester 22.837 0.12 0.29 0.44 0.66 1.06

H4 p-Coumaric acid 23.356 1.18 1.91

G1 Phenol, 2-methoxy- 11.109 0.91 1.1

G2 Phenol, 4-ethyl-2-methoxy- 14.999 0.08 0.25 0.5 0.75

G3 Phenol, 2-methoxy-4-vinyl- 15.679 0.57 0.98 0.66 0.29

G4 Vanillin 17.293 0.23 0.29 0.33 0.52 0.49

G5 2-Propenoic acid, 3-(4-hydroxy-3-methoxyphenyl)-, methyl ester 24.544 0.47 0.39 0.85 1.11

G6 2-Propenoic acid, 3-(4-hydroxy-3-methoxyphenyl)- 24.763 0.37 0.27 0.6 2.7 1.29

S1 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 21.572 0.08 0.17

S2 Phenol, 2,6-dimethoxy-4-propenyl- 22.136 0.15 0.07

S3 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 22.668 0.13 0.15 0.24 0.17

S4 3,5-Dimethoxy-4-hydroxycinnamaldehyde 26.137 0.08

aDHBF: 2,3-dihydrobenzofuran, H: phenol-type compounds, G: guaiacol-type compounds, S: syringol-type compounds.

Condition: 1 g lignin, 0.2 g 5 wt% Ru/C, 20 ml methanol, 4 g formic acid, 160°C, 30 min.

FIGURE 1
Effect of ZnCl2 dosage on the yield of depolymerized
products. Condition: 1 g lignin, 0.2 g 5 wt% Ru/C, 20 ml methanol,
4 g formic acid, 160°C, 30 min.
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the side chain of benzene ring (Chen et al., 2015). The reason was

that formic acid, as an in situ hydrogen source, could generate

active hydrogen species using Ru/C catalyst under solvothermal

conditions (Kristianto et al., 2017), which could facilitate

hydrodeoxygenation. The role of formic acid was different

from our previous study (Shao et al., 2018), in which formic

acid acted through acid-catalyzed cleavage of linkages in lignin.

In the presence of Ru/C, formic acid played two roles: (1) acid-

catalyzed cleavage of linkages; (2) acted as an in situ hydrogen

donor.

3.1.4 Effect of reaction temperature and time
The effect of reaction temperature on lignin

depolymerization was investigated (Figure 3). It could be

found that lignin depolymerization was highly dependent on

temperature. Yields of bio-oil and total aromatic monomers were

sharply increased with the elevation of reaction temperature.

Remarkably, a noticeable rise was exhibited in the temperature

range of 140–160°C. Wherein, yield of bio-oil increased from

77.6 wt% to 91.1 wt%, and yield of total aromatic monomers

increased from 8.22 wt% to 13.4 wt%. This indicated that a

higher reaction temperature seemed to have a positive

influence on lignin depolymerization. However, further

increasing the temperature to 180°C, yields of bio-oil and total

aromatic monomers decreased to 83.9 wt% and 8.69 wt%, where

repolymerization of monomers and oligomers was considered to

be responsible for this (Long et al., 2014). As can be seen in

Table 4, no other S-type phenolic compounds were produced

except for S3 at 160°C. The yield of DHBF first increased to

2.48 wt% and then decreased to 1.45 wt% as a function of

temperature. It should be noted that yield of H-type phenolic

compounds increased with the elevated reaction temperature,

and the highest yield (4.97 wt%) appeared at 180°C. The yield of

total G-type phenolic compounds showed a similar tendency

with that of bio-oil and total aromatic monomers when reaction

TABLE 3 Effect of Ru/C dosage on the distribution of lignin-derived aromatic monomers.

Typea Compound Retention time (min) Yield (%)

Ru/C dosage (g)

0 0.1 0.2 0.3

DHBF 2,3-Dihydrobenzofuran 13.832 2.27 2.1 2.48 2.27

H1 Phenol 8.731 0.8 0.86 1.26 1.56

H2 Phenol, 4-ethyl- 12.753 2.07 3.26 2.47 3.7

H3 2-Propenoic acid, 3-(4-hydroxyphenyl)-, methyl ester 22.837 0.66

G1 Phenol, 2-methoxy- 11.109 0.6 0.9 0.91 0.88

G2 Phenol, 4-ethyl-2-methoxy- 14.999 0.48 0.64 0.5 0.81

G3 Phenol, 2-methoxy-4-vinyl- 15.679 0.6 0.22 0.66

G4 Vanillin 17.293 0.71 0.45 0.52 0.47

G5 2-Propenoic acid, 3-(4-hydroxy-3-methoxyphenyl)-, methyl ester 24.544 0.57 1.11

G6 2-Propenoic acid,3-(4-hydroxy-3-methoxyphenyl)- 24.763 1.04 1.27 2.7 1.22

S3 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 22.668 0.17

a:DHBF: 2,3-dihydrobenzofuran, H: phenol-type compounds, G: guaiacol-type compounds, S: syringol-type compounds.

Condition: 1 g lignin, 2 mmol ZnCl2, 20 ml methanol, 4 g formic acid, 160°C, 30 min.

FIGURE 2
Effect of Ru/C dosage on the yield of depolymerized
products Condition: 1 g lignin, 2 mmol ZnCl2, 20 ml methanol, 4 g
formic acid, 160°C, 30 min.
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temperature rose. One more interesting phenomenon, G4 could

be detected only reaction temperature was 160°C. Product

distribution showed excessive high temperature promoted the

production of H-type compounds, but inhibited G-type

compounds, aggravating the repolymerization (Lin et al.,

2015). An appropriate temperature is adopted to optimize the

yield of product.

Figure 4 shows the effect of reaction time on lignin

depolymerization, and product distribution is shown in

Table 5. As reaction time increased from 15 min to 30 min,

bio-oil yield increased from 75.3 wt% to 91.1 wt%, and the total

TABLE 4 Effect of reaction temperature on the distribution of lignin-derived aromatic monomers.

Typea Compound Retention time (min) Yield (%)

Reaction temperature (oC)

140 160 180

DHBF 2,3-Dihydrobenzofuran 13.832 1.64 2.48 1.45

H1 Phenol 8.731 1.14 1.26 1.44

H2 Phenol, 4-ethyl- 12.753 2.34 2.47 2.64

H3 2-Propenoic acid, 3-(4-hydroxyphenyl)-, methyl ester methyl ester 22.837 0.66 0.89

G1 Phenol, 2-methoxy- 11.109 0.76 0.91 0.88

G2 Phenol, 4-ethyl-2-methoxy- 14.999 0.42 0.5 0.66

G3 Phenol, 2-methoxy-4-vinyl- 15.679 0.41 0.66 0.2

G4 Vanillin 17.293 0.52

G5 2-Propenoic acid, 3-(4-hydroxy-3-methoxyphenyl)-, methyl ester 24.544 0.5 1.11 0.73

G6 2-Propenoic acid, 3-(4-hydroxy-3-methoxyphenyl)- 24.763 1.01 2.7

S3 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 22.668 0.17

aDHBF: 2,3-dihydrobenzofuran, H: phenol-type compounds, G: guaiacol-type compounds, S: syringol-type compounds.

Condition: 1 g lignin, 2 mmol ZnCl2, 0.2 g 5 wt% Ru/C, 20 ml methanol, 4 g formic acid, 30 min.

FIGURE 3
Effect of reaction temperature on the yield of depolymerized
products Condition: 1 g lignin, 2 mmol ZnCl2, 0.2 g 5 wt% Ru/C,
20 ml methanol, 4 g formic acid, 30 min.

FIGURE 4
Effect of reaction time on the yield of depolymerized
products Condition: 1 g lignin, 2 mmol ZnCl2, 0.2 g 5 wt% Ru/C,
20 ml methanol, 4 g formic acid, 160°C.
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aromatic monomers yield reached 13.4 wt%. Further prolonging

the reaction time to 45 min, significant decrease occurred in

bio-oil and total aromatic monomers yield, which were

81.8 wt% and 10.6 wt% respectively. Data in Table 5

showed that there were fewer kinds of aromatic monomers

when reaction time was 15 min. DHBF and H-type

compounds were the major products, which yields were

2.28 wt% and 3.87 wt% respectively. These indicated that

short reaction time led to insufficient bond rupture. For

G-type compounds, the total yield first increased and then

decreased as reaction time increased from 15 min to 45 min. It

should be noted that yields of G1 and G2 had been rising with

the increase of time. However, other G-type compounds

appeared in the products only when the reaction time

reached 30 min, which decreased in the case of prolonging

the reaction time. These results illustrated that appropriate

reaction time was favorable for lignin depolymerization. Short

reaction time would make the reaction incomplete.

Repolymerization of lignin-derived intermediates was

promoted at long reaction time (Miller et al., 2002;

Toledano et al., 2014; Shu et al., 2016a). Therefore, it is

necessary to determine the ideal reaction time for the

efficient depolymerization of lignin.

3.2 Possible catalytic mechanism

According to the 2D HSQC NMR spectrum of lignin

reported in our previous research (Shao et al., 2018), a

large number of β-O-4′ and phenylcoumarin structure

existed in the lignin structure (Supplementary Figures S1,

S2). During lignin depolymerization, the cleavage of C-O and

C-C bonds was realized, producing the aromatic monomers

and oligomers. DHBF was mainly produced through breaking

Cα-Car bond of phenylcoumaran structure. The possible

mechanism of DHBF formation was proposed (Figure 5). It

should be noted that the fracture of Cα-Car bond and ring-

opening of phenylfuran ring could not carried out

simultaneously according to density functional theory. The

result demonstrated yield of lignin-derived bio-oil and

aromatic monomers, especially the alkyl phenol and alkyl

guaiacol, was effectively improved in the presence of Ru/C

and ZnCl2. The possible mechanism of lignin

depolymerization under the synergetic catalysis of Ru/C

and ZnCl2 was proposed (Figure 6). A stable complex of

Zn2+ coordinated to the oxygen atoms in lignin molecule

was formed (Klein et al., 2016; Wang et al., 2016).

Synchronously, the high electronegativity Cl− was attached

to the lignin molecule, selectively weakening the C-O bonds.

Afterwards, the cleavage of C-O bonds (including β-O-4 and

-OCH3 bonds) and C-C bonds occurred under the synergic of

Ru/C and the polarization effect of Cl− (Parsell et al., 2013).

Finally, various phenols containing alkyl substituents were

obtained through a series of typical reactions, such as

hydrogenation, dehydration, hydrolysis. Thus, the product

distribution can be efficiently controlled by adjusting the type

and content of catalyst, reaction temperature, and

reaction time.

TABLE 5 Effect of reaction time on the distribution of lignin-derived aromatic monomers.

Typea Compound Retention Time (min) Yield (%)

Reaction time (min)

15 30 45

DHBF Benzofuran, 2,3-dihydro- 13.832 2.28 2.48 1.61

H1 Phenol 8.731 1.2 1.26 1.64

H2 Phenol, 4-ethyl- 12.753 2.32 2.47 3.53

H3 2-Propenoic acid, 3-(4-hydroxyphenyl)-, methyl ester 22.837 0.35 0.66 0.53

G1 Phenol, 2-methoxy- 11.109 0.69 0.91 1.27

G2 Phenol, 4-ethyl-2-methoxy- 14.999 0.5 0.5 0.78

G3 Phenol, 2-methoxy-4-vinyl- 15.679 0.66 0.16

G4 Vanillin 17.293 0.52 0.45

G5 2-Propenoic acid, 3-(4-hydroxy-3-methoxyphenyl)-, methyl ester 24.544 1.11 0.66

G6 2-Propenoic acid,3-(4-hydroxy-3-methoxyphenyl)- 24.763 2.7

S3 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 22.668 0.17

aDHBF: 2,3-dihydrobenzofuran, H: phenol-type compounds, G: guaiacol-type compounds, S: syringol-type compounds.

Condition: 1 g lignin, 2 mmol ZnCl2, 0.2 g 5 wt% Ru/C, 20 ml methanol, 4 g formic acid, 160°C.
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4 Conclusion

Alkali lignin could be efficiently depolymerized by the

synergetic catalysis of Ru/C and ZnCl2 under microwave

heating. 91.1 wt% yield of bio-oil including 13.4 wt%

monomers was obtained under the optimum condition (FA-

to-lignin mass ratio of 4, Ru/C dosage of 0.2 g, ZnCl2 dosage of

2 mmol, 160°C, and 30 min). Formic acid played two roles: (1)

acid-catalyzed cleavage of linkages; (2) acted as in situ hydrogen

donor for hydrodeoxygenation in the presence of Ru/C. This

research provided a valuable reference to degrade lignin

efficiently and adjust the product distribution under

microwave heating.
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Introduction: There are various degrees of defects of cigar filler leaves after air

drying.

Methods: In order to improve the quality and plant-derived aroma content of

cigar filler leaves, nine aroma-producing yeasts were applied in artificially solid-

state fermentation of cigar filler leaves in this study. The differences with various

yeasts application were compared by chemical composition and GC-MS

analysis.

Results and discussion: The results showed that 120 volatile components were

identified and quantified in cigar filler leaves after fermentation, including

aldehydes (25 types), alcohols (24 types), ketones (20 types), esters

(11 types), hydrocarbons (12 types), acids (4 types) and other substances

(23 types). Based on the analysis of odor activity value (OAV), the OVA of

fruity and floral aroma components were higher. It was found that floral aroma

are the representative aroma types of cigar filler leaves treated with Clavispora

lusitaniae, Cyberlindera fabianii, Saccharomycosis fibuligera and

Zygosaccharomyces bailii R6. After being inoculated with Hanseniaspora

uvarum J1, Hanseniaspora uvarum J4 and Pichia pastoris P3, the OAV of

fruity aroma in cigar filler leaves was the highest, followed by tobacco

aroma and woody aroma. The correlation between volatile components of

cigar filler leaves with different yeasts was revealed after PCA analysis. It was

concluded that the quality of cigar filler leaves was improved, and cigar filler

leaves fermented with different yeasts showed different flavor.

KEYWORDS

plant-derived aroma, cigar filler leaves, aroma-producing yeast, solid-state
fermentation, olfactory threshold, aroma characteristics
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1 Introduction

Cigar is composed by three parts, cigar wrapper, cigar binder

and cigar filler (Li et al., 2015). Cigar wrapper is the clothes of

cigars, which can be observed directly, and is a tool to protect and

beautify cigars. Cigar Binder is the part covered by the cigar

wrapper, which is used to tightly wrap the cigar filler to form the

shape of the cigar. Cigar Filler is the most internal structure of a

cigar, which accounts for about 75% of the weight of the whole

cigar. Cigar Filler determines the style, quality, and the flavor of a

cigar during smoking (Chen et al., 2019).

Cigar leaves can’t be directly used after being dried. To meet

the needs of industrial processing, fermentation process is a

necessity. There are many macromolecular substances in cigars

leaves, which will produce a lot of unpleasant gases during

combustion, affecting the overall quality of cigars. After

fermentation, the qualities of tobacco are improved by

eliminating harmful odors, degrading harmful substances,

reducing offensive odor, and producing tobacco-specific

flavors (Yang et al., 2018; Li J et al., 2020).

The mechanism of fermentation mainly includes enzymatic,

microbial and chemical reactions (Zhang L et al., 2021).

Microbiology plays an important role in the process of

fermentation and aging of cigar tobacco leaves. Microbes on

the surface of cigar tobacco leaves can synthesize and secrete a

variety of extracellular hydrolase, which can accelerate the

degradation of starch, pectin, cellulose, protein, lignin and

other macromolecular substances into some small molecular

compounds to form aroma compounds. (Xu et al., 2021;

Zhang et al., 2022).

There are many microorganisms in nature that can produce

aroma substances, which provide more ways to develop new

natural flavors. Aroma-producing yeasts are a class of yeasts that

can produce aroma substances and are now widely used in the

food industry (Zhang et al., 2015). In recent years, with the rapid

development of microbial technology, more and more scholars

pay attention to the screening and application of microorganisms

that can enhance the quality of tobacco. It has been proved that

fermentation with aroma-producing microorganisms to improve

the aroma quality of tobacco is a feasible method.

A strain of Pichia terricola MG6 was screened and isolated

from the epidermis of grapes (Yan et al., 2021). The fermentation

broth was analyzed by GC-MS technique, and results showed

that the content of aroma components such as ketones, alcohols

and esters was increased by different levels. Furthermore, the

tobacco flavors prepared from the fermentation broth of this

strain did improve the quality of cigarettes. Hanseniaspora strain

YG-4 isolated by Guo et al. (2019) proved that it could produce a

distinct floral and sweet aroma in the fermentation broth. And

the fermentation broth prepared using this strain with tobacco

leaf powder showed an increased content of 2-phenylethanol,

phenylethyl benzoate, 2-pentenoic acid and 1-phenyl-3-

aminopyrazole compared with the control group. A sweet

aroma producing strain of bacteria named Lizhi-01 was

isolated and purified from fresh litchi and it was found that

the aroma components of tobacco leaves after fermentation with

this strain were mainly 2-phenylethanol, 2,3-butanediol, furfural

and Palmitic acid (Zhou et al., 2010).

The odor activity value (OAV) refers to the ratio of the

concentration of an aroma component in the aroma system to its

threshold value. It can be used as an indicator of the sensory

impact of each volatile compound on the overall aroma (Peinado

et al., 2004). Generally, components with OAV >1 are called

modified aroma components, components with OAV >10 are

considered as key aroma components. And a higher OAV value

indicates a greater contribution of the component to the overall

aroma (Pino and Queris., 2011).

Raw and lower grade tobacco leaves are often with more

impurities, less delicate smoke, less mellow flavor, and even

bitterness, pungency, and astringency. Therefore, fermentation is

needed to improve the quality of raw tobacco leaves. The

fermentation process of cigar tobacco is actually a biochemical

reaction process that involves the interaction of substrate with

microorganisms and enzymes (Niu et al., 2020). Microorganisms

can be added artificially during the processing process to shorten the

fermentation time and improve the quality of the cigar leaves

including the desired color, aroma and combustion properties.

Theoretically, the fermentation of cigar leaves with the addition

of microorganisms with known characteristics can result in a more

distinctive cigar product. At present, domestic cigar raw materials

lack distinguished aroma style, superior aroma quantity and quality.

Thus, improving the characteristics of domestic cigar is a crucial step

in the development of cigar industry. Many studies have shown that

yeast, bacteria as well as fungi can produce aroma. The application of

Bacillus in tobacco fermentation has been reported frequently, while

there are limited reports on the application of aroma producing

yeast in cigar filler leaves fermentation so far.

In this paper, nine aroma-producing yeasts were applied in

the solid fermentation of cigar filler leaves, among which

Clavispora lusitaniae can produce alcohols and esters (Wang

et al., 2022). Saccharomyces cerevisiae has the ability to produce

acid and esters (Minebois et al., 2020; Yang et al., 2022).

Cyberlindnera fabianii could generate complex aromas during

the brewing process, whose liquid culture has a better ability to

produce ethyl acetate (Van Rijswijck et al., 2019).

ZygoSaccharomyces rouxii can grow in high salt and high

temperature environments, and its main role in the

fermentation process is to ferment alcohols and synthesize a

variety of ester aroma components, glycerol and polyols, as well

as other ketones and phenols (Escott et al., 2018; Dai et al., 2020;

Niu et al., 2022). Saccharomycopsis fibuligera is applied in various

koji. It can produce amylase, glycosylase, and esterase, and has a

positive effect on the production of volatile compounds (Lee

et al., 2018; Yeong et al., 2018; Ma C et al., 2022). Hanseniaspora

uvarum can produce volatile acids, organic acids, aldehydes,

alcohols and other secondary metabolites (Hu K et al., 2018;
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Wei et al., 2020). Pichia pastoris is capable of producing esters

such as ethyl acetate, isobutyl acetate and isoamyl acetate (Wei

et al., 2020; Jia et al., 2021). Zygosaccharomyces bailii forms more

alcohols, acids, esters and aldehydes (Xu C. P et al., 2018).

After fermentation, the total aroma and OAV value of cigar

tobacco leaves inoculated with various strains of aroma-

producing yeast were analyzed and compared. Strains that

contribute to the unique aroma characteristics of cigar were

screened out. This may also provide reference for the further

application of bio-fermentation technology to produce cigar with

different aromas.

2 Materials and methods

2.1 Materials

The cigar filler leaves were CX-014 after air drying in Enshi,

Hubei Province, China. All the chemical reagents used in the

study were purchased from Sinopharm group, China.

Saccharomyces cerevisiae, ZygoSaccharomyces rouxii,

Clavispora lusitaniae, Saccharomycopsis fibuligera,

Cyberlindnera fabianii, Hanseniaspora uvarum J1,

Hanseniaspora uvarum J4, Pichia pastoris P3 and

Zygosaccharomyces bailii R6 are all preserved strains in our

own laboratory.

Yeast extract peptone dextrose (YEPD) medium, yeast

extract powder 10 g/L, glucose 20 g/L, peptone 20 g/L, solid

medium with agar 20 g/L.

2.2 Experimental methods

2.2.1 Preparation of yeast seed solution
Yeasts stored in −80°C refrigerator were transferred to

liquid YEPD medium and incubated at 30°C and 200 r/min

for 24 h.

The obtained seed solution was centrifuged at 4°C and

12000 r/min for 5 min, the supernatant was discarded to

collect wet cells, and then resuspended in sterile deionized

water. The operation was repeated twice to obtain wet cells

without fermentation broth. Then sterile YEPD medium was

applied to dilute the yeast cell concentration to 108 cfu/ml.

2.2.2 Solid-state fermentation of cigar filler
leaves

Referring to the method described earlier (Qin et al., 2020),

the obtained yeast cell suspension (10% ml/g, based on the ratio

of volume to dry mass of cigar filler leaves) was sprayed on the

surface of cigar filler leaves. The control groups were sprayed

with sterile water and liquid YEPD medium, respectively. The

moisture content of the cigar filler leaves was controlled at 30%.

After the moisture was balanced, the cigar filler leaves were put

into a sealed bag and placed in a cabinet with constant

temperature and humidity (temperature 30°C, humidity 80%)

to ferment for 7 days.

2.2.3 Determination of conventional chemical
composition of tobacco

Main chemical components in cigar filler leaves, including

total sugar, reducing sugar, nicotine, total nitrogen, potassium

and chlorine were evaluated by continuous flow analytical

system, based on the standard of tobacco industry (YC/T 159-

2002, 2002; YC/T 160-2002, 2002; YC/T 161-2002, 2002; YC/T

162-2011, 2011; YC/T 217-2007, 2007). The quantification

results were based on dry weight of cigar filler leaves.

2.2.4 Determination of volatile aroma
components

The samples were processed using simultaneous

distillation extraction (SDE) technique and analyzed for

aroma substances by chromatography-mass spectrometry

(GC-MS) (Yao et al., 2022). Briefly, after drying and wiley-

milled (screen size <2 mm was used), 10 g samples were

applied for aroma components extraction. Then, saturated

NaCl and dichloromethane were applied as the extraction

solvents. After extraction, the extract were collected and

concentrated to 2 ml, with 50 μl 1.2028 mg/ml phenylethyl

acetate as internal standard.

2.2.5 Data processing
Chromatograms were analyzed using the GCMS

solutionver. 4.11 (Agilent Technologies Inc, United States).

The mass spectra data were compared with spectra in the

NIST reference library (NIST14) of the GC/MS data system

for identification of volatile compounds. Origin 9 (Origin Lab,

Massachusetts, United States) was applied to draw the

histogram. PCA analysis was performed with SIMCA-P

14.1 (Umetrics, Malmo, Sverige), and cluster heat map was

drawn with TBtools (Guang zhou, China).

3 Results and analysis

3.1 Chemical composition analysis

The main chemical components of tobacco leaves can

affect the smoke characteristics to some extent and can be

used as an indicator to identify the quality of tobacco leave

(Gao et al., 2011). The contents of nicotine, reducing and total

sugars, potassium, and chloride in fermented cigar filler

leaves were determined, and the results were shown in

Figure 1. It was showed that the nicotine content of cigar

filler leaves after fermentation with the addition of Clavispora

lusitaniae, Cyberlindnera fabianii, ZygoSaccharomyces rouxii

and Hanseniaspora uvarum J1 was higher than that of the
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FIGURE 1
Chemical components analysis of cigar filler leaves after fermentation. (A) Nicotine content changes; (B) Reducing sugar content
changes; (C) Total sugar content changes; (D) Total nitrogen content changes; (E) Potassium content changes; (F)Chlorine content changes.
Note: 1-Water; 2-Medium; 3-Medium + Clavispora lusitaniae; 4-Medium + Saccharomyces cerevisiae; 5-Medium + Cyberlindnera fabianii
6-Medium + ZygoSaccharomyces rouxii; 7-Medium + Saccharomycopsis fibuligera; 8-Medium + Hanseniaspora uvarum J1; 9-Medium
+ Hanseniaspora uvarum J4; 10-medium + Pichia pastoris P3; 11-medium + Zygosaccharomyces bailii R6.
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control group (Figure 1A). The highest nicotine content was

found in the group with the addition of ZygoSaccharomyces

rouxii (2.99%), followed by the group with the addition of

Hanseniaspora uvarum J1 (2.88%). The nicotine content of

other treatment group decreased to various degrees. The

increase in relative nicotine content in some group may be

caused by the degradation of other substances, such as starch,

protein and cellulose.

Cigar leaves contain very low sugar content (basically

below 0.5%), because sugar is almost consumed after

drying. Among them, groups treated with Clavispora

lusitaniae, Saccharomyces cerevisiae, and Cyberlindnera

fabianii showed the highest reducing and total sugar

content (Figures 1B,C). Probably because these three yeast

strains have the ability to produce α-amylase and glycosylase

(Meng and Zhang, 2021), which can degrade the starch in the

cigar filler leaves. The reducing and total sugar contents of the

other groups were not significantly different compared with

the control groups.

The total nitrogen content of high-quality cigar tobacco is

generally around 4%–6%, and the ratio of nitrogen to nicotine

is between 3 and 4 (Wu et al., 1999). When the total nitrogen

content is lower, the taste is insipid. The smoke generated by

high total nitrogen content is strong, pungent and irritating

(Liu, et al., 2022). Except for nicotine, nitrogenous

compounds in cigar leaves include proteins, amino acids,

and amide compounds, can often make the smoke bitter

and rough (Yang C et at., 2018). The total nitrogen content

decreased in all the groups with the addition of yeast

(Figure 1D). Among them, the nitrogen-nicotine ratio was

less than 3 in the treatment groups with the addition of

ZygoSaccharomyces rouxii and Hanseniaspora uvarum J1,

while more than 4 in the treatment groups with the

addition of Hanseniaspora uvarum J4, Pichia pastoris P3,

and Zygosaccharomyces baili R6 (Figure 1G). Tobacco with

a potassium-chloride ratio above 4 show better combustibility,

while below 2 is prone to flameout (Yin et al., 2018). The

treatment groups with ZygoSaccharomyces rouxii and

Hanseniaspora uvarum J1 had low potassium-chlorine

ratios and therefore poor combustibility, while the other

groups had better combustibility with potassium-chlorine

ratios around 4 (Figure 1H).

3.2 Analysis of the types and contents of
volatile substances in cigar filler leaves
after addition with different aroma-
producing yeasts

Aroma composition is one of the most important indicators

to evaluate the quality of cigar. Aroma in tobacco is determined

by the composition and ratio of aroma-causing substances. In

order to analyze the effects of different aroma-producing yeasts

on the types and contents of volatile substances in cigar filler

leaves, volatile compounds were identified by GC-MS on the

fermented filler leaves, and the results were shown in Figure 2.

FIGURE 2
Comparison of types of volatile component in cigar filler leaves after fermentation with different yeast. Note: The numbers in the horizontal
coordinate represent the same groups as in Figure 1.
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Volatile components can be classified into seven categories:

aldehydes, alcohols, ketones, esters, hydrocarbons, acids, and

others. The quantity and relative content of volatile substances in

cigar filler leaves were various after different treatments with

yeast. Among them, the amount of aldehydes (25 types) ranked

the first, followed by alcohols (24 types), ketones (20 types), esters

(11 types), hydrocarbons (12 types), acids (4 types), and others

(23 types). The total amount of volatile components after yeast

treatment ranged from 311.68 to 637.38 μg/g. And group treated

with Cyberlindnera fabianii showed the highest total amount of

volatile components. More details were shown in

SupplementaryTable S1.

Ketones accounted for 12.01%–18.93% of the total aroma,

which were mainly cembranoids and carotenoids degradation

products. Relatively high content of ketones were solanone,

perhydrofarnesyl acetone and farnesyl acetone. Solanone has a

fresh carrot aroma and can make the smoke rich, mellow and

delicate (Yun, 2016). Its highest content reached 22.69 μg/g and

24.14 μg/g in the Cyberlindnera fabianii and Saccharomycopsis

fibuligera treatment groups, respectively. In terms of aroma

composition after different aroma-producing yeast treatments,

Cyberlindnera fabianii (79.88 μg/g) and Hanseniaspora uvarum

J1 (78.28 μg/g) treatments showed the highest total amount of

ketones in the cigar filler leaves.

Aldehydes that mainly from phenylalanine metabolites were

dominantly comprised by A,2,6,6-tetramethyl-1-cyclohexene-1-

crotonaldehyde, 3-(2,6,6-trimethyl-1-cyclohexen-1-yl)

acrylaldehyde, benzaldehyde and (Z)-7-hexadecenal, which took

up for 1.71%–7.29% of the total aroma. A,2,6,6-tetramethyl-1-

cyclohexene-1-crotonaldehyde is one of the synthesis products of

β-ionone and ethyl chloroacetate (Deng et al., 2021), showing

tobacco and nutty aroma. 3-(2,6,6-trimethyl-1-cyclohexen-1-yl)

acrylaldehyde is one of the dominant components of the smoke.

Benzaldehyde is one of the metabolites of phenylalanine and has a

strong almond and cherry flavor, as well as a slight woody aroma

(Liu et al., 2019). Compared with other groups, cigar filler leaves

innocolated with Cyberlindnera fabianii (29.43 μg/g) and

Saccharomycopsis fibuligera (22.54 μg/g) had higher levels of

aldehydes than the other groups.

Alcohols that mainly derived from chlorophyll degradation

products, phenylalanine degradation products and maillard

reaction products occupy 15.69%–34.83% of the total aroma.

Among them, phytol was the predominating alcohols, followed

by furfuryl alcohol, 2-phenylethanol and benzyl alcohol. Phytol is

converted from the decomposition of neophytadiene, which has a

delicate aroma (Wu et al., 2019). Furfuryl alcohol is a kind of

Maillard reaction product (Wu et al., 2019) and is one of the main

contributing components of the burnt flavor. Benzyl alcohol and

2-phenylethanol are phenylalanine metabolites, which shows

rosy aroma (Wu et al., 2019). The alcohol content was

relatively high after fermentation with the addition of

ZygoSaccharomyces rouxii (158.66 μg/g) and Saccharomycopsis

fibuligera (148.30 μg/g), followed by the treatment groups with

Hanseniaspora uvarum J4 (130.85 μg/g) and Hanseniaspora

uvarum J1 (124.63 μg/g), while the control groups only

contained 81.66 µg/g and 103.09 μg/g of alcohols, respectively.

Esters that mainly derived from amino acid and fatty acid

metabolites accounted for 0.04%–7.37% of the total aroma (Shi

et al., 2019). The highest ester content was found in the group treated

with Saccharomyces cerevisiae (32.00 ug/g) and Pichia pastoris P3

(20.08 μg/g), followed by Hanseniaspora uvarum J1 (14.22 μg/g),

Clavispora lusitaniae (13.93 μg/g), and Hanseniaspora uvarum J4

(11.42 μg/g). The ester content in the control groups was only

0.12 μg/g (water) and 1.91 μg/g (YEPD medium), respectively,

indicating a greater contribution of aroma-producing yeast to the

production of esters.

Hydrocarbons that mainly consist of neophytadiene,

dipentene dioxide and (+)-Limonene take up for 34.77%–

60.61% of the total aroma compounds. Neophytadiene, a kind

of chlorophyll degradation products (Wu et al., 2019), is the most

abundant component of volatile substances in cigar. It reduces

the irritation of the smoke and makes it soft and pleasant, and

also could help other volatile aroma substances, aroma-causing

substances and added aroma components to enter the smoke

(Wang et al., 2015). Among all treatments, the highest levels of

neophytadiene were found in the group added with

Cyberlindnera fabianii (323.54 μg/g) and Saccharomycopsis

fibuligera (271.92 μg/g), followed by Hanseniaspora uvarum J4

(244.16 μg/g) and ZygoSaccharomyces rouxii (216.58 μg/g), while

the neophytadiene levels in the control group sprayed with sterile

water and YEPD medium were 149.7 μg/g and 107.04 μg/g,

respectively. Dipentene dioxide showed a menthol aroma and

was highest in the group supplemented with Cyberlindnera

fabianii and Hanseniaspora uvarum J4. (+)-Limonene had a

pleasant fresh orange aroma and was only present in group

supplemented with Hanseniaspora uvarum J4 (0.31 μg/g) and

Pichia pastoris P3 (0.53 μg/g).

The substances in the other classes were mainly products of

the Maillard reaction, e.g., pyridines and furans. 3-acetylpyridine

showed sweet nut, hawthorn and popcorn aromas and its content

was the highest after the addition of Hanseniaspora uvarum J4

(8.57 μg/g) and Pichia pastoris P3 (8.53 μg/g).

3.3 Analysis of the contribution of aroma
components to cigar filler leaves

The OAV value can be used to determine the contribution of

aroma components to the aroma system in two dimensions:

concentration and threshold. Components with OAV <1 are

usually considered as potential aroma substances, while aroma

components with OAV >1 are considered to have a certain

degree of contribution to the overall aroma. The larger their

OAV value, the greater of their contribution (Greger and

Schieberi, 2007). The OAV results of each aroma component

of the cigar leaves were shown in Table S2. 24 aroma compounds
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of OAV >1 were furfuryl alcohol, 4-hydroxy-3-methoxystyrene,

6-methylhept-5-en-2-one, β-cyclocitral, (+)-Limonene, 5,9-

dimethyl-deca-4,8-dienal, 2-hexenal, β-damascone,

dihydrodamascenone, damascenone, citronellal, 2-

phenylethanol, indole, benzyl alcohol, benzaldehyde, (2E,4E)-

2,4-Nonadienal, phenylacetaldehyde, geranyl acetone, 4-

ketoisophorone, isophorone, 4,7,9-megastigmatrien-3-one, 3-

acetylpyridine, hexanal, and L-menthol. However, the

contribution of these substances to cigar aroma was various.

Although the OAV values of the key aroma compounds in the

samples varied, the OAV values of 2-hexenal, β-damascone,

dihydrodamascenone, and damascenone were much higher

than those of the other aroma compounds in all samples. It is

speculated that they play key roles in the aroma of cigars.

β-damascone, dihydrodamascenone, and damascenone

contributed more to the floral aroma. The OAV of the three

representative substances of baking fragrances were relatively

low. Perhaps baking fragrances are not the most prominent

characteristic aroma of cigars, but rather serve as auxiliary

fragrances to make cigar smoke more harmonious. 5,9-

dimethyl-4,8-decadienal and 2-hexenal have much higher

OAV values than the other five aroma components, playing a

more important role in demonstrating the fruity aroma. Among

the 3 components of woody aroma, isophorone and 4-

ketoisophorone had low OAV values, and were identified as a

modifying aroma substance of cigar. 2-Hexanal had higher OAV

values and was the main contributing component of woody

aroma. The content of 2 herbal flavor was low, the OAV

values of L-menthol were greater than 1, which was more

important for the medicinal aroma.

After calculating the odor activity values of the aroma-

causing components, they were categorized and summarized

according to the flavors provided. And the flavor intensity of

cigar leaves after different yeast treatments were compared, as

shown in Table S2. The odor activity values were floral > fruity >
tobacco > woody > roasted > herbal after addition with

Clavispora lusitaniae, Cyberlindnera fabianii and

Saccharomycopsis fibuligera. Saccharomyces cerevisiae and

ZygoSaccharomyces rouxii groups were lower in fruity odor

activity values and were dominated by floral odor.

Hanseniaspora uvarum J1 and Hanseniaspora uvarum

J4 treatment groups were dominated by fruity odor, followed

by woody and tobacco odor. Cigar leaves treated with Pichia

pastoris P3 was dominated by fruity odor, followed by floral and

woody odor. Zygosaccharomyces bailii R6 treated cigar leaves

showed higher floral and fruity odor activity values. After yeast

inoculation, aroma of cigar filler leaves was improved to various

degrees. The aroma of the group inoculated with Hanseniaspora

uvarum J1 and Pichia pastoris P3 was the highest, which were

increased by 5.75 times and 5.54 times respectively, compared

with the control group sprayed with YEPD.

In terms of overall flavor intensity, the 29 aroma-causing

components had higher odor activity values for fruity and floral

flavors, followed by tobacco and woody flavors. Presumably because

of the lower perceptual thresholds for β-damascenone,

dihydrodamascenone, damascenone, and 2-hexenal, which

possess both fruit and floral of flavors. Due to the large number

of aroma-causing components in tobacco, OAV values for only

29 aroma components were found in this study. Furthermore, cross-

influences among aroma-causing components were not considered.

3.4 PCA analysis of key aroma
components in cigar filler leaves

PCA is a multivariate statistical analysis method, which can be

used to analyze databases related to several mutually dependent

variables. The aroma components in cigar tobacco leaves are

complex and diverse. In order to obtain more accurate and

intuitive classification results, 24 volatile components with OAV

values greater than 1 in cigar tobacco leaves were used for principal

component analysis to observe the difference between cigar tobacco

leaves after different treatments. It can be seen from Figure 3 that the

variance contribution rates of PC1 and PC2 were 47.41% and

16.86% respectively, which explained 61.9% of the total variance

of cigar filler leaves. Most X-variables (OAV of volatile compounds)

and Y-variables (different yeast treatments) were around the circle,

where Hanseniaspora uvarum J1, Hanseniaspora uvarum J4, and

Pichia pastoris P3 were clustered as one category. In addition,

Clavispora lusitaniae, Saccharomyces cerevisiae, and Cyberlindnera

fabianii were clustered as one category, indicating that there was

similarity between the types or concentrations of volatile

components in the cigar filler leaves after fermentation. And the

treatment group with water only or with medium only was

obviously different from other treatment groups.

The correlation between volatile components of cigar filler

leaves with different yeasts is indicated by the distance of the

principal components on the graph. Hanseniaspora uvarum J1,

Hanseniaspora uvarum J4, and Pichia pastoris P3 were mainly

closely related to six volatile components, including ketones

(geranyl acetone, 4,7,9-methatigmatrien-3-one, 6-methylhept-

5-en-2-one, 4-ketoisophone), aldehydes (hexanal), and other

types (3-acetylpyridine). Clavispora lusitaniae, Saccharomyces

cerevisiae and Cyberlindnera fabianii were mainly related to

Damascenone. ZygoSaccharomyces rouxii was closely related

with β- Damascenone. Zygosaccharomyces bailii R6 and

Saccharomycopsis fibuligera showed great impact on indole,

furfuryl alcohol and β- Damascenone formation.

3.5 Cluster analysis of volatile components
in cigar filler leaves fermented by different
yeasts

During cluster analysis, distance between variables was

calculated, which indicates the similarity between variables.
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Cluster analysis results of aroma components of cigar filler leaves

fermented by different yeasts were shown in Figure 4. The results

showed that there were significant differences among different

samples, which was consistent with the PCA analysis results. The

volatile components were divided into 3 categories. The first

category included 7 compounds, which contained many high

content characteristic flavor compounds, including 2-hexenal

(pleasant green leaf fragrance and fruit aroma), citronellal

(clean herbal citrus odor) and 4-ketoisophorone (strong tea

aroma). The second category included 10 kinds of

FIGURE 3
Principal component analysis biplot (score and load values) for volatile compounds in different treatment of fermented Cigar filler leaves. Note:
The figures in Figure 3 represent the same groups as in Figure 1.

FIGURE 4
Heat map of cluster analysis of flavor compounds in Cigar filler leaves fermented by different yeasts. Note: The numbers in Figure 4 represent
the same groups as in Figure 1.
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compounds, such as 3-acetylpyridine (sweet, green and earthy

smell), geranyl acetone (floral, fruity aroma), and hexanal which

not only has the woody aroma, but also has the unique fruit

aroma at low concentrations. The third group aggregated seven

compounds, such as phenylacetaldehyde (honey, sweet, floral,

chocolate and cocoa, with a spice nuance), 2-phenylethanol

(floral, sweet, rosy and bready) and furfuryl alcohol (sweet,

caramel aroma). Therefore, Category 1 and Category

3 focused on the characteristic aroma compounds of cigar

tobacco leaves, ensuring the keynote of cigar tobacco leaves.

Category 2 contained the most diverse and dispersed volatile

substances, including various styles of aroma substances,

reflecting the differences of each sample.

4 Discussion

At present, researches on microbial fermentation of tobacco

mainly focus on the isolation and screening of strains that

degrade nicotine, nitrosamines, macromolecules, and β-
carotene. Limited research has been reported on the

fermentation of cigar leaves by adding different aroma-

producing yeast (Xu et al., 2021). The results of this study

showed that the addition of exogenous aroma-producing yeast

during artificial fermentation could significantly increase the

aroma content of cigar filler leaves, which is basically

consistent with the results of Hu et al. (2018). It is possible

that the growth and metabolism of aroma-producing yeast

during the fermentation of cigar filler leaves promoted the

quality improvement of cigar filler leaves.

In recent years, many scholars have made related studies on

aroma producing yeast. In this study, nine strains of yeast with

good aroma production ability were selected, among which

Clavispora lusitaniae has been developed for the production of

naturally carbonated beverage with improved taste and aroma

(Jairath et al., 2012). Clavispora lusitaniae isolated from Daqu

shows high ability to produce a large amount of ethyl caproate.

Furthermore, a total of 30 flavor compounds were detected after

fermentation by Clavispora lusitaniae, including isobutanol,

isoamyl alcohol, furfuralcohol, 3-methylthiopropanol,

phenethyl alcohol, phenylethyl acetate, 2-methyl butyric acid-

2-ethyl phenyl ester, 2, 4-dimethylbenzaldehyde, 2, 3-

dihydrobenzofuran (Fan et al., 2021). Higher alcohols such as

furfuralcohol can impart sweetness and enhance the fragrance of

other flavor compounds (Luo et al., 2015). Phenethyl alcohol

(honey and rose flavors) is an important compound in many

fermented products (Lin et al., 2020). The formation of these

compounds contributes to the sweet flavor in fermented cigar

filler leaves.

During the fermentation of pear wine, a high yield of ester (hexyl

acetate, ethyl caprylate and phenylethyl acetate) and alcohols

(isoamyl alcohol, hexanol and 2-phenylethanol) compounds were

obtained with the help of Saccharomyces cerevisiae, which have an

important impact on the taste and aroma of pear wine (Yang et al.,

2022). Inoculation of Saccharomyces cerevisiae to apple wine

fermentation can increase the concentration of acetaldehyde and

ethyl acetate (He et al., 2022). After adding Saccharomyces cerevisiae

to fermentation of Chinese wolfberry wine, high content of isoamyl

acetate, isoamyl, alcohol propanol, ethyl cinnamate and β-ionone
was detected. β-ionone is a representative fruit aroma substance of

wolfberry wine, which has a significant impact on the aroma quality

of fruit wine (Zhao et al., 2022). Saccharomyces cerevisiae plays an

extremely important role in koji fermentation. The production

capacity of aromatic compounds, alcohols, esters, and acid

volatile flavor substances is strong. It shows a high production

capacity for 2-phenylethanol, ethyl palmitate, and guaiacol (Xue,

2016). This is consistent with our results, it was indicated that after

fermentation of cigar filler leaves by Saccharomyces cerevisiae, the

content of β-ionone was increased. Furthermore, the contents of β-
ionone, solanone, geranyl acetone, 4,7,9-Megastigmatrien-3-one,

perhydrofarnesyl acetone, farnesyl acetone, bis(2-ethylhexyl)

benzene-1,3-dicarboxylate were increased. Tobacco leaves were

fermented with Saccharomyces cerevisiae ULI3 and Maltophilia

oligotrophic earlier. After fermentation, six important aroma

components (4,7,9-Megastigmatrien-3-one, Damascone, Solanone,

dihydrodamadone, geranyl acetone and dihydroactinidiolide) was

increased by 6.65% compared with that before fermentation (Long

et al., 2021). Tobacco leaves treated with organic acids and

Saccharomyces cerevisiae showed that the total water-soluble

sugar content and sugar nicotine ratio was increased. And the

content of volatile substances such as alcohols, ketones, esters,

aldehydes and neophytadiene also increased (Ma C. L et al.,

2022). Saccharomyces cerevisiae and Eurotium cristatum were

inoculated with green tea powder. Then the fermentation broth

was sprayed to tobacco leaves to make cigarettes. Tea, wine, honey

and special flavors were produced after fermentation. The sensory

quality of tobacco was improved (Du et al., 2021). In the present

study, after inoculation with Saccharomyces cerevisiae, the content of

ketones and hydrocarbons in volatile compounds of cigar filler

leaves was significantly higher than that of the control group with

water, which was helpful to improve the aroma quality of tobacco

leaves.

The potential benefit of C. fabianii is their relatively high

levels of ability to produce esters. Among the ester, the most

important compounds are ethyl acetate, 3-methylbutyl acetate,

methylpropyl acetate, phenylethyl acetate, ethyl hexanoate and

ethyl octanoate (Van Rijswijck et al., 2017). The application of C.

fabianii in rice wine brewing showed that 21 kinds of main flavor

compounds were detected, which have a positive effect on

increasing the aroma. Isoamyl alcohol and phenethyl alcohol

are common flavor compounds in alcoholic drinks. Isoamyl

alcohol can impart sweetness and enhance the fragrance of

other flavor compound (Jairath et al., 2012), which could only

be detected in cigar filler leaves after fermentation withC. fabiani.

Previous studies have shown that ZygoSaccharomyces rouxii

is a osmophilic yeast, which can grow in a high salt, high sugar,

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Yao et al. 10.3389/fbioe.2022.1093755

50

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1093755


high temperature and low pH environment, and can endure a

very low water activity environment (Escott et al., 2018; Dai et al.,

2020). During soybean sauce fermentation, aromatic compounds

such as esters (ethylhexanoate, 2-phenylethylacetate) could be

produced to make aroma rich (Han et al., 2020). The

concentration of volatile organic compounds in the

fermentation process of chilli bean sauce can be significantly

increased by ZygoSaccharomyces rouxii, and various new volatile

organic compounds can be formed, such as 2-phenylethanol, 2-

methoxy-phenol and pyrazine (Niu et al., 2022). The content of

2-phenylethanol by inoculation with ZygoSaccharomyces rouxii

to cigar filler leaves was much higher than that of other groups.

Saccharomycopsis fibuligera shows ability to produce aroma

and ester. During the fermentation of Chinese rice wine, more 2-

phenylethanol, 1-octene-3-ol and 2-octene-1-ol, ethyl acetate,

ethyl octanoate, phenylacetaldehyde and ethyl butyrate can be

produced. These aromatic substances endow the Chinese rice

wine with a comprehensive aroma of flowers, fruits and honey

(Lee et al., 2018; Yang et al., 2021). Among the volatile aroma

components of solid fermentation products of Saccharomycopsis

fibuligera, various products also present fruity and floral aromas.

The content of ethyl acetate (fruity aroma), isoamyl acetate

(banana and pear aroma), 2-phenylethanol (rose aroma),

phenethyl acetate (sweet aroma), and ethyl palmitate (fruit

and cream aroma) are higher. The sensory evaluation of its

solid fermentation products shows a strong fruit flavor, which

is the result of these volatile flavor substances (Wang et al., 2017).

In this study, the content of ketone compounds (such as

solanone, R-(-)-3-Hydroxy-β-ionone, farnesyl acetone) that

detected in cigar filler leaves after fermentation by

Saccharomycopsis fibuligera was the highest.

The contents of methyl caproate, methyl octanoate and methyl

caprylate in strawberry fruits fumigated by Hanseniaspora uvarum

were increased during cold storage (Wang et al., 2019). Farnesol, 2-

heptanol, hexan-1-ol, nerol, benzaldehyde, isoamyl acetate, ethyl

butanoate, ethyl propionate, phenethyl acetate, linalool, β-
damascenone and other aromatic substances produced in the

fermentation of grape juice (Ge et al., 2021), make it rich in

aroma. In the cigar filler leaves treated by Hanseniaspora

uvarum, substances such as β-damascenone, 4,7,9-

Megastigmatrien-3-one, 4-ketoisophorone, perhydrofarnesyl

acetone, farnesyl acetone, 2-hexenal, 4-pyridinecarboxaldehyde,

phytol, tributyl phosphate, 3-acetylpyridine were increased.

A large amount of ethyl acetate can be produced by pichia

pastoris in solid fermentation of millet, showing strong apple flavor

(Jia et al., 2021). After inoculation of pichia pastoris to distiller’s

grains for fermentation, the content of ester was the highest. Among

the esters, the content and types of ethyl esters were the highest

(Huang et al., 2021). In the present study, the highest content of

esters was detected in the group inoculated with Pichia pastoris,

mainly tribehenin and tributyl phosphate. Hanseniaspora sp. and

Pichia sp. were employed to investigate the effects on the volatile

aroma components of tobacco leaves (Li M et al., 2020). Results

showed that a total of 95 volatile aroma components were detected.

Among alcohols, benzyl alcohol, phenylethyl alcohol and other

important flavor substances were increased, which are the

decomposition products of aromatic amino acids, can increase

the floral flavor of tobacco leaves. Cigarettes were fermented with

three aroma producing strains, including Bacillus, Saccharomyces

cerevisiae, and Hanseniaspora. sp. The aroma components of

tobacco leaves after solid fermentation was increased to varying

degrees compared with the control group. Ketones are the most

important neutral aroma components in tobacco and smoke. The

highest content of ketones was from the samples treated with

Hanseniaspora. sp. (Hu et al., 2020). In this study, the nicotine

content of Hanseniaspora uvarum J1 treated cigar filler leaves was

increased after fermentation, and the ratio of nitrogen to nicotine,

the ratio of chlorine to potassiumwere increased, comparedwith the

control group with water. The volatile aroma substances in tobacco

leaves fermented by Hanseniaspora uvarum J1 and Hanseniaspora

uvarum J4 were higher than those of the two control groups, and the

contents of ketones, aldehydes and neophytadiene were significantly

increased, which was similar to the results of Hu et al. (2018).

Z. Bailii can produce alcohols, acids, esters, aldehydes, ketones

and other flavor substances during Baijiu fermentation, which

contributes to the flavor and quality of sauce-flavour Baijiu (Xu

M. L et al., 2017). Z. Bailii is the dominant strain in the brewing

process of sauce-flavour Baijiu. It can produce farnesol, 2-nonanol,

2-ethylhexanol, decanoic acid, lauric acid, octanoic acid and ethyl

octanoate. The content of alcohols, lipids and ketones in Baijiu is

increased by co-fermentation with Bacillus licheniformis (Zhuang

et al., 2017). In this study, Z. Bailii R6 was inoculated to cigar filler

leaves, and substances with higher content compared with other

yeasts were β-Damascenone, 6-nonenal and 3-methylthiopropanal.

After yeast addition, the total amount of volatile substances

in the cigar leaves was increased after fermentation. And cigar

leaves fermented by ZygoSaccharomyces rouxii shows the highest

content of esters. As one of the important flavor substances,

easter is a class of volatile compounds with aromatic odors that

act as a flavor enhancer and flavoring agent in tobacco (Ruan

et al., 2006) and can improve the smoking quality of the tobacco.

After fermentation of cigar filler leaves, the increase of some

substances can reduce the irritation of tobacco leaves, such as

solanone, geranyl acetone, dihydroactinidiolide, megalenone,

neophytadiene, etc. The representative substances of aromatic

compounds are mainly benzyl alcohol, phenylethanol,

benzaldehyde, phenylacetaldehyde, etc., which can improve

concentration of the smoke, and play a greater role in the

aroma characteristics (Zhang P et al., 2021; Ma X.W et al., 2022).

The fermentation of tobacco bud by aroma producing yeast and

Maillard reaction was studied by Xu Y et al. (2018). The results

showed that there were 63 kinds of aroma substances, among which

palmitic acid, tetradecanoic acid, palmitoleic acid, benzyl alcohol, 2-

phenylethanol, fitone were in rich amount. 4,7,9-Megastigmatrin-3-

one, dihydroactinidiolide, oleamide and 2-pentylfuran make

outstanding contributions to tobacco aroma. Aroma producing
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yeast were screened and applied to treat low grade tobacco leaves.

Relative contents of aroma components were changed greatly,

including phenylethanol, benzyl alcohol, 1-benzofuran,

heptadecane, 4,7,9-Megastigmatrien-3-one, palmitic acid, geranyl

acetone, geraniol and other alcohols and ketones. Furthermore,

the content of aldehydes (pentanal, crotonaldehyde) in low grade

tobacco leaves after microbial treatment was significantly reduced,

which often caused smoking irritation (Chen, 2013).

PCA has been widely applied in the analysis of main aroma

components in food industry (Wang et al., 2016; Xu Y et al., 2017).

By PCA, it was concluded that acetic acid, acetoin, 1-octen-3-one,

and 3-methylindole are the most important compounds that lead to

the difference between mild cheddar cheese and other medium and

mature cheddar cheese (Wang et al., 2021). Our analysis results

showed that Hanseniaspora uvarum J1, Hanseniaspora uvarum J4,

and Pichia pastoris P3 were clustered as one category. Clavispora

lusitaniae, Saccharomyces cerevisiae, and Cyberlindnera fabianii

were clustered as one category. Because the volatile compounds

were formed by biological and chemical transformations, it was

concluded that these typical aroma compounds, which made one

category different from the other, were largely influenced by the

fermentation with different yeasts.

5 Conclusion

Nine strains of aroma-producing yeast with good liquid

fermentation were selected for artificial solid-state

fermentation, and the aroma-causing components of the

fermented cigar leaves were analyzed and compared. A

total number of 52 aroma compounds contributed to the

flavor of cigar in all treatment groups, among which

β-damascenone, dihydrodamascenone, damascenone, and

2-hexenal contributed the most. By comparing the

odor activity values, it was found that cigar leaves treated

with Clavispora lusitaniae, Cyberlindnera fabianii, and

Saccharomycopsis fibuligera had the highest floral

odor activity values. The highest fruity odor activity values

were found in cigar leaves treated with Hanseniaspora uvarum

J1, Hanseniaspora uvarum J4 and Pichia pastoris P3. It was

found that yeast addition could make the aroma richer and

reduce the original impurities and irritation of the cigar leaves.

With the rapid development of biological research, the

application of microbiology in tobacco leaves fermentation

is of great significance to improve the smoking quality of

cigarettes.
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Introduction: Hemicellulose is an important component in lignocellulose materials,
which is second only to cellulose, accounting for 15%–35% of the dry weight of
plants. In the current situation of energy shortage, making full use of lignocellulose
materials to produce fuel ethanol has become an important way to solve the energy
problem. Xylanase plays a crucial role in the utilization of hemicellulose. It is a
necessary means to reduce the cost of hemicellulose utilization by improving the
activity of xylanase. Moreover, most naturally xylanases are mesophilic enzymes,
which limits their industrial application.

Methods:In this study, Myceliophthora thermophila was used to produce xylanases
and a thermostable mutantM 2103 was obtained by atmospheric room temperature
plasma (ARTP) mutagenesis. The research work started with exploring the effects of
ARTP mutagenesis on the antioxidase system [superoxide dismutase (SOD), catalase
(CAT), peroxidase (POD), polyphenol oxidase (PPO), and antioxidant capacity (AOC)]
of M. thermophile, and found that superoxide dismutase activity increased by
221.13%, and polyphenol oxidase activity increased by 486.04% as compared with
the original strain when the implantation time was 300 s. So as to determine the
conditions for subsequent mutagenesis.

Results and Discussion:For the mutant M 2103, the reaction temperature for
xylanase production remained stable in the range of 70°C–85°C. Its optimum
temperature was 75°C, which was 15°C higher than that of the original strain. And
its xylanase activity increased by 21.71% as compared with the original strain. M
2103 displayed a significantly higher relative xylanase activity than the original strain
in the acidic (pH 4.0–7.0) range, and the xylanase activity was relatively stable in the
pH range of 6.0–8.5. These results provide an alternative biocatalyst for the
production of xylooligosaccharide, and a potential usage of ARTP in the
mutagenesis of thermostable mutant.
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Introduction

Xylan is one of the major components of the plant cell wall. It is the
second richest, renewable resource in nature after cellulose (Biely et al.,
2016). The structure of xylan is very complex. Its main chain is formed
by the polymerization of D-xylopyranose through a β-1, 4-glycosidic
bond, and the side chain carries an acetyl group, galactose, arabinose,
glucuronic acid and other substituent groups. The degradation of
xylan requires the joint action of an enzyme system composed of
variety of enzymes. Among them, xylanase (EC 3.2.1.8) is the key
enzyme, which hydrolyzes β-1, 4-glycosidic bonds from the interior of
the main chain to produce a mass of xylo-oligosaccharides and a small
amount of xylose (Csiszár et al., 2015; Xu et al., 2016). Xylanase has
many applications, including baking (Wu et al., 2018), fruit juice
processing (Bajaj and Manhas, 2012), brewing (Wang et al., 2016),
feed processing, papermaking and biofuels (Wang et al., 2013; Le et al.,
2018). In the current situation of energy shortage, xylanase plays an
important role in the process of preparing fuel ethanol from
lignocellulosic materials. It can promote the degradation of
lignocellulosic materials, improve the production of
monosaccharides glucose, and then improve the ethanol yield in
the next step of fermentation. On the other side, xylanase is used
to directly hydrolyze xylan into xylose, and then the xylose is used to
produce fuel ethanol by the special bacteria or yeast.

Among the current pretreatment methods for fuel ethanol
production, the acidic electrolytiyed water (Shen et al., 2014)
(AEW) is pretreated at high temperature (above 140°C) and strong
acid (pH 2.0–2.2). Since the pH value of high pressure hot water
(above 200°C) is 5.6, liquid hot water (Saksit et al., 2021) (LHW)
pretreatment is also a kind of dilute acid pretreatment. In addition, the
simultaneous saccharification and fermentation (Suryawati et al.,
2009) (SSF) of lignocellulosic materials to produce fuel ethanol is
also carried out under the condition of high temperature (40°C–50°C)
and weak acid (pH 4.0–5.0). Therefore, it is particularly important to
screen and construct the high temperature and acid resistant xylanase.

Thermostable xylanase is a product of numerous thermophilic
microorganisms, including Thermomyces lanuginosus (Wang et al.,
2012), Thermophilic sporotrichum (Ghosh et al., 2019), Paecilomyces
thermophila (Zhang et al., 2010),Myceliophthera thermophila (Dahiya
and Singh, 2019), Thermosaccharolyticum (Jiang et al., 2017) and other
thermophilic fungi, as well as thermophilic bacteria (Saleem et al.,
2009) and thermophilic archaea (Knapik et al., 2019). It has been
reported that bacteria can usually produce low molecular weight
alkaline xylanase and high molecular weight acid xylanase, while
fungi usually produce only high molecular weight acid xylanase. M.
thermophila is classified as a thermophilic fungus that produces a
variety of thermostable enzymes including cellulase (Fan et al., 2015),
pectinase (Hollmann et al., 2016), esterase (Kool et al., 2014), phytase
(Seema et al., 2020) and endoxylanase (Gool et al., 2012). Xylanase
from M. thermophila has been purified and its properties have been
studied (Boonrung et al., 2016). It has significant endonuclease β-1,4-
xylanase activity without exoxylanase activity (Vafiadi et al., 2010) and
it can be used to produce xylooligosaccharides.

At present, there are two primary strategies that can be employed
to improve the thermal stability of xylanase. One involves directly
screening thermophilic microbial strains from a high temperature
environment, and the other involves modifying xylanase via genetic
engineering technology. Since the end of the 20th century, numerous
xylanase gene sequences have been cloned, and their enzymatic

properties were determined. However, there are few
microorganisms able to produce thermostable xylanase, and the
obtained strains usually have low enzymatic activity and harsh
culture conditions that make it challenging to meet the demands of
industrial production (Zhang et al., 2014a; Ghosh et al., 2019).
Therefore, it is imperative to use modern bioengineering
technology to genetically improve xylanase-producing strains.

As a new physical mutation method, ARTP technology was
developed by Xing Xinhui’s team of Tsinghua University based on
the radio-frequency atmospheric pressure glow discharge (RF APGD),
which was a gentle RF APGD and can be applied in biotechnology
research. The operation parameters, including RF power input, helium
flow rate, plasma range and processing time, are controlled by
programmable controller to make the mutagenesis of
microorganisms more efficient and faster. Studies have shown that
ARTP can react with biological macromolecules such as DNA (Wang
et al., 2020) and protein in biological cells (Zhang et al., 2014b),
resulting in lethal or sublethal effects. There are a large number of
active oxides, active nitrides and neutral active particles in ARTP,
including superoxide anion (O2-), hydroxyl radical (-OH), ozone (O3),
hydroperoxide anion (HO2-), singlet oxygen (1O2), alkoxy (RO−),
peroxynitroso anion (ONOO−) and so on. Among them, active
oxides and active nitrides are the key factors for ARTP to damage
DNA double-stranded structure and induce DNA damage repair
(DDR) response or SOS response. These active substances will act
on the O-H bond, O-P bond and N-C glycosidic bond in the DNA
chain structure to damage the molecular structure of DNA, and then
make DNA single strand break. When the break sites on different
single strands are close, DNA double strand break will occur.
Therefore, ARTP can cause a wider range of gene mutations.
Moreover, at atmospheric pressure, ARTP temperature can be
controlled in the room temperature range, suitable for biological
treatment (Zhang et al., 2014a). At present, ARTP has been
successfully applied in mutation breeding of more than 40 kinds of
microorganisms, including bacteria, fungi and microalgae, which can
change the genetic material, protein structure, metabolic level and
other factors of microorganisms to improve the production of
microbial metabolites. And it has increasingly attracted attention in
the field of microbial mutation breeding and biomedicine and has
become a considerably active interdisciplinary research field (Li et al.,
2015; Cheng et al., 2016; Gu et al., 2017).

The previous studies (Finkel, 2003) have shown that the activities
of antioxidant enzymes in microorganisms was sensitive to the ion
implantation, and the changes of antioxidant enzymes was also one of
various internal factors, which influence their lives activity. So this
work started with exploring the effects of ARTP mutagenesis on the
antioxidase system of M. thermophile, and determined the best
mutagenic conditions. For the mutant M 2103, its xylanase
properties including the optimum pH and optimum reaction
temperature were tested.

Materials and methods

Strains

M. thermophila was purchased from the China Center of
Industrial Culture Collection (CICC), and numbers for CICC 2441.
It was an aerobic microorganism and its culture temperature was 45°C.
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Medium

Isolation medium (g/L): glucose 20.00, KH2PO4 3.00,
MgSO4.7H2O 1.50, (NH4)2SO4 .75, wheat bran decoction
(Cavalcante et al., 2008) (100 g of bran, 900 g of water, boiling for
20 min, filtered through four layers of gauze) 80.00, agar 15.00. Seed
medium (g/L): malt extract 30.00, soya peptone 3.00. Xylanase
fermentation medium (g/L): glucose 20.00, xylan .1, KH2PO4 3.00,
MgSO4.7H2O 1.50, (NH4)2SO4 .75, wheat bran decoction 80.00. All
mediums were sterilized at 121°C for 20 min.

Breeding of M. thermophila via ARTP

ARTP mutagenesis method

ARTP mutagenesis was performed with the ARTP Mutation
Breeding System (Wuxi TMAXTREE Biotechnology Co. Ltd)
(Wuxi, Jiangsu, China). M. thermophila CICC 2441 was used as
the original strain which was purchased from the China Center of
Industrial Culture Collection (CICC). Before mutagenesis, M.
thermophila CICC 2441 was cultured in the isolation medium
for 5 days at 45°C. The spores were scraped off with 10 ml of
normal saline and transferred to a 150 ml conical flask. For
dispersion of the spores, fifty glass beads (4 mm in diameter)
were added to the flask, and the flask was shaken on the
incubator at 250 revolutions per minute (rpm) for 15 min. The
obtained spore suspension was then diluted to make the spore
concentration within the range 106–108 cells/mL. Ten-microliters
of spore suspension was painted on the surface of the metal slide for
ARTP mutagenesis. The mutagenic treatment distance was 2 mm,
the processing power was 120 W, the flow rate of Helium was
10 standard liter per minute (slm), and the implantation time was
0–300 s. Following implantation, the samples were placed in
electropolished (EP) tubes containing 1 ml normal saline, and
then oscillated for 1 min. Following this, the spore suspension
was diluted and painted on the isolation mediums. The strains
were incubated at 45°C in an attempt to grow single colonies.
Colony number was counted and the survival rate curve was
plotted. The survival rate was calculated according to the
following Eq. 1:

Survival rate %( ) � NC

N0
× 100 (1)

NC —— Colony number of the coated plate after ARTP implantation
across different time points.

N0 —— Colony number of the coated plate without ARTP
implantation across different time points.

Screening method for identification of
thermostable mutants

Following implantation, dishes were incubated for 48 h at
65°C, and colonies that developed were defined as thermostable
mutants. A single colony, characterized as displaying superior
xylanase fermentation performance, was selected for the
subsequent round of ARTP implantation and domestication
at 70°C.

Crude enzyme extraction method

Fermentation broth was centrifuged at 10,000 rpm at 4°C for
15 min. The supernatant was composed of crude enzyme solution,
which was stored at 4°C.

Genetic stability analysis

To assess the genetic stability of the thermostable mutant, the
xylanase activities in the crude enzyme extraction of each generation
were analyzed following five passages.

Xylanase activity determination method

Xylanase activity was determined by the Somogyi Nelson method
(Leite et al., 2016). 10% diluted xylanase was added to 1% beech xylan
solution, and the ensuing reaction was carried out at a predetermined
temperature for 10 min. Following this, dinitrosalicylic acid (DNS)
was added and the mixture was incubated in a boiling water bath for
10 min. The absorbance at 540 nm was determined with an enzyme
labeling instrument.

Antioxidase activity determination method

Superoxide dismutase (SOD) activity was determined
according to the xanthine oxidase method. Catalase (CAT)
activity was determined by ammonium molybdate colorimetry.
Peroxidase (POD) activity was determined according to the
reaction of hydrogen peroxide catalyzed by POD. Polyphenol
oxidase (PPO) activity was determined by the chromogenic
reaction in which PPO catalyzed phenol to produce quinone.
Antioxidant capacity (AOC) activity was determined according
to the Fe3+ reduction reaction. All of the antioxidant enzyme
activity determination kits were provided by the Nanjing
Jiancheng Bioengineering Institute (Zhang et al., 2017).

Optimum pH and pH stability

One percent substrate (beech xylan) solutions were prepared with
different pH values (200 mmol/L Na2HPO4 -100 mmol/L citric acid
buffer (for pH 4–8 buffer) and 50 mmol/L glycine-NaOH buffer (for
pH 8.5–10 buffer)). Relative enzyme activities were calculated under
different pH conditions with a maximum enzyme activity of 100%
according to the above enzyme activity determination method.
Xylanase was diluted with buffer (pH 4.0–11.0), respectively, and
placed at 4°C for 36 h. Relative xylanase activities were measured
relative to an untreated xylanase activity of 100%.

Optimum reaction temperature and thermal
stability

The substrate (beech xylan) solution was prepared with the
optimal pH buffer, and the relative enzyme activities at different
temperatures were measured according to the above enzyme
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activity determination method. Following this, the xylanases were
placed in a 60–80°C water bath for 20 min, and then the enzyme
activities were measured with the optimal pH buffer. The relative
enzyme activities were calculated relative to an untreated xylanase
activity of 100%.

Results and discussion

Mutagenic effect of ARTP on M. thermophila

Effect of ARTP mutagenic on the survival rate of M.
thermophila

As shown in Figure 1, the survival rate curve ofM. thermophila
resembled a “double saddle” shape following ARTP implantation,
with two recovery peaks at the implantation times of 150 s and
250 s. Similar results were observed with low-energy ion
implantation of Bacillus. coagulans (Yu et al., 2012) and
Trichoderma reesei (Zhang and Jiang, 2011). For these, the
“double saddle” survival curve was observed and was
characteristics of the interaction between plasma and organisms.
It was reminiscent of the classical “saddle” curve (Zhu, 2006), and
not attributable to the specific effect produced by ion implantation
into a certain microorganism. The appearance of “double saddle
type” survival rate curves suggests that the mechanism of
interaction between implanted ARTP and the microorganisms is
complex, and it suggests that the mechanism of ion implantation
mutation is likely different from traditional mutation methods.
Previous studies (Zhang and Yu, 2008) have shown that survival
rate curves are a reflection of the external performance of biological
effects caused by implanted ions, while changes associated with
antioxidases activities are reflective of various internal factors. The
studies presented here thus focus on investigating the effects of
ARTP on antioxidases activities of M. thermophila.

Effects of ARTPmutagenesis on the activity of
antioxidases in M. thermophila

Effect of ARTP implantation on SOD activity in M.
thermophila

SOD is an importantmember of the antioxidase system in organisms.
It can catalyze the disproportionation of superoxide anion free radicals to

FIGURE 1
Effect of implantation time of ARTP on the survival rate of M.
thermophila. Survival rate was the percentage of the number of colonies
after implanted by ARTP to the none implanted. All experiments were
carried out four times (biological duplicates and technical
duplicates) and mean values presented with standard deviations.

FIGURE 2
Effect of ARTP implantation time on T-SOD activities of M.
thermophila. T-SOD activity was determined according to the xanthine
oxidase method. Reagents preparation and results determination were
carried out according to kit requirements. All experiments were
carried out four times (biological duplicates and technical duplicates)
and mean values presented with standard deviations.

FIGURE 3
Effect of ARTP implantation time on CAT and POD activities of M.
thermophila. CAT activity was determined by ammonium molybdate
colorimetry. Reagents preparation and results determination were
carried out according to kit requirements. All experiments were
carried out four times (biological duplicates and technical duplicates)
and mean values presented with standard deviations.
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produce oxygen and hydrogen peroxide, which play an important role in
the balance of oxidation and antioxidation. It can resist and block the
damage caused by oxygen free radicals to cells, repair damaged cells in
time and recover the damage caused by oxygen free radicals. As shown in
Figure 2, ARTP implantation induced the increase of SOD activity inM.
thermophila. When the implantation time was 300 s, SOD activity
increased by 221.13% as compared with the control, and it decreased
under the conditions of 150 s and 250 s. In general, however, it was higher
than that of untreated control strain. This may be attributed to active
oxides, including the superoxide anion inARTP, inducingM. thermophila
to produce more SOD.

Effect of ARTP implantation on CAT and POD
activities in M. thermophila

CAT and POD are enzymes that are able to scavenge H2O2 in cells.
They play a key role in blocking free radical chain reactions. CAT
directly catalyzes the decomposition of H2O2, while POD consumes
H2O2 by catalyzing H2O2 to decompose other substrates. As shown in
Figure 3, the activities of CAT and POD fluctuated with the increase of
implantation time, contrary to the change in the trend of the survival
curves. These results suggest that the increase of CAT and POD
activities induced by ARTP are likely an adaptive response of M.
thermophila. It is also likely a reason for the fluctuation in survival rate.
In a short time (50 s), the implanted ions did not stimulate CAT and
POD activities. With prolongation of the implantation time, CAT and
POD activities were stimulated, and POD activity was higher than that
of the untreated control strain. CAT activity was also much higher
than that of the control strain at 100 s, 200 s and 300 s.

Effect of ARTP implantation on PPO activity in M.
thermophila

PPO is an oxidase that contains copper, which is able to oxidize
monophenols and bisphenols to produce quinones. Quinones are able to

inhibit and kill pathogenicmicroorganisms and contribute to resistance to
disease. As shown in Figure 4, PPO activities were also activated after
ARTP implantation in M. thermophila. Following implantation via
ARTP, PPO activities were higher than those of the untreated control
strain. In addition, PPO activity increased by 486.04% when the

FIGURE 4
Effect of ARTP implantation time on PPO activities of M.
thermophila. PPO activity was determined by the chromogenic reaction
in which PPO catalyzed phenol to produce quinone. Reagents
preparation and results determination were carried out according
to kit requirements. All experiments were carried out four times
(biological duplicates and technical duplicates) and mean values
presented with standard deviations.

FIGURE 5
Effect of implantation time of ARTP on T-AOC of M. thermophila.
T-AOC activity was determined according to the Fe3+ reduction
reaction. Reagents preparation and results determination were carried
out according to kit requirements. All experiments were carried out
four times (biological duplicates and technical duplicates) and mean
values presented with standard deviations.

FIGURE 6
Effect of ARTP implantation time on the thermostable of M.
thermophila. For M. thermophila, the optimum temperature was 60°C.
On this basis, raised the culture temperature to 65°C. The effects of
different ARTP implantation times on the survival rates of M.
thermophila were investigated, and the xylanase activities of the
surviving mutants were determined. The mutation rate was defined as
the xylanase activity higher than 5% of the original strain. All experiments
were carried out four times (biological duplicates and technical
duplicates) and mean values presented with standard deviations.
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implantation time was 300 s. Further, the change in trend of PPO activity
negatively correlated with the survival rate curve, suggesting that the
change of PPO activity was also likely an adaptive response of M.
thermophila under ARTP implantation.

Effect of ARTP implantation on AOC in M.
thermophila

AOC is composed of various antioxidant substances and antioxidant
enzymes, such as vitamin C, vitamin E and carotene, and it can be used to
evaluate the antioxidant capacity of bioactive substances. As shown in
Figure 5, with the prolongation of implantation time, AOC activities were
higher than those of the untreated control strain, and they generally
increased, with the exception of a decrease at 250 s. Based on the effect of
ARTP on survival rate and antioxidase activities of M. thermophila, we
speculated that the enhancement of AOC activity may protect M.
thermophila from the damage of free radicals and ROS caused by
ARTP. In addition, the enhancement of AOC activity of M.
thermophila could effectively resist oxidative stress after heat stress,
which would effectively improve the heat resistance of M. thermophila.
Therefore, the studies presented herein investigated the effects of ARTP
implantation on the thermostability of M. thermophila.

Effects of ARTP implantation on the thermostability
of M. thermophila

Survival rates corresponding to each tested implantation time of
ARTP are shown in Figure 6. The survival rate fluctuatedwith the increase
in implantation time, and reached 37% at an implantation time of 200 s.
Under this condition, the mutation rate associated with high production
of xylase reached 88.0%. Antioxidase activities of M. thermophila also
increased under this condition, suggesting that antioxidases play an

important role in resisting cell death caused by heat stress. Subsequent
mutagenesis screening experiments were also carried out at 200 s.

Screening of thermostable xylanase-
Producing strains

Screening spectrogram of the thermotolerant
mutant

The mutation screening process is shown in Figure 7. In this study,
following five ARTP mutagenesis treatments and increasing the
culture temperature from 65°C to 80°C, one mutant strain, M.
thermophila -2103 (M 2103), was obtained. Its xylanase activity
increased from 1457.30 U/g to 1861.38 U/g and the activity
remained stable after five generations. Results are shown in Table1.

Xylanase Properties ofM 2103 and the original
strain M.thermophila

Optimum reaction pH and pH stability
The effects of different pH values on xylanase activities are shown

in Figure 8A. The mutant M 2103 displayed significantly higher
relative xylanase activities than the original strain in the acidic
(pH 4.0–7.0) range. In the pH range of 6.0–8.5, the xylanase
activities were relatively stable, with an optimal pH of 6.5. When
the pH was higher than 8.5, xylanase activities began to decrease.
When the pH was 10.0, the remaining xylanase activity was 82.63%.
The fermentation crude enzyme solution of mutant M 2103 was
diluted appropriately with buffer solution of pH 4.0–11.0,

FIGURE 7
Screening spectrogram of the thermotolerant mutant M 2103. The first group number for the mutant strains was the serial number of the obtained
mutant after the first mutagenesis by ARTP, the second group of number indicate the times of ARTPmutagenesis, and the third group of number was the serial
number of the obtained mutant for this time of ARTP mutagenesis, and so on. The mutant strains with high xylanase activities after each mutagenesis were
selected for the next mutation. After 5mutagenesis, the culture temperature was gradually increased from 65°C to 80°C, and the thermostable mutantM
2013 with high activity of xylanase was finally obtained.
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respectively. After being placed at 4°C for 36 h, the xylanase activity of
M 2103 was compared with that of the untreated crude enzyme
solution (Figure 8B). At a pH of 11.0, the xylanase activity of M

2103 could be maintained above 65%. Compared with the alkaline
condition, the xylanase activity of M 2103 in the acidic range was
higher and relatively stable.

TABLE 1 Stability of xylanase activity of M 2103 and M.thermophila.

Strains Xylanase activities of every passages/(U·g−1)

p1 p2 p3 p4 p5 Averages

M 2103 1862.17 1860.62 1865.57 1860.25 1858.28 1861.38

M.thermophila 1433.87 1458.32 1438.06 1487.88 1468.37 1457.30

The stability experiments were carried out for five consecutive generations. All experiments were carried out four times (biological duplicates and technical duplicates) andmean values presented with

standard deviations.

FIGURE 8
Optimum reaction pH and pH stability of xylanase from mutant M
2103 and M. thermophila; (A) The optimum pH of xylanase from mutant
M 2103 and M. thermophila; (B) pH stability of xylanase from mutant M
2103 and M. thermophila. All experiments were carried out four
times (biological duplicates and technical duplicates) and mean values
presented with standard deviations.

FIGURE 9
Optimum reaction temperature and thermal stability of xylanase
from mutant M 2103 and M. thermophila. (A) The optimal reaction
temperature of xylanase from mutant M 2103 and M. thermophila (B)
Thermal stability of the xylanase from mutant M 2103 and M.
thermophila. All experiments were carried out four times (biological
duplicates and technical duplicates) and mean values presented with
standard deviations.
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Optimum reaction temperature and temperature
stability

The optimum reaction temperature of the original strain M.
thermophila and mutant M 2103 were measured under their
corresponding optimum reaction pH (7.5 and 6.5) (Figure 9A).
The optimum reaction temperature for M. thermophila to
produce xylanase was determined to be 60°C, and the optimum
reaction temperature for M 2103 was 75°C (it remained stable in
the range of 70°C–85°C). Its residual xylanase activity was 67% at
90°C. The thermal stability of the original strain M. thermophila
and mutantM 2103 were then determined. As shown in Figure 9B,
the residual activity of M. thermophila decreased to about 90%
after being treated at 70°C for 20 min, while the activity of M
2103 was almost unchanged. After being treated at 90°C for
20 min, the residual activity of M. thermophila decreased to
about 35%, while M 2103 had activity of around 60%. These
results suggest that the thermal stability ofM 2103 was superior to
that of M. thermophila.

Conclusion

A thermostable mutant, M 2103, with high xylanase
productivity was obtained by ARTP mutagenesis. Compared
with the original strain, the xylanase activity increased by
21.71%, the optimum temperature reached 75°C from 60°C, and
its reaction temperature for xylanase production remained stable in
the range of 70°C–85°C. M 2103 displayed a significantly higher
relative xylanase activity than the original strain in the acidic
(pH 4.0–7.0) range, and the xylanase activity was relatively
stable in the pH range of 6.0–8.5. In addition, ARTP
mutagenesis can stimulate antioxidase system (SOD, CAT, POD,
PPO, and AOC) activities in M. thermophile, which SOD activity
increased by 221.13%, and PPO activity increased by 486.04%.
These studies showed that the increasing of antioxidase system
(SOD, CAT, POD, PPO, and AOC) activities in M. thermophile
reduced the oxidative damage caused by ARTP, and helped to
improve its heat resistance.

In this study, ARTP was used to mutate M. thermophile, and
improved its thermostable and xylanase activity. This method has the
advantages of low jet temperature, uniform plasma production, no
vacuum device, simple operation, low cost, and obvious interaction

with biological macromolecules and cells compared with traditional
mutagenesis methods. This study provide an alternative biocatalyst for
the production of xylooligosaccharide, and it has potential application
in the fuel ethanol industry.
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Carboxymethylcellulose reinforced
starch films and rapid detection of
spoiled beverages
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1National Joint Engineering Research Center for Highly-Efficient Utilization Technology of Forestry
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The integrity of the packaging of a liquid foodstuff makes it difficult to detect
spoilage. Therefore, it is important to develop a sensitive, fast and real-time
material for liquid food detection. CMC, as lignocellulose derivatives and starch
are widely used in the food industry. In this study, starch films with pH-responsive
properties are successfully prepared from full-component starch and corn
amylopectin (CA) by adding CMC. The effects of CMC on the mechanical
properties, morphology characteristics, physical and chemical structures, stability
and pH responsiveness of the starch films are analyzed. The starch/CMC-1.0 g
composite films display good electrical conductivity and reduce the resistance of
the composite film by two orders of magnitude. The composite films have
pH response ability; in the simulation of orange juice spoilage experiment, the
CA/CMC composite film has a more sensitive current response and was more
suitable for the application to liquid food quality detection. Additionally, the
starch/CMC composite films have potential applications for rapid detection and
real-time monitoring of the safety of liquid food.

KEYWORDS

sodium carboxymethyl cellulose, starch films, pH-responsive, rapid detection, food quality

1 Introduction

With the rapid development of society and the economy, the issue of food safety is deeply
rooted in people’s minds and is closely related to food safety, the social economy and human life
(Serge et al., 2022; Jin and Zhong, 2022; He et al., 2017; Seto and Ramankutty, 2016; Liu and
Hou, 2022). Food safety problems are mainly caused by the following factors: pesticide residues
(Tang et al., 2021), bacterial species and biotoxins (Yesim et al., 2022), heavy metal
contamination (Xiang et al., 2021), and illegal use of food additives (Wang et al., 2021).
Existing food quality testing techniques mainly adopt spectroscopic methods, such as near-
infrared spectroscopy (Wafula et al., 2022) and Raman spectroscopy (Simona et al., 2021).
Although these techniques are highly accurate, the detection instruments are expensive, the
detection time is long, and experienced personnel is required. However, these techniques cannot
achieve the goal of rapid detection and real-time monitoring. The main techniques commonly
used for rapid food detection are physicochemical, enzymatic (Martins et al., 2022), and
immunoassay analyses (Xu et al., 2018) and bioluminescence (Ibarra et al., 2021). Although the
above analytical techniques are applied for rapid detection, they have drawbacks, such as
environmental impacts on the detection results and false positives. These techniques cannot
simultaneously achieve rapid, simple, real-time and accurate food safety detection. Therefore, it
is vital to develop rapid and sensitive food detection methods and functional materials.
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Since juice is a liquid food, the integrity of the packaging makes it
difficult to detect changes in its quality. Hence, it is important to
develop a fast, real-time liquid detection material for this
characteristic. The mechanical properties and stability of a film as a
detection material are of great significance. Accordingly, researchers
often develop film materials equipped with the desired functional
properties by doping with other substances. Sodium carboxymethyl
cellulose (CMC), a derivative of cellulose, has the characteristics of
polyelectrolyte properties and good biocompatibility; the films
prepared with CMC and starch have functional properties. The
thermoplastic starch/CMC composite film prepared by Behera et al.
(2022) showed that the mechanical properties and barrier properties
of the original starch film were improved with the doping of CMC. Wi
et al. (2011) demonstrated that intermolecular interactions between
CMC and tapioca starch improve the tensile strength of the composite
films, reduce their water solubility, and increase hydrophobicity using
Fourier transform infrared (FTIR) spectroscopy. Aytunga et al. (2017)
discovered that CMC/starch composite films have better transparency
and water vapor barrier properties after adding glycerol. Rungsiri et al.
(2019) prepared composite films from self-extracted CMC with rice
starch and found that the doping of CMC not only improved the
mechanical properties of the films but also enhanced the thermal
stability. Lan et al. (2020) added Lactococcus lactis to CMC/starch
composite films to give them antibacterial properties, and the optimal
mechanical properties were obtained when the mass ratio of CMC to
starch was 1:1. Jiang et al. (2020) reported an intelligent responsive
packaging material for food quality monitoring. Based on the
sensitivity of anthocyanins to pH and volatile ammonia from
protein decomposition, the CMC/starch composite film with
anthocyanins added can be used to assess the environmental
pH and the freshness of fish. The above literature demonstrates
that CMC enhances the mechanical properties and stability of
starch films and provides a stable carrier for the pH responsiveness
of the film.

In foodstuffs, the deterioration of liquid food mostly changes its
pH. Therefore, the special pH signal allows the development of
intelligent indicator materials suitable for real-time detection.
Zhang et al. (2020) developed a label for detecting food spoilage
based on the pH sensitivity of the indicator label. The label not only
detects the pH of liquid food but also monitors in real time the level
of biogenic amines produced by decaying food. In food detection
technology, the combination of electrochemical parameters
enables the visualization of food spoilage. Deng et al. (2013)
proposed a graphene-modified acetylene black paste electrode
for the detection of BPA concentration in food with a wide
detection range and high sensitivity. Kundan et al. (2019)
produced an ultra-sensitive optofluidic-surface enhanced Raman
scattering (SERS) sensor for the detection of the food additive
rhodamine 6G and the response to trace amounts of chlorobenzene
compounds in drinking water. They revealed that smart electrical
signal responsive materials have a wide range of applications and
show extremely broad use in food quality detection. The growing
demand for fruit and vegetable beverages has made the issue of
food safety in this field crucial. Thus, the search for a simple, rapid,
highly sensitive, real-time method for monitoring fruit and
vegetable beverages is imperative.

Considering the above issues, we prepared a composite
functional film with starch as the matrix, glycerol as the
plasticizer and CMC as the additive; these films provide rapid
feedback of electrical signals to the pH of the juice (Figure 1). The
mechanical properties, stability performance, and pH response
characteristics of the composite film were examined. Based on
the above analytical methods, we compared the effect of CMC on
starch films with different amylopectin contents and discussed the
influence trend of CMC addition on the functions of the composite
films. It was found that the composite films responded sensitively
to the pH of fruit juice. This study provides a new method for rapid,
sensitive and non-destructive monitoring of the quality of liquid

FIGURE 1
Schematic diagram of the structure of the starch/CMC composite film applied to the rapid detection of juice quality.
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foodstuffs; this has highly promising applications in the field of
rapid, non-destructive and real-time online monitoring of food
quality.

2 Materials and methods

2.1 Experimental materials

Corn starch (CS), corn amylopectin (CA) and sodium
carboxymethyl cellulose (CMC) were purchased from Shanghai
Aladdin Biochemical Technology Co., AR grade. Ultrapure water
was used throughout this study.

2.2 Preparation process

The starch/CMC composite films were prepared by solution
casting. For preparation of 4% starch aqueous solution, 4 g starch
and 1.4 g of glycerol (35% of the starch), which was used as a
plasticizer, were weighed (mixing time 30 min). This was then
transferred to a 90°C water bath and stirred until completely
gelatinized (gelatinized for 1 h). Different masses (0, .2, .4, .6, .8,
and 1.0 g) of CMC were added to the starch solution and stirred again.
The homogeneous film solution (34 g) was poured onto Petri dishes
(d = 15 cm) and baked in a constant temperature oven at 45°C for 6 h.
The composite film was labeled as starch/CMC-x, where x indicated
the amount of CMC added to the starch film. For example, CS/CMC-
1.0 means that the amount of CMC doped in the starch film is 1.0 g.

2.3 Characterization and analysis

The component interaction of the sample was analyzed using
FTIR (model: is 50 FT-IR). The attenuated total reflectance (ATR)
method was used to scan from 4,000 to 600 cm−1 with a total of
32 scans per sample. X-ray photoelectron spectroscopy (XPS) was
performed using a Thermo Scientific K-Alpha X-ray photoelectron
spectrometer. X-ray diffraction (XRD) was performed using a
Japanese Neo-D/MAX220 instrument with Cu as the target
material; the relative crystallinity was analyzed using Jade six
software. The morphology and microstructure of the films were
examined by scanning electron microscopy (SEM). An intelligent
electronic tensile testing machine (model: XLM (PC)) was used to
measure the mechanical properties. Thermogravimetry-differential
thermogravimetry (TG-DTG) was performed using a TGA209 F3.
The samples (3–5 mg) were weighed, and the heating rate was 20 K/
min under a N2-atmosphere. A contact angle tester (JC 2000D3R) was
used to evaluate the surface hydrophilicity of the films; the impedance
and chronoamperometry of the film samples were measured using a
CHI760E electrochemical workstation. The test frequency was
.1 Hz–1 MHz, and the amplitude was .01 V. Layer-by-layer self-
assembled devices were produced for electrochemical testing. The
device was prepared by coating graphite paper and the innermost film
sample with an insulating collodion. The measure liquid was added
dropwise to the surface of the film; the steady current and resistance
were determined using chronoamperometry and electrochemical
impedance spectroscopy (EIS).

3 Results and discussion

3.1 Mechanical properties of different
composite films

Figures 2A, B shows the stress‒strain curve of the starch/CMC
composite film; Figures 2C, D shows the tensile strength and
elongation at break of the starch/CMC composite films. As shown
in Figure 2, the tensile strength of the CS starch film was higher than
that of the CA film, and the elongation at break of the CS films was
greater than that of the CA films; this indicated that the mechanical
properties of the CS film were better than those of the CA film. Both
CMC composite films using 1.0 g of CMC had a large tensile strength
of over 40 MPa. The elongation at break of the CS/CMC composite
film was 6.55%, which was slightly higher than that of the pure CS film;
this indicated that the film was correspondingly soft at this point. As
more CMC was added, the tensile strength of both film materials
increased. Similarly, the yield strength also showed a direct
relationship with the amount of CMC added; as more CMC was
added, the yield strength increased. The tensile strength of the CS film
increased to 180.7% in comparison to the control group due to the
addition of CMC, and the tensile strength of the CA film increased to
281.9%. The addition of CMC significantly increased the yield strength
of the film and resulted in a considerable increase in the service life of
the composite films. The analysis showed that new hydrogen bonds
were formed between the -OH of starch and the -COO- of CMC; this
enhanced the interaction between starch and CMC (Ou et al., 2021;
Ma et al., 2020), improved the tensile strength of the starch/CMC
composite films, and resulted in enhanced rigidity properties. In
general, CMC improved the mechanical properties of starch films.

3.2 Morphological characterization

To understand the changes occurring inside the starch film, the
cross-section was quenched at low temperature, and the morphology
was observed (Figure 3). As shown in Figure 3, the smoothness of both
unmodified starch films was good, while the cross-sectional roughness
of the starch/CMC composite films increased as the amount of CMC
added increased. Compared with the unmodified CS film, the ductile
fracture traces of the CS/CMC composite film gradually became
evident (Figures 3C,D). The CA/CMC composite films were
rougher and more uneven than the pure CA film. With the
addition of CMC, the cross-section of the CA/CMC composite film
appeared uneven, and the incompatibility of the two phases was
observed in Figure 3F; this was more apparent in the CA film with
large amounts of CMC added, and caking caused by massive
agglomeration appeared (Figure 3H). The analysis showed that CS
was compatible with CMC, which enhanced the film. Figure 2 shows
that CMC had a better enhancement effect on the CS film, while the
enhancement effect on the CA film was not as good as that on the CS
film. This was due to the agglomeration of the molecular chains
produced by the large amount of CMC, which caused the cross-
sectional quenchedmorphology of the CA/CMC-1.0 composite film to
be uneven; lumpy agglomerates were observed The formation of new
chemical bonds between CMC and amylopectin increased the
crystalline zone; the distribution of the crystalline zone was
heterogeneous, and the amylopectin and CMC were not
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homogeneous in both phases, thus explaining its weaker mechanical
properties than the CS/CMC composite film.

3.3 XRD structure analysis

To understand the crystallinity of the starch film material, XRD
analysis was performed (Figure 4). As shown in Figure 4, the starch
film material showed crystalline peaks at 18°and 20°, and the CA film
material showed crystalline peaks at 18.6°, 20.0° and 21.8°. Figure 4
shows that the addition of CMC changed the degree of crystallinity

and layer spacing of the starch film. Based on the fitted crystallinity,
the crystallinity was less than 10%, and the trend was that as CMC was
added, the crystallinity of the starch film material increased; this
indicated that the starch film material mainly exhibited amorphous
characteristics and that the starch and CMC were largely converted to
the amorphous state (Dolas et al., 2020). CMC reduced the layer
spacing of the starch composite films.

The analysis showed that after the pasting and cooling process, the
starch chains were recrystallized, and the molecular chains of starch
were transformed from ordered to disordered to ordered structures.
During cooling, the movement of the starch molecular chain was

FIGURE 2
Stress-strain curve and the tensile strength with the elongation at break of the starch/CMC composite films. (A, C): CS/CMC composite films; (B, D): CA/
CMC composite films.

FIGURE 3
SEM of the starch/CMC composite films. (A): pure CS film; (B): CS/CMC-0.2 composite film; (C): CS/CMC-0.6 composite film; (D): CS/CMC-1.0
composite film; (E): pure CA film; (F): CA/CMC-0.2 composite film; (G): CA/CMC-0.6 composite film; (H): CA/CMC-1.0 composite film.
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inhibited, and the system was in a thermodynamic non-equilibrium
state. The restricted molecular chains rearranged due to hydrogen
bonds, and then the starch recrystallized. The amylose in CS formed
double helical enrichment regions, which eventually formed
intermolecular hydrogen bonds. In contrast, recrystallization of
amylopectin occurred between the branches, with more crystalline
regions forming within the molecule. CMC is a chain structure and
possesses sites for hydrogen bond formation with starch. At low
dosages, the reaction sites between CMC and starch were limited
and resulted in little difference in the crystalline regions; the CS and
CA films were essentially the same. At a high dosage of CMC, the
amylopectin, due to its branching structure, had more hydrogen bond
formation sites that tightly attached to the CMC and caused its
crystallinity to be greater than that of the CS film. The crystallinity
of the two film materials were related the elevated mechanical
properties of the starch films in Figure 2; these elevated properties
were caused by the increased crystallinity.

3.4 Stability analysis

The influence of CMC on the thermal stability of the two types of
films were studied using TG analysis. The TG and DTG curves of the
CS/CMC and CA/CMC composite films are shown in Figure 5. As

shown in Figure 5; Table 1, with the addition of CMC, the temperature
of the maximumweight loss rate of the two composite films decreased.
The residual carbon rates of starch/CMC composite films were higher
than those of the pure starch films. The analysis showed that the
doping of CMC caused the composite films to degrade at a lower
temperature because CMC introduced carboxyl groups on the starch
surface and reduced the maximum weight loss rate temperature of the
CS film (Meng et al., 2016). From the analysis of residual carbon rate
data, the addition of CMC improved the thermal stability of the film;
the addition of CMC increased the intermolecular bonding force of
films and increased the number of hydrogen bonds formed between

FIGURE 4
XRD curves of the starch/CMC composite films. (A): CS/CMC composite films; (B): CA/CMC composite films.

FIGURE 5
TG and DTG curves of the starch/CMC composite film. (A): CS/CMC composite films; (B): CA/CMC composite films.

TABLE 1 Temperature of maximum weight loss rate (Tp) and residual carbon rate
(RC) of the starch composite films.

Sample Tp (°C) RC (%) Sample Tp (°C) RC (%)

CS 315.5 5.2 CA 322.9 9.5

CS/CMC-0.2 g 307.1 18.5 CA/CMC-0.2 g 306.2 20.1

CS/CMC-0.4 g 305.0 22.5 CA/CMC-0.4 g 304.1 21.3

CS/CMC-0.6 g 296.1 16.3 CA/CMC-0.6 g 301.1 18.8

CS/CMC-0.8 g 295.2 22.9 CA/CMC-0.8 g 298.2 13.3

CS/CMC-1.0 g 293.2 22.1 CA/CMC-1.0 g 295.2 9.5
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the two macromolecular chains of starch and CMC, which hindered
the movement of the macromolecular chains and inhibited the
pyrolysis of the films (Siqueira et al., 2010). This result was also
verified by the increase in crystallinity. All residual carbon rates of the
CS films increased due to the addition of CMC. The CA films started to
decrease above the addition of .6 g probably because the crystallinity of
the film material did not show a linear increase with the addition of
CMC. Compared with a small amount of CMC, the excessive CMC did
not significantly improve the crystallinity of the films. It was predicted
that there was more CMC free in the amorphous zone of the film
material, which caused the decrease in the residual carbon rate.

To investigate the effect of CMC on the hydrophobicity of the CS
and CA composite film surfaces, water contact angle tests were
conducted. As shown in Figure 6A, the water contact angle was
110.3° for the pure CS film material and 108.1° for the pure CA
film. With the addition of CMC, the water contact angle of both starch
films increased. When the addition amount reached 1.0 g, the water
contact angle of the CS/CMC composite film was 119.1°; this was an
8% increase compared to the pure CS film and a 10.3% increase for the
CA/CMC composite film. When the amount of CMC added was more
than .4 g, the water contact angle of the CS/CMC composite film was
greater than that of the CA/CMC composite film. The analysis showed
that when CMC was added in small amounts, the hydrophilicity of
their composite films was better because of the higher content of
amylopectin in the films (Zhang et al., 2019). When more CMC was
added, new hydrogen bonds were formed between CMC and CA,
resulting in a tighter structure of the composite film and the
destruction of the original structure; this exposed the hydrophobic
groups to the surface of the film and caused the surface to be less
hydrophilic (Jose et al., 2012). The reaction of starch molecules with
CMC introduced carboxylic acid derivative ester groups, which
increased hydrophobicity to some extent. This was consistent with
the data on the crystallinity of starch.

3.5 Chemical structure analysis

To understand the effect of CMC on the starch film groups, FTIR
analysis was performed (Figure 6B). The FTIR spectrum of the starch/
CMC composite film showed a stretching vibration peak of -OH at
3,279 cm−1, a stretching vibration peak of -CH2 at 2,884 cm

−1, and an

absorption peak of C=O at 1,656 cm−1. The absorption peaks at
1,597 cm−1 and 1,327 cm−1 corresponded to carboxylate asymmetric
stretching (Mansur et al., 2017), the absorption peak at 996 cm−1

corresponded to the stretching vibration absorption peak of C-O in
C-O-C, and the absorption peak near 853 cm−1 corresponded to the
C-C skeleton vibration (Zhang et al., 2013). In pure CS films, the peaks
at 1,660–1725 cm−1 were attributed to the -OH bending vibration of
water in the starch molecule (Ren et al., 2017; Shim et al., 2020).
Analysis of Figure 6B shows that the two composite film materials
exhibited new peaks at 1,656 cm−1 and 1,597 cm−1, indicating the
formation of hydrogen bonds between CMC and starch and the
introduction of carboxylic acid group derivatives (ester groups).

X-ray photoelectron spectroscopy (XPS) analysis was conducted
to obtain more in-depth information on the chemical bond
composition and surface elements (Figure 7; Table 2). As shown in
Figure 7, the total XPS spectra of the starch film samples all showed
two distinct characteristic peaks: 286.6 eV (C1s) and 532.8 eV (O1s).
The high-resolution XPS spectra of the C1s of the four film samples
were further divided into three peaks. The first peak at 284.2 eV was
attributed to C-C (sp3 carbon), while the other two peaks were located
at binding energies of 286.0 eV and 287.6 eV and belonged to C-O and
C=O in the starch and CMC chains, respectively (Yu and Kwak, 2012).
Table 2 shows that the starch/CMC composite films showed an overall
enhancement in the percentage of C elements compared to the pure
starch films. When CMC was added, the proportion of C-C bonds in
the composite films increased, while the proportion of C-O and C=O
bonds decreased. In particular, the C=O bond in the CS/CMC-
1.0 composite films accounted for only 11.66% of the C1s.

3.6 Electrochemical performance analysis

To assess the electrical conductivity of the films, the starch/CMC
composite films were tested using electrochemical impedance
spectroscopy (EIS). As shown in Figure 8, the EIS curve consists of
a semicircle and a sloping straight line. The semicircular arc region in
the plot is the charge transfer impedance due to gain and loss of
electrons, while the straight line region is related to the solid-state
diffusion process (Xu J. et al., 2018; Xu T. et al., 2018). The diameter of
the semicircular arc region represents the magnitude of the resistance
of the material. The circuit-fitted EIS profiles showed that the

FIGURE 6
The contact angle and FTIR spectra of the starch/CMC composite films. (A): the contact angle; (B): FTIR spectra.
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resistance values of the starch films all decreased as the CMC doping
increased, and the resistances of the CA/CMC composite films varied
more. The resistance of the pure CS film was 5.41E+7 Ω, while the
resistance of the CS/CMC-1.0 composite film was only 1.36E+6 Ω.
The resistance of the composite film decreased by one order of
magnitude. When the doping amount of CMC was 1.0 g in the CA
film, the resistance of the composite film decreased by two orders of
magnitude compared to that of the pure CA film. This was due to the
presence of Na+ in the CMC structure, which bound electrostatically to
the oxygen-containing functional groups in the starch structure; this

built a conductive pathway, provided a charge transfer pathway, and
resulted in a better conductivity of the CMC-doped composite films
(Cyriac et al., 2022).

To more clearly show the conductivity gap of the films, the current
strength of the films in different pH solutions were tested. A sensitive
pH response of the composite films was found in the variation of the
currents. Different pH solutions caused a change in the current of the
film, thus characterizing the acidity of the solution by the current.

As shown in Figure 9, the stable currents for pure CS films ranged
from 2.88E-6 A to 9.76E-6 A at different pH values and 4.99E-6 A to
1.32E-5 A for CS/CMC-1.0 composite films; the stable currents for
pure CA films ranged from 2.15E-6 A to 9.25E-6 A at different
pH values and CA/CMC-1.0 composite films ranged from 5.27E-
6 A to 1.29E-5 A. The four films showed the same trend of currents in
different pH environments.

The analysis shown in Figure 9 revealed that the doping of
CMC improved the electrical conductivity of the starch films; the
current of the starch/CMC composite films was higher than that of
the pure starch films in different environments due to the Na+ in
the CMC structure. Under acidic or alkaline conditions, the
number of ions that could be freed in the film was positively
correlated with the current, and thus, the conductivity was better
(Tao et al., 2021). According to the CA test results, the doping of
CMC effectively reduced the resistance of the starch films and
thus enhanced their electrical conductivity; this was consistent
with the EIS result described above. The EIS and current of the
starch films were comprehensively analyzed, and the current
values of the CA films were greater than those of the CS films;

FIGURE 7
XPS survey spectra and high-resolution C1s spectra of the starch/CMC composite films. (A, C): CS/CMC composite films; (B, D): CA/CMC composite
films.

TABLE 2 Element proportion and chemical bond for the starch/CMC composite
films.

Sample C1s (%) O1s (%) C-C (%) C-O (%) C=C
(%)

CS 59.75 40.22 24.84 62.11 13.04

CS/CMC-0.2 66.90 31.13 49.50 45.05 5.45

CS/CMC-0.6 70.89 26.56 43.19 46.95 9.86

CS/CMC-1.0 62.50 36.79 26.99 61.35 11.66

CA 62.20 37.78 34.08 55.87 10.06

CA/CMC-0.2 60.25 38.65 25.81 64.52 9.68

CA/CMC-0.6 65.28 31.69 56.81 30.68 12.50

CA/CMC-1.0 64.32 35.11 40.39 49.26 10.34
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this indicated that the CA films were more sensitive to variations
in pH.

To verify the pH response of the starch/CMC composite films, we
used orange juice after 14 days of storage as the test fluid. Orange juice
was added dropwise to self-assembled devices prepared from starch/
CMC composite films to test their stable current.

The initial pH of the fresh orange juice was 3.38, and the pH of
the spoiled orange juice was 2.68. As microorganisms broke down
the large molecules of acid in the orange juice into smaller ones, this
increased the H+ in the orange juice, which in turn decreased the
pH of the orange juice (Zhang et al., 2016). As shown in Figure 10,
the stable currents measured by the CS/CMC-1.0 composite film

FIGURE 8
EIS of the starch/CMC composite films. (A): CS/CMC composite films; (B): CA/CMC composite films.

FIGURE 9
Steady current at different pH value of the starch/CMC-1.0 composite film. (A): pure CS film; (B): CS/CMC-1.0 composite film; (C): pure CA film; (D): CA/
CMC-1.0 composite film.
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before and after juice deterioration were −2.6E-5 A and −4.28E-5 A,
respectively; the stable currents measured by the CA/CMC-
1.0 composite film before and after juice deterioration
were −2.55E-5 A and −4.83E-5 A, respectively. Comparing the
test results of the two composite films, the starch/CMC composite
films showed the same trend in current, and the difference in
current before and after juice deterioration was similar. Using
the current of the starch/CMC composite film device, it was
found that the information on the pH change of orange juice
before and after spoilage could be captured; the information on
the spoilage of orange juice was obtained by combining the
relationship between the pH value and the current (Figure 10).
Through objective juice experiments, it was determined that the
composite film had a current response of −2.88E-5 A order of
magnitude, a sensitive pH response ability and application to the
rapid detection of juice quality.

4 Conclusion

In conclusion, starch/CMC composite films with different
CMC doping levels were prepared by solution casting methods,
and their properties and pH responsiveness were evaluated. The
tensile strength of the CS/CMC and CA/CMC composite films
reached 44.27 MPa and 40.43 MPa, respectively. CMC doping
increased the crystallinity of the starch films; the highest
crystallinity was only 8.67%. Due to the high crystallinity of the
recrystallized CA film, the stability of the CA films was better, and
the temperature of the maximum weight loss rate was higher than
that of the CS film. The doped CMC caused the starch films to be
more hydrophobic, which laid a foundation for the reuse of liquid

food testing materials. The starch/CMC-1.0 composite films had
good electrical conductivity and sensitively responded to different
pH solutions. The results showed that the current difference of the
CA/CMC composite film was more evident, which was more
conducive to the quality monitoring of juice. In general, the
composite material prepared in this study is biodegradable since
both starch and CMC are degradable. The acid-base responsive
composite films in this work shows some promise for field
applications of rapid food detection and biodegradable
films and provides a new strategy for the quality detection of
liquid food.
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Introduction: A combination of deep eutectic solvent with ethanol was developed
for pretreatment of Broussonetia papyrifera to effectively extract lignin and promote
the subsequent enzymatic hydrolysis.

Methods: In order to further explore the optimal conditions for enzymatic hydrolysis,
a central composite design method was applied.

Results and Discussion: The correlation between each factor and glucose yield was
obtained, and the optimal conditions was 160°C, 60min, the ratio of DES to E was 1/1
(mol/mol). The results showed that compared with control, the glucose yield increased
by 130.67%under theoptimal pretreatment conditions. Furthermore, the specific surface
area of biomass was increased by 66.95%, and the content of xylan and lignin was
decreased by 86.71% and 85.83%. The correlation between xylan/lignin removal and
enzymatic hydrolysis showed that the removal of lignin facilitated the glucose yieldmore
significantly than that of xylan. To further explore the lignin valorization, the structural and
antioxidant analysis of recovered lignin revealed that high temperature was favorable for
lignin with good antioxidant performance. This pretreatment is a promising method for
separating lignin with high antioxidant activity and improving cellulose digestibility.

KEYWORDS

DES, pretreatment, enzymatic saccharification, lignin, antioxidant

1 Introduction

In recent years, the sharp increase in the consumption of fossil fuels results in the rise of
crude oil prices and serious environmental problems. As a kind of green energy, renewable
energy can replace fossil fuel, which is widely concerned worldwide (Thi and Lee, 2019; Peng
et al., 2021). One of them is bioethanol derived from lignocellulose. The composition of
lignocellulose biomass is complex, which includes carbohydrate (cellulose, hemicellulose) and
aromatic polymer (lignin) (Wang Y. et al., 2022). In the plant cell wall, hemicellulose and lignin
are connected by covalent bonds and hydrogen bonds to form heterogenous structure, which is
coated on cellulose to form is a strong “natural anti degradation barrier”. This barrier greatly
limits the efficiency of biomass refinery (Penín et al., 2020). Pretreatment is an essential process
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to overcome the recalcitrance of biomass and achieve efficient
fractionation of biomass components.

Deep eutectic solvents (DESs) are composed of hydrogen bond
receptors (HBAs) and hydrogen bond donors (HBDs), which contain
large and asymmetric ions, resulting in low lattice energy and therefore
low melting point (Gontrani et al., 2019; Xu et al., 2020; Yu et al., 2021).
Because DES could form rich hydrogen bonds, it has good solvability for
polar and non-polar compounds (Pandey et al., 2017). DES pretreatment
has achieved remarkable results in biomass fractionation and digestibility
improvement (Hou et al., 2022). The cellulose conversion of DES
pretreated corn stover and corncob exceeds 90% (Xu et al., 2016;
Zhang et al., 2016; Hou et al., 2017). Furthermore, DES shows
advantages of simple preparation, low toxicity, recyclability and
biodegradability, thus wide application potential in the utilization of
lignocellulose (Bu et al., 2021; Wang W. et al., 2022).

DES based on choline chloride (ChCL) can effectively break linkages
within lignin carbohydrate complex (LCC) (Shen et al., 2019; 2021; Zhou
et al., 2021). It was found that the addition of the third HBD component to
the ChCL basedDES can change fluidity and thermal stability of DES, thus
improving the pretreatment performance of biomass (Xia et al., 2018). The
most widely applied DES is composed of ChCL/LA (lactic acid). Earlier
research showed that lignin re condensed during pretreatment (Bjelic et al.,
2022). In our previous research, it was found that DES with ethanol was
more efficient in digestibility improvement than ChCL/LA (Yao et al.,
2022). However, the previous research on the optimization of pretreatment
conditions is still incomplete.

Lignin is an important component that needs to be valorized to
obtain total biomass utilization for biorefinery (Wang et al., 2022).
Lignin itself has different kinds of active functional groups, which has
advantages in scavenging free radicals. Therefore, it is of great interest
to explore the value-added utilization of lignin. Organosolv lignins are
the most studied one as antioxidant. Our previous research showed
that physicochemical properties had great impact on the capability of
scavenging free radicals (Yao et al., 2020). To be specific, the contents
of phenolic hydroxyl groups had positive effects on the antioxidant
activity of lignin. To further explore the impact of DES-E pretreatment
on recovered lignin and its valorization, more research needs to be
done. In this study, DES with ethanol was synthesized with choline
chloride lactic acid and ethanol. The central composite design method
was employed to obtain the best pretreatment conditions (mol ratio of
DES to ethanol, temperature and time) to promote the enzymatic
hydrolysis and saccharification of pretreated biomass. Furthermore,
the structural properties and antioxidant activity of recovered lignin
after pretreatment were analyzed. The relationship between the
structural properties of lignin and its antioxidant activity was studied.

2 Material and methods

2.1 Materials

Broussonetia papyrifera was given by a local farmer in Wuhan,
Hubei Province. After size reduction to 60–80 meshes, it was extracted
with benzene-alcohol for 6 h. The component analysis results showed
that the content of glucan, xylan, lignin and ash was 36.31%, 27.89%,
19.99%, and 1.01% respectively. Cellulase is provided by Baiyin Sainuo
Technology Co., Ltd. (Gansu Province, China), with 160U/g filter
paper activity. All other chemical reagents were purchased from Sigma
without further purification.

2.2 Preparation of DES

After vacuum oven dried at 50°C for 24 h, lactic acid and choline
chloride was mixed in a round bottom flask (2:1 M ratio) in an oil bath at
90°C for 2 h to form a uniform, stable and transparent liquid. After
cooling to room temperature, it was vacuum oven dried for 1 week
before use.

2.3 Pretreatment and lignin isolation

50 g dried wood powder and 500 g DES-E were mixed into a 1-L
rotary electrothermal pressure digester (Parr Instrument Company). After
keeping at a certain temperature for a period of time, the pretreated liquid
and biomass was separated by filtration. The solid residues were first
washed with excess ethanol to remove DES, and then washed with
deionized water until the pH was neutral. The pretreated solid residues
were stored at 4°C for further cellulase saccharification. In order to obtain
the optimal pretreatment conditions, pretreatment temperature, time, and
the ratio of DES to ethanol were optimized by central composite design
(CCD). The statistical analysis software ‘‘Statistica 10.0” and ‘‘Minitab”
(Minitab Inc.) were used for the experimental design and data analysis
(p-value analysis), respectively. Pretreatment yield, component analysis
and removal rate was calculated as follows:

Pretreatment yield �
oven dried biomass weight

af ter pretreatment
oven dried biomass weight

bef ore pretreatment

× 100% (1)

Cellulose removal � 1 −

Pretreatment yield ×
Cellulose amount in

residue af ter pretreatment
cellulose amount

bef ore pretreatment

× 100% (2)

FIGURE 1
Flow chart of the pretreatment process.
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Xylan removal � 1 −
Pretreatment yield × Xylan amount

in residue af ter pretreatment
Xylan amount bef ore pretreatment

× 100%

(3)
Ligninremoval � 1−

Pretreatment yield × Ligninamount
inresidueaf ter pretreatment

Ligninamount bef orepretreatment
× 100%

(4)

TABLE 1 Experimental design and results of central composite design.

Ratio of DES to E (mol·mol−1) Temperature (°C) Time (h) Pretreatment Cellulose Glucose

Yield (%) Digestibility (%) Yield (%)

Untreated — — — — 20.05 ± 1.18 20.05 ± 1.18

1 0.5 150 0.5 71.33 ± 0.43 27.01 ± 3.44 19.26 ± 0.68

2 2 150 0.5 63.36 ± 0.69 50.78 ± 0.55 32.17 ± 1.26

3 0.5 150 1.5 51.94 ± 1.06 69.85 ± 2.31 36.28 ± 1.17

4 2 150 1.5 47.02 ± 0.20 80.42 ± 2.96 37.81 ± 0.07

5 0.5 170 0.5 48.97 ± 0.20 73.73 ± 5.90 36.11 ± 0.20

6 2 170 0.5 42.89 ± 0.20 74.49 ± 1.89 31.95 ± 0.20

7 0.5 170 1.5 42.05 ± 0.20 75.71 ± 0.57 31.83 ± 0.20

8 2 170 1.5 39.85 ± 0.02 96.43 ± 3.05 38.43 ± 0.15

9 0.5 160 1 52.56 ± 1.09 83.31 ± 1.95 43.78 ± 0.91

10 2 160 1 46.06 ± 1.53 91.11 ± 1.10 41.98 ± 1.63

11 1 150 1 63.11 ± 5.63 66.27 ± 2.13 41.75 ± 1.70

12 1 170 1 45.15 ± 1.75 97.57 ± 0.67 44.03 ± 0.99

13 1 160 0.5 56.91 ± 0.43 64.61 ± 1.59 36.77 ± 0.68

14 1 160 1.5 46.25 ± 1.06 94.27 ± 4.28 43.57 ± 1.17

15 1 160 1 49.45 ± 0.69 93.52 ± 2.18 46.25 ± 1.26

FIGURE 2
Response surface curve representing the interactive effect of DES to E ratio, temperature and time on digestibility of Broussonetia papyrifera: effect of
temperature and DES to E ratio (A). Effect of DES to E ratio and time (B). Effect of temperature and time (C).
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After pretreatment, lignin rich liquid fractions were concentrated
by rotary evaporation. The recovered lignin was then obtained by
precipitating in excess amount of cold DI water. The precipitated
lignins (140°C—lignin, 150°C—lignin, and 160°C—lignin) were
obtained by centrifugation, washed with DI water and 90% ethanol,
and finally freeze-dried, as shown in Figure 1.

2.4 Enzymatic hydrolysis

Pretreated Broussonetia papyrifera were enzymatically hydrolyzed
with cellulase. The enzyme loading was 25 FPU/g, and the solid
concentration was 2%. The enzyme hydrolysis was conducted at 50°C
for 72 h. The glucose content was analyzed by HPLC (Shimadzu, Kyoto,
Japan) with a refractive index detector (Shimadzu) on an Aminex HPX-
87P column (Bio-Rad, Hercules, CA, United States), with water as eluent.
The cellulose digestibility and glucose yield were calculated as follows:

CelluloseDigestibility �
Cellulose amount in

enzymatic hydrolysis solution
Cellulose amount in residue

× 100%

(5)

Glucose Yield � Pretreatment yield ×

glucose amount in
enzymatic hydrolysis

solution × 0.9
Cellulose amount

in residue

× 100%

(6)

2.5 SEM and BET determination of pretreated
biomass

Scanning electron microscope (SU8010; HITACHI Ltd., Tokyo,
Japan) was applied to observe the fiber morphology under 5 kV
accelerating voltage.

The surface of pretreated biomass was determined by nitrogen
adsorption method. The adsorption/desorption isotherms of nitrogen
at 77 K were measured applying a BELSORP mini-II surface area and
pore size analyzer (MicrotracBEL, Japan).

2.6 Determination of physical and chemical
properties of recovered lignin

FT-IR 710 infrared spectrophotometer was employed for FTIR
analysis. The Gel permeation chromatography was applied to
determine the molecular weight of lignin (LC-10AD, Shimadzu Co.,
Ltd., Japan) after being acetylated (Kumar et al., 2013). Phenolic hydroxyl
group content was determined by ultraviolet spectrophotometer (UV-
2550, Shimadzu Co., Ltd., Japan) (Tan et al., 2019).

2.7 Determination of antioxidant activity by
DPPH method

The antioxidant activity of lignin was determined by 1,1-diphenyl-2-
trinitrophenylhydrazine (DPPH) method. Briefly, lignin was dissolved in
90% dioxane water (v/v) solution with different concentrations. Then
lignin was mixed with DPPH solution in dark for 1 h, after which the
ultraviolet absorption value of each solution was determined at 517 nm.
The free radical scavenging activity and antioxidant activity indexes were
calculated according to previous study (Sadeghifar et al., 2017).

3 Results and discussion

3.1 Optimization of pretreatment condition by
response surface method

Different DESs (various mol ratios) were synthesized, and their
performance in improving glucose yield of Broussonetia papyrifera at

TABLE 2 Analysis of variance of glucose yield.

Sum of squares Df Mean square F value p-value prob > F

Model 935.86 10 93.59 52.18 <0.0001

A-Ratio of DES to E 22.74 1 22.74 12.68 0.0061

B-Temperature 19.83 1 19.83 11.06 0.0089

C-Time 99.30 1 99.30 55.36 <0.0001

AB 16.90 1 16.90 9.42 0.0134

AC 0.074 1 0.074 0.041 0.8439

BC 52.33 1 52.33 29.17 0.0004

A2 43.55 1 43.55 24.28 0.0008

B2 34.21 1 34.21 19.08 0.0018

C2 107.33 1 107.33 59.84 <0.0001

ABC 61.27 1 61.27 34.16 0.0002

Residual 16.14 9 1.79 — —

Lack of Fit 16.14 4 4.04 — —

Cor Total 952.01 19 — — —
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different temperature and time was evaluated. Based on the
preliminary results, three factors (mol ratio of DES to E,
temperature, time) were optimized by central composite design.
The pretreatment conditions, cellulose digestibility and glucose
yield were shown in Table 1.

Trials No. 9, 15, and 10 were conducted with the same pretreatment
temperature and time, and the molar ratio of DES to ethanol was 1/2, 1/1
and 2/1, respectively. The results showed that pretreatment yield was
decreased with the enhanced DES content (52.56%, 49.45%, and 46.06%),
indicating that more DES could dissolve more biomass during
pretreatment. The cellulose digestibility (83.31%, 93.52%, and 91.11%)
and the glucose yield (43.78%, 46.25%, and 41.98%) was increased first
and then decreased with more of DES content. The results showed that
more DES loading did not favor enzymatic hydrolysis of pretreated
Broussonetia papyrifera. This may be due to that the excessive removal
of lignin and xylan, which led to the collapse of cellulose structure and the
reduction of the available surface area of cellulose for cellulase adsorption
(Shen et al., 2019).

Broussonetia papyrifera were pretreated at the same DES to E ratio
and time at 150°C, 160°C, and 170°C in scheme No 11, 15, and 12,
respectively. It was obvious to see that solid residue yield was
decreased at higher pretreatment temperature (63.11%, 49.45%, and
45.15%). The cellulose digestibility was 66.27%, 93.52%, and 97.57%,
respectively, indicating that the increase of pretreatment temperature
was in favor of cellulose conversion. Earlier literature showed that the
cellulose conversion of pretreated poplars with DES was significantly
increased with the increase of pretreatment temperature (Yang et al.,
2021). Due to the decreased pretreatment yield with increased
pretreatment temperature, the glucose yield was increased first and
then decreased (41.75%, 46.25%, and 44.03%).

Scheme No 13, 15, and 14 were pretreated with the same DES to E
ratio and temperature, but with various time (0.5, 1, and 1.5 h). Results
showed that the pretreatment yield was decreased with extension of time
(56.91%, 49.45%, and 46.25%). After pretreatment with DES-E, the ether
linkage in lignin carbohydrate complex (LCC) was broken (Li et al., 2022).
With the extension of pretreatment time, more surfaces and pores were
exposed for cellulase, thus increasing the cellulose digestibility (64.61%,
93.52%, and 94.27%). Taking pretreatment yield into consideration,
glucose yield was first increased and then decreased with extended
time (36.77%, 46.25%, and 43.57%).

The highest glucose yield (46.25%) was in trials No 15, which was
130.67% higher than that of control. Figure 2 was the response surface
curves based on the interaction between mol ratio of DES to E,
temperature and time, taking glucose yield as the response value.

Table 2 was the variance analysis of the glucose yield of the three
studied factors. From the results, it was obvious to see that the regression
of this model was extremely significant (p < 0.0001). The determination
coefficient R2 was 0.9830, indicating that the linear relationship between
the dependent variable and the independent variable was significant.
Comparing the value of F, the order of factors affecting the glucose yield
was: time>DES to E ratio> temperature. The results also showed that the
DES to E ratio, temperature and time, as well as the interaction of the three
factors, had a very significant effect on the glucose yield (p < 0.01).

3.2 Component analysis of Broussonetia
papyrifera after pretreatment

The glucose yield is closely related to the composition of biomass.
The influence of different pretreatment conditions on chemical

TABLE 3 Component analysis of Broussonetia papyrifera after different pretreatment conditions.

Component (%) Component removal (%)

Cellulose Xylan Lignin Cellulose Xylan Lignin

Untreated 36.31 23.89 19.99 — — —

1 47.01 ± 1.20 13.65 ± 0.25 15.96 ± 0.12 9.16 ± 0.08 59.24 ± 0.09 43.05 ± 0.24

2 52.55 ± 1.31 11.53 ± 0.42 12.77 ± 0.13 9.94 ± 1.17 69.42 ± 0.34 59.52 ± 0.17

3 61.69 ± 0.01 8.25 ± 0.31 5.73 ± 2.74 14.08 ± 0.43 82.06 ± 0.10 85.11 ± 1.46

4 65.46 ± 3.79 4.68 ± 0.35 4.76 ± 1.07 18.25 ± 1.24 90.79 ± 0.13 88.8 ± 0.54

5 63.80 ± 0.70 6.19 ± 0.83 6.74 ± 0.39 16.72 ± 0.63 87.31 ± 0.31 83.49 ± 0.29

6 69.91 ± 0.25 3.30 ± 0.72 5.80 ± 1.40 20.87 ± 0.47 94.08 ± 0.29 87.56 ± 0.63

7 73.42 ± 0.55 3.02 ± 1.48 4.28 ± 0.41 17.94 ± 0.97 94.68 ± 0.65 91.00 ± 0.22

8 74.10 ± 0.01 0.44 ± 0.35 2.88 ± 0.11 22.37 ± 0.12 99.27 ± 0.14 94.26 ± 0.04

9 63.33 ± 2.94 6.50 ± 1.58 9.07 ± 0.72 9.98 ± 1.21 85.7 ± 0.80 76.15 ± 0.45

10 67.81 ± 0.77 5.31 ± 0.61 4.91 ± 0.55 16.75 ± 0.70 89.76 ± 0.21 88.69 ± 0.19

11 50.52 ± 1.32 14.30 ± 0.11 14.86 ± 0.72 14.61 ± 1.49 62.22 ± 0.59 53.09 ± 1.14

12 68.50 ± 1.23 5.39 ± 2.60 3.43 ± 0.18 17.76 ± 0.93 89.81 ± 1.3 92.25 ± 0.16

13 55.77 ± 1.00 9.60 ± 0.19 11.48 ± 0.48 15.08 ± 0.76 77.13 ± 0.13 67.32 ± 0.24

14 66.48 ± 1.70 4.69 ± 0.54 4.14 ± 0.39 18.35 ± 0.21 90.92 ± 0.31 90.42 ± 0.22

15 63.73 ± 1.98 6.42 ± 2.95 5.73 ± 0.31 15.82 ± 0.62 86.71 ± 1.43 85.83 ± 0.18
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composition of Broussonetia papyrifera was shown in Table 3. The
content of cellulose, xylan and lignin in untreated raw materials was
36.31%, 23.89%, and 19.99%, respectively. After pretreatment, the
cellulose content was increased and that of xylan and lignin was
decreased at various extent. This may be because during the
pretreatment of DES-E, the chemical linkages between hemicellulose
and lignin was cleaved, resulting in removal of hemicellulose and
lignin, retaining most of the cellulose, which is consistent with the
previous researches (Chen et al., 2019; Li et al., 2022).

Trials No. 9, 15, and 10 were conducted with the same
pretreatment temperature and time, the molar ratio of DES to E
was 1/2, 1/1 and 2/1, respectively. The removal of cellulose (9.98%,
15.82%, and 16.75%), xylan (85.7%, 86.71%, and 89.76%) and lignin
(76.15%, 85.83%, and 88.69%) was increased with the increase of DES
to E ratio. DES promotes the cleavage of C-O bond, which favors the
dissolution of lignin. However, during pretreatment lignin might re-
polymerize with polysaccharide degradation products (such as
furfural) to produce pseudo lignin (Li and Zheng, 2017). DES
(ChCl/OA/EG) was synthesized to pretreat birch, in which the
degree of lignin condensation increased with the increased OA
amount (Liu et al., 2021). Therefore, when the DES content
increased, the lactic acid content increased accordingly, resulting in
enhanced repolymerization of lignin, which made the removal rate of
lignin decreased.

Broussonetia papyrifera were pretreated at 150°C, 160°C, and 170°C
with the same DES to E ratio and time in schemes 11, 15, and 12. The
removal of cellulose (14.61%, 14.61%, and 17.76%), xylan (62.22%, 86.71%,
and 89.81%) and lignin (53.09%, 85.83%, and 92.25%) were increased with
higher pretreatment temperature. The results indicated that high
temperature was in favor for breaking the chemical linkage between
cellulose, hemicellulose and lignin, thus the removal of hemicellulose
and lignin. However, earlier research showed that pseudo lignin could
form under high temperature, which leads to rising in lignin content and a
decrease in lignin removal rate (Li et al., 2022).

Schemes 13, 15, and 14 were conducted with the same DES to E
ratio and temperature for 0.5, 1, and 1.5 h. The removal of cellulose
(15.08%, 15.82%, and 18.35%), xylan (77.13%, 86.71%, and 90.92%)
and lignin (67.32%, 85.83%, and 90.42%) were all increased with the
extension of time. Earlier study also showed that solubility of
pretreated beech by multiple groups of DES was increased with the
extension of pretreatment time (Mamilla et al., 2019).

In conclusion, when the DES to E ratio, temperature and time
increased independently, the removal of cellulose, hemicellulose and
lignin increased. The removal of cellulose was much less than that of
hemicellulose and lignin. When the DES to E ratio, temperature and time
were increased simultaneously, the changes of chemical composition were
the most significant. Pretreatment condition of Scheme 8 was conducted
at DES to E of 2:1, 170°C for 1.5 h. The cellulose content in the solid
residue was 74.10% and 0.44% xylan and 2 .88% lignin. The cellulose
removal of this scheme was relatively high (22.37%), which was not in
favor of higher glucose yield.

3.3 Factors affecting cellulose conversion of
Broussonetia papyrifera

From the component analysis, it can be observed that DES-E has a
strong ability in biomass fractionation. In order to determine whether the
improvement of cellulose digestibility is due to the removal of xylan and

lignin during pretreatment, the correlation between their removal and
cellulose digestibility were evaluated, as shown in Figure 3. It was observed
that xylan removal (R2 = 0.66, Figure 3A) and lignin removal (R2 = 0.74,
Figure 3B) showed great impact on enzyme digestibility of pretreated
Broussonetia papyrifera. In addition, linear correlation between lignin
removal and xylan removal was also found (R2 = 0.94, Figure 3C). The
results indicated that the removal of xylan and lignin had a positive effect
on cellulose conversion to glucose. The removal of lignin exhibited amore
obvious effect than that of xylan. Earlier studies showed that removal of
xylan can improve the accessibility of enzyme to cellulose surface, thus
promoting cellulase hydrolysis (Martínez et al., 2015). In addition, our
previous research results showed that there was a non-productive binding
between lignin and cellulase. Removal of lignin could make more free
cellulase for cellulose degradation (Yao et al., 2022). Bamboo residues
were pretreated with DES by different molar ratios of choline chloride/
lactic acid by Lin and his coworkers (Lin et al., 2020). The results showed
that the xylan and lignin removal were positively correlated with the
cellulose degradation, which was consistent with our research results.

3.4 Physical property changes after
pretreatment

The SEM images of the samples before and after pretreatment by
DES-E at were shown in Figure 4. SEM images of untreated
Broussonetia papyrifera showed a compact and dense cell wall with
complete surface (Figure 4A). However, it can be observed that the
structure was loose and rough after DES-E pretreatment. In addition,
cracks were observed on the pretreated samples obviously (Figure 4B).
The chemical linkages between cellulose, hemicellulose and lignin was
destroyed during DES-E pretreatment, removing a large amount of
xylan and lignin, leaving residue rich in cellulose (Li et al., 2022).
Therefore, due to its rough fiber surface after pretreatment with DES-
E, the accessibility of cellulose was improved, thus promoting cellulose
digestibility. SEM image analysis after DES pretreatment of beech and
corn strover showed that the surface is rougher and looser (Zhao et al.,
2018; Mamilla et al., 2019), which was also found in the present study.

The average pore size and specific surface area are the two most
commonly applied parameters to evaluate the pore structure of porous
materials (Maloney and Paulapuro, 1999). SEM analysis showed that DES-
E pretreatment had a certain impact on the fiber structure. To further
explore the impact, average pore size and specific surface area changes after
pretreatment was determined, as shown in Figure 5 and Table 4.

It was showed in Figure 5A that both Broussonetia papyrifera was
non-porous structured polymer before and after pretreatment
(Altwala and Mokaya, 2020). When the relative pressure is less
than 0.3, the nitrogen adsorption capacity of Broussonetia
papyrifera after pretreatment was higher than that of the untreated
one, indicating that the surface area was increased after pretreatment.
Porous materials were classified into three categories according to the
pore size: micropores (radius < 2 nm), mesopore (radius <50 nm);
macropore (radius >50 nm). It can be seen from Figure 5B that the
wood fibers before and after pretreatment showed obvious double
pore distribution characteristics. After pretreatment, more
microporous structures were formed, which is beneficial to the
cellulase hydrolysis. Results in Table 4 indicated that the pore
volume after pretreatment was relatively reduced, but the BET
surface area and surface area density were increased. BET surface
area was increased from 1.5987 to 2.6691 m2/g after pretreatment. In
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FIGURE 3
Relationship between xylan removal rate and cellulose digestibility (A). Relationship lignin removal rate and cellulose digestibility (B). Relationship
between lignin removal rate and xylan removal rate (C).

FIGURE 4
SEM images of Broussonetia papyrifera before pretreatment (A). After pretreatment at the best conditions (B).

FIGURE 5
Nitrogen adsorption desorption isotherm curve (A). And BJH pore size distribution diagram (B). Of Broussonetia papyrifera before and after
pretreatment.
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an early study, bamboo was pretreated with DES composed by choline
chloride, oxalic acid and ethylene glycol. After pretreatment, the
surface area was increased significantly (Li et al., 2022). The
increase of specific surface area can improve the accessibility of
cellulose, so as to achieve high cellulose digestibility and promote
the increase of glucose yield.

3.5 Physiochemical characteristic analysis of
recovered lignin

FTIR is a widely employed method to analysis different functional
groups of lignin. A comparison between recovered lignin at different
temperatures showed that the common property and signals in the
fingerprint region of the three lignin samples were quite similar. The
assignment of important signals in FTIR was referred to previous
studies (Yang et al., 2016; 2020). As shown in Figure 6, signals at
3424 cm−1 were attributed to the stretching vibration of hydroxyl
group (O-H) in lignin. The absorption bands at 2938 cm−1 was
assigned to the C-H stretching. Signals centered at 1731 cm−1 was
from the carbonyl stretching not conjugated with the aromatic ring.
Strong signals at 1598, 1509, and 1423 cm−1 corresponding to aromatic
rings were clearly observed in all lignin samples. Furthermore,
crosspeak at 1365cm−1 was corresponded to syringyl and
condensed guaiacyl units. Signals at 1226cm−1 was assigned to the
C-O absorption of guaiacyl based units. Therefore, the recovered

lignin from Broussonetia papyrifera pretreated by DES-E was
composed by guaiacyl and syringyl.

The ratio of relative signal intensity of different functional groups to
that at 1509 cm−1 was shown in Table 5 (Yao et al., 2018b). By
comparing the relative signal intensity of the three recovered lignin,
it can be seen that signal from carbonyl not conjugated with the
aromatic ring centered at 1731 cm−1 was not found in recovered
lignin at 160°C, indicating that C=O in the lignin structure was
destroyed at higher pretreatment temperature. The intensity of
signals at 1051 cm−1 was the strongest in recovered lignin at 150°C.
The signal peaks at 1126 and 1114 cm−1 were corresponded to guaiacyl-
type and syringyl-type lignin, respectively. Comparing the three lignin
samples, the S/G of 140°C- lignin was significantly higher than that of
the other two lignin samples.

The molecular weight analysis could elucidate the variations in
depolymerization/repolymerization reactions of lignin during
pretreatment. GPC method was employed to determine and
compare the weight average molecular weight (Mw), number average
molecular weight (Mn) and polydispersity index (PDI) of each lignin
sample. As shown in Table 6, Mn of lignin sample recovered in
pretreatment liquid decreased with the increase of temperature,
which was consistent with the previous research results (Yao et al.,
2020a).Mwwas increased with the increase of temperature, indicating of
enhanced lignin repolymerization occurring with increased temperature
during acid-catalyzed pretreatment process (Yao et al., 2018). Earlier
studies showed that the extensive repolymerization reactions took over
with increasing temperature, forming larger and heterogeneous lignin
macromolecules (Wang et al., 2012), which could explain the increased
Mw and PDI with the increased pretreatment temperature in the present
study.

The results in Table 6 showed that the phenolic hydroxyl content
in the recovered lignin increased with the increase of temperature.
This may be due to the broken of α, β-ether linkage during
pretreatment, resulting in an increase in phenolic hydroxyl group
(Wang et al., 2020). When the pretreatment temperature was at 160°C,
the content of phenolic hydroxyl group content was 0.40 mmol/g, as
twice as that at 140°C. The result of -OH group content determined by
FT-IR and UV was contradictory. The possible reason was that UV
method was employed to determine the phenolic hydroxyl group,
while in the FTIR, the signal around 3400 cm-1 was assigned to total
hydroxyl group. The least signal intensity of lignin recovered at
pretreatment temperature of 160°C might be caused by less content
of aliphatic -OH group (Yao et al., 2020). Earlier studies showed that
with the increase of temperature, the content of phenolic hydroxyl
group of lignin obtained by hydrothermal pretreatment increased by
53.79% (Chen et al., 2016), which was consistent with our research
results. More phenolic OH groups is a desired feature for potentially
application of lignin as antioxidant, as reported by other researches
previously (Sadeghifar et al., 2017; Yao et al., 2018a).

TABLE 4 Parameters of Broussonetia papyrifera before and after pretreatment.

Sample SBET (m2 g−1) Pore volume (cm³ g−1) *Surface area

Density (m2 cm−3)

Untreated 1.5987 0.005456 293

After pretreatment 2.6691 0.003538 754

Note: *Surface area density, SBET/Pore volume.

FIGURE 6
FTIR of recovered lignin after DES-E pretreatment.
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3.6 Antioxidant activity determination of
recovered lignin

Lignin is a natural aromatic polymer composed of three
phenylpropane structural units (p-hydroxyphenyl (H), guaiacyl

(G) and syringal (S)) connected by various ether bonds and C-C
bonds (Sadeghifar and Argyropoulos, 2015). As a compound rich
in active functional groups, lignin can capture and neutralize free
radicals and shows good antioxidant activity (Lu et al., 2022). In the
present study, the in vitro antioxidant activity of lignin recovered
from the DES-E pretreatment liquid was determined by DPPH
method as described earlier (Sadeghifar et al., 2017). The DPPH
radical scavenging rates of lignin extracted at different
temperatures and water-soluble vitamin E were shown in
Figure 7. In the range of 0–50 mg/L, with the increase of lignin
concentration, the free radical scavenging capacity of recovered
lignin and water-soluble vitamin E was enhanced, and the
concentration of lignin is linearly correlated with the free
radical scavenging rate (R2 ≥ 0.95). The IC50 and antioxidant
activity index (AAI) were shown in Table 7. IC50 represents the
concentration of antioxidant required to inhibit 50% free radicals
under study. The lower IC50 indicates the stronger antioxidant
activity. The results showed that compared with vitamin E, the
antioxidant activity of recovered lignin pretreated by DES-E was
higher. More importantly, the IC50 of these lignin samples was
lower than most of published studies (An et al., 2017; Yao et al.,
2018b; Dong et al., 2020), indicating advantage of DES-E
pretreatment in producing lignin with higher antioxidant activity.

With the increase of pretreatment temperature, the broken of
ether linkage and C-C bond was increased (Li et al., 2022), and the
content of phenolic hydroxyl group was increased, which favored the
capture of free radicals by lignin. The antioxidant properties of

TABLE 5 Signal assignment and relative intensities of recovered lignin at different temperatures.

Assignment Wavenumber (cm−1) 140°C-lignin 150°C-lignin 160°C-lignin

Hydroxyl group 3424 1.84 0.90 1.13

C-H stretching 2938 0.63 0.78 0.81

C=O in unconjugated ketone 1731 0.42 0.71 -

Aromatic ring 1598 3.24 1.50 1.82

Aromatic ring 1509 1.00 1.00 1.00

C-H deformation 1459 0.86 0.96 0.93

Aromatic ring 1423 0.67 0.85 0.83

Syringyl and condensed guaiacyl 1365 1.66 1.21 1.31

C-O stretching 1226 0.83 1.00 0.93

Aromatic C-H deformation in syringyl 1114 1.26 1.18 1.06

C-O-C stretching 1051 0.78 0.89 0.77

Note: the relative intensity was calculated as the ratio of the intensity of the signal to the intensity of the band at 1,509 cm.

TABLE 6 Molecular weight and phenolic OH distribution of recovered lignin
samples.

Mn Mw Mw/Mn Phenolic OH (mmol/g)

140°C-lignin 1352 2731 2.02 0.21 ± 0.01

150°C-lignin 948 3311 3.49 0.22 ± 0.01

160°C-lignin 749 3835 5.12 0.40 ± 0.06

FIGURE 7
Isotherm of DPPH radical scavenging rate of recovered lignin.

TABLE 7 Parameters of antioxidant activity of recovered lignin by DPPH method.

Linear equation R2 IC50 (mg/L) AAI

Vitamin E y = 1.55x + 0.34 0.99 32.14 0.77

140°C-lignin y = 1.36x + 10.28 0.96 29.17 0.84

150°C-lignin y = 1.29x + 15.82 0.97 26.40 0.93

160°C-lignin y = 1.58x + 18.34 0.95 20.04 1.23
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industrial lignin from different sources was studied earlier, and it was
found that the phenolic hydroxyl group content in lignin structure was
positively correlated with AAI (y = 0.797x + 0.99, R2 = 0.978), and the
phenolic hydroxyl in lignin played a crucial role in the antioxidant
properties (Sadeghifar et al., 2017). The antioxidant activity of lignin
sample is mainly from their ability to donate H and quench the free
radical intermediate, which is primarily from free phenolic hydroxyl
groups. That could explain the importance of the phenolic hydroxyl
groups in the antioxidant capability of lignin sample. In another
research, it was indicated that the carbonyl group in the side chain
inhibited the free radical scavenging activity (Dizhbite et al., 2004).
Combined with the FTIR analysis results, there was no obvious signal
from C=O in recovered lignin at 160°C, which led to the improvement
of its antioxidant capacity. Furthermore, the S/G of the three lignin
samples were 1.52, 1.18 and 1.27, respectively, based on the FTIR
analysis. It was indicated before that AL with a higher S/G ratio had
stronger antioxidant activities (Gong et al., 2016), which was not
observed in the present study. However, it was found that lignin with
higher Mw and PDI showed higher antioxidant ability, which was
contradictory with previous study (Yao et al., 2018b). It might due to
limited data in this study. The impact of molecular weight and
distribution of lignin on its antioxidant capacity needs further
investigation.

4 Conclusion

Broussonetia papyrifera was pretreated with DES-E to improve
the glucose yield and obtain the recovered lignin for further
application. When the ratio of DES to ethanol was 1:1, the
pretreatment temperature was 160°C, and time was 1h, the
highest glucose yield was 46.25%. The physical and chemical
properties of the pretreated solid residue and dissolved lignin
were analyzed. It was found that compared with the untreated
one, the content of lignin and hemicellulose decreased significantly.
The specific surface area was also increased after pretreatment.
With the increase of temperature, the content of phenolic hydroxyl
of recovered lignin was increased, which was beneficial to the
antioxidant capacity.
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Biobased furfural is a sustainable alternative to petrochemical intermediates for
bulk chemicals and fuel production. However, existing methods for the
conversion of xylose or lignocelluloses in mono-/bi-phasic systems to furfural
involve non-selective sugar isolation or lignin condensation, limiting the
valorisation of lignocelluloses. Herein, we used diformylxylose (DFX), a xylose
derivative that is formed during the lignocellulosic fractionation process with
formaldehyde protection, as a substitute for xylose to produce furfural in biphasic
systems. Under kinetically optimized conditions, over 76 mol% of DFX could be
converted to furfural in water-methyl isobutyl ketone system at a high reaction
temperature with a short reaction time. Finally, isolation of xylan in eucalyptus
wood as DFX with formaldehyde protection followed by converting DFX in a
biphasic system gave a final furfural yield of 52 mol% (on the basis of xylan in
wood), which was more than two times of that without formaldehyde. Combined
with the value-added utilization of formaldehyde-protected lignin, this study
would enable the full and efficient utilization of lignocellulosic biomass
components and further improve the economics of the formaldehyde
protection fractionation process.
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Introduction

Furfural has been recognized as a versatile intermediate to synthesize chemicals (e.g.,
furfuryl alcohol and furoic acid), fuels (e.g., methylfuran and long-chain alkanes), and
functional materials (e.g., furfuryl alcohol and furfural-acetone resins) (Lee and Wu, 2021).
As a result, the annual global production of furfural is now close to one million tons, and its
demand continues to increase (Jaswal et al., 2022). Although furfural could be commercially
produced from raw materials with high xylose content such as corn cob, the production of
furfural from lignocelluloses such as wood and corn stover is inefficient, which would restrict
the economics and development of biorefining industries (Luo et al., 2020).

Brønsted acid-catalyzed dehydration of xylose in aqueousmedia is a practical method for
furfural production (Kabbour and Luque, 2020). However, in addition to the dehydration
reaction, Brønsted acid can also catalyze other side reactions such as furan ring-opening and
furfural condensation, resulting in low furfural yield (20–40 mol%) (Weingarten et al., 2010).
For this reason, a biphasic solvent system consisting of water and organic solvent that is not
miscible with water, has been developed to alleviate such undesirable side reactions (Román-
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Leshkov et al., 2006). In general, the solubility of furfural in the
organic phase (e.g., toluene and methyl isobutyl ketone) is much
higher than that in the aquous phase while the mineral acid is more
soluble in water (Lin et al., 2021). Therefore, the furfural formed in
the aqueous phase could be immediately transferred to the organic
phase via in-situ extraction, which would effectively alleviate the
acid-catalyzed side reactions of furfural in the aqueous phase and
thus increase the yield of furfural (30–70 mol%) (Román-Leshkov
et al., 2006; Shuai and Luterbacher, 2016; Lin et al., 2021).

Although the biphasic solvent system is promising for
conversion of xylose to furfural, isolating xylose from
lignocelluloses via acid-catalyzed hydrolysis of hemicelluloses in
aqueous media is not selective, which highly restricts the application
of the pathway (Questell-Santiago et al., 2018). Since Brønsted acid
can simultaneously catalyze the hydrolysis of hemicelluloses and the
dehydration of monosaccharides, some studies attempted to directly
convert hemicelluloses in lignocellulosic feedstocks (e.g., eucalyptus,
and bagasse) to furfural by a one-pot method in biphasic solvent
systems (Matsagar et al., 2017). However, in the one-pot conversion
process, lignin presents negative effects on the xylose conversion and
furfural formation (Lamminpää et al., 2015). Degradation products
derived from cellulose and lignin may also complicate the product
mixture, which would be not conducive to subsequent furfural
separation (Daorattanachai et al., 2013). Moreover, acid can also
trigger severe lignin condensation during the one-pot conversion
process, significantly devaluing lignin in other refining processes
such as hydrogenolysis (Shuai et al., 2016; Gong et al., 2022; Luo
et al., 2022).

To overcome the inherent defects of the one-pot conversion
method, a two-step method, i.e. separating xylose or its derivative
from lignocellulose and then converting it into furfural, remains a
more attractive strategy if the condensation of lignin and the
selectivity of hemicellulose hydrolysis to xylose could be
effectively controlled (Questell-Santiago et al., 2018; Kabbour and
Luque, 2020; Jaswal et al., 2022). Based on the acetalization of
hydroxyl groups of carbohydrates with formaldehyde, Shuai et al.
(2016) developed an effective method to fractionate the main
components from lignocelluloses, which could simultaneously
produce uncondensed lignin and stabilized xylose derivatives,
i.e., diformylxylose (DFX). The conversion of DFX to value-
added products has rarely reported. Therefore, the study aimed
to investigate the acid-catalyzed conversion of DFX to furfural in
different solvent systems. We also examined the kinetic behavior of
DFX to furfural and compared the fractionation methods with or
without formaldehyde addition for furfural production. This study
validated the feasibility of a two-step method for furfural
production, which would improve the overall refining efficiency
of lignocelluloses.

Materials and methods

Materials

Xylose (99%), paraformaldehyde (98%), n-hexadecane (99%),
methyl isobutyl ketone (99%), dichloromethane (98%),
tetrahydrofuran (98%), dimethyl sulfoxide (98%), furfural (98%)
were purchased from Aladdin® Chemicals (Shanghai City, China).

Toluene (98%) and concentrated hydrochloric acid (37 wt%) were
ordered from XiLONG SCIENTIFIC (Guangzhou City, China),
while γ-valerolactone (98%) was obtained from Macklin Inc.
(Shanghai City, China). The procedures that used to synthesize
DFX were detailed in Supplementary Materials. Synthesized DFX
was characterized by Gas Chromatography-Mass Spectrometry
(GC-MS) (Supplementary Figure S1) and its purity was
determined as 98% by GC measurement based on an effective
carbon number (ECN) method (Scanlon and Willis, 1985).
Eucalyptus powder (40–60 mesh) was provided by Fujian
Qingshan Paper Co., Ltd. (Sanming City, China).

Acid-catalyzed conversion of DFX

Brønsted acid-catalyzed conversions of DFX and xylose were
performed with monophasic or biphasic solvent systems in a glass-
lined stainless steel reactor. For example, for the conversion of DFX
with a biphasic solvent system, DFX, an internal standard
(i.e., n-hexadecane) and a magnetic stirrer were successively
added into the reactor that had been pre-loaded with HCl
aqueous solution and organic solvent. The reactor was
pressurized with 2 MPa N2 and then heated to the reaction
temperature for a fixed reaction time. After that, the reactor was
immediately cooled to room temperature with cold water and the
sample solution was transferred into a centrifuge tube. The reactor
was washed with deionized water three times and the washing
solution was also poured into the centrifuge tube. The mixed
solution in the centrifuge tube was fully separated into two
phases through centrifugation at 10,000 rpm for 15 min, in which
the organic phase was directly sampled and analyzed by GC. The
aqueous phase was further diluted, fixed to a specific volume in a
volumetric flask, and then subjected to high-performance liquid
chromatography (HPLC) analysis, respectively.

Lignocellulose fractionation and partition
coefficient measurements

The hydrolysis of xylan in eucalyptus to obtain xylose or DFX
was conducted in the GVL-water mixture according to a reported
fractionation method with or without formaldehyde addition (Shuai
et al., 2016). The partition coefficient of DFX or furfural in a biphasic
system was measured by dissolving it (250 mg) in the mixture of
water (1 mL) and organic solvent (1 mL) at room temperature, and
measuring its concentration in two phases via GC and HPLC
methods mentioned below (Lin et al., 2021).

Measurements of the ECNs of DFX and
furfural

The ECNs of DFX and furfural were measured by a reported
method that used n-hexadecane as an internal standard (Scanlon
and Willis, 1985). First, DFX, furfural and n-hexadecane were
dissolved in methyl isobutyl ketone to obtain a mother solution.
This solution was further diluted by methyl isobutyl ketone into
solutions with different concentration gradients. These solutions
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were measured by GC, and the ECNs of DFX and furfural were
calculated as follows:

N0 � Nis
A0× Cis

Ais× C0
(1)

where Cis and C0 are the concentrations of the internal standard and
determinand (DFX or furfural) in prepared solutions; Ais and A0 are
the peak area of the internal standard and determinand (DFX or
furfural) measured by GC; Nis is the reported ECN, i.e., 16, of the
internal standard (Scanlon and Willis, 1985).

Based on the Eq. 1, the ECNs of DFX and furfural for the
solutions with different concentration gradients, and their averages
were calculated and listed in Supplementary Table S1, which would
be used to calculate the concentrations of DFX and furfural in
reaction samples.

Analytical methods

The concentrations of DFX, xylose, and furfural in the diluted
aqueous phase or monophasic co-solvent (i.e., the miscible mixture
of water and organic solvent) were quantitatively determined by
HPLC (Shimazu LC-20A) based on the external standard method.
The HPLC was equipped with a refractive index detector (RID) and
a Shodex SUGARSH-1011 column (8 × 300 mm2) using a sulfuric
acid aqueous solution with a pH value of 2.2 as a mobile phase. The
flow rate of the mobile phase was 0.8 mL/min, while the detector
temperature, column temperature, sample injection volume, and
detection time were fixed at 35°C, 30°C, 3 μL, and 60 min. After the
fractionation of eucalyptus, the concentration of xylose or DFX in
the GVL-water mixture was also analyzed by this HPLC method.

Based on the ECN method (Scanlon and Willis, 1985; Shuai
et al., 2016), the molar amounts of DFX and furfural in the organic
phase were determined by GC (Techcomp SCION 436C) equipped
with a flame ionization detector (FID) and a capillary column
(Techcomp SCION-5) using N2 as carrier gas at 1.5 mL/min. The
column temperature program was fixed as follows: held at 50°C for
5 min, heated from 50°C to 300°C at 10°C/min, and held at 300°C for
5 min. The inlet temperature, split ratio and injection volume for
GC-FID measurements were fixed as 300°C, 100:1, and 1 μL. The
molar amount of DFX or furfural in the organic phase was
calculated as:

n1N1

n2N2
� A1

A2
(2)

where n1 is the molar amount (mmoL) of the internal standard
(i.e., n-hexadecane) added into the reactor; n2 is the molar amount
(mmoL) of the product formed in the organic phase; N1 and N2 are
the ECNs of the internal standard and product; A1 and A2 are the
measured peak area of the internal standard and product in the GC-
FID chromatogram.

Since no xylose was detected in the organic phase that was not
miscible with water, the conversion of DFX and the yield of product
(xylose or furfural) in biphasic phases were calculated as:

XDFX � nDFX − nDFX−org + CDFX−aqu × V( )

nDFX
× 100 (3)

Yxyl � Cxyl−aqu × V

nDFX
× 100 (4)

Yfur−aqu � Cfur−aqu × V

nDFX
× 100 (5)

Yfur−org � nfur−org
nDFX

× 100 (6)
Yfur−tol � Yfur−aqu + Yfur−org (7)

Sfur � Yfur−tol
XDFX

× 100 (8)

where XDFX is the conversion (mol%) of DFX after reaction; nDFX is
the initial molar amount (moL) of DFX added into the reactor; nDFX-
org and nfur-org are the molar amounts (moL) of DFX and furfural
measured in organic phase; CDFX-aqu, Cxyl-aqu, Cfur-aqu, and V are the
concentration (mol/L) of DFX, xylose, and furfural measured in the
aqueous phase, and the total volume (L) of the aqueous phase after
dilution; Yfur-aqu and Yfur-org are the yield (mol%) of furfural
obtained in the aqueous and organic phases; Yxyl is the yield
(mol%) of xylose in the aqueous phase; Yfur-tol and Sfur are the
total yield (mol%) and selectivity (%) of furfural in the two phases.

For the monophasic reaction system, the conversion of DFX and
the yield of product (xylose or furfural) were calculated based on the
analysis results of HPLC in water or miscible co-solvent mixture. In
particular, the total concentration of DFX, xylose, or furfural in two
phases used for subsequent kinetic analysis was approximately
calculated according to its measured or calculated molar amounts
(moL), and the mass and density of the biphasic solvents that were
initially added to the reactor.

Ctol � ntol

0.001 × maqu/ρaqu +morg/ρorg( )
(9)

where Ctol and ntol are the total concentration (moL/L) and molar
amounts (moL) of DFX, xylose, or furfural in two phases; maqu and
morg are the mass (g) of HCl aqueous solution and organic solvent
initially added into the reactor; ρaqu and ρorg are densities of the HCl
aqueous solution and organic solvent.

The contents of main components in eucalyptus wood were
analyzed by a reported two-step hydrolysis method (Sluiter et al.,
2008), and the results were listed in Supplementary Table S2.

Results and Discussion

Development of a biphasic solvent system

For Brønsted acid-catalyzed dehydration of monosaccharides
(e.g., xylose and glucose) to furanics (e.g., furfural, and 5-
hydroxymethylfurfural), previous studies reported that the
solvation effect presents an important role in controlling the
product yield and selectivity (Mellmer et al., 2014; Shuai and
Luterbacher, 2016; Walker et al., 2018). By using HCl as a
catalyst, three typical monophasic co-solvent systems, i.e., water-
tetrahydrofuran (W-THF), water-γ-valerlactone (W-GVL), and
water-dimethyl sulfoxide (W-DMSO), and three biphasic solvent
systems, i.e., water-toluene (W-T), water-dichloromethane
(W-DCM), and water-methyl isobutyl ketone (W-MIBK), were
investigated for the conversion of DFX to furfural (Figure 1A).
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For comparison, an aqueous HCl solution (W) was also investigated
as a control.

Under mild reaction conditions (10 min and 0.2 M H+), the
conversion of DFX (99%, Figure 1B) in the W system was higher
than that in other mixing solvent systems. This is mainly due to that
the apparent concentration of hydrogen ions in water was diluted by
organic solvent added into the monophasic or biphasic solvent
system (Lin et al., 2021). For the monophasic or biphasic solvent
systems, the W-GVL system achieved the highest DFX conversion
(87%, Figure 1B). The reported molecular dynamics (MD)
simulation results show that the solvation effects, i.e., adding co-
solvent (e.g., GVL) to the acidic aqueous solution increases the local
density of hydrated hydrogen ions near the reactant, is conducive to
improving the hydrolysis efficiency of biomass-derived oxygenates
such as cellobiose and ethyl tert-butyl ether (Walker et al., 2018).
GVLmay possess a similar solvation effect on the conversion of DFX
in the monophasic co-solvent system (Mellmer et al., 2014).
However, THF may exhibit the opposite solvation effect (Lee and
Wu, 2021; Lin et al., 2021) because the conversion of DFX inW-THF
system was much lower than those in other solvent systems under
the same reaction conditions (Figure 1).

As the reaction conditions (30 min and 0.4 M H+) intensified,
the DFX in all solvent systems except theW-THF system was almost
completely converted (Figure 1A). However, the yield and selectivity
of furfural in monophasic systems were lower than those in biphasic
systems except the W-T system (Figure 1). This would be mainly
caused by the severe condensation of furfural catalyzed by acid in the
monophasic systems (Shuai and Luterbacher, 2016; Lee and Wu,
2021). For example, with the nearly complete conversion of DFX in
the W system, increasing reaction time (10–30 min) and H+

concentration (0.2–0.4 mol/L) resulted in the decrease of furfural
yield and selectivity from 40% to 13% (Figure 1). Based on the MD
simulations, the solvation free energies (ΔGsol) of furfural in water-
immiscible organic solvents such as toluene, MIBK, and DCM were
reported to be much lower than that in water (Lin et al., 2021). As a
result, most of the furfural formed in the aqueous phase could be

quickly extracted into the organic phase, which would significantly
reduce such adverse side reactions. For the biphasic systems, the
ΔGsol of furfural in MIBK and DCMwere lower than that in toluene,
making the extraction rate of the former towards furfural higher
than the latter (Lin et al., 2021). In addition to other solvation effects
such as solubility, this may be the key reason why the yield and
selectivity of furfural in the W-MIBK and W-DCM systems were
higher than those of W-T and monophasic systems (Lee and Wu,
2021; Lin et al., 2021).

The transfer process of reactants and products in the two phases
is useful to identify the influence of different biphasic systems on the
conversion efficiency of DFX to furfural. Based on the
chromatographies of the standards, only DFX and furfural were
detected by GC in the organic phase (Figure 2A), whereas DFX,
xylose, and little furfural were present in the aqueous phase
(Figure 2B). Therefore, the conversion of DFX and the interphase
transfer of furfural in the biphasic system could be simply described
as follows (Figure 2C): 1) DFX was dissolved in the organic and
aqueous phases according to its partition coefficient (Figure 2D). 2)
Acid catalyzed the hydrolysis of DFX to xylose in the aqueous phase.
When the concentration of DFX in the aqueous phase decreased,
DFX was transferred from the organic phase to the aqueous phase.
3) In the aqueous phase, the acid further catalyzed the dehydration
of xylose to furfural, which was rapidly extracted to the organic
phase. However, acid-catalyzed furfural condensation competed
with the in-situ extraction of furfural by organic solvents, which
resulted in some unindentified compounds in the liquid
chromatogram (Figure 2B).

In the above DFX conversion and furfural transfer process, it
was found that in addition to the ΔGsol effect, the partition
coefficient of DFX ([DFX]org/[DFX]aqu) in the W-T system was
slightly lower than that in W-MIBK system (Figure 2D), which
would lead to relatively low solubility of DFX in toluene and the
rapid conversion of DFX to xylose in the aqueous phase (Figure 1B).
However, the partition coefficient of furfural ([furfural]org/
[furfural]aqu) in the W-MIBK system was three times more than

FIGURE 1
Conversion of DFX to furfural in different solvent systems at a HCl concentration and a reaction time of (A) 0.4 mol/L and 30 min and (B) 0.2 mol/L
and 10 min. Other reaction conditions: DFX 0.5 g, 170°C, 2 g HCl aqueous solution and 8 g organic solvent, 400 rpm.
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that of the W-T system (Figure 2D), which would contribute to the
extraction of more furfural from the aqueous phase to the MIBK
phase, thereby improving the final yield and selectivity of furfural
(Figure 1) after complete conversion. Since the DFX conversion rate
(Figure 1B) and furfural selectivity (Figure 1A) of W-MIBK system
was slightly higher than those of W-DCM system, the biphasic
W-MIBK system was investigated for the production of furfural
from DFX.

Conversion of DFX to furfural in W-MIBK
system

Since themass transfer efficiencies of reactant and products were
reported to be much faster than their reaction rates (Weingarten
et al., 2010), stirring speeds showed no obvious effects on the DFX
conversion, and furfural yield and selectivity in aqueous solution
(Supplementary Figure S2A). However, in addition to solvation
effects (e.g., ΔGsol and solubility), stirring is also an important
factor affecting the transfer and conversion efficiencies of DFX
and furfural in the biphasic system. Under the same reaction
conditions (170°C, 30 min, and 0.4 M H+), stirring at 600 rpm
was beneficial to improve the conversion of DFX from 82% to
99% and the yield of furfural from 37% to 72% in the W-MIBK
system (Supplementary Figures S2B), compared with the reactions
without stirring. Similar phenomena were also observed for W-T

andW-DCM systems (Supplementary Figures S2C, D). Possibly due
to the accelerated furfural condensation, further increasing the
stirring speed led to a slight decrease in the yield and selectivity
of furfural (Supplementary Figures S2). Besides, the concentration of
HCl in the aqueous phase also affected the conversion and selectivity
of DFX to furfural. When the concentration of HCl in the aqueous
phase increased from 0.1 M to 0.2 M, the furfural yield increased
from 57% to 73% (Figure 3A), indicating that high-concentration
acid could improve the dehydration efficiency of DFX-derived
xylose to furfural. However, the furfural yield and selectivity
decreased from 73% to 59% after increasing the acid
concentration to 0.8 M (Figure 3A).

Without changing the total mass of the two solvents, increasing
the mass ratio of MIBK to HCl aqueous solution in the W-MIBK
system would be beneficial to improve the extraction efficiency of
furfural from aqueous phase to organic phase, which may favor
increasing the final furfural yield and selectivity. As expected, with
the increase of the mass ratio of MIBK to HCl aqueous solution from
1:1 to 4:1, the yield and selectivity of furfural increased gradually
(Figures 3B, C). However, when the mass ratio of MIBK to HCl
aqueous solution further increased to 16:1, the DFX conversion
dramatically decreased from about 90% to less than 20%. For the
production of furfural in the biphasic system using xylose as a
substrate, xylose was only dissolved in the aqueous phase (Lin et al.,
2021). Unlike xylose, DFX was soluble in both the aqueous and
organic phases. Since the partition coefficient of DFX ([DFX]org/

FIGURE 2
(A) GC and (B) HPLC analysis of samples and standards; (C) proposed transfer process of reactant and products in the biphasic system; (D) the
partition coefficients of DFX and furfural in the biphasic system.
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[DFX]aqu) in the W-MIBK system is greater than one (Figure 1D),
increasing theMIBK proportion will be not conducive to the transfer
of DFX from the organic phase to the aqueous phase, the hydrolysis
of DFX to xylose as well as the dehydration reaction of xylose to
furfural.

For W-MIBK system with a 4:1 mass ratio of MIBK to HCl
aqueous solution, DFX loading did not show obvious effects on the
DFX conversion as well as furfural selectivity when the loading of
DFX in the biphasic system was within 10 wt% (Figure 3D).
Unexpectedly, DFX conversion and furfural selectivity
significantly decreased with the further increase in DFX loading,
possibly due to the solubility limitation and intensified side
reactions. Further explorations such as regulating the partition
coefficients of reactants and products in a biphasic system would
be necessary to clarify the reasons behind this adverse effect and to
obtain high DFX-to-furfural efficiency at high DFX loading.

Kinetic modeling of DFX conversion to
furfural in the W-MIBK system

With a 4:1 (g:g) mass ratio for the W-MIBK system and a 5 wt%
DFX loading, the kinetic modeling of DFX conversion to furfural
was conducted at varied temperatures and HCl concentrations
(Figure 4). Based on the products measured in two phases, the
reaction pathway of DFX in the biphasic system was proposed in
Scheme 1. It consists of the hydrolysis of DFX to xylose (reaction 1),
the dehydration of xylose to furfural (reaction 2), and furfural
degradation (reaction 3).

The reactions of 2 and 3 in biphasic systems are reported to be
pseudo-first-order reactions (Weingarten et al., 2010). The
disappearing trends of DFX as depicted in Figure 4 also
coincides with the pseudo-first-order reaction. Thus, the overall
rate equations for these three reactions can be written as:

FIGURE 3
Effects of (A) acid concentration in aqueous phase, (B) and (C) solvent composition, and (D) DFX loading on the conversion efficiency of DFX to
furfural in theW-MIBK system. The stirring speed and total mass of solvents for all reactions were 600 rpm and 10 g, the acid concentration used in
Figures B~Dwas 0.2 mol/L, and the DFX loading for Figure (A–C)was 5 wt%. A 1:4 (wt:wt) mass ratio of HCl aqueous solution to organic solvent was used
for Figure (A, D). Other reaction conditions of (A) and (B): 170°C, 30 min; (C, D): 185°C, 10 min.
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dCDFX

dt
� −k1CDFX (10)

dCxyl

dt
� k1CDFX − k2Cxyl (11)

dCfur

dt
� k2Cxyl − k3Cfur (12)

where CDFX, Cxyl, and Cfur are the total concentrations (mol/L) of
DFX, xylose, and furfural in two phases; k1, k2, and k3 present the
apparent rate constants of the reactions 1–3 in Scheme 1 (min−1); t is
the reaction time (min) that considering the heating process (t =
treaction + theating/2) (Luo et al., 2013).

Based on the initial conditions (t = 0 min, CDFX � C0
DFX; Cxyl �

0 mol/L, and Cfur � 0 mol/L), the time-dependent expressions of
CDFX, Cxyl, and Cfur were integrated as:

CDFX � C0
DFXe

−k1t (13)
Cxyl � k1C0

DFX

k2 − k1
e−k1t − e−k2t( ) (14)

Cfur � k1k2C0
DFX

k2 − k1

e−k1t − e−k3t

k3 − k1
− e−k2t − e−k3t

k3 − k2
( ) (15)

Based on the least squares method, the apparent rate constants
of these kinetic equations were fitted in Table 1. As the fitted rate
constants are a function of the acid concentration (Supplementary
Figure S3), the Arrhenius equation can be modified as:

k � k0 Cacid[ ]αe−Ea
RT (16)

where k0 and Ea are the pre-exponential factor (min−1) and apparent
activation energy (J/mol) of these kinetic models; Cacid is the
concentration of acid in the aqueous phase (mol/L); α is the
reaction order of acid; R and T are the ideal gas constant (J/mol/K)
and the reaction temperature (K).

For reactions 1 and 2 in Scheme 1, the rate constants of k1 and k2
were exponentially correlated with the concentration of acid in the

FIGURE 4
Measured concentrations of DFX, xylose and furfural in W-MIBK system and their kinetically predicted plots. Reaction conditions: DFX 0.5 g,
155–185°C, 0–74 min, 2 g HCl aqueous solution and 8 g MIBK, HCl 0.05–0.4 M, 600 rpm.

SCHEME 1
The reaction pathway of DFX in the biphasic system.
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aqueous phase (Supplementary Figures S3A, B). After logarithmic
transformation, Eq. 16 was modified as

lnk � ln k0 + αlnCacid − Ea

R
×
1
T

(17)

However, the relationship between k3 and acid
concentration was linear (Supplementary Figure S3C). As a
result, the reaction order of acid for k3 was fixed as 1.0, and Eq.
16 was rearranged as

ln
k

Cacid
( ) � ln k0 − Ea

R
×
1
T

(18)

Based on the multivariate linear regression, the kinetic parameters
(k0, Ea, and α) of Eqs.16‒18 were further fitted in Table 2. Based on
these parameters, experimental results were well plotted against the
predicted data (Supplementary Figure S4, R2 > 0.92), showing good
fits for these kinetic models towards the conversion of DFX to furfural
and furfural degradation in the biphasic system.

As shown in Table 2, the activation energies and reaction orders of
acid for the reactions 1 and 2 in Scheme 1 are comparable, indicating
that the sensitivities of these two reactions to the temperature and acid
concentration would be similar. Non-etheless, for the reactions
conducted at the same temperature and acid concentration, the
rate constant of the reaction 1 is lower than that of the reaction
2 by nearly an order of magnitude (Table 1). Unlike the production of
furfural using xylose as a substrate, the reaction 1 thus becomes the
rate-determining step for the DFX-to-furfural conversion process in
the biphasic system. This is mainly caused by the low partition
coefficient of DFX ([DFX]org/[DFX]aqu) in the biphasic system
(Figure 1D), which limits the overall hydrolysis rate of DFX to
xylose. Because the solubility of mineral acid catalysts such as HCl
in theMIBK phase is almost negligible. DFX can be catalyzed to xylose
by the acid in the aqueous phase only when DFX in the organic phase
is gradually transferred to the aqueous phase.

Since the activation energies and pre-exponential factors for the first
two reactions are higher than those of the reaction 3 (Table 2), high
reaction temperatures and short reaction times would be preferred for
maximizing the furfural yield. Although increasing acid concentration
favors improving the reaction rates (k1 and k2) of the reactions 1 and 2,
furfural degradation (the reaction 3 with a α of 1.0) is more acid-
dependent than the first two reactions (α < 1.0). As a result, a high acid
concentration would decrease furfural selectivity (Figure 3A). According
to the measured data and fitting plots (Figure 4), a maximum furfural
yield of 76 mol% (Supplementary Figure S5) was eventually optimized at
185°C for 22 minwith amoderate acid concentration of 0.2M.This yield
was two times that obtained in the monophasic aqueous solution
(Figure 1), validating the distinct advantage of the biphasic system
such as W-MIBK for converting DFX to furfural.

Effect of fractionation process on the
furfural production

According to the previously-reported fractionation method (Shuai
et al., 2016), the hydrolysis of xylan in eucalyptus to xylose or DFX was
conducted inGVL-water (9:1, v/v)mixturewithout orwith formaldehyde
addition. For the fractionation with formaldehyde, 136.3 g of DFX was
obtained from 1,000 g of eucalyptus wood that containing 171.3 g xylose
(Figure 5). However, under the same fractionation conditions, the
formaldehyde-free fractionation method only yielded 55.5 g of xylose.
Assuming that the conversion efficiency of xylose in a biphasic system
such as W-MIBK is the same as that of DFX (76mol% furfural yield,
Figure 4), the final furfural yield (on xylan in eucalyptus) for the
formaldehyde-containing method was found to be twice that of the
fractionation without formaldehyde (Figure 5). This discrepancy mainly
lies in the acetalization of xylose with formaldehyde that can effectively
inhibit the acid-catalyzed degradation of xylose during fractionation
process (Shuai et al., 2016; Questell-Santiago et al., 2018).

Although the one-pot method can simplify the furfural
production process (Matsagar et al., 2017), it inevitably causes
the condensation of lignin under acidic conditions, devaluing the
utilization efficiency of renewable aromatic carbon resources. With
formaldehyde protection, Shuai’s study reported that lignin
condensation could be effectively avoided in the formaldehyde-
involved fractionation process (Shuai et al., 2016). Compared to
one-pot furfural production methods (Matsagar et al., 2017;
Kabbour and Luque, 2020; Jaswal et al., 2022), the two-step
method consisting of formaldehyde-protected fractionation and

TABLE 1 The rate constants of the reactions 1–3 in Scheme 1 at different reaction temperatures and acid concentrations.

HCl concentration (mol/L) Rate constants (min−1)

428 K 443 K 458 K

k1 k2 k3 k1 k2 k3 k1 k2 k3

0.05 0.007 0.086 0.006 0.019 0.207 0.008 0.052 0.485 0.010

0.10 0.014 0.077 0.008 0.043 0.307 0.009 0.078 0.925 0.011

0.20 0.022 0.137 0.010 0.058 0.392 0.012 0.113 1.306 0.015

0.40 0.045 0.383 0.014 0.087 0.852 0.017 0.190 2.116 0.019

TABLE 2 Pre-exponential factor, apparent activation energy, and the reaction
order of acid for the developed kinetic models.

k0 (min−1) Ea (kJ/moL) α

k1 1.17 × 1010 91.7 0.72

k2 1.87 × 1013 111.1 0.69

k3 2.44 × 105 55.3 1.00
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biphasic conversion could not only obtain comparable furfural yield
(52 mol%) but also provide an alternative strategy for the
valorization of lignocelluloses.

Conclusion

We have shown that the use of DFX as an alternative to xylose
for furfural production could improve the utilization efficiency of
xylan in lignocelluloses. Compared with aqueous solution and
monophasic co-solvent systems, biphasic systems such as
W-MIBK mixture enabled the efficient conversion of DFX to
furfural, in which the conversion process mainly included the
hydrolysis of DFX to xylose, the dehydration of xylose to
furfural, and the transfer of furfural from the aqueous phase to
the organic phase. In the biphasic W-MIBK system, we were able to
obtain a decent furfural yield under kinetically optimized
conditions. These results pushed forward the combination of the
DFX conversion in the biphasic system and lignocellulosic
fractionation that used formaldehyde to stabilize xylose via
acetalization. As a result, such a combined two-step method
achieved an overall furfural yield of 52 mol% based on the
content of xylan in eucalyptus wood, which was almost two
times the yield of the control process without formaldehdye
addition. Because formaldehyde-stabilized fractionation also has
the advantage of isolating highly active lignin, this combination
approach could not only lead to the high conversion efficiency of
xylan to furfural but also facilitate the integrated utilization of the
three major biopolymers in lignocelluloses.
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FIGURE 5
Comparsion of fractionation without or with formaldehyde addition for furfural production.
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Efficient synthesis of
furfurylamine from biomass via a
hybrid strategy in an EaCl:
Gly–water medium
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The objective of this work was to develop an efficient approach for
chemoenzymatically transforming biomass to furfurylamine by bridging
chemocatalysis and biocatalysis in a deep eutectic solvent of EaCl:Gly–water.
Using hydroxyapatite (HAP) as support, heterogeneous catalyst SO4

2−/SnO2–HAP
was synthesized for transforming lignocellulosic biomass into furfural using
organic acid as a co-catalyst. The turnover frequency (TOF) was correlated
with the pKa value of the used organic acid. Corncob was transformed by
oxalic acid (pKa = 1.25) (0.4 wt%) plus SO4

2−/SnO2–HAP (2.0 wt%) to produce
furfural with a yield of 48.2% and a TOF of 6.33 h-1 in water. In deep eutectic
solvent EaCl:Gly–water (1:2, v/v), co-catalysis with SO4

2−/SnO2–HAP and oxalic
acid was utilized to transform corncob, rice straw, reed leaf, and sugarcane
bagasse for the production of furfural with the yield of 42.4%–59.3% (based on
the xylan content) at 180°C after 10 min. The formed furfural could be efficiently
aminated to furfurylamine with E. coli CCZU-XLS160 cells in the presence of
NH4Cl (as an amine donor). As a result of the biological amination of furfural
derived from corncob, rice straw, reed leaf, and sugarcane bagasse for 24 h, the
yields of furfurylamine reached >99%, with a productivity of 0.31–0.43 g
furfurylamine per g xylan. In EaCl:Gly–water, an efficient chemoenzymatic
catalysis strategy was employed to valorize lignocellulosic biomass into
valuable furan chemicals.

KEYWORDS

lignocellulose, furfural, furfurylamine, SO4
2−/SnO2–HAP, deep eutectic solvent

1 Introduction

Biorefinery concept is highly promising for the sustainable utilization of biomass to
manufacture energy molecules, platform chemicals, and functional materials (Himmel et al.,
2007; Delidovich et al., 2016; He et al., 2017a; Riva et al., 2021). The cost-efficient
transformation of lignocellulosic biomass has attracted much attention for achieving a
sustainable society (Cai et al., 2014; Guenic et al., 2015). Lignocellulose is mainly composed
of three primary components including lignin, hemicellulose, and cellulose (Gong et al.,
2019; Riva et al., 2021), which is regarded as a sustainable bioresource because of its
availability, abundance, low cost, and renewable characteristics (Hu et al., 2014;
Kaiprommarat et al., 2016). Hemicellulose, an amorphous heteropolysaccharide, is
mainly composed of different C5 and C6 sugar monomers (Peleteiro et al., 2014; Lee
and Wu, 2021). Xylan, which consists of D-xylose units, represents the main component of
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hemicellulose (Morais et al., 2020). As an important xylan-based
product, furfural (FF) is a key building block (Zang and Chen, 2015;
He et al., 2017b; Sweygers et al., 2018), which was listed in the
“Top10 + 4” chemicals by the US Department of Energy (DOE) in
2004 (Bozell and Petersen, 2010). FF is a good solvent. It has been
utilized as a renewable material for biofuels, detergents, lubricants,
polymers, resins, food additives, pharmaceuticals (antiseptics and
disinfectors), and agrochemicals (herbicides, insecticides, and
pesticides) (Agirrezabal-Telleria et al., 2014; Douthwaite et al.,
2017; Peng et al., 2019; Gong et al., 2022). It is an important
precursor for widely synthesizing furan bio-based chemicals such
as 2-methylfuran, furoic acid, cyclopentanone, furfuryl alcohol,
succinic acid, furfurylamine (FAM), tetrahydrofuran, γ-
valerolactone, and maleic acid (Lange et al., 2012; Möller and
Schröder, 2013; Feng et al., 2016; Qiu et al., 2020; Zheng et al., 2020).

FAM, as a valuable furan-based chemical, has a vital role in
manufacturing chemical intermediates, bioactive molecules,
medicines, etc. (Dong et al., 2020). Industrially, FAM can be
prepared via the chemical amination of FF under high
temperature/pressure conditions, and this kind of amination
requires a harsh performance and expensive catalysts,
accompanied with potential environmental pollution (Zhang
et al., 2019). Distinct from the chemical amination of FAM,
biological amination of FF has gained great interest due to its
mild performance condition, simple reaction,
high catalytic activity, low toxicity, and environmental
friendliness. ω-Transaminase is a pyridoxamine 5′-phosphate
(PLP)-dependent enzyme, which has good selectivity for
reversibly transforming the exchange of ketone groups (C=O)
and an amino group (-NH2). The biomass-derived FF (90 mM)
was aminated into FAM (74%) by Escherichia coli CV-PRSFDuet
expressing ω-transaminase at 35°C (Zhang et al., 2019). To
chemoenzymatically valorize biomass into FAM in a tandem
reaction with a chemocatalyst and biocatalyst, it is necessary to
employ an efficient strategy for the conversion of biomass into FF
with biocompatible catalysts in an eco-friendly reaction system.

In recent years, homogeneous and heterogeneous catalysts have
been utilized for FF production. Various acids (H2SO4, HCl, H3PO4,
oxalic acid, formic acid, acetic acid, etc.) and salts (AlCl3, CoCl2, CrCl3,
MaCl2, MnCl2, NaCl, NiCl2, SnCl4, etc.) are used as homogeneous
catalysts (Rong et al., 2012; Enslow and Bell, 2015), which can be
uniformly distributed in solvents. These homogeneous catalysts have
high catalytic activity. However, their high loading will cause serious
environmental pollution, and their recycle is a challenge.Heterogeneous
catalysts that can be prepared by using a series of supports (e.g.,
graphene, zeolite, niobium oxide, niobium phosphate, sepiolite,
kaoline, fly ash, carbon nanotube, resin, and carbon) have gained
much attention because of their large surface areas, strong acidity,
low corrosion, easy separation, and good thermal stability (Garcia-
Sancho et al., 2013; Pholjaroen et al., 2013; Ma et al., 2019; Zhu et al.,
2020; Di et al., 2021; Li et al., 2021). Although heterogeneous catalysts
are easy to be recovered and have low corrosion (Li et al., 2019), the
catalytic efficiency is still not satisfactory. The co-catalysis of
homogeneous and heterogeneous catalysts might be used for the
efficient transformation of biomass into FF, which deserves in-depth
exploration.

In the production of FF from lignocellulosic biomass, used
solvents have a crucial role in the enhancement of FF

productivity (Lee and Wu, 2021). It is known that some organic
solvents can confine the undesired side reactions (e.g., FF
condensation and FF resinification) in water (Lam et al., 2012).
Various solvents (e.g., dimethyl sulfoxide, ethanol, hexane, ionic
liquids, toluene, γ-valerolactone, and dioctyl phthalate) have been
employed to transform biomass or D-xylose, which resulted in the
increased FF productivity (Tau et al., 2016; Xu et al., 2017; Widsten
et al., 2018; Ma et al., 2020). Recently, it is of great interest to select
more eco-friendly and thermostable solvents for enhancing FF
production. Deep eutectic solvents (DESs), which are composed
of mixing HBAs (hydrogen-bond acceptors) with HBDs (hydrogen-
bond donors) (Li et al., 2018), have recently gained tremendous
attention for FF production because of their low vapor pressure,
good reusability, low toxicity, high thermostability, and ease of
preparation (Xu et al., 2020; Pan et al., 2022). In acetone–ChCl:
EG–water at 180°C, D-xylose was transformed to FF in 0.5 h at 75%
yield by AlCl3 (Chen and Wan, 2019). Thus, DESs can be utilized as
promising solvents for improving FF production because of their
unique properties, which would restrict the undesired side reactions
and promote FF formation.

To enhance FAM yield from renewable biomass, a
chemoenzymatic conversion was developed in a tandem reaction by
bridging chemocatalysis and biocatalysis in an eco-friendly DES–water
system (Scheme 1). Hydroxyapatites (HAPs, Ca10(PO4)6(OH)2), which
are naturally occurring phosphate minerals, were used as a carrier to
prepare sulfonated tine-based heterogeneous catalyst SO4

2−/
SnO2–HAP. First, biomass was converted into FF via co-catalysis
with a homogeneous catalyst and a heterogeneous catalyst in an
EaCl:Gly–water system. An optimized system for the production of
FF from lignocellulose was established by combined homogeneous
organic acids with heterogeneous SO4

2−/SnO2–HAP. The turnover
frequency (TOF) was correlated with the pKa value of organic acids.
The catalytic reaction parameters (e.g., type of organic acid, organic acid
loading, SO4

2−/SnO2–HAP loading, DES EaCl:Gly dosage, performance
temperature, and catalytic time) were examined to improve FF
production. Furthermore, biomass-valorized FF was biologically
aminated into FAM in EaCl:Gly–water. An efficient
chemoenzymatic strategy was employed to valorize biomass into
valuable furan-based chemicals, realizing the high-value utilization of
biomass.

2 Materials and methods

2.1 Reagents and materials

Corncob (CC), rice straw (RS), reed leaf (RL), and sugarcane
bagasse (SB) were collected in a village market in Tieling city
(Liaoning province, P.R. China). Hydroxyapatite (HAP), oxalic acid,
SnCl4·5H2O, NaCl, and other chemicals were bought from Aladdin
Industrial Inc. (Shanghai, China) and other commercial sources.

2.2 SO4
2−/SnO2–HAP and DES EaCl:Gly

preparation

Sulfonated heterogeneous catalyst SO4
2−/SnO2–HAP was

prepared with SnCl4·5H2O and HAP in a mass ratio of 1:3 in
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1 L of ethanol by stirring. The preparation procedure of SO4
2−/

SnO2–HAP was carried out according to the method proposed by
Zhang et al. (2019). DES EaCl:Gly was prepared according to the
procedure proposed by Xu et al. (2020).

2.3 Co-catalysis of CC organic acids and
SO4

2−/SnO2–HAP in EaCl:Gly–water

To test the co-catalysis of biomass into FF with organic acids and
SO4

2−/SnO2–HAP on the effects of FF formation, water (40 mL), CC
(7.5 wt%), and SO4

2−/SnO2–HAP (2.0 wt%) were mixed with different
pKa values of the organic acid (0.4 wt%) at 180°C for 10 min. For testing
the oxalic acid dosage on the effect of FF generation, different loads of
oxalic acid (0–0.6 wt%) were mixed with water (40 mL), CC (7.5 wt%),
and SO4

2−/SnO2–HAP (2.0 wt%) in a reactor (180°C) for 10 min. To
establish an appropriate DES–water system for improving FF
production, several volumetric ratios of EaCl:Gly–water (0:1, 1:3, 1:2,
1:1, 2:1, and 3:1, v/v) were examined in the transformation of CC (7.5 wt
%) via co-catalysis with EaCl:Gly–water (40 mL), SO4

2−/SnO2–HAP
(2.0 wt%), and oxalic acid (0.4 wt%) in a reactor (180°C) for 10 min. To
examine the performance temperature and reaction time of FF
generation, co-catalysis with SO4

2−/SnO2–HAP (2.0 wt%), EaCl:
Gly–water (40 mL; EaCl:Gly–water volumetric ratio 1:2), and oxalic
acid (0.4 wt%) in a reactor (160–180°C) for 5–40 min was carried out.
After the given residence time at the certain performance temperature,
this reactor was placed in an ice-water bath to cool down quickly. The
product FF was determined using high-performance liquid
chromatography (HPLC). FF yield is defined as follows:

Yield of FF � FF produced g( ) × 0.88
Xylan in biomass g( )

×
150
96

× 100%.

Molecular weights of D-xylose and FF are 150 and 96,
respectively. The coefficient for catalyzing xylan in biomass into
D-xylose is 0.88.

2.4 Bioamination of FF into FAM

The enzyme gene of ω-transaminase from C. violaceum ATCC
12472 (CV) was amplified. The linearized pET28aDuet-1 and purified
CV were transformed into one E. coli DH5α and ligated by

T5 exonuclease through an exonuclease-mediated seamless assembly.
The obtained fragment was inserted intoMCS-1 of pET28aDuet-1 after
His-tag to obtain CV-pET28aDuet-1. L-Alanine dehydrogenase
(AlaDH, GenBank ID 936557) from B. subtilis 168 was amplified.
The fragments of CV and Ala were linked together via an overlap
extension PCR. Ribosome binding sites were inserted between CV and
AlaDH fragments. The ligated plasmid pET28a–CV–AlaDH was
transformed into one E. coli BL21 (DE3). The constructed E. coli
CCZU-XLS160 cells expressing CV ω-transaminase and AlaDH were
cultured in a terrific broth by a supplement of ampicillin (100 mg/L) in a
shaker (37°C; 180 rpm). When OD600 of CCZU-XLS160 cells reached
0.60, isopropyl β-D-1-thiogalactopyranosyl (IPTG) was added to the
culture system at 20°C. After incubation for 20 h, CCZU-XLS160 cells
were harvested for the biological amination of FF into FAM:

Yield of FAM � FAMproduced mM( )
FF mM( ) × 100%.

Biomass-derived FF, CCZU-XLS160 cells (0.05 g/mL), and
NH4Cl (2 mol NH4Cl/mol FAL) were mixed in EaCl:Gly–water
(1:2, v/v; pH 7.5) at 35°C. During the biological transamination, the
samples were withdrawn. FF and FAMwere quantified using HPLC.

2.5 Analytical methods

Components of CC were measured according to the procedure
proposed by Selig et al. (2008). SO4

2−/SnO2–HAP was captured
using FT-IR, XRD, BET, and SEM procedures proposed by Peng
et al. (2019). FF and FAMwere quantified using Waters-2414 HPLC
by using an Aminex HPX-87H column (Bio-Rad Laboratories,
Hercules, CA) (Zhang et al., 2019). The mixture was composed
of 80 vol% water, 20 vol% CH3OH, and 0.1 wt% trifluoroacetic acid,
which was used as an eluent at a flow rate of 0.8 mL/min. FAM was
determined at 210 nm, and FF was assayed at 254 nm.

3 Results and discussion

3.1 Characteristics of SO4
2−/SnO2–HAP

Using hydroxyapatite (HAP) as support, a sulfonated HAP-
based heterogeneous catalyst was prepared for transforming CC into

SCHEME 1
Chemoenzymatic conversion of biomass into furfurylamine (FAM).
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FF. Relative to carrier support HAP, SO4
2−/SnO2–HAP had an

enlarged surface area (51.9 m2/g) and decreased pore diameter
(10.7 nm) (Table 1). Pore volumes of SO4

2-/SnO2–HAP were
increased to 0.14 cm3/g. SEM illustrated that SO4

2−/SnO2–HAP
had more voids (Figure 1), which caused the
increased surface area and pore volume. FT-IR illustrated that

the SO4
2−/SnO2–HAP surface was distinct with a carrier HAP

surface (Figure 2A). The bond of ~ 3,430 cm−1 was related to
Si–OH stretching. The bond of ~ 1,098 cm-1, which was related
to asymmetric stretching vibrations of Si–O–Si (Gong et al., 2019),
increased after the synthesis of SO4

2−/SnO2–HAP. The bond of
~ 1,030 cm−1 was related to S=O (Peng et al., 2019), verifying the

TABLE 1 BET results of the SO4
2−/SnO2–HAP catalyst and the HAP carrier.

Sample BET surface area, m2/g Pore volume, cm3/g Pore size, nm

SO4
2−/SnO2–HAP 51.9 0.14 10.7

HAP 17.2 0.06 12.9

FIGURE 1
SEM of HAP (A) and SO4

2−/SnO2–HAP (B).

FIGURE 2
FT-IR (A) and XRD (B) of HAP and SO4

2−/SnO2–HAP.
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occurrence of SO4
2− on a catalyst. The bond of ~ 790 cm−1 was

related to Si–O–Si bending. XRD indicated that Sn ions modified the
carrier HAP structure to some extent (Figure 2B). At 2θ = 20–30o,
the SO4

2−/SnO2–HAP intensity dropped compared to that of
carrier HAP.

3.2 Co-catalysis of CC with organic acids
and SO4

2−/SnO2–HAP in water

The catalytic system’s acidity might greatly affect FF
generation (Marcotullio and de Jong, 2010). Maleic acid
(pKa = 1.92), glyoxalate (pKa = 3.18), fumaric acid (pKa =
3.02), malic acid (pKa = 3.46), citric acid (pKa = 3.13), formic
acid (pKa = 3.77), oxalic acid (pKa = 1.25), succinic acid (pKa =
4.21), acetic acid (pKa = 4.76), and propionic acid (pKa = 4.87)
(0.5 wt%) were used to assist SO4

2-/SnO2–HAP in the co-catalysis
of CC into FF. The turnover frequency (TOF) of the catalytic
reaction and pKa value of organic acids were well fitted into a
curve equation (TOF = 74.1 × (pKa)−0.85; R2 = 0.9151) (Figure 3A).
In the acidic condition, a lower pKa value of organic acids favored
FF formation with a higher TOF (Figure 3A). H+ in the lower pKa
value of carboxylic acids was easier to dissociate into water. An
increased acidity of the catalytic system would enhance the
hydrolysis of hemicelluloses in lignocellulose into pentoses
(e.g., D-xylose) and accelerate their dehydration to form FF
(Lee and Wu, 2021). The highest TOF reached 6.33 h−1 via the
co-catalysis of CC using oxalic acid (pKa = 1.25) and SO4

2−/
SnO2–HAP. Different dosages of oxalic acid (0.1–0.8 wt%) were
separately supplemented to the catalytic system for assisting
SO4

2−/SnO2–HAP catalysis of CC within 10 min at 180°C
(Figure 3B). Upon raising the oxalic acid dose from 0.1 to
0.4 wt%, FF yields increased from 24.6% to 48.2%. Over 0.4 wt
%, FF yields had no significant change. Hence, 0.4 wt% of oxalic
acid was utilized as a suitable additive to assist the SO4

2−/
SnO2–HAP catalysis of CC into FF.

3.3 Optimization of transforming CC into FF
in DES EaCl:Gly–water

In the aqueous catalytic system, the low FF solubility might
restrict FF generation, resulting in a decreased FF production (Li
et al., 2021). DESs might be used as promising solvents for
enhancing FF yields due to their unique properties, which would
facilitate the generation of FF and confine undesired FF degradation
or cross-polymerization (Pan et al., 2022). Using CC as a feedstock
for producing FF, four factors including DES dosage, catalyst dose,
performance temperature, and reaction time were examined for the
effect of FF formation in DES EaCl:Gly–water.

When the ratio of DES–water is changed, the formed DES−water
media might influence the production of FF (Pan et al., 2022). To
examine EaCl:Gly dosage on FF generation, four volumetric ratios of
EaCl:Gly–water (0:1, 1:3, 1:2, 1:1, 2:1, and 3:1; v/v) were individually
utilized as catalytic reactionmedia (180°C) (Figure 4A). By raising the
volumetric ratio of EaCl:Gly–water from 0:1 (EaCl:Gly, 0 vol%) to 1:2
(EaCl:Gly, 33.3 vol%), FF yields increased from 48.2% to 59.3%.
Upon increasing the EaCl:Gly–water volumetric ratio from 1:2 to 1:1,
FF yields increased slightly. Compared to the aqueous phase system,
the merit of the DES–water system is that FF might be extracted into
EaCl:Gly in situ quickly. Thus, not only the generation of by-products
is confined but also the tedious performance steps for the extraction
of FF are also saved. Over 1:1 (v/v), FF yields decreased from 59.3% to
50.1% in EaCl:Gly–water. In view of FF yields and EaCl:Gly dosage,
the appropriate EaCl:Gly–water volumetric ratio was chosen as 1:2
(EaCl:Gly, 33.3 vol%). As the EaCl:Gly dose increased in EaCl:
Gly–water, excessive solvent loading would reduce the contact
opportunity of lignocellulose to catalysts and cause the reduction
of FF yields (Li et al., 2021).

During the conversion of biomass into FF with solid acids,
catalyst loading had a profound influence on FF
production (Peng et al., 2019). It was observed that the loading
of SO4

2−/SnO2–HAP (1–4 wt%) had a crucial effect on FF formation
in EaCl:Gly–water (1:2, v/v) by supplementary oxalic acid (0.4 wt%)

FIGURE 3
Effects of organic acids with different pKa values on the SO4

2−/SnO2–HAP-catalyzed conversion of CC to FF after 10 min at 180°C (A); effects of the
oxalic acid dose (0.1–0.8 wt%) on FF generation after 10 min at 180°C (B).
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(Figure 4B). As the SO4
2−/SnO2–HAP dosage increased from 1 to

2 wt%, FF yields improved from 36.4% to 59.3%, and when SO4
2−/

SnO2–HAP loading exceeded 2.0 wt%, FF yields showed no
significant change. Thus, the optimal SO4

2−/SnO2–HAP dosage
was 2.0 wt%. The performance temperature and reaction time
were pronounced as vital parameters that affected the production
of FF (Zhang et al., 2019). After the transformation of CC was
conducted for 5–40 min in a reactor (160–180°C) containing 40 mL
EaCl:Gly–water (1:2, v/v), it was found that the highest FF yield
(59.3%) was obtained at 180°C after 10 min via co-catalysis with
SO4

2−/SnO2–HAP (2.0 wt%) and oxalic acid (0.4 wt%) (Figure 5). By
increasing the reaction time from 5 to 10 min, the FAL yield was
increased significantly. Over 10 min, the FAL yield dropped
gradually. Sn–sepiolite (3.0 wt%) catalyzed rice straw to FF (42%
yield) in water after 20 min at 170°C (Peng et al., 2019).

Sn–vermiculite (4.0 wt%) converted reed to FF (55.0 mM; 38.4%
yield) in water at 170°C after 20 min (Zhu et al., 2020). Evidently,
SO4

2−/SnO2–HAP could be utilized to catalyze CC into FF with a
high yield (59.3%) in EaCl:Gly–water (1:2, v/v) containing oxalic
acid (0.4 wt%).

In the EaCl:Gly–water system, lignocellulosic biomass was catalyzed
to FF and its derivatives by synergetic catalysis with SO4

2−/SnO2–HAP
and oxalic acid. Water molecules could break the complicated matrix of
cellulose–lignin–hemicellulose, which would facilitate the promotion of
the dissolution of hemicellulose (Lam et al., 2012). Carboxylic acids as
Brönsted catalysts, which are also used as components of DESs, had a
good biomass pretreatment ability (Yin et al., 2021). DES EaCl:Gly,
which has good biomass pretreatment, could reduce the degradation of
hemicellulose that enhanced the selective conversion of hemicellulose
(Zhang et al., 2014). The xylan-derived D-xylose was dehydrated and
opened in the presence of Cl− and finally closed to FF (Marcotullio and
de Jong, 2010). FF could also be obtained via the transformation of
xylulose derived from isomerized D-xylose (Choudhary et al., 2011; Li
et al., 2014). Glucan-derived glucose was isomerized to fructose, which
would be further dehydrated to form 5-HMF and then hydrolyzed to
produce HCOOH and levulinic acid (Wang et al., 2017).

3.4 Reuse of SO4
2−/SnO2–HAP

Reusability is a key indicator in assessing the performance of a
heterogeneous catalyst (Gong et al., 2019). In this work, the catalyst
SO4

2−/SnO2–HAP was reused for eight cycles. After each catalytic
cycle in EaCl:Gly–water (1:2, v/v), the mixture of biomass residue
and SO4

2-/SnO2–HAP was isolated by filtration and further washed
with distilled water three times. Then, this solid mixture was burned
in an oven to remove biomass residue. The remaining solid was
further sulfonated before starting the next batch. The activity of
SO4

2−/SnO2–HAP was maintained during four consecutive tests
(41.7%–59.3%) (Figure 6). FF yields decreased gradually after
each batch. From the first to the fourth run, FF yields dropped
from 59.3% to 51.6%. From the fifth to the sixth run, a significant

FIGURE 4
Effects of DES EaCl:Gly loading on FF generation (180°C; 10 min) (A); effects of the SO4

2−/SnO2–HAP dose on FF generation (180°C; 10 min) (B).

FIGURE 5
Effects of the performance temperature and time on FF
generation.
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decrease in FF yields (41.7%–47.8%) was obtained. After
Sn–sepiolite was recovered and reused for six runs, the FF yield
decreased from 42% to 35% (Peng et al., 2019). Evidently, SO4

2-/
SnO2–HAP had good stability and reusability. An efficient recovery
and reuse process could reduce the operation cost of FF production.

3.5 Valorization of biomass-derived FF to
FAM in EaCl:Gly–water

DESs can be utilized as eco-friendly reaction solvents for
chemocatalysis and biocatalysis (Ni et al., 2021). In 40 mL EaCl:
Gly–water (1:2, v/v), a tandem conversion of biomass into FAMwas
attempted via a sequential acidified SO4

2−/SnO2–HAP
chemocatalyst and a CCZU-XLS160 cell biocatalyst. Through co-
catalysis with SO4

2−/SnO2–HAP (2.0 wt%) and oxalic acid (0.4 wt
%), corncob (CC), sugarcane bagasse (SB), rice straw (RS), and reed
leaf (RL) (3.0 g, 75 g/L) could be catalyzed into 114.9, 79.6, 74.5, and
50.8 mM FF at 180°C after 10 min (Table 2), respectively. FF yields
were obtained as follows: Yield(CC) = 59.3% > Yield(SB) = 47.3% >
Yield(RS) = 45.2% > Yield(RL) = 42.4%. Various types of agro- and
forest-wastes could be used to produce FF (Guenic et al., 2015;
Gong et al., 2019; Lee andWu, 2021). In this work, different types of
biomass samples with different contents of xylan were used as

feedstock for the production of FF. Overall, CC was a good
feedstock for FF production due to the high xylan content
(34.1 wt%) and FF yield (59.3%).

The formed FF liquor, which was adjusted to pH 7.5, could be
aminated into FAM by supplementary CCZU-XLS160 cells (0.050 g/
mL) and NH4Cl (2 mol NH4Cl/mol FF) in EaCl:Gly–water (1:2, v/v).
Time courses for the biotransformation of dilute CC-derived FF
(110.0 mM) were monitored. By increasing the bioreaction time
from 0 to 12 h, FF concentrations decreased quickly (Figure 7).
After biological amination for 6 and 12 h, FAM concentrations
reached 78.7 and 99.0 mM, respectively. When biological amination
was carried out for 24 h, FF was fully transformed into FAM, achieving
the productivity of 0.43 g FAM per g xylan. After biological
transformations of SB-, RS-, and RL-derived FF for 24 h, the yields
of FAM reached >99%, with the productivity of 0.31–0.34 g FAM per g
xylan (Table 2). FF could be prepared from xylan in biomass via
hydrolysis, dehydration, and cyclization reaction (Lee and Wu, 2021;
Gong et al., 2022). Hence, the titer of FF derived from lignocellulosic
biomass was mainly based on the xylan content in biomass. The
biomass-derived FF could be wholly aminated to FAM by CCZU-
XLS160 cells. It was observed that the generated FAM titer was largely
determined by the xylan content of biomass in the tandem reaction with
acidified SO4

2−/SnO2–HAP and CCZU-XLS160 cells. Hence, CC could
produce high productivity of FAM via a chemoenzymatic approach in
EaCl:Gly–water (1:2, v/v).

Lignocellulosic biomass is an available, inexpensive, and
renewable source, which has been widely used for the production
of value-added chemicals (Mika et al., 2018; Lee andWu, 2021). FF is a
key bio-based chemical. One of its common preparation methods is
conducted via catalysis by usingmetal salts, mineral acids, and organic
acids as homogeneous catalysts. Recently, heterogeneous catalysts are
regarded as environmentally friendly catalysts, which can be easily
recovered and reused as compared to some homogeneous ones (Gong
et al., 2019). It is known that the establishment of an efficient
valorization process would achieve high concentrations of FF
(Weingarten et al., 2010; Metkar et al., 2015). DESs have gained
considerable interest as reaction solvents for FF production due to
their low toxicity, good reusability, high thermostability, and ease of
preparation (Xu et al., 2020). In this work, biomass samples (7.5 wt%)
were utilized as feedstocks for preparing FF after 10 min in EaCl:
Gly–water (1:2, v/v; 180°C) by co-catalysis with SO4

2−/SnO2–HAP
(2.0 wt%) and oxalic acid (0.4 wt%). Furthermore, biological
amination of the prepared FF with whole-cell of CCZU-XLS160
could be used for the efficient production of FAM under an
ambient performance condition. Tandem catalysis by bridging
chemocatalysis and biocatalysis was constructed for the efficient

FIGURE 6
Bioamination of the CC-derived FF into FAM in EaCl:Gly–water
(1:2, v/v; pH 7.5) at 35°C.

TABLE 2 Examination of the chemoenzymatic conversion potency toward different biomasses in EaCl:Gly–water (1:2, v/v).

Biomass Xylan content in biomass, wt% FF, mM (yield, %)a FAM productivity, g FAM/g xylanb

Corncob (CC) 34.1 114.9 (59.3) 0.43

Sugarcane bagasse (SB) 29.6 79.6 (47.3) 0.34

Rice straw (RS) 29.0 74.5 (45.2) 0.33

Reed leaf (RL) 21.1 50.8 (42.4) 0.31

aVarious biomass samples (7.5 wt%) were used as feedstocks for the production of FF, after 10 min at 180°C in EaCl:Gly–water (1:2, v/v) by co-catalysis with SO4
2−/SnO2–HAP (2.0 wt%) and

oxalic acid (0.4 wt%).
bThe formed FF was aminated to FAM by supplementary CCZU-XLS160 cells (0.050 g/mL) and NH4Cl (2 mol NH4Cl/mol FF) in EaCl:Gly–water (1:2, v/v; pH 7.5) at 35°C for 24 h.
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and sustainable valorization of biomass into FAM. In the future, it is of
great interest to establish a cost-effective catalytic process to obtain
high FF concentration and thus further improve FAM productivity
with high ω-transaminase activity.

4 Conclusion

To summarize, the establishment of an efficient
chemoenzymatic approach for converting abundant, cheap, and
renewable lignocellulosic biomass into value-added furans can be
used as a sustainable strategy in the biorefinery process. In an eco-
friendly reaction system, various types of lignocellulosic biomasses
can be converted to FAM via sequential catalyses with solid acid
catalysts and transaminase biocatalysts.

Using hydroxyapatite (HAP) as a carrier, solid acid catalyst SO4
2−/

SnO2–HAP was prepared for catalyzing xylan-rich biomass in this work.
Organic acids were used to assist newly synthesized SO4

2−/SnO2–HAP for
FF production. It was found that oxalic acid (pKa = 1.25; 0.4 wt%) plus

SO4
2−/SnO2–HAP (2.0 wt%) gave the highest FF yield in EaCl:Gly–water

(1:2, v/v) at 180°C after 10 min. SO4
2−/SnO2–HAP had a good reusability

performance, which could be reused for six runs.
FF liquors, which were obtained from different biomasses by co-

catalyses with oxalic acid and SO4
2−/SnO2–HAP in EaCl:Gly–water,

could be fully aminated into FAM with the yield >99% with CCZU-
XLS160 cells within 24 h. This established chemoenzymatic
conversion strategy could be utilized in the valorization of
renewable lignocellulosic biomass to valuable furan-based
compounds in the eco-friendly EaCl:Gly–water system.
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A novel hybrid bioprocess strategy
addressing key challenges of
advanced biomanufacturing
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Monoclonal antibodies (mAb) are commonly manufactured by either
discontinuous operations like fed-batch (FB) or continuous processes such as
steady-state perfusion. Both process types comprise opposing advantages and
disadvantages in areas such as plant utilization, feasible cell densities, media
consumption and process monitoring effort. In this study, we show feasibility
of a promising novel hybrid process strategy that combines beneficial attributes of
both process formats. In detail, our strategy comprises a short duration FB,
followed by a fast media exchange and cell density readjustment, marking the
start of the next FB cycle. Utilizing a small-scale screening tool, we were able to
identify beneficial process parameters, including FB interval duration and
reinoculation cell density, that allow for multiple cycles of the outlined process
in a reproducible manner. In addition, we could demonstrate scalability of the
process to a 5L benchtop system, using a fluidized-bed centrifuge as scalable
media exchange system. The novel process showed increased productivity
(+217%) as well as longer cultivation duration, in comparison to a standard FB
with a significantly lower media consumption per produced product (−50%) and a
decreased need for process monitoring, in comparison to a perfusion cultivation.
Further, the process revealed constant glycosylation pattern in comparison to the
perfusion cultivation and has strong potential for further scale-up, due to the use
of fully scalable cultivation and media exchange platforms. In summary, we have
developed a novel hybrid process strategy that tackles the key challenges of
current biomanufacturing of either low productivity or high media consumption,
representing a new and innovative approach for future process intensification
efforts.

KEYWORDS

CHO cell culture, process intensification, fluidized bed centrifuge, monoclonal
antibodies, intermediate harvest, continuous biomanufacturing

1 Introduction

The development and manufacturing of biopharmaceuticals including monoclonal
antibodies (mAb) have gained major importance due to their growing demand in
treatments of cancerous, immunological and infectious diseases (Johnson, 2018). MAbs
offer higher target specificities and elongated half-lives compared to pharmaceuticals of low
molecular weight, such as small molecule drugs, resulting in a high interest in these
molecules as demonstrated by increasing numbers of antibodies entering clinical trials,
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and getting regulatory approval (Hansel et al., 2010). Additionally,
their mode of action can be modified and optimized in various ways
by molecular engineering (Presta, 2008). However, to achieve the
desired bioactivity and avoid immunogenicity, host-specific
posttranslational modifications (PTM) of the expressed mAb, like
glycosylation, are essential (Jayapal et al., 2007). Therefore, mAbs
are commonly expressed in mammalian cells capable of PTM,
especially in Chinese Hamster Ovary (CHO) cells due to their
status as secure production host and their proven high
volumetric productivity (Kim et al., 2012). Thereby, different
process modes are utilized within the upstream manufacturing of
mAb based therapeutics comprising distinct sets of advantages and
disadvantages.

A commonly used upstream process operation in mAb
production is the fed-batch (FB) mode, comprising feed additions
throughout a batch cultivation to supply fresh nutrients to the cells.
This process comprises an exponential growth phase in which cell
numbers increase and cell viability is high, followed by a stationary-
and death phase with stable or decreasing viable cell counts and
decreasing viability. Commonly, the accumulation of metabolic
byproducts or nutrient limitation triggers the transition from the
growth phase to the stationary phase and hence, limits the
achievable cell density, cultivation time and volumetric
productivity (Abu-Absi et al., 2014). The advantages of the FB
operation are efficient utilization of growth media in comparison
continuous processes, resulting in lower operational costs which
increases the economic potential (Pollock et al., 2013).

To overcome the FB specific limitations, like decreased cell
densities and cultivation durations, continuous processes like
perfusion are applied (Hiller et al., 2017). Thereby, a continuous
media exchange is applied, while cells are kept in the reactor using cell
retention devices, which usually are filter-based-systems in either
tangential flow or alternative tangential flow. Alternative cell retention
can be achieved, for example, by using hydrocyclones, acoustic
separation or gravitational settlers (Castilho and Medronho, 2002;
Voisard et al., 2003; Bettinardi et al., 2020). Thereby, spent media
containing the product, residual nutrients as well as metabolic
byproducts passes the cell retention device and consecutive enters
the downstream operations, meanwhile new media is added to the
process to supply fresh nutrients. With the application of cell bleed,
i.e., removing spent medium with cells, a pseudo-steady state can be
introduced, allowing for stable high cell densities. This process
modification allows for an up to 5-fold increase in volumetric
productivity and can strongly enhance plant utilization compared
to a fed-batch process (Dowd et al., 2003; Xu et al., 2017). However,
high media expenses due to media exchange rates up to 3 bioreactor
volumes per day, limited filter capacities and operational complexity
are the downsides of perfusion processes (Hiller et al., 2017;
MacDonald et al., 2022).

Besides the two main process operations, novel process
intensification strategies have emerged during recent years,
aiming to combine on FB and perfusion cell culture techniques
to reach high volumetric productivities as in perfusion with a
reduced use of medium as in fed-batch. One example comprises
enhanced cell counts in the seed train, facilitated by perfusion
operation, followed by a FB operation in the production
bioreactor. This intensification strategy not only allows for
significantly reduced seed culture volumes and steps as well as

increased n-stage inoculation cell densities that consecutively
eliminate the less productive initial growth phase in the
production reactor (Schulze et al., 2021). This so called high
inoculation FB decreases the total process time, while keeping
final mAb titers constant, resulting in an overall increase in
process productivity (Yang et al., 2014; Yongky et al., 2019;
Schulze et al., 2022). Another approach by (Hiller et al., 2017)
involves a perfusion process in the beginning of the cultivation to
increase the overall cell density, subsequently the process is changed
to a FB operation to minimize media consumption. Thereby, the
overall output of the process could be enhanced with a relatively low
increase of media consumption. A third hybrid approach recently
demonstrated by our group is the so-called intermediate harvest
(IH) strategy, a single and fast media exchange during a FB
operation done by a fluidized-bed-centrifuge (FBC) (Reger et al.,
2023). By doing a single media exchange in this way increased peak
cell densities as well as volumetric productivities could be achieved
similar to the process from (Hiller et al., 2017). All of these
intensified processes rely on a beneficial combination of high cell
densities of the perfusion culture mode and the low media
consumption of the FB process mode, However, all introduced
intensification have a limited process duration and thus still
result in a discontinuous process mode. Therefore, a process with
continuous characteristics alongside to low media consumption and
high cell densities is highly desirable.

The aim of this study was to identify a possible process scheme
to enable a continuous process operation based on a hybrid process
strategy between perfusion and fed-batch. Thereby, this new process
should combine increased volumetric productivities, as achieved in
common discontinuous FB process, with significant lower media
consumption as required in typical continuous perfusion
cultivation. In addition, the process should comprise comparably
low process control and monitoring needs. To enable this hybrid
process strategy the rapid media exchange by Intermediate Harvests
(IH) should be utilized, followed by a short duration fed-batch (FB
cycle). This process will be further referred to as continuous fed-
batch (cFB). In a first step, the feasibility and limitations of this new
concept should be investigated in a 15 mL small-scale system
utilizing a IH mimic method. Thereby, different re-inoculations
densities and FB durations should be evaluated. In a second step the
most promising concept should be scaled-up to benchtop-scale to
demonstrate feasibility, and further process optimization.
Subsequently, a comparison to the standard process, FB and
steady-state perfusion, should be conducted.

2 Materials and methods

2.1 Cell line and medium

A DHFR-deficient Chinese hamster ovary (CHO- DG44)
monoclonal cell line was used, stably expressing an IgG1 (pI: 7.3)
product. The chemically defined 4Cell SmartCHO (Sartorius Stedim
Biotech) media system, comprising the Stock and Adaptionmedia as
well as the Production Media with a two feed solution (Feed A and
Feed B) was used for all n-stage processes as well as seed train
cultivations. All seed trains were conducted with similar passage
counts to secure consistency.
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2.2 Process characterization: small scale
trials

The small-scale screening was conducted in an Ambr15 (Sartorius
Stedim Biotech) high throughput system. Thereby, re-inoculation
densities were tested from 20 × 106 to 30 × 106 cells/mL and FB
durations between 2 and 3 days. After preparation of the system,
temperature setpoint was set to 36.8°C, pH was controlled at
7.1 through CO2 gassing. DO was controlled at 40% with O2

gassing and stirrer speed set to 1.300 rpm with a liquid volume at
around 11 mL. Bioreactors were inoculated with 0.3 × 106 cells/mL.
After a 72-h batch phase, daily bolus feeds (Feed A with 4% and Feed B
with 0.4%) with decreasing volumetric percentage and glucose (setpoint
4.5 g/L) were started. On day 6, all cultures were processed by using the
semi-perfusion method (Janoschek et al., 2019) to mimic the FBC
operation and consecutive fresh media enriched basal media according
to Janoschek et al. (2019) was supplied to each vessel. Subsequent, a
flexible feeding scheme was implemented based on the daily viable cell
volume. Thereby, the viable cell volume on peak cell density of the
common FB process (34.9 mm3/mL) was fixed as single multiplication
factor. Subsequent, the viable cell volume was determined daily and the
multiplication factor was calculated and applied to the feed. Feeding
volumes were split into two boluses for feeding 12 h apart. For all
cultures the vessels were changed at day 12. On days of IHs, feeding
scheme was adjusted to a single half feed to avoid overfeeding of cells
cultured. Cell cultures were ended when reaching 70% cell viability or
when observing stagnating cell growth between IHs.

2.3 Proof of concept: 5 L benchtop scale

The proof of concept was conducted in a 5 LUnivessel (Sartorius
Stedim Biotech) system utilizing the 2-day IH interval with re-
inoculation at 20 × 106 cells/mL for a total of six repetitions. Two
different sets of experiments were done mainly differing in the wash
media matrix and re-inoculation matrix for the FBC operations
further explained in Section 2.4. Bioreactors were inoculated with
0.3 × 106 cells/mL from seed-cultures with a working volume of 3 L
and similar DO, pH and temperature settings. Similar to small scale,
an initial batch phase for 72 h was conducted with subsequent daily
bolus feeding of the two complementary feeding solutions. On day 5,
the cultures were processed by the FBC operations, with a
subsequent cell bleed to reach a starting density of 20 × 106 cells/
mL. Similar to the small scale a flexible fixed feeding twice a day in a
multiplication factor of IVCV was implemented, on harvest days a
decreased feeding was utilized to diminish possibility of excessive
feeding. After six repetitions the cultivation was ended.

2.4 FBC operation

For cell separation, concentration, and washing, an automated
single-use centrifuge Ksep® 400 system with a Ksep® 400 Cell Wash
Harvest Consumable Kit (Sartorius) was used. Thereby, the FBC
operation consists of the steps loading, washing and discharging in
cyclic repetition. The tubing of all receptions to the FBC system was
sterile connected by a BioWelder® system (Sartorius) and
disconnected by a BioSealer® TC system (Sartorius).

To achieve almost complete cell retention and replacement of
the spent medium during each IH step by the FBC, cell broth was
loaded and washed according to a protocol established by (Saballus
et al., 2021). In brief, the FBC was set to constant 1,000 × g at flow
rate of 100 mL/min/chamber for loading and washing, with a
maximal loading per chamber of around 90%. High
concentration of the washed cells was enabled by an adapted
FBC discharging recipe of the processed cells, applying an initial
dump volume of 100 mL with a subsequent harvest volume of
300 mL at a harvest flow rate of 300 mL/min per FBC chamber.
Both tested wash media, the pH 7.4 phosphate buffered saline (PBS,
chemicals supplied by Carl Roth) and the fresh enriched basal
medium generated according to Janoschek et al. (2019) were pre-
tempered at 37°C, the subsequent FBC process was not temperature
controlled.

2.5 Sampling and analytics

Cell characteristics were measured by Cedex HiRes (Roche),
metabolic parameters and pH by ABL800 basic (Radiometer) and
ammonia analyzed via BioProfile® FLEX2™ (Nova Biomedical).
Residual samples were centrifuged at 6600 × g for 5 min
(Centrisart A-14, Sartorius) at RT and stored at −20°C until
further analysis.

IgG concentrations were determined by size exclusion
chromatography (SEC) utilizing the Vanquish™ Flex UHPLC
System (Thermo Scientific) and Yarra™ 3 μm SEC-3000
(Phenomenex). For each measurement a standard curve with an
IgG specific standard was prepared. The running buffer included
100 mM Na2SO4, 50 mM NaH2PO4 and 50 mM Na2HPO4 with
pH 6.6 and was adjusted to a flowrate at 1 mL/min and 5 µL loading
volume for each sample.

The relative amount of different IgG glycans was analyzed by
capillary gel electrophoresis with the LabChip® GXII Touch™ HT
Protein Characterization System (PerkinElmer). First, supernatant
samples were purified using PreDictor MabSelect SuRe 96-well
plates (Cytiva) and the Ab buffer kit (Cytiva). Buffer from
protein A purification was exchanged and desalted using
Vivaspin® 500 Centrifugal Concentrators (Sartorius) with a
molecular mass cut off at 10 kDa. Purified and desalted samples
were further processed with the Glycan Release and Labeling kit
(PerkinElmer) for glycan measurement with the LabChip GXII
Touch (Perkin Elmer).

Values for cell specific productivity (qP) as well as integral of
viable cell concentration (IVCC) determination were calculated
equivalent to Janoschek et al. (2019). Integral of viable cell
volume (IVCV) and specific growth rate (µ) was calculated
according to Schulze et al. (2021). Product recoveries for the IH
operation were calculated in correspondence to Saballus et al.
(2021). All calculations are specified further in the
Supplementary Eqs S1–S5.

GraphPad Prism version 9.3.1 was used for statistical evaluation
given in the single graphs. Threshold for significance level was α =
0.05, for normal distributed data sets analysis of variance (ANOVA)
with Tukey’s multiple comparison test was conducted. If standard
deviation differed significantly according to Brown-Forsythe test,
Dunnett’s T3 multiple comparisons test was performed.
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3 Results

The aim of this study was to combine the advantages of a
perfusion process like elongated duration and increased cell
densities overtime with the low media and consumable
consumption of a discontinuous process format. In detail, this
new designed process, called continuous fed-batch (cFB) should
comprise a fixed FB duration (FB cycle) with a consecutive rapid and
complete media exchange (IH operation) including a cell density
adjustment (bleed). To test the applicability of this process a high
throughput small-scale screening was conducted, utilizing a
commercially relevant CHO cell line, comprising different
durations and starting cell counts. Subsequent, the most
promising approach was scaled up to a benchtop system (5L) to
investigate the influence of the scalable exchange method via the
fluidized bed centrifuge (FBC).

3.1 Process characterization at small scale

A small-scale trial was conducted to investigate a suitable
cultivation scheme, including optimal FB cycle duration and cell
density for reinoculation after the IH. Cells should remain in the
logarithmic growth phase between IHs and therefore the cell bleed
after each harvest cycle aims on keeping the cells in the proliferative
state, defined as positive range of the cell specific growth rate (µ), to
enable a continuous process mode. Three different approaches were
investigated, re-inoculation at a viable cell count (VCC) of 20 ×
106 cells/mL and an interval of 2 days (VCC 20 2d), re-inoculation at
30 × 106 cells/mL and an interval of 2 days (VCC 30 2d) and re-

inoculation at 20 × 106 cells/mL and an interval of 3 days (VCC
20 3d), further explanation for the design space is discussed in
Section 4.1. The VCC as well as the viability for the different
conditions over time is shown in Figures 1A–C. All approaches
show a similar growth and viability for the first 6 days as expected
and reached VCCs of around 20 × 106 cells/mL. Subsequent, the first
IH operations were conducted for each approach, indicated by the
dotted lines.

The VCC 20 2d approach (Figure 1A) grew reproducible to a
peak cell density of ~30 × 106 cells/mL over the first two FB cycles.
Subsequent, from day 12 to the end of the cultivation a variation in
peak cell density was visible (25–35 × 106 cells/mL), partially due to
variations in reinoculation densities caused by vessel change which
will be discussed further in Section 4.3. This trend is supported by
the specific growth rate over time visible in Supplementary Figure
S1. In total six repetition could be conducted in the small-scale trials
showing decreased growth in the last repetitions. The viability values
for the VCC 20 d2 approach showed a decrease to 85% at day 12,
after which a stabilization of viabilities is visible and a final viability
of 79% is reached at day 18. Interestingly, the stabilization of the
viability and high variation in peak VCC start occurring from day
12, concomitant with the change of the bioreactor vessel.

The approach with increased cell densities (VCC 30 d2) reached
a peak cell density of 41.2 × 106 cells/mL during the first FB phase,
visible in Figure 1B. Consecutively, after the following IH operation
the reinoculation cell density was set to 30 × 106 cells/mL (d8) and
the next FB phase was initiated. During the subsequent FB intervals,
a decline in cell growth was visible, resulting in a decrease of peak
cell densities for this approach, even with the bioreactor change at
day 12. Similar to the VCC the viability and specific growth rate

FIGURE 1
Cellular characteristics for the continuous fed-batch (cFB) process conducted in small scale. (A–C) Viable cell counts (solid line) and viabilities
(dotted line) overtime for the scenarios VCC 20 d2 (A), VCC 30 d2 (B) and VCC 20 d3 (C). (D) Average diameter for each investigated approach over the
course of the cultivation. All cultivations were done in duplicate and error bars represent the distance of the mean to the values obtained in both
duplicates.
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decreased over the time course, and especially after the last IH
procedure at day 14 leading to the termination of the culture.

Finally, the third investigated scenario (Figure 1C) with an
elongated FB duration of 3 days and reinoculation cell densities
of 20 × 106 cells/mL, VCC 20 3d, showed a stable cell growth after
the first IH (d6) up to the end of the first FB cycle on day 9, reaching
peak cell densities of 32.5 × 106 cells/mL. However, after this no
further cell growth, in cell count and specific growth rate, within the
second FB cycle could be detected and a decrease in cell viability
occurred, leading to an end of the cultivation on day 12. Further data
of lactate and glucose levels can be found in the Supplementary
Material.

To gain further insight into the process the average cell diameter
of each approach is displayed in Figure 1D. Interestingly, all
approaches show a similar increase overtime from around 14 µm
up to 18 µm. Notably, both cultures that received a vessel exchange
(VCC20 2d and VCC30 2d) showed a temporary decrease in cell
diameter shortly after the vessel change. Afterwards, the VCC20 2d
showed a stabilization of the cellular diameter up to day 17.

To further analyze the approaches within the new designed
process, product titers were quantified from day 6 on (Figures
2A–C). Thereby, all three approaches showed similar mAb titers
of around 1 g/L up to day 6 before the initial IH operation.
Subsequently, due to limited sampling volume at 15 mL scale no
residual mAb titer sample was measured after the media exchange.
Therefore, to improve visibility within Figures 2A–C, 0 g/L was
assumed as starting point. For the approach VCC 20 2d, a mAb titer
of 1.7 g/L (Figure 2A) could be detected after the first 2-day FB cycle
on day 8. In the subsequent FB cycles, an increase to final titers of

2.0–2.8 g/L mAb, respectively, could be observed. Interestingly, an
increase for the cell specific productivity (qP) over time is visible
(bars in Figure 2A) from 36 pg/c/d within the first 2-day cultivation
interval to 50–60 pg/c/d for the last four cycles. Accordingly, the
mAb titer of the VCC 30 2d approach, Figure 2B, inclined from
2.3 g/L in the second IH (day 8) to over 3 g/L in the subsequent
harvests. This increase is also reflected in the qP values, starting at
around 35 pg/c/d for the second IH and reaching around 61–63 pg/
c/d in the latest harvests. The titer values for the approach VCC
20 d3, shown in Figure 2C, indicate a stronger increase in titer in
comparison to the VCC 20 2d approach with around 2.8–3.3 g/L in
the first vs. the second 3 days of FB operation, respectively. Similar to
other investigated approaches the qP values are increased from the
second harvest (35 pg/c/d) to the third harvest (55 pg/c/d).
Furthermore, the integrated titer over the complete cultivation
duration is shown within the Supplementary Material.
Interestingly, the incline in qP and titer correlates with the
diameter increase shown in Figure 1D, indicating a proportional
relation.

As an important byproduct and cell culture state indicator, the
ammonia concentration was monitored over time. The VCC
20 d2 approach showed constant and low levels ranging between
2.2- and 3.5-mM ammonia over the entire cultivation time of
18 days. However, the ammonia concentrations for VCC
30 d2 and VCC 20 d3 increased to 6.6 and 8.4 mmol/L over the
course of cultivations, indicating a significant ammonia
accumulation in these cultures.

The data overall show that for each investigated approach at
least 2 IH intervals could be carried out and an increase in qP with

FIGURE 2
Expression levels of product and byproduct in the new designed process. (A–C) Titer values in g/L and cell specific productivity (pg/c/d) for the
small-scale trials of the approaches VCC20 d2, VCC30 d2 and VCC 20 d3. (D) Ammonia level in mmol/L for each approachmeasured after the complete
media exchange. All cultures were done in duplicate and error bars represent the distance of the mean to the values obtained in each duplicate.
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increasing process duration could be obtained, indicating a
beneficial process strategy. Based on our data set the most
promising approach, characterized by longest proliferating phase
and low and stable amounts of ammonia over multiple IH cycles was
the VCC20 d2. Therefore, the conducted small-scale screening
indicates a feasible scenario for the proposed cFB process if a
reinoculation cell density of 20 × 106 cells/mL and an FB
duration of 2 days is pursued (VCC20 d2). In accordance, this
approach was chosen for a scale-up to a 5 L bioreactor scale,
comprising a fluidized-bed centrifuge (FBC) as scalable cell
separation method for the IH operations.

3.2 Proof of concept at benchtop scale

Following the process characterization of the different proposed
cFB scenarios at screening scale a process scale-up with the
identified preferential parameters, re-inoculation cell density 20 ×
106 cells/mL and a 2-day interval, was conducted. This proof-of-
concept run was pursued utilizing a 5 L benchtop reactor and a
single-use FBC system for time saving, gentle and complete media
exchange. Two parallel cultivations were conducted, comprising one
approach with enriched cell culture media, further explained in
Section 2.4, as wash buffer for the FBC operation (cFBPerfM) and a
second approach utilizing PBS as wash buffer (cFB PBS).

The course of VCC and viability for both benchtop reactors over
time is displayed in Figure 3A. The cultivation conducted with
enriched media as wash buffer (cFB PerfM; black line) showed
overall consistent growth between the FB cycles. Overall peak cell
densities after 2 days ranging from 35 × 106 to 41 × 106 cells/mL were
reached throughout all six repetitions. This consistent growth is as
well confirmed by the stable specific growth rate of around 0.37 1/d
visible in the Supplementary Material. Additionally, the cell culture
maintained a high cell viability of over 93% until the last day of the
process. The approach utilizing PBS as wash buffer during IH
operations (blue line) showed very similar trends. In this
approach slightly decreased peak cell densities between 31 × 106

and 35 × 106 cells/mL were reached verified by a constant but lower
specific growth rate of 0.29 1/d (Supplementary Material). This was
accompanied by a minor reduction in viability down to 89% on day
17 in comparison to the cFB PerfM approach. Overall, cells showed
better and more consisted growth behavior between IH operations
as well as increased viability profiles overtime in comparison to the
small-scale trials.

To further characterize the new process the average cell diameter
was analyzed and is shown in Figure 3B. A similar increase for both
reactors is visible during the first few days of cultivation. Subsequent,
a stabilization of the diameter at 16–17 µm is visible for both set of
experiments. Interestingly, after day 8 first small differences are
visible with an overall increased diameter for the cFB PBS
experiment of around 0.5 µm over the course of the cultivation.
Overall, a specific behavior is noticeable in the diameter oscillation,
with a clear increase during the first 12 h after IH operation, and a
subsequent decrease over the following 12 h. Interestingly, the cell
counts show an inverse behavior meaning that cells either grow in
cell count or in cellular diameter within one period. To further
analyze the cellular characteristics between both approaches the
IVCC (Integral of Viable cell count) and IVCV (Integral of viable
cell volume) were calculated. The reactor washed with PBS showed
slightly decreased amounts of final IVCC for the overall process
compared to the cFB PerfM (345 × 106 cells/mL vs. 359 × 106 cells/
mL, respectively). This decrease can be explained by the small
difference in peak cell densities visible in Figure 3A. Vice versa,
the values for the IVCV showed a small increase for the cFB PBS
experiment, as a result of the increase in diameter visible in
Figure 3B.

To further gain insight into the process product specific
parameters for both approaches like titer and cell specific
productivity (qP) were determined and compared. Figure 3A
shows the mAB titer overtime for the cFB PerfM cultivation
indicated as solid line and the qP within a FB cycle represented
by the individual bars. The titer curve steadily increases to the first
IH operation to around 0.5 g/L, consecutively titers within FB cycles
showed enhancing values from 1.5 up to 2.2 g/L in the 4th IH cycle

FIGURE 3
Cellular characteristics of the proof-of-Concept experiment at benchtop scale. (A) Viable cell counts (circles) and Viability (squares) for both
experimental approaches over time, the horizontal bar shows the targeted re-inoculation VCC. (B) Cellular diameter for both set of experiments
overtime. (C) Summarized Integral of viable cell count (IVCC) and Integral of viable cell volume (IVCV) for the conducted experiments. All Media exchange
(IH) events were indicated by a dotted vertical line at the specific timepoints.
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(day 11) and then remained constant around 2.1–2.2 g/L. Similar to
the titer values the qP values increased over time from around
27–40 pg/c/d at day 9 after which values remained constant around
40 pg/c/d. Similar to the results from the cFB PerfM reactor the titer
in the cFB PBS reactor showed a constant increase in the first days to
around 0.5 g/L. Consecutive, an increase of titer up to around 2 g/L
on day 9 is visible, after which a constant value could be detected to
the end of each cultivation. The qP values show similar values for the
PBS reactor as for the PerfM reactor, increasing from 27 up to 40 pg/
c/d, with a small outlier on day 15 with 45 pg/c/d. Additionally,
during the washing step almost all mAb was removed and thus very
high mAb recoveries of approximately 95% were obtained in all FBC
operations (data not shown) and titer measurements after IH
operation revealed only minor amounts of mAB were left behind
in the cell culture resulting in low start concentrations of about 0.1 g/
L at the beginning of a cycle (Figures 4A, B). Besides product titers,
the ammonia levels were tracked over the term of the cultivations to
monitor potential byproduct inhibition (Figure 4C). Overall, ranges
between 0 and 4 mmol/L were measured, with values at harvest days
ranging from 0 to 2.6 mmol/L for both cultivated reactors. These
values matched with the small-scale data shown in Figure 2D for the
VVC20 d2 approach. Overall, this data underlines the feasibility of
the cFB approach over multiple IH and FB cycles. Furthermore, our
data suggest no significant impact due to PBS washing on the
process performance.

3.3 Process benchmark

Besides expression levels and metabolic byproducts, the glycan
distribution should be investigated and compared to the standard
operations. As reference a standard FB operation in duplicate 5L
UniVessel, resulting in 3.85 g/L mAb in 12 days and a duplicate
perfusion process in 250 mL small-scale system, with perfusion
target of 50 × 106 cells/mL at 2.5 VVD and 1.54 g/l/d mAb
production was utilized. Both processes comprised similar cell
line and media systems and are established as processes in our
facility. The glycosylation pattern were investigated comparing eight
different IgG glycan variants (Figure 5A). While only minor
differences could be detected between both cFB variants, we were

able to identify distinctions to the other process formats, except for
the proportion of G1F. The majority of glycan ratios for the cFB
process seemed to be rather comparable to the results of the
perfusion process, such as the proportions of Man5, G1, G1F’,
G0F and G2. However, the other glycan forms G0 and G2F seem
to be more comparable to the FB operation. Interestingly, the data
reveal a distinct difference between the continuous process types
(cFB, perfusion) and the discontinuous process type (FB). However,
overall the glycosylation profile of the novel process seems to be
rather comparable with the perfusion glycans and exhibit a trend
towards higher galactosylated forms.

In addition to the glycan distribution, performance attributes
were compared to the standard process types. Therefore, the space
time yield (STY) in g/L/d of the processes as well as the media
consumption per produced mAb were calculated to assess
benchmark characteristics in comparison to the existing process
formats (Figure 5B). Of note, the STY for the continuous operations
were calculated on daily basis for either the permeate (perfusion) or
supernatant (cFB) within the constant phase, the discontinuous STY
was calculated with the titer at the last day over the overall process
time. As expected, the perfusion process showed the highest STY
around 1.54 g/L/d, while the FB process only reached values of
0.32 g/L/d. Both cFB processes reached a STY in between of the
standard processes around 1.0 g/L/d due to the elongated process
times compared to the FB but decreased cell densities compared to
the perfusion process. Furthermore, the ratio between the amount of
dry media components, incorporating basal-, feed media and
glucose, needed to produce 1 g of mAb was calculated as an
indication of the media consumption of each process. Therefore,
the total amount of vessel volume exchange per day (VVD) needed
to be determined, comprising 1.3 Reactor volume per day (RV) for
the cFB PerfM approach and 0.47 RV for the cFB PBS trial. Thereby,
to decrease the residual PBS within the cFB PBS trials a high
concentration of cells after centrifugation (+100 × 106 cells/mL)
were executed with the FBC system, possible throughout the
functional principle of the system (Saballus et al., 2021). Thereby,
this approach shows unbeneficial characteristics for the cFB PerfM
trials due to increased wash buffer consumption up to 2.6 reactor
volumes per single media exchange (=1.3 RV). However, former
studies incorporating a different FBC method showed diminished

FIGURE 4
Expression characteristics for the benchtop scale reactors for the cFB experiment. (A, B) Titer in g/L (line) and cell specific productivity in pg/c/d
(bars) for each of the conducted experiments; cFB PerfM (A), cFB PBS (B), respectively. (C) Level of Ammonia in mmol/L over the course of the cultivation
for both conducted benchtop reactors.
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values of 1.3 reactor volumes for a single exchange, resulting in
0.7 RV per 2 day FB cycle, which was used for calculation (Reger
et al., 2023). The highest media usage per produced Gram mAb was
observed for the perfusion process with ~56 g/g, while a very low
media consumption could be identified for the FB process with
~17 g/g. Similar to the productivity, the cFB process showed a media
consumption ranging in between that of both standard processes
from ~31 g/g (cFB PerfM) to ~26 g/g (cFB PBS). As an alternative
measure, the cost per mAb produced was calculated utilizing
assumptions of Klutz et al., 2016, with basic medium price of
35 €/L, feed media price of 90 €/L and perfusion media price of
15 €/L. Thereby, a similar trend is visible with the lowest cost for the
FB with 7.0 €/g mAb, followed by cFB PBS (12.9 €/g mAb); cFB Perf
(15.4 €/g mAb) and the highest values for perfusion with 24.45 €/g
mAb. This difference within the approaches is caused mainly by the
optimized media exchange method in the cFB PBS trials.

Overall, the presented data proofs feasibility of the proposed FB-
perfusion hybrid process over a relevant process duration of 17 days
to be considered a continuous operation and successful scale-up to
benchtop scale. Furthermore, the novel process allows for an
efficient combination of the advantages from both standard
process types, long duration and increased peak cell densities
known from perfusion cultures and low media usage as in a fed
batch operation. Therefore, the novel hybrid process format exhibits
great potential towards highly productive continuous process.

4 Discussion

The aim of this study was to develop a hybrid process, that
combines advantages from discontinuous process operations, such
as low media consumption, with the benefits of continuous
processes, such as high volumetric productivity. Therefore, a
semi-continuous process operation was established, encompassing
consecutive FB cycles, each started with a complete media exchange.
To identify the most promising process strategy, we firstly varied
essential parameters, such as inoculation VCC and FB cycle duration
in a small-scale screening approach. The most promising set points
could be identified as initial VCCs of 20 × 106 cells/mL and a FB

duration of 2 days. Subsequent, this approach was successfully
transferred to a 5L bench-top reactor combined with a fluidized-
bed centrifuge to enable fast, complete, and gentle media renewal.
Overall, our data suggest that the established hybrid process
represents a feasible and scalable new strategy to successfully
combine beneficial characteristics from discontinuous and
continuous process operations.

4.1 Small scale process development

For a first assessment of utilizable parameter set in terms of cell
concentration at the start of each cycle and the duration of a cycle,
the two existing process types, FB and perfusion, were used as a
starting point. With the FB data a regular peak VCC of ~25 ×
106 cells/mL can be reached, indicating that at this cell concentration
nutrient limitations or product inhibitions started occurring for this
cell line and medium, leading to a transition to the stationary phase.
Meanwhile, the perfusion cultivation requires around 2.5 VVD
exchange per day to keep a steady cell concentration at 50 ×
106 cells/mL revealing a possible media supply rate to support
proliferating cells at these high densities. With this evidence we
hypothesized that a single media renewal in the range of every
2–3 days should allow to sustain cell densities in the following FB
cycles of 20–40 × 106 cells/mL. Hereby, a reinoculation cell density
of 20 × 106 cells/mL and a 2-day FB duration could be identified as
most promising approach, indicated by elongated cell growth over
multiple cycles (six repetitions as shown in Figure 1A) and a small
but acceptable decrease in cell viabilities that could partially result
from biomass attaching to the vessel and building up in the
bioreactors and the utilized semi-perfusion method which is
further discussed in Section 4.3. Furthermore, this approach
produced around 2 g/L of mAb during each interval with stable
ammonia values and increasing cell specific productivities. Increased
starting cell counts (30 × 106 cells/mL) as well as enhanced FB cycle
duration of the cFB process showed undesired process
characteristics like diminished proliferation of the cells, enhanced
decrease of viabilities over time and build-up of ammonia
concentrations. Therefore, these processes were not subjected to

FIGURE 5
Analyzed Critical quality attributes and performance attributes for the proof of concept of the cFB cultivation in comparison to the standard FB and
perfusion process. (A)Glycan distribution of all four conducted experiments in percentage for the eight investigated glycans. (B) Calculations for titer per
day and reactor volume (g/L/d) and consumed dry media per mAb (g/g) for the four investigated process types.
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further investigation due to lack in continuous process
characteristics. However, this approach did show a strong
increase in cell-specific productivities over time. This effect
especially with increasing expression levels for the two respective
cultures is a known effect from previous studies where a media
exchange in the stationary phase overall increased expression, but
did not result in additional cell proliferation (Reger et al., 2023). The
explanation for lack of continuous process characteristics, i.e., the
decreasing viabilities and cell proliferation, within these cultures
could be an irreversible transition of the cells into the stationary
phase without further proliferation potential. This transition can be
triggered by the accumulation of metabolic byproducts, which
ultimately limit further proliferation and finally reduce viabilities
(Lao and Toth, 1997; Mulukutla et al., 2017; Sha et al., 2021).
Another explanation for this irreversible transition of the
respective cultures (30 d2; 20 d3) could be a limitation of
nutrients (Xie and Wang, 1994; Xie et al., 1997; Lu et al., 2013).
The commonly analyzed nutrients, such as glucose and glutamine
showed no obvious limitations (data not shown), but further
nutrients analysis, e.g., to assess amino acid concentrations or
organic acid contents, could be conducted to investigate the
nutrient levels in the unstable cultures. Nevertheless, the primary
goal of this proof-of-concept study was to find a viable process set up
that will allow for a continuous process operation with existing cell
line and media platforms.

4.2 Proof of concept

In the next step the preferential process parameter set was
scaled-up to two 5L bioreactor utilizing a fully scalable FBC
system for cell and media separation. Both reactors were run in
parallel, only differing in the media exchange method. Thereby, the
reactors differed in media matrix, PBS and enriched basal media
ratio. With this modification the media usage of the cell wash could
be diminished to 0.47 RV instead of around 1.3 RV for a single FB
cycle. Yet, due to this method small amounts (5%–10%) of PBS
remained in the cell culture, which might influence process
performance. Indeed, small differences between the reactors
could be seen for peak cell densities, viability, and cellular
diameter over time. An explanation for the decreased peak VCCs
alongside the increase in cell diameter for the PBS process could be a
minor shift from cell proliferation towards cell size increase. This
hypothesis is supported by the IVCC and IVCV data (Figure 3C),
which confirm a similar overall cell volume (IVCV) for both
reactors, while slight differences in the cell counts (IVCC) can be
seen. The shift from cell proliferation to cell size increase could have
been triggered by the increased ion concentration that the cells of the
cFB PBS reactor have been subjected to by the residual PBS. The
main components of the utilized PBS are sodium, chloride and
potassium ions, which are commonly utilized to induce hyper
osmolality within cell cultures (Pfizenmaier et al., 2015). In
accordance, these “hyper osmolality” studies have shown similar
effects on cellular behavior, e.g., reduced peak cell densities and
increased cell volume (Alhuthali et al., 2021; Romanova et al., 2021).
Therefore, the observed shift towards cell size increase is most likely
triggered by the residual PBS. However, overall our data suggest only
minimal influences based on the washing buffer, since both

cultivations were characterized by steady growth, high viability
and comparable product titers over all six conducted repetitions
(Figures 3A, B). This leads to the conclusion that PBS can be used as
wash buffer without notable impact on the process, resulting it a
significant reduction of nutrient-rich and costly perfusion media.

Of note, within the conducted experiment we could observe an
increasing cell specific productivity for the novel process, consistent
among the screening cultivations as well as the processes at bench-
top scale (Figures 2A–C, 4A, B). Exemplified for the 5L cultivations,
the qP values showed an increase up to 1.5-fold over the course of
cultivation stabilizing around day 11 for both reactors. The increase
of cell specific productivity is one of the major goals within the
upstream bioprocessing to further boost the productivity with
similar plant size and process operation. The enhanced cellular
expression thereby is most likely connected to the respective cell
diameter increase, that correlates very nicely and also reaches a
steady state from ~day 11 (Figure 3B). Further, a similar behavior
could be reported in earlier studies using an FBC system (Reger et al.,
2023) as well as other studies revealing a strong correlation of
cellular diameter and cell specific productivity within a common
FB design (Lloyd et al., 2000; Pan et al., 2017). Therefore, the new
developed process format should be further analyzed to reveal the
genetic and metabolic background of this beneficial behavior
towards the cellular expression, but this was not the scope of
this work.

Besides the expression levels of the mAb the glycosylation
pattern of the product needs to be classified and compared for
new designed process. Thereby the glycosylation pattern can impact
the in-vivo half-life, therapeutic potency as well as toxicological
profile of the antibody (Liu, 2015; Smith and Bertozzi, 2021). To
assess these a glycan analysis was conducted release a percentage
share in glycan distribution for alle conducted processes visible in
Figure 5A. Thereby, significant differences were visible between the
continuous and discontinuous processes for all glycans except G0,
G1F and G2F. For the continuous processes shifted glycans towards
higher galactosylated forms, like G1, G1F’ and G2 were visible,
meanwhile Man5 and G0F showed lower shares in comparison to
the discontinuous process. An explanation for the shift could be the
decreased amount of inhibitory molecules for the continuous
process, due to the exchange of spend media (Pereira et al.,
2018). Vice versa, discontinuous process types, comprising a
stationary phase, show an increased amount of inhibitory
molecules. These inhibitory molecules can have an influence on
intracellular processes and influence the glycosylation pattern of the
product as described in different studies (Gramer and Goochee,
1993; Lipscomb et al., 2005, 2005; Rodriguez et al., 2005). One
example for inhibitory molecules is ammonia, for which it has been
shown in different studies to influence the galactosylation of the
desired product (Borys et al., 1994; Gawlitzek et al., 2000; Yang and
Butler, 2002). Interestingly, the ammonia concentration showed
high discrepancy between the continuous process (≈4–6 mM)
and the discontinuous operations (≈12 mM) (data not shown).
Therefore, an influence of the ammonia could be suggested, but
other impacts of the diverse inhibitory matrix cannot be suspended.
Further studies would be needed to investigate the impact of the
inhibitory matrix.

The glycans between the cFB process comprising PBS as wash
media showed smaller alterations for the G1, G2 and G2F to the
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perfusion process. Furthermore, significant shifts between both the
cFB processes for the G1 and G2 glycans were visible. An
explanation for these shifts could be the increased concentration
of ions, mainly sodium and chloride as main ingredients of PBS,
which could impact the intracellular processes. However, this shift
mainly occurs for glycan structures with low percentage share,
especially for the comparison of the two IH operation, which
could indicate none or just small impact of the PBS. Further
studies need to be conducted to define if the changed glycans
impact the expressed product. Overall, the cFB processes showed
comparable glycan distributions to those of the perfusion process,
while the distribution deviated from that of the discontinuous FB.

4.3 Process benchmark and challenges

Main goals of all process intensification strategies are to increase
volumetric productivity, decrease production time or plant footprint.
To show the impact of the novel process scenario a comparison with
the respective standard FB as well as perfusion process was conducted.
Firstly, we calculated the space time yield (STY) of all processes. We
could identify increasing values from the FB process with 0.32 g/L/d
over both cFB processes with 1.0 g/L/d to the perfusion process with
1.54 g/L/d (Figure 5B). The increase in STY from discontinuous to
continuous processes is well known and can be mainly traced back to
the significantly higher cell densities that can be maintained with
continuous operations. This is in accordance with the new developed
processes analyzed in this study. While the common FB process
comprise a VCC from 0.3–25 × 106 cells/mL, the cFB process reaches
cell counts between 20–40 × 106 cells/mL, while the highest cell
densities could be reached with the perfusion culture at constant
values around 50 × 106 cells/L. A further important factor is the
process duration. In this context, cultivations comprising an elongated
phase with high cell densities that result in high product titers, like cFB
and perfusion processes, increases the STY (MacDonald et al., 2022).
Vice versa, the FB process, incorporating a substantial process time
share of low cell counts during the growth phase, characterized by a
lower STY value. Overall, the novel hybrid process is characterized by
a significant productivity increase compared to the FB operation,
represented by an impressive +217% STY, but still below (~34%) of
the values that can be reached via perfusion cultivation. However, a
strong drawback of perfusion processes is the comparably high media
consumption, usually exceeding the two media exchanges per day
within a common perfusion cultivation (Meuwly et al., 2006; Walther
et al., 2019). This could be clearly confirmed for the processes
evaluated in the present study. Our data show that the respective
perfusion process utilizes ~222% more media to produce an equal
amount of the mAB compared to the discontinuous FB operation
(compare Figure 5B). This pattern can be easily explained, since
during the last cultivation phase of the FB no cell proliferation needs
to be supported by excessive media exchange, while constant
proliferation and therefore nutrient supply is required for
continuous processes. Interestingly, despite its continuous
character, the novel cFB process shows again values between both
process formats that results in a clear increase in media usage
compared to FB (~+48%) but still an up to ~50% saving with
respect to the standard continuous (perfusion) process. This low
media consumption for a (semi)-continuous process can be explained

by the process design which is enabled by the FBC as media renewal
system. Advantages of the FBC operation are the fast and complete
media exchanged at specified times. Common filter-based retention
devices utilize a continuous exchange creating a intermixture of fresh
and spend media in the reactor (Brantley et al., 2021). This
intermixture leads to partial loss of fresh media into the following
downstream operation. This loss in non-utilized media can be
significantly reduced with the FBC operation due to the complete
media exchange. A further advantage is the complete transfer of the
producedmAB into the downstream, while during standard perfusion
cultivation usually significant amounts are lost in the bleed or retained
in the bioreactor due to filter sieving (Bielser et al., 2021). In contrast,
due to the utilization of the FBC the complete produced mAB is
harvested and fed into the subsequent downstream. Moreover, by
using PBS during the wash step of the operation a 1:1 media exchange
can be achieved, further decreasing the media consumption of the
process.

Besides the discussed decreased media consumption and
productivity, the new developed process could combine several
advantageous characteristics from both cultivation types. Firstly, the
elongated duration could be transferred from the continuous
cultivation not only improve the STY but as well possibly diminish
the number of necessary seed train runs further decreasing labor costs
and good expenditures. Secondly, the cFB process comprises the
process monitoring of a FB process, which is far simpler than the
complex, continuous control of the peripherical devices within a filter-
based perfusion cultivation. This advantage not only decrease the
process monitoring but as well increase the flexibility to pursue the
media exchange with the fast and gentle FBC operation. Another
benefit of the utilized separation method towards filter-based system is
comprised by the impossibility of filter fouling, further improve
stability of the new developed process. Overall, a new process could
be established comprising a continuous character with elongated plant
utilization and increased productivity with the diminished media
utilization and process monitoring of a discontinuous process.
Further, leading to our conclusion that the continuous fed-batch
shows a great potential to improve current bioprocess technologies
not only in technical but as well in economical perspective.

As usual, new developments, especially within the bioprocess
manufacturing, typically arise with a new set of challenges. One clear
challenge is the need for suitable small-scale screening platforms
(Gagliardi et al., 2019). As can be seen from the results gained in this
study, repeatability of the small-scale experiments in comparison to
the benchtop-scale is limited and clear difference within growth and
viability at the end of the process became apparent for the scale down
model, possibly caused by the utilized IH mimic method. This mimic
comprised a manually exchange of media after a common dead-end
centrifugation. Thereby, not only residuals of media components
could be retained within the cell pellet but as well small cell debris
and dead cells which subsequent could impact the performance of the
cell culture within the next FB cycle of the process. These residuals of
media as well as cell debris possibly can be removed by an higher
extent with the FBC due to the functional principle. Therefore, a more
suitable small-scale system would be desirable to increase the insight
into the process on a screening level. One possibility thereby would be
to develop a scale-downmodel for the utilized FBC system and couple
it with a suitable high throughput upstream system. However, the
utilizedmethod showed adequate comparability of the current process
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characteristics and limitations to gain sufficient predictivity for the
scale-up of the process. Very similar challenges are known for the scale
down models utilized for the development of perfusion cultivation
formats, were commonly semi-perfusionmethods, either in spin tubes
or 15 mL reactor systems, are used based on centrifugation or
sedimentation strategies to renew the media. These methods
proofed feasible for a first assessments of, for example, media
consumption, clone feasibility and impact on CQAs (Kreye et al.,
2019). However transferability of the processes into larger scale
including filter membrane based cell separation methods remain
limited especially in regard to continuous media flow, removal of
cell debris and filter utilization (Mayrhofer et al., 2021). Nonetheless,
the first processes assessments in high-throughput are important for a
fast and streamlined transfer of clones and prove towards the new
process strategy. Thereby, the fast and easy transfer of cell lines is one
key challenge for to facilitate bioprocess development.

Further, new process strategies result in modified requirements
towards the bioreactor set-up, may include new or repurposed
equipment, which accordingly will require validation studies and
risk assessments to be suitable for clinically relevant
biopharmaceutical manufacturing processes. In the presented work,
two main alterations to the platform processes and equipment have
been introduced. One the one hand, an FBC system was utilized, that
has been primarily been developed and used as cell harvest operation
unit to separate product and cells at the end of a process. Therefore,
further qualification of the FBC system for this continuous application
needs to be conducted to show the feasibility especially in an GMP
environment. As note, in the current study no further challenges
occurred due to the continuous application, therefore we do not see
any obvious obstacles from the current point of view in further
qualification of this method.

Secondly, in comparison to the fed-batch and also the perfusion
process the cell broth leaves the bioreactor and therefore, the
controlled cultivation vessel, completely for a short period of
time. However, the uncontrolled time is increased for the cFB
method, in comparison to the perfusion, mainly due to the
complete processing of the reactor. This elongated uncontrolled
time can impact the cell culture performance and should be
investigated in more depth for further risk assessments. However,
for now no further negative impacts due to the uncontrolled
environment could be detected in our studies. Furthermore, as
mentioned, an additional step for media exchange in the cFB and
perfusion is applied, therefore a similar risk or both processes can
be assumed. Moreover, the increase in peripheral devices can be
seen as negative impact on the process economics. Thereby, a
holistic examination of the underlying process economics
including all three upstream process operations and the
subsequent downstream operation would be necessary to draw
any comprehensive conclusion on overall economic implications
of the novel process. Similar to the business case, process scale-up
into pilot and production scale should be investigated within
further studies. Thereby, suitable approaches like a scale-up
model of the utilized FBC system are available however, a
proof of concept needs to be conducted to show applicability
for the mentioned scales. Despite the several challenges for
implementation, the developed hybrid process operation
indicates a set of significant improvements with the potential
to outperform the established process operations.

5 Conclusion and outlook

In this study an innovative process at the interface of FB and
perfusion was developed, facilitating high volumetric productivity and
low media consumption in a continuous process format. Further, our
proof-of concept study confirmed feasibility over extended culture
durations, indicating the potential to be utilized in a continuous
process approach. Due to the scalable FBC system alongside a
standard FB-bioreactor this process is easy scalable and requires no
physical filter-based cell retention device with the associated filter-
related issues. This makes the novel process highly interesting for
further investigations and process development efforts, for example,
further screening of cell lines or media systems. Furthermore,
transferability of the presented concept should be investigated for
further processes, including non-CHO cell lines and a variety of
products such as viral vectors or cell therapies. Overall, the novel
developed process showed potential to further enhance the product
yields by simultaneously decreasing expenditures.
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