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Editorial on the Research Topic 
From biomass to bio-energy and bio-chemicals: Pretreatment, thermochemical conversion, biochemical conversion and its bio-based applications

Lignocellulosic biomass is the most abundant renewable feedstock on the Earth, which can be used to produce bio-fuels and bio-chemicals to support the sustainable development (Chundawat et al., 2011). Owing to the dual challenges of limited resources and the impacts on the environment, research on the efficient preparation of energy and chemicals using lignocellulosic biomass has attracted considerable attention (Lin et al., 2021).
Bio-energy derived from biomass is one of the most important renewable energy sources. It includes three major types occurring in three states: solid (briquette), liquid (biodiesel, bioethanol, and bio-oil), and gaseous (biogas, syngas, and biohydrogen) (Yu et al., 2021). There are broadly two conversion platforms for biomass: thermochemical conversion and biochemical conversion (Zhao et al., 2020a). Pretreatment is a necessary procedure for obtaining homogeneous raw materials. However, there remain many challenges including biomass heterogeneity resulting from the variation in biomass components, as well as the structural variations in each constituent, complicated pretreatment processes, low conversion efficiency, the high cost of enzymatic hydrolysis, the efficient engineering of bacteria breeding, and the application of its by-products (biochar for thermochemical conversion and lignin for biochemical conversion) (Qiao et al., 2018).
Bio-chemicals with excellent performance and high value added can be produced from biomass through physical, chemical, and biological high-tech methods. Similarly, the structure and properties of biomass limit the separation, purification, and effective utilisation of its components. There are still many challenges in the preparation of bio-chemicals from biomass, notably the selection of chemical reaction paths derived from multiscale complexity, the highly-selective depolymerisation, deoxygenation, polymerisation inhibition, and repolymerisation reactions of biomass components, especially the selective fracture of chemical bonds between cellulose, hemicellulose, and lignin (Zhao et al., 2020b).
The topic From biomass to bio-energy and bio-chemicals: Pretreatment, thermochemical conversion, biochemical conversion and its bio-based applications covers sustainable bio-refining processes from biomass to chemicals, sustainable pretreatment/fractionation technologies from biomass to bio-energy, genetic engineering of lignocellulosic feedstocks for bio-refinery, and sustainable bio-based applications in architecture, electrode materials, and adsorbents. We sincerely thank the 109 authors whose work we have drawn on for their excellent works on this topic. The following highlights have been drawn from their contributions to this Research Topic.
SUSTAINABLE BIO-REFINING PROCESSES FROM BIOMASS TO CHEMICALS
Zhou et al. evaluated the effects of ultrasound-assisted production of xylo-oligosaccharides (XOS) from alkali-solubilised corncob bran. The maximum yield of XOS was 20.71% at the ultrasonic parameters of 50 kHz and 0.40 W/cm2. Lv et al. proposed a new reaction pathway for the synthesis of functional hydroxy-methyl-furfural (HMF) derivatives (EMFM, BHMFM, and BHMFD) from commercially available furfural derivatives (EMF and FA), and provided a new method to transform condensed furanics into hydrocarbon fuel through a two-step hydro-deoxygenation (HDO) process. Although such a pathway is feasible, achieving high yields of hydroxymethylated products in these reactions is challenging, owing to the parallel ring-opening reaction of furanics and condensation of the resulting ring-opening products. Therefore, future research should focus on the development of more efficient catalysts or reaction systems to suppress these side reactions and improve the selectivity of the targeted products. Korkalo et al. developed a cascade processing scheme to prepare pyroligneous acids (PAs) from the extractives of hybrid aspen bark. To obtain PAs, firstly the lipophilic and hydrophilic extracts were extracted through pretreatment of the bark using hot water and alkaline alcohol (HWE+AAE), and then the extractives were torrefied to PAs. The PAs obtained showed excellent herbicide and fungicide performances.
As the only renewable carbon source, biomass can be converted into chemicals with great potential prospect. In recent years, many advances have been made in the preparation of chemicals from biomass; however, the majority of these are still in the laboratory research stage and cannot meet the requirements of large-scale production. Future research should focus on the following aspects: 1) strengthening the research on the reaction mechanisms and pathways of biochemical conversion; 2) further optimisation of the catalytic system and the reaction conditions to improve the yield and selectivity of target products; and 3) establishing an efficient, low-energy, low-cost and environmentally friendly product separation system. With the deepening of basic research, the large-scale production of highly value-added chemicals from biomass is becoming promising.
SUSTAINABLE PRETREATMENT/FRACTIONATION TECHNOLOGIES FROM BIOMASS TO BIO-ENERGY
Nawaz et al. explored the sustainable pretreatment of sawdust with levulinic acid-based natural deep eutectic solvents (DESs). The optimised molar ratio of levulinic acid: choline chloride was 1: 0.5, which resulted in 91% delignification and 25.87% maximum enzymatic hydrolysis of the sawdust. Fermentation produced 11.82% of bioethanol production was obtained at 30°C, and 180 rpm after 72 h. Lv et al. explored the use of poly (N-vinylcaprolactam) (PNVCL) to improve the enzymatic hydrolysis of bamboo after pretreatment with phenyl-sulfonic acid (PSA) pretreatment. A cellulosic conversion of 80% of PSA-treated-bamboo was achieved when the PNVCL loading was 1.2 g/L during enzymatic hydrolysis. Compared to the case without the addition of PNVCL, the cellulase loading of PSA-treated-bamboo was three times reduced. Mechanism research has shown that PNVCL can effectively prevent non-productive adsorption of enzymes through inter-molecular non-covalent interactions. Liu et al. isolated lignin from tobacco stalks using a hydrothermally assisted dilute alkali pretreatment. Subsequently, the isolated alkaline lignin was fractionated into five uniform lignin components using various solvents. According to the different structures of lignin fractions, Liu et al. suggested that lignin fractions with lower molecular weights were more suitable for preparing antioxidants, whereas those with high molecular weights showed great potentials for preparing carbon materials.
For biochemical conversion route, the goal of the pretreatment is to improve the enzymatic hydrolysis of cellulose. Sustainable pretreatment technologies include green solvent-based ionic liquid and DESs. In addition, future pretreatment research should focus on the modification of traditional pretreatments, addressing aspects such as biocatalytic methods, enzyme properties and enzyme recycling, making full use of lignin valorisation, and the management of residual streams from the perspective of biorefinery.
GENETIC ENGINEERING OF LIGNOCELLULOSIC FEEDSTOCKS FOR BIO-REFINERY
Peng et al.studied the effects of p-coumarate 3-hydroxylase (C3H) down regulation on the chemical and structural characteristics of hemicelluloses and lignin, and found that the down-regulated poplar wood is beneficial for the upstream gene validation and downstream biomass conversion. Tienaho et al. studied the functional profiles of 16 northern willow clones for the use of value-added bioactive solutions. The results showed that all of the clones had antibacterial activity against Staphylococcus aureus and Escherichia coli, but no antifungal (Aspergillus brasiliensis) or yeasticidal (Candida albicans) efficacy. Additionally, S. myrsinifolia clone extracts showed significantly higher activities in some antioxidant tests than the commercial clone extracts and artificial clone extracts.
Both genetic modification and pretreatment are expected to reduce biomass recalcitrance, and genetic modification of plants is considered to be ultimate solution to reduce biomass recalcitrance. At present, the majority of modifications use lignin gene manipulation to reduce biomass recalcitrance, such as down-regulation of the switchgrass caffeic acid O-methyltransferase gene, or down-regulation of cinnamyl alcohol dehydrogenase which leads to incorporation of aldehyde groups in the lignin polymer. The potential for the use of atomistic molecular dynamics (MD) simulations as a predictive tool for the effect of genetic modifications on plants should be pursued in future work. This knowledge paves the way towards the development of high value-added biochemicals and other functional solutions based on genetic engineering of lignocellulosic feedstocks for biorefinery approaches.
SUSTAINABLE BIO-BASED APPLICATIONS FROM BIOMASS
Wang and Zhu discussed the research progress of biomass-based transparent wood (BBTW), and summarized the key technologies and potential prospects of BBTW for the replacement of architectural glass. As a green and renewable material, BBTW offers the advantages of good lighting conditions, flame retardancy, heat insulation and safety. Hu et al. designed the lignin/polypyrrole (PPy) composite electrode films with microporous and mesoporous structures by electrostatic spinning, carbonisation, and in-situ polymerisation methods, which can be served as a positive material for super-capacitors. The LCNF/PPy electrode had a large specific surface area, high pore volume, and a specific capacitance of 213.7 F/g at a current density of 1 A/g. Shi et al. studied the adsorbents produced using multifunctional cellulose and cellulose-based (nano) composites. The authors believed that these biomass adsorbents will play an increasingly important role in environmental protection, particularly in wastewater treatment.
Nano-cellulose has many advantages such as high modulus, high specific surface area, special optical properties and good bio-compatibility. Nano-lignin has the characteristics of a highly specific surface area, multiple chemical groups, antibacterial activity, and non-toxicity. As a green and environmental bio-based material, nano-lignocellulose has broad applications in architecture, food industry, biomedicine, environmental materials, photoelectric materials, and other fields. However, more research is needed to explore the efficient preparation of homogeneous and stable nanolignin. For nanocellulose, promoting the development of products with both cost and performance characteristics and developing green and environmentally friendly preparation methods could accelerate their industrialisation and large-scale production processes.
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A novel treatment involving enzymatic hydrolysis using an acidic xylanase coupled with ultrasound was performed to improve the xylo-oligosaccharides (XOS) yield from corncob bran. The acidic xylanase (XynB) was purified to a most suitable pH, temperature, and operational parameters for ultrasound-assisted hydrolysis were determined. A preliminary mechanistic investigation was performed through circular dichroism (CD) spectroscopy, scanning electron microscope (SEM) and a laser particle size analyzer, and the effects of ultrasound on enzyme (XynB) and substrate (corncob bran) were assessed. The results show that the maximum XOS yield was 20.71% when the reaction pH and temperature were 4.3 and 50°C, the ultrasonic parameters were 50 kHz and 0.40 W/cm2, which was 2.55 fold higher than that obtained using a non-ultrasound-assisted enzymatic preparation. Mechanism studies indicated that ultrasonic pretreatment could reduce the β-fold content and increase the random coil content. Changes in structure and size of substrate were observed. The specific surface area of the XAC molecules is easy to carry out enzymatic reaction, which is beneficial to the production of XOS.
Keywords: acidic xylanase, corncob, sonication, Penicillium janthinellum, xylo-oligosaccharides
INTRODUCTION
Lignocellulosic materials are the most abundant organic residues worldwide. Grains including wheat straw, rice straw, corn cobs and tobacco straw are rich in lignocellulose and are potential industrial feeds (Chapla et al., 2012). Plant biomass is an economical, available, and renewable source of biofuel, bioenergy, and a variety of value-added biomolecules (Kumar and Satyanarayana, 2015). Corncob contains about 35% xylan, which is an essential by-product of that industry. It has many functions and can be used as animal feed or return to harvested farmland (Aachary and Prapulla, 2009). It is noteworthy that the xylan, a complex five-carbon polysaccharide, is the main component in hemicellulose (Liu et al., 2021). The xylan-rich lignocellulosic materials contain a large amount of xylan, which are composed of two to seven xylose units connected by β-1,4-glycosidic links (de Figueiredo et al., 2017; Freitas et al., 2019), selectively increase the growth of Bifidobacteria and Lactobacillus and exhibit antioxidant activities (Yamani et al., 2016; Zhang et al., 2018; Khangwal and Shukla, 2019). In addition, research on XOS has proven that it can be widely used in diet, health care industries, animal’s husbandry, chemical and pharmaceutical industries (Moniz et al., 2016; Khangwal et al., 2020). The general strategies used for XOS production include pretreatments and hydrolysis (Kumar and Satyanarayana, 2015; Freitas et al., 2021). Hemicellulose extraction involves various pretreatments, which ease the subsequent XOS producing steps. At present, the main methods for pretreatment include: heat-dilute-acide hydrolysis (Liu et al., 2012), organic solvent extraction (Zhang et al., 2016), pyrohydrolysis of hemicellulose (Zhao et al., 2019) and alkaline extraction (Rashid et al., 2020). Compared to other pretreatment methods, alkaline extraction operating conditions are less demanding (lower temperature and pressure) (Badiei et al., 2014) and promote the dissolution of lignin and also protect cellulose from drastic degradation (Liu et al., 2021). It is considered an effective way to pursue high xylan extraction rates, low cost and high purity. In fact, alkaline hydrolysis causes the xylan to be subjected to endo-xylanases, resulting in high yield of XOS (Akpinar et al., 2010).
Ultrasound, a green method of extracting natural products, is a new concept that is both environment and user-friendly; at the same time, it can enhance the competitiveness of the industry and make the technology more environmentally friendly, economical and innovative (Chemat et al., 2017). This emerging technology has been used as an alternative to conventional food processing operations for inactivating or accelerating enzymatic activity and facilitating the extraction of various bioactive components (Gallego-Juárez et al., 2010). Although some studies have reported that a combination of ultrasound and pectinase (Larsen et al., 2021), cellulase (Szabo and Csiszar, 2017), lipase (Jadhav et al., 2021), alpha-amylase (Gaquere-Parker et al., 2018), alkaline protease (Pawar and Rathod, 2018) and saccharification enzyme (Wang et al., 2017) accelerates the enzymatic reaction. The results may be due to effects on enzyme behavior, changes in substrate structure, and effect of the reaction medium (Jian et al., 2008). Yet, reports on the hydrolysis of xylan catalyzation of ultrasound-assisted xylanase can be rarely seen. Long-term exposure to high-intensity ultrasound can restrict the enzymes’ catalytic activity. However, in certain cases, enzyme activities have increased following short exposures to ultrasound (Joshi and Gogate, 2019; Farzadkia et al., 2021).
Many microorganisms are the origin of xylanase producers and there already are considerable documents on xylanase in fungi which are intensively studied (Uma et al., 2016). Studies have reported the opinion that xylanases have optimal activity at mesophilic temperatures and moderate or slightly acidic pH. Contrary to alkalophilic xylanases (active at pH ≥ 8.0), only few of their acidophilic counterparts (active pH between 1.0 and 5.0) have been studied so far (Kallel et al., 2016). The objective of this study was to evaluate the effect of acidic xylanase (from Penicillium janthinellum XAF01) on XOS production in the presence of low intensity ultrasound treatment. The circular dichroism (CD) spectra of xylanase and the scanning electron micrographs of xylan were also analyzed for determining the mechanism underlying ultrasound treatment.
MATERIALS AND METHODS
Raw Material and Preparation of Hemicellulosic From Corncob
The raw material corncob used in this work was provided by a XOS factory (Shandong Longlive Biotechnology Co.) in Shandong province, China. Dry in an oven at 60°C for 24 h, mill (60–80 mesh), and store in a closed polycarbonate container. The composition of the corncob was 45.7% cellulose, 33.3% hemicelluloses, 18.0% lignin, and 3.0% ash on a dry weight basis. Xylan was prepared according to the method of Longue Júnior with some modifications (Longue Junior et al., 2013). The optimal process conditions can be got from single factor experiment carried out by using four main factors: corncob concentration, pH, temperature and time: corncob was pretreated with 10% NaOH, with a liquid to solid ratios (L:S) (mL:g) of 10:1, at 100°C for 2 h. The liquid fraction was collected, neutralized to pH 7.0 with HCl, concentrated, and then freeze dried. The yield of the hemicellulosic fraction was 22.7% (hemicellulosic fraction/g corncob). Corncob xylan extracted using NaOH was abbreviated as XAC, which was then used as the substrate for XOS production. All other chemicals were analytical grade and commercially available unless otherwise stated.
Strain and Culture Conditions
P. janthinellum XAF01 was isolated from soil samples collected from Honghe, Yunnan province, China. For the production of xylanase, P. janthinellum XAF01 was cultivated in 250 ml Erlenmeyer flasks containing 60 g/L corncob as carbon source in 50 ml minimal medium (0.2% NaNO3, 0.6% KH2PO4, 0.05% MgSO4⋅7H2O, 0.15% K2HPO4) supplemented with 0.3% yeast extract and 1.0% beef peptone. Under a condition of pH 3.5, temperature at 25°C and lasting for 7 days, cultures grew with shaking at 125 r/min. After growth, the culture supernatant was separated from the mycelium by centrifugation at 10,000 r/min for 20 min. The supernatant solutions, hereafter called crude extracts, were stored at 4°C for subsequent use.
Enzyme Assay and Purification
Enzyme Assay
Endo-β-D-xylanase (EC3.2.1.8) activity was determined using the modified dinitrosalicylic acid (DNS) method (Bailey et al., 1992). Briefly, 100 μL of the culture supernatant solution and 900 μL of a 1% (w/v) beechwood xylan (Sigma-Aldrich Pvt. Ltd., United States) suspension in 50 mM citrate buffer (pH 4.0) were mixed. The incubation of mixture was carried out at 55°C for 5 min and with the addition of 1000 μL DNS, the reaction can be stopped. The xylanase activity unit is the needed amount of enzyme to release 1 μmol xylose equivalent in every 60 s.
Protein concentrations were determined using Lowry’s method (Lowry et al., 1951), and BSA (bovine serum albumin) used as the standard was purchased from Roche (738328).
Enzyme Purification
Each purification process was executed at 4°C. The crude enzyme was first purified with 20–50% ammonium sulfate (Sinopharm Chemical Reagent CO., Ltd.); the preliminary purified enzyme solution was subjected to dialysis for 12 h with 20 mM sodium acetate buffer, pH 3.8, and then loaded on a SP-Sepharose Fast Flow ion-exchange column equilibrated with 20 mM sodium acetate buffer, pH 3.8. The elution was carried out with a linear NaCl gradient (0–100 mm in 20 mM sodium acetate buffer, pH 3.8) at a flow rate of 1.0 ml/min.
All active fractions were concentrated to 1.0 ml and slowly loaded on a Q-Sepharose Fast Flow column, which was equilibrated with 20 mM citrate buffer (pH 5.6). At a flow rate of 1.0 ml/min, 2 ml fractions were collected after eluting protein. Fractions exhibiting xylanase activity were then collected for further use.
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Zymogram
Enzyme purity and molecular weight can be determined by SDS-PAGE and 12.5% (w/v) separation and 4.5% (w/v) stacked gel (Laemmli, 1970). By Coomassie Brilliant Blue G 250, the gel was stained. And the molecular weight of the enzyme is determined with a low molecular weight scale label.
The xylanase activity was detected by incubation with a zymogram gel containing 1% (w/v) birchwood xylan (Sigma-Aldrich Pvt. Ltd., United States) at 40°C for 2 h, followed by staining in Congo red solution (1 mg/ml). The dye was removed using 1 M NaCl solution till clear areas in a dark red background appeared, which is indicative of xylanase activity (Schwarz et al., 1987).
Biochemical Characterization of the Purified Xylanases
Effect of pH on Xylanase Activity and Stability
With 1% beechwood xylan as the substrate, the best pH value required in xylanase activity can be determined at 55°C in the pH range of 2.70–9.00. The highest xylanase activity was used to define 100% activity. The following buffer systems (50 mM) were used: citrate buffer, pH 2.70–5.70; acetate buffer, pH 3.20–5.80; MES buffer, pH 5.20–7.20; MOPS buffer, pH 6.20–8.20; Tris-HCl buffer, pH 7.00–9.00.
The effect of pH on the stability of xylanase was evaluated by incubating the enzyme at different pH values for 30 min at 50°C. Samples were then cooled with ice water. Afterwards, residual activity of each sample was determined under standard conditions.
Effect of Temperature on Xylanase Activity and Stability
The optimal temperature required for enzyme activity was determined in the range of 40–60°C. In each case, samples were diluted in the optimal pH buffer solution prior to xylanase activity assay. The thermal stability of the immobilized and free xylanase were determined by incubating the enzyme in the optimal pH buffer solution for 5 h at different temperatures (40–60°C). At certain time intervals, aliquots could be extracted, and under standard conditions, residual activity can be tested. The 100% activity can be determined by the unheated enzyme.
Ultrasound-Assisted Hydrolysis of Hemicellulosic Fraction
Ultrasonic hydrolysis was carried out using a DTD5200S ultrasonic device (Beijing Hongxianglong Biotechnology Co., Ltd.) with an ultrasonic power of up to 300 W, a frequency of 135 kHz, and a microtip diameter of 10 mm. The instrument used was a US bath type reactor with five different 2.0 cm ultrasound generator probes at four different frequencies (28, 40, 50, and 128 kHz); all probes can deliver maximum power of 300 W. Prior to hydrolysis, XAC was powdered into 0.45 mm particles. Subsequently, the ground XAC were dispersed at liquid to solid ratios of 50:1 (mL:g), in 10 ml 50 mM acetate buffer (pH 3.7) and the reaction was performed using 16U/mL acidic xylanase at 40°C for 40min. The prepared XAC was completely mixed in a beaker 3 cm shorter than the water bath, and the probe of the ultrasonic generator (about 1 cm to the liquid level) was inserted into the ultrasonic field immediately. The ultrasound intensity released from the probe was regulated to 0.04, 0.13, 0.22, 0.31, 0.40 W/cm2 and the ultrasound frequencies was regulated to 28, 40, 50, and 128 kHz. Each treatment was replicated thrice.
Determination of the Kinetic Parameters of the Michaelis–Menten
The function of ultrasound (0.31 W/cm2 and 50 kHz) on acidic xylanase was evaluated. The enzyme activity of xylanase at 40°C for 5 min was determined by different substrate concentrations, and the kinetic parameters of xylanase on beech xylan were determined; with the help of “GraFit” software, we calculated Km and Vmax values.
Test of Effect of Ultrasound on Xylanase XynB and the Substrate
CD Measurement of Acidic Xylanase XynB
Enzyme XynB (0.20 mg/ml) in 0.05 M acetate buffer (pH 3.8) was sonicated at 40°C using three categories or protocols for monitoring changes in enzyme structure under different ultrasound conditions. The first group of experiments studied the effect of ultrasound with different sound intensity (0.04, 0.13, 0.22, 0.31, 0.40 W/cm2) at 50 kHz for 40 min. The second set of experiments was performed at different ultrasonic frequency (28, 40, 50, 128 kHz) at 0.31 W/cm2 for 40min. The third set of experiments was performed at different time points (10, 20, 30, and 40 min) at 0.31 W/cm2 and 50 kHz.
After ultrasound, CD spectra were recorded by spectrometer (JASCO, Tokyo, Japan; J-815 type), and CD spectra were recorded by a quartz container with 1 mm optical path length at room temperature (20 ± 1°C). CD spectra were scanned in the far ultraviolet (260–190 nm) range with a repetition rate of 100 nm/min and a bandwidth of 0.1 nm. CD data are represented by molar ellipticity in mde. cm2. dmol−1. The α-helix in the measured molar ellipticity of xylanase was observed at 208 nm (Wang et al., 2003).
Characterization of XAC Particles
The particle sizes of xylan (XAC) and its aggregates in XAC suspension and acoustic XAC suspension were measured by TopSizer laser diffraction particle size analyzer (OMEC, Zhuhai, China). Which can provide useful information for comparing the size of non-spherical rod like xylan whiskers and their aggregates before and after sonication.
Scanning Electron Microscopy
The morphology of XAC particles as well as ultrasonic pretreated samples was observed with a VEGA\\LSU scanning electron microscope (Tescan Company, Czech Republic) at 15 kV accelerating voltage. The samples were covered with a thin layer of gold as a conductive medium under a scanning electron microscope.
Hydrolysate Analysis Using High Performance Liquid Chromatography
The degradation products in the hydrolyzate were quantitatively analyzed by effective solution chromatography (HPLC, Agilent 1260 series, Agilent Technologies, United States) equipped with a refractive index detector (Amel et al., 2016). The separation was achieved with InterWAX (KS-802) column (DM) and a RID-10 A refractive index detector. All samples were filtered through a 0.22 mm filter prior to measurement. The column was kept at 80°C and washed with high performance liquid chromatography on water at 0.6 ml/min flow rate. The concentration of oligosaccharides was determined by peak area method and compared with X2, X3 and oligosaccharides purchased from Megazyme (Ireland). The XOS yield (w/w) was worked out to be (X2 + X3)/xylan weight.
Statistical Analysis
At the significance level of p < 0.05, the effect of ultrasound could be comparable by variance analysis (ANOVA). OriginPro 8.0 was used for all graphs and calculations.
RESULTS AND DISCUSSION
Purification and Biochemical of Xylanase XynB
The xylanase XynB-producing strain P. janthinellium XAF01 was evaluated using liquid-state fermentation. Maximum xylanase activity of 1807.9U/mL was observed in the presence of 6% corncob and 1.5% ammonium sulfate as the most appropriate inorganic nitrogen source. XynB from P. janthinellum XAF01 was purified using a three-step procedure described in 2.3.2. After the final step, the purification ratio of the enzyme was 1.70 times, the recovery was 2.09%, and the specific activity was 540.4 U/mg protein (Table 1). The purification of the final eluted protein was determined by SDS-PAGE and its molecular weight was estimated to be 24.1 kDa (Figure 1). The xylanase activity of purified XynB was determined by zymography.
TABLE 1 | Summary of xylanase purification from Penicillium janthinellum XAF01.
[image: Table 1][image: Figure 1]FIGURE 1 | SDS-PAGE and zymogram of XynB during purification. Lane M, SM031 standard protein marker (14.4–116.0 kDa); lane 1, crude extract; lane 2, 50–70% ammonium sulfate precipitation; lane 3, a fraction of SP-Sepharose Fast Flow purification; lane 4, a fraction of Q-Sepharose Fast Flow purification; lane 5, zymography of crude extract; lane 6, zymography of 50–70% ammonium sulfate precipitation; lane 7, zymography of fractions of SP-Sepharose Fast Flow purification; lane 8, zymography of purified xylanase of Q-Sepharose Fast Flow purification.
The purified xylanase XynB was most active at pH 4.3 and 50°C (Figures 2B,C), The optimal pH and temperature required for XynB activity were mostly similar to that of purified GH11 xylanase from Aspergillus kawachii and Streptomyces actuosus, which presented highest activity at pH 4.5 and 4.0 (Dalagnol et al., 2017; Wang et al., 2017). Furthermore, XynB was stable in the pH range of 4.0–8.0, with residual activities >80% after treatment for 0.5 h (Figure 2B). In addition, Figures 2C,D show that XynB was stable at 40°C and 50°C, and the residual xylanase activity was >60% when incubated for 2 h at 45°C.
[image: Figure 2]FIGURE 2 | Temperature effect [(C); pH 3.8] and pH on xylanase activity [(A); 55°C] of purified XynB and thermal stability [(D); 40–60°C] and pH stability [(B); pH 2.70–9.00] test for XynB. (■, Citric acid; ●, Acetic acid; ▲, MES; ▼, MOPS; ♦, Tris + HCL. Symbols for thermal inactivation: (■, 40°C; ●, 45°C; ▲, 50°C; ▼, 55°C; ♦, 60°C).
Effect of Low Intensity Ultrasonic Pretreatment on XAC Hydrolysis
Figure 3 illustrates the effect of low intensity ultrasonic treatment on XOS yield. Under the same experimental conditions, the yield of XOS without ultrasonic treatment was used as a control, the results show that extended processing time (40 min) can significantly improve XOS yield. Ultrasound intensity is listed as one of the key parameters affecting ultrasonic cavitation. In general, cavitation effect increases with ultrasonic power, and the increase continued till ultrasonic power reached 0.40 W/cm2, and the XOS yield was 20.71%, which was 2.55 fold higher than that of the control (the yield of XOS without ultrasonic treatment was 5.92%). This is probably because ultrasound affects the xylan or xylanase molecular bonds directly (the deduction was confirmed by further experiments discussed later), and so does ultrasonic pretreatment frequency. Ultrasonic frequency range of 28–135 kHz corresponds to ultrasonic wavelength of 50, 35, 28, and 10.37 mm separately, which is larger than the size of xylanase and xylan molecules. The XOS yield increased considerably at all frequencies, and maximum XOS was obtained when the pretreatment frequency was 50kHz, with an abrupt decrease at 135 kHz. This is the first study to show ultrasound-assisted xylanase-catalyzed hydrolysis of xylan and hence the presented results are novel.
[image: Figure 3]FIGURE 3 | Effects of pretreating XynB with different ultrasonic intensity (A) on xylanase hydrolysis at 50 kHz for 40 min, and ultrasonic frequency (B) on xylanase hydrolysis at 0.31 W/cm2 for 40 min.
Fundamentally, the main mechanisms for the increase in XOS yield are related to the micro-jet, flow field, turbulence and shear forces generated during the sonar process. Although several published studies showed that pretreatment of xylan was necessary prior to enzymatic hydrolysis, particle size and solubility was believed to affect hydrolysis of carbohydrates with high molecular weight (Wang et al., 2017).
Sonication pretreatment of enzyme (XynB) and substrates (XAC) was performed separately prior to enzymatic hydrolysis, which improved XOS recovery, albeit not significantly, compared to direct hydrolysis. Hence, superposition of effect enhancement may occur during ultrasound-assisted enzymatic hydrolysis. Ultrasound may be used to modify the kinetics of enzyme catalysed reactions. Mass transfer can be enhanced by strong shear and microfluidics associated with cavitation as they may alter the xylan chain, making xylanolytic enzymes more accessible to the substrate (Dalagnol et al., 2017). This is consistent with the results of ultrasound-assisted starch hydrolysis studies (Wang et al., 2017). Ultrasound-mediated improvement in enzymatic reactions can be explained using the following three parameters: substrate, enzyme, or combination of both substrate and enzyme. The effect of any of these parameters may vary with substrate characteristics (particle size, solubility), enzyme characteristics, and reaction conditions. Studies showed that ultrasound can even strengthen the binding of enzymes to substrates and the removal of products from enzymes in reactions (Dalagnol et al., 2017).
Ultrasonic Treatment
Effect of Ultrasonic Treatment on the Kinetic Parameters
By nonlinearly fitting the kinetic data to the Michaelis-Menten equation, the kinetic parameters, maximum reaction rate (Vmax), Michaelis constant (KM), and catalytic efficiency (Vmax/KM) can be calculated. The Vmax, KM, and Vmax/KM of XynB were 189.20 ± 6.15 mg ml−1 min−1, 23.12 ± 0.98 mg ml−1, and 8.18 ± 0.35 min−1, respectively. Sonication increased the Vmax and Vmax/KM by 41.1 and 23.5%, respectively. The combination of XynB and ultrasound improved the catalytic ability. Vmax shows the extreme rate of the enzyme reaction when the substrate is saturated, while the KM value shows the enzyme affinity for substrate. The increase in Vmax indicated strengthening of the xylan-xylanase complex interaction, and accelerated hydrolysis, whereas a slight decrease in KM indicated an enhancement in the affinity between XynB and XAC, possibly because of better exposure of the xylanase active site after ultrasonication (Dalagnol et al., 2017). That is, ultrasound can increase the rate of reaction and enzyme substrate affinity, and enhance the reaction by enhancing the binding of the enzyme to the substrate. It is produced by mechanical effects of ultrasonic cavitation, and ultrasound’s capability in increasing the mass transfer rate in enzymatic reactions has been reported to be supported (Sajjadi et al., 2017).
Effect of Ultrasonic Treatment on Xylanase Structure (CD Spectra Analysis)
Most enzymes are monomeric spherical proteins whose catalytic activity depends on their natural configuration. Ultrasound may alter the secondary structure of the enzyme, thereby exposing the active site of the enzyme to a better extent (Subhedar and Gogate, 2014). The changes of secondary structure of proteins can be analyzed by CD spectroscopy, which calculates the α-helix, β-strand (β-Sheet and β-turn) and random coiling of xylanase, and the relationship between enzyme activity and secondary structure is determined (Li et al., 2015). A typical characteristic of all natural enzyme structure cd spectra is that the XynB spectrum has a fixed minimum peak at 209 nm and a positive peak at 195 nm, which is essentially the same as the native zymogram seen from early researches (You et al., 2010). The characteristics of proteins rich in β-chain (β-Sheet and β-turn) secondary structures can be found in these two spectra. The comparison of secondary structure content obtained using deconvolution of CD revealed an obvious difference regarding β-sheet, β-turn, and random coil. This analysis showed a slight decrease in XynB β-strand content and increase in random coil content with increase in ultrasonic intensity (from 0.04 W/cm2 to 0.40 W/cm2), which was believed to be related to acceleration of enzymatic hydrolysis. Similar results were obtained when ultrasonic frequency and treatment time were altered (Data was not shown). These results indicated that ultrasonic pretreatment cast no effects on natural secondary structure of XynB, while destroying the hydrophobic interaction between protein molecules, making more internal hydrophobic groups and regions exposed to external environment.
Effect of Ultrasonic Treatment on Substrate Particle Size and Microstructure (Characterization of XAC Particles and SEM Analysis)
The reduction in size is due to the high shear forces caused by ultrasonic cavitation in liquid mediums (Trujillo and Knoerzer, 2011). After dialysis, the same volume of XAC suspension was sonicated at different times (0–40 min) and then characterized by laser diffraction. A comparison of the particle size distribution of the ultrasonic suspension (Figure 4) shows that the longer the ultrasonic action time, the lower the peak position of the volume distribution (76.43 μm). When the nanoparticles appeared at 40 min (from 84.79 to 65.04 μm), they expanded to smaller particles (Alvira et al., 2010).
[image: Figure 4]FIGURE 4 | Laser diffraction analysis of aqueous suspensions of XAC using ultrasound (40 kHz, 0.40 W/cm2) for different durations. (■, Control; ●, 10 min; ▲, 40 min)
The microstructure of XAC prior to ultrasound pretreatment was observed using scanning electron microscopy (SEM) as shown in Figure 5. After ultrasonic pretreatment, the XAC structure was loosened and more disordered structures and irregular fragments appeared, which changed the original (0 min) unvoiced XAC suspension with large area and high density. In particular, after long-term ultrasonic pretreatment (40 min), cracks appeared on the surface of XAC; microparticles and small fragments increased the specific surface area of XAC molecules, increasing the probability of contact between the substrate and the enzyme, thereby enhancing the hydrolysis of the enzyme.
[image: Figure 5]FIGURE 5 | Effects of ultrasound pretreatment of different durations on the microstructure of XAC. (A) Original (0min) non-sonicated XAC; (B) Ultrasound pretreated XAC for 40 min (50 kHz, 0.40 W/cm2).
Xylan exists in one form and can be linked to other xylan structures and lignin by linking the arabinose-based ferulic acid bridge on the xylan backbone, while the lignin-saccharide complex in the corncob mostly composed of lignin-xylan complex (Van et al., 2011; Ju et al., 2013). Based on the SEM micrographs obtained in this study and calculation of the yield of XOS, we believe that sonication mainly resulted in fiber disruption, which eased subsequent enzymatic hydrolysis. This was in agreement with the observations of Jiang et al. who compared the effects of ultrasound on the functional and structural properties of black-bean protein isolate dispersions (Jiang et al., 2014).
CONCLUSION
An acidic xylanase was purified and its properties were studied. Low intensity ultrasound had a pronounce effect on enzymatic hydrolysis of XAC, and increased XOS yield by 61.80% compared to non-pretreated xylanase. The results also showed that separate pretreatment of both xylanase and its substrate accelerated the hydrolysis. Ultrasonic treatment altered the molecular structure and kinetic parameters of xylanase. Evaluation of the effect of pre-sonication of xylan confirmed that the action of ultrasound on the substrate chain destroyed the molecular aggregation and made it easy to carry out enzymatic reaction.
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Biomass polyphenols are bio-active macromolecules with distinct chemical structures in a variety of biomass. In recent years, the study of biomass polyphenols and their application in food and medicine fields has become a research hotspot, which predominantly focuses on the preparation, purification, structural identifications, and measurements of biological activities. Many studies describe methodologies for extraction and application of polyphenols, but comprehensive work to review its physiological activities like drugs and health products are lacking. This paper comprehensively unlocks the bioactivities of antioxidant, antibacterial, antitumor, anticancer, neuroprotection, control of blood sugar, regulation of blood fat, and promotion of gastrointestinal health functions of polyphenols from different biomass sources. This review will serve as an illuminating resource for the global scientific community, especially for those who are actively working to promote the advances of the polyphenols research field.
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INTRODUCTION
The growth and development of biomass are sustained by the regulation of metabolism and resistance against different biological stresses. The endogenous metabolites of biomass are composed of primary and secondary metabolites. In the different biomass, the major constituents are cellulose, hemicellulose, lignin, which can be applied to prepare various value-added products and bio-materials (Sun et al., 2019; Zhou et al., 2019; Chen et al., 2020; Geng et al., 2020; Chen et al., 2021; Liu et al., 2021; Luo et al., 2021). Apart from these constituents, there is existed various minor constituents, such as flavonoids and polyphenols (Si et al., 2009; Gironi and Piemonte, 2011; Quideau et al., 2011; Goodman, 2020). Biomass polyphenols are one type of secondary metabolites synthesized primarily through the shikimic acid and phenylpropane pathways (Hidalgo-Liberona et al., 2020; Wang et al., 2020). Biomass polyphenols are widely found in plant skins, roots, leaves, and fruits, with an abundance of as much as 20% by weight (Quideau et al., 2011).
There has been a long history of utilization of biomass polyphenols, which have been used in tanning and as medicines starting from ancient times (Quideau et al., 2011). The natural feelings and intrinsic properties of biomass polyphenols make them remarkable amongst plant-derived products. In recent years, biomass polyphenols have attracted much more attention in green/sustainable scientific fields due to their broad distribution, natural abundance, diverse chemical structures, and biological functions. A range of studies has demonstrated that biomass polyphenols comprise multiple phenolic hydroxyl groups, which have been reported to elicit prominent physiological functions such as free radical scavenging and radical sequestration activities (Gironi and Piemonte, 2011; Dong et al., 2020; Pei et al., 2020). These functionalities thus highlight biomass polyphenols as effective antioxidants. In addition to executing antioxidant activities, biomass polyphenols dramatically inhibit the growth of different strains of bacteria, fungi, and viruses while not affecting the growth and development of beneficial microorganisms under weak acidic and neutral environments. This indicates the potential applications of biomass polyphenols as bacteriostatic and anti-tumor agents. Moreover, biomass polyphenols also effectively protect against cardiovascular diseases via lowering the levels of several key pathogenic factors in the blood, including blood lipid, oxidation of low-density lipoprotein, and blood pressure (Gironi and Piemonte, 2011; Quideau et al., 2011; Camargo et al., 2019; Delgado et al., 2019; Michaličková et al., 2019).
BIOMASS POLYPHENOLS
Biomass polyphenols are a class of natural compounds widely distributed in biomass with an abundance second to lignin, cellulose, and hemicellulose. Polyphenols are predominantly accumulated in the leaves, vascular tissues, bark, immature fruits, seed coat, and disinfected tissues of biomass. China is rich in biomass polyphenol resources varieties (Figure 1), including Larch (100–150 mg/g, Yashunsky et al., 2014), Black wax (20–50 mg/g, Xu et al., 2016), Waxberry (20–50 mg/g, Chen et al., 2002), Yu Gan (200–300 mg/g, Yang and Liu, 2019), Houpixia (400–1,500 mg/g, Dai et al., 2006), Mangrove (500–600 mg/g, Dahibhate et al., 2020), Gallnut (300–500 mg/g, Ge et al., 2015).
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[image: Figure 1]FIGURE 1 | Different biomass that contain polyphenols.
Structure of Polyphenols
Polyphenols share common structural features, their basic framework includes the polyhydroxy substitution of a benzene ring, as well as the absence of any nitrogen functional groups. Biomass polyphenols can be divided into the classes of 1) hydrolyzed tannins (gallate polyphenols) and 2) condensed tannins (polyflavanol polyphenols or proanthocyanidins) (Gironi and Piemonte, 2011). Hydrolyzed tannins are products of tannin hydrolysis, revolving around cleavage ester linkages. Condensed tannins are mainly composed of polyflavanol polyphenols or proanthocyanidins, which contain hydroxyl flavanol monomers connected by C-C bonds (Porter, 1992). Since hydrolyzed tannins and condensed tannins are completely distinct in the aspect of the unit skeleton, there are significant differences in their functional properties and applications (Figure 2). For example, hydrolyzed tannins are unstable and prone to be hydrolyzed under various conditions (acid, alkali, and under the presence of certain enzymes). Condensed tannins are not readily hydrolyzed, but can be further condensed into insoluble upon contact with a strong acid (Gessner and Steiner, 2005). When polyphenols interact with proteins, alkaloids, or polysaccharides, the polyphenol molecules initially approach the surface of protein molecules through hydrophobic bonds. The entry of polyphenols to the hydrophobic bag enables the following formation of multi-point hydrogen bonds. Due to a large number of coordination groups, most metal ions also tend to form precipitates if allowed to complex with polyphenols. Under alkaline conditions, polyphenols and metal ions readily form polycomplexes. In addition, the phenolic hydroxyl in the phenolic structure of biomass polyphenols (catechol or catechol) is easily oxidized to the quinone structure via consuming oxygen in the environment (Zhang et al., 2005).
[image: Figure 2]FIGURE 2 | Structural representation of typical hydrolyzed tannins (A) and condensed tannins (B).
Classification of Polyphenols
More than 8,000 different kinds of polyphenols and their derivatives have been identified in the biomass kingdom (Boadas-Vaello et al., 2017). The name of polyphenols is assigned due to the presence of multiple phenolic groups in their chemical structures. In terms of structural differences, polyphenols can be further divided into four categories: phenolic acids, astragalus, lignans, and flavonoids (Table 1). A couple of studies have demonstrated the dominant biomass polyphenols that are found in common foods, including gallic catechins in green tea, resveratrol in grapes, capsaicin in chilis and peppers, curcumin in turmeric, genistein in soybean, and gingerol in ginger (Bhuyan, 2018). Investigation of the biological outcomes of these particular edible goods allows for a better understanding of the structural details related to the functionalities of polyphenols.
TABLE 1 | Classification of polyphenols from different biomass.
[image: Table 1]BIOACTIVITY OF POLYPHENOLS
Polyphenols are usually ingested as mixtures of different compounds that are immersed in a complex food substrate. The material then undergoes digestion, which exerts changes in structure and activity, before the mixture eventually reaches and acts upon target organs. After ingestion, absorption from the digestive tract usually requires intestinal enzymes, such as lactase rhizopericoside hydrolase and cytosolute β-glucosidase, to hydrolyze glycoside binders and produce the corresponding aglycones (Day et al., 2000; Gee et al., 2000). These aglycones can be further metabolized by second-stage enzymes to produce methylated, sulfurated, and gluconaldized compounds (Manach et al., 2004). Meanwhile, polyphenols that are not absorbed in the small intestine reach the colon, where they are converted into simpler metabolites by colonic microbiota and consequently being absorbed and get involved in further metabolic reactions (Liu et al., 2018).
Due to the diversity of biomass polyphenols, a variety of biological activities has been reported, including antioxidant (Hu et al., 2020; Ji et al., 2020), anti-inflammatory (Myint et al., 2021), bacteriostatic (Martin and Bolling, 2015; Gullon et al., 2016; Liu et al., 2019), anti-tumor (Sharma et al., 2017; Sajadimajd et al., 2020), regulation of intestinal flora (Cardona et al., 2013; Suzuki, 2013) and prevention of cardiovascular diseases (Kang, 2013; Tangney and Rasmussen, 2013; Kitai and Tang, 2017; Orr et al., 2020). Biomass polyphenols have also been widely used in the fields of the development of drugs and health products.
Antioxidant Activity
Redox is an essential class of metabolic reaction that occurs in living organisms. However, when the electron flow becomes decoupled, the generation of harmful free radicals results in detrimental outcomes (Fiedor and Burda, 2014; Zhao et al., 2021). Free radicals are atoms, molecules, or ions with unpaired electrons. They are highly unstable, will rapidly attack molecules in adjacent cells, and are prone to chemically react with other molecules (Yu et al., 2020). These reactions in turn contribute to various forms of impairments to cells. Most of the impairments can be repaired, but the entire reaction can be avoided if the free radical interacts with an antioxidant in cells. Antioxidants play a vital role in inhibiting molecular oxidation reactions to reduce the harmful accumulation of reactive oxygen species (Fiedor and Burda, 2014). Antioxidants also protect human;somatic cells from the deteriorating effects of free radicals and reactive oxygen species (ROS) by altering the expression of sensor proteins that are involved in oxidative stress (Figure 3) (Fiocchetti et al., 2019). The different kinds of chronic diseases and the process of lipid peroxidation are thus delayed. In recent years, there has been a great interest in unveiling natural plant-derived novel and safe dietary antioxidants.
[image: Figure 3]FIGURE 3 | (A) Schematic model of ROS-activated signaling involved in the rapid modulation of neuroglobin (NGB) levels, its localization, and function on the redox balance outside mitochondria. (B) Schematic model of the impact of E2 intracellular-activated pathway on NGB expression, localization. The NRF-2 pathway describes how NGB affects the E2-dependent activation of the antioxidant NRF-2 system. E2: 17β-estradiol; ERα: estrogen receptor α; PI3K: phosphatidylinositol three kinase (Fiocchetti et al., 2019).
Biomass polyphenols have strong activity due to their ability to delocalize uncoupled electrons, which can scavenge free radicals, chelate metal ions and inhibiting oxidase activity, and protect endogenous antioxidant enzymes in the body (Kim et al., 2014; Croft, 2016). Most natural antioxidants are phenolic compounds. The most important natural antioxidants are tocopherols, flavonoids, and phenolic acids. Among the phenolic hydroxyl groups, the phenolic hydroxyl group is the most easily oxidized, exhibiting the capacity to capture free radicals such as ROS and active nitrogen species (Geng et al., 2016; Zheng et al., 2021). This functionality enables polyphenols to scavenge free radicals and quench ROS, thus providing strong antioxidant capacity (Fraga, 2007; Dugasani et al., 2010; Losada and Dí az, 2017). These antioxidants, which are commonly used as food supplements, prevent the free radical chain reaction of oxidation and inhibit the initiation and propagation steps. All of these lead to the termination of the reaction and delay of the oxidation process. Antioxidants have the unique property of extending the shelf life of foods without any adverse effect on their sensory or nutritional qualities. Antioxidants used as food additives are non-toxic and effective at low concentrations. Other outstanding properties include high stability, robustness to the various stages of food processing, possess no smell, taste, or color, are easy to be mixed into foodstuffs, and have sufficient solubility.
Biomass polyphenols have been widely used in various fields due to their strong antioxidant activities. Hu et al. (2020) impregnated tea polyphenols (Gallic acid) into tea seed oil with ethanol and removed the ethanol by vacuum distillation to produce tea polyphenol colloids. It was found that no chemical changes occurred after the addition of tea polyphenols to tea seed oil. The antioxidant stability of colloidal tea polyphenols in tea seed oil was superior to that of synthetic antioxidants and tea polyphenol palmitate, and the optimal addition of tea polyphenols to tea seed oil ranged from 0.1–0.2 g/kg. Ji et al. (2020) found that the major phenolics in sea buckthorn were flavonoids, phenolic acids, and tannins, which showed antioxidant functions via regulating the activities of cellular enzymes. Myint et al. (2021) found that stevia leaves were demonstrated to possess the highest antioxidant capacity among plant foods due to the abundance of polyphenols (PPS). The stevia leaves PPS showed antioxidant activity similar to epigallocatechin gallate (EGCG), and their antioxidant activity, hydrophilic activity, and stability are stronger than ascorbic acid (VC), vitamin E, and chlorogenic acid. The antioxidant activity of stevia leaves PPS is stable under various physical conditions, except for in the presence of potassium sorbate or sucrose. In addition, the combination of PPS and VC improves their antioxidant stabilities. Taken together, PPS has the potential to be a natural, inexpensive, and abundant antioxidant for use in pharmaceuticals and cosmetics. In animal studies, Gerasopoulos et al. (2015) have included polyphenols extracted from olive oil processing wastewater to feed 20-day-old piglets for 30 days. The authors found that the polyphenol-rich diet significantly increased levels of total antioxidant capacity, catalase activity, and glutathione in the pig’s blood, as well as reducing oxidative stress. Liu et al. (2018) and Cimmino et al. (2018) showed that biomass polyphenols reduced the content of malondialdehyde in mutton, the fat oxidation was inhibited followed by the improvement of meat quality. More importantly, the biomass flavonoid polyphenol fisetin has been shown to relieve allodynia in a reserpine-induced rat model with fibromyalgia, hyperalgesia, and depression. Through evaluating multiple parameters, the researchers suggest that fisetin lowered biogenic amine (5-hydroxytryptamine, noradrenaline, and dopamine) levels, inhibited the oxidation of nitroso stress to downregulate ROS level, to exert its resistance to hurt feelings and antidepressant potential.
In conclusion, biomass polyphenols show prominent antioxidant performance and free radical scavenging capabilities, which is of great significance to broadening their fields of research and various applications.
Antibacterial Activity
In recent years, consumers are increasingly intended to use natural extracts and other substances as potential antibiotics to inhibit the growth of pathogenic bacteria due to the concerns on the destruction of nutrition by sterilization technology and the abuse of synthetic antibiotics, as shown in Table 2 (Xu et al., 2019; Liu W. et al., 2020). Polyphenols are considered to be one of the intriguing natural extracts to hinder the growth and proliferation of bacteria via multiple modes of action, which include alteration of the bacterial membrane permeabilization, inhibition of the bacterial DNA gyrase, interference with the energy metabolism, and perturbation of the functions of bacterial porins (An et al., 2004; Gradisar et al., 2007; Wang et al., 2020; Yun et al., 2021). In addition, the presence of phenolic hydroxyl groups potentiates the antibacterial activities of polyphenols on damaging the structural integrity and functionality of bacterial membranes (Sousa et al., 2015).
TABLE 2 | Antibacterial effect of different polyphenols.
[image: Table 2]Emerging evidence has demonstrated the beneficial effect of biomass polyphenols against bacteria. Pani et al. (2014) studied the toxicities of 29 polyphenols at different concentrations of the monophototoxin produced from Fusarium oxysporum in wheat. Most of the polyphenols exhibited an inhibitory rate of 70% against deoxynivalenol ranging from 1 to 1.5 mm. A serial of biomass polyphenols shows prominent inhibition on distinct strains of bacteria, fungi, and yeasts. Tea polyphenols are a kind of antimicrobial agent with a broad inhibitory spectrum on multiple pathogenic bacteria, such as Proteus common, Staphylococcus epidermidis, and Staphylococcus aureus. In addition, apple polyphenol extract elicits a suppression effect on the growth of Bacillus aerobics, Escherichia coli, Pseudomonas, and Bacillus subtilis. Pomegranate pulp is rich in eight different kinds of polyphenol compounds, all of which exert strong bacteriostatic abilities against Salmonella and Escherichia coli (Gullon et al., 2016). Flavonoids alone or in combination with known therapeutic agents effectively control S. aureus infection (Elmasri et al., 2015). More interestingly, Williams et al. (2017) found that oligoproanthocyanidins in grape dregs modulate intestinal microflora and alleviates intestinal Ascaris suum infection when grape dregs were added to the pig’s diet. When 10–40 g/kg grape seed powder was added to the chicken diet, it was found that the total number of Streptococcus, Escherichia coli, and microbial colonies in the chicken intestines decreased while the number of beneficial lactic acid bacteria increased in a dose-dependent manner (Hafsa and Ibrahim, 2017). Bearing this antibacterial activity in mind, researchers have endeavored to further investigate the mechanisms behind polyphenols’ bacteriostatic functionality.
Yang and Zhang (2019) delineated the bacteriostatic mechanism of tea polyphenols as shown in Figure 4. Their results showed that the electrolyte leakage rate of bacteria was significantly enhanced after treatment with different concentrations of tea polyphenols, indicating the impairment of bacterial membrane permeability in the presence of polyphenols. The bacterial membrane is mainly composed of lipid bilayers containing hydrophilic and hydrophobic ends. The binding between phenolic hydroxyl groups and hydrophilic ends triggers agglomeration of membrane lipids, thus destroying the bacterial membrane. Intriguingly, when inoculated in plants and fruits, polyphenolic compounds induce the activities of a couple of antibacterial enzymes, including phenylalanine aminase, catalase, peroxidase, polyphenol oxidase, chitinase and β-1, 3-glucanase, thereby improving the antibacterial abilities of plants and fruits (Ramadas et al., 2020).
[image: Figure 4]FIGURE 4 | Antibacterial mechanism of polyphenols. Brown dots represent tea polyphenol. TP: tea polyphenol; F: fungi; B: bacteria; V: virus; PAL: phenylalanine ammonia-lyase; CAT: catalase; POX: peroxidase; PPO: polyphenoloxidase (Yang and Liu, 2019).
Currently, the studies on the antibacterial properties of biomass polyphenols continue to be carried out in breadth and depth. However, the structure-function relationship of polyphenols and the combinational applications of polyphenols with more prominent antibacterial effects require further investigation.
Antitumor and Anticancer Activity
Reactive oxygen free radicals are the metabolites of the Redox reaction in biological organisms. Under normal physiological conditions, the generation and scavenging of free radicals are finely balanced in a dynamic equilibrium. However, when the imbalance occurs, excessive free radicals will deteriorate the organisms, leading to aging and the increased incidence of a range of disorders (Zhang et al., 2020; Wang et al., 2021). The accumulation of free radicals generates direct damage on the genetic materials and other biological macromolecules, including the aberrant gene transcriptional activation, changes in the structural and functional identities of proteins, breakage, and polymerization of peptide bonds, and lipid peroxidation, leading to the occurrence of tumors and cancers (Figure 5) (Ríos-Arrabal et al., 2013). Polyphenols have attracted broad attention in cancer therapeutics due to their chemopreventive roles as both blocking and suppressing agents (Sharma et al., 2017; Sajadimajd et al., 2020). In terms of their blocking functions, polyphenols can avoid the activation of carcinogens, prevent the reactive carcinogens from interacting with critical DNA sites, and facilitate the metabolic clearance of carcinogens. Moreover, polyphenols are capable of suppressing oncogenesis and cancer progression, to elicit their chemopreventive functions on multiple stages of carcinogenesis (Zhou et al., 2016).
[image: Figure 5]FIGURE 5 | The role of ROS/RNS in carcinogenesis (Ríos-Arrabal et al., 2013).
Vegetables and fruits contain a wide variety of polyphenols, and studies have reported that regular consumption of fruits, vegetables, and nuts reduces the risk of various types of cancer, especially with a significant impact on gastric, esophageal, lung, oral, pharyngeal, pancreatic and colon cancers (Yi et al., 2019). Epidemiological and experimental studies have shown that consumption of food and beverages rich in polyphenols (such as catechins, flavonoids, and anthocyanins) is closely associated with a lower incidence of cancer (Naasani et al., 2003). Animal experiments have also demonstrated that food polyphenols effectively suppress chemical-induced tumors and inhibit tumor developments at multiple stages (Sharma et al., 2017; Sajadimajd et al., 2020). An increasing number of studies highlight the role of biomass polyphenols as potential anticancer cell mutagens. Han et al. (2019) showed that cranberry-extracted polyphenols are bioactive anticancer components, and they have dramatic capacities towards inhibiting the viability and colony formation of human colon cancer cells HCT116. Mechanistically, treatment of polyphenols caused the cell cycle arrest at G0/G1 phase and subsequently led to the induction of cell apoptosis. There is ample evidence showing that polyphenols target a variety of molecules that are involved in multiple cellular signaling pathways. Emerging evidence has shown that non-coding RNAs function as oncogenes or tumor suppressors in the regulation of tumorigenesis and tumor progression (Yi et al., 2019). The antitumor mechanisms of polyphenols are multi-targeted and include the activation of different pathways to induce apoptosis in cancer cells. Moreover, three predominant epigenetic changes (alterations in chromatin structure, DNA methylation, and regulation by microRNAs) are also involved in tumor cells treated with biomass polyphenols. As shown in Figure 6 (Yi et al., 2019), EGCG, curcumin, and resveratrol regulate multiple classes of miRNAs to elicit their antitumor potentials.
[image: Figure 6]FIGURE 6 | Representative polyphenols that are involved in regulating the antitumor mechanisms of microRNAs. MiR, microRNA; ILF2, Interleukin enhancer binding factor 2; CXCL1/2, chemokine (C-X-C motif) ligands 1/2; PGK1, phosphoglycerate kinase 1; MMP2/9, matrix metalloproteinase 2/9; XIAP, X-linked inhibitor of apoptosis; PP2A/C, protein phosphatase 2A/C; E2F3, E2F transcription factor 3; Sirt1, Sirtuin type 1; PTEN, phosphatase and tensin homolog; K-Ras, kirsten rat sarcoma; C-MET, cellular-mesenchymal epithelial transition factor; Bcl-2, B-cell lymphoma-2; p53, protein 53; P38 signaling pathway, protein 38 signaling pathway. reproduced with copyright permission from Elsevier (Yi et al., 2019).
Although multiple targets have been identified in terms of the antitumor/anticancer activities of the biomass polyphenols, the detailed mechanisms of how polyphenols are capable of controlling the expression of these genes/miRNAs remain elusive. It would therefore be interesting to select single or high purity polyphenols from natural product resources with strong antitumor/anticancer activities to further investigate their relationships with antitumor factors.
Neuroprotective Activity
The incidence of neurodegenerative disorders, such as Alzheimer’s disease and Parkinson’s disease, gradually increases with age (Remington et al., 2010; Figueira et al., 2017; Li, 2018). These types of disorders share common pathological hallmarks, including oxidative stress, neuroinflammation, protein aggregation, and mitochondrial dysfunction (Gu et al., 2021). Given their roles in mediating essential biological processes, including signal transduction, cell proliferation and apoptosis, and cell differentiation, polyphenols have been long taken as potential neuroprotective agents. More importantly, the neuroprotective function of polyphenols has been suggested to be associated with their antioxidant activities, especially towards scavenging ROS and nitric oxide (Zhen and Liu, 2018).
A growing number of studies have provided experimental evidence that the consumption of polyphenol-rich berry fruits is beneficial to the nervous system and shows the potential to mitigate age-dependent neurodegeneration via alleviating cognitive and motor dysfunctions (Figueira et al., 2017; Tavares et al., 2013). Moreover, the neuroprotective function has also been demonstrated on Gardenia jasminoides extract (GJE). The medium dose of GJE treatment showed the most effective inhibition of neuronal necrosis in different brain regions of the rat model of chronic cerebral ischemia (Figure 7) (Zhang et al., 2016). Green tea polyphenols have been demonstrated to play a neuroprotective role due to their antioxidant and anti-inflammatory properties (Sutherland et al., 2006; Song et al., 2019). Zhang et al. (2010) showed that a 30-days treatment with green tea polyphenols (200 mg/kg, twice a day) prominently restored blood-brain barrier permeability, rescued cerebral infarction and improved neurological functions in rats underwent cerebral ischemia. Moreover, the induction of caveolin-1 mRNA and hyperphosphorylation of extracellular signal-regulated kinase 1/2, markers of cerebral ischemia, were also found ameliorated in cerebral ischemic tissue. Liu et al. (2019) isolated four catechins, including two new catechin derivatives, from Anhua dark tea. The study showed that the compounds exhibited optimal neuroprotective effects by inhibiting N-methyl-p-aspartate (NMDA) receptors. It protected SH-SY5Y cells from NMDA-induced injury and apoptosis by regulating NR2B expression and activating PI3K/Akt signaling pathway. These compounds are expected to be effective therapeutic agents for the prevention of excitatory brain injury. Taken together, these findings emphasize that the antioxidant, anti-apoptotic, and reduction of brain edema activities of tea polyphenols are prerequisites for their neuroprotective functions.
[image: Figure 7]FIGURE 7 | The neuroprotective roles of Gardenia jasminoides extract (GJE) and Geniposide on a rat model with chronic cerebral ischemia (Zhang et al., 2016).
Hypoglycemic and Lipid-Lowering Activity
High blood lipid content is one of the essential risk factors of fatty liver, cerebral infarction, coronary heart disease, and the formation of vascular sclerosis. Excessive accumulation of blood glucose in diabetic patients easily leads to acute severe metabolic disorders, for example, life-threatening hyperosmolar hyperglycemia syndrome. In the meantime, diabetic patients also suffer from infectious diseases, which lead to chronic complications including microangiopathy, diabetic nephropathy, and diabetic retinopathy. The nervous system complications may also be accompanied, such as peripheral neuropathy, autonomic neuropathy, and diabetic feet. All of these symptoms and complications severely ruin the quality of life of diabetic patients (Monika L. et al., 2019). Diabetic patients with combined neuropathy also develop pancreatic sclerosis and atrophy (He et al., 2020). Medicinal biomass has been applied to control diabetes and hyperlipidemia in different countries (Sugiyama et al., 2007; Yang et al., 2010; Saeed et al., 2012), and has become the major source of safe and effective hypoglycemic and hyperlipidemic drugs. Importantly, the hypoglycemic activity has been assigned to biomass polyphenols due to their capabilities in exerting antioxidant functions, promoting the synthesis and secretion of insulin, perturbing the activities of intestinal digestive enzymes, and inhibiting the glucose transport (Mahmood et al., 2013).
Chakraborty et al. (2012) emphasized that the role of 6-gingerol in controlling insulin responsiveness via regulating insulin secretion of mouse pancreas is essential for protecting the hyperglycemia and oxidative stress caused by arsenic. When the mice were fed with 6-gingerol for 12 days, Singh et al. (2009) reported a significant reduction of fasting blood glucose, accompanied by increased glucose tolerance and downregulation of plasma triglyceride (TG), total cholesterol (TC), insulin, low-density lipoprotein cholesterol (LDL-C) and free fatty acid (FFA) levels. These findings support the anti-hyperglycemia and cholesterol-lowering activities of 6-gingerol. The other kinds of biomass polyphenols function to increase insulin sensitivity and improve insulin resistance. Manzano et al. (Manzano et al., 2016) showed that apple polyphenols (APE, mainly quercetin and rutin) have therapeutic potential in the rat model of insulin resistance. Nutritional intervention with APE resulted in increased insulin sensitivity and a 45% increase in glucose infusion rate (GIR). Furthermore, in vitro results showed a synergistic effect between APE and insulin to increase glucose uptake through GLUT4 translocation in muscle cells. This translocation is mediated by the phosphatidylinositol 3-kinase (PI3K) and peroxisome proliferator-activated receptor-γ (PPARγ) signaling pathways. Xiong et al. (2020) also demonstrated that catechins, procyanidin Al and procyanidin A2 extracted from lychee seed LSF could activate the insulin signaling pathway and inhibit GSK-3β activity via the IRS-1/PI3K/Akt pathway, which in turn inhibited Tau hyperphosphorylation and ultimately improved cognitive function in AD rats. Kim et al. (2016) provided a summary of potential mechanisms by which dietary polyphenol metabolites improve glucose homeostasis (Figure 8).
[image: Figure 8]FIGURE 8 | The summary of potential mechanisms linking dietary polyphenol metabolites to improved glucose homeostasis. ↑, increase; ↓, decrease. * 90–95% of the ingested polyphenols reach the colon. SGLT1, sodium-dependent glucose transporter; GLUT4, glucose transporter four; PI3K, phosphoinositide 3-kinase; AMPK, 5′ adenosine monophosphate-activated protein kinase; NF-κB, nuclear factor kappaB; COX2, cyclooxygenase-2 protein; CRP, C-reactive protein; IL-6, interleukin 6; TNFα, tumor necrosis factor α; ACO-1, acyl CoA oxidase-1; CPT-1β, carnitine palmitoyl transferase-1β; PEPCK, phosphoenolpyruvate carboxykinase; FOXO1, forkhead box protein O1; MCP-1, monocyte chemoattractant protein-1; IRS2, insulin receptor substrate two; GK, glucokinase; G6Pase, glucose-6-phosphatase. (reproduced with copyright permission from MPDI (Kim et al., 2016)).
Vroegrijk et al. (2011) found that male C57BL/J6 rats fed with a high-fat diet containing 1% pomegranate seed oil for 12 weeks showed reduced fat content and body weight compared with those fed with a full-fat diet. Additionally, Xu et al. (2009) studied the effect of pomegranate flower extract on hepatic fat accumulation in Zucker diabetic obese rats with severe fatty liver disease and highlighted the hypolipidemic effect of the isolated polyphenols. Yu et al. (2014) found that pomegranate leaves (PGL) have a similar modulating effect on lipid metabolism. Pomegranate leaves and their major active components (ellagic acid, gallic acid, pyrogallic gallic acid, and tannic acid) showed the effect of inhibiting pancreatic lipase activity in vitro. High doses of PGL inhibited intestinal lipase activity while promoting the expression of tight junction proteins, thereby inhibiting lipid absorption and reducing blood serum total cholesterol (TC) and triglyceride (TG) levels to prevent intestinal mucosal damage due to lipid overload.
Green tea polyphenols, grape polyphenols, citrus juice polyphenols, and sand buckthorn leaf polyphenols play similar roles in lowering blood sugar via multiple modes of action. In addition, several common fruit and vegetable polyphenols, such as pomegranate polyphenols, tea polyphenols, hawthorn polyphenols, and apple polyphenols, exert similar effects on downregulating TG, TC, and LDL-C levels while upregulating the level of high-density lipoprotein cholesterol. Currently, the study on the mechanisms of glucose- and lipid-lowering capabilities of biomass polyphenols has attracted much more attention but still requires further investigations.
Promotion of Gastrointestinal Health
Intestinal barriers refer to the intact structure and function of the intestine to prevent harmful substances such as bacteria and toxins from passing through the intestinal mucosa and entering other tissues, organs, and blood circulation in the human body. The normal intestinal mucosal barriers are composed of a mechanical barrier, a chemical barrier, an immune barrier, and a biological barrier, and the integrity of each intestinal barrier is indispensable to human health. The intestinal barriers maintain the normal intestinal permeability and regulate the transportation and absorption of nutrients (such as sugar, vitamins, amino acids, fatty acids, and other lipids) and other food-related compounds (such as polyphenols). In addition, intestinal barriers regulate the composition of bacteria from the lumen to the blood flow of transfer (Tangney and Rasmussen, 2013; Hidalgo-Liberona et al., 2020). The intestinal permeability is under control of a complex system of junctions known as tight junctions (TJ), gap junctions, and adhesion junctions. The system has consisted of numerous TJ proteins and junction adhesion molecules that control the flow among adjacent intestinal cells. It has been reported previously that polyphenols can mitigate leaky bowel disease by directly adjusting TJ function, enhancing the synthesis and redistribution of TJ proteins (such as occludin, claudins, and occludula), and suppressing the activities of different kinases involved in controlling TJ expression (Hidalgo-Liberona et al., 2020).
Gastrointestinal dysfunction is one of the major factors that contribute to type II diabetes, cardiovascular disease, insomnia, obesity, and other disorders (Kang, 2013; Kitai and Tang, 2017; Orr et al., 2020). Therefore, improvement of gastrointestinal function requires much more investigation. Previous studies (Pandey and Rizvi, 2009) have reported that polyphenols show antioxidant, anti-inflammatory, anti-fat, anti-diabetes, cardioprotective, neuroprotective, and anticarcinogenic effects via collaborating with the intestinal microbiota. Biomass polyphenols influence the activities of intestinal microflora, repair gastrointestinal mucosal damage, optimize the intestinal structure, and interact with other macromolecules to affect gastrointestinal function. Chen et al. (2018) showed that the addition of chlorogenic acid to weaning piglets led to an increase of immune globulin level, the expression of antiapoptotic protein B-cell lymphoma-2 was simultaneously upregulated in the duodenum and jejunum. This indicates that the intestinal beneficial effect of chlorogenic acid depends on the enhancement of immune function and suppression of excessive intestinal epithelial cell apoptosis. Liao et al. (2016) showed that upon treatment of tea polyphenols, the reduction of atherosclerosis plaque in mice negatively correlated with the increased number of bifidobacteria in their intestine, suggesting that tea polyphenols promote the proliferation of bifidobacteria and prevent lipid metabolism, thereby suppressing atherosclerosis. Biomass polyphenols were found to accelerate beneficial bacteria proliferation to improve the function of the intestines and stomach and repair the damaged intestinal cells. Zhao et al. (2018) showed that when treated with bitter butyl tea polyphenols, the reduction of gastric acid secretion and increase of gastric juice pH was detected in mice with gastric mucosa damage, indicating that bitter butyl tea polyphenols supplement was an effective approach to combat against gastric mucosa damage. With the increasing number of studies on the relationship between biomass polyphenols and gastrointestinal function, the development and utilization of biomass polyphenols as functional factors for the improvement of gastrointestinal function is expected to be broadened. Liu et al. (2020a) depicted the metabolic mechanisms of dietary polyphenols in the intestine (Figure 9). In the body, a small percentage of dietary polyphenols is first absorbed in the small intestine. They are then deconjugated, circulated, and distributed among organs or excreted in the urine. The remaining unabsorbed polyphenols reach the colon where they are catabolized by bacteria to produce metabolites either absorbed or excreted in feces. After intestinal and hepatic Phase I and II metabolism, the microbial-derived polyphenolic metabolites enter the systemic circulation. The metabolites in the liver could be excreted via the biliary duct and re-absorbed throughout the enterohepatic recirculation. In animal studies, the addition of polyphenols to diets reduced high-fat diet-induced obesity and modulated the gut microbiota by increasing the growth of short-chain fatty acid-producing bacteria and decreasing the growth of lipopolysaccharide-producing bacteria. More clinical trials are required to investigate the application of dietary polyphenols as nutritional or functional foods in the prevention and treatment of obesity in humans, and studies that aim at elucidating the mode of action of specific bacteria strains in mediating dietary polyphenols would be necessary.
[image: Figure 9]FIGURE 9 | Absorption of dietary polyphenols and their microbial transformation in the intestine. [reproduced with copyright permission from ACS Publications (Liu J. et al., 2020)]
CONCLUSION AND PERSPECTIVES
Although polyphenols have been considered as chemical impurities, recent studies and findings underlined its biological activities in terms of exerting antioxidant, antibacterial, antitumor, neuroprotection, regulation of blood lipid, and promotion of gastrointestinal health functions. This thus attracts more attention from researchers worldwide to further investigate the pharmacological applications of biomass polyphenols and use them as one of the major components in natural products-derived drugs. More interestingly, given that biomass polyphenols are enriched in daily food, this further highlights the essential contribution of polyphenols to human life and makes biomass polyphenols one of the research hotspots. A range of studies has demonstrated efficient extraction of polyphenols from tea, grape, pomegranate, rapeseed, and other raw materials, which are coincidentally used in medical treatments and as functional food supplements. Many diseases are associated with antioxidants, but given the purity of the extract and the complexity of the structure, polyphenols are currently only used as supplements for the treatment of diseases, and research into their use as medicines for the treatment of diseases still requires innovative extraction techniques and in-depth research into anti-disease mechanisms, to explore their therapeutic potential. Hence, the mechanisms of polyphenols’ pharmacological actions still require further investigation. It is hoped that with the increasing attention from researchers on natural drugs and the progress of scientific technology, more methods of rapid separation and preparation of polyphenols can be developed, and the underlying pharmacological mechanisms of polyphenols will be further elucidated to provide the material basis for further pharmacological examination and clinical investigation.
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This paper briefly discussed the research progress of biomass-based transparent wood (BBTW), and summarized the key technologies and potential application prospects of BBTW in replacing architectural glass. Based on the introduction of the preparation process of BBTW, the advantages of BBTW and their feasibility to replace architectural glass are illustrated with a view to the requirements and conditions of architectural glass for different use functions. The limitations of BBTW are discussed and the development prospects of BBTW are also prospected. The research shows that BBTW has the advantages of green and renewable materials that can meet the requirements of good lighting conditions, flame retardant, heat insulation and safety, which are in line with the sustainable development trend. Further studies are needed to continuously break through its limitations with an aim to expand the application of this new biomass-based material.
Keywords: biomass materials, transparent materials, transparent wood, green and renewable energy, architectural glass;
INTRODUCTION
Biomass materials are new materials with excellent performance and high added value that are processed and manufactured by a series of high technology means using woody, grassy and vine plants (Sun and Liu, 2019; Wu et al., 2020; Zhao et al., 2020a; 2020b). Biomass materials are widely available and renewable, with low processing costs. In the current situation of depletion of non-renewable resources, the development and utilization of new materials can effectively alleviate the serious problems of energy tension and environmental pollution if renewable biomass materials are used as the “cornerstone” of new materials instead of traditional petrochemical and mineral-based materials (Liu et al., 2019; Wang et al., 2019; Chen L. et al., 2020).
Therefore, the research of biomass materials has received a lot of attention from scholars at home and abroad in recent years, such as transparent wood, wood sponge, straw plate, etc. Among them, biomass-based transparent wood (BBTW), as an emerging result of biomass materials research, have been widely studied for their light weight, light transmission, environmental protection, and high mechanical strength (Zhou and Wu, 2020). BBTW are mainly prepared renewable natural plant materials as raw materials and modifying their intrinsic structures or compounding them with other materials to achieve their light transmission and other functions.
At present, BBTW are still in the development and exploration stage, and the related research is focused on the preparation, but not yet put into actual production. The current researchs for BBTW are mainly focused on replacing architectural glass, luminescent materials, energy storage, battery substrates and other fields. This paper briefly discussed the research progress of BBTW, and summarizes the key technologies and potential application prospects of BBTW in replacing architectural glass.
PREPARATION OF BBTW AND LIGHT TRANSMISSION PRINCIPLE
The development history of BBTW can be divided into three stages. 1) The first stage is the pre-exploration of the BBTW. In 1998, (Murayama et al., 1998) were the first to report the use of nanocellulose to prepare a translucent paper with high tensile strength. Following this innovation, many domestic and foreign scholars have initiated research on transparent paper. However, the process of preparing transparent paper has limitations such as high energy consumption and time consuming. 2) The second stage is the period of rapid development of BBTW. A new type of transparent wood (TW) was reported by Liangbing Hu’s team in 2016. As a result, the preparation of TW gradually became a research hotspot. 3) The third stage is the period of improvement and enhancement of the transparency of TW. In recent years, many scholars have also conducted research on the transparency of TW other than wood and proposed many methods to improve the performance of BBTW.
Natural wood contains lignin and other light-absorbing components, and the porous structure of the wood will scatter visible light, resulting in opacity of the wood, which can not meet the demand for lighting and can not be used as a building glass material. There are two main reasons for the opacity of wood: 1) The wood contains a large amount of light-absorbing substance that is lignin, which accounts for 20–30% of the total weight of wood; 2) The porosity of wood is as high as 30–80%, and a large number of pores have diameters larger than the wavelength of visible light (380–780 nm), which will cause severe light scattering. Therefore, by removing the lignin in the wood, it is possible to remove the chromogenic substances while retaining the wood skeleton structure. The pore structure in wood mainly includes a microcapillary system (mainly formed by the dynamic connection of tiny pores with a size below 10 nm in the fine running wall) and a large capillary system (mainly composed of conduits and screens). These capillary channels are connected to each other, so a transparent resin with a very high refractive index matching with the cellulose can be injected into it to fill the pores in the wood, thereby achieving transparency.
As shown in Table 1, BBTW were prepared by different preparation methods. The preparation of BBTW is divided into two main steps, preparation of delignified biobased templates (DBT) and impregnation of resins with matching refractive indices. The main methods for preparing DBT are acid, alkali, bioenzymatic and lignin modification methods. Sodium hypochlorite solution is usually used as a high frequency reagent for acid delignification. Sodium hypochlorite destroys the aromatic ring structure of lignin by oxidation and chlorination, thus achieving the effect of lignin removal. The most commonly used reagent for alkali delignification is a mixture of sodium hydroxide and sodium sulfite solution. In addition to the common treatment with sodium hydroxide solution, other alkaline solutions have also been used. Biological enzymatic delignification is a green delignification process, which degrades lignin by enzymes in order to achieve the purpose of delignification. By modifying the lignin, the chromophore groups are removed to achieve bleaching. After obtaining DBT, it is necessary to impregnate it with a resin matching its refractive index to obtain BBTW. The commonly used resins are: methyl methacrylate (MMA), epoxy resin, polyvinyl alcohol (PVA), and polyvinyl pyrrolidone (PVP). The choice of resins is not limited to the requirement of a high refractive index match with DBT, but is also increasingly focused on the environmental and physical properties of the resin itself. Current polymers are mainly petroleum-based products. One of the challenges is to replace fossil polymers in the manufacture of sustainable TW. Recently, Montanari et al. (2021) have successfully developed an environmentally friendly alternative: limonene acrylate, a monomer made from limonene. A substance extracted from orange juice is used to make a polymer that restores the strength of the delignification and allows light to pass through, producing BBTW.
TABLE 1 | BBTW prepared by different methods.
[image: Table 1]REQUIREMENTS AND LIMITATIONS OF ARCHITECTURAL GLASS
Requirements for Flat Glass in Architectural Glass
GB116114-2009 (China National Standardization Administration Committee 2010) provides relevant regulations on some properties of flat glass in building glass doors and windows. The standard specifies the minimum value of visible light transmission ratio of flat glass of different nominal thickness in architectural glass. The transmission ratio, also known as transparency, transmittance or transmission coefficient, is the ratio of transmitted luminous flux to incident luminous flux (Wang et al., 2020). As shown in Table 2, the minimum value of the visible transmittance ratio is 89% when the nominal thickness of flat glass is 2 mm, and as the nominal thickness increases, the minimum value of visible transmittance ratio is gradually reduced, and the minimum value of visible transmittance ratio should reach 67% when the engineering thickness of flat glass reaches 25 mm.
TABLE 2 | Minimum visible light transmittance of colorless transparent flat glass (Wang et al., 2020).
[image: Table 2]Requirements for Fireproof Glass in Architectural Glass
GB15763 ″Safety Glass for Buildings” (China National Standardization Administration Committee 2009a) contains the following four types of glass: fireproof glass, tempered glass, laminated glass and homogeneous tempered glass. As shown in Table 3, the fire resistance performance is specified in GB15763.1-2009 “Fireproof Glass” (China National Standardization Administration Committee 2009b).
TABLE 3 | Fire-resistant properties of fireproof glass (China National Standardization Administration Committee 2009b).
[image: Table 3]And the standard also specifies the impact resistance of single fire glass. Composite fire glass is not destroyed means that the glass after the test to meet one of the following conditions: first, the glass is not broken; second, the glass is broken but the steel ball did not penetrate the specimen (China National Standardization Administration Committee 2009a).
Requirements of Thermal Insulation Glass for Building
JC/T2304-2015 Technical conditions of thermal insulation glass for building (Ministry of Industry and Information Technology of the People’s Republic of China 2015) stipulates that there are three types of thermal insulation glass for building, which are thermal insulation type BW, thermal insulation type GR, thermal insulation type BG. As shown in Table 4, for the performance of three different types of thermal insulation glass, this standard stipulates its conduction coefficient (K), light to heat ratio (LSG), solar radiation spectrum transmittance ratio (GIR).
TABLE 4 | Technical conditions for insulating glass (Ministry of Industry and Information Technology of the People’s Republic of China 2015).
[image: Table 4]Limitations of Architectural Glass
Architectural glass have many advantages, such as high transmittance, strong sense of fashion, good permeability, rich modeling, wide application, etc. However, there are some limitations of glass windows and doors, specifically in the following aspects.
First, they can produce discomfort glare to threaten public safety. Glare is the visual discomfort caused by the extreme contrast of brightness. The human eye can not adapt to this unsuitable brightness distribution, which may give people a sense of nausea and discomfort. In cities, many buildings are decorated with large-format glass windows on their facades, although when the light is strong, the glare from glass windows may be directed to the eyes of surrounding pedestrians and vehicle drivers, causing visual fatigue and even causing traffic accidents.
Second, the high brittleness of glass will make the cracks in glass very easy to expand by the fact of loosen in the crystal structure due to the less dense of crystallization with coarse grains. Therefore, in the handling, installation, and use process of glass, when accidental colliding happens, it is easy to produce fragments, threatening people’s safety.
Third, there are drawbacks in the production process of flat glass industry. The SO2, NOx emission reduction pressure is still greater, and the energy saving and emission reduction technology needs to be improved (Zhao et al., 2017). As China’s flat glass environmental protection facilities put into use for a relatively short period of time, the periodically “change fire” operation of kiln in the production process always results in unstable concentration of exhaust gas emissions.
ADVANTAGES AND LIMITATIONS OF BBTW AS ALTERNATIVE GLASS MATERIALS
Advantages of BBTW as Alternative Glass Materials
Optical Properties of BBTW Meet the Requirements of Architectural Glass
BBTW should not only meet the basic requirements of glass when used in place of glass for architectural glass, as shown in Figure 1 (blow), Zhu et al., 2016 prepared 2 mm TW with a transparency of up to 90%, and this study met the requirements of GB116114-2009 on the visible light transmission ratio of flat glass. Therefore, through certain means and techniques, the light transmission ratio of BBTW can reach the requirements of architectural glass.
[image: Figure 1]FIGURE 1 | Macroscopic observation diagram of TW (Zhu et al., 2016).
BBTW also need to compensate on the disadvantages and shortcomings of glass. As shown in Figure 2 (blow), Li et al., 2016 compared glass and TW against the Sun; glass produces glare due to its extremely uneven brightness, and glare interferes with the clarity of the visual image, while TW has a more uniform and comfortable light due to its uniform texture.
[image: Figure 2]FIGURE 2 | Glare contrast between glass and TW (Li et al., 2016).
As shown in Figure 3 (blow), Li et al., 2016 simulated the skylight of a building with glass and TW, and chose six different locations respectively. With glass as the skylight material, the light intensity in the brightest part of the house was 35 times greater than that in the darkest part, and the light was clearly uneven. On the contrary, the difference in light intensity between the brightest and the darkest parts of the house was only 2.3 times when TW was used as the skylight material.
[image: Figure 3]FIGURE 3 | Light contrast between glass and TW (Li et al., 2016).
BBTW Is Safer and has Excellent Mechanical Properties
As shown in Figure 4 (blow), glass immediately shatters into sharp fragments when struck by a falling sharp object. In contrast, even after a sudden impact, TW only bends and splits, rather than shattering into multiple sharp fragments. Therefore, compared to glass materials, BBTW do not have safety hazards caused by shattering. Also, BBTW exhibit excellent mechanical properties. For example, the tensile strength of transparent bamboo (TB) prepared by Wang et al. (2018) reached 92 MPa; the maximum tensile strength of TW prepared by Wu et al. (2019) reached 165.1 ± 1.5 MPa.
[image: Figure 4]FIGURE 4 | Brittle contrast between glass and TW (Li et al., 2016) (Upper right: glass; Lower right: TW).
Green Production Process
Green process technology is in the key part of the whole process of product life cycle and is the key process to make a green product. In the production process of flat glass, the emission of pollutants and the loss of energy are very huge (Zhao et al., 2019). In contrast, the process of biomass material transparency is free from the emission of toxic and harmful gases. For example, the epoxy resin as impregnating material is free from irritating odor. Recently, Montanari et al. (2021) have successfully developed an environmentally friendly alternative: limonene acrylate, a monomer made from limonene. Besides, the biomass used as raw materials have the advantages of being very widely sourced, green and renewable, which are in line with the trend of sustainable development.
Higher Aesthetic Value
Wood materials not only have practical value but also have high aesthetic value in terms of texture, and the patterns formed by the different arrangement of cell distribution are variable (Yin and Liu, 2020). Compared to glass, most wood materials have a unique texture that is maintained after the transparency treatment, and more types of patterns can be achieved by superimposing two layers of transparent wood. As shown in Figure 5 (blow), Ruiyu Mi et al. (2020a) designed various lattice patterns by stacking two layers of TW rotated at opposite angles. In addition, using this universal manufacturing method, the BBTW developed from wood with natural texture can increase the aesthetic value of the building.
[image: Figure 5]FIGURE 5 | Design of TW (Mi et al., 2020a).
Good Thermal Insulation Properties
Zhang Y. et al. (2018) compared the radial thermal conductivity of glass, TW, transparent wood fiber (TWF) and unmodified wood (UW), and the thermal conductivity of glass, TW, TWF and UW were 1.033, 0.164, 0.178 and 0.124 W m−1K −1. The thermal conductivity of TWF and TW was significantly lower than that of glass and slightly higher than that of UW. As shown in Table 5, the thermal conductivity of the transparent materials prepared from different biomass materials were all significantly lower, which fully satisfied the requirements for thermal conductivity of thermal insulation glass in the above Technical Conditions for Thermal Insulation Glass for Buildings. Wang et al. (2018) found that transparent wood has better thermal insulation performance. Under the condition of an external temperature of 4°C, the indoor temperature of a simulated house using transparent wood dropped from 35°C to 20.1°C. At the same time, the simulation using glass The indoor temperature of the house dropped from 35.1°C to 9.1°C. Applying BBTW to replace architectural glass will help slow down internal temperature fluctuations and reduce energy consumption.
TABLE 5 | Comparison of thermal conductivity of transparent materials prepared from different materials.
[image: Table 5]Challenges for BBTW to Replace Architectural Glass
Increasing the Width
At present, the research on the BBTW is still in the laboratory stage, and the size of the prepared BBTW is limited. If BBTW are to be used in architectural glass, the first thing to consider is to increase the width. Since it takes more time to delignify a large size biomass material (e.g. a whole piece of wood or a whole section of bamboo) and it is difficult to fill it completely with resin when impregnating it, it is inevitably more difficult to prepare a whole biomass material directly for direct transparent processing. The whole biomass material can be processed into fibers and the biomass fibers can be transparently treated, which can reduce the preparation difficulty and at the same time can prepare BBTW of arbitrary size to adapt to the dimensional changes of architectural glass in different scenarios. As could be seen from Figure 6 (blow), Wang xuan et al. (2018) prepared TW by this method not only with the size of 300 mm × 300 mm × 10 mm and 68% light transmission, but also with high preparation efficiency, which is suitable for mass production.
[image: Figure 6]FIGURE 6 | Comparison and of the whole wood material transparency and wood fiber transparency process (Wang et al., 2018).
Improve Light Transmission
Although the light transmittance of existing BBTW is being improved, there is still a gap between them and the standard of flat glass used in architectural glass. Therefore, it is crucial to improve the light transmission of BBTW. The reason why the light transmission of BBTW can not reach the standard of flat glass is due to the debonding phenomenon at the interface of various parts of the composite material, i.e., cracks at the interface between the polymer and the cell wall of the biomass material, which leads to light scattering or reflection, thus reducing the light transmission of BBTW. This limitation can be improved by acetylation treatment. Li et al. (2018a) prepared high transmittance BBTW with a thickness of 1.5 mm and 93% light transmission by acetylation treatment of TW (see Figure 7B blow). As shown in Figure 7A, acetylation treatment is the reaction of introducing acetyl CH3CO- on the nitrogen, oxygen, and carbon atoms in the molecules of organic compounds. The acetylation treatment increases the compatibility of the cell wall of the biomass material with the polymer, thus increasing the light transmission.
[image: Figure 7]FIGURE 7 | (A) Schematic representation showing the structure of the modifified highly transparent wood. The wood template was acetylated to have better compatibility with PMMA. (B) Photograph shows the non-acetylated transparent wood (left) and acetylated transparent wood (right). (Li et at. 2018b).
Improve Flame Retardancy
Flame retardancy is also a key performance indispensable for architectural glass. Improving the flame retardancy of BBTW can be achieved by adding flame retardant materials for fire protection purposes. For example, polyimide can be added to biomass materials in the process of transparency. Polyimide (PI) is a polymer with imide ring on the main chain, which has the advantages of high thermal stability, excellent mechanical strength, radiation resistance, non-toxicity, and self-extinguishing, etc. Chen et al. (2020b) demonstrated that after adding PI, BBTW maintain good self-extinguishing performance within 2 s after leaving the fire source, the reason is that the thermal decomposition temperature of PI is generally 500°C, and the decomposition products are mainly non-polluting, non-combustible nitrogen-containing gases, which can both dilute the concentration of combustible gases and achieve the pursuit of flame retardancy.
Smart Dimming
If BBTW are used to replace architectural glass, they should not only meet some basic performance requirements, but also conform to the current concept and development trend of smart home. For example, it needs to have the function of adjustable haze, so that it can meet the role of privacy protection in certain scenarios and can be switched for different needs and different scenarios. Qiu et al. (2020) prepared TW with thermally reversible optical properties by infiltrating copolymers of monomer styrene (St), butyl acrylate (BA), and octadecene (ODE) into the treated wood. The introduction of ODE chains leads to TW with repeatable optical properties. With increasing temperature, TW can change repeatedly from lower visibility (transmittance: 23.7%, haze: 8.3%) to transparency (transmittance: 74.9%, haze: 36%), with the opposite change occurring during cooling. This technique promotes the potential application of BBTW as a material for smart windows and doors.
Self-Cleaning Properties
In addition to some basic performance, BBTW can also add some other functions to extend the life cycle of BBTW. For example, self-cleaning function is very important. If architectural glass is to be self-cleaning, it needs to be coated with hydrophobic paint on the surface of the glass. Hydrophobic paint is sprayed on the glass surface, and a durable nano protective film can be formed within a few seconds, which plays a role of self-cleaning and care. The unique nano-structured protective film imitates the super hydrophobic and self-cleaning function of the natural lotus leaf. The water droplets on the coating surface slide quickly as if falling on the lotus leaf, and the coating surface is kept clean. However, BBTW itself has self-cleaning properties. For example, the transparent luminous wood prepared by Salhah et al. (2021) has superhydrophobic activity, and the water contact angle of the transparent luminous wood is increased from 151.9° to 162.8°, which has extremely superior self-cleaning characteristics.
UV and IR Shielding Performance
Ordinary architectural glass does not have the ability to resist ultraviolet radiation, which will accelerate the aging of human skin. Antimony-doped tin oxide (ATO) particles have excellent ultraviolet and near-infrared shielding properties, and are usually used in shielding glass. Qiu et al. (2019) used modified antimony-doped tin oxide (ATO) Preparation of ATO/transparent wood. When the addition amount of ATO is 0.7% (wt), the UV shielding effect of ATO/transparent wood is as high as 80%. When applied to windows, it can reduce the damage of ultraviolet rays to human skin.
FUTURE PROSPECTS OF BBTW
General Windows and Doors
A well-lit environment can bring more comfortable living experience, while on the contrary, a poorly lit environment can have a negative impact on the human body and mind. Compared with glass, BBTW could meet the conditions of no glare and uniform light exposure, which are important for lighting in houses. BBTW can be used so that artificial lighting can be partially replaced by sunlight to reduce energy (Li et al., 2018b). This initiative is in line with the current concept of green development and sustainability. BBTW are also highly non-toxic and can ensure a more uniform and soft transmission of light, thus protecting interior privacy. However, its application to ordinary windows and doors also needs to be continuously increased and improved light transmission rate, so as to meet the conditions of use of flat glass. Attention should also be paid to the requirement of flame retardancy by adding thermal insulation and fire retardant reagents. The application of BBTW as an alternative to colorless transparent flat glass in architectural glass is promising.
Thermal Insulated Windows and Doors
In addition to ordinary flat glass, BBTW can be used for thermal insulated windows and doors applications. Li et al. (2018a) prepared TW for thermal insulated windows in buildings. Compared to glass windows, transparent wood windows have less temperature change under continuous solar radiation, which contributes to energy saving and environmental protection. The use of transparent cross-laminated wood can be considered to enhance the stability of the structure, but still sufficient thermal resistance (V Karl’a 2019.) Energy-efficient buildings with BBTW as insulated windows and doors consume less energy, which not only significantly reduces electricity consumption, but also promotes natural and comfortable interior lighting.
Intelligent Doors and Windows
With the continuous improvement of people’s living standards, the concept of smart home has come into being, and smart windows and doors are an indispensable part of it (Cao et al., 2018). The application of BBTW in smart windows and doors has the following target directions. First, when the ambient temperature of biomass transparent windows and doors is adjusted, the light transmittance and haze of the windows and doors will change accordingly. For example, when reaching a higher temperature, the light transmittance of windows and doors decreases and the haze increases, which can protect the privacy of users, and when the temperature decreases, the light transmittance of windows and doors increases, the haze decreases and the lighting is good. Secondly, BBTW can be used as a smart door and window to protect against ultraviolet rays to protect the indoor environment and protect the skin health of the occupants, and delay skin aging.
Replacement of Glass Curtain Wall
Building glass curtain wall uses a lot of glass materials, a certain extent that can meet the role of beautifying the appearance of the building, but its disadvantages can not be underestimated. Glass curtain wall will not only cause light pollution, but also security risks. Due to the long-term adverse effects of the natural environment, the structure of the glass curtain wall is easy to aging, resulting in the fall of the glass curtain wall. BBTW not only has aesthetic value, but also has unique texture and color. At the same time, the texture of BBTW is even, even if it is impacted, it will not break into sharp pieces. Due to its excellent optical performance, fire and heat insulation performance and high safety factor, BBTW has a broad prospect in replacing building glass curtain wall.
CONCLUSION
Compared with the steel and concrete structures commonly used in modern architecture, house components made of wood materials can make occupants closer to nature and more relaxed. At the same time, BBTW meet the requirements of good lighting conditions as well as flame retardancy, heat insulation and safety, and have the advantages of very wide material sources, green and renewable, which are in line with the trend of sustainable development. However, due to issues such as process, time, cost and safety, there is still a certain gap between transparent wood and actual large-scale application. Improving the transparency of large-size materials and finding industrialized production methods are the hotspots and difficulties in the current research on transparent wood. Judging from the current research, two problems need to be solved 1) to achieve large-size and high light transmittance biomass-based transparent wood; 2) to find new ideas for preparation, adding more functions, intelligence, composite and other related content, Such as phase change energy storage, electric heating, flame retardant, self-cleaning, smart dimming, decoration, etc. The application of biomass-based transparent wood in architectural glass need gain more experience that would be replicable and scalable in the future with an aim to achieve large-scale and batch production and achieve sustainable development.
AUTHOR CONTRIBUTIONS
WJ ang ZJ contributed to conception and design of the study. ZJ organized the frame. WJ wrote the first draft of the manuscript. ZJ wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
The authors are grateful the support of the Joint Research program of Sino-foreign Cooperation in Running Schools of Jiangsu Province, China.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bi, Z., Li, T., Su, H., Ni, Y., and Yan, L. (2018). Transparent wood Film Incorporating Carbon Dots as Encapsulating Material for white Light-Emitting Diodes. ACS Sustainable Chem. Eng. 6 (7), 9314–9323. doi:10.1021/acssuschemeng.8b01618
 Cao, Y., Mei, J., and Dong, Z. (2018). Intelligent Door and Window System. Digital Technology Appl. 36 (8), 821. doi:10.19695/j.cnki.cn12-1369.2018.08.04
 Chen, H., Baitenov, A., Li, Y., Vasileva, E., Popov, S., Sychugov, I., et al. (2019). Thickness Dependence of Optical Transmittance of Transparent Wood: Chemical Modification Effects. ACS Appl. Mater. Inter. 11, 35451–35457. doi:10.1021/acsami.9b11816
 Chen, L., Xu, Z., Wang, F., Duan, G., Xu, W., Zhang, G., et al. (2020a). A Flame-Retardant and Transparent wood/polyimide Composite with Excellent Mechanical Strength. Composites Commun. 20, 100355. doi:10.1016/j.coco.2020.05.001
 Chen, Z., Gao, H., Li, W., Li, S., Liu, S., and Li, J. (2020b). Advances in Research on Biomass-Based Photographic Materials. J. For. Eng. 5 (3), 1–12. doi:10.13360/j.issn.2096-1359.201906020
 China National Standardization Administration Committee (2010). GB11614-2009 Code for Flat Glass. China: China Standard Press. (In Chinese). 
 China National Standardization Administration Committee (2009a). GB15763 Code for Safety Glass for Buildings. China: China Standard Press. (In Chinese). 
 China National Standardization Administration Committee (2009b). GB15763.1-2009 Code for Flame Resistant Glass. China: China Standard Press. (In Chinese). 
 Höglund, M., Johansson, M., Sychugov, I., and Berglund, L. A. (2020). Transparent Wood Biocomposites by Fast UV-Curing for Reduced Light-Scattering through Wood/Thiol-ene Interface Design. ACS Appl. Mater. Inter. 12 (41), 46914–46922. doi:10.1021/acsami.0c12505
 Karl’a, V. (2019). Update on Research on Transparent wood. IOP Conf. Ser. Mater. Sci. Eng. 566, 012015. doi:10.1088/1757-899X/566/1/012015
 Li, T., Zhu, M., Yang, Z., Song, J., Dai, J., Yao, Y., et al. (2016). Wood Composite as an Energy Efficient Building Material: Guided Sunlight Transmittance and Effective thermal Insulation. Adv. Energ. Mater. 6 (22), 1601122. doi:10.1002/aenm.201601122
 Li, Y., Cheng, M., Jungstedt, E., Xu, B., Sun, L., and Berglund, L. (2019). Optically Transparent wood Substrate for Perovskite Solar Cells. ACS Sustainable Chem. Eng. 7 (6), 6061–6067. doi:10.1021/acssuschemeng.8b06248
 Li, Y., Vasileva, E., Sychugov, I., Popov, S., and Berglund, L. (2018a). Optically Transparent wood: Recent Progress, Opportunities, and Challenges. Adv. Opt. Mater. 6 (14), 1800059. doi:10.1002/adom.201800059
 Li, Y., Yang, X., Fu, Q., Rojas, R., Yan, M., and Berglund, L. (2018b). Towards Centimeter Thick Transparent wood through Interface Manipulation. J. Mater. Chem. A. 6 (3), 1094–1101. doi:10.1039/c7ta09973h
 Liu, Y., Wu, Z., and Xu, W. (2019). Application of Life Cycle Evaluation in Furniture Industry. World For. Res. 2, 56–60. doi:10.13348/j.cnki.sjlyyj.2019.0016.y
 Mi, R., Chen, C., Keplinger, T., Pei, Y., He, S., Liu, D., et al. (2020a). Scalable Aesthetic Transparent wood for Energy Efficient Buildings. Nat. Commun. 11 (1), 3836. doi:10.1038/s41467-020-17513-w
 Mi, R., Li, T., Dalgo, D., Chen, C., Kuang, Y., He, S., et al. (2020b). A clear, strong, and Thermally Insulated Transparent wood for Energy Efficient Windows. Adv. Funct. Mater. 30 (1), 1907511. doi:10.1002/adfm.201907511
 Ministry of Industry and Information Technology of the People's Republic of China (2015). JC/T2304-2015 Code for Technical Conditions for Building Thermal Insulation Glass. China: China Building Materials Industry Press. (In Chinese). 
 Montanari, C., Ogawa, Y., Olsen, P., and Berglund, L. A. (2021). High Performance, Fully Bio‐Based, and Optically Transparent Wood Biocomposites. Adv. Sci. 8 (12), 2100559. doi:10.1002/ADVS.202100559
 Murayama, T., Taniguchi, Y., and Iwasawa, K. (1998). High-Ionization Nuclear Emission-Line Region in the Seyfert Galaxy Tololo 0109−383. Astronomical J. 115, 460–471. doi:10.1086/300218
 Qiu, Z., Wang, S., Wang, Y., Li, J., Xiao, Z., Wang, H., et al. (2020). Transparent wood with Thermo-Reversible Optical Properties Based on Phase-Change Material. Composites Sci. Technology 200, 108407. doi:10.1016/j.compscitech.2020.108407
 Qiu, Z., Xiao, Z., Gao, L., Li, J., Wang, H., Wang, Y., et al. (2019). Transparent wood Bearing a Shielding Effect to Infrared Heat and Ultraviolet via Incorporation of Modified Antimony-Doped Tin Oxide Nanoparticles. Composites Sci. Technology 172, 43–48. doi:10.1016/j.compscitech.2019.01.005
 Sun, M., and Liu, Y. (2019). Ecological Design Based on Life Cycle of Furniture Products. Study Furniture and Interior Decoration 6, 74–76. doi:10.16771/j.cn43-1247/ts.2019.06.019
 Wang, G., Zhu, J., Hou, H., and Li, X. (2019). A Case Study on the Implementation of green Manufacturing Technology System in Furniture Enterprises (Part II). Furniture 6, 85–90. doi:10.16610/j.cnki.jiaju.2019.06.018
 Wang, X., Zhan, T., Liu, Y., Shi, J., Pan, B., Zhang, Y., et al. (2018). Large‐Size Transparent Wood for Energy‐Saving Building Applications. ChemSusChem 11 (23), 4086–4093. doi:10.1002/cssc.201801826
 Wang, Y., Wu, Y., Zhou, J., Huang, Q., Lian, X., and Li, J. (2020). Preparation and Properties of Two Transparent wood. Study J. Southwest For. Univ. 5, 151–158. doi:10.11929/j.swfu.201910040
 Wu, Y., Wang, Y., Yang, F., Wang, J., and Wang, X. (2020). Study on the Properties of Transparent Bamboo Prepared by Epoxy Resin Impregnation. Polymers 12 (4), 863. doi:10.3390/polym12040863
 Wu, Y., Wu, J., Yang, F., Tang, C., and Huang, Q. (2019). Effect of H2O2 Bleaching Treatment on the Properties of Finished Transparent Wood. Polymers 11 (5), 776. doi:10.3390/polym11050776
 Yin, Q., and Liu, H. (2020). Application of wood Material in Automobile interior. Study For. Machinery Woodworking Equipment 11, 51–53. doi:10.13279/j.cnki.fmwe.2020.0134
 Zhang, L., Wang, A., Zhu, T., Chen, Z., Wu, Y., and Gao, Y. (2020). Transparent wood Composites Fabricated by Impregnation of Epoxy Resin and W-Doped VO2 Nanoparticles for Application in Energy-Saving Windows. ACS Appl. Mater. Inter. 12 (31), 34777–34783. doi:10.1021/acsami.0c06494
 Zhao, P., Li, F., Zhang, N., and Li, K. (2019). Investigation and Analysis on Safety Production Status of Flat Glass Industry. Sci. Technology Wind 11, 143. doi:10.19392/j.cnki.1671-7341.201911121
 Zhao, W., Ni, S., Wang, H., and Feng, H. (2017). Problems and Countermeasures of Air Pollution Prevention and Control in Flat Glass Industry. J. China Inst. Environ. Management 5, 78–81. doi:10.13358/j.issn.1008-813x.2017.05.20
 Zhao, Z., Huang, C., Wu, D., Chen, Z., Zhu, N., Gui, C., et al. (2020a). Utilization of Enzymatic Hydrolysate from Corn stover as a Precursor to Synthesize an Eco-Friendly Plywood Adhesive. Ind. Crops Prod. 152, 112501. doi:10.1016/j.indcrop.2020.112501
 Zhao, Z., Wu, D., Huang, C., Zhang, M., Umemura, K., and Yong, Q. (2020b). Utilization of Enzymatic Hydrolysate from Corn stover as a Precursor to Synthesize an Eco-Friendly Adhesive for Plywood II: Investigation of Appropriate Manufacturing Conditions, Curing Behavior, and Adhesion Mechanism. J. Wood Sci. 66 (1), 85. doi:10.1186/s10086-020-01933-9
 Zhou, J., and Wu, Y. (2020). Advances in Preparation Technology and Application of Transparent wood. For. Product. Industry 10, 17–22. doi:10.19531/j.issn1001-5299.202010004
 Zhu, M., Jia, C., Wang, Y., Fang, Z., Dai, J., Xu, L., et al. (2018). Isotropic Paper Directly from Anisotropic wood: Top-Down green Transparent Substrate toward Biodegradable Electronics. ACS Appl. Mater. Inter. 10 (34), 28566–28571. doi:10.1021/acsami.8b08055
 Zhu, M., Song, J., Li, T., Gong, A., Wang, Y., Dai, J., et al. (2016). Highly Anisotropic, Highly Transparent wood Composites. Adv. Mater. 28 (26), 5181–5187. doi:10.1002/adma.201600427
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wang and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 25 October 2021
doi: 10.3389/fbioe.2021.769667


[image: image2]
Preparation and Application in Water Treatment of Magnetic Biochar
Qingshuang Zhao1†, Ting Xu1,2*†, Xueping Song2, Shuangxi Nie2, Sun-Eun Choi3* and Chuanling Si1,2*
1Tianjin Key Laboratory of Pulp and Paper, Tianjin University of Science and Technology, Tianjin, China
2Guangxi Key Laboratory of Clean Pulp and Papermaking and Pollution Control, College of Light Industry and Food Engineering, Guangxi University, Nanning, China
3Department of Forest Biomaterials Engineering, College of Forest and Environmental Sciences, Kangwon National University, Chuncheon, South Korea
Edited by:
Caoxing Huang, Nanjing Forestry University, China
Reviewed by:
Shiyan Han, Northeast Forestry University, China
Dong Lv, City University of Hong Kong, Hong Kong, SAR China
* Correspondence: Ting Xu, xuting@tust.edu.cn; Sun-Eun Choi, oregonin@kangwon.ac.kr; Chuanling Si, sichli@tust.edu.cn
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Bioprocess Engineering, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 02 September 2021
Accepted: 07 October 2021
Published: 25 October 2021
Citation: Zhao Q, Xu T, Song X, Nie S, Choi S-E and Si C (2021) Preparation and Application in Water Treatment of Magnetic Biochar. Front. Bioeng. Biotechnol. 9:769667. doi: 10.3389/fbioe.2021.769667

This paper reviews the preparation of magnetic biochar and its application in wastewater treatment, and briefly discusses the adsorption mechanism of biochar to remove pollutants and the modification methods of biochar. Due to the good physical and chemical properties of biochar, including its rough porous structure, it has been widely used to absorb pollutants from water. Magnetic biochar is commonly prepared by combining biochar with magnetic material. The biochar is endowed with the characteristics of the magnetic material, which could effectively solve the problems of difficult recovery and easy loss of adsorbent in water treatment. Magnetic biochar with high carbon content, large specific surface area, magnetic separation, and other excellent properties, has become a hot research topic in recent years. The preparation methods and application properties of magnetic biochar are reviewed. The future research directions of magnetic biochar are put forward to provide directions for further research and application of magnetic biochar materials.
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INTRODUCTION
In this era of rapid development of the industry, people’s needs are constantly increasing to ensure the conditions of cost control to improve the profits of the industry (Yan et al., 2021; Pei et al., 2020a; Dai et al., 2020; Li X. et al., 2019; Si et al., 2009; Yang et al., 2019; Chen et al., 2020a; Liu et al., 2020a). Agricultural waste has received extensive attention due to its wide application and availability (Si et al., 2013; Dai L. et al., 2019; Du et al., 2019; Pei et al., 2020b; Liu et al., 2021c; Liu. et al., 2021e; Ma et al., 2021; Zhang et al., 2021). In these respects, some countries, such as Malaysia, dominated by the department of agriculture, support a most economic turnaround with annual production of more than two million tons of agricultural waste (Yang et al., 2020; Liu et al., 2019; Wang et al., 2019). However, this production is commonly conducted in the open-air, leading to waste being incinerated or dumped in landfill, which can lead to serious environmental problems, such as groundwater pollution or air pollution (Si et al., 2008; Liu et al., 2020b). Materials such as empty fruit bunches, rice husks, and coconut shells were found to be some of the most abundantly available agricultural wastes which contain high amounts of minerals such as silica, magnesium, and potassium along with a high porosity (Laine and Calafat, 1989; Mubarak et al., 2014; Vadivelan et al., 2005; Mubarak et al., 2016; Chen et al., 2020b; Ma et al., 2020; Du et al., 2021).
These agricultural and forestry wastes can be formed into biochar through a common pyrolysis process (Xu, R. et al., 2020b; Cheng, et al., 2020). For example, enhancing the soil fertility for a higher crop production by increasing the fertilizer’s retention time (Liang et al., 2006; Chan et al., 2008), as a dopant to increase the capacitance value of a supercapacitor (Gupta et al., 2015), and as an adsorbent in the removal of various wastewater’s contaminants such as lead (Liu and Zhang, 2009), zinc (Chen B. et al., 2011), and natural organic matter (Uchimiya et al., 2010). If the biochar is separated in an aqueous solution, it must be centrifugated (Mukherjee et al., 2011) or activated with a strong base before the biochar can be used in a supercapacitor (Goda et al., 2014; Das et al., 2015). The development of magnetic biochar has overcome this problem, and has been applied in various fields by attaching various metal ions to the surface of biochar to make it magnetic. Magnetic biochar is prepared in the laboratory using conventional heating in an electrical furnace (Zhang et al., 2007; Theydan and Ahmed, 2012; Wang H. et al., 2020), microwave heating in a modified furnace or oven (Wang et al., 2013; Mubarak et al., 2014; Ruthiraan et al., 2015), co-precipitation (Saravanan et al., 2012; Jiang et al., 2015; Yu et al., 2013), and calcination (Gao et al., 2015; Ma et al., 2015). These magnetic biochars adsorb waste water effectively, removing pollutants, such as cadmium (Reddy and Lee, 2014; Mohan et al., 2014), arsenic (Akin et al., 2012; Gao et al., 2015), lead (Wang et al., 2015a; Wang et al., 2015b; Wang et al., 2015), methylene blue (Theydan and Ahmed, 2012; Zhang and Gao, 2013; Mubarak et al., 2014), and phosphate (Chen X. et al., 2011). Besides that, certain selected magnetic biochars showed the excellent capability to be used as electrodes for supercapacitors to increase the capacitance and electrical conductivity value as well (Li and Liu, 2014; Liu et al., 2021a; Xu T. et al., 2021; Du et al., 2022).
This article mainly introduces the preparation method of magnetic biochar and its application in water treatment as well as its wide application in other areas. As shown in Figure 1, people throw away rubbish at will, which causes serious environmental pollution (Lin et al., 2020; Liu et al., 2021b). Water resources have also been severely damaged, but the preparation of magnetic biochar can absorb pollutants in the water. Researchers preparing magnetic biochar need to pay attention to its shortcomings, correction methods, and so on. The preparation of biochar by combining magnetic materials with biochar has become a hot topic for scientists. According to these conditions, the research targets for the future development of magnetic biochar are determined.
[image: Figure 1]FIGURE 1 | Changes in environmental patterns and solutions to problems.
PREPARATION METHODS OF MAGNETIC BIOCHAR
Pyrolysis
In general, pyrolysis refers to the thermal decomposition of organic matter in the absence of oxygen at temperatures over 400°C (Maschio et al., 1992; Thines et al., 2017). Three substances are produced, which consist of a residual solid biochar, a liquid product commonly known as bio-oil, pyrolysis oil, or biocrude, and a non-condensable gas known as syngas, which consists of carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H2), and methane (CH4). The pyrolysis process is generally divided into two stages. In the first stage, heat is transferred to the surface of ions by radiation, from the surface to the interior. During the main pyrolysis and preheating solution, the volatiles and syngas flow through the particles in the void due to the loss of biomass water due to the increase of temperature. The process of heat transfer is a function of time. The second stage of the pyrolysis process begins with the expansion of the solid voids and the conversion of biomass into gas (Blasi, 2008). The expansion of pores provides a site for volatile gases produced during the pyrolysis process. There are three main mechanisms for heat transfer, conduction inside the biomass particle, convection inside the pores of the biomass particle, and the convection and radiation from the surface of the final product.
Accordingly the different operations can be divided into three types: conventional pyrolysis, fast pyrolysis, and flash pyrolysis, as shown in Table 1. The heating rate of traditional pyrolysis is relatively slow which allows for the production of solid, liquid, and gaseous products in compelling portions (Goyal et al., 2008). Traditional pyrolysis can be divided into intermittent pyrolysis and continuous pyrolysis. In the latter stage, few internal repeats occur, such as the breaking of bonds, the appearance of free radicals, the elimination of water, and the formation of hydrogen peroxide (Shafizadeh et al., 1982). The main pyrolysis mainly takes place in the second stage of the high-rate decomposition of biomass. The third stage is the slow decomposition of the carbon to form a carbon-rich residue known as biochar. The overall yield of conventional pyrolysis would be approximately 35% biochar, 30% bio-oil, and 35% syngas by mass (Laird et al., 2009). Bio-oil mainly exists in the state of steam and aerosol, and cannot be separated from syngas. If this gas is discharged into the environment, it will cause serious environmental pollution. In contrast, when production is mainly concentrated on liquid or gas products, rapid pyrolysis is chosen (Liu et al., 2021d; Liu W. et al., 2021). In the process of rapid pyrolysis, high operating temperature, short contact time, fine particles, and other operating conditions are required if rapid heating is desired (Babu, 2008). The overall yield of fast pyrolysis would be approximately 50–70% bio-oil, 10–30% biochar, and 15–20% syngas by mass (Babu, 2008). Raw materials need to be dried and ground to a size less than 2 mm before entering the main system of the pyrolysis reactor. However, the temperature of rapid pyrolysis increases rapidly and the particles are sparse. So rapid pyrolysis to produce gaseous products is a good choice (Demirbas et al., 2002). The overall yield of flash pyrolysis would be approximately 60% biochar and 40% volatiles by mass. This process consists of a gasifier which allows a small, limited amount of oxygen to enter the reaction chamber which causes partial combustion of biomass, producing 5–15% char and traces of bio-oil which are referred to as “tar” (Laird et al., 2009). As for laboratory scale, the pyrolysis process is generally done either through conventional heating or microwave heating. The product decomposition diagram is shown in Figure 2.
TABLE 1 | Operating conditions for different types of pyrolysis processes.
[image: Table 1][image: Figure 2]FIGURE 2 | The process of thermal decomposition.
Co-Precipitation
Co-precipitation is the process by which a solute is separated from a solution by means of a carrier, by which the solute is bonded to the solute rather than dissolved in the solution. The solute is called an impurity. This kind of co-precipitation is used in purifying solution and industrial wastewater (Xu R. et al., 2021). A solute can be co-precipitated out from a solution through three common methods such as inclusion, occlusion, and surface adsorption (Kolthoff, 1932). Inclusion or also known as the formation of mixed crystals is a process which consists of the incorporation of solute in the crystal lattice of the carrier through a hole in which the regular structure of the carrier remains unchanged. This combination forms a mixed crystal in which the amount depends on the adsorption phenomena during the precipitation process.
Apart from that, during the occlusion process, the solute remains incorporated into the crystal lattice of the carrier, instead of the carrier being completely surrounded by the solute during the formation of the crystal matrix, entrapping the solute from returning to the solution. The surface adsorption process on the other describes how the solute is attached to the surface of the carrier and moves out from the solution only when the crystal matrix forms a large surface area and behaves like a flocculated colloid (Wang P. et al., 2020). In general, the precipitation process is a phenomenon that occurs when a substance reaches a certain saturation, followed by the slow growth of the nucleus as the solute diffuses to the surface of the crystal (Sugimoto, 2003). In addition, some organic ions or polymer surface complexing agents can be added to control the size of the magnetic material (Cai and Wan, 2007). Due to the simplicity of the co-precipitation process and the wide range of operating parameters, the required particle size and characteristics can be obtained for the production of magnetic biochar. Massart et al. (Massart, 1981) were first to perform a controlled preparation of superparamagnetic iron oxide particles utilizing the alkaline precipitation of FeCl3 and FeCl2 which managed to produce spherical magnetite particles with a diameter in the nanometer scale. In addition, another study by Babes et al. (Babes et al., 1999) showed that if the ratio of Fe2+ to Fe3+ increased, the particle size of the magnetic biochar increased, but the yield of magnetic biochar decreased (Wang et al., 2021). The extensive growth of this simple yet significant method which controls the particle size of magnetic particles being produced provided space for researchers to perform studies on the production of magnetic biochar based on various biomasses. In this regard, Saravanan et al. (Saravanan et al., 2012) discovered diamond glue, took out a little biological sample, and co-precipitated the ammonia solution (2:1) with Fe2+ and Fe3+ to produce magnetic iron oxide particles. This magnetic material had good thermal stability compared with the star polymer containing iron oxide particles. Similarly, Mohan et al. (Mohan et al., 2011) prepared magnetic biochar from almond shells by chemical precipitation (FeCl3 and FeSO4). The magnetic biochar had a spongy porous structure and the non-magnetic biochar had a porous shape. These remarkable characteristics provide a good source of magnetic biochar with good adsorption properties.
Reductive Co-Deposition
The reduction co-precipitation process is similar to the co-precipitation process, but the difference is that the transition metal is reduced by a reducing agent such as sodium borohydride or potassium borohydride in the process of binding to the biochar (Wang P. et al., 2020). When the reaction is terminated, the supernatant is removed and the residue is cleaned and dried in a true empty tank to achieve the magnetic biochar. Interestingly, this material is composed of nanoparticles and most of the zero-valent metals, making the magnetic biochar produced highly reductive, and also highly effective at contaminant removal. For example, Zhu et al. (Zhu S. et al., 2018) found that the Cr adsorption capacity of reduced co-precipitated magnetic biochar was 58.82 mg/g, and that most of the Cr (VI) was reduced to Cr (III). Therefore, this method can synthesize magnetic biochar with a better effect and stronger ability to remove pollutants. However, the used reducing agent is harmful and will produce hydrogen during the reduction process, which will pose a certain risk to safety when used on a large scale.
Hydrothermal Carbonization
Hydrothermal carbonization refers to the heterogeneous reaction of biomass and metal ions, because the reaction temperature (100–300°C) is relatively low, the reaction pressure is generated by the reaction itself (An et al., 2019). These conditions are milder than the previous conditions, there is no need to add bases or strong reductants, making the reaction easier. For example, Zhang et al. (Ngarmkam et al., 2011; Bastami and Entezari, 2012) successfully synthesized magnetic biochar by this hydrothermal method from iron-containing sludge and sludge at 473°C, and used the resulting product as a Fenton-like catalyst to completely degrade methylene blue. Similarly, Nethaji et al. (Nethaji et al., 2013) found that magnetic biochar synthesized using this method had a maximum adsorption capacity for Cr (VI) of up to 142.86 mg/g, which was greater than that of most magnetic biochar prepared by co-precipitation (Baig et al., 2014), reductive co-deposition (Devi and Saroha, 2014), or impregnation pyrolysis (Quan et al., 2014).
Other Preparation Strategies
Recently, other methods for preparing magnetic biochar have also been developed, such as ball milling, in which biochar is mechanically mixed with iron oxides in a solvo-free manner (Shang et al., 2016), direct pyrolysis of biomass/metal salts, and cross-linking of biochar and iron oxides (Mojiri et al., 2019). For example, Shang et al. (Shang et al., 2019) found that the adsorption capacities of magnetic biochar synthesized by ball-milling of biochar and iron oxide for the pharma-ceuticals carbamazepine (CBZ) and tetracycline were 62.7 mg/g and 94.2 mg/g, respectively. In addition, Dai et al. (Dai S.-j. et al., 2019) demonstrated that the herbicides dichlorophenol and atrazine were very efficiently removed by magnetic biochar synthesized by the molten salt method.
To improve magnetic biochar’s ability to heal in the environment more quickly, the researchers treated it with metal or acid or alkali solutions, and also reacted it with different chemical functional groups, in order to improve adsorption selectivity and capacity. A graphical summary of these various methods for the synthesis of magnetic biochar is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Magnetic biochar synthesis methods.
Hydrothermal carbonization, reductive co-deposition, co-precipitation, pyrolysis, and other synthetic methods are also used to obtain magnetic biochar. Therefore, the nature of the raw material, the physicochemical properties of the pollutants, and the method operability should be carefully considered when selecting a synthetic approach for magnetic biochar.
APPLICATION OF MAGNETIC BIOCHAR
Magnetic biochar has the potential to be used in purifying the environment, specifically it can be used as an adsorbent, catalyst, soil remediation agent, etc. The need for clean water is a necessity in every part of the world. The main cause of water pollution may be untreated discharge of heavy metals into nearby water sources by mining, batteries, metal plating, or hazardous wastewater such as organic matter and dyes from the textile industry (Li et al., 2020). Therefore, in order to provide clean water for users, a variety of wastewater treatment technologies are chosen such as ion exchange, membrane filtration, biological treatment, and adsorption to solve this problem.
Adsorbent
Adsorption of Heavy Metals
Heavy metals in the environment also have different states. According to the characteristics of these states, heavy metals are classified as anion or cation type. The adsorption capacity of magnetic biochar for chromium is between 8.35 mg/g to 220 mg/g, which proved that the adsorption performance of magnetic biochar was greatly affected by raw materials (Ifthikar et al., 2017). The mechanism by which Cr (VI) is removed by magnetic biochar involves electrostatic adsorption, reduction, ion exchange, complexation with functional groups, and co-precipitation. The adsorption capacity of magnetic biochar is different with the difference of valence, being 1.305–45.8 mg/g and 1.630–10.07 mg/g. For the removal of As, the adsorption mechanism of magnetic biochar is mainly electrostatic adsorption and functional group complexation, among which iron oxide plays a key role (Lu et al., 2004).
The cationic heavy metal pollutants removed by magnetic biochar are mainly Cd (II), Pb (II), Cu (II), Ni (II), Sb (II), Sn (II), and Hg (II), and the efficiency of their removal is influenced by their different physical and chemical properties (Sozeri et al., 2013). The removal mechanism of metal cations by magnetic biochar is as follows: 1) electrostatic adsorption; 2) ion exchange; 3) surface complexation; 4) π-π interaction; 5) internal spherical complexation; 6) hydrogen bonding; and 7) co-deposition. Magnetic biochar is also used for the removal of multiple heavy metals. In systems polluted with multiple heavy metal species, the various heavy metals compete for adsorption sites, which affects the overall adsorption behavior of the magnetic biochar.
Adsorption of Nuclear Waste Pollutants
In recent years, magnetic biochar has become more widely used to remove pollutants from nuclear waste U (VI) and Eu (III) (Hu et al., 2018). For example, Zhu et al. (Zhu Y. et al., 2018) found that the maximum adsorption capacity of magnetic biochar to Eu was 105.53 mg/g, and concluded that the mechanism of magnetic biochar’s removal of pollutants was surface and inner sphere complexation. At the same time, Li M. et al.‘s (Li M. et al., 2019) research results showed that the maximum adsorption capacity of magnetic biochar for U is 52.63 mg/g, and its pollutant removal mechanism is inner sphere complexation. It can be seen from these that the pollutants from nuclear waste can be effectively removed by magnetic biochar, which is a process of enrichment, when the complex charge of these pollutants in magnetic biochar is relatively high. Therefore, what to do with magnetic biochar, which contains pollutants that absorb nuclear waste, also remains a challenge. The schematic diagram of purifying wastewater with magnetic biochar is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Magnetic biochar adsorbs wastewater pollutants.
Adsorption of Organic Pollutants
Magnetic biochar showed a good adsorption performance for organic pollutants, and the removal of organic pollutants by magnetic biochar was mainly antibiotics, organic dyes, pesticides, and organochlorine compounds (Kumar et al., 2020). Meng et al. (Meng et al., 2015) summarized the adsorption effect of magnetic biochar on antibiotics. According to these data, tetracycline is the most common removal, with adsorption loads ranging from 33.1 mg/g to 297.61 mg/g, followed by methanoxazole, with adsorption loads ranging from 5.19 to 212.8 mg/g. It mainly summarized the mechanism of antibiotic removal by magnetic biochar and these involve hydrogen bonding, π-π interactions, pore-filling effects, electrostatic adsorption, and hydrophobic interactions.
The organic dyes that are adsorbed by magnetic biochar are rhodamine B, methylene blue, malachite green, acid orange 7 (AO-7), and orange-G. The saturated adsorption capacity of magnetic biochar for these dyes ranged from 31.25 to 388.65 mg/g, while the mechanism of adsorption of dyes by magnetic biochar was less discussed.
At the same time, magnetic biochar can also remove other organic pollutants, such as pesticides, phenol, organochlorine, and hormones. The adsorption capacity varies from 3.46 to 169.7 mg/g. The removal mechanisms of these substances by magnetic biochar involve hydrogen bonding, π-π interactions, pore-filling effects, electrostatic adsorption, hydrophobic interactions, and reductive dehalogenation (Mun et al., 2013).
Adsorption of Inorganic Anion Pollutants
Magnetic biochar can also be used to remove inorganic pollutants such as phosphate, nitrate, fluoride, etc. (Cai et al., 2017; Xu et al., 2020a). Compared with other pollutants, nitrate has been studied the most, and the adsorption capacity of magnetic biochar is between 1.26 and 474.26 mg/g (Li et al., 2017). The modified magnetic biochar has a good adsorption capacity of phosphate. In addition, the magnetic biochar has a good adsorption capacity of nitrate and fluoride, and the adsorption capacity is about 9 to 15 mg/g. The results show that co-precipitation, electrostatic adsorption, surface complexation, inner sphere complexation, and ligand exchange are present. Finally, due to the ability of magnetic biochar to adsorb a large number of nutrients, it could be used as a slow-release fertilizer to improve the composition of soil elements and soil fertility (Figure 5).
[image: Figure 5]FIGURE 5 | The removal of antibiotics by magnetic biochar.
Catalytic Degradation of Organic Pollutants
Magnetic biochar has also been used as a catalyst for hydrogen peroxide, producing a highly reactive oxidizing substance that is used to degrade organic matter. For example, Chen et al. (Chen et al., 2018) found that the antibiotic ofloxacin could be efficiently degraded by magnetic biochar and persulfate. Meanwhile, Zhang et al. (Zhang et al., 2018) demonstrated that methylene blue can be completely removed by magnetic biochar coupled with hydrogen peroxide. Because different organisms have different physical and chemical properties, some organisms cannot remove organic pollutants at all by using female organisms. So, we can take advantage of the function of the female organism, the catalytic property, which is to produce hydroxyl radicals inside of the organism in time, to produce strong oxidizing radicals that attack organic pollutants freely, in a way that maximizes the function of the magnetic biochar. If it is difficult to remove organic pollutants by using magnetic biological carbon, its catalytic properties can be considered to achieve efficient degradation of organic pollutants.
Other Applications
In addition to the above functions, magnetic biochar can also be used as a photocatalytic carrier, for example, Li M. et al. (Li M. et al., 2019) prepared the Fe3O4/BiOBr/BC photocatalyst using magnetic biochar as a carrier and found that its removal efficiency of propranolol was nearly 95%. Similarly, magnetic biochar can effectively recover precious metals by adsorption and enrichment. For example, Zhang et al. (Zhang et al., 2019) found that the adsorption capacity of magnetic biochar for silver ions was 818.4 mg/g.
It is very interesting that Qin et al. (Qin et al., 2017) used magnetic organisms in the process of anaerobic digestion, but as an additive, they found that a small amount of magnetic biochar promoted the production of methane on anaerobic digestion, and finally found methanogenic bacteria that produced methane, which facilitated recycling. And finally, female organisms could not just be used for environmental remediation, but also for energy storage (Hu et al., 2019; Lu et al., 2019). For example, Thines et al. (Thines et al., 2017) found that the density capacitance and energy could be increased when magnetic biological carbon was used as an electric conductor. Meanwhile, Jiang et al.‘s (Jiang et al., 2019) research results showed that hydrogen could be effectively recovered in the process of removing nitrophenol. Although magnetic biochar has a good adsorption effect, due to the release of a lot of heat in the preparation process, the yield is low, and the adsorption may not be complete, difficult to recover, and may cause secondary pollution to the environment. The large-scale application of magnetic biochar is limited.
CONCLUSION AND PROSPECTS
The remarkable properties of magnetic biochar and its special role in related industrial production have attracted great attention. In fact, demand for magnetic biochar has been growing over the past few years. However, this extensive demand is faced with the innovation and breakthrough of the preparation technology, and the solution of the current key technology and restriction links is conducive to the further large-scale production of magnetic biological carbon. In fact, the successful experience gives people a profound enlightenment, one to optimize the choice of production materials. As mentioned earlier, a large amount of agricultural waste can be used to produce magnetic biological carbon, and the expansion potential is huge. Second, the production process should be selected reasonably. For the production of magnetic biochar from agricultural wastes, new processes should be established based on actual conditions. In terms of selection criteria, not only the characterization elements of raw materials should be considered, but also important factors such as moisture content, ash content, carbon content, and surface area should be fully considered. These elements have a direct effect on the morphology and properties of the produced magnetic biochar, and will play a crucial role.
Therefore, the production of magnetic biochar from agricultural waste must be thoroughly understood and analyzed before it is developed into magnetic biochar. In addition, agricultural wastes must be pre-treated with particular care to avoid the spread of harmful pollutants from these wastes and their spread into the surrounding environment through water or air sources. At the same time, it is necessary to fully consider the transportation cost of batch scale and the cost of pretreatment when producing magnetic biochar from various agricultural wastes. It is very important to choose an open site for the treatment of agricultural waste. Through the combustion treatment, the prevention and control of gas pollution should be fully considered. The negative impact on the surrounding environment can be effectively reduced during the production of magnetic biochar through the application of new processes. Magnetic biochar can be produced by new environmental protection technology and strive to become an environmentally friendly product. On the other hand, after the successful development of magnetic biochar, the problems of marketing must be fully considered. The production of magnetic biochar from agricultural waste and its application in wastewater treatment or the electrolysis industry need a process of application and effect approval. It is necessary to organize effective verification tests, especially to carry out cooperation between science and enterprise, and to carry out series promotion and application in combination with production practice. If magnetic biochar products are successful in specific applications, more enterprises will invest in this environmental protection industry, which will further promote the development of the magnetic biochar industry for agricultural waste development. At the same time, the application of magnetic biochar can be expanded by coating other carbon materials such as carbon nanotubes or graphene or polymers to improve its performance and expand its application in other industries.
In fact, the wide application of biochar in different industries requires continuous improvement, and research and development of new magnetic biochar production is very necessary. It is undoubtedly a new attempt to produce magnetic biochar with specific properties by improving the production method and improving the adsorption characteristics of biological carbon. Three main production methods have been identified as successful in producing effective forms of magnetic biochar with high porosity, magnetic strength, and significant morphology, which can perform well in related applications. It has been proved that magnetic biochar produced from various types of agricultural wastes has a high adsorption capacity to lead, chromium, copper, tetracycline, methylene blue, and crystal violet. In addition, magnetic biochar loaded with different metal salt ions also has high capacity, high density, and high efficiency. Therefore, the production of magnetic biochar by different production methods can open up a new recycling method for the full utilization of abundant agricultural wastes, and its application prospect is very broad.
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Elucidating the chemical and structural characteristics of hemicelluloses and lignin in the p-coumarate 3-hydroxylase (C3H) down-regulated poplar wood will be beneficial to the upstream gene validation and downstream biomass conversion of this kind of transgenic poplar. Herein, the representative hemicelluloses and lignin with unaltered structures were prepared from control (CK) and C3H down-regulated 84K poplars. Modern analytical techniques, such as 13C NMR, 2D-HSQC NMR, and gel chromatography (GPC), were performed to better delineate the structural changes of hemicelluloses and lignin caused by transgenesis. Results showed that both the hemicelluloses (H-CK and H-C3H) extracted from control and C3H down-regulated poplar wood have a chain backbone of (1→4)-β-D-Xylan with 4-O-Me-α-D-GlcpA as side chain, and the branch degree of the H-C3H is higher than that of H-CK. With regarding to the lignin macromolecules, NMR results demonstrated that the syringyl/guaiacyl (S/G) ratio and dominant substructure β-O-4 linkages in C3H down-regulated poplar were lower than those of control poplar wood. By contrast, native lignin from C3H down-regulated poplar wood exhibited higher contents of p-hydroxybenzoate (PB) and p-hydroxyphenyl (H) units. In short, C3H down-regulation resulted in the chemical and structural changes of the hemicelluloses and lignin in these poplar wood. The identified structures will facilitate the downstream utilization and applications of lignocellulosic materials in the biorefinery strategy. Furthermore, this study could provide some illuminating results for genetic breeding on the improvement of wood properties and efficient utilization of poplar wood.
Keywords: C3H down-regulation, hemicelluloses, lignin, NMR, structural characteristics
INTRODUCTION
With the consumption of petrochemical resources and environmental concerns related to global warming and pollution, the search and development of renewable alternatives to petroleum-based resources have gained worldwide attraction (Himmel et al., 2007; Ragauskas et al., 2014). Lignocellulosic biomass represents a readily available renewable feedstock with the potential to be converted into a variety of fuels and chemicals (Ragauskas et al., 2006). Lignocellulosic biomass consists of three main components: lignin, hemicelluloses, and cellulose (Wang et al., 2019). Cellulose is a homopolymer which accounts for 30–50 wt% in lignocellulose, consisting of β-D-glucopyranose units linked by glycosidic bonds. Meanwhile, cellulose can be hydrolyzed enzymatically or chemically to obtain glucose, which can be further used to produce bioethanol and platform chemicals (Ma et al., 2021b). Hemicelluloses are amorphous polymers (15–30 wt% of lignocellulosic biomass) and consisted of C5 and C6 sugars. Due to the higher reactive activation than cellulose, hemicelluloses are easier to remove from lignocellulose to produce furfural and related chemicals (Peng et al., 2009). In addition, lignin is composed of aromatic monomers, which is an amorphous polymer accounting for 15–30 wt% in biomass (Wen et al., 2013b; Ragauskas et al., 2014).
Lignocelluloses are the largest renewable resource on Earth, which are considered to replace fossil-based products to produce chemicals, energy product, and fuels as the ideal raw materials (Sanderson, 2011; Isikgor and Becer, 2015; Wang et al., 2020). For a long time, lignocellulosic biomass has been considered a potential sustainable mixed sugar source, which can be used to ferment biomaterials and biofuels. (Ragauskas et al., 2014). However, “biomass recalcitrance” is created by tight binding of cellulose, hemicelluloses, and lignin, which is also the major obstacle for biorefinery (Himmel et al., 2007). The high cost of lignocellulose conversion is largely due to “biomass recalcitrance” (Zhao et al., 2012). Cellulose is difficult to be enzymatically hydrolyzed without pretreatment in woody biomass, which results from the existence of “biomass recalcitrance” (Ding et al., 2012; Sun et al., 2016). Ding et al. also pointed out that the ideal pretreatment should involve removing lignin as much as possible and reducing the modification of polysaccharides (Ding et al., 2012). “Biomass recalcitrance” must be reduced through pretreatment (Zhu and Pan, 2010; Pu et al., 2013). The second generation of biotechnological biofuel is liquid fuels (e.g., ethanol et al.) (Stephanopoulos, 2007; de Souza et al., 2014). The engineering feedstock crops will cost-competitively take the place of the fossil fuels to produce biofuels due to susceptible pretreatment and hydrolysis (Zhou et al., 2011). Lignin is the most abundant natural aromatic in plants because of its vital biological functions such as water retention and mechanical support. However, lignin can also inhibit saccharification by adsorbing hydrolytic enzymes (Alvira et al., 2010; Zheng et al., 2021). If lignin content and components can be reduced and altered by inhibiting the expression of critical genes in the lignin biosynthetic pathway, it will improve the efficiency of biorefinery and lower the cost (Sikarwar et al., 2016).
Lignin is a natural aromatic polymer composed of sinapyl alcohols, coniferyl, and hydroxycinnamyl (Vanholme et al., 2012a; Rinaldi et al., 2016; Vanholme et al., 2019; Zhao et al., 2020; Yang et al., 2021). The establishment of a suitable mass flux in the lignin biosynthesis pathway has become a new strategy for modifying lignin content (Boerjan et al., 2003). Realization of this strategy requires a comprehensive knowledge of lignin biosynthesis (Simmons et al., 2010). Researchers have made tremendous efforts to tailor the composition, structures, and reactivity of lignocellulose, especially lignin (Pilate et al., 2002). The lignin structure, composition, and content may vary among plant species and individuals, and even tissues of the same individual plant. Lignin biosynthesis is a complex process common to all vascular plants (Peng et al., 2014). Fortunately, the genes involved in this pathway have been studied and homologous genes for respective key genes are also known. There have been performed on genome-wide, transcript-, protein-, and metabolite-level studies, as well as the regulatory cascade of upstream transcription factors of these gene families, especially in Arabidopsis and poplar (Vanholme et al., 2012a; Vanholme et al., 2012b). The important enzymes in the phenylpropanoid biosynthetic pathway are hydroxycinnamoyl CoA: P-coumarate 3-hydroxylase (C3H), which could divert the pathway away from H lignin and toward S and G lignin (Franke et al., 2002a; Franke et al., 2002b; Wagner et al., 2007; Ralph et al., 2012). However, the compositional and structural characteristics of hemicelluloses and lignin from C3H-downregulated hardwood (poplar) have not been systematically characterized and researched. Herein, the effects of C3H downregulation on poplar hemicelluloses and lignin structures were investigated to determine how the genetic modification affects the hemicelluloses and lignin structures.
In this study, coumaroyl shikimate 3-hydroxylase (C3H) was cloned and constructed into RNAi vectors. Meanwhile, poplar was transformed by the leaf-disc method. A total of C3H-RNAi transgenic lines were obtained and vegetatively propagated by cutting for each line in the greenhouse. To illustrate the effects of C3H downregulation on the compositional and structural characteristics of lignin and hemicelluloses in poplar wood (Populus alba × Populus glandulosa), representative hemicelluloses and lignin samples were firstly isolated, and modern analytical techniques (high-performance anion exchange chromatography (HPAEC), 13C NMR, 2D-HSQC NMR, and gel chromatography (GPC) techniques) were applied to comprehensively delineate the chemical and structural changes of hemicelluloses and lignin caused by downregulation of the C3H gene. In short, this study is expected to provide some enlightenment for genetic breeding on the improvement of wood properties and efficient utilization of poplar wood in the current biorefinery engineering of woody biomass.
MATERIALS AND METHODS
Materials
Control 84K (CK) and downregulated C3H transgenic poplar 84K (Populus alba × Populus glandulosa, 4 years) were cultivated at the Chinese Academy of Forestry Sciences, and the detail regarding the procurement of wood was described in the ESI section. Especially, the gene-specific fragments were constructed into the RNAi plant expression vector by the double-digestion technique to obtain the RNAi expression vector of the C3H gene (Supplementary Figure S1). The Populus alba × Populus glandulosa clone 84K was used as transgenic poplar receptor material. Then, the resistant plants were obtained by the Agrobacterium tumefaciens-mediated transformation of leaf disc. That includes Agrobacterium culture, infection, coculture, selective culture, screening medium, and rooting culture (Supplementary Figure S2). The transplanted greenhouse was identified by PCR after the NPT-II gene and the target gene fragment, and the greenhouse was cut and propagated at low temperature and then the transgenic plants were obtained. The poplars were debarked and smashed into small pieces, then sieved to obtain 40–60 mesh particles. The composition of CK and C3H transgenics was determined by the National Renewable Energy Laboratory (NREL) standard analytical procedure (Sluiter et al., 2008). All the chemicals used in the experiment were of analytical grade.
Determination of Klason lignin content
The determination of the Klason lignin content of CK and C3H poplar particles was based on the NREL standard analytical procedure (Sluiter et al., 2008). In detail, 0.3 g poplar sample was added to 72% H2SO4 to hydrolyze at 30°C for 1 h. Then, the solution was added with 84 ml deionized water for further hydrolysis at 121°C for 1 h. After the hydrolysis, the solution was filtrated using a G3 sand core funnel. The mass change before and after filtration was the weight of the Klason lignin.
Isolation of representative hemicelluloses
Firstly, the control and C3H-downregulated poplar were delignified with acidic sodium chlorite solution (adjusted by acetic acid, pH 3.8–4.0) at 75°C for 2 h according to an earlier described procedure (Bian et al., 2012). As shown in Supplementary Figure S3, the delignified material (holocellulose) was extracted with 10% potassium hydroxide for 10 h (1:20 g ml−1) at room temperature. The liquid fractions were collected and adjusted to pH 5.5–6.0 with acetic acid. Then, the neutral solution was concentrated and precipitated in ethanol (three equivalent volumes). After filtration, the precipitates were redissolved in distilled water and dialyzed against water. After the freeze-dried process, the KOH-extracted hemicelluloses were obtained (named H-CK and H-C3H, respectively).
Preparation of representative native lignin
To delineate the structural characteristics of the native lignin in the raw material, double enzymatic lignins (DELs) from CK and C3H were prepared. The detailed preparation process was according to our previous publications (Chen et al., 2017a; Ma et al., 2020). As shown in Supplementary Figure S4, the ball-milled powder (5 g) was mixed with the desired amount of sodium acetate buffer (pH 4.8) with a solid-to-liquid ratio of 1:20 (g/ml) and cellulase (35 FPU/g substrate). Then, the mixture was incubated at 50°C in a rotary shaker with a rotational velocity of 150 rpm for 48 h. Next, the mixture was centrifuged and the residue was washed thoroughly with sodium acetate buffer (pH 4.8) to remove the hydrolyzed carbohydrates and then freeze-dried. Finally, the dried residual solid was repeatedly subjected to ball-milling for 2 h and enzymatic hydrolysis again, as in the abovementioned processes. After washing with acidic water (pH 2.0) and freeze-drying, DEL samples were obtained (named DEL-CK and DEL-C3H). To increase the solubility of lignin in tetrahydrofuran (THF) for the determination of molecular weights by GPC technique, the acetylation of lignin was performed as previously described (Wang et al., 2017). All experiments in this study were conducted in duplicate, and the results reported were the average values.
Methods
Sugar analysis (neutral sugars and uronic acids) was conducted by high-performance anion-exchange chromatography (HPAEC) in a Dionex ICS-3000 system (Dionex Corporation, Sunnyvale, CA, USA) equipped with a CarboPac PA1 (4 × 250 mm) column. The weight-average (Mw) and number-average (Mn) molecular weights of the samples were determined by gel permeation chromatography (GPC) (Agilent 1200, Agilent Technologies, Santa Clara, CA, USA) with an ultraviolet (UV) detector at 240 nm. The column used was a PL-gel 10 mm mixed-B 7.5 mm i.d. column, which was calibrated with PL polystyrene standards according to a previous report (Chen et al., 2017b). The NMR spectra of the samples were recorded at 25°C in DMSO-d6 (or D2O) on a Bruker AVIII 400 MHz spectrometer according to published procedures (Wen et al., 2013b; Wen et al., 2014). In detail, about 25 mg of lignin and hemicelluloses was dissolved in 0.5 ml of DMSO-d6 and D2O, respectively. For quantitative 2D-HSQC spectra, the Bruker standard pulse program hsqcetgpsi was used for HSQC experiments. The spectral widths were 5,000 Hz and 20,000 Hz for the 1H- and 13C-dimensions, respectively. The number of collected complex points was 1,024 for 1H-dimension with a recycle delay of 1.5 s. The number of transients was 64, and 256-time increments were always recorded in the 13C-dimension. The 1JCH used was 145 Hz. Prior to Fourier transformation, the data matrixes were zero filled up to 1,024 points in the 13C-dimension. Data processing was performed using standard Bruker Topspin-NMR software.
RESULTS AND DISCUSSION
Transcriptional abundance, plant height, and composition analysis
The inhibitory intensity of the gene is determined by detecting the expression level of the target gene at the transgenic plant. The expression of the transgene gene seriously affects the analysis of the subsequent result. Therefore, it is very important to detect the expression level of the transgenic gene. There are many ways to identify plant transgene expression at the transcriptional level, and a method for determining its specific mRNA is usually used. As shown in Supplementary Figure S5, the transcription level of the C3H gene in transgenic poplar was decreased in comparison with wild-type poplar (0.27). The expression of transgenic poplar was significantly reduced, and the average reduction was about 80%, indicating that the expression of the C3H gene was inhibited in transgenic CK.
According to Figure 1B, the plant height of wild-type plants (CK) was between 83 and 104 cm, the plant height of transgenic plants (C3H) was between 39 and 82 cm, and the average plant height was 61.93 cm. It was found that the height of transgenic poplars was lower than that of the CK, and the stems were browned to some extent (Figures 1A–C). Simultaneously, the results showed that the transgenic poplar woods had a significant decrease at different growth stages as compared to CK, and the height of C3H poplar decreased by about 34% under the same growing period. When the lignin synthetase was inhibited, it was bound to affect the growth of plant height, because lignin played a certain role in mechanical support. Hu and coauthors found that 4CL was a key gene lying upstream of C3H to adjust the lignin content (Hu et al., 1999). The 4CL suppression resulted in as much as a 45% reduction in total cell wall lignin and reportedly no impairment in growth (Hu et al., 1999). On the contrary, reductions in C3H resulted in varying effects on growth properties (Coleman et al., 2008). In this study, it was found that C3H downregulation could lead to the impairment in growth, which resulted in the relatively short plant height of C3H down-regulated poplar as compared to that of control (CK).
[image: Figure 1]FIGURE 1 | (A) Phenotypes of C3H transgenic plants and wild-type (CK) poplar plants. (B) and (C) Plant heights of C3H transgenic plants and wild-type (CK) plants.
As shown in Table 1, regarding the chemical composition of CK and C3H, it was found that the content of Klason lignin in CK poplar wood was 25.94%, while the content of lignin was slightly decreased to 20.52% in C3H, which was slightly inconsistent with the previous reports (Pu et al., 2009; Ralph et al., 2012; Ma et al., 2021a). The reason for that was that C3H downregulation will inhibit the synthesis of lignin (Peng et al., 2016). By contrast, the contents of hemicelluloses and cellulose in the C3H-downregulated poplar woods slightly increased as compared to those of wild poplar (CK). In short, compositional analysis indicated that downregulation of C3H resulted in the slight changes of chemical composition of poplar wood, such as the decrease in lignin content.
TABLE 1 | Composition analysis of CK and C3H.
[image: Table 1]Effects of C3H downregulation on the compositional and structural characteristics of hemicelluloses
Monosaccharide analysis of the hemicelluloses
To survey the structural differences of the hemicelluloses during the C3H downregulation process, the scheme of hemicellulose isolation is illustrated in Supplementary Figure S3. Hemicelluloses are consisted of pentose and hexose, such as arabinose, rhamnose, glucose, xylose, mannose, galactose, and a small amount of glucuronic acid and galacturonic acid (Peng et al., 2012; Peng et al., 2009). Table 2 shows the neutral sugar and uronic acid contents of the CK and C3H hemicellulose samples. As illustrated in Table 2, the main glycosyl units of the hemicellulose were xylose (85.43%–85.61%), containing glucose (1.12%–1.72%), mannose (2.90%–3.15%), uronic acid (3.21%–4.41%), and a little of rhamnose (2.90%–2.99%), arabinose (1.02%–1.31%), and galactose (2.04%–2.19%), respectively. The xylose content of H-CK and H-C3H was 85.43% and 85.61%, respectively. Additionally, these hemicelluloses also contain 3.21% and 4.41% uronic acid (UA), indicating that H-CK and H-C3H mainly belonged to glucuronic acid-type xylan, and the other glycosyl groups can serve as a side chain attached to the main chain. A recent publication regarding the hardwood hemicelluloses demonstrated that hemicelluloses from hardwood were mainly composed of xylan-type and small amounts of mannan-type hemicelluloses (Qaseem et al., 2021). However, in this study, the monosaccharide analysis of the hemicelluloses showed that KOH-extracted hemicelluloses were principally the xylan-type hemicelluloses. This discrepancy is probably related to the tree species and the extraction method of hemicelluloses. However, the detailed composition and structural features of the hemicelluloses still need to be confirmed via NMR characterization. Additionally, the ratio of uronic acid to xylose (UA/Xyl) can contribute to understanding the degree of linearity or branching of hemicelluloses (Wen et al., 2010; Peng et al., 2012). It can be seen from the uronic acid/xylose ratio that H-C3H (UA/Xyl, 0.04) had a more linear chain than H-CK (UA/Xyl, 0.05), implying that hemicelluloses from C3H-downregulated poplar wood had more linear structures. However, the differences in monosaccharide components of hemicelluloses from CK and C3H were not particularly pronounced. The structural characteristics of the hemicellulose from CK and C3H down-regulated poplar wood samples will be discussed in the following NMR analysis.
TABLE 2 | Monosaccharide content of the KOH-extracted hemicelluloses.
[image: Table 2]Molecular weights and NMR analysis of the hemicelluloses
The weight-average molecular weight (Mw), number-average molecular weight (Mn), and polydispersity (Mw/Mn) of the hemicelluloses are shown in Table 3. The Mw of H-CK and H-C3H were 30,720, and 39,800 g/mol, indicating that the Mw of H-CK was less than that of H-C3H. The polydispersity index (PDI) of H-CK (2.10) was higher than that of H-C3H (1.88), implying that H-C3H has a narrow molecular weight distribution and H-C3H exhibits a relatively homogeneous structure.
TABLE 3 | Weight-average (Mw) and number-average (Mn) molecular weights and polydispersity (Mw/Mn) of the hemicelluloses and lignin fractions.
[image: Table 3]For further understanding of the structural characteristics of hemicelluloses, H-CK and H-C3H were characterized by NMR techniques (Peng et al., 2010; Wen et al., 2010; Bian et al., 2012). The NMR techniques can obtain valuable information about the backbone of the hemicelluloses and their branching side chains. Figure 2 shows the 13C NMR spectra of the CK and C3H hemicelluloses (H-CK and H-C3H). For 13C NMR spectra, all hemicelluloses had strong signals at 74.92, 63.35, 75.99, 73.32, and 102.34 ppm, which were characteristic of the C-3, C-5, C-4, C-2, and C-1 positions of the (1→4)-linked-β-D-xylopyranoside units. Additionally, the -OCH3, C-2, C-4, C-3, C-1, C-6, and C-5 of the 4-O-methyl-α-glucuronic acid units were located at 59.60, 71.86, 82.64, 72.39, 97.55, 177.03, and 72.25 ppm, respectively. The hemicelluloses from CK and C3H-downregulated poplar wood exhibited similar chemical shifts, suggesting that these hemicelluloses had the same structural characteristics. Especially, as compared with H-CK, the 13C NMR spectra of H-C3H showed a weak signal at 168.41 ppm, which was the characteristic signal of the free p-hydroxybenzoic acid (PB). This phenomenon suggested that the C3H-downregulated poplar contained more p-hydroxybenzoic acid, which will also be demonstrated by 2D-HSQC NMR below. In fact, C3H poplar wood contained more PB units (especially for lignin); thus, a bit of p-hydroxybenzoic acid in the cell wall after KOH extraction was co-precipitated with the hemicelluloses.
[image: Figure 2]FIGURE 2 | 13C NMR spectra of the hemicelluloses.
To further uncover the molecular structural characteristics of H-CK and H-C3H, the 2D-HSQC NMR spectral analysis of these hemicelluloses was performed and the spectra were assigned according to the previous publication (Wen et al., 2010). As shown in Figure 3, the prominent signals corresponding to the (1→4)-β-D-Xylp backbone and 4-O-Me-α-D-GlcpA side chain in all the spectra were found. Especially, the main cross-peaks of C1-H1, C4-H4, C3-H3, C2-H2, and C5-H5 of the (1→4)-linked-β-D-Xylp units were distributed at δC/δH 102.2/4.28, 76.0/3.63, 75.0/3.34, 73.1/3.13, 63.2/3.93, and 3.27. Additionally, a distinguishable cross-peak at 60.1/3.32 was assigned to the methoxy group (-OCH3) in 4-O-methyl-D-glucuronic acid. For 4-O-methyl-D-glucuronic acid, the signals appear at δC/δH 97.31/5.14 (C1-H1) and δC/δH 71.6/3.41 (C2-H2), δC/δH 72.16/3.62 (C3-H3), δC/δH 82.48/3.07 (C4-H4), δC/δH 72.0/4.20 (C5-H5) (Yuan et al., 2010). According to the existing literature concerning the NMR linkages between the monosaccharides (Peng et al., 2010), it could be found that the KOH-extracted hemicelluloses from these poplar woods were mainly composed of a linear backbone of (β-1–4)-Xylp residues, and the xylose was substituted by 4-O-methyl-α-D-GlcpA at the C2 position. Based on the results of NMR and sugar analysis of the hemicelluloses, it was suggested that H-CK and H-C3H were mainly composed of the 4-O-Me-α-D-GlcpA side chains attached to a linear backbone of (1→4)-β-D-Xylp.
[image: Figure 3]FIGURE 3 | 2D-HSQC spectra and conjectural structures of the hemicelluloses.
Effects of C3H downregulation on the molecular weights and structural characteristics of native lignin
In fact, C3H downregulation mainly affects the biosynthesis of the lignin macromolecule. Herein, the effects of C3H downregulation on the molecular weights and structural characteristics of native lignin were investigated and discussed in detail. The Mw and Mn and polydispersity index (Mw/Mn) of DEL-CK and DEL-C3H are displayed in Table 3. The Mw of DEL-CK and DEL-C3H was 8,020 and 7,410 g/mol, respectively. The higher Mw of lignin was partly related to the relatively high β-O-4 content, as observed previously (Wen et al., 2013). DEL-C3H had relatively lower molecular weight distributions (1.81) as compared to DEL-CK (1.90), implying that the downregulation of C3H facilitates the formation of relatively homogeneous lignin fractions. This phenomenon was similar to that of hemicellulose, implying that downregulation of C3H led to the homogenization of biomacromolecules.
To demonstrate the structural differences of native lignin between control 84K poplar (CK) and C3H-downregulated poplar (C3H) samples, the lignin samples were analyzed by the 2D HSQC NMR technique. These differences could provide some fundamental basis for obtaining ideal lignin sources for subsequent lignin valorization (Wen et al., 2013a). Figure 4 shows the chemical composition (aromatic region) and interunit linkages (side-chain region) in the 2D-HSQC spectra of DEL-CK and DEL-C3H according to the previous signal assignments (Wen et al., 2015). In the side-chain regions (δC/δH 49–92/2.5–5.7) of the 2D-HSQC spectra, the linkages of β-O-4 aryl ethers (A), resinols (B), and phenylcoumarans (C) could be obviously observed. It was found that DEL-C3H and DEL-CK exhibited similar but discriminative spectral patterns. Cross-signals of β-O-4 and -OCH3 (δC/δH 55.7/3.70) were the prominent signals. δC/δH 71.9/4.87 were cross-signals of Cα-Hα correlations in the β-O-4 linkages, while the β-O-4 linkages (Cβ-Hβ) linked to G and S units can be distinguished at δC/δH 83.5/4.34 and 85.7/4.12. δC/δH 59.5/3.71–3.40 was assigned Cγ-Hγ correlations in the β-O-4 substructures. Meanwhile, the content of β-O-4 linkages in DEL-C3H was higher than that of DEL-CK, which was consistent with the results in a previous publication (Ma et al., 2021a). In addition, δC/δH 62.9/4.40 was assigned Cγ-Hγ correlations in γ-acylated lignin units (A′). This indicated that those lignin samples were partially γ-carbon acylated in β-O-4 aryl ether linkages and p-hydroxybenzoates (PB). In a recent publication, whether p-hydroxybenzoates acylate solely S units in transgenics poplar has not been confirmed (Ralph et al., 2012). Resinols (β-β, substructures B) can be easily identified in the spectra in conspicuous amounts. δC/δH 84.8/4.67, 53.4/3.04, and 71.1/3.80–4.19 were assigned their Cα-Hα, Cβ-Hβ and the double Cγ-Hγ correlations, respectively. The weak signal of Cα-Hα correlations of phenylcoumarans (β-5, δC/δH, 86.8/5.49) suggested that the low content of β-5 linkages (DEL-CK 1.18/100Ar, DEL-C3H 1.14/100Ar). This phenomenon could be attributed to the reduction of G units (relative to per 100Ar) as compared to that of CK based on a publication (Wang et al., 2018), in which it was reported that phenylcoumaran (β-5) was derived from the coupling of a monolignol with G units.
[image: Figure 4]FIGURE 4 | 2D-HSQC spectra and identified main structures of the lignin fractions isolated from poplar wood.
In the aromatic regions (δC/δH 100–135/5.7–8.0) of the 2D-HSQC NMR spectra (Figure 4), the chemical composition in the lignin samples (DEL-CK and DEL-C3H) can be clearly observed, such as syringyl (S) and guaiacyl (G) lignin units and some other lignin substructures. The C2,6-H2,6 correlation at δC/δH 103.8/6.68 represented the prominent signal for S-type lignin units, whereas the signal at δC/δH 106.2/7.18 was observed for the Cα-oxidized S-units (S′). Additionally, the different correlations of C2-H2 (δC/δH 110.9/6.97), C5-H5 (δC/δH 114.8/6.77), and C6-H6 (δC/δH 118.8/6.78) belonged to G-type lignin units. Specially, H2,6 signals were detected at δC/δH 127.7/7.15, which increased from 0.6 to 1.1/100Ar, suggesting a striking elevation of p-hydroxyphenyl (H) units in transgenic poplar. The relative abundances of different linkages in lignin were quantified according to the previous literatures (Ma et al., 2021a; Wen et al., 2013a). The changes of the S/G ratio can intuitively reflect the compositional change of lignin samples. As is shown in Table 4, the S/G ratio in DEL-CK was 2.82, while the S/G ratio for DEL-C3H was 2.48. Interestingly, the relative content of H-type lignin in DEL-C3H (1.11/100Ar) was higher than that in DEL-CK (0.6/100Ar). This fact suggested that H-type lignin units have been elevated in C3H-downregulated poplar. Similarly, this phenomenon had been reported in a previous study, in which the increased amount of p-hydroxyphenyl unit was observed as well as a concomitant decrease of guaiacyl and syringyl units (Pu et al., 2009). In this study, the spectra shown in Figure 4 clearly showed the enhancement of PB content in DEL-C3H. Precisely, the integral value of PB increased from 14.17 to 16.37/100Ar (as shown in Table 4), which was in agreement with a previous study (Ralph et al., 2012). In short, the C3H downregulated could increase the content of H units and p-hydroxybenzoate (PB) units in lignin. These results were also in line with the 13C-NMR section of H-C3H, in which more PB units were detected. In short, 2D-HSQC spectra of native lignin and hemicellulose samples demonstrated that C3H downregulation indeed altered the chemical and structural features of these natural macromolecules to different extents. Due to these differences in composition and structure, the processing performance of transgenic poplar wood will be affected and the corresponding investigations are being explored.
TABLE 4 | Quantification of lignin fractions by quantitative 2D-HSQC NMR spectroscopy.
[image: Table 4]Implications
The elevated lignin in the p-hydroxyphenyl (H) unit is produced by the downregulation of C3H in poplar wood, and the lignin content is also significantly reduced. A previous study investigated the effects of C3H downregulation on the lignin in alfalfa (Ralph et al., 2006). Ralph and coauthors found that the lignins rich in p-hydroxyphenyl units were produced by C3H downregulation, but the S/G ratio changed only slightly in alfalfa. Conversely, the S/G ratio of lignin was increased in the C3H downregulation poplar. Most of the relative H unit elevation was at the expense of G units rather than S units in poplar (Ralph et al., 2012). In general, genetic modification during lignin biosynthesis led to dwarfing or developmental abnormalities of the transgenic plants (Bonawitz and Chapple, 2013). However, with the growth and development of the plant, the transgenic poplar probably restores growth if there is an active cell wall feedback signaling responsible for dwarfing existing in lignin-deficient mutants (Bonawitz and Chapple, 2013). Simultaneously, as a pendant group, the PB content in lignin was increased in C3H poplar as compared to CK wood. However, the related transferase in poplar has not been identified. The identified transferase will help to understand how the transgenes affect the pendant group, such as p-hydroxybenzoates in hardwood and p-coumarate in gramineous plants.
CONCLUSION
In this study, the representative alkaline hemicelluloses (KOH hemicelluloses) and lignin (double enzymatic lignin, DEL) were respectively extracted from control (CK) and C3H-downregulated 84K (C3H) poplars, which can better characterize the structural variations of hemicelluloses and lignin macromolecules in control and C3H-downregulated poplars. Results showed that H-CK and H-C3H were mainly composed of a linear backbone of (1→4)-β-D-Xylp with 4-O-Me-α-D-GlcpA attached as side chain, and the branching degree of H-CK was more than that of H-C3H. Meanwhile, the downregulation of C3H could decrease the lignin content. Results showed that native lignin of CK and C3H exhibited similar structural features; nevertheless, transgenic poplars had relatively lower contents of β-O-4 linkages and S/G ratios as well as a relatively higher content of H-type lignin units. Furthermore, the content of PB content in poplar wood was increased in the lignin from C3H-downregulated poplar. In short, understanding the structural characteristics of native hemicelluloses and lignin from control and transgenic poplar is conducive to selecting optimal hemicelluloses and lignin characteristics required for downstream applications and utilization of lignocellulosic materials in the biorefinery strategy.
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Cell membrane-coated biomimetic nanoplatforms have many inherent properties, such as bio-interfacing abilities, self-identification, and signal transduction, which enable the biomimetic delivery system to escape immune clearance and opsonization. This can also maximize the drug delivery efficiency of synthetic nanoparticles (NPs) and functional cell membranes. As a new type of delivery system, cell membrane-coated biomimetic delivery systems have broadened the prospects for biomedical applications. In this review, we summarize research progress on cell membrane biomimetic technology from three aspects, including sources of membrane, modifications, and applications, then analyze their limitations and propose future research directions.
Keywords: cell membrane, biomimetic, drug delivery, nanomedicine, nanobiotechnology
INTRODUCTION
Traditional drug delivery primarily involves oral, intravascular, muscular, inhalational, or subcutaneous routes. In these drug delivery methods, the delivered drugs pass through the circulation, following which most are eliminated by the kidney resulting in undesirable pharmacokinetics. However, nanoparticles (NPs) can be utilized to overcome this issue. Synthetic NPs have the advantages of increased drug loading, special release properties, and diverse engineering functions; therefore, they are widely studied and used in biomedicine (Swain et al., 2016). However, there remain limitations such as immunogenicity in applying NPs (Blackman et al., 2021). NPs are initially coated with a variety of polymer molecules, including natural substances such as polysaccharides or semi-synthetic substances such as polymers, which are used to make the NPs as biofriendly and immune system evasive as possible. However, the use of polymer invisibility cloaks, such as polyethylene glycol, cannot completely avoid immune clearance, and NPs can still activate the human complement system (Tasciotti et al., 2008; Chiappini et al., 2010; van de Ven et al., 2012). This necessitates the design of novel drug carriers which can potentially improve drug loading capabilities, the ability to avoid immune clearance, self-targeting functions, and controllable drug release activity.
Cells are the basic unit of life’s activities and it the normal functioning of individual cells and cellular systems is crucial for a living body. Researchers have sought inspiration from and attempted to imitate natural cells to construct bionic nano-drug delivery carriers. A biomimetic system coated by a cell membrane, was first established by Hu et al. (2011); they coated erythrocyte membranes with prepared polymer NPs to achieve the biocompatibility of NPs. Since then, this area of research has evolved to allow cell membranes to play additional roles as protective carriers. Herein, we review cell membrane sources, membrane modifications, and applications of cell membrane-coated biomimetic systems.
MEMBRANE SOURCES
The outer cell membrane is not only a simple drug carrier but also a valid shield, and its primary functions include protecting drug-carrying NPs from the body’s immune system, acting as a drug delivery system, and maintaining maximum efficacy. Other functions include targeting, allowing the drug to target specific tissues and lesion sites, and creating a highly efficient drug delivery system (Pasto et al., 2019) (Figure 1). The functions depend on the presence of specific, active membrane proteins.
[image: Figure 1]FIGURE 1 | The main functions of the outer cell membrane include: (A) protecting drug-carrying NPs from the body’s immune system; (B) specific binding with the target cell receptor to achieve of activation or inhibition; (C) specifically target tissues and lesion sites to improve efficiency of drug delivery system (Reproduced from Pasto et al., 2019).
Current research on cell membranes includes erythrocyte membranes, leukocyte membranes, platelet membranes, stem cell membranes, cancer cell membranes, and hybrid membranes (Liu et al., 2019; Dash et al., 2020) (Figure 2). The complex antigenic characteristics presented on the membrane result in the display of different properties by each type of membrane. Each classification describes different biomimetic properties, and we have summarized the primary features to facilitate convenient comparison (Table 1).
[image: Figure 2]FIGURE 2 | Representative of different cell membrane sources and common extraction methods; the obtained membranes can be processed to produce hybrid membranes.
TABLE 1 | Summary of the differences among different cell membranes.
[image: Table 1]Erythrocytes
Red blood cells (RBCs) are natural cells with a long circulation time through the body. Their circulation life is up to 100–130 days (Kuhn et al., 2017), and they are the most abundant of all blood cells. Some of their advantageous features are: good plasticity and elasticity, oxygen carrying and some immune capacity, and the ability to pass through capillaries with smaller diameters by changing their shape (Tan et al., 2013; Wicki et al., 2015). One of the reasons RBCs are considered an ideal membrane modifier is because the surface of the RBC membrane is rich in proteins, glycans, and receptors that can bypass attacks by the immune system (Rao et al., 2017; Ren et al., 2017; Su et al., 2017). For example, one of the most representative markers, CD47, is an immunomodulatory protein that acts on the inhibitory receptor SIRPα to prevent clearance from the bloodstream by macrophages (Oldenborg et al., 2000; Legrand et al., 2011; Xie et al., 2019). The RBC membrane was the first to be used to form cell membrane-coated NPs, which Hu et al. (2011) first obtained and successfully prepared utilizing the “invisibility” function and circulation properties of the RBC membrane in 2011. Wang et al. (2019) achieved the targeted release of encapsulated drug-loaded NPs by utilizing the biomimetic properties of the RBC membrane interface to reduce phagocytosis by macrophages and enhance the accumulation of NPs in atherosclerotic plaques.
Leukocyte
Unlike RBCs, which cannot perform selective targeting, white blood cells (WBCs) are activated by chemokines that are overexpressed in inflammatory tissue, and can recognize inflammation and purposefully accumulate in the lesion area, representing a pivotal marker of the response to disease (Gao et al., 2016b). WBCs, including granulocytes, monocytes, and lymphocytes, can also migrate between extravascular tissues and vessels. Moreover, they have been reported to have targeting abilities against circulating tumor cells through inherent cell adhesion molecules on their membranes (Corbo et al., 2015). Similar to other cells, WBCs are also rich in active functional proteins, such as CD47 and CD45, which confer immune tolerance (Molinaro et al., 2016; Martinez et al., 2018), and lymphocyte function-associated antigen 1 (LFA-1) and macrophage-1 (Mac-1), which allow binding to inflamed endothelium and tumor targeting (Parodi et al., 2013; Palomba et al., 2016). Targeted NPs were prepared for esophageal cancer, including tests using doxorubicin (DOX) and small interfering RNA that interfered with the overexpression of the LPCAT1 gene. To improve targeting and anti-tumor effects, a white cell membrane coating was used to demonstrate that the coated NPs had more significant anti-tumor proliferation, migration, and metastasis, which was mainly attributed to LFA-1 expressed by WBCs. LFA-1 significantly promotes adhesion between cells and promotes the tumor penetration and internalization ability of the bionic system (Jun et al., 2020).
Platelets
Platelets are the smallest circulating blood cells and cytoplasmic fragments produced by mature megakaryocytes in the bone marrow (Fang et al., 2014); they play a crucial role in vascular injury, wound healing, inflammatory reactions, and hemostasis after thrombosis (Harker et al., 2000). Platelets have complex properties; for example, there are many proteins on the surface of platelets that can adhere to other cells. Therefore, platelets are closely related to cancer, cardiovascular disease, infection, and other diseases. Especially in cancer, platelets can be recalled and accumulate due to inflammation in the tumor. CD40L, an inflammatory enhancer protein, plays an important role in T cell immunity and dendritic cell maturation (Hu et al., 2017). P-selectin, mainly found in endothelial cells and platelets, is a cell adhesion protein that interacts with cancer cells. It can be exposed on the surface of platelet membranes and specifically binds to the CD44 receptor on the surface of cancer cells (Bergstrand et al., 2019). Additionally, CD41, CD42b, CD61, and platelet membrane glycans are important active components in the interaction between platelets and tumor cells (Li et al., 2016). Activation of these representative proteins mediates NP accumulation at the tumor site, which reduces vascular inflammation and increases drug accumulation and therapeutic effects. Inspired by these properties of platelets, Hu et al. (2015) developed a functional NP-coated platelet membrane to enhance anti-tumor efficacy, which has targeting and site-specific abilities allowing the delivery of extracellular drugs and intracellular small molecules. Moreover, the biomimetic delivery system can effectively clear circulating tumor cells from the body and inhibit the occurrence of tumor metastasis (Hu et al., 2015).
Stem Cells
Stem cells are multi-potential differentiated cells that have a strong ability to self-replicate. Many types of stem cells, such as bone marrow mesenchymal stem cells and neural stem cells, have been proven to have the ability to target tumors and are widely used in tumor-specific targeted transport. Mesenchymal stem cells (MSCs) exist in diverse tissues and retain their original biological properties after extraction, even after continuous subculture and cryopreservation (Timaner et al., 2018). In addition, MSCs possess an effective homing ability which is believed to be the cause of chemotaxis to the site of injury or stimulation. The tumor-targeting of MSCs is associated with surface-specific integrins (Toledano Furman et al., 2013). In addition, the NP bionic system prepared using MSC membranes can effectively avoid clearance by the immune system, enhance the tumor-targeting and anti-tumor chemotherapy efficacy of loaded doxorubicin (DOX), and also exhibits long-term stability (Gao et al., 2016a).
Cancer Cells
Compared with blood cells, cancer cells have unique unlimited replication potential and homologous targeting ability. Because of the proliferation ability of cancer cells, it is easy to obtain cancer cells through cell culture in vitro, rather than from autologous plasma or donors (Hanahan and Weinberg, 2011). Biomimetic membrane carriers can camouflage nanodrugs as cancer cells, and use the characteristics of mutual recognition and adhesion of molecules on the surface of cancer cells to actively target drugs to the lesions, thereby achieving drug enrichment and effective treatment. Zhu et al. (2016) encapsulated NPs with specific cell membranes of multiple tumor cell lines, and in vitro experiments indicated good self-recognition internalization and immune evasion of the source tumor cell lines. More importantly, the same tumor cell line enables highly tumor-selective self-targeting of homologous tumors in vivo, even in the context of a heterotypic tumor (Zhu et al., 2016).
Hybrid Cells
With the deepening of research and the expansion of applications, certain limitations associated with the use of a single membrane have been identified; thus, researchers have been working to develop two types of membrane fusion coatings, thereby integrating additional advantages and enabling NPs to inherit and amplify the characteristics of both source cells (Zhu et al., 2016; Liang et al., 2018). Dehaini et al. (2017) first adopted the fusion cell membrane strategy, proving that a mixed membrane using RBC and platelet membrane-coated PLGA NPs possesses the dual functions of prolonging blood circulation time and targeting tumors. The mixed cell membrane-modified drug-loaded nanosystem further improved the functionalization of the original drug-loaded nanosystem. Bu et al. (2019) developed Fe3O4 NPs encapsulated by tumor stem cell and platelet fusion membranes which have strong immune evasion, tumor-targeting activity, magnetic resonance imaging and photothermal therapy function, and can be used to enhance photothermal therapy for head and neck squamous cell carcinoma. Therefore, it is reasonable to conjecture that the hybrid membrane is powerful and has the potential to produce a new nanosystem of multi-membrane coatings with the potential to surpass their single-membrane counterparts.
MODIFICATION OF CELL MEMBRANE
The cell membrane is composed of lipids, polysaccharides, and proteins, and the functions entrusted to NPs mostly depend on their surface functional proteins. With the latest developments in materials and medical science, the targeting and monitoring operations of nanoplatforms based on cell membranes are increasing. To improve the characteristics of membrane-coated NPs compared to those of natural cell membranes and conduct more precise targeted research and treatment, the modification of cell membranes is a new research direction with substantial potential (Mayor and Etienne-Manneville, 2016; Lim and June, 2017; Yan et al., 2019). Generally, modifications to cell membranes can be roughly divided into three main sections: physical, chemical, and genetic engineering (Bachir et al., 2017) (summarized in Figure 3).
[image: Figure 3]FIGURE 3 | Three modification strategies: (A) physical, (B) chemical, and (C) biological methods.
Physical Engineering of Cell Membranes
The physical engineering of cell membranes involves the utilization of lipid structure and membrane fluidity to naturally anchor targeted groups to the cell membrane through lipid-lipid interactions (Escribá et al., 2015). A design for targeted or therapeutic cell membrane can be achieved by inserting the hydrophobic lipid portion, with targeting or therapeutic molecules, into the outer lobule of the lipid bilayer. In addition, exogenous receptors can be inserted into the cell membrane to specifically bind to representative molecules, such as the ligands of probes, therapeutic drugs, and biological macromolecules. Moreover, the fusion of lipid vesicles containing target molecules with cell membranes is a feasible method. For example, glycosylphosphatidylinositol-fused proteins can be designed to attach to the cell membrane, and liposomes can be introduced to fuse with vesicles derived from cell membranes to promote the encapsulation and controlled release of small molecules (Escribá et al., 2015; Saha et al., 2016). It has been reported that vesicles derived from RBC membranes were first fused with cholesterol to encapsulate the chemotherapeutic drug DOX and the antibiotic vancomycin, which exhibited a pH-dependent drug release behavior. And the Exogenous cholesterol supplementation can effectively maintain the pH gradient and drive drug loading (Zhang et al., 2017) (Figure 4). There have also been studies using the method of lipid insertion to achieve recombinant proteins that improve the targeting ability of the membrane bionic system (Zhang Z. et al., 2018). Overall, the physical engineering strategy is convenient and compatible with other membrane modification schemes. However, potential instability of the inserted molecule and a negative effect of the inserted molecule on the overall stability, may limit the effectiveness of this strategy.
[image: Figure 4]FIGURE 4 | Cholesterol (yellow) and ammonium sulfate (orange) are used to generate a pH gradient, which contributes to the accumulation of the drug in cholesterol-rich RBC vesicles (Reproduced from Zhang et al., 2017).
Chemical Engineering of Cell Membranes
Chemical engineering strategies can be used to conveniently endow cells with new functions while preserving their biological competence. Chemical engineering strategies mainly target the primary amine and thiol residues of membrane-associated proteins and the hydroxyl residues of polysaccharides, which can be used as active sites for various covalent conjugation schemes (Sletten and Bertozzi, 2009). For example, through amidation reactions, functional molecules containing carboxyl groups can be combined with the amino residues of cell membranes. It has been reported that tetraacetyl-N-azidoacetylmannosamine-mediated click chemoselective labeling of target cells with azide groups is followed by click chemistry to enhance the accumulation of conjugates (Wang et al., 2017) (Figure 5). Moreover, the strategy of modifying RBC membranes with human recombinant hyaluronidase enabled human recombinant hyaluronidase PH20 to be stably fixed to the extracellular domain of erythrocyte membrane proteins via the cell impermeable linker NHS-PEG-maleimide. Because hyaluronidase overexpression has been found in cancer studies and can reduce the effective drug concentration of treatment, anchoring hyaluronidase to NP-coated cell membranes could potentially improve the spread of NPs in tumors and increase the access of biomimetic systems to tumor cells (Zhou et al., 2016). Thus, chemical strategies are generally convenient and can provide cells with new functions while maintaining their biological functions. However, a limitation is the lack of specificity of the reaction, which may impair the biological activity of the natural protein and affect the original function.
[image: Figure 5]FIGURE 5 | Active tissue targeting via anchored click chemistry technology: in vivo selective labeling of cancer cells with azido groups and subsequent cancer targeting via efficient click chemistry (Reproduced from Wang et al., 2017).
Biological Engineering of Cell Membranes
Genetic engineering is the selective introduction of the desired protein or peptide into the cell membrane through the transfection or transduction of non-viral or viral vectors (Choi et al., 2008; Levy et al., 2013). This strategy is widely used to modify cell membranes with fused motifs for targeting and therapeutic applications (Kell et al., 2015). The thioester acyl residues of the LPETGG motif cleaved by sortase A can connect the N-terminal glycine-functionalized peptide to the cell membrane (Chen et al., 2005). Furthermore, the clustered regularly spaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system can be used to promote the introduction of receptor peptides, which allows targeted genome editing with specific guide RNA. The LPXTG motif is genetically expressed on the RBC membrane through the CRISPR/Cas9 system, and the immunodominant peptide containing appropriately exposed N-terminal glycine can be covalently linked with the LPXTG motif with the help of sortase A. This system demonstrated therapeutically efficacy in autoimmune encephalomyelitis (Figure 6) (Khoshnejad et al., 2018; Lao et al., 2018). In general, genetically engineered cell membranes have higher specificity, which could result in more precise cell membrane engineering by combining other chemical or physical strategies. However, both viral and non-viral methods may cause uncontrolled toxicity or immunogenicity.
[image: Figure 6]FIGURE 6 | CRISPR/Cas9 genome editing of hybridoma cells for site-specific modification (Reproduced from Khoshnejad et al., 2018).
APPLICATION OF CELL MEMBRANE BIOMIMETIC SYSTEMS
Cancer Treatment
The treatment of cancer has always been a major focus and difficulty in scientific research, and the generation of new scientific technologies can be applied to basic research. Previously, although the drug delivery of NPs improved drug loading and control the release of drugs, the targeting and immune clearance of foreign substances prevented the NPs from being widely implemented in clinical applications, despite promising results in a large number of basic studies (Narain et al., 2017; Yaman et al., 2020). To some extent, the cell membrane biomimetic system technology can improve the deficiencies exhibited by simple NPs. The homologous binding of cancer cells leads to the growth of a tumor mass when cancer cells adhere to each other. Therefore, for the delivery of anticancer drugs, membrane coatings with homomorphic binding mechanisms can target cancer cells (Yaman et al., 2020).
As a shield for NPs carrying drugs, the most practical function of the cell membrane is to reduce the clearance rate in vivo and homologous targeting of cancer cell membranes. Bahmani et al. (2021) used a platelet membrane to wrap R848 (toll-like receptor agonists) and fuse the platelet membrane with NPs through ultrasound. An in vitro study demonstrated that the system can greatly increase the activity of R848 because of the biomimetic stealth effect produced by the platelet membrane and that coated R848 is more likely to be absorbed by cancer cells and has a longer drug retention time (Bahmani et al., 2021).
Another branch of tumor therapy is photothermal therapy (PTT), which uses the targeting property of photosensitizers after entering the body to absorb infrared light from external interference and convert light energy into heat energy to generate heat in the body. This method is simple and non-invasive and is considered as an adjuvant therapy to enhance chemotherapy and radiotherapy (Yang et al., 2017). A system using both platelet-coated DOX and the photothermal agent IR780 was designed. In vivo experiments used near-infrared fluorescence imaging to detect NPs in vivo and assess tumor targeting and biological distribution, and showed that the system has a longer retention time and accumulation effect. Further evaluation of the combined thermal therapy and tumor-targeting system found that the tumor growth in the laser NP group was completely restrained compared with the system without thermal ablation (Pei et al., 2020).
The single-membrane approach can no longer meet the needs of research, and the emergence of hybrid membranes combined with various cell membrane functions has excellent prospects. Sun et al. (2020) used the homologous specificity of cancer cell membranes combined with the long cycle time of erythrocyte membranes to prepare mixed membranes coated with DOX-loaded gold nanocages, forming a biomimetic system constructed using a hybrid membrane. This hybrid membrane biological system has a higher stability in maintaining the stable encapsulation of drugs before radiation. The release of DOX was less than 20% within 24 h, and the release of drugs was significantly increased to more than 80% when receiving external near-infrared radiation. Moreover, hybrid membrane-coated NPs exhibit better cellular internalization behavior (Sun et al., 2020).
Photodynamic therapy (PDT) is a new choice for cancer treatment. Its anti-tumor effect depends on reactive oxygen species and singlet oxygen produced in the photodynamic reaction, which can producing oxidative reactions and cytotoxicity to kill cells. This process consumes oxygen, so it needs to overcome a certain hypoxic microenvironment. Perfluorocarbons are ideal carriers of oxygen delivery to enhance PDT, and exhibit increased stability when combined with the photosensitizer indocyanine green (ICG) containing human serum albumin. The cancer cell membrane is used for targeting and immune escape, and a biomimetic system has been prepared for scanning imaging and photodynamic therapy. The experimental results showed that the system had a higher oxygen capacity, and fluorescence imaging in vivo showed that the fluorescence intensity of the system was stronger and exhibited increased duration, and that the system could significantly inhibit tumor growth (Fang et al., 2021). Zhang et al. (2019) developed novel O2-evolved PDT NPs for homologous cancer cell targeting and dual-mode imaging (magnetic resonance imaging and fluorescence imaging). The system comprises a metal-organic framework nucleus coated with a manganese dioxide nanosheet and a cancer cell membrane shell. MnO2 layers expressed both H+ and H2O, and the resulting Mn2+ can also be used as an optimal MR contrast agent. The introduction of membranes results in improved stability and integrity during endocytosis, as well as strong targeting of homologous cells (Zhang et al., 2019) (Figure 7).
[image: Figure 7]FIGURE 7 | Construction of a biomimetic system with homologous targeting, MRI/fluorescence dual-mode imaging, and PDT (Reproduced from Zhang et al., 2019).
Detoxification
Membrane-coated NPs offer a novel strategy to intercept and neutralize bacterial toxins by exploiting the natural affinity of bacterial toxins to the cell membrane. This toxin-NP assembly, known as nanotoxoid, is capable of rapidly loading different types of toxins and has been developed to effectively prevent bacterial infections (Angsantikul et al., 2018) (Figure 8).
[image: Figure 8]FIGURE 8 | Concept of toxin-NPs (Reproduced from Angsantikul et al., 2018).
Pore-forming toxins are virulence factors secreted by bacteria that can cause considerable damage to host cells by damaging target cell membranes. Therefore, neutralizing or inhibiting the expression of poretoxins is the primary method of improving their antibacterial ability (Kong et al., 2016; Dickey et al., 2017). RBCs have “adsorption” effects on these toxins, and NPs coated with RBCs inherit this function, and thus can be used as a valuable treatment. These particles are called “nano-sponges” and can act as decoys, retaining the toxin inserted into the RBCs and preventing them from lysing cells. This bioactivated toxin nano-sponge offers a detoxification treatment that could potentially treat a variety of injuries and diseases caused by pore-forming toxins. For example, nano-sponges can significantly reduce the toxicity of staphylococcal α-hemolysin and improve the survival rate of mice (Hu et al., 2013). NPs coated by erythrocyte membranes absorb and neutralize bacterial factors associated with bacterial infection; for example, a broad spectrum of programmed toxins can be nonspecifically absorbed and neutralized. Chen et al. (2019) developed and characterized NP-coated RBCs against whole secreted proteins from methicillin-resistant Staphylococcus aureus to explore the therapeutic effect of biomimetic systems, and in vivo and in vitro experiments were conducted assaying hemolytic activity to evaluate the therapeutic effect in WSP-induced lethal phenomena. In addition, they preliminarily explored the mechanism conferring immunity from toxins, and found that it was related to the permeability of the pulmonary endothelium. The molecular mechanism was attributed to the rapid activation of NF-κB (Chen et al., 2019).
In addition, NPs coated on bacterial membranes can stimulate the immune system by simulating the natural bacterial antigens and potentially enhance the immune ability of the body to resist foreign microorganisms (Leleux and Roy, 2013). Gao et al. (2015) developed a natural bacterial membrane collected from bacterial outer membrane vesicles fused onto gold NPs, which showed significantly enhanced stability. When subcutaneously injected, these NPs can rapidly induce the activation and maturation of lymph node dendritic cells. Additionally, immunization with a biomimetic system produced a strong and persistent antibody response with an affinity higher than that induced by membrane vesicles alone (Gao et al., 2015).
Immune Modulation
Immunity and inflammation are highly correlated; to some extent, inflammation is a form of self-defense, eliminating necrotic cells and tissue. However, in some cases, inflammation can be harmful, such as attacks on healthy organizations (Jin et al., 2018). Autoimmune diseases are caused by an immune response to native components of the body. Under the influence of certain factors, the body’s tissue or the immune system itself can exhibit abnormalities, causing the immune system to mistake its own components as foreign and attack. At this time, the immune system produces antibodies and active lymphocytes aimed at components of the body itself, damaging its own tissues and organs and leading to disease. It is often characterized by the opsonization of target cells by pathological autoantibodies produced by B cells (Eggert et al., 2010).
Cell membrane-coated NPs reserve and present the antigen protein inherited from the cell membrane surface. Therefore, membrane-coated NPs have the ability to act as antibody bait to improve disease parameters, primarily in the context of type II immune hypersensitivity. The pathological immune response is primarily caused by cell lysis or tissue damage, such as in autoimmune hemolytic anemia. Copp et al. (2014) explored the ability of targeted RBC-coated NPs to eliminate viral antibodies, as an alternative target to protect normally circulating RBCs in the body, theoretically eliminating the need for immunodrug therapy and reducing the burden of disease.
Rheumatoid arthritis (RA) is a widespread and devastating autoimmune disease. Zhang Q. et al. (2018) designed a neutrophil membrane reprocessing system, which is a human peripheral blood neutrophil membrane coated onto complex NPs that was used for the treatment of RA (Figure 9). In response to cytokine inducers produced in RA, neutrophils accumulate to produce micro-vesicles that enter the cartilage. The combination with NPs cores can neutralize proinflammatory factors, inhibit synovial inflammation, and target the cartilage matrix, resulting in a promising therapeutic effect (Zhang Q. et al., 2018).
[image: Figure 9]FIGURE 9 | Neutrophil-NPs inhibit synovial inflammation and ameliorate joint destruction in inflammatory arthritis (Reproduced from Zhang Q. et al., 2018).
Zhang G. et al. (2020) developed NPs encapsulated by CD4+ T cells with a polymerist core which were able to target the HIV particle and neutralize not only free HIV but also cell-associated HIV through autophagy. Specifically, CD4+ T cells express CCR5 and CXCR4, which are necessary for binding to HIV; thus, the NP-coated T cells were able to selectively bind HIV and also inhibit HIV infection in a dose-dependent manner in human peripheral blood mononuclear cells and mononuclear cell-derived macrophages (Wei et al., 2018; Zhang G. et al., 2020).
Imaging
The most important roles of cell membrane coating in the imaging field are biocompatibility and homologous targeting of NPs combining photosensitizers and drugs. Li et al. (2020) coated UCNPs with RBCs to ameliorate the limitations of in vivo clearance time and immune response, and preserved both the optical properties of UCNP and the immune properties of the cell membrane, thus achieving targeted multimodal imaging. This biomimetic system can be used in magnetic resonance imaging and micro PET/CT imaging of a 4T1 breast tumor mouse model, and showed desirable imaging results and no apparent toxicity in vivo (Li et al., 2020).
Using homologous targeting of cancer cell membranes, the NP-loaded ICG and coated cancer cell membrane, called ICNPS, was prepared by Chen et al. (2016) ICNPS achieved dual-modal imaging using (NIR)-FL/PA. In vitro cell experiments showed that ICG had strong fluorescence imaging ability, cell uptake, and targeting and accumulation ability in vivo. This bionic system also exhibits potential as photothermal therapy (Chen et al., 2016). Rao et al. (2016) also used cancer cell membranes to wrap UCNPs, protect UCNP from immune clearance, and convert near-infrared radiation into visible light for tumor imaging in vivo (Rao et al., 2016) (Figure 10).
[image: Figure 10]FIGURE 10 | Cancer cell membrane coated UCNPs produce a biomimetic system that exhibit immune escape and homologous targeting capabilities for highly specific tumor imaging (Reproduced from Rao et al., 2016).
Moreover, the ability to target specific locations leads NPs coated with cell membrane systems to be utilized for imaging and PTT. A fibroblast cell membrane with nanomicelles bonded to the biomimetic semiconducting polymer NPs was developed by Li et al. (2018) and called the AF-SPN system. This system can specifically target cancer-associated fibroblasts in the tumor microenvironment and enhance the photothermal characteristics of multimodal cancer. The homologous targeting mechanism enables the bionic system to specifically target tumor-associated fibroblasts, protect SPN to provide better optical signals for tumor detection, and to generate photothermal and photodynamic therapy. The camouflage of cell membranes does not affect the near-infrared fluorescence, photothermal, or photodynamic properties, and the biomimetic system can preferentially target cancer-associated fibroblasts (Li et al., 2018).
However, based on the imaging requirements, the most fundamental improvement method is to modify NPs. To develop more advanced nanoprobes to improve the imaging depth and stability, and to achieve further breakthroughs with the biocompatibility and targeting ability conferred by the cell membrane. For example, Lv et al. (2018) developed a biosystem nanoprobe characterized by the realization of two-photon absorption and Forster resonance energy transfer processes, achieving superior fluorescence performance, including high-resolution visualization of the fine structure of tumor tissue in vivo. The cancer cell membrane coating provides biocompatibility with the nanoprobe (Lv et al., 2018).
Therefore, cell-membrane-coated biomimetic delivery systems are widely used. Additionally, the use of Chinese medicine is a good representative of natural medicine, and the excavation and utilization of the active ingredients is a promising breakthrough in Chinese medicine. However, innovative development and utilization of Chinese medicine is often limited by their solubility, stability, and toxicity. Large-sized materials in drug delivery pose some challenges, including in vivo stability, bioavailability, solubility, and target-specific delivery problems. Designing cell membrane-coated biomimetic delivery systems by applying cell membrane bionic carriers to deliver active substances may offer a good solution. Research in this field is gradually emerging, and we summarize the application of biomimetic delivery systems to Chinese medicine ingredients combined with cell membranes in Table 2.
TABLE 2 | Summary of Chinese medicine ingredients used in cell membrane coating research.
[image: Table 2]CONCLUSION AND PERSPECTIVES
This review introduces different cell membranes used in cell membrane technology, including erythrocyte membranes, leukocyte membranes, platelet membranes, stem cell membranes, cancer cell membranes, and hybrid membranes. With the widespread application of cell membrane biomimetic technology, modifications of cell membranes are being widely investigated as potential strategies. There are three main types of cell membrane modifications based on the strategy used for modifications: physical, chemical, and biological engineering. The physical engineering of cell membranes mainly uses lipid structure and membrane fluidity to anchor targeted groups to the cell membrane; chemical engineering strategies mainly target active chemical bond reaction sites for various covalent conjugation schemes; and the biological engineering strategies can selectively introduce the desired protein or peptide into the cell membrane through the transfection or transduction of non-viral or viral vectors.
An increasing number of studies are focused on cell membrane encapsulating NPs, which are mainly used for cancer treatment, drug delivery, detoxification, immune regulation, and imaging. Among these, specific targeting is the most important central role in cancer and imaging. In addition, by taking advantage of the inevitable action between toxins and the cell membrane, the cell membrane can be used as a broad-spectrum detoxification agent. Regarding immunity, in addition to the inherent targeting effect of cell membranes, many studies have been carried out in the field of autoimmune diseases using antigen-specific approaches, which are expected to further solve the problem of immunity.
Despite the advantages of cell membrane bionic technology, further improvements are still required. There remains substantial scope for the development and application of engineered cell membrane-based nanotherapeutics. Moreover, there are additional problems that remain to be solved.
First, membrane biomimetic technology is mainly derived from various animals; that is, the membrane is obtained from the animal body, which is dependent on the animal model used in in vivo and in vitro experimental studies, and the specific clinical efficacy remains to be verified. Studies have used human cells to study human glioblastoma U87 and U87-CXCR4 cell lines at the animal level (Jin et al., 2019). Although the technique does not have extensive clinical applications, its rapid development provides a new direction for the refinement of individual medicine in the future.
Second, the quality control of cell membranes seems to have been ignored. Determining and controlling the critical quality attributes of cell membranes warrants additional research. The characterization of functional proteins on the surface of cell membranes, which is an important source of targeting and homology, is an important indicator in all studies. The source of cell membranes produces differences not only in the different cell types used, but also for in the same types of cells when used from different species. Microscopic characterization is still insufficient to characterize the varying properties of different cell membranes. Many research groups are continuously working to refine and upgrade existing methods and standards to develop industry-wide benchmarks and manufacturing principles. In addition, as for the current cell culture and membrane derivative technology, whether the combination technology of membrane and NPs can cope with high-throughput culture and preparation, and whether the changes in experimental conditions requires the consideration of new standards to measure the purity of membrane derivation remains to be seen.
The membrane modification process is equivalent to killing the cells and resplicing the fragments. Identifying strategies to deal with the body’s removal of cell fragments and better simulate the function of living cells, rather than simple cell membrane extraction and separation, can further improve the function of the membrane bionic system.
Owing to the limited membrane sources, the functional components of the cell membrane can be identified in vitro to facilitate clinical transformation. Although there are plans to integrate the active proteins of the cell membrane into the synthetic phospholipid bilayer and use the generated bionic vesicles to achieve targeting (Molinaro et al., 2016), further research in this area is needed.
We hope that by exploring the relationship between critical quality attributes and the function of the carrier and establishing the standardization of cell membrane sources, we can accelerate the clinical transformation of cell membrane-coated NPs, which will have a positive impact on human health and be of great economic value.
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Melanin is one of the most abundant pigments found in the biosphere. Owing to its high biocompatibility and diverse biological activities, it has been widely applied as a functional biomaterial in the cosmetic, pharmaceutical, biopolymer, and environmental fields. In this study, the production of melanin was comprehensively reviewed concerning bioconversion and isolation processes. First, several melanogenic microbes, including fungi and bacteria, were summarized. Melanin production was classified by host and melanin type and was analyzed by titers in g/L in addition to reaction conditions, including pH and temperature. The production was further interpreted using a space-time yields chart, which showed two distinct classifications in productivity, and reaction conditions were analyzed using a pH-temperature-titer chart. Next, the extraction process was summarized by crude and pure melanin preparation procedures, and the extraction yields were highlighted. Finally, the recent applications of melanin were briefly summarized, and prospects for further application and development in industrial applications were suggested.
Keywords: melanin, pigment, space-time yields, extraction, purification
INTRODUCTION
Melanin is a representative brown-black pigment commonly found in most organisms. It is widely found in melanin-producing animal cells as well as in bacteria, fungi, and plants. From the black coloration of a human eye, hair, and skin to the black insect epidermis and oxidation-induced discoloration of fruits, melanin occurs in most of the biosphere (Pralea et al., 2019; Singh et al., 2021). Melanin has long been an important component of living organisms and cells. Melanin synthesis in organisms is primarily involved in the protection of host cells and organisms. This includes protection from UV radiation and energy absorption, protection from external physical changes, and maintenance of intracellular homeostasis through its physiological activity (Bolognese et al., 2019; Seo and Choi, 2020a).
It is structurally complex and has various forms depending on its building blocks (Nosanchuk et al., 2015; Choi et al., 2018). The mechanism of melanin synthesis varies depending on the radical formation; it can be synthesized through the random polymerization of a few building blocks, such as L-tyrosine metabolites of indole-5,6-quinone, 5,6-dihydorxyquinone carboxylic acid, 5,6-dihydroxyindole carboxylic acid (DHICA), dopamine, dopamine-o-quinone, homogentisate, cysteinylopa, and some phenolic precursors (Figure 1A) (Li et al., 2019; Seo and Choi, 2020b). Depending on the polymerization pathways, building blocks, and enzymes, melanin is classified into several groups, including eumelanin, pyomelanin, pheomelanin, neuromelanin, and allomelanin (Figure 1B) (Powell et al., 2004; Simon and Rozanowska, 2008).
[image: Figure 1]FIGURE 1 | (A) Chemical structures of general melanin building blocks, namely, indole-5,6-quinone, 5,6-dihydroxyquinone carboxylic acid, 5,6-dihydroxyindole carboxylic acid, dopamine, dopamine-o-quinone, homogentisate, and cysteinyldopa. (B) Types of bio-melanin and synthetic pathways.
The characteristic features of melanin vary depending on the class. The most common type of eumelanin consists of dihydroxyindole and DHICA, shows brown to black coloration, and can be produced by several microorganisms, including bacteria and fungi (Kuzumaki et al., 1993). Melanogenesis in the human skin, which is initiated by UV exposure, can lead to the formation of skin melanin and yellowish pheomelanin constitutes in the human skin (Wood and Schallreuter, 2006; Wolnicka-Glubisz et al., 2012; Pukalski et al., 2020). In addition, several catechol moieties have been reported to be involved in allomelanin production and can be found in plants and fruits (Varga et al., 2016; McCallum et al., 2021). Neuromelanin, which can be found in the brain, plays a critical role in treating neurodegenerative disorders (Usunoff et al., 2002; Double et al., 2008; Bellinger et al., 2011; Zucca et al., 2017). Similarly, it has been reported that melanin is involved in several physiological functions and as a result, serious genetic disorders are induced unless melanin is properly produced (Frenk and Lattion, 1982; Schmidt et al., 2015; Suo et al., 2020).
Melanin has been applied in a variety of biological, physiological, and physical materials, despite its complex random polymeric structures, which are responsible for its unique properties and functionality. Accordingly, great efforts have been made to screen melanin-producing strains for melanin production. For example, the isolation of melanin-producing fungal strains and the production of melanin on a large scale have attracted great attention. However, production titers and isolation methods vary depending on the host strain and melanin type. Although fungal strains are good hosts for melanin production, they require a long fermentation period to obtain the desired production titer (Nosanchuk et al., 2015; Cordero and Casadevall, 2017). In addition, the extraction and purification steps differ depending on the physical properties, such as solubility and the use of the isolated melanin (Pralea et al., 2019; Singh et al., 2021). Bioprocesses in melanin biorefinery include fermentation and extraction processes, which are widely used for biochemical production processes. Also, the treatment process of chemicals such as organic solvent in melanin extraction is included in the melanin biorefinery. Therefore, it is necessary to understand melanin production concerning the biorefinery process.
Several in-depth reviews on the chemical structure, engineering and production, and applications of melanin are available. For example, recent review articles by Pralea et al. and Singh et al. comprehensively reviewed the recent advances in melanin from biosynthesis to the application (Pralea et al., 2019; Park S. et al., 2020; Singh et al., 2021). In this review article, we summarize and highlight melanin bioproduction, including the current status of microbial production, extraction, and purification. In particular, we review the production of melanin from the space-time yield viewpoint, extraction from crude material, and pure melanin preparations. This review shares information on melanin biorefineries and supports the further development and potential applications of melanin.
BIOCONVERSION OF BIOMASS INTO MELANIN
Natural Melanin Sources and Alternatives
There is a variety of melanin sources; several common fruits and vegetables, such as apples, bananas, garlic, persimmons, and potatoes, can produce melanin (Lefevre and Perrett, 2015; Hagiwara et al., 2016; Qi et al., 2020). Melanin can also be obtained from plants, such as Mucuna monosperma (Wight) callus (Inamdar et al., 2014). Commercial melanin is prepared from sepia extract or by synthetic means (Prados-Rosales et al., 2015; Schroeder et al., 2015; Srisuk et al., 2016).
Nevertheless, these methods have the disadvantage of high production costs, low maneuverability, and environmental pollution risk. Therefore, the bioproduction of melanin by microorganisms such as fungi and bacteria as alternative melanin sources has attracted great attention. As they grow fast relatively and can be applied to the scale-up process for mass production. Besides, several attempts have been made to isolate melanin-producing strains from various environments to enhance melanin production through reactions and host cell engineering.
Melanin Production by Fungal Strains
To date, several melanin-producing fungal strains have been reported (Rosas et al., 2000; Gomez et al., 2001; Nosanchuk et al., 2002; Morris-Jones et al., 2003; da Silva et al., 2006; Franzen et al., 2006; Nosanchuk et al., 2007; Walker et al., 2010; Nosanchuk et al., 2015). While fungal strains produce different types of melanin, the predominant melanin type is nitrogen-deficient allomelanin (Varga et al., 2016). The key enzymes responsible for melanin synthesis are tyrosinases, which are copper-dependent biocatalysts involved in ortho-specific hydroxylation and subsequent oxidation of monophenols like tyrosine (Kuzumaki et al., 1993). Laccase is another enzyme, which can catalyze the oxidation of a broad range of substrates like tyrosinase, including dihydroxyphenols and quinones (Nagai et al., 2003). Both enzymes are commonly abundant in plants and fungi rather than in bacteria. Therefore, fungal strains were potential candidate for melanin production. Moreover, the complex and dynamic membrane structure of fungi supplies a more suitable environment for melanin synthesis and deposition. For example, Cryptococcus neoformans melanin was reported to be located within the cell walls of branched polysaccharides and protein constructs (Nosanchuk and Casadevall, 2003). In addition, the presence of other cellular organizations, such as fungal vesicles, melanosomes, and anchoring structures, have been reported to assist in the efficient production and localization of fungal melanin (Nosanchuk and Casadevall, 2003; Nosanchuk et al., 2015; Camacho et al., 2019).
It should be noted, however, that the production of melanin-consuming fungus requires a relatively long incubation time due to the low cell growth rate of the fungus; for example, Auricularia auricula or Gliocephalotrichum simplex produced 2.97 g/L and 6.6 g/L of melanin in 8 and 6 days, respectively (Jalmi et al., 2012; Sun et al., 2016). Interestingly, Ribera et al. reported that 161 days of Armillaria cepistipes culture could produce 27.98 g/L of eumelanin, which was the highest as far as our understanding, in a 3% (w/v) tyrosine-supplemented medium (Ribera et al., 2019). However, it took a long time of 161 days to achieve this production titer.
It is possible to produce eumelanin from L-tyrosine and allomelanin via the polyketide pathway (Varga et al., 2016). However, limitations, such as low growth rate, sporulation, low extraction efficiency, and potential pathogenicity of fungal strains, need to be overcome to obtain desirable production titers. Recently, along with the development of genetic manipulation and sequencing technology, it has become possible to increase the productivity of various biochemicals with recombinant fungi through genetic engineering. In line with this, it could be possible to increase fungal melanin production through the expression of an external enzyme.
Melanin Production by Bacterial Strains
Several microbial melanins have also been reported (Cubo et al., 1988; Jalmi et al., 2012; Ganesh Kumar et al., 2013; Surwase et al., 2013; Guo et al., 2014a; Madhusudhan et al., 2014; Tarangini and Mishra, 2014; Perez-Cuesta et al., 2020). Also, it was reported the production of melanin by using wild-type bacteria of Klebsiella sp., Pseudomonas, Streptomyces, Bacillus, Amorphotheca, and Vibrio, or by the expressing tyrosinase in E. coli as summarized in Table 1 (Tarangini and Mishra, 2014; Oh et al., 2020; Wang et al., 2020; Ahn et al., 2021). Organisms with melanogenic capabilities have also been employed to develop production processes, which included production optimization of melanin by utilizing various carbon sources and culture variables; In particular, tyrosine, peptone, soy peptone, starch, and yeast extract were used as carbon sources or mixtures. This resulted in the biosynthesis of tyrosine-based eumelanin. The Klebsiella sp. GSK46 strain, which was isolated from crop field soil, was able to produce approximately 0.13 g/L of eumelanin when fed with 1 g/L of tyrosine (Sajjan et al., 2010).
TABLE 1 | Production of microbial melanin in a biorefinery process.
[image: Table 1]However, melanin could be produced even in the absence of tyrosine. For example, marine Pseudomonas stutzeri, isolated from seaweed, was found to produce significant amounts of melanin, which was 6.7 g/L within 10 h of incubation in sea water production medium without tyrosine supplementation (Ganesh Kumar et al., 2013). As fruit waste extract provides good nutrition for biochemical production, it has been utilized for melanin production. Tarangini and Mishra reported that Bacillus safensis, isolated from garden soil, could produce 6.96 g/L of melanin within 10 h of incubation (Tarangini and Mishra, 2014; Valdez-Calderón et al., 2020).
Amino acids also have been utilized for melanin production through whole cell biotransformation, in addition to the use of sugar-based fermentation including glucose, starch, and molasses (Ghadge et al., 2020; Oh et al., 2020; Eskandari and Etemadifar, 2021). For example, Eskandari and Etemadifar reported cost effective melanin production using Pseudomonas koreensis UIS19 in a molasses medium with tyrosine supplementation (Mustafa et al., 2020; Eskandari and Etemadifar, 2021). A total of 32 g/L of sugar was consumed to obtain 5.4 g/L of dry cell mass and 0.44 g dry melanin/g weight of yield could be achieved from supplemented tyrosine. In addition, several amino acid-based mediums, such as peptone and yeast extract, were utilized for melanin production using Streptomcyes kathirae, Streptomyces glaucescens, Streptomyces sp. ZL-24, and Amorphoteca resinae, which resulted in several g/L of melanin (Guo J. et al., 2014; El-Naggar and El-Ewasy, 2017; Wang et al., 2019; Eskandari and Etemadifar, 2021). In particular, melanin production by S. kathirae could reach up to 13.7 g/L, but 128 h of incubation was required for the highest titer (Guo J. et al., 2014).
It is worth noting that metal ions are critical for eumelanin production. For example, ferrous and nickel ion supplementation has been reported to drive melanin production by improving tyrosinase activity or by inducing the synthesis of tyrosinase (Wang et al., 2019). According to optimization results, 1.33 g/L FeSO4 and 3.05 mM NiCl2 could produce approximately 189.9 mg/L of insoluble melanin and 4.24 g/L of soluble pure melanin. The supplementation of metal ions seemed to have a positive effect on the activation of melanin production; however, the produced melanin was also reported to be able to chelate or absorb metal ions, such as Cu(II) and Zn(II), which would result in a metal-melanin complex and affect its characteristic features (Caldas et al., 2020; He et al., 2020).
Pyomelanin and Allomelanin Production by Bacterial and Recombinant Strains
Another interesting type of melanin produced by bacteria is pyomelanin. Pyomelanin utilizes different synthetic pathways compared to bacterial eumelanin, even though they both are originated from L-tyrosine. The key enzyme in pyomelanin synthesis is the 4-hydroxyphenylpyruvate dioxygenase (4-HPPD) enzyme, which converts 4-hydroxyphenylpyruvate, a transaminated form of tyrosine, into homogentisate, a key intermediate in pyomelanin synthesis (Figure 1B). Recently, Ralstonia picketti was isolated and identified as capable of generating pyomelanin in the presence of tyrosine (Seo and Choi, 2020a). In the presence of 4 mM of tyrosine, R. picketti could produce about 0.09 g/L of pyomelanin within 62 h of incubation. To verify 4-HPPD-dependent pyomelanin synthesis, the encoding gene was isolated and cloned into E. coli BL21 (DE3). And the 4-HPPD overexpressing cells could produce 0.213 g/L of pyomelanin from 1 mM tyrosine within 24 h of incubation, suggesting that recombinant strain development could greatly enhance the production rate and titer (Seo and Choi, 2020a). Similarly, Bolognese et al. isolated the 4-HPPD enzyme and constructed a pyomelanin-producing recombinant E. coli strain that could produce 0.213 g/L of pyomelanin (Bolognese et al., 2019). In addition to bacterial strains, the yeast strain Yarrowia lypolytica W29 was isolated and verified to be capable of producing 0.5 g/L of pyomelanin by 1 g/L of tyrosine feeding (Ben Tahar et al., 2020). However, similar to fungal melanin production, a 72 h of incubation period was required to achieve the highest titer.
The development of a recombinant strain to produce allomelanin has also been extensively studied. For example, caffeic acid-based allomelanin production was investigated by our group. Jang et al. first reported the co-expression of feruloyl-CoA synthetase (FCS) and enoyl-CoA hydratase/aldolase (ECH) in an E. coli strain that drives allomelanin production in the presence of caffeic acids (Jang et al., 2018). These enzymes have been previously utilized in vanillin synthesis from ferulic acid (Gallage et al., 2014). As caffeic acid has a catechol moiety in its core structure, contrary to ferulic acid of which one hydroxyl group was blocked by the methoxyl group, the enzymatic modification of the other carboxylic moiety could readily lead to the formation of allomelanin. The FCS/ECH overexpressing recombinant strain could produce 0.2 g/L of allomelanin within a 12 h reaction (∼40.9 mg/L/h) (Jang et al., 2018). Ahn et al. also used the same strain to produce caffeic acid-based allomelanin and compared its chemical composition with that of other natural and synthetic melanin (Ahn et al., 2019). Interestingly, the caffeic acid-derived allomelanin showed substantial dyeing of the HEMA (hydroxyethyl methacrylate) polymer, which is generally used for soft contact lenses, suggesting the potential application of melanin as a UV-blocking contact lens.
Recombinant strains for melanin synthesis have several advantages, not only in terms of production rates and titers but also regarding extraction and purity. This was evident in studies conducted on the production of eumelanin and pyomelanin (Jang et al., 2018; Ahn et al., 2019; Bolognese et al., 2019; Park H. et al., 2020; Seo and Choi, 2020a). Another advantage is the possibility of an additional supply of melanin building blocks to control melanin chemical structure, this allows for the engineering of functionalities depending on the purpose of use. For example, we reported eumelanin engineering by co-expressing bacterial tyrosinase (MelC) with cytochrome P450 monooxygenase (CYP102G4), which is capable of catalyzing indole C2 hydroxylation (Park H. et al., 2020). The additionally supplied 2-hydroxyindole functioned as a new building block in melanin polymerization and could obtain different physical and electrical characteristics. However, several issues regarding the use of recombinant strains for melanin production should be addressed. For example, there is an issue regarding the safety of genetic engineering for use in cosmetics and pharmaceuticals. In addition, the dependency of the macroscopic structures and physical properties on the producing host should be considered.
Understanding the Space-Time Yield of Melanin Bioproduction
To understand the reaction time and titer correlation in melanin production, a space-time yield analysis was conducted. Space-time yield analysis of the summarized microbial melanin production in g/L (closed circle, •) revealed that this biotransformation exhibited not distinct but observable two classes, namely those with a production rate range of less than 0.05 g/L/h and those with a range over 0.1 g/L/h (Figure 2). The first group includes most eumelanin- and pyomelanin-producing bacteria with less than 100 h of reaction time. The second group includes fungi and some Streptomyces species with more than 100 h of reaction time (Guo J. et al., 2014; Ribera et al., 2019). In particular, A. auricula showed the longest reaction time of 8 days with a moderate production titer (2.97 g/L) (Sun et al., 2016).
[image: Figure 2]FIGURE 2 | Space-time yield analysis of whole-cell biotransformation in melanin production and reported bioreactor scale by biotransformation yields. The numbers next to the circles indicate the corresponding reference numbers in Table 1.
The second group had a relatively higher production rate. This group included several bacteria, such as P. stutzeri, P. koreensis, and B. safensis, which could produce more than 5 g/L of melanin within 24 h (Ganesh Kumar et al., 2013; Tarangini and Mishra, 2014; Eskandari and Etemadifar, 2021). Interestingly, melanin production by S. kathirae, with a 13.7 g/L titer within 128 h also belongs to this group, as it showed a production rate of more than 0.1 g/L/h (Guo J. et al., 2014). Compared to the fungal host system, the bacterial host system for whole-cell melanin production appears to be advantageous in terms of timescale, depending on the type of target melanin. However, several hurdles must be overcome to utilize bacterial hosts for industrial-scale production. One of the most limiting factors is the necessity of isolation and purification steps in circumstances where the synthesized melanin is not secreted. In addition, an adequate growth medium needs to be optimized to obtain a desirable cell mass.
In general, the pH for fungal melanin production was less than 6, whereas it was approximately neutral in bacterial cases. Although a pH of less than 7 was adopted for bacterial melanin production regarding P. stutzeri, S. kathirae, and B. safensis, which showed more than 5 g/L of production titer, the optimal pH for melanin production varied depending on the host cells (Ganesh Kumar et al., 2013; Guo J. et al., 2014; Eskandari and Etemadifar, 2021). The temperature for melanin synthesis is approximately 28°C for fungi and 30–37°C for bacterial systems. However, there seems to be no significant correlation between melanin production and temperature; rather, it seems more important to secure the maximal cell mass for melanin production under optimized conditions. Therefore, melanin production should be focused on the optimization of production parameters, such as growth medium composition, pH, temperature, extraction parameters, in addition to the design of response surface methodology in order to obtain a higher production titer and rate.
BIOPROCESS FOR MELANIN PRODUCTION; FERMENTATION, EXTRACTION, AND PURIFICATION
Extraction of Melanin From Melanin Production Culture
The basic melanin production process includes host selection, fermentation or biotransformation, followed by securing crude melanin through extraction and purification processes to obtain pure melanin (Figure 3). The method of extracting melanin differs depending on the host cell that is producing melanin, the intracellular localization of melanin, the structural properties of melanin, and the melanin crystal structure. As melanin pigment can easily be found in nature, research on extracting melanin was conducted early on (Aneesh et al., 2020). In particular, methods for extracting melanin pigment from melanocytes and melanin organs, which are generally extracted by dissolving in an alkali or strong acid solution and heating (Young, 1921; Voss, 1954). For example, crude melanin was obtained by simple alkali extraction; however, the yield was as low as 2.59% (Ma et al., 2018). The extraction and purification process of melanin affects the purity of melanin, depending on the extraction method, the number of repeat cycles, and the form of melanin, namely crude or pure melanin.
[image: Figure 3]FIGURE 3 | Bioprocess of melanin production and isolation. By several steps of purification, crude and pure melanin can be obtained.
Preparation of Crude Melanin From Melanin Extract
The detailed extraction process for microbial melanin production is presented in Table 2. Depending on the melanin source, it is divided into extracellular and intracellular melanin. Extracellular melanin extraction methods employ acid precipitation, whereas additional alkali extraction is necessary for intracellular melanin production. To assist alkali extraction, ultrasonic- or microwave-assisted methods were used (450 W for 50 min, or 70 W for 3 min periods with 30 cycles) (Sajjan et al., 2010; Jalmi et al., 2012; Lu et al., 2014; Hou et al., 2019; Liu et al., 2019). According to Hou et al., the ultrasonic-assisted extraction method yielded 37.33% pure melanin, whereas 24.24% was obtained without this step (Hou et al., 2019). Similarly, Lu et al. reported that a purification yield of 11.08%% could be achieved through a microwave-assisted extraction method, which was 40.43% higher than that obtained by alkali extraction and acid precipitation. In addition, an additional step of boiling at 80°C for 2 h was employed to increase the extraction yields (Oh et al., 2020).
TABLE 2 | Extraction and purification process details in melanin biorefinery.
[image: Table 2]Before acid precipitation, filtering through various materials, such as 0.45 μm glass fiber, 0.45 μm nitrocellulose membrane, 0.22 μm membrane filter, and Millipore 0.2 μm polyether sulfone membrane, were employed to remove cell debris and byproducts (Jalmi et al., 2012; Ribera et al., 2019; Oh et al., 2020; Wang et al., 2020). To assist precipitation, a boiling or incubation step for several hours may be added (Sajjan et al., 2010; Sun et al., 2016; Liu et al., 2019). After precipitation, a washing step with deionized water was conducted. Crude melanin could be prepared using these filtration-precipitation-centrifugation-washing procedures (Figure 3).
Preparation of Pure Melanin Powder From Crude Melanin
To increase the purity of the isolated crude melanin, several redissolution, precipitation, boiling, and washing steps were employed. In brief, crude melanin was dissolved in NaOH and collected by centrifugation. Thereafter, the pH of the collected sample was adjusted to approximately pH 2 with HCl, followed by incubation. The resuspended melanin was collected by centrifugation and washed several times with deionized water. Finally, the collected melanin was washed with CHCl3, DCM, EA, and pure EtOH, followed by lyophilization. Depending on the melanin type and condition, extra boiling, acid-hydrolysis, and repetitive washing steps can be added to pure melanin (Sun et al., 2016; Liu et al., 2019; Ribera et al., 2019; Oh et al., 2020).
Several simplified extraction methods have been proposed, however, acid precipitation-pH adjustment-washing-resuspension steps are commonly used (Sajjan et al., 2010; Jalmi et al., 2012; Guo J. et al., 2014; Tarangini and Mishra, 2014; Ghadge et al., 2020; Wang et al., 2020). In addition, other useful technologies have been applied to melanin extraction. For example, enzymatic disruption of the cell membrane using protease or hydrolase enzymes, instead of alkali extraction, has been utilized. Additionally, a variety of organic solvents has been utilized for melanin extraction with excellent yields. With respect to bioprocess, an issue regarding environmental concerns should be considered as such use of organic solvent and effluent disposal for melanin isolation process. As described above, several extraction methods could be applied to different types of melanin and different sources, suggesting that no optimal method can be applied consistently. Depending on the chemical structure, type, solubility, and purpose of use, it seems appropriate to use optimized methods specific to each process.
LIMITATIONS OF MICROBIAL MELANIN IN COMMERCIALIZATION AND INDUSTRIAL USES
Despite its high potential as functional biomaterials, its commercialized use has been limited. One possible explanation for that is due to its complexity and diversity in commercialization. As the synthetic route includes radical-based random organization, keeping and controlling of physical properties and biological functionalities consistently is difficult. And this also relates to the difficulties in standardization of melanin quality and performance. Also, as it is produced by microorganisms, whether genetically modified or not, it is limited due to various regulations regarding human toxicity to be applied to physiologically active materials targeting the human body. Along with the harmful of toxic microorganisms, the use of strong acid/base and organic solvent of DCM, EA, and chloroform is surely a burden in effluent disposal and one of the limitations in the commercialization of microbial melanin, and this should be overcome by the engineering of isolation process with eco-friendly manner.
Besides, economics for the melanin production process should be considered. In industrial applications, materials that can produce several g/L of end products with wild-type strains are unusual even if no special genetic engineering is applied. In the biotransformation process, it is critical for the tyrosine conversion reaction to secure an adequate cell mass and increase the activity of conversion enzymes, such as tyrosinase, laccase, and 4-HPPD. In addition, it is important to increase the production yield of melanin to ensure a competitive market price of melanin using tyrosine as a substrate, as tyrosine has a higher market price than sugar-based biomass. Alternatively, another solution could be the intracellular supply of tyrosine through metabolic engineering from cost-effective carbon sources. The application of melanin to high-value-added fields should also be considered.
APPLICATION OF MELANIN AND FUTURE PERSPECTIVES
Due to its black pigmentation in the skin, inhibition of melanin formation by tyrosinase inhibitors has been focused on for a long time. Such inhibitors are often utilized as ingredients in skin-whitening cosmetics (Cabanes et al., 1994; Netcharoensirisuk et al., 2021). However, interesting features of melanin, including its ability as a UV protector, a radical scavenger, and a chelator against metal ions, have driven melanin production as a functional material with promising cosmetic, pharmaceutical, and environmental applications. In addition, the electron-storing capacity of melanin has enabled its application as an electrode and supercapacitor (Park H. et al., 2020; Hernández-Velasco et al., 2020).
As such, a pigment made by microorganisms is receiving substantial focus. In particular, the use of bio-pigments with biocompatibility can be used in various fields, such as cosmetics, medicine, pharmaceuticals, and the environment. Highlighting the industrial application of melanin, recently various products have been released in the beauty field of hair care, such as dyeing and shampooing, which utilize water-soluble squid melanin (Aghajanyan et al., 2005; Guo X. et al., 2014; Longo et al., 2017).
As a strategy for securing both the productivity and the high value-added application of melanin in biological processes, the simultaneous production of melanin and biochemicals in a single cell could also be used. For example, Ahn et al. recently reported the co-production of melanin with valuable biochemical, such as cadaverine, which is a diamino pentane obtained from the decarboxylation of lysine (Ahn et al., 2021). According to the study, the produced cadaverine was directly incorporated in melanin polymerization. This co-production process would be a solution to ensure a competitive market price. From a bioprocess point of view, it is appealing to produce biochemicals with such functionality only by single enzyme expression. Research on obtaining excellent functionality through additional building block-based structural modifications in recombinant melanin-producing strains should also be in the spotlight in the future.
CONCLUSION
Melanin is the pigment that is most frequently encountered and is one of the constituents of human skin tissue. Melanogenesis is possible in various organisms, and its mass production has become possible through the discovery of melanin-producing microorganisms and bioconversion processes. As a result of the study on the complex melanin chemical structure and physicochemical properties, melanin extraction, separation, and purification optimization studies have been conducted. Through these studies, crude melanin and pure melanin can be produced at a level of several g/L. In the biochemical field, there is still a need for research on increased productivity at the level of space-time yields that can be matched in the fine chemical and pharmaceutical industries. Above all, two of the key limitations that need to be overcome for the industrial application of melanin are securing the substrate and securing price competitiveness in the bioconversion process of the tyrosine substrate. In addition, the link between biological function and structural complexity of melanin needs to be better understood to fully reproduce the functional properties of melanin, allowing for its development as an actual biochemical product.
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The kinetics studies is of great importance for the understanding of the mechanism of hemicellulose pyrolysis and expanding the applications of hemicellulose. In the past years, rapid progress has been paid on the kinetics studies of hemicellulose hydrolysis. In this article, we first introduced the hydrolysis of hemicelluloses via various strategies such as autohydrolysis, dilute acid hydrolysis, catalytic hydrolysis, and enzymatic hydrolysis. Then, the history of kinetic models during hemicellulose hydrolysis was summarized. Special attention was paid to the oligosaccharides as intermediates or substrates, acid as catalyst, and thermogravimetric as analyzer method during the hemicellulose hydrolysis. Furthermore, the problems and suggestions of kinetic models during hemicellulose hydrolysis was provided. It expected that this article will favor the understanding of the mechanism of hemicellulose pyrolysis.
Keywords: hemicellulose, hydrolysis, kinetics, oligosaccharides, acid, thermogravimetric analyzer
INTRODUCTION
Chemical kinetics explore the reaction rate and reaction mechanism of chemical processes, which is often the decisive factor in the process of chemical production (Bazant, 2013; An et al., 2019; Hu et al., 2019; Li et al., 2019; Kumar et al., 2020). In comparison with chemical thermodynamics, chemical kinetics observe the chemical reaction from a dynamic point of view and studies the required time and micro processes for the transformation of the reaction system (Real et al., 2009; Xu R. et al., 2021), whose object is a non-equilibrium dynamic system. Chemical kinetics were used to explore the mechanism of chemical reaction based on the factors, such as temperature, pressure, catalyst, and solvent (Harvey, 2007; Lu et al., 2019; Ma et al., 2020; Xu R. et al., 2020). One can control the reaction conditions, improve the rate of reaction, reduce byproducts, and improve product quality through the chemical kinetics.
Classical chemical kinetics is based on the original experimental data of concentration and time, and obtains some reaction kinetic parameters including reaction rate constant, activation energy, and pre-exponential factor. The research on the kinetics was widely carried out based on elementary reaction kinetics and active intermediates (Zarea, 2002; Liu S. et al., 2021; Liu et al., 2021; Ma et al., 2021). The reaction intermediates were detected and analyzed to understand the reaction mechanism. The chemical kinetics were widely used in chemical engineering, catalysis, pharmacy, and environment (Yang and Lee, 2005; Zazo et al., 2005; Gillespie, 2007). There are many reports on the application of kinetics in biomass pyrolysis (Ranzi et al., 2008; White et al., 2011; Mishra and Mohanty, 2018). Lignocellulosic biomass is one of the most abundant resources, which is a promising source of renewable energy (Du et al., 2019; Liu et al., 2020a; Wang H. et al., 2020; Liu et al., 2021b; Liu et al., 2021c). Lignocellulosic biomass is mainly composed of cellulose, hemicelluloses, and lignin (Liu et al., 2020b; Liu et al., 2020; Liu et al., 2021a; Du et al., 2021b; Liu et al., 2021d; Wang et al., 2021). Hemicellulose is a polysaccharide composed of different types of monosaccharides such as xylose, arabinose, galactose, and so on. The content and composition of hemicellulose vary greatly with plant species, maturity, early and late wood, cell type, and morphological position (Scheller and Ulvskov, 2010). Hemicellulose pyrolysis is a fundamental thermochemical conversion process, which is a very complex reaction (Yang et al., 2007; Du et al., 2021a; Xu T. et al., 2021). Therefore, the exact mechanism for hemicellulose pyrolysis still needs to be explored. Moreover, cellulose is the major source of fermentable sugars for the production of ethanol in biomass, which is protected by a network of lignin and hemicellulose (Girio et al., 2010; Collard and Blin, 2014; Dai et al., 2019; Yang et al., 2019; Chen et al., 2020a; Xu J. et al., 2020). The hemicellulose pyrolysis removes the protecting shield, making the cellulose more susceptible to enzymatic digestion (Chen et al., 2020b; Dai et al., 2020; Huang et al., 2020; Lin et al., 2020; Zhang et al., 2021; Zheng et al., 2021). Therefore, understanding the mechanism of hemicellulose pyrolysis by chemical kinetics is of great importance for the applications of hemicellulose.
The review paper introduced the hydrolysis of hemicelluloses, reviewed the history of kinetic models during hemicellulose hydrolysis, provided the kinetic models, and comparatively evaluated kinetic parameters. The kinetic models were influenced by many parameters such as intermediates, temperature, and catalyst. The oligosaccharides as intermediates or substrates, acid as catalyst, and thermogravimetric as analyzer method were summarized during the hemicellulose hydrolysis. We expect that this review paper would put forward the developments and applications of the hemicelluloses.
HYDROLYSIS OF HEMICELLULOSES
The structure and composition of hemicellulose vary greatly with biomass species, cell type, morphological position, and pyrolysis methods. The pyrolysis, such as autohydrolysis, dilute acid hydrolysis, catalytic hydrolysis, and enzymatic hydrolysis, is an important strategy to obtain hemicellulose and its derivatives for the fabrication of materials and chemicals (Delbecq et al., 2018). Table 1 displays the comparison of four hydrolysis methods. In the previous review article (Kapu and Trajano, 2014), Kapu and Trajano summarized the hydrolysis mechanism of polysaccharide in softwoods and bamboo in depth, and overviewed the effects of all temperature, time, acid concentration, size, reactor configuration on the hydrolysis comprehensively, and presented the types, strengths, and weaknesses of kinetic models of the hemicellulose hydrolysis. In Negahdar’s work, they reported on aqueous-phase hydrolysis of cellulose and hemicelluloses over molecular acidic catalysts in detail (Negahdar et al., 2016). Three approaches, including the simplest kinetic models, oligosaccharides as intermediates, and oligosaccharides as model compounds, were discussed to understand the reaction mechanism systematically.
TABLE 1 | The comparison of four hydrolysis methods.
[image: Table 1]The autohydrolysis and dilute acid hydrolysis methods are traditional treatments to extract hemicellulose. For example, aspen wood chip was subjected to autohydrolysis with sulfuric acid to extract hemicelluloses (Al-Dajani et al., 2009). It obtained suitable conditions for the extraction of hemicellulose using H2SO4 at a liquor to wood ratio of 4:1 for 4.5 h. In 2016, authors investigated the change in proton concentration for bamboo hemicellulose between autohydrolysis and dilute acid hydrolysis (Kapu et al., 2016). It found that all the acetyl group, ash content, initial acid concentration, and temperature affected the evolution of proton concentration during hydrolysis. The dilute sulfuric acid was used to treat three sugarcane hybrids to explore the removal of hemicellulose on the enzymatic conversion efficiency of glucan (Santos et al., 2018). It obtained the enzymatic glucan conversion of 92%–100% for post-delignification of acid-pretreated samples. A solution of hemicellulosic saccharides was obtained by non-isothermal autohydrolysis from Birch (Rivas et al., 2016). The xylan derived soluble saccharides and furfural with a yield of 80.5% based on the kinetic modeling. It converted 44.8% of substrates in furfural at 170°C with 1% sulfuric acid. Recently, Xu Y. et al. investigated the behavior of Populus tomentosa hemicellulose and the formation of furfural in the autohydrolysis process at 160–180°C (Xu Y. et al., 2020). The hemicellulose was converted to corresponding monosaccharides at an ultra-high hydrolysis rate. At 180°C for 2 h, it achieved the hydrolysis rate of 91, 100, 95, 58, and 37%, for xylose, rhamnose, galactose, mannose, and glucose from hemicellulose, respectively.
In addition, both acid hydrolysis and enzymatic hydrolysis were successfully developed to obtain xylooligosaccharides based on the dissolving pulp hemicellulose (Wang et al., 2018; Lin et al., 2019; Gu et al., 2020; Lin et al., 2021). It obtained the highest xylooligosaccharides yield of 45.18% from 1% sulfuric acid at 120°C for 60 min. Meanwhile, it achieved the highest xylooligosaccharides yield of 42.96% for enzymatic hydrolysis. Lopes et al. also demonstrated the separation of hemicellulose-derived sugar of xylose in acidic green ionic liquid (da Costa Lopes and Łukasik, 2018). It achieved very high recovery yields of 90.8 wt% for the ionic liquid and 98.1 wt% for xylose by alumina treatment. Obviously, the acidic green ionic liquid displayed a similar mechanism of hydrolysis of hemicellulose, compared with acid hydrolysis. Relvas, Morais, and Bogel-Lukasik focused on hydrolysis kinetic models of hemicellulose from wheat straw using novel high-pressure CO2–H2O method (Relvas et al., 2015a). The three accurate kinetic models of xylan conversion, arabinoxylan hydrolysis, and acetyl group hydrolysis were developed to describe the effect of CO2 pressure and reaction time on the intermediate compounds of xylose and arabinose. CO2 had an effect on the hydrolysis kinetics of hemicellulose as the fastest step of polysaccharide hydrolysis in sugars. The initial kinetic constant of the aforementioned reaction was increased by almost 40% with CO2, compared with the water process. Moreover, the high-pressure CO2–H2O method was also applied to selectively hydrolyze hemicellulose of wheat straw in acetic acid with a low concentration (Li M. et al., 2020). The hemicellulose selective hydrolysis was catalyzed by both carbonic acid and acetic acid. It reached the hemicellulose removal ratio of 82.3% using high-pressure acetic acid at 180°C for 1 h.
Recently, there are various reports on the enzymatic hydrolysis of hemicellulose. Ostadjoo et al., 2019 introduced the efficient enzymatic hydrolysis of hemicellulose using xylanase from Thermomyces lanuginosus (Ostadjoo et al., 2019). The enzymatic process enabled hydrolysis of hemicellulose to soluble oligoxylosaccharides in >70% yields. CO2-assisted hydrothermal method was developed for selective degradation of wheat straw hemicellulose to enhance the enzymatic hydrolysis efficiency for glucose (Wang R. et al., 2020). It obtained the significantly high efficiency of enzymatic hydrolysis due to the loose structure after hemicellulose removal. It achieved more than 72.7% of glucose after enzymatic hydrolysis, compared with merely 30.2% of untreated sample. More recently, the rational protein engineering strategy was developed to increase the catalytic efficiency for hemicellulose hydrolysis (Jaafar et al., 2021). It observed the improved enzyme catalytic reaction for insoluble substrate and the highest hydrolysis of hemicellulose by producing up to 62%, reducing sugar using variant E449D/W453Y. Dutta and Chakraborty reported the kinetics and dynamics of two-phase enzymatic hydrolysis of hemicellulose for biofuel production (Dutta and Chakraborty, 2018). The kinetic constants (Km, Vmax, Kx) assume mass transfer disguised values at 0–200 rpm. The mixing strategy increased xylose yields by 6.3–8% and reduced sugar yields by 13–20%.
In essence, acid acted as a catalyst during the acid hydrolysis of hemicellulose. In 2012, Ormsby et al. used solid acid catalysts to selective hemicellulose hydrolysis from both biochar and activated carbon (Ormsby et al., 2012). It observed an 85% conversion of xylan in 2 h for biochar and 57% in 24 h for activated carbon. The temperature increased hydrolysis reaction rate and conversion. In 2015, the solid acid SO42−/Fe2O3 catalyst was found to selectively hydrolyze hemicellulose from wheat straw (Zhong et al., 2015). The hemicellulose hydrolysis yield of 63.5% was observed with a ratio of wheat straw to catalyst (w/w) of 1.95:1 at 142°C for 4.1 h. Dutta and Chakraborty presented a coupled experimental and theoretical framework for quantifying the two-phase enzymatic hydrolysis kinetics of hemicellulose (Dutta and Chakraborty, 2015). The xylose yield increased product inhibition and decreased reducing sugar yields. Relvas et al. used high-pressure CO2 as catalyst for selective hydrolysis of wheat straw hemicellulose (Relvas et al., 2015b). The CO2 induced the in situ formation of carbonic acid, obtaining a high dissolution of wheat straw hemicellulose. For high pressure CO2, it found a decrease in oligosaccharide content, achieving a maximum monomer sugars of 5.7 gL−1. In 2020, the Keggin-type molybdovanadophosphate heteropolyacids were reported as acid catalysts for the soluble mono and oligosaccharides by hydrolytic conversion of hemicellulose (Shatalov, 2020). Of the total crop xylan, 98.5% was hydrolytically converted into soluble sugars. Moreover, the solid acid sulfated zirconia was used as catalyst for the synthesis of hemicellulose hydrolysate from corncob (Wan et al., 2021). It carried out the soluble sugar concentration of 30.12 g L−1 with a yield of 0.33 g g−1 corncob and the maximum xylitol yield of 0.76 g g−1 from the hemicellulose hydrolysate fermented by C. Tropicalis.
DEVELOPMENT OF CONVENTIONAL KINETIC MODELS DURING HEMICELLULOSE HYDROLYSIS
As early as 1945, Saeman did pioneering work in developing the kinetics of hydrolysis of wood chips in dilute acid at 170–190°C (Saeman, 1945). The author found that the activation energy was independent of the acid concentration, averaged 42,900 calories. In addition, both the increase in acid concentration and temperature resulted in an increase reaction rate. The improved Saeman model was also applied to study the kinetics of hemicellulosic hydrolysis. From then on, there are many reports on the kinetic research of hemicellulosic hydrolysis using well-known Saeman model. Moreover, more and more scholars paid attention to the kinetic models of hemicellulosic hydrolysis. In 1956, Kobayashi and Sakai explored the hydrolysis rates of pentosan of Buna (Fagus crenata Blume) in sulfuric acid at 74, 100, 115, 130, and 147°C (Kobayashi and Sakai, 1956). It found two stages for the hydrolysis of Buna wood pentosan with the same magnitude values for activation energy. Fagan et al. reported the acid hydrolysis kinetics of cellulose in paper refuse in 1971 (Fagan et al., 1971). In general, the hemicelluloses are more hydrolyzed than cellulose. Therefore, it is necessary for utilizing wood as chemicals and fuels to remove the hemicellulose by the pre-hydrolysis step. González et al. applied a kinetic model about the hydrolysis of hemicellulose from wheat straw in sulfuric acid at 34 and 90°C in 1986 (González et al., 1986). It yielded complete solubilization of hemicellulose to xylose and arabinose at 90°C. A two-consecutive reaction mechanism was developed about the kinetic model of acid-catalyzed hydrolysis. Conner and Lorenz used two pre-hydrolysis methods including the Iotech steam explosion process and the Stake process to explore the kinetic modeling of water and dilute acetic acid (5%) pre-hydrolysis of southern red oak wood (Conner and Lorenz, 1986). Kinetic parameters modeled the xylan removal and the occurrence of xylan oligosaccharides, free xylose, furfural, and degradation products. Thereafter, the famous biphasic model was established including “fast-reacting xylan” and “slow-reacting xylan.” The biphasic model fitted well the experimental data, compared with the Saeman model. In 1997, three different feedstocks of corn stover, poplar, and switchgrass were treated using dilute sulfuric acid (Esteghlalian et al., 1997). The authors applied first-order reactions to model monomeric constituents and degradation of the monomers by hydrolysis of hemicellulose. They used the actual acid concentration to determine the kinetic parameters of the biphasic model, predicting the percentage of as-remaining xylan and xylose. Moreover, Lu and Mosier applied the kinetic model to analyze the maleic acid-catalyzed hemicellulose hydrolysis in corn stover based on the Saeman model and biphasic model (Lu and Mosier, 2008b). It achieved the activation energy of 83.3 ± 10.3 kJ mol−1 for hemicellulose hydrolysis by maleic acid. It suggested low-temperature reaction conditions for monomeric xylose yield in the maleic acid-catalyzed reaction based on the Saeman model. It achieved around 80%–90% xylose yields at 100–150°C with 0.2 M maleic acid. Furthermore, Sun et al. chose five inorganic salts, such as ZnCl2, FeSO4, Fe2(SO4)3, FeCl3, and Fe(NO3)3 as catalysts on hemicellulose hydrolysis in control silage (Sun L. et al., 2011). The Saeman model fitted Fe(NO3)3 catalyzed hydrolysis for corn stover silage. It obtained the maximum yields of 81.66% for xylose and 93.36% for initial xylan. It carried out the activation energies from 44.35 to 86.14 kJ mol−1 for hemicellulose hydrolysis in control and from 3.11 to 34.11 kJ moL−1 in acid silage. Liu et al. reported kinetic model of dilute sulfuric acid-catalyzed hemicellulose hydrolysis in sweet sorghum bagasse for xylose production (Liu et al., 2012). It achieved the pre-exponential factors for the “easy-to-hydrolyze” fraction, the “hard-to-hydrolyze” fraction of hemicellulose, and xylose degradation of 3.53 × 106, 1.80 × 105, and 0.62 min−1, respectively, and the activation energies of 60.7, 58.1, and 14.5 kJ moL−1, respectively. It yielded the xylose for 60% of hemicellulose weight under 140°C for 50 min. Shi et al. developed the kinetics by dilute-acid pretreatment from corn Stover (Shi et al., 2017). The first-order biphasic model assumed that xylan was composed of two different fragments of fast and slow reacting fractions. The oligomers were used as intermediates in the kinetic model. It observed the low activation energies of xylan hydrolysis. Soleimani et al. explored the kinetics of hemicellulose depolymerization and decomposition in oat hull (Soleimani et al., 2018). The generation of xylose was explained by a single-phase kinetic mechanism with product decomposition (two-step sequential reaction). The single-phase mechanism was used to explain the generation of arabinose, furfural, and acetic acid. A biphasic model was applied to explain the generation of glucose in the hydrolysate due to the fast- and slow-releasing fractions into the liquid phase.
In 2003, Belkacemi and Hamoudi investigated the reaction kinetics and model of enzymatic hydrolysis of hemicellulose from corn stalk (Belkacemi and Hamoudi, 2003). A lumped model based on the Michaelis–Menten approach was used to explain the hydrolysis kinetics of two kinds of corn stalk hemicelluloses, such as xylan and heteropolymers, and three lumped species of polymeric, oligomers, and monomers. Dussan et al. also described a lumped kinetic model to simulate the pyrolysis of hemicellulose (Dussan et al., 2017). Authors proposed five new model compounds of acetylated glucuronoxylan, arabinoxylan, (galacto) glucomannan, xyloglucans, and beta-glucan toward replicating the pyrolytic reactivity of hemicellulose. Lloyd and Wyman used the depolymerization model to predict thermochemical hydrolysis of hemicellulose by dilute acid and water-only hemicellulose hydrolysis (Lloyd and Wyman, 2003). A kinetic model integrated the polymeric nature of hemicellulose to explain the polymer decomposition. In 2004, Nabarlatz, Farriol, and Montane developed a kinetic model for the autohydrolysis of xylan, which described the yields of the different reaction products and explained the chemical composition changes of the xylo-oligomers due to reaction temperature and time (Nabarlatz et al., 2004). There were two xylan fractions of three monomers (xylose, arabinose, and acetic acid) with different compositions and reactivity toward hydrolysis.
Rissanen et al. reported the extraction of hemicelluloses from spruce at 90 and 110°C (Rissanen et al., 2016). The low temperature dissolution was used to explore the early stage of extraction as the kinetic. Li et al. investigated the kinetics of hemicelluloses removal from the cold caustic extraction (Li et al., 2017). The authors indicated the hemicelluloses removal process with pseudo zero order kinetics including the bulk phase, transition phase, and residual phase. The fundamentals of hemicelluloses removal were explored by the enzymatic peeling method. Yedro et al. explored the extraction kinetics of hemicelluloses from Holm oak in subcritical water (Yedro et al., 2017; Li X. et al., 2020). It achieved the maximum yield (approximately 60%) at 170°C for 20 min. Temperature influenced significantly the hydrolysis rate of the macromolecules. Fernández et al. also applied subcritical water to extract hemicelluloses from stone pine, holm oak, and Norway spruce (Fernández et al., 2018). It observed the high activation energy of 88 kJ mol−1 for stone pine, 129 kJ moL−1 for Norway spruce, and 153 kJ moL−1 for holm oak. Santos-Rocha et al. presented the semi-mechanistic kinetic models of cellulose and hemicellulose for sugarcane straw (Santos-Rocha et al., 2017). The kinetic parameters were explored based on cellobiose, glucose, formic acid, and hydroxymethylfur fural (from cellulosic fraction), and xylose, arabinose, acetic acid, glucuronic acid, and furfural (from hemicellulosic fraction). Kinetic models for both cellulosic and hemicellulosic fractions degradation fitted the experimental data. Köchermann et al. explored kinetics of an aqueous organosolv hemicellulose and D-xylose conversion into furfural between 160 and 200°C using three reaction models (Köchermann et al., 2018). Kinetic models showed slight differences for D-xylose conversion and stronger deviations for furfural formation. The formation of a xylose intermediate showed the best performance. Liu F. et al. carried out the inhibitory effects of acetosyringone on xylanase activity by kinetic experiments (Liu et al., 2020). The acetosyringone obviously inhibited the activity of xylanase in a reversible and noncompetitive binding manner. He et al. developed the dissolution kinetics about the atmospheric sodium hydroxide–hydrogen peroxide extraction process of hemicellulose in bagasse pith (He et al., 2020). The activation energy of 22.19 kJ mol−1 indicated the time-dependent dissolution process of hemicellulose, attributing to a diffusion-controlled process. Chen et al. adopted a two-step model to predict the isothermal torrefaction kinetics of cellulose, hemicelluloses, and lignin at 200, 250, and 300°C (Chen et al., 2021). It found hemicelluloses with severe weight loss at 250°C due to the relatively weak structure. It achieved the activation energies of cellulose, hemicelluloses, and lignin in the range of 166–260, 48–55, and 59–70 kJ mol−1, respectively. Table 2 demonstrates the development summary of kinetic models during hemicellulose hydrolysis.
TABLE 2 | The development summary of kinetic models during hemicellulose hydrolysis.
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During the kinetic models for hemicellulose hydrolysis, oligosaccharides are important as intermediates or substrates. In 2005, Carvalheiro et al. reported hemicellulose solubilization and xylo-oligosaccharide production by isothermal autohydrolysis treatments of brewery’s spent grain (Carvalheiro et al., 2005). Xylan and arabinan yielded oligosaccharides, monosaccharides (xylose or arabinose), furfural, and other decomposition products in consecutive reaction steps. It developed an arabinoxylan model merging the two proposed models for xylan and arabinan degradation, and including furfural formation from both pentoses. The as-proposed models provided an interpretation of the hydrolytic conversion of xylan and arabinan. In 2006, autohydrolysis of Arundo donax L. was reported at 150–195°C for hydrolyzing hemicelluloses to xylo-oligosaccharides with high yields of oligomers and monomers (Caparros et al., 2006). It developed a conventional kinetic model, explaining the evolution over time of the hemicelluloses and hemicellulose degradation products. Yáñez et al. assessed the suitability of autohydrolysis as a first biorefinery stage using processing of Acacia dealbata in aqueous media at 170–240°C (Yáñez et al., 2009). Xylan (70%) was converted into xylo-oligosaccharide at 215°C. The authors developed first-order pseudohomogeneous kinetics model, describing the Acacia dealbata wood solubilization as well as the autohydrolysis of the polysaccharide fractions such as glucan, xylan, arabinosyl, and acetyl substituents of hemicelluloses. In the work of Gullón, they obtained substituted xylo-oligosaccharides and solids in cellulose by the non-isothermal autohydrolysis of rye straw (Gullón et al., 2010). It found 69.2% of the initial xylan into xylo-oligosaccharide at 208°C, containing up to 22.4 g of oligosaccharide/L. It saccharified 70.6% of cellulose and 63.8% of xylan after 48 h during enzymatic hydrolysis. Kim, Kreke, and Ladisch reported reaction kinetics of xylo-oligosaccharide hydrolysis by dicarboxylic acids (Kim et al., 2013). The hydrolysis of soluble sugar oligomers followed first-order hydrolysis kinetics. The hydrolysis of xylo-oligosaccharide by dicarboxylic acids was modeled using a monophasic model based on Saeman’s pseudohomogeneous irreversible first-order reaction kinetics. Branco et al. maximized the yield of oligosaccharides by the selective hemicelluloses removal in autohydrolysis (Branco et al., 2015). It obtained a maximum of 10.4 g L−1 of oligosaccharides for a severity factor of 3.6. Gullón et al. reported hemicellulose solubilization and xylo-oligosaccharides production by non-isothermal autohydrolysis treatments of vine shoots (Gullón et al., 2017). The as-proposed kinetic model maximized the oligosaccharide content and minimized the generation of monosaccharides and sugar decomposition products.
In 2008, Lu et al. studied the xylose by the hydrolysis of corn stover in diluted sulfuric acid at 100°C (Lu et al., 2008a). It found the kinetic parameters of mathematical models, predicting the concentrations of xylose, glucose, and furfural in the hydrolysates. Then Jensen et al. compared the kinetic of dilute sulfuric acid hydrolysis of mixtures of hardwoods, softwood, and switchgrass (Jensen et al., 2008). It obtained an activation energy of 76.19 kJ mol−1 for balsam, 133.44 kJ moL−1 for red maple, 141.30 kJ mol−1 for switchgrass, 142.58 kJ mol−1 for aspen, and 171.20 kJ mol−1 for basswood. The acid hydrolysis data confirmed the validity of a pseudo first-order mixture model. After that, Xu et al. researched the kinetics of acid hydrolysis of water-soluble spruce O-acetyl galactoglucomannans (Xu et al., 2008). A first-order kinetic model during the acid hydrolysis was used to calculate the reaction rate constants at various pH values and temperatures. It found the activation energy of 150 kJ mol−1 for acid hydrolysis of spruce galactoglucomannans from the Arrhenius plot. In 2014, Rissanen et al. reported kinetics modeling of spruce hemicellulose for chemicals (Rissanen et al., 2014). A first-order model was used to perform the overall extraction data, which fitted the experimental data. It found the activation energy of about 120 kJ mol−1 for both chip sizes with different reaction rates and the pre-exponential factor.
In 2009, Morinelly et al. investigated the kinetics of dilute acid hydrolysis for aspen, balsam, and switchgrass at various temperatures, acid concentrations, and reaction times (Morinelly et al., 2009). The four-step kinetic model with first-order irreversible rate constants fitted the experimental data. The as-proposed kinetic model described the reaction profiles for xylose monomer by the reaction. Meanwhile, the kinetic model described the oligomer data at early reaction time. Pronyk and Mazza reported the kinetic model of hemicellulose hydrolysis from triticale straw (Pronyk and Mazza, 2010). It observed a dependency about the kinetic rate constants with flow rate. Jin et al. investigated the kinetic of hemicellulose hydrolysis of corn stover in dilute acid (Jin et al., 2011). A first-order reaction model fitted the kinetic data of hemicellulose hydrolysis. It observed over 90% of the xylose monomer yield and below 5.5% of furfural yield. It obtained the activation energy of 111.6 kJ mol−1 for xylose and 95.7 kJ mol−1 for xylose. Patwardhan, Brown, and Shanks explored the fast pyrolysis product distribution of hemicelluloses from switchgrass (Patwardhan et al., 2011). It achieved the primary pyrolysis products of the as-purified hemicellulose in decreasing abundance, such as CO2, formic acid, char, DAXP2, xylose, acetol, CO, 2-furaldehyde, and AXP. Shen and Wyman applied the kinetic model to explain the enhanced xylose yields from dilute sulfuric acid using reversible fast-reacting xylan and irreversible slow-reacting xylan (Shen and Wyman, 2011). The xylan removal data were simulated by a kinetic model for dilute acid and hydrothermal pretreatment of corn stover. The oligomeric xylose decomposition controlled hydrothermal autocatalytic reactions from xylan to furfural. However, monomeric xylose decomposition controlled dilute acid-catalytic reactions.
As mentioned above, acid was applied as a catalyst during the hemicellulose hydrolysis in acid system. Grénman et al. investigated the kinetics of aqueous extraction of hemicelluloses from spruce in an intensified reactor system (Grénman et al., 2011). A kinetic model fitted the experimental data. It obtained the activation energy of 135 kJ mol−1. In 2012, Rafiqul and Sakinah also studied the kinetic on acid hydrolysis of Meranti wood sawdust for xylose (Rafiqul and Sakinah, 2012). The kinetic parameters were used to predict the concentration of xylose, glucose, furfural, and acetic acid in the hemicellulosic hydrolysate. It obtained the 6% sulfuric acid and residence time of 20 min. Enslow and Bell reported the kinetics of Brønsted acid-catalyzed hydrolysis of hemicellulose in green 1-ethyl-3-methylimidazolium chloride (Enslow and Bell, 2012). The hemicellulose was hydrolyzed to xylose in 90% yield. In 2013, Rivas et al. researched the kinetics and manufacturing of levulinic acid from pine wood hemicelluloses via autohydrolysis in sulfuric acid (Rivas et al., 2013). They applied a model involved to interpret the concentration profiles including the major conversion steps such as oligomers into monosaccharides, hexoses into hydroxymethyl furfural, decomposition of this latter into levulinic and formic acids, dehydration of pentoses into furfural, and conversion of this latter into formic acid. It yielded 66% of the stoichiometric value in levulinic acid under the best conditions. In 2014, kinetic models were developed for the hydrolysis of O-acetyl-galactoglucomannan in homogeneous and heterogeneous catalysts (Salmi et al., 2014). It observed a regular kinetic behavior during the hydrolysis process using homogeneous catalysts (HCl, H2SO4, oxalic acid, and trifluoroacetic acid) and a prominent autocatalytic effect using heterogeneous cation-exchange catalysts (Amberlyst 15 and Smopex 101). The kinetic models for heterogeneous catalysts were based on the reactivity of the non-hydrolyzed sugar units and the rate constant. The kinetic model described the overall kinetics and product distribution in the hydrolysis of water soluble O-acetyl-galactoglucomannan by homogeneous and heterogeneous catalysts. A hydrogen ion catalytic kinetic model was used to predict the time-dependent behavior of xylo-oligomer, xylose, arabinose, and furfural in hydrolysates in hot water pre-extraction of moso bamboo (Hu et al., 2014). The hydrogen ion catalytic kinetic model introduced the time dependence of the hydrogen ion concentration. The authors calculated the activation energy of 98.2 kJ mol−1 for xylan. Moreover, Negahdar et al. investigated the kinetics of the catalytic conversion of cellobioseto sorbitol (Negahdar et al., 2014). In this work, two competing reaction pathways started from cellobiose. It obtained activation energy of 115 kJ mol−1 for the hydrolysis of cellobiose and 69 kJ mol−1 for subsequent hydrogenation of glucose, and 76 and 103 kJ mol−1 with overall high reaction rates at low temperatures for cellobitol formation followed by hydrolysis. Dussan et al. investigated the reaction kinetics of the major components catalyzed by formic acid in the hemicellulose fractions of D-xylose, L-arabinose, and D-glucose (Dussan et al., 2015). The reaction kinetics of solutions were predicted by these models. Chen and Liu used liquid hot water extraction to separate the hemicellulose fraction from dried distiller’s grain (Chen and Liu, 2015). A kinetic model was used to introduce the concentration of monomer, oligomer, and sugar units during acid hydrolysis. Santucci et al. evaluated a simplified pseudo-first-order kinetic model for autohydrolysis of hemicelluloses from sugarcane bagasse including all sugars, oligomers, and decomposition products from hemicelluloses (Santucci et al., 2015). Hemicellulose (61.7% of) was converted to oligomeric and monomeric sugars. It obtained an activation energy of 143.1 kJ mol−1 for oligomers, 158.9 kJ mol−1 for monomers, and 138.3 kJ mol−1 for sugar derivatives/decomposition compounds.
The thermogravimetric analyzer (TGA) is a very important method to explore the kinetics of biomass pyrolysis. TGA is a thermal analysis technique used to measure the change in sample mass with temperature through thermobalance and programmed temperature rise method. It can be used to get thermogravimetric curve and weight loss rate curve. By analyzing the curve, the reaction stage can be divided, the corresponding parameters can be calculated, and the pyrolysis law of the sample can be analyzed preliminarily. Rapid progress has been paid on the thermogravimetric kinetic study of hemicellulose hydrolysis. As early as 2011, Chen and Kuo developed the isothermal kinetics to explain the thermal decompositions of hemicellulose, cellulose, lignin, and xylan using TGA (Chen and Kuo, 2011). It achieved the reaction order of hemicellulose, cellulose, lignin, and xylan of 3, 1, 1, and 9, respectively, and the activation energies of 187.06, 124.42, 37.58, and 67.83 kJ mol−1, respectively. This model provided a good evaluation on the thermal degradations of the constituents, expect for cellulose at 300°C and hemicellulose at 275°C. Then Zhou et al. applied TGA and macro-TGA to research kinetics of pyrolysis of hemicellulose, cellulose, and lignin (Zhou et al., 2015). It found the different slow pyrolysis in the TGA and macro-TGA due to the heat transfer process, and the considerable differences of the pyrolysis and fast pyrolysis in macro-TGA. Wang et al. used TGA to explore kinetic of biomass pyrolysis using combined kinetics (Wang et al., 2016). One-step pyrolysis was developed with kinetic parameters of apparent activation energy 221.7 kJ mol−1 and pre-exponential factor 4.17E + 16 s−1. Combined kinetics three-parallel-reaction model fitted the pyrolysis experimental data. It obtained the activation energy order of three pseudo components: Elignin (197.3 kJ mol−1) >Ecellulose (176.3 kJ mol−1) >Ehemicellulose (151.1 kJ mol−1). The pyrolysis of cellulose, hemicellulose, and lignin was comparatively studied using combined kinetics (Yeo et al., 2019). The activation energies for cellulose, hemicellulose, and lignin are 199.66, 95.39, and 174.40 kJ mol−1, respectively. Moreover, their group also applied TGA to investigate kinetics of biomass slow pyrolysis using distributed activation energy model, Fraser–Suzuki deconvolution, and iso-conversional method (Hu et al., 2015). The TGA technique was used to explore pyrolysis kinetics of pine wood, rice husk, and bamboo (Bambusa chungii). It obtained the activation energy distribution for pseudo components: E0 (lignin) > E0 (cellulose) > E0 (hemicelluloses), r (lignin) > r (hemicelluloses) > r (cellulose). It achieved the apparent activation energy of 162.84 ± 26.45 kJ mol−1 for pine wood, 168.63 ± 28.47 kJ mol−1 for rice husk, and 154.55 ± 26.49 kJ mol−1 for bamboo, respectively. A TGA was developed to explore the pyrolysis kinetic analysis of the three pseudocomponents of cellulose, hemicellulose, and lignin (Chen et al., 2017). The activation energies of cellulose, hemicellulose, and lignin pyrolysis of 112.6, 162.8, and 156.8 kJ were obtained using the modulated temperature method. The pyrolytic mechanism of cellulose, hemicellulose, and lignin was investigated using TGA (Yeo et al., 2019). The activation energies for cellulose, hemicellulose, and lignin are 199.66, 95.39, and 174.40 kJ mol−1, respectively. Lei et al. reported thermal pyrolysis kinetics of hemicellulose from Camellia Oleifera Shell by TGA (Lei et al., 2019). Thermal pyrolysis kinetics of Camellia Oleifera Shell hemicelluloses were investigated based on the Coats–Redfern, Flynn–Wall–Ozawa, and Kissinger–Akahira–Sunose models. The thermal pyrolysis mechanism of Camellia Oleifera Shell hemicelluloses was a one-dimensional diffusion reaction analyzed by the Coats–Redfern model. The activation energies of Camellia Oleifera Shell hemicelluloses ranged from 175.07 to 247.87 kJ mol−1 and from 174.74 to 252.50 kJ mol−1 calculated by Flynn–Wall–Ozawa and Kissinger–Akahira–Sunose, respectively. Recently, the TGA method was used to isolate hemicellulose, cellulose, and their mixture (Ding et al., 2020). The activation energy and pre-exponential factor influenced the pyrolysis process of mixture. Diez et al. reported the determination of hemicellulose, cellulose, and lignin content by TGA and pseudocomponent kinetic model (Díez et al., 2020). It obtained the good characteristic kinetic parameters of each fraction. Zhu and Zhong investigated interactions among biomass components on pyrolysis kinetics including pyrolysis experiments of individual components, synthetic biomass, and natural biomass on a TGA (Zhu and Zhong, 2020). It obtained the sharp pyrolysis behavior of cellulose with low pyrolysis reaction order (1.38), high activation energy (168.61 kJ mol−1), and high pre-exponential factor (3.50E + 12/s). The pyrolysis behavior of hemicellulose and lignin had a high pyrolysis reaction order (2.30, 1.51), low activation energy (126.31, 87.21 kJ mol−1), and low pre-exponential factor (9.67E + 09, 2.59E + 05/s). Table 3 presents the comparison for activation energy of hemicellulose hydrolysis.
TABLE 3 | The activation energy (E/kJ mol−1) in comparison with hemicellulose hydrolysis.
[image: Table 3]Besides the kinetic models during hemicellulose hydrolysis, there are reports on the kinetics of dye and hydrogels. In Batzias’s work, they explored the simulation of batch and column kinetics of methylene blue and red basic 22 adsorption on mild acid hydrolyzed wheat straw as an adsorbent for wastewater dye removal (Batzias et al., 2009). Moreover, the pH-responsive hemicellulose hydrogels were prepared as carrier for controlled drug delivery (Sun et al., 2013). The swelling kinetics of the hydrogels followed Fickian diffusion process. Sun et al. synthesized stimuli-responsive porous hydrogels from wheat straw hemicellulose using CaCO3 as porogen for the removal of methylene blue (Sun et al., 2015b). The adsorption data was reported to be fitted to the pseudo-first-order, pseudo-second-order, and intra-particle diffusion kinetics models. The xylan/poly (acrylic acid) magnetic nanocomposite hydrogel was prepared from wheat straw xylan and Fe3O4 nanoparticles for methylene blue removal (Sun et al., 2015a). It achieved the adsorption isotherm of the Langmuir model and the pseudo-second-order kinetic model of the adsorption process. Recently, high-performance superabsorbent hydrogels were fabricated by using waste hemicelluloses lye (Liu et al., 2019). It achieved the adsorption kinetics and isotherms of the composites, and the synergy effect of polyvinyl alcohol and bentonite.
CONCLUSION AND OUTLOOK
In summary, there is a long history about kinetics modeling of hemicellulose hydrolysis. Recently, it achieved the obvious development of kinetics modeling of hemicellulose hydrolysis. Various parameters, such as process, intermediates, temperature, catalyst, solvent, and systematic errors, received more attention for the kinetic models. In general, the hemicelluloses have different structures, contents, and compositions with plant species, maturity, early and late wood, cell type, and morphological position. Exploring the kinetics modeling is of great importance for understanding the mechanism of hemicellulose hydrolysis.
The kinetics modeling of hemicellulose hydrolysis still needs to be explored due to the complex structure and composition of hemicellulose. It is often carried out for the hemicellulose hydrolysis in a closed system. It is difficult to obtain the intrinsic parameters and real mechanism during the hemicellulose hydrolysis. It is also very difficult to study the kinetics of hemicellulose hydrolysis due to its complex reaction process and many influencing factors. The kinetic law based on elementary reaction conforms to the law of mass action. However, the course of most chemical reactions indicated that there existed several steps (elementary reactions) during hemicellulose hydrolysis. Therefore, accurate measurement is very important in kinetics modeling. It is urgent to establish a method for detecting active intermediates from hemicellulose. The kinetics modeling is usually derived from several assumptions. For example, the hydrolysis of xylanase reactions follows the first-order kinetic reaction equation and the hydrolysis of hemicellulose was not affected by other components in the cell wall. Arrhenius equation is a formula for the variation of chemical reaction rate constant with temperature. It should be noted that the activation energy Ea, as a constant independent of temperature, fits the experimental result in a certain temperature range. However, the activation energy is related to temperature in the wide temperature range or complex reaction, which is not applicable to some complex reactions. Moreover, the first premise of Arrhenius formula is that the reactions at different temperatures are consistent. However, the hemicellulose hydrolysis has different reactions at different temperatures. In short, the complexity of hemicellulose hydrolysis, closed system, and kinetics modeling itself cannot be overstated. Obviously, the development of chemical kinetics benefits from the development of modern detection methods, especially surface analysis and rapid tracking methods. It expected that the kinetics modeling of hemicellulose hydrolysis will favor the applications of hemicellulose in the near future.
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Chemical pretreatment followed by enzymatic hydrolysis has been regarded as a viable way to produce fermentable sugars. Phenylsulfonic acid (PSA) pretreatment could efficiently fractionate the non-cellulosic components (hemicelluloses and lignin) from bamboo and result in increased cellulose accessibility that was 10 times that of untreated bamboo. However, deposited lignin could trigger non-productive adsorption to enzymes, which therefore significantly decreased the enzymatic hydrolysis efficiency of PSA-pretreated bamboo substrates. Herein, poly(N-vinylcaprolactam) (PNVCL), a non-ionic surfactant, was developed as a novel additive for overcoming the non-productive adsorption of lignin during enzymatic hydrolysis. PNVCL was found to be not only more effective than those of commonly used lignosulfonate and polyvinyl alcohol for overcoming the negative effect of lignin, but also comparable to the robust Tween 20 and bovine serum albumin additives. A PNVCL loading at 1.2 g/L during enzymatic hydrolysis of PSA pretreated bamboo substrate could achieve an 80% cellulosic enzymatic conversion and meanwhile reduce the cellulase loading by three times as compared to that without additive. Mechanistic investigations indicated that PNVCL could block lignin residues through hydrophobic interactions and the resultant PNVCL coating resisted the adsorption of cellulase via electrostatic repulsion and/or hydration. This practical method can improve the lignocellulosic enzymatic hydrolysis efficiency and thereby increase the productivity and profitability of biorefinery.
Keywords: lignin, non-productive adsorption, enzymatic hydrolysis, poly(N-vinylcaprolactam), phenylsulfonic acid
INTRODUCTION
Transforming renewable carbohydrates into platform chemicals (such as ethanol and lactic acid) via biochemical conversion (enzymatic hydrolysis and fermentation) methods has become an effective way to reduce the dependence of human society on petrochemical products (Ragauskas et al., 2006). To avoid the competition with humans and poultry for raw materials, the research focus has gradually shifted from edible carbohydrates (e.g., corn starch and sucrose) to inedible lignocelluloses (Shuai et al., 2016a; Luo et al., 2020b; Luo et al., 2022). However, the structurally dense linkages between three macromolecular polymers (i.e., cellulose, hemicellulose and lignin) in lignocelluloses makes the release of sugars from carbohydrates difficult and costly (Himmel et al., 2007).
Compared to five-carbon sugars (e.g. xylose), six-carbon sugars (e.g. glucose) are more easily metabolized by microorganisms into secondary metabolites such as ethanol or lactic acid (Ho Nancy et al., 1998). As such, cellulose that solely polymerized from glucose, has been regarded as an ideal substrate for producing fermentable six-carbon glucose through enzymatic hydrolysis (Pan et al., 2005; Sun and Cheng, 2005). To improve enzymatic accessibility of cellulose to enzymes, different thermochemical pretreatments (e.g., dilute acid, alkaline, organosolv, deep-eutectic solvents and hydrotropic acid) have commonly used to remove non-cellulosic components (e.g., hemicellulose, lignin, or both of them) from lignocelluloes prior to enzymatic hydrolysis (Zhu and Pan, 2010; Shuai et al., 2016b; Liu et al., 2019). Significant removal of non-cellulosic components indeed enables the deconstruction of lignocellulose and therefore improves the accessibility of cellulose in pretreated substrates to enzymes (Yang and Wyman, 2004). However, the accessibility mentioned above can only be termed as “potential accessibility” since it will not necessarily resulted in high cellulose conversion (Liu et al., 2017; Shi et al., 2018). In many cases, high enzyme loadings are still needed because hydrophobic lignin re-distributed or re-deposited on the surface of pretreated substrate would adsorb some of the enzymes (Selig et al., 2007; Donohoe et al., 2008). As lignin has a higher adsorption capacity for cellulase than cellulose (Ko et al., 2015), deposited lignin can competitively adsorbs enzyme molecules with cellulose, resulting in less enzyme molecules that can be used for cellulose hydrolysis (Luo et al., 2019; Luo et al., 2020a; Gong et al., 2021). As a result, more enzymes should be loaded for achieving considerable cellulose conversion, thereby increasing the processing cost of enzymatic hydrolysis.
In addition to chemical or genetic modification of enzymes and lignin (Chen and Dixon, 2007; Brogan et al., 2018), the use of additives for overcoming the lignin’s negative effects during enzymatic hydrolysis has been considered as one of the most practical methods (Yang and Wyman, 2006; Li and Zheng, 2017). The reported additives mainly include non-catalytic proteins, metal ions and surfactants (Liu et al., 2016; Saini et al., 2016; Li and Zheng, 2017). Non-catalytic proteins (such as bovine serum protein, casein, soybean protein and peanut protein) can restrain the non-productive adsorption of enzymes via blocking lignin through hydrophobic and/or hydrogen-bonding interactions (Yang and Wyman, 2006; Florencio et al., 2016; Luo et al., 2019). Unfortunately, as a medical material or an edible nutrient, the cost of non-catalytic proteins is still very high (Klein-Marcuschamer et al., 2012). Metal ions are relatively inexpensive, but the accumulated cations will affect the stability of the buffer system and the activity of microbial cells in downstream fermentation (Tejirian and Xu, 2010). Ionic surfactants such as lignosulfonates and cetyltrimethyl ammonium bromide also have inherent defects similar to those of metal ions (Soodsma and Nordlie, 1969; Lan et al., 2020; Zheng et al., 2020). Therefore, researchers have done intensive studies on development of inexpensive and biocompatible non-ionic surfactants (Eriksson et al., 2002). Many non-ionic surfactants such as Tween 80, Tween 20, Triton X-100, polyethylene glycol (PEG) and polyvinyl alcohol (PVA), had been used to improve the enzymatic hydrolysis efficiency of lignocelluloses (Eriksson et al., 2002; Börjesson et al., 2007; Liu et al., 2016; Saini et al., 2016; Li and Zheng, 2017). However, as non-ionic additives containing similar key structure (-CH2CH2O-), Triton X-100 inhibited the metabolism of glucose to ethanol by microorganisms, while Tween 80 did not exhibit adverse effects (Lee et al., 1996). This indicates that the inhibition mechanism of non-ionic additives to microorganisms is really complex and should be deeply explored in biological research field. Therefore, in addition to revealing the inhibition mechanism towards microorganisms, further development of novel non-ionic surfactants with different structure will be not only benefit to the enzymatic hydrolysis, but also enrich the types of additives compatible to the subsequent fermentation process.
As an additive of enzymatic hydrolysis, it needs not only to block lignin, but also to resist protein adsorption effectively. Developed non-ionic surfactants (e.g., PEG and Tween 20, etc.) commonly possess (–CH2CH2O–) unit (Eriksson et al., 2002; Börjesson et al., 2007). The foregoing studies (Kristensen et al., 2007; Li and Zheng, 2017) have speculated that effective adsorption could be well formed between carbon skeleton of non-ionic surfactants and lignin through hydrophobic interaction. Residual ether linkages (–O–) tend to hydrate with water molecules, thereby resisting the adsorption of enzymes on the surface of adsorbed non-ionic surfactants. From the perspective of molecular structure, poly(N-vinylcaprolactam) (PNVCL) contains hydrophobic polyethylene chain and hydrophilic amide bonds. Also, PNVCL has been developed as a drug carrier, indicating its biocompatibility to biological system (Vihola et al., 2002). Inspired by the interaction mechanism of developed non-ionic surfactants and lignin and the amphiphilic polymers [e.g. poly(methacrylic acid)] that used for anti-protein fouling (Wang et al., 2020), PNVCL was therefore explored as an additive for improving the enzymatic hydrolysis efficiency of PSA pretreated bamboo substrate in this study. From the perspective of the interactions between lignin, enzyme and additive, the promoting mechanism of PNVCL was also explored, which could be useful for developing advanced additives and improving the economics of lignocellulosic bioconversion process.
MATERIALS AND METHODS
Materials
Moso bamboo chips that provided by Fujian Hibos Chemical Technology Co., Ltd. (Nanping City, China) were air-dried and carefully milled to pass through 40 mesh for subsequent pretreatment. Chemicals including phenylsulfonic acid (PSA), PVA and Tween 20, and dyes (Congo red and Rose Bengal) were purchased from Aladdin® Chemicals (Shanghai, China). PNVCL with molecular weight ranged from 1.3 to 354 kDa and bovine serum albumin (BSA) were obtained from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai City, China) and VWR™ (Shanghai City, China), respectively. Cellulase (Celluclast1.5 L®), β-glucosidase (Novozyme 188), microcrystalline cellulose (Avicel® PH-101) and lignosulfonate were ordered from Sigma-Aldrich Company (Shanghai, China). Silicon wafers (boron doping, crystal orientation 100, 5 × 5 mm) used for contact angle measurements were provided by Kaihua Lijing Electronics Co., Ltd. (Zhejiang, China).
Phenylsulfonic Acid Pretreatment and Lignin Isolation
Bamboo particles (< 40 mesh) were pretreated by PSA aqueous solution in a thick-walled glass bottle. Prior to the pretreatment, an 80 wt. % PSA aqueous solution was prepared at 60°C. The prepared PSA aqueous solution was pre-mixed with bamboo particles in the thick-walled glass bottle, while the mass ratio of PSA solution to bamboo particles (o.d.) was kept at 15:1 (w/w). The thick-walled glass bottle was sealed by a Teflon cap and transferred into the oil bath. The mixture in the thick-walled glass bottle was then magnetically stirred at 500 rpm and heated at 95°C for 30 min. Finally, the pretreatment was stopped by cooling the bottle to room temperature with tap water. The slurry was immediately filtered under vacuum to separate the pretreated solid substrate and pretreatment liquor. The separated solid substrate was washed with de-ionic water until obtaining a neutral filtrate. Actually, it is difficult to completely separate PSA from the pretreated solid substrate during scale-up process because of controlling processing cost. Recently, phenol-4-sulfonic acid, a derivative of PSA, was well recovered by using ethanol to washing pretreated solid substrate, which resulted in a high recovery yield (∼98.3%) of phenol-4-sulfonic acid and would be a potentially effective way to recover PSA (He et al., 2020). Otherwise, neutralization of residual PSA by weak alkali (e.g. Na2CO3) would also be an alternative method to alleviate its negative effects towards enzymes and microorganism. The dissolved lignin was precipitated by diluting pretreatment liquor with 20 times volume of de-ionic water. The precipitated lignin (termed as PSA lignin) was washed with de-ionic water to neutral, vacuum dried and collected for following experiments.
Composition Analysis
After air-dried, the compositions of untreated and PSA pretreated bamboo particles were analyzed by a well-developed method (Sluiter et al., 2008). Based on measured substrate yield (SY) and specific component content, the component (cellulose, hemicellulose or lignin) removal can be calculated as followings:
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where RM is the removal (%) of certain component (cellulose, hemicellulose or lignin) after pretreatment; W0 and W1 refer to the mass content (%) of certain component (cellulose, hemicellulose or lignin) in o. d. raw material and pretreated solid substrate, respectively; SY (%) is the mass yield of solid substrate after pretreatment.
Characterizations of Untreated Bamboo and Pretreated Substrate
Prior to characterization, untreated bamboo particle and pretreated substrate were further vacuum dried for 12 h at 40°C. The dried samples were sputter-coated with gold and imaged by a scanning electron microscopy (SEM, SU8010, Hitachi, Japan). For evaluating the surface diffuse reflectance property, the dried samples without coating gold were further characterized by a UV-Vis-NIR Systems (Agilent Cary 7000, CA, US) at 200–800 nm with a spectral bandwidth of 2 nm. For differentiating the reflection characteristics of the samples especially in UV region (200–350 nm), the measured reflectivity (Rλ) was further converted to its F(R) value based on a well-known Kubelka-Munk function (Klaas et al., 1997).
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where Rλ is the reflectance (%) of sample measured at certain wavelength (nm).
The accessibilities of untreated bamboo particle and pretreated substrate were evaluated by a Congo red staining method (Yu et al., 2020). In general, Congo red dye was pre-dissolved in acetate buffer solution (60 mmol/L and pH 6.0). The solid sample (untreated bamboo particle or pretreated substrate) without additional drying were mixed with a 2 g/L of Congo red buffer solution at a 1% (w/v) concentration in an Erlenmeyer flask. The flask was sealed with a rubber stopper and shaken in an incubator at 50°C and 180 rpm for 24 h. After staining, the solid-liquid mixture was immediately cooled with tap water to room temperature and centrifuged at 740 g for 10 min. The supernatant was filled into a Quartz cuvette and measured by a UV-Vis spectrometer (Agilent 8454, CA, US) at 498 nm. A linear relationship (Absorbance = 19.98 × Congo red concentration + 0.02, R2 = 0.99) was developed between Congo red concentration (0.005–0.1 g/L) and absorbance (0.1–2.0) of UV-Vis spectrometer at 498 nm. The accessibility of sample was referred to the amount of adsorbed Congo red dye (mg/g) that could be calculated based on a pre-established standard curve (dye concentration versus absorbance value).
Similarly, the hydrophobicities of these two samples were measured by Rose Bengal staining method (He et al., 2018). A 40 mg/L of Rose Bengal solution was prepared by dissolving dye in citrate buffer solution (50 mmol/L and pH 4.8). The solid sample without further drying was also directly suspended in Rose Bengal buffer solution with a concentration ranges of 2–10 g/L. The incubation was conducted at 50°C and 150 rpm for 2 h in a shaker. At the end of staining, the concentration of dye in separated supernatant was measured by a UV-Vis spectrometer (Agilent 8454, CA, US) at 543 nm. First, the concentration of Rose Bengal (2.5–25.0 g/L) was linearly plotted against measured absorbance (0.1–1.6) of UV-Vis spectrometer at 543 nm. The residual dye concentration after adsorption could be calculated based on initial dye concentration, measured absorbance and developed linear relationship (Absorbance = 0.06 × Rose Bengal concentration−0.02, R2 = 0.99). Another linear relationship was then developed between partition quotients (the mass ratio of adsorbed dye to free dye) and loaded sample concentrations (g/ml). The slope (ml/g) of developed linear curve was thus used to denote the hydrophobicity of sample.
Enzymatic Hydrolysis
The enzymatic hydrolysis of pretreated substrate, microcrystalline cellulose (Avicel) and untreated bamboo were conducted at 50°C and 200 rpm for 72 h in an acetate buffer solution (50 mmol/L). The pH value of buffer solution was adjusted from 4 to 6, while the solid loading in the buffer solution was kept at 2% (w/v). Specifically, about 0.1 g (o.d.) of substrate (PSA-Ba substrate or Avicel) and 5 ml of hydrolysis liquor were performed in a 10-ml centrifuge tube for all hydrolysis experiments. Cellulase and β-glucosidase loadings were 5–20 FPU/g glucan and 7.5–30 CBU/g glucan, respectively. The β-glucosidase loading with a unit of CBU/g glucan was 1.5 times cellulase loading (FPU/g glucan). The concentration of glucose released in the buffer solution was measured by a sugar analyzer (2900D, YSI Inc., Yellow Springs, OH, United States).
To investigate the lignin effect on the enzymatic hydrolysis, PSA-pretreated substrate was soaked in 0.1 mol/L of NaOH or HCl solution at room temperature and 2% (w/v) loading for 2 h and then washed with de-ionic water to neutral before enzymatic hydrolysis. Furthermore, the lignin isolated from the PSA pretreatment liquor was also added into the enzymatic hydrolysis medium of the pretreated substrate or Avicel. The mass ratio of lignin to pretreated substrate or Avicel ranged from 0:1 to 1:1. For overcoming the negative effect of lignin, the additive (PNVCL, Tween 20, BSA, PVA or LS) was pre-mixed with the pretreated substrate in an acetate buffer solution (50 mmol/L, pH 5.0) at 50°C and 200 rpm for 2 h. After that, the enzymes (cellulase and β-glucosidase) were added into the hydrolysis medium and further shaken in the incubator for 72 h at 50°C and 200 rpm.
Based on the measured glucose concentration, the enzymatic conversions (ECs) of glucan in the pretreated substrate or Avicel can be calculated by the following equation.
[image: image]
where EC refers to the enzymatic conversion (%) of glucan in sample; Cglucose and Vbuffer are the measured glucose concentration (g/ml) of sample and volume (ml) of acetate buffer solution used for the enzymatic hydrolysis; D is the dilution factor for the sample diluted with the fresh acetate buffer solution for glucose concentration measurement; Wsample and γ are the o. d. weight (g) of the sample used for enzymatic hydrolysis and corresponding glucan content (%), respectively.
Quartz Crystal Microbalance Measurement
The adsorption properties of cellulase and PNVCL on the PSA lignin film were evaluated by the quartz crystal microbalance (QCM) (Biolin Corp., Gothenburg, Sweden) (Gong et al., 2021; Zheng et al., 2021). Initially, a PSA lignin film was prepared on the surface of the QCM gold sensor according to a reported spin-coating method (Cai et al., 2017b; Zheng et al., 2021). Sample solution was prepared by dissolving 0.5 g of cellulase or PNVCL in 1 L of acetate buffer solution (50 mmol/L and pH 5.0). After the QCM flow module was thoroughly cleaned by the Milli-Q water, the acetate buffer solution (50 mmol/L and pH 5.0) was imported into the QCM flow module and used to balance the baseline at 23°C and 0.15 ml/min. After that, the sample solution (cellulase or PNVCL, 0.5 g/L) was injected into the QCM flow module at 0.15 ml/min and the corresponding frequency changes (∆f) were immediately monitored. When the adsorption reached an equilibrium, the injection of sample solution was stopped and the fresh acetate buffer solution was re-imported into the flow module for evaluating the desorption properties of cellulase or PNVCL. For PNVCL test, the fresh cellulase buffer solution was further injected into the flow module after the desorption reaching an equilibrium. The third overtone of collected data was used to evaluate the frequency changes (∆f) of the samples. The adsorption capacity of PSA lignin to cellulase or PNVCL was finally estimated by the Sauerbrey equation (Sauerbrey, 1959; Lai et al., 2019).
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where AC (ng/cm2) presents the adsorption capacity of PSA lignin towards enzyme or additive; φ is the QCM constant with a value of 17.7 (ng/cm2/Hz); n is the number of overtone and equals to 3.
Zeta Potential and Contact Angle Analysis
Commercial cellulase or PNVCL was initially dissolved in an acetate buffer solution (50 mmol/L and pH 5.0) for zeta potential analysis. The concentration of the prepared cellulase protein or PNVCL buffer solution was kept at 200 mg/L. To measure the zeta potentials of samples at different pH values, the pH values of the mother acetate buffer solution was adjusted to 3–6 by 1 mol/L of HCl or NaOH aqueous solution. Finally, the zeta potential of the prepared sample was measured by a Malvern Zetasizer (Nano ZS90, Malvern Instruments, Malvern, United Kingdom).
For contact angle measurements, PSA lignin or PNVCL was dissolved in pyridine-acetic acid-water mixture (9:1:4, v/v/v) at a concentration of 2 wt%. The prepared solution was coated on a silicon wafer (boron doping, crystal orientation 100, 5 × 5 mm) via a spin-coating method at 400 rpm for 30 s, 800 rpm for 60 s and 400 rpm for 30 s. The resulted coatings were exposed in HCl steam (37 wt. %) for 30 s and then preserved in de-ionic water. Prior to measurement, the coatings were taken out of the water and thoroughly dried by N2. The contact angles of dried coatings were finally measured with pure water on a contact angle tester (DSA30S, Krűss GmbH, Germany), when the water droplets stably existed on the silicon wafers.
RESULTS AND DISCUSSION
Effects of Lignin on the Enzymatic Hydrolysis
The aforementioned studies (Chen et al., 2017; Luo et al., 2020a) reported that the aryl sulfonic acid-based hydrotropic medium (e.g. p-toluenesulfonic acid) could effectively fractionate lignocelluloses. To facilitate the discussion, untreated bamboo and PSA-pretreated bamboo are abbreviated as Un-Ba and PSA-Ba. After the pretreatment, more than 88% of non-cellulosic components (hemicelluloses and lignin) were selectively removed, resulting in a substrate with high glucan content (>84%, Table 1). Theoretically, the substantial removal of non-cellulosic components would be beneficial to improve the accessibility of cellulose in pretreated substrate to enzymes.
TABLE 1 | The contents and removal of components in untreated bamboo and PSA pretreated solid substrate.
[image: Table 1]Although PSA pretreatment can improve the enzymatic conversion (EC) of glucan in the pretreated substrate, high enzymes loadings are still necessary to afford high cellulose conversion. For example, a cellulosic conversion of 67% was achieved for PSA-Ba substrate (Figure 1A), while the EC of glucan in Un-Ba was only 5%. However, such unobtrusive EC was obtained at high cellulase loading (10 FPU/g glucan). Similar phenomena were also reported by previous reports (Chen et al., 2017; Luo et al., 2020a). For PSA-pretreated alkaline peroxide mechanical pulp (APMP), a cellulase loading of 20 FPU/g glucan only resulted in less than 80% of cellulosic EC (Dong et al., 2021). Although the cellulosic EC of poplar wood could reach 90% after p-toluenesulfonic acid pretreatment, a cellulase loading as high as 15 FPU/g glucan was still essential (Chen et al., 2017). Some researchers had attributed the need for high cellulase loadings to the lignin deposits (Luo et al., 2020a; Lan et al., 2020), which could significantly adsorb cellulase and reduce the amount of the enzyme molecules involved in cellulose hydrolysis.
[image: Figure 1]FIGURE 1 | Effects of PSA lignin addition and washing treatment on the ECs of glucan in (A) PSA-Ba substrate and (B) pure cellulose (Avicel). The mass ratio of added PSA lignin to PSA-Ba substrate (o.d.) shown in Figure 1A was 1:1. The β-glucosidase loadings are 7.5 and 15 CBU/g glucan for the enzymatic hydrolysis with cellulase loadings of 5 and 10 FPU/g glucan, respectively. The pH value of acetate buffer solution is 5.
Herein, lignin addition and pre-washing were used to verify the above speculation. Under the same enzymatic hydrolysis conditions, adding PSA lignin indeed decreased the EC of glucan in PSA-Ba substrate from 67 to 50% (Figure 1A). Pre-washing PSA-Ba substrate prior to enzymatic hydrolysis with 0.1 mol/L of HCl solution resulted in unobvious changes of cellulosic EC (67 versus 65%), presumably due to the insolubility of PSA lignin in acidic aqueous solutions. Under the same washing conditions, pre-washing of the substrate with 0.1 mol/L of NaOH solution once could increase the cellulosic EC from 67 to 78% (Figure 1A). However, washing the substrate with NaOH solution twice did not further improve the enzymatic hydrolysis efficiency (Figure 1A). This may be due to that washing once would be enough to remove lignin deposits. Increasing the lignin addition also decreased the EC of pure cellulose (Avicel® PH-101) (Figure 1B), which directly proved the negative effect of lignin to the cellulose EC. Therefore, to avoid the generation of alkaline waste, developing efficient additives will be an effective way to overcome the negative influence of residual lignin.
Characterizations of Untreated Bamboo and Pretreated Substrate
To verify the speculation mentioned above, the Un-Ba and PSA-Ba substrates were characterized by SEM and other methods. SEM results showed that the surface of Un-Ba was relatively smooth (Figure 2A). Without intense mechanical treatments (e.g., stirring or size reduction), the morphology of the PSA-Ba substrate observed by SEM was also relatively complete. However, some small cracks and pores (Figure 2A) still appeared on the surface of the PSA-Ba substrate. This may be caused by the removal of non-cellulosic components (hemicellulose and lignin) (Chen et al., 2017; Dong et al., 2021). Based on the results of the compositional analysis (Table 1), we speculate that the removal of non-cellulose components will result in exposure of cellulose. Due to the specific adsorption of Congo red dye to cellulose, a well-known Congo red staining method (Yu et al., 2020) was used to semi-quantitatively characterize the accessibilities of Un-Ba and PSA-Ba substrates. As expected, the adsorption capacity of PSA-Ba substrate towards Congo red was 10 times higher than that of Un-Ba (Figure 2B), proving the effectiveness of PSA pretreatment for improving substrate accessibility.
[image: Figure 2]FIGURE 2 | (A) SEM images, (B) accessibility, (C) hydrophobicity and (D) F(R) values of Un-Ba and PSA-Ba substrate. F(R) values were calculated based on the measured sample reflectance (%) and Kubelka-Munk function (Eq. 2). CR and RB shown in Figure 2B are the abbreviations of Congo red and Rose Bengal, respectively.
However, such considerable substrate accessibility did not yield satisfactory cellulosic EC (<70%) at a relatively high enzyme loading (Figure 1A). These seemingly contradictory results promoted us to further characterize Un-Ba and PSA-Ba substrates. In addition to small cracks and pores, many irregular particles could be also observed on the surface of the PSA-Ba substrate (Figure 2A). This is probably due to the aggregation and re-deposition of dissolved or relocated hydrophobic lignin fragments in aqueous solution, though sulfonic compounds are actually efficient to catalyze the significant cleavage of the aryl ether bonds of lignin (Bian et al., 2017; Chen et al., 2017). In the pretreatments using polar aqueous solutions (such as liquid hot water and organosolv pretreatments), similar phenomena were also revealed previously (Ko et al., 2015; Liu et al., 2017; Shi et al., 2018; Liu et al., 2019; Luo et al., 2019). For this reason, we further characterized the hydrophobicity of these samples. Although PSA pretreatment removed more than 90% of lignin, we still found that the hydrophobicity of PSA-Ba substrate was about 3 times that of Un-Ba (Figure 2C). The F(R) values of the PSA-Ba substrate in UV and Vis regions were also higher than that of Un-Ba (Figure 2D), proving that the former possessed higher absorption capacity towards UV and Vis lights. Since cellulose and hemicellulose do not absorb UV and Vis lights under measurement conditions, this result further supports the fact of that more lignin deposits present on the surface of PSA-Ba substrate as compared to the Un-Ba.
The above-mentioned component analysis (Table 1), NaOH washing (Figure 1), and substrate characterization (Figure 2) comprehensively illustrate that although PSA pretreatment can efficiently fractionate bamboo components, lignin deposits can competitively adsorb enzyme molecules from cellulose, which results in reduced enzymatic hydrolysis efficiency.
Comparisons of Different Additives for Enzymatic Hydrolysis
In addition to the complex biochemical modifications of enzyme and lignin (Chen and Dixon, 2007; Brogan et al., 2018), the use of additives is a well-tested method for overcoming the adverse effects of lignin deposits (Eriksson et al., 2002; Yang and Wyman, 2006; Börjesson et al., 2007; Kristensen et al., 2007; Wang et al., 2013). In addition to the poly(N-vinylcaprolactam) (PNVCL) that was explored for improving the enzymatic hydrolysis efficiency of PSA solid substrates, the reported representative additives were also used for comparisons.
At low enzyme loadings, the adverse effect of lignin deposits on the enzymatic hydrolysis becomes more obvious. When the cellulase loading was reduced from 10 to 5 FPU/g glucan, the EC of glucan in the PSA-Ba substrate rapidly decreased from 67% (Figure 1A) to 41% (Figure 3). This is most likely caused by the lignin deposits characterized on the surface of PSA-Ba substrate (Figure 2), which can result in non-productive adsorption to enzymes. The addition of PNVCL at 0.5 g/L may overcome or at least alleviate such negative effect, which increased the glucan EC from 41% for that without additive to 70% at a cellulase loading of five FPU/g glucan (Figure 3). This promotion effect is not only significantly higher than those of PVA and lignosulfonate, but also comparable to Tween 20 and BSA (Figure 3), two of the most robust additives reported so far. Considering the inhibition of Tween 20 to Saccharomyces cerevisiae (Peng and Chen, 2011) and the high cost of BSA (Klein-Marcuschamer et al., 2012), PNVCL, a non-ionic surfactant that is structurally different from Tween 20 and PEG, would be therefore used as a novel additive for improving the enzymatic hydrolysis efficiency of PSA-Ba substrate.
[image: Figure 3]FIGURE 3 | Effects of different additives on the enzymatic hydrolysis efficiencies of PSA-Ba substrate. The β-glucosidase loading is 7.5 CBU/g glucan. PNVCL, BSA, PVA and LS are the abbreviations of poly(N-vinylcaprolactam), bovine serum albumin, polyvinyl alcohol and lignosulfonate, respectively. The molecular weight of PNVCL and pH value of acetate buffer solution used here is the 1.3 kDa and 5, respectively.
Improvement of Enzymatic Hydrolysis by PNVCL
Herein, the factors that affecting the promoting effect of PNVCL to enzymatic hydrolysis will be systematically investigated. With the same enzyme and additive loadings, it can be seen that PNVCL (1.3–354 kDa) of different molecular weights had different promoting effects. For example, after adding PNVCLs of 1.3 and 1.8 kDa molecular weights into the enzymatic hydrolysis medium, the EC of glucan in the PSA-Ba substrate increased from 41% for the control sample to more than 70% (Figure 4A) at a cellulase loading of 5 FPU/g glucan. However, the use of PNVCL of a higher molecular weight (32 kDa) led to a slight decrease in the glucan EC (66%). When the molecular weight of PNVCL increased to more than 300 kDa (e.g. 354 kDa), the corresponding EC further decreased to 55% (Figure 4A). This may be caused by the strengthened inter- and/or intra-molecular aggregations (Maltesh et al., 1992). With polyolefin structure and amide group, increasing molecular weight may facilitate the aggregations of PNVCL through hydrophobic and/or hydrogen-bonding interactions. Therefore, PNVCLs with molecular weights of 1.3 and 1.8 kDa were used in other investigations.
[image: Figure 4]FIGURE 4 | Effects of (A) PNVCL molecular weight and (B) PNVCL loading on the ECs of glucan in PSA-Ba substrate. The pH value of acetate buffer solution and β-glucosidase loading are five and 7.5 CBU/g glucan. The control experiments shown in Fig.3, Figure 4A and Figure 5 denote the enzymatic hydrolysis of PSA-Ba substrate without additive.
By using low-molecular-weight PNVCLs as additives, the effect of its addition on the enzymatic hydrolysis efficiency was further investigated at a low cellulase loading (5 FPU/g glucan). When the additive loading was lower than 0.1 g/L, the highest EC did not exceed 50%, despite the ECs of glucan in PSA-Ba substrate increased with the increase in PNVCL loading (Figure 4B). After increasing the addition of PNVCL (1.3 and 1.8 kDa) to 0.5 and 1.2 g/L, the corresponding ECs reached 70 and 80%, respectively. However, further increasing the PNVCL loading over 1.2 g/L did not change the enzymatic hydrolysis efficiency of the PSA-Ba substrate (Figure 4B). Therefore, a PNVCL loading of 1.2 g/L is enough to overcome the adverse effects of PSA lignin on cellulase.
It can be also found that the buffer pH values have different effects on the enzymatic hydrolysis with and without PNVCL. The pH value of the acetate buffer was optimized at 5.5 for the enzymatic hydrolysis of PSA-Ba substrate without additive (Figure 5A). This is mainly due to that the pH value of the acetate buffer solution not only affects the enzyme activity but also changes the surface charges of enzymes and substrate (Lan et al., 2013). The high pH value (e.g. 5.5) can make the surface charge of enzymes and substrate more negative, which can trigger the electrostatic repulsion between the enzymes and substrate and thereby reduce the non-productive adsorption of the enzymes on the substrate (Lan et al., 2013; Lou et al., 2013). For the enzymatic hydrolysis using the low-molecular-weight PNVCLs (1.3 and 1.8 kDa) as additives at 1.2 g/L, the highest glucan EC was obtained in the acetate buffer solution at pH 5 (Figure 5A). After blocking the lignin deposits by PNVCL, we speculate the acetate buffer solution with either too high or low pH value would negatively affect the enzyme activity since the robust activity of commercial cellulase preparation from Trichoderma reesei was reported at a narrow pH value range (4.8–5) of acetate buffer solution (Lan et al., 2013). However, the ECs of glucan in the PSA-Ba substrate with PNVCL were significantly higher than those without additives at each investigated pH value (4–6), indirectly indicating that lignin deposits rather than the pH value of the buffer solution induced enzyme activity and surface charge would be the key factor governing the enzymatic hydrolysis efficiency.
[image: Figure 5]FIGURE 5 | Effects of (A) the pH values of acetate buffer solutions and (B) cellulase loadings on the ECs of glucan in PSA-Ba substrate; effects of (C) and (D) PNVCL loading on the ECs of Avicel at different cellulase dosage (5–15 FPU/g glucan). The pH values of acetate buffer solution used in Figure 5B are 5, and the β-glucosidase loading (CUB/g glucan) for each enzymatic hydrolysis is 1.5 times of cellulase loading (FPU/g glucan).
In addition to the factors discussed above, the effects of cellulase loadings on the enzymatic hydrolysis efficiencies were further investigated. In order to achieve the same level of glucan EC, the cellulase loading required for enzymatic hydrolysis without additives was significantly higher than that with PNVCL. For example, enzymatic hydrolysis without additive required a cellulase loading of 15 FPU/g glucan to achieve an 80% glucan EC, which was three times (Figure 5B) that with the addition of PNVCL at 1.2 g/L and an acetate buffer pH value of 5. These experimental results again indicate that non-productive adsorption of lignin to enzymes would be the key factor affecting the enzymatic hydrolysis efficiency of PSA-Ba substrate.
Although above results verify the validity of low-molecular-weight PNVCL for improving the enzymatic hydrolysis efficiency, its effect on subsequent fermentation of glucose to produce ethanol or other platform chemicals (e.g. lactic acid) would be the on-going experimental focus. Since the molecular weights of PNVCL (1.3–354 kDa) used in this study are far higher than that of glucose, it can be separated from enzymatic hydrolysate by reported membrane technologies (i.e., in-situ membrane bioreactor and off-line ultrafiltration) (Toledano et al., 2010; Al-Zuhair et al., 2013), if it presents no positive effect to glucose fermentation. Otherwise, it can also be separated from fermentation broth using similar membrane technologies after fermentation.
Promoting Mechanism of PNVCL Towards Enzymatic Hydrolysis
The effectiveness of PNVCL as an enzymatic hydrolysis additive further urged us to explore its promoting mechanism. Previous study (Bhagia et al., 2018) reported that non-ionic surfactants (e.g. Tween 20) could effectively alleviate the inactivation of cellulase at the gas-liquid interface, thus improving the enzymatic hydrolysis efficiency of microcrystalline cellulose (Avicel® PH-101). To validate this effect, enzymatic hydrolysis experiments of Avicel with and without PNVCL were conducted at a volumetric ratio of 10 ml of reactor (centrifuge tube) to ∼5 ml of hydrolysate that used for PSA-Ba substrate. It was found that the ECs of Avicel did not increase with the increase in PNVCL loading (0–1.2 g/L) (Figure 5C) at a cellulase loading of 5 FPU/g cellulose. Moreover, with different cellulase loadings (5, 10, and 15 FPU/g cellulose), there was also no obvious difference in the ECs of Avicel with and without PNVCL (Figure 5D). These results proved that since low volumetric ratio of reactor to hydrolysate (10 vs. 5 ml) used, the role of PNVCL in improving enzymatic hydrolysis efficiency of PSA-Ba substrate would mainly contribute from inhibiting cellulase non-productive adsorption through blocking lignin.
To reveal the blocking performance of PNVCL towards lignin, adsorption properties of cellulase and PNVCL on lignin film were investigated by QCM analysis. In the process of QCM analysis, enzymes were quickly absorbed on the PSA lignin film and resulted in a significant frequency changes (∆f, 33.3 Hz) (Figure 6A). After fresh buffer solution was injected into the QCM flow module, only 10% of the cellulase (∆f, 33.3 to 30.4 Hz) was desorbed, indicating the stable adsorption of cellulases on the PSA lignin film. When the adsorption of PNVCL on PSA lignin film reached equilibrium, introducing fresh acetate buffer solution also resulted in only 2.2 Hz of frequency change (∆f, 18.4–16.2 Hz), i.e. only 12% desorption of PNVCL from PSA lignin film. Another 2.1 Hz of frequency change (Figure 6A) was observed for further switching the fresh buffer solution in flow module to the cellulase solution, indicating that only few PSA lignin sites (12%) released by the desorption of PNVCL could be re-adsorbed by cellulase molecules. Overall, these QCM adsorption-desorption results illustrate that PNVCL can not only block lignin firmly, but also effectively restrain cellulase adsorption. As a result, even though the adsorption capacity of PSA lignin towards cellulase (197 ng/cm2) was higher than that toward PNVCL (109 ng/cm2), PSA lignin-induced non-productive adsorption during enzymatic hydrolysis could be effectively overcome if PNVCL was pre-mixed with the solid substrate in an acetate buffer solution.
[image: Figure 6]FIGURE 6 | (A) The adsorption of PNVCL and cellulase on the PSA lignin film during QCM measurements; (B) zeta potentials of PNVCL and cellulase at different pH values; (C) contact angles of water on the PSA lignin and PNVCL films. The PNVCL solution was directly coated on the PSA lignin film that was pre-coated on the silicon wafer by a spin-coating method.
In addition to adsorption capacity, the interactions among PNVCL, lignin and cellulase molecules were further analyzed. First, it was found that the surface electronegativity of the PNVCL and cellulase increased with the increase in the pH values of the acetate buffer. The zeta potentials (Figure 6B) were measured as −0.9 to −1.6 for PNVCL and −0.4 to −1.9 for cellulase in the pH range (4.5–5.0) commonly used for enzymatic hydrolysis. In this pH range, the net surface charge of PSA lignin was also reported to be negative (Chen et al., 2017; Luo et al., 2020a). Therefore, we infer that electrostatic attraction (Wang et al., 2013) and cation-π interaction (Zheng et al., 2021) would be not the main factors governing the efficient blocking of PNVCL towards PSA lignin. Because of the negative surface charge, the PNVCL coating formed on the surface of PSA lignin may further inhibit the adsorption of cellulase via electrostatic repulsion.
In addition to electrostatic and cation-π interactions, the hydrophobicities of PSA lignin and PNVCL were further investigated. When PSA lignin was adsorbed on the surface of relatively hydrophobic silicon wafer, the surface of PSA lignin film was still hydrophobic (71°) (Figure 6C). However, the continued spin-coating of PNVCL on the surface of the hydrophobic PSA lignin film contrarily reduced the contact angle of water on the new coating to 34° (Figure 6C). This indicates that PNVCL can not only be adsorbed on the surface of the hydrophobic PSA lignin film, but also form a hydrophilic coating after shielding the PSA lignin. Previous studies have found that hydrophilic surfaces could be easily hydrated, which would facilitate the inhibition of protein fouling induced by the hydrophobic interaction (Cai et al., 2017a; Cai et al., 2017b; Wang et al., 2020; Zheng et al., 2021).
Based on these results, we speculate that the non-productive adsorption of PSA lignin to cellulase is mainly driven by the hydrophobic interaction, which inevitably decreased the enzymatic hydrolysis efficiency of PSA-Ba substrate (Figure 7A). Moreover, the mechanisms of PNVCL for shielding lignin and inhibiting enzyme adsorption (Figure 7B) can be also reasonably proposed as: (1) the hydrophobic polyolefin chains of PNVCL facilitate efficient blocking of PSA lignin through hydrophobic interactions; (2) PNVCL adsorbed on the surface of lignin can further inhibit the non-productive adsorption of cellulase via electrostatic repulsion and/or hydration; (3) more free enzyme molecules will be available to hydrolyze cellulose, thereby improving its enzymatic hydrolysis efficiency.
[image: Figure 7]FIGURE 7 | Proposed mechanisms for (A) the inhibition of PSA lignin and (B) promotion of PNVCL to the enzymatic hydrolysis efficiencies of PSA-Ba substrate.
CONCLUSION
PSA pretreatment can effectively improve the accessibility of bamboo substrate to enzymes through removing non-cellulosic components (hemicellulose and lignin). However, the lignin residues deposited on the surface of the PSA-Ba substrate caused serious non-productive adsorption to enzymes, which significantly reduced enzymatic hydrolysis efficiency. PNVCL, a non-ionic surfactant, was developed as a novel additive for enzymatic hydrolysis. Similar to intensively-studied tween 20 and BSA additives, the addition of PNVCL during enzymatic hydrolysis of cellulose could substantially reduce cellulase loadings as compared to that without additive for achieving remarkable cellulose EC. In general, PNVCL could effectively block PSA lignin and prevent non-productive adsorption of enzymes through intermolecular non-covalent interactions, which would reduce the loading of enzymes and therefore facilitate the economics of PSA pretreatment-based biorefinery.
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The value-added utilization of tobacco stalk lignin is the key to the development of tobacco stalk resources. However, the serious heterogeneity is the bottleneck for making full use of tobacco stalk lignin. Based on this, lignin was separated from tobacco stalk through hydrothermal assisted dilute alkali pretreatment. Subsequently, the tobacco stalk alkaline lignin was fractionated into five uniform lignin components by sequential solvent fractionation. Advanced spectral technologies (FT-IR, NMR, and GPC) were used to reveal the effects of hydrothermal assisted dilute alkali pretreatment and solvent fractionation on the structural features of tobacco stalk lignin. The lignin fractions extracted with n-butanol and ethanol had low molecular weight and high phenolic hydroxyl content, thus exhibiting superior chemical reactivity and antioxidant capacity. By contrast, the lignin fraction extracted with dioxane had high molecular weight and low reactivity, nevertheless, the high residual carbon rate made it suitable as a precursor for preparing carbon materials. In general, hydrothermal assisted dilute alkali pretreatment was proved to be an efficient method to separate lignin from tobacco stalk, and the application of sequential solvent fractionation to prepare lignin fractions with homogeneous structural features has specific application prospect.
Keywords: tobacco stalk, lignin, pretreatment, fractionation, structural interpretation
INTRODUCTION
Lignin is generally considered to be a polymer formed by free radical coupling dehydrogenation of three hydroxycinnamyl alcohols (p-coumaryl, coniferyl, and sinapyl alcohols), and it is the second most renewable natural terrestrial polymer (Huang et al., 2008; Mahmood et al., 2016). However, lignin is often defined as a by-product of the pulping and biorefinery industries due to its complex structural (Wen et al., 2013b; Han et al., 2021a). The annual production of industrial lignin is up to 60 million tons, but it is often used for low-value thermal energy conversion, and the high value utilization rate is less than 2% (Aro and Fatehi, 2017). In addition, lignin is gradually being regarded as inferior raw material for obtaining heat energy due to its high carbon dioxide emissions during combustion (Ogunkoya et al., 2015). Therefore, the inefficient use of lignin not only wastes valuable resources, but also brings an inevitable burden to the natural environment.
The development of high-value commercial products with lignin as raw materials is the key to the sustainable development of lignocellulosic resources, which has tremendous economic and environmental benefits (Ma et al., 2021a; Han et al., 2021b). Lignin is the unique non-petroleum resource that can provide renewable aromatic compounds, and it has various active functional groups such as hydroxyl, methoxy and carboxyl groups (Lee et al., 2019). Therefore, lignin is considered to be an excellent raw material to replace petroleum-based polymers to commercial products. For example, it has been used in dispersants (Xiao et al., 2021), biofuels (Beauchet et al., 2012), adhesives (Ghaffar and Fan, 2014), flocculants (Wang et al., 2020a), phenolic resins (Lupoi et al., 2015), composite film material (Wang et al., 2021b), carbon fibers (Kadla et al., 2002), polyurethane foams (Cinelli et al., 2013), hydrogels and many other fields (Wang et al., 2020b; Ma et al., 2021b). However, most of the research on the preparation of commercial products using lignin is still in the laboratory stage, and a large-scale industrial breakthrough in lignin-based polymer materials has not yet been achieved. The main reason is the structure complexity and heterogeneity of industrial lignin, which is affected by source, processing, extraction and post-treatments (Gioia et al., 2018). The heterogeneity of lignin makes it difficult to prepare the lignin-based product with stable performance. Therefore, refining industrial lignin into components with homogeneous structure and outstanding functional property is essential for the commercial use of lignin.
In order to obtain more uniform industrial lignin, several fractionation methods have been developed in recent years, including membrane separation, pH acid precipitation, gel permeation chromatography, and organic solvent fractionation (Sadeghifar and Ragauskas, 2020). Among them, the fractionation of lignin by membrane separation method requires a large number of filtration membranes, causing high separation cost (Toledano et al., 2010). The efficiency of lignin fractionation by pH acid precipitation method is quite low. Generally, the yield of lignin components is high at a certain pH value, while the yields of lignin components were lower at other pH values (Gigli and Crestini, 2020). The lignin fractionation by gel permeation chromatography requires complicated equipment and operations (Kirk et al., 1969). Fortunately, sequential solvent fractionation of industrial lignin has received more and more attention due to the advantages of simple operation, low cost, solvent recovery, and low energy consumption (Yuan et al., 2009). The procedure of sequential solvent fractionation is based on the order from low to high solubility of lignin, which mainly depends on the cohesive energy and hydrogen-bonding capacity of the solvent (Schuerch, 1952). It can fractionate industrial lignin into more uniform multiple components according to the structural characteristics and physico-chemical properties, which is an attractive method for the refining of lignin. Moreover, the structure of fractionated lignin is fully interpreted through a variety of advanced characterization techniques to establish a reliable relationship between the lignin structure, lignin reactivity, and specific functionalization requirements, which greatly promotes the diversity and customization of industrial lignin utilization.
Tobacco is widely grown throughout the world, and the output of tobacco stalk left after the leafage production is huge, which is often discarded or used for low-value thermal energy conversion (Meng et al., 2015). The recycling of agricultural waste tobacco stalks has important environmental and economic benefits (Wang et al., 2020c; Jiang et al., 2020). Among them, the high-value utilization of lignin is the top priority. Recently, it was reported that hydrothermal-assisted pretreatment is a good approach to prepare homogeneous hemicelluloses or xylooligosaccharide (XOS) from different lignocellulosic biomass (Ma et al., 2021b). In addition, autohydrolysis can facilitate the subsequent delignification process (Wen et al., 2013d; Chen et al., 2017). Based on these investigations, we firstly separated and obtained lignin from tobacco stem by hydrothermal assisted dilute alkali pretreatment. Subsequently, an economical, easy-to-operate and commercially feasible sequential solvent fractionation process was designed and implemented by using cheap and easy-to-recover organic solvents, such as n-butanol, ethanol, methanol, dioxane. The tobacco stalk lignin was successfully separated into five lignin fractions with lower dispersion and more uniform functional groups. Thereafter, the lignin was comprehensively characterized by a variety of characterization techniques, such as FT-IR, GPC, and 2D-HSQC and 31P NMR. Furthermore, the antioxidant activity and thermostability of lignin samples were also studied to provide a theoretical basis for their customized high-value utilization.
MATERIALS AND METHODS
Materials
The tobacco stalk was provided by China Tobacco Hubei Industrial Co., Ltd., Wuhan, China. Before use, tobacco stalk was grinded into fine powders (60–80 mesh) and extracted using the mixture of ethanol/toluene for 12 h in order to remove extractives. The other reagents were purchased from Macklin Biochemical Co., Ltd., China.
Isolation of Lignin
The lignin was isolated from tobacco stalk by combining hydrothermal pre-treatment with alkali post-treatment. In simple terms, tobacco stalk lignin and distilled water were mixed at a solid-liquid ratio of 10 to 1, and then poured into an autoclave for hydrothermal pre-treatment at 170°C for 30 min in order to remove a portion of hemicellulose and improve the subsequent delignification efficiency. The residue obtained from the hydrothermal process was added to a 2% NaOH alkaline solution at a solid-to-liquid ratio of 1–20 and reacted at 100°C for 3 h. Subsequently, the supernatant containing lignin was obtained through filtration, and added to 6 times the volume of acid water (pH = 2). The solid matter was recovered by filtration and washed three times with acid water. Finally, tobacco stalk lignin was obtained by freeze-drying the solid matter.
Sequential Solvent Fractionation
The tobacco stalk lignin was fractionated using organic solvents with lignin dissolution capacity from low to high, which were n-butanol, ethanol, methanol, and dioxane in turn, as shown in Figure 1. First, 50 g tobacco stalk lignin and 500 ml n-butanol were added to a 1,000 ml volumetric flask, and the mixture was stirred at a uniform speed (100 rpm) for 3 h. Subsequently, the solution obtained by filtration was evaporated under reduced pressure and dried to obtain a lignin component soluble in n-butanol, which was noted as F1. The obtained residue was fractionated using ethanol, methanol and dioxane in sequence according to the above steps, and the obtained lignin fractions were F2, F3, and F4, respectively. The resulting insoluble residue was named F5.
[image: Figure 1]FIGURE 1 | Scheme for sequential organic solvent fractionation of tobacco stalk lignin.
Structural Characterization
The FT-IR spectra, NMR spectra (2D-HSQC, and 31P NMR spectra), thermogravimetric analysis (TGA) of lignin samples were recorded by Bruker Tensor II spectrometer, Bruker AVIII (400 M), and NETZSCH TG 209 F1 Libra, respectively. The detailed running program and analysis methods of NMR spectra were adopted the procedures and description in the previous literatures (Wang et al., 2017; Ma et al., 2021a). The Mw, Mn, and PDI were measured using the Agilent 1200 GPC system (Ma et al., 2020).
Thermogravimetric Analysis
The thermal decomposition behavior of lignin was recorded using a thermal analyzer (NETZSCH TG 209 F1 Libra). The tobacco stalk lignin was heated under N2 atmosphere with a heating rate of 10°C/min from room temperature to 800°C.
Antioxidant Activity Analysis
The detailed operation steps refer to previous research (Pan et al., 2006). The radical scavenging activity of 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was recorded using UV-2450 spectrophotometer. Briefly, 0.18 ml of lignin solution (0.01–3 g/L) in 90% aqueous dioxane was added into 0.72 ml of a 25 mg/L DPPH methanol solution at room temperature for 16 min. The concentrations of DPPH radicals at 0 and 16 min were monitored at 515 nm (λmax) using UV-2450 spectrophotometer.
RESULTS AND DISCUSSION
Yields and Molecular Weight Distributions of Lignin Fractions
Regarding the sequential solvent fractionation, the ability of solvent to dissolve lignin is the first consideration when selecting solvents and arranging the extraction order, which is affected by the hydrogen-bonding capacity and the cohesive energy of the solvent. The solubility parameter of solvent can be calculated from the square root of the cohesive energy density, and the shift in wave length can be obtained according to the hydrogen bonding ability (Li et al., 2012). Under the synergistic assistance of solubility parameters with the shift in wave length, coupled with preliminary experimental verification, four organic solvents with increasing ability to dissolve lignin, namely n-butanol, ethanol, methanol, and dioxane, were applied to the sequential solvent fractionation of tobacco stalk lignin.
The yield of the five lignin fractions is shown in Table 1. The yield of lignin fraction dissolved in n-butanol and ethanol (F1 and F2) was 14.59 and 15.4%, respectively. The yield of the lignin fraction dissolved in methanol (F3) was the highest 35.49%, while the yield of the lignin fraction dissolved in dioxane (F4) was 23.18%. The yield of final insoluble residue (F5) was 11.35%. The effect of sequential solvent fractionation on the molecular weight of lignin was explored by GPC technology. The weight-average molecular weight (Mw), number-average molecular weight (Mn) and polydispersity (PDI) of all lignin samples can be seen in Table 1. The weight-average molecular weight of unfractionated tobacco stalk lignin (F0) was 3,155 g/mol, which was much lower than that of natural tobacco stalk lignin. This was because the lignin was degraded and some of the chemical bonds were broken during the hydrothermal-assisted alkaline pretreatment process (Wang et al., 2017a). In addition, the PDI of F0 was as high as 2.96, showing serious heterogeneity, which severely hindered its subsequent high-value applications. After fractionation, the weight-average molecular weights of F1, F2, F3, F4, and F5 were 1,256, 2,988, 4,196, 6,845, and 9,783 g/mol, respectively. It could be found that the molecular weight gradually increased from F1 to F5, which proved that the lignin with small molecular weight had better solubility and was extracted first during the sequential solvent fractionation. The small molecular weight of F1 indicated that it was seriously degraded and the chemical bonds between structural units were destroyed. The excessively high molecular weight of F5 might be due to the severe condensation and the presence of carbohydrates, which would be proved in subsequent analyses (Zhao et al., 2018). In addition, it could be observed that the dispersibility of the fractionated lignin fraction had been greatly improved as compared with F0, which had a positive effect on the high-value utilization (Wang et al., 2021a). In general, the solvent selected and the specified extraction sequence could selectively fractionate tobacco stalk lignin and improve the dispersibility.
TABLE 1 | Yields and molecular weight distributions of lignin samples.
[image: Table 1]Spectral Analysis
The alkaline extraction is an efficient method for removing lignin from gramineous plant (Al Arni, 2018). Moreover, the hydronium ion (H3O+) can be released through the autohydrolysis of water in the hydrothermal pre-treatment process, which could dissolve hemicellulose by breaking the lignin–carbohydrate complexes network and promote follow-up delignification (Garrote et al., 2001; Wen et al., 2013d; Chen et al., 2017). In order to understand the structural evolution of tobacco stalk lignin during the pretreatment process and the effect of the fractionation process on its structure, the FT-IR spectra of the tobacco stalk lignin before and after fractionation were recorded in Figure 2. Previous studies reported that the residue insoluble in dioxane was mainly composed of severely condensed lignin, carbohydrates and ash, and it did not have the potential to produce commercial products (Guo et al., 2013). Except for the final residue insoluble in dioxane (F5), the structure of fractionated lignin was similar to that of unfractionated lignin, but some corresponding signal strengths were slightly different.
[image: Figure 2]FIGURE 2 | FTIR spectra of tobacco stalk lignin and fractionated lignins.
The signals at 1,597, 1,508, and 1,421 cm−1 are attributable to the aromatic skeleton vibrations, which are signal peaks unique to lignin (Ma et al., 2021c; Xu et al., 2021). This result proved that although the bonds between the structural units would be broken during the hydrothermal assisted dilute alkali pretreatment, the basic skeleton of lignin was not destroyed. The corresponding signals for the vibration of OH groups, the C–H sketch in CH2 and CH3 groups appeared at 3,422, 2,938 and 2,843 cm−1, which were similar in all lignin samples. However, there was a difference in the relative intensities of non-conjugated carbonyl stretching assigned at 1711 cm−1. It could be clearly observed that the lignin components with lower molecular weight had a stronger absorption peak at 1711 cm−1 as compared to the lignin components with higher molecular weight. This preliminarily proved that lignin components with lower molecular weight had more carboxyl groups, which would be proved in the subsequent characterization. Moreover, the signals at 1,325, 1,213, and 1,115 cm−1 belong to S unit, which could be seen in all lignin samples. However, the G unit signals for aromatic ring distributed in at 1,267, 1,029, and 917 cm−1 could only be observed in F1-F4, but not in F5. This proved that the lignin component containing more G-type units had better solubility and was fractionated earlier.
The comprehensive structural information of lignin can be understood via NMR techniques (31P and 2D-HSQC), which facilitate the understanding of the structural evolution of lignin in the pretreatment process and the effects of the fractionation process on the structural changes of lignin. The side-chain HSQC spectra (δC/δH 50–90/2.1–5.7 ppm) of lignin sample was shown in Figure 3. The main cross-signal assignments referred to previous studies regarding to structural characterization of lignin (Wen et al., 2013a; Wang et al., 2017b). In addition to the main C-H correlations of inter-coupling bonds of lignin, such as the methoxyl groups (OCH3), β-O-4 aryl ethers (A), resinols (β-β, B), and phenylcoumarans (β-5, C), and p-hydroxycinnamyl alcohol end-groups (I), there were β-D-xylopyranosyl signals (X2, X3, and X4) in F0 (Sun et al., 2019). The lignin-carbohydrate complex was formed by combining the lignin at the c-α/c-γ position and the polysaccharide in substructures p-hydroxycinnamyl alcohol end-groups through ether bond. By comparing the spectra of the side chain region of different lignin fractions, it could be found that the carbohydrate signal did not appear in the earlier extracted lignin fractions (F1, F2, and F3), which proved that the purity of these fractions was quite high (Wang et al., 2019). The corresponding signal of carbohydrates could be significantly observed on F5. This proved that F5 contained a lot of carbohydrates, which was one of the reasons for the higher molecular weight.
[image: Figure 3]FIGURE 3 | The side-chain of lignin samples in the 2D HSQC NMR spectra.
According to the aromatic region (δC/δH 100–140/5.5–8.5 ppm) in Figure 4, cross-signals from guaiacyl (G), syringyl (S), p-hydroxyphenyl (H) units were clearly observed (Wen et al., 2013a; Sun et al., 2019), but their signal intensities in each lignin sample were quite different. The normal and Cα-oxidized S units showed obvious signals for the C2,6–H2,6 correlations at δC/δH 103.8/6.68 and 86.8/3.96 ppm, respectively. It was worth noting that the trailing of S2,6 signal in F0 reflected the condensation of lignin, which was caused by the high temperature during the hydrothermal process. The G units showed three correlations for G6, G5, and G2. Among them, the reason for the double signals on G2 was the serious heterogeneity, which was affected by the substituent group at C4 position of G unit (Shen et al., 2016). Moreover, the structural units of different lignin fractions were different. The lignin fractions (F1, F2, and F3) with more H and G type units had better solubility and could be extracted earlier. Only the weak signal attributed to the S unit could be observed in the F5 spectrum. These results were consistent with the above FT-IR analysis results. In terms of structure, lignin components with more H and G units had better reactivity due to more active sites and smaller steric hindrance (Yang et al., 2015), which was more conducive to the preparation of high value-added products through chemistry reaction.
[image: Figure 4]FIGURE 4 | The aromatic ring of lignin samples in the 2D HSQC NMR spectra.
The quantitative 31P NMR spectra of lignin samples were recorded to determine the hydroxyl content of lignin. The corresponding quantitative results were listed in Table 2. Phenolic hydroxyl group is decisive factors for the reactivity and the prospects for commercial application of lignin. Because of the cleavage of β-O-4 linkages and release of more phenolic OH groups, the tobacco stalk lignin F0 obtained by hydrothermal assisted dilute alkali pretreatment has a high phenolic hydroxyl content (2.41 mmol/g). In addition, it could be found that the phenolic hydroxyl content of lignin was negatively correlated with its molecular weight. The lignin component with a lower molecular weight had more phenolic hydroxyl groups and better reactivity. Among them, the phenolic hydroxyl content of F1 obtained by n-butanol fractionation was as high as 3.09 mmol/g. Coupled with the above analysis that F1 has more H and G units, F1 had obvious advantages as a raw material for preparing high value-added products.
TABLE 2 | Quantification of the lignin samples by quantitative 31P-NMR Method (mmol/g).
[image: Table 2]Antioxidant Capacity
Lignin is rich in phenolic structure and has antioxidant effect (Dong et al., 2011). To explore the antioxidant capacity, the antioxidant test of lignin samples was performed using DPPH as the radical generator. EC50 is the concentration of lignin when the free radical inhibition rate is 50%. The reciprocal of EC50 can be used to calculate the free radical scavenging index (RSI), indicating that the EC50 and RSI values have a negative correlation. In general, the inhibitory effect of lignin increased with the increase of concentration. The RIS values of F0-F5 were 28.52, 35.63, 30.56, 21.42, 18.37, and 15.22, respectively (Table 3). It was obvious that the antioxidant capacity of lignin was negatively correlated with its molecular weight. Previous studies have demonstrated that the antioxidant capacity of lignin depends mainly on the content of free phenolic hydroxyl groups, followed by other groups such as aliphatic hydroxyl groups and methoxyl groups (Pan et al., 2006; Ma et al., 2021d). Therefore, F1 with the highest phenolic hydroxyl content had the strongest antioxidant capacity, and F1 was an excellent raw material for preparing green antioxidants.
TABLE 3 | The free radical scavenging index (RSI) of the lignin samples.
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The thermal behavior of lignin plays a crucial role in the preparation of carbon materials, thermoplastic materials and phenol-rich bio-oils (Sen et al., 2015). In this study, the thermogravimetric analysis (TG) of lignin was used to explore the relationship between thermal stability and structure. The thermal degradation process of lignin is very complex, which is affected by various factors, such as the breakage of internal chemical bonds, the types of functional groups, and the degree of condensation (Xu et al., 2021). Lignin has outstanding thermostability, and its thermal decomposition process can be roughly divided into four stages. In addition, the different thermal stabilities are not only influenced by inherent structure and various functional groups of lignin polymers, degree of branching, and condensation of the lignin macromolecule but also related to specific chemical structures (Wen et al., 2013c). For example, it was reported that the maximum decomposition temperature (TM) was related to the corresponding β-O-4 ether linkage content and molecular weight (Mw) (Wen et al., 2013c). As shown in Figure 5, the first stage was below 200°C. Dehydration and deformation of weak chemical linkages in the β-O-4 structure were responsible for the weight loss in this stage (Faravelli et al., 2010). The second stage at 200–350°C was due to the decomposition of ether bonds (mainly β-O-4 linkages). The subsequent third stage (350–400°C) mainly involved side chain oxidation, such as side chain dehydrogenation, carboxylation of aliphatic hydroxyl group (Ke et al., 2011). The cleavage C-C bond (5-5) and aromatic ring of the lignin caused the fourth stage weight loss at temperatures above 400°C (Yang et al., 2007). Finally, the residue obtained after pyrolysis was mainly composed of inorganic salts and ash.
[image: Figure 5]FIGURE 5 | TG curves of tobacco stalk lignin and fractionated lignins.
By comparing the thermal decomposition behavior of each lignin fraction, it could be found that the thermal decomposition behavior of lignin had an excellent correlation with its molecular weight. The decomposition temperatures (10% weight loss) of F1, F3, and F4 were 240, 300, and 320°C respectively, indicating that lignin fraction with low molecular weight was easier to be pyrolyzed. However, the unfractionated F0 (288°C) did not meet this result, which indicated that the thermal decomposition behavior of lignin was not only related to molecular weight, but also affected by many factors, such as heterogeneity, functional groups, and degree of condensation (Gioia et al., 2018). Similarly, the residue weights at 800°C of F1, F3, and F4 were 38.4, 41.4, and 45.9% respectively, which had an excellent positive correlation with molecular weight. However, F0 with lower molecular weight had the highest residual carbon rate of 45.5%. The main reason was the serious heterogeneity of F0 and the existence of ash, making it difficult to use F0 as a promising carbon material precursor. In general, although F4 had inferior reactivity and was difficult to prepare high value-added products through chemical modification, its high carbon residue rate contributed to its application in preparing carbon materials.
CONCLUSION
The tobacco stalk lignin was obtained by hydrothermal assisted dilute alkali pretreatment, and the structural features of the lignin were characterized by modern characterization techniques. Subsequently, the tobacco stalk lignin (F0) was divided into five lignin components by sequential solvent fractionation with n-butanol (F1), ethanol (F2), methanol (F3), and dioxane (F4). The molecular weight of the lignin elevated with the increase in the solubility of the solvent, and the polydispersity was greatly improved after fractionation process. In addition, the phenolic hydroxyl content in lignin was negatively related to its molecular weight, and the high phenolic hydroxyl content could improve the reactivity and antioxidant capacity. Therefore, lignin components with lower molecular weight (F1 and F2) showed great potentials in the preparation of green antioxidants and high value-added chemical products. By contrast, lignin fraction with high molecular weight was more suitable for preparing carbon materials due to its high residual carbon rate. In short, the full utilization of lignin is the key to tobacco stalk resource recovery. The sequential solvent fractionation can promote the customized utilization of tobacco stalk lignin according to the structural advantage of different lignin fractions.
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Earlier studies have shown that the bark of Salix L. species (Salicaceae family) is rich in extractives, such as diverse bioactive phenolic compounds. However, we lack knowledge on the bioactive properties of the bark of willow species and clones adapted to the harsh climate conditions of the cool temperate zone. Therefore, the present study aimed to obtain information on the functional profiles of northern willow clones for the use of value-added bioactive solutions. Of the 16 willow clones studied here, 12 were examples of widely distributed native Finnish willow species, including dark-leaved willow (S. myrsinifolia Salisb.) and tea-leaved willow (S. phylicifolia L.) (3 + 4 clones, respectively) and their natural and artificial hybrids (3 + 2 clones, respectively). The four remaining clones were commercial willow varieties from the Swedish willow breeding program. Hot water extraction of bark under mild conditions was carried out. Bioactivity assays were used to screen antiviral, antibacterial, antifungal, yeasticidal, and antioxidant activities, as well as the total phenolic content of the extracts. Additionally, we introduce a fast and less labor-intensive steam-debarking method for Salix spp. feedstocks. Clonal variation was observed in the antioxidant properties of the bark extracts of the 16 Salix spp. clones. High antiviral activity against a non-enveloped enterovirus, coxsackievirus A9, was found, with no marked differences in efficacy between the native clones. All the clones also showed antibacterial activity against Staphylococcus aureus and Escherichia coli, whereas no antifungal (Aspergillus brasiliensis) or yeasticidal (Candida albicans) efficacy was detected. When grouping the clone extract results into Salix myrsinifolia, Salix phylicifolia, native hybrid, artificial hybrid, and commercial clones, there was a significant difference in the activities between S. phylicifolia clone extracts and commercial clone extracts in the favor of S. phylicifolia in the antibacterial and antioxidant tests. In some antioxidant tests, S. phylicifolia clone extracts were also significantly more active than artificial clone extracts. Additionally, S. myrsinifolia clone extracts showed significantly higher activities in some antioxidant tests than commercial clone extracts and artificial clone extracts. Nevertheless, the bark extracts of native Finnish willow clones showed high bioactivity. The obtained knowledge paves the way towards developing high value-added biochemicals and other functional solutions based on willow biorefinery approaches.
Keywords: antimicrobial, antioxidant, antiviral, bark, debarking, Salix spp., water-extracts
1 INTRODUCTION
Willows (genus Salix L.) correspond to approximately 450 species of deciduous trees and shrubs, which are mostly found in moist soils of the Northern Hemisphere (Christenhusz et al., 2017). In general, the major components of willows’ biomass are cellulose, hemicellulose, and lignin, while various minor constituents include flavonoids and other polyphenols (Yan et al., 2021). Willow leaves and bark have long been known as herbal medicines because of their ability to relieve fever and aches. These properties have been attributed to compounds identified from willow species, such as salicinoids and various polyphenols. Salicinoids (syn. salicylates) are phenolic glucosides, which are derivatives of salicyl alcohol, and are commonly found at high levels in the bark and leaves of willows. Most of the salicinoids are signature compounds of Salix and Populus L. species, and over 20 individual salicinoids have been characterized. Whereas salicylic acid is a ubiquitous plant hormone. Salicin is the simplest and most common salicinoid compound; however, it is often found at low quantities depending on the willow hybrid. Other salicinoids in willows are formed by the esterification of one or more hydroxyl groups of salicin with organic acids, such as benzoic acid in populin and 1-hydroxy-6-oxocyclohex-2-en-1-carboxylic acid in salicortin (Boeckler et al., 2011; Julkunen-Tiitto and Virjamo, 2017). Other small phenolic glycosides common in willow bark are picein, a glucoside of hydroxyacetophenone, salidroside, a glucoside of phenylethanoid, and derivatives of cinnamic alcohols such as triandrin and vimalin (Julkunen-Tiitto, 1985; Kammerer et al., 2005; Dou et al., 2018). Proanthocyanidins up to 20% of bark dry weight (Heiska et al., 2007) and several flavonoids belonging to flavan-3-ols, flavonols, flavanones, and chalcones have also been characterized. A comprehensive review of the phytochemistry and pharmacological activities of Salix spp. was recently published by Tawfeek et al. (2021).
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Salicinoids of willow bark can decompose into salicylic acid, which has been found to possess anti-inflammatory and antiviral properties (Singh et al., 2004; Wood, 2015). Highly purified proanthocyanidin fractions of Salix spp. extract have also been reported to have antiviral and antibacterial activities (Quosdorf et al., 2017). Overall, proanthocyanidins, or condensed tannins, have been characterized by many biological effects, including antioxidant, antibacterial, antitumor, anticancer, neuroprotective, hypoglycemic, and lipid-lowering activities with a comprehensive positive impact on gastrointestinal health (Yan et al., 2021). Saracila et al. (2018) observed that by feeding the bark extract of Salix alba L. to broilers, the number of pathogenic bacteria (Enterobacteriaceae, Escherichia coli) on the cecal microbial population decreased while the number of beneficial lactobacilli increased. Three Salix spp. bark extracts were also found to have bactericidal effects against Staphylococcus aureus, with no significant differences between these species (Ramos et al., 2019). Polyphenols from Salix tetrasperma Roxb. stem bark extract were also found to be effective in inhibiting the quorum sensing and virulence of Pseudomonas aeruginosa (Mostafa et al., 2020). Malterud et al. (1985) showed that the flavonoid composition from Salix caprea L. wood was able to inhibit rot producing wood-destroying fungi Caniophora puteana, Sporotrichum pulverulentum, and Trichoderma viride. Furthermore, willow bark extracts are known to have strong antioxidant and radical scavenging properties (Durak and Gawlik-Dziki, 2014; Bounaama et al., 2016; Ramos et al., 2019). Pharmacological studies have revealed interesting aspects of antitumor and anticancer therapy, including the discovery of a novel cyclodimeric salicinoid, miyabeacin, from Salix miyabeana Seemen. and Salix dasyclados Wimm. (El-Shemy et al., 2007; Ward et al., 2020). Willow extracts can also be used to relieve pain, inflammation, and fever in a wide variety of conditions with minor adverse effects (Chrubasik et al., 2000; Vlachojannis et al., 2009; Shara and Stohs, 2015). As only mild cytotoxicity has been discovered in willow bark extracts, willows are a promising biomass for various health applications (Ramos et al., 2019). However, because of the vast number of different willow species and their widespread ability to form hybrids, as well as recently identified compounds (e.g., Wu et al., 2016; Noleto-Dias et al., 2018; Noleto-Dias et al. 2019; Noleto-Dias et al. 2020; Ward et al., 2020), there is still much to explore regarding Salix spp. and their metabolites.
The biomass of fast-growing willows is recognized as a suitable raw material for biorefineries (Parajuli et al., 2015). Willows can be grown in low-quality agricultural land that cannot be used for food production, thereby reducing competition between food and biomass production (Krzyżaniak et al., 2016). Also, short-rotation woody crop management is less energy consuming than that required for food crops (Djomo et al., 2011). In addition to its potential as a lignocellulosic option for biofuels and bioenergy, willows can be exploited as a renewable source of biochemicals (Brereton et al., 2017). To fully utilize willows’ biomass, both bark and stem wood must be separately valorized (Dou et al., 2016). Carbonized willow bark and wood can be used in supercapacitors (Phiri et al., 2019; Hobisch et al., 2020) and fiber composites (Dou et al., 2019). The cascading use of biomass would be preferential. Isolated biomass fractions should be used as reusable products as much as possible and, finally, after a cycle of reasonable use, compounds and materials should be used as energy after their combustion or anaerobic digestion. For example, the polyphenol containing fraction can be extracted first with hot water, and then the remaining material could be pyrolyzed and anaerobically gasified (Rasi et al., 2019) or used in the production of biochar by slow pyrolysis technology (Rasa et al., 2021). Hot water extraction has been shown to be able to achieve the maximal extract yield from willow bark at 80°C for 20 min (Dou et al., 2018).
Extensive characterization and quantification have been conducted on the components of pharmaceutical preparations from Salix spp. (Kammerer et al., 2005) and willow species’ phytochemicals extracted from the bark (Julkunen-Tiitto, 1985; Heiska et al., 2007; Lavola et al., 2018), leaves (Ikonen et al., 2002; Lavola et al., 2018), and whole twigs/biomass (Julkunen-Tiitto, 1985; Brereton et al., 2017). Willow bark is one of the most bioactive compound-rich plant parts (Lavola et al., 2018; Tyśkiewicz et al., 2019), but leaves are also a promising source of polyphenols and antioxidants (Piatczak et al., 2020). However, the content of bark phytochemicals is known to vary among Salix spp. (Julkunen-Tiitto, 1985) because of seasonal and environmental factors (Förster et al., 2008), as well as among genotypes and developmental stages of the plant (Lavola et al., 2018). Although the variation of phytochemicals between Salix spp. genotypes is mainly quantitative, there can be large differences in compound composition between species and hybrids, which could be a result of the effortless hybridization of Salix spp. (Julkunen-Tiitto and Virjamo, 2017). Nevertheless, we lack knowledge on the bark bioactive properties of willow species and/or clones that are well adapted to the northern areas of the cool temperate zone. Therefore, the present study focused on the bark extracts of Finnish willows by screening their antioxidant, antiviral, antibacterial, and antifungal properties.
First, we screened the bioactive properties, i.e., the antioxidant, antiviral (enterovirus strain coxsackievirus A9), antibacterial [E. coli (Gram-negative) and S. aureus (Gram-positive)], antifungal (Aspergillus brasiliensis), and yeasticidal (Candida albicans) activities of 16 aqueous bark extracts to the potential of willow materials for various biochemicals and functional products. Additionally, we tested steam-debarking at the 300-L scale as a potentially less-laborious debarking method for northern cultivated willows. We hypothesized that (1) the bark extracts of native willows of local origin have higher biological activity than those of commercial willows due to higher resource allocation to secondary metabolites in native willows; (2) between-species variation in the biological activity of bark extracts offsets the variation among clones; (3) the biological activities of bark extracts are highly intercorrelated; for example, antiviral efficacy can be predicted by the total phenolic content and antibacterial power; (4) individual compounds do not explain the biological activities of crude bark extracts but the extract antioxidant activity and efficacies against viruses and bacteria are due to the synergistic effects of several compounds together—to challenge this pure commercial compounds were also tested; (5) when grouping the clones into S. phylicifolia, S. myrsinifolia, native hybrid, artificial hybrid, and commercial clones, significant differences can be detected; and (6) when compared to conventional debarking methods, steam-aided debarking is an efficient and less laborious process resulting in Salix spp. products with high bioactive potential.
2 MATERIALS AND METHODS
2.1 Salix spp. Sample Collection
The study materials consisted of 16 willow clones. Of these, 12 clones originated from two common and widely distributed native willow species, dark-leaved willow (S. myrsinifolia Salisb.) and tea-leaved willow (S. phylicifolia L.) (Väre et al., 2021), as well as from their natural and artificial hybrids. The other four clones were commercial willow varieties from the Swedish willow breeding program (Table 1). Herbarium specimens of the native materials were collected, the identification of the willow species was verified, and the plant specimens were deposited at the Finnish Museum of Natural History, Botanical Museum (H).
TABLE 1 | Willow clones used for the screening of biological activities.
[image: Table 1]The native willow clones and artificial hybrids (sample numbers 1–12) were rooted in 20-cm-long cuttings in polystyrene containers (TA913) in a greenhouse at the Haapastensyrjä field station (N60°43′0.01″ E24°26′60.00″), Natural Resources Institute Finland, in the spring of 2017. The growing medium used was a mixture of 2/3 Kekkilä FPM 420 F6 HS Sphagnum peat and 1/3 perlite (size 2–6 mm). The containerized plants were moved to the nursery of the Piikkiö field station (N60°25′29.32″ E22°30′57.64″), Natural Resources Institute Finland, in June 2017, where they were grown for the next 2 years. The plants were watered and fertilized according to the normal nursery practices. On May 7, 2019, the 2-year-old willow plants were cut down and the harvested shoots of each clone were packed separately in plastic bags and immediately frozen at –20°C. The harvested willow coppice varied between 1 and 1.5 m in length and 0.5–2 cm diameter at the base.
Commercial willow clones (sample numbers 13–16) were grown by Carbons Finland Ltd. in a peat field at Aitomäki, Kouvola south-eastern Finland (N60°52′0.01″ E26°41′60.00″) from 2016 to March 2019, when the 3-year-old coppice was cut down on March 30 and taken for the study. The 3-m-long sample shoots were cut to shorter, ca. 40-cm-long, pieces and frozen (–20°C) until further treatment.
Two shoots of each willow clone were debarked 50 cm from the base and pooled. The bark was cut into small pieces, frozen at –80°C, and finally freeze-dried. The freeze-dried material was ground with a Moulinex grinder to 1- to 2-mm pieces and kept frozen at –80°C until water extraction.
In addition, Salix Klara for the 2-L stirring reactor extraction was provided by Carbons Finland Ltd. from the same growth environment and site, except from spring 2017 to 2020. The willow banks were partly cut down in spring 2018 and 2019 and, for the present study, were cut and gathered on October 24, 2020. The material was then debarked and immediately placed in a freezer (–20°C). The bark was ground with a Kamas cutting mill with a 2-cm sieve.
The material for the pilot-scale bark removal by steaming was collected from a willow clone bank growing at the Piikkiö field station, Finland. The clone bank was established in the summer of 2007. Part of it was cut down in 2013, and all the clones were cut down again on April 4–5, 2019. Material for the steaming experiment was collected as two sample lots, the first containing a mixture of five 6-year-old Salix purpurea L. clones. The second sample included a 12-year-old mixture of five Salix daphnoides Vill. clones, one S. purpurea clone, and two unknown clones. Finally, these two samples were combined, and a bulk sample was used for the steam debarking experiment to ensure the material availability for testing the suitability of the method in general. Detailed information about the samples and their origin can be found in the Supplementary Appendix Table SA1.
2.2 Salix spp. Clone Extractions
Salix spp. samples were freeze-dried before the extraction. Bark was extracted using an ASE-350 accelerated solvent extractor (Dionex, Sunnyvale, CA, United States). The bark sample (1 g) was placed in a stainless-steel extraction vessel (22 ml). The sample was then extracted three times for 15 min with hot water (1:66, w/v) at 90°C, and the extract was stored at –20°C before further analyses.
2.2.1 Salix Klara 2-L Stirring Reactor Extractions
Klara bark was extracted using a 2-L stirring reactor (Polyclave, Büchi, Switzerland). The fresh willow bark sample (358 g, corresponding to 150 g dry weight) was placed in the reactor and extracted in a 1:10 bark dry weight/water ratio. The extraction temperature was 80°C, and there was constant stirring (60 rpm) during the 60-min extraction. Solids were separated by collecting liquid through a 50-µm sintered metal filter at the bottom of the reactor. The extract was cooled to room temperature using a heat exchanger. In total, four extractions were carried out under the same conditions, and the average measured total dissolved solids of the extracts was 13.7 ± 0.2 wt% of the dry weight of the original bark. After extraction, the bark extracts were combined into one sample. The extract was concentrated using a rotary evaporator at 60°C, freeze-dried, and the dried extract was ground into powder with a mortar and pestle.
2.2.2 Willow Steam Debarking and Extractions
A batch of the combined samples of willow sticks was first steam-treated in a 300-L reactor to remove bark (Figure 1). Samples of steam-treated bark and wood were then extracted at small scale to isolate polyphenol- and carbohydrate-containing fractions. Bark samples were extracted in hot water (90°C) with ASE-350 to isolate polyphenols and wood samples were extracted with a pressurized hot water flow-through extraction system with a 50-ml extraction vessel at 150–180°C to extract carbohydrates. Details of the flow-through extraction system can be found in Kilpeläinen et al. (2014).
[image: Figure 1]FIGURE 1 | Original willow samples (A), combined willow sticks in reactor (B), and steam-treated bark and woody material (C).
Fresh willow sticks (42.2 ± 0.2 kg) were loaded inside the 300-L extraction system that was used in the experiments (Kilpeläinen et al., 2014). For steam collection, 30 L of water was weighed into a tub, and steam was directed to water in the tub with a hose from the extraction system. The temperature inside the vessel was measured during the treatment. Continuous steam flow of 1.6 kg/min (214°C) was passed into the vessel containing willow samples for 20 min. The temperature inside the reactor increased to 100°C after 5–6 min. After 7.5 min, steam started to come out of the vessel, and it was collected into the water-filled tub. When steaming ended after 20 min, the temperature increased to 130°C and the pressure increased to 1.7 bar with a fully open exhaust line.
Steam (3.6 ± 0.2 kg) was collected by the steam collection tub. The condensate was removed via the reactor’s drain valve and weighed (19.2 ± 0.2 kg). The steam-treated willow sticks could be easily debarked by hand, as the bark was barely attached to the wood. Samples of the steam condensates, steam-treated bark, and wood were collected and frozen (–20°C) before further analysis.
After the willow steam treatment, the woody material was extracted with a pressurized hot water flow-through system (Kilpeläinen et al., 2012) to isolate fractions with the willow hemicelluloses. Pressurized hot water flow-through extraction has been used to extract hemicelluloses from woody materials (Kilpeläinen et al., 2012; Kilpeläinen et al., 2014). Before extraction, the sample was pre-steamed at 100°C to prevent water channeling through the sample during extraction. Samples (10 g o.d.) were extracted at 150–180°C with a flow rate of 4 ml/min for 60 min. The extract was collected, diluted to 250 ml, and stored in a freezer (–20°C) before analysis.
Steamed bark was extracted with hot water using ASE-350 under the same conditions as the Salix spp. clones. Willow samples and treatment techniques used are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Willow steam treatment, debarking, and extractions. Willow steam treatment condensate, original willow bark ASE-350 extract, and steam-treated bark ASE-350 extract contained polyphenols. Carbohydrates were extracted from woody samples at temperatures from 150 to 180°C after debarking. Collected samples are indicated with blue color.
2.3 Commercial Substances and Samples
Commercial substances were used as references in the antibacterial and antiviral measurements. Salicin and picein (purity >98%) were purchased from Merck Life Science Oy. Salicylic acid (purity >99%) was obtained from VWR Chemicals and triandrin (purity 85%) was obtained from Molport EU. Additionally, Salixin Organic Powder (48TM) and Salixin Organic Extract (800NPTM) were supplied by Søren Fisker (Salixin A/S) and Pia Wikström (OY CELEGO AB) and were tested for their antibacterial and antiviral efficacy along with the reference substances.
2.4 Bioactive Efficacy
2.4.1 Antioxidant Properties
The antioxidant properties of the Salix spp. clone bark extracts were tested using the oxygen radical absorbance capacity (ORAC) assay, ferric reducing antioxidant power (FRAP), H2O2 scavenging test, and Folin-Ciocalteu assay for total phenolic content. All antioxidant assays were carried out using a Varioskan Flash multimode reader (Thermo Scientific) in a 96-well format. The tests covered different antioxidant mechanisms: hydrogen atom transfer (ORAC), single electron transfer (FRAP), and radical scavenging (H2O2 scavenging). All tests were performed using internal standards with which the sample results were compared.
Oxygen Radical Absorbance Capacity
This assay is based on hydrogen atom transfer (HAT) and measures the reduction in fluorescence signal caused by the oxidative dissociation of fluorescein in the presence of peroxyl radicals (R-O-O•) (Huang et al., 2002; Prior et al., 2003). The inhibition of fluorescein breakdown indicates the antioxidant’s protective ability. The experimental setup is described in detail by Tienaho et al. (2020). Briefly, the assay was carried out using four dilutions of each sample, with two technical replicates, by mixing the sample in 0.075 M phosphate buffer pH 7.5 (Merck) with 8.16 × 10–5 mM fluorescein (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and 2,2′-azobis(2-methylpropionamidine) dihydrochloride (Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Trolox (vitamin E analog) ((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was used as the standard, and the results are expressed as Trolox equivalents (µmol TE per 100 g).
Ferric Reducing Antioxidant Power
This assay is based on single electron transfer (SET) and measures the ability of an antioxidant to reduce ferric (FeIII) to ferrous (FeII) ions (Benzie and Strain, 1996). The test protocol was described by Tienaho et al. (2021). In brief, a series of four dilutions of each sample, with three technical replicates, in a 96-well format were used in the assay. The samples were mixed with 20 mM FeCl3•6H2O (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and 10 mM 2,4,6-tris-(2-pyridyl)-s-triazine (TPTZ) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in 300 mM acetate buffer (pH 3.6). The absorbance was measured at 594 nm with a microplate fluorescence reader (Varioskan Flash, Thermo Scientific) after the formation of the ferrous-tripyridyltriazine complex in the reaction mixture. FeSO4•7H2O (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was used as the standard and L(+)-ascorbic acid (150 and 800 µM) (VWR Chemicals) as the control. The results are expressed as µmol/L Fe(II) equivalents.
The Hydrogen Peroxide (H2O2) Scavenging
Activity was determined using a method modified from Hazra et al. (2008) and Jiang et al. (1990). The experimental setup has been described in detail by Tienaho et al. (2020). In brief, an aliquot of 2 mM H2O2 (Merck KGaA, Darmstadt, Germany) was added to the reaction mixture with the sample and a mixture containing 2.56 mM ammonium ferrous (II) sulfate (BDH Prolabo) in 0.25 mM H2SO4 (Merck KGaA) and 27.8 µM xylenol orange disodium salt (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in 4.4 mM sorbitol (D(-)-sorbitol, AppliChem GmbH). After 30 min of incubation, the absorbance of violet-colored ferric-xylenol orange complexes at 560 nm was measured. The assay measures the ability of the sample to scavenge H2O2 and prevent the oxidation of Fe(II) to Fe(III), which is indicated by the formation of the ferric-xylenol orange complex. The inhibition of oxidation is expressed as the inhibition (%) of the reaction, and the samples with 100% inhibition activity will remain yellowish. Sodium pyruvate (Sigma-Aldrich) was used as a reference compound.
Folin-Ciocalteu Assay
The Folin-Ciocalteu method (Singleton and Rossi, 1965; Singleton et al., 1999; Ainsworth and Gillespie, 2007) was used to analyze the total phenolic content, which is known to reflect antioxidant capacity. The test protocol was described by Tienaho et al. (2021). In brief, the samples were mixed with Folin-Ciocalteu reagent (Merck KGaA, Darmstadt, Germany) and 20% Na2CO3 (Merck KGaA, Darmstadt, Germany), and absorbance was measured at 750 nm with gallic acid (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) as a reference compound. The results are expressed as gallic acid equivalents per gram (GAE/g).
2.4.2 Antibacterial Properties
Two constitutively light-emitting bacterial biosensor strains, E. coli K12 + pcGLS11 and S. aureus RN4220 + pAT19, described by Vesterlund et al. (2004), were used in the present study. Bacterial cultivation and stocks were grown as previously described (Välimaa et al., 2020). Briefly, the bacteria were stored at –80°C and cultivated for approximately 16 h at 30°C (E. coli) and 37°C (S. aureus) on lysogeny agar (LA) plates (tryptone 10 g/L; yeast extract 5 g/L; NaCl 10 g/L; and agar 15 g/L). The LA plates were supplemented with 10% (v/v) sterile filtered phosphate buffer (PB) (1 M, pH 7.0) and 100 μg/ml of ampicillin (E. coli) or 5 μg/ml erythromycin (S. aureus). Biosensor stocks were prepared by inoculating a single colony of bacteria in lysogeny broth supplemented with 10% (v/v) of sterile filtered PB 1 M (pH 7.0), 100 μg/ml ampicillin (E. coli), or 5 μg/ml erythromycin (S. aureus). Stocks were cultivated for approximately 16 h at 300 rpm shaking at 30°C (E. coli) and 37°C (S. aureus). Extractions of all the willow clones in Table 1 were diluted in double-distilled water to achieve a 5% v/v concentration per microplate well. Ethanol 35% per microplate well was used as a positive control, and double-distilled water was used as a negative control. The reference substances, picein, triandrin, salicin, salicylic acid, and Salixin Organic Powder were diluted in double-distilled water to achieve concentrations of 250 μg/ml and 125 μg/ml per microplate well, whereas Salixin Organic Extract was used in 2.5% and 1.25% v/v per microplate well. Aliquots of 50 µl of samples and controls were pipetted in triplicate into opaque white polystyrene microplates, and 50 µl of bacterial culture was pipetted into the same wells. The luminescence was then measured using a Varioskan Flash Multilabel device (Thermo Scientific) once every 5 min for 95 min at room temperature, and the plate was briefly shaken before every measurement. The results are expressed as relative light units (RLUs) drawn at a time point of 40 min of measurement. Error bars represent the standard deviations between the sample triplicates.
2.4.3 Antiviral Activity
Enterovirus coxsackievirus A9 (CVA9; Griggs strain, ATCC) was used to assess the antiviral efficacy of the Salix spp. clone extracts. CVA9 was produced and purified using a sucrose gradient, as previously described (Ruokolainen et al., 2019). Pretreatment of CVA9 [2 × 106 plaque-forming unit (PFU) per ml] was performed with different amounts of Salix spp. extract (0.1%, 1%, and 10% v/v). After 1 h incubation at 37°C, the virus-Salix spp. mix was diluted 10-fold in 10% Dulbecco’s Modified Eagle Medium (DMEM). The mixture was added to the lung carcinoma cell line A549 (ATCC) containing 96-well plates with 12,000 cells/well density, plated on the previous day. After 48 h, the wells were washed twice with phosphate-buffered saline (PBS) and stained with crystal violet solution (0.03% crystal violet, 2% ethanol, and 36.5% formaldehyde) for 10 min, as described previously (Ruokolainen et al., 2019). The color was left in the wells because the remaining surviving cells were dissolved in a homogenization solution (0.8979 g of sodium citrate and 1 N HCl in 47.5% ethanol). The absorbance was measured spectrophotometrically at 570 nm using a PerkinElmer VICTORTM X4 multilabel reader. Cytotoxicity of the Salix spp. preparations was evaluated using the crystal violet solution mentioned above (Ruokolainen et al., 2019).
2.4.4 Antifungal Activity
Quantitative suspension tests for the evaluation of basic fungicidal and basic yeasticidal activity of the Salix spp. samples were performed according to DIN EN 1275 (2006) and European Standard (2006). The fungicidal activity was evaluated using A. brasiliensis (strain ATCC 16404) and the yeasticidal activity using C. albicans (ATCC 10231) as a test organism. The microorganism suspension used ranged between 1.5×107 colony forming units (CFU)/ml to 5.0 × 107 CFU/ml for A. brasiliensis and C. albicans. For both organisms, the choice of the test method was the dilution-neutralization method using Tween80 + lecithin (30 g/L polysorbate 80 and lecithin 3 g/L) as a neutralizer. Sterile double-distilled water was used as the diluent during the test. The test concentrations for the samples Salixin Organic Extract 800NP, Salixin Organic Powder, and Klara (2-L scale sample P-16) were 10, 2.5, 1.25, 0.625, 0.3125, 0.156, 0.078, and 0.039 mg/ml. Unlike that described for EN 1275, in some cases, total test volume of 5 ml was used in the experiments instead of 10 ml. The contact time and test temperature were 15 min (±10 s) and 20°C (±1°C), respectively. In addition, the following higher test concentrations were evaluated for the samples: Klara P-16 100 mg/ml, Salixin Organic Powder 100 mg/ml, Salixin Organic Extract 100%, 50%, 25%, 10%, and 5% (v/v), and lyophilized Salixin Organic Extract 50% and 100%.
The number of viable spores was assessed on malt extract agar (four replicates). Plates were incubated for 42–48 h at 30°C, A. brasiliensis for a further 20–24 h, and viable spores were determined by counting the colonies (colony counts less than 300 CFU/plate). The reduction in viability is the ratio N/N0, where N0 is the number of CFU/ml in the fungal spore test suspension and N is the number of CFU/ml after the test procedure for the fungicidal activity of the product. The sample is fungicidal or yeasticidal if it produces at least a 104 reduction in the number of viable vegetative yeast cells and mold spores under conditions defined by EN 1275 (2006).
2.5 Statistical Methods
Relationships among Salix spp. clone extract bioactivities were evaluated by Pearson’s correlation coefficients (in absolute values), and the differences between mean values were assessed using a two-tailed t-test with a significance level of 0.05 (n = 16 for ORAC, FRAP, and Folin-Ciocalteu tests; n = 17 for the E. coli, S. aureus, and Enterovirus test). Statistical differences between the grouped clones were determined by one-way ANOVA and Tukey post-hoc test, where results were determined to be statistically significantly different if p-values were below 0.05. All statistical analyses were performed using IBM SPSS Statistics (v. 26.0) (IBM, Armonk, NY, United States).
3 RESULTS
3.1 Antioxidant Properties
The steam treatment results in Figure 3 show that the highest antioxidant potential and phenolic content (Folin-Ciocalteu) were found in the original willow bark ASE-350 extract. The steamed bark extract also showed elevated antioxidant activity, while the different hot water flow-through extracted wood samples at temperatures of 150–180°C, high in carbohydrates and hemicelluloses, showed much lower antioxidant potential. Reductions in both antioxidant activities (FRAP and ORAC) and total phenolic content were observed when compared to that of original bark extract (Figure 3), indicating that some phytochemicals are leached away. In addition, steam condensate showed some activity, which further supported the partial loss of compounds.
[image: Figure 3]FIGURE 3 | ORAC (A) and FRAP (B) activities, and total phenolic content (Folin-Ciocalteu) (C) of willow wood after debarking extracted at different temperatures (150, 160, 170, and 180°C) and bark extracts (original bark extract, steam-treated bark extract, and steam condensate). Error bars present the standard deviations of the sample triplicates in a microplate. ORAC test results are expressed as Trolox equivalents (TE), FRAP results are expressed as ferrous ion equivalents (Fe(II) eq.), and Folin-Ciocalteu test results are expressed as gallic acid equivalents (GAE).
The Salix spp. clone extract results (Figure 4) showed that the highest ORAC activity (µmol TE/100 g) was obtained with clone number 5, while clones 3, 6, and 10 also showed high ORAC activity. Clone extract 6 showed the highest FRAP efficiency, while clone extracts 3, 4, and 5 also showed high activity. All clone extracts except 7, 13, 15, and 16 showed high activity in the hydrogen peroxide scavenging test. The highest total phenolic content was found in the clone extract 6. Commercial clone extracts 13, 15, and 16 showed very low hydrogen peroxide scavenging activity (Figure 4D).
[image: Figure 4]FIGURE 4 | ORAC (A), FRAP (B), and H2O2 scavenging (D) activities, as well as total phenolic content (Folin-Ciocalteu) (C) of the Salix spp. clone extracts. Error bars present the standard deviations of the sample triplicates in a microplate. The clones are numbered 1–16 (see Table 1) and 13–16 are commercial clones. ORAC test results are expressed as Trolox equivalents (TE), FRAP results are expressed as ferrous ion equivalents (Fe(II) eq.), Folin-Ciocalteu test results are expressed as gallic acid equivalents (GAE), and hydrogen peroxide scavenging test results are expressed as the percentage of H2O2 inhibition.
When grouping the clone extract antioxidant results into S. myrsinifolia (clones 1–3), S. phylicifolia (4–7), native hybrid (8–10), artificial hybrid (11–12), and commercial clones (13–16), there was a significant difference between the groups as determined by one-way ANOVA [ORAC: F(4,11) = 4.012, p = 0.030; FRAP: F(4,11) = 10.102, p = 0.001; Folin-Ciocalteu: F(4,11) = 7.552, p = 0.004; and H2O2 scavenging with clones 7 and 14 emitted: F(4,9) = 14065.006, p < 0.001]. A Tukey post-hoc test revealed that S. phylicifolia clone extracts showed significantly higher activity in the ORAC test than the commercial clone extracts (p = 0.045) (Figure 5A), and significantly higher FRAP activity than the artificial hybrid extracts (p = 0.003) and commercial clone extracts (p = 0.002) (Figure 5B). In addition, S. myrsinifolia clone extracts showed significantly higher FRAP activity than the artificial hybrid extracts (p = 0.036) and commercial clone extracts (p = 0.041) (Figure 5B). S. phylicifolia clone extracts also showed statistically significantly higher total phenolic compound capacity in the Folin-Ciocalteu test than artificial hybrid extracts (p = 0.009) and commercial clone extracts (p = 0.006). In the H2O2 scavenging test, clone 7 gave inconsistently lower results than the other S. phylicifolia clone extracts, and clone 14 gave inconsistently high results when compared to the other commercial clone extracts. In dioecious plant species such as Salix spp., gender can be the reason for clonal differences in growth and wood quality, as shown by Hou et al. (2017). In this case, gender may not explain the differences in the activity, because all of the commercial clones included, also clone 14, were known to be female. However, when the outlier clones 7 and 14 were removed from the groups, S. myrsinifolia (p < 0.001), S. phylicifolia (p < 0.001), native hybrid (p < 0.001), and artificial hybrid (p < 0.001) clone extracts showed significantly higher antioxidant activity in the H2O2 scavenging test than commercial clone extracts (Figure 5D). In addition, S. myrsinifolia clone extracts showed significantly higher activity (p = 0.049) than native clone extracts (Figure 5D).
[image: Figure 5]FIGURE 5 | Grouped ORAC (A), FRAP (B), and H2O2 scavenging (D) activities, as well as total phenolic content (Folin-Ciocalteu) (C) of the Salix spp. clone extracts. Error bars show the standard deviation between the grouped clones. Significant differences are indicated with a blue asterisk. ORAC test results are expressed as Trolox equivalents (TE), FRAP results are expressed as ferrous ion equivalents (Fe(II) eq.), Folin-Ciocalteu test results are expressed as gallic acid equivalents (GAE), and hydrogen peroxide scavenging test results are expressed as the percentage of H2O2 inhibition.
3.2 Biosensor Analysis and Antibacterial Activity
The antibacterial activity was evaluated using recombinant constituently bioluminescent strains of the leading bacterial pathogens of healthcare-associated infections and bacteremia: E. coli and S. aureus (Poolman and Anderson, 2018). The results are shown in Figure 6. Tienaho et al. (2015) showed that when using whole-cell bacterial biosensors, the empirical conditions could take from 10 to 15 min of incubation to stabilize. As shown in Figure 6, all the Salix spp. clone extracts had antibacterial activity, as evidenced by the lower RLU values than the negative control (water) with both bacterial strains after 10 min of incubation. The lower RLU values imply an inhibition of bacterial luminescence production and, thus, interference with bacterial metabolism. The highest inhibition effect after 40 min incubation was achieved by clone extract 4 in E. coli and clone extract 10 in S. aureus. However, the differences between the clones were small, with the exceptions of commercial clone extracts 14–16 and clone extract number 14, which had a somewhat lower effect on E. coli and S. aureus, respectively. For both bacterial strains, all the clone extracts exhibited stronger antibacterial activity than the control substances, salicin, salicylic acid, picein, and triandrin. The lowest inhibition seemed to be achieved with the 2-L stirring reactor extracted clone 16 (P-16); however, it still had lower luminescence production (in RLU) than the water control. The commercial reference substances showed lower antibacterial activity against both bacterial strains, except for the Salixin Organic Extract, which was equally active as the willow clone extracts with E. coli and showed almost as high antibacterial activity as ethanol (35%) with S. aureus. However, Salixin Organic Extract was considerably darker than the other samples, and this could have an effect on light reduction. The disadvantages of this method have been minimized by using small concentrations of dark-colored samples to reduce the effect of color and by repeating the measurement three times to ensure comparability between measurements (Tienaho, 2020).
[image: Figure 6]FIGURE 6 | The bacterial biosensor results. Efficacy against E. coli (A) and S. aureus (B) after 40 min incubation time. The Salix spp. clones (Table 1) of 5% v/v concentration per a microplate well are indicated with numbers 1–16. P-16 = 2-L scale clone 16; commercial substances Salixin P = Salixin Organic Powder 48TM (250 μg/ml) and Salixin E = Salixin Organic Extract 800NPTM (1.25% v/v); SA = salicylic acid (250 μg/ml). Results obtained for salicin, triandrin, and picein are also shown at the concentration of 250 μg/ml per microplate well. Error bars indicate the standard deviation between the sample triplicates in the microplate. Lower RLU values indicate stronger antibacterial activity.
When grouping the clone extract results into S. myrsinifolia (clones 1–3), S. phylicifolia (4–7), native hybrid (8–10), artificial hybrid (11–12), and commercial clones (13–16), there was a significant difference between the groups as determined by one-way ANOVA in the E. coli biosensor results [F(4,9) = 5.266, p = 0.013], whereas the differences in the S. aureus results were statistically insignificant (Figure 7B). A Tukey post-hoc test revealed that S. phylicifolia clone extracts had significantly higher antibacterial activity against E. coli than the commercial clone extracts (p = 0.007) (Figure 7A). Other results were statistically similar.
[image: Figure 7]FIGURE 7 | The grouped antibacterial results against E. coli (A) and S. aureus (B). Error bars show the standard deviation between the grouped clones. Significant differences are indicated with a blue asterisk.
3.3 Antiviral Activity
The antiviral activity was evaluated using the highly stable non-enveloped enterovirus CVA9. There are more than 100 serotypes of enteroviruses with very similar structures and functions (Marjomäki et al., 2015). To date, there are no clinically approved antivirals against enteroviruses or any non-toxic natural compounds that can safely disinfect enteroviruses or other non-enveloped viruses from surfaces. Here, the tested Salix spp. preparations proved to be very efficient against CVA9 (Figure 8A). Pre-incubation of the virus with Salix spp. extracts fully rescued the A549 cells from infection, proving that the extracts directly bound to the capsid. Salix spp. samples did not show any cytotoxicity (data not shown). We also tested Salixin Organic Extract and Powder along with the reference compounds (salicin, salicylic acid, picein, and triandrin). Similar to Salix spp. samples, Salixin Organic Powder and Extract also showed antiviral activity and protected the cells against CVA9 infection, whereas none of the reference compounds were effective in stopping the viral infection (Figure 8B).
[image: Figure 8]FIGURE 8 | Testing the antiviral activity of (A) Salix spp. extracts (0.1% v/v) and (B) reference compounds (salicin, salicylic acid, picein, and triandrin) and Salixin Organic Powder and Extract against CVA9 using CPE inhibition assay. Virus control and test samples are normalized against a mock infection. The results are mean of two independent experiments with n = 3. The average values + standard errors of mean (SEM) are shown. P-16 = 2-L scale clone 16; Salixin P = Salixin Organic Powder 48TM; Salixin E = Salixin Organic Extract 800NPTM; SA = salicylic acid.
To study the impact of time and temperature on the antiviral activity of Salix spp. extracts in further detail, we incubated selected Salix spp. samples with CVA9 for a shorter time interval (5 min) and at lower temperatures (21°C vs. 37°C). The selected Salix spp. extracts retained their antiviral efficacy even at room temperature (21 °C) and were able to stop CVA9 infection within 5 min of incubation at both temperatures tested (Figures 9A,B). None of the reference compounds tested showed antiviral activity (Figure 9B). We tested an even shorter incubation time (45 s) to further determine the efficacy of the Salix spp. extracts. Interestingly, this short pre-treatment with the Salix spp. extracts was sufficient for the samples to exert their antiviral efficacy and protect the cells from CVA9 infection (Figures 9C,D). However, the 2-L stirring reactor extracted clone 16, sample P-16, did not show antiviral activity at lower concentrations (0.1% v/v) when incubated with CVA9 for 45 s at 21°C or 37°C. Nevertheless, it completely protected the cells when tested at higher concentrations (10% v/v) (Figure 9D). These results indicate that the Salix spp. extracts can effectively block CVA9 infection within a few seconds of interacting with the virus at room temperature by acting directly on the virus capsid.
[image: Figure 9]FIGURE 9 | Effect of time and temperature on the antiviral activity of selected Salix spp. extracts and reference compounds using CPE inhibition assay. Salix spp.-virus mix was incubated at 37°C and 21°C for (A, B) 5 min and (C, D) 45 s. Virus control and test samples are normalized against a mock infection. The results are mean of two independent experiments, with n = 3. The average values + standard errors of mean (SEM) are shown. P-16 = 2-L scale clone 16; SA = salicylic acid.
When grouping the clone extract results from Figure 8 into S. myrsinifolia (clones 1–3), S. phylicifolia (4–7), native hybrid (8–10), artificial hybrid (11–12), and commercial clones (13–16), there were no statistical differences between the groups as determined by one-way ANOVA [F(4,11) = 0.276, p = 0.887].
3.4 Antifungal Activity
The tested concentrations of Salix extract Klara (the 2-L scale sample) and Salixin Organic Extract and Powder were not effective against fungi (A. brasiliensis) and yeast (C. albicans). A reduction in viability higher than 4 log units, as required by the EN 1275 norms to qualify the product with fungicidal or yeasticidal efficiency, was not detected. However, higher concentrations of the commercial Salixin Organic Extract (50 and 100% v/v) showed minor inhibition against both C. albicans and A. brasiliensis.
4 DISCUSSION
In the present study, we introduced a steam debarking method, which loosens the bark and allows its efficient removal; therefore, this method has the potential to decrease the costs of willow debarking. However, our results showed that some antioxidant activity was lost in the steam-treated bark samples. The original bark extract had higher polyphenol content and antioxidant capacity than the steam-treated bark extract, indicating that some phytochemicals were leached away in the process. One of the major constituents of various biomasses is lignin, which has been found to possess anti-inflammatory and antioxidant activities, and it has been found to degrade at high temperatures (Gu et al., 2021; Wang et al., 2021; Zheng et al., 2021). However, the steam-treatment temperatures did not rise above 180°C, and the decomposition of lignin, which is rather slow, has been considered to start at temperatures over 180°C (Nassar and MacKay, 1984; Brebu and Vasile, 2010). In the hydrothermal steam treatment of Populus deltoides (W. Bartram ex Marshall, Salicaceae), lignin content was only slightly decreased (Bobleter, 1994). Therefore, it is more likely that the degradation of other extractives, such as salicinoid or polyphenol structures, caused the decrease in the antioxidant capacity after steam treatment, especially if salicinoid structures were unstable (Julkunen-Tiitto and Sorsa, 2001; Ruuhola and Julkunen-Tiitto, 2003). Additionally, a substantial degradation of acetyl groups in hemicellulose can be expected at the temperature of 180°C (Steinbach et al., 2017). Antioxidant activity has been reported at least for xylo-oligosaccharide (hemicellulose model compounds) (Wu et al., 2019) and corn bran hemicellulose fragments (Ohta et al., 1994). However, without further structural characterization, any certainty is difficult to accomplish, and this poses a great opportunity for subsequential experimental studies.
All the tested concentrations of Salix spp. extracts and the commercial Salixin Organic Extract and Powder were effective against the non-enveloped CVA9. Enteroviruses such as CVA9 cause many acute and chronic infections on a yearly basis (Marjomäki et al., 2015). To the best of our knowledge, no previous studies have investigated the effectiveness of willow extracts directly against non-enveloped enteroviruses. However, effectiveness of natural compounds found in Salix spp. has been established for viruses sealed with lipid envelopes. For example, a review by Grienke et al. (2012) covered several studies performed between 2000 and 2011 on natural products specifically targeting the viral surface protein neuraminidase of influenza virus. They showed that the majority of the active natural products with the desired activity belonged to flavonoids, while (oligo)stilbenes, coumarins, and diarylheptanoids exhibited lower activity (Grienke et al., 2012). Liu et al. (2008) found that the activity for flavonoids was highest in aurones followed by flavon(ol)es, isoflavones, and flavanon(ol)es and flavan(ol)es, in this order, and that the C4′-OH, C7-OH, C4-O double bond, and C2-C3 double bond functionalities were essential for the inhibitory activity of these compounds.
Here, we showed that salicin, picein, salicylic acid, and triandrin were not responsible for the antibacterial and antiviral activities detected, at least not alone. Salix spp. clone extracts are highly antibacterial even at low concentrations and show similar luminescence light reduction as the bark extracts from Norway spruce [Picea abies (L.) H. Karst] found in Välimaa et al. (2020). Salicinoids are not present in spruce, and they are unstable and prone to decomposition especially with higher molecular masses (Julkunen-Tiitto and Sorsa, 2001; Ruuhola and Julkunen-Tiitto, 2003). This could indicate that other secondary metabolites, such as tannins, could affect bactericidal efficacy. In addition, none of the reference compounds showed antiviral activity against non-enveloped CVA9. This indicated that the presence of bioactive compounds other than the reference compounds tested here (e.g., picein and triandrin) is responsible for the antiviral activity of the Salix spp. extracts (cf. Dou et al., 2021). One interesting option for future studies is the tannins, which are likely to be found in the willow bark water extracts and have recently been associated with antiviral efficacies (e.g., Vilhelmova-Ilieva et al., 2019; Fraga-Corral et al., 2021). Contradictory results and hypotheses exist on whether polyphenols influence the overall bioactive efficacy of willow extracts (Khayyal et al., 2005; Nahrstedt et al., 2007; Antoniadou et al., 2021). Therefore, more research is needed to achieve any certainty regarding their effects on the bioactivities of willow extracts. However, extracts containing a mixture of willow compounds could also have synergistic effects. Similar observations were made by Shara and Stohs (2015), who concluded that the typical effective dosage of aspirin is twice that of salicin needed in willow bark extract, probably because of the presence of beneficial polyphenols and flavonoids in the bark extract.
The results obtained in the present study demonstrate the excellent antiviral, antioxidant, and antibacterial effects of Salix spp. bark extracts. Pearson’s linear correlation coefficient absolute values (Table 2) indicated either a strong or moderate relationship between E. coli and S. aureus antibacterial test results (60%) for the Salix clones, both bacteria with enterovirus results (E. coli vs. entero: 67%; S. aureus vs. entero: 28%), ORAC and FRAP values (76%), ORAC and total phenol content (84%), FRAP and total phenol content (85%), and E. coli and FRAP test results (75%). A strong relationship was obtained between E. coli and ORAC test values (61%), E. coli and total phenol results (67%), S. aureus and ORAC values (41%), and S. aureus and FRAP values (53%). A moderate relationship was obtained for S. aureus and total phenol content (38%) and for enterovirus results and FRAP values (47%) as well as enterovirus and total phenol content results (45%), and enterovirus and ORAC results (36%).
TABLE 2 | Pearson’s correlation coefficients for the different bioactivity tests. Values 0.70–0.99 indicate a very strong relationship, values 0.40–0.69 indicate a strong relationship, values 0.30–0.39 indicate a mediocre relationship, values 0.20–0.29 indicate a weak relationship, and values 0.01–0.19 indicate no or negligible relationship. The upper part of the matrix indicates the p-values for the data determined by a two-tailed t-test (n = 16 for ORAC, FRAP, and Phenols tests, n = 17 for the E. coli, S. aureus, and Enterovirus test). Most of the p-values are below 0.05, which indicates significant differences.
[image: Table 2]Fungal infections and fungal resistance to currently available antifungal drugs are increasing globally. Fungal infections, as well as their prevention and treatment, also remain largely understudied compared to other infectious diseases (Brown et al., 2012). Novel and safe antifungal drugs and agents are needed for currently less common fungi, such as the recently reported Zygomycetes causing rare and life-threatening mucormycosis infection in patients with COVID-19 (do Monte Junior et al., 2020). For long, Amphotericin B was the only antifungal medication available, and only during the past three decades has a wider spectrum of antifungal agents (e.g., triazoles and echninocandin antifungals) become available (Spanakis et al., 2006). Promising antifungal compounds, including phenolic compounds, have been found in plants (Arif et al., 2008). To the best of our knowledge, no previous studies have investigated the efficacy of willow extracts against fungi and yeasts. Unfortunately, the Salix spp. bark extracts tested here showed no antifungal or yeasticidal activity. The only sample with putative mild activity was the commercial Salixin Organic Extract, which showed a minor inhibition of both C. albicans and A. brasiliensis when considerably concentrated.
The bioactivities of the domestic (1–12) and commercial clone extracts (13–16) were surprisingly similar despite the differences in harvesting time, age, and growing conditions of these two groups. However, the grouped commercial clone extracts showed significantly lower antioxidant (in ORAC and FRAP) and antimicrobial (E. coli) activities, as well as lower total phenolic capacity (Folin-Ciocalteu), than S. phylicifolia. In the H2O2 scavenging tests, the commercial clones showed significantly lower activities than all the other groups, and the FRAP test evidenced lower activity than that of S. myrsinifolia. The native clones had already reached the stage of vegetative bud burst, whereas the commercial clones had no visible signs of vegetative growth, indicating that they were in a state of dormancy (Saska and Kuzovkina 2010). According to Förster et al. (2008), the number of secondary metabolites in the bark of willow clones decreased during the vegetative season from March to July. The domestic clones were 1 year younger than the commercial clones. Nissinen et al. (2018) found only a minor decrease in the stem phenolic concentrations of S. myrsinifolia during a 7-year study period. Instead, Tahvanainen et al. (1985a) showed a significantly higher concentration of phenolic glycosides in juvenile willow twigs than in mature twigs. In the present study, the domestic clones grew in small polystyrene containers and restricted conditions, which could have resulted in higher amounts of polyphenolic defense and resistance compounds. According to Paunonen et al. (2009), polythene mulching and fertilization increased the yield of foliar salicylates because of the enhanced leaf biomass, but not the salicylate concentration in S. myrsinifolia clones. Furthermore, they noted that the yields and concentrations of leaf phenolics seemed to be more influenced by the clone than by the cultivation method. According to Glynn et al. (2004), drought treatment did not affect the foliar phenolic concentrations of willow genotypes.
Small differences were observed in the antibacterial tests, where commercial clones 14–16 seemed to have a somewhat lower effect in E. coli and commercial clone 14 seemed to have a lower effect in S. aureus. The commercial clones 13, 15, and 16 also showed almost no H2O2 scavenging activity in the antioxidant tests. The total phenol content and the composition of phenolic compounds vary widely among willow species, and the composition of leaf phenolic glycosides is species-specific (Julkunen-Tiitto, 1986). S. myrsinifolia (former Salix nigricans Sm.) clearly differed from other native species in terms of high phenolic glycoside content in leaves, mostly due to salicortin (Tahvanainen et al., 1985b), and so did the introduced species S. dasyclados. According to Julkunen-Tiitto (1986), S. phylicifolia leaves contained the highest total phenolic content among the 15 Salicaceae species studied, with more than 15% of dry weight, whereas S. myrsinifolia leaves had the lowest total phenolic content. In the present study, four clones (clones 4–7) with the highest total phenol content in the bark extracts were identified as S. phylicifolia. In contrast, S. myrsinifolia bark and leaves were characterized by higher amounts of phenolic glycosides such as salicylates (Julkunen-Tiitto, 1985, 1986), whereas the low content of phenolic glycosides was typical of S. phylicifolia and S. viminalis L. The latter is the main species in the ancestry of the commercial clones examined here, showing slightly lower antibacterial effects. Clonal variation exists within species; for example, Paunonen et al. (2009) showed highly variable responses of S. myrsinifolia clones to fertilization and mulching treatments, and thus to the yield of foliar phenolics, and they concluded that willow cultivation for the herbal industry should be based on correct clone selection.
Bark extracts of S. myrsinifolia × phylicifolia hybrids (clones 8–10) did not statistically differ from other native clones in terms of bioactivity, except in the H2O2 scavenging antioxidant test, when clones 7 and 14 were removed. There was also a statistically significant difference between the higher inhibition-% values of S. myrsinifolia clone extracts compared to native hybrid extract values (p = 0.049). According to Julkunen-Tiitto (1986), these native hybrids resemble S. phylicifolia on the basis of total phenolics in leaves, but S. myrsinifolia by their foliar glycosidic composition (Julkunen-Tiitto, 1986). In Hallgren et al. (2003), F1-hybrids of S. caprea L. and S. repens L. were intermediate between their parental species in terms of foliar secondary metabolites and herbivore resistance but increased hybridization decreased this resistance. In the present study, clones 11 and 12 were hybrids of three species from controlled crossings, i.e., female (S. myrsinifolia × phylicifolia) × male S. dasyclados. In particular, the bark extract of clone 11 showed a somewhat lower total phenolic content and weaker antibacterial activity than the bark extracts of native species. In fact, all commercial clones are also outcomes of multiple crossings between different willow species, with S. viminalis being the most used ancestor, and characterized by low content of phenolic glycosides (Julkunen-Tiitto, 1985, 1986). Thus, both of these reasons may explain the significantly lower antibacterial effects of the commercial clones. Another possible cause of the difference in the activities of artificial hybrids and commercial clones could be the difference in the bioactive polyphenol compound composition or quantity, which would be interesting to study in the future. Further interesting questions arise, whether the beneficial antioxidant and antimicrobial activities and total phenolic capacity of S. phylicifolia could be increased by intraspecific crossings, or whether they are inevitably decreased by repeated species hybridization when, for instance, breeding for higher yield.
This study verified the antimicrobial potential of the willow bark biomass extracts. Antimicrobial and antiviral protection are required for a variety of industrial applications. For example, it has been estimated that by the year 2027, the antimicrobial packaging market would globally reach the value of 13.28 billion pounds (VMR Verified Market Research, 2020). It is noteworthy that viruses such as noroviruses, which cause the nasty outbreaks of stomach infection, are non-enveloped viruses such as the enterovirus CVA9 studied here. Non-enveloped viruses are much more difficult to decontaminate than enveloped viruses because of the tight protein package around the virus genome instead of the lipid envelope, which is more vulnerable to breakage. In addition to noroviruses, enteroviruses transmit easily through surfaces and cause acute and chronic infections. Currently, there are no effective and safe antivirals that directly act on virus particles. Salix spp. extracts offer a safe and affordable solution to combat these stable viruses. Antiviral and antimicrobial compounds from renewable willow could also replace products that may not be readily biodegradable.
For obtaining valuable phenolic compounds from willow bark, one of the limiting factors has been laborious debarking. In the present study, we showed that steaming can be used for fast and efficient debarking, while only some antioxidant potential is lost in the process. Thus, this method has potential at industrial scale.
In the European Union, plantations of short rotation coppice (SRC) willows have been established in the past, primarily for energy use purposes. Willows could offer advantages over mainstream commercial conifers owing to their fast growth and high productivity. SRC willows may also provide environmental benefits in terms of carbon sequestration when grown on marginal land, such as abandoned agricultural land or peatland (Rytter et al., 2015). For well-managed willows growing at the underappreciated peatland, the annual yield can reach up to >12.3 oven dry ton (odt)/ha, which exceeds about 8%–30% of the yield obtained with the domestic natural forest species (i.e., birch and grey alder) on the same land (Hytönen and Saarsalmi, 2009). In Finland, bioenergy-targeted projects in the 1980s produced knowledge on the hybridization, cultivation, and management of SRC willows for energy use. High biomass yields are achievable if cultivation is based on well-adapted, selected clones, and biotic and abiotic damages are avoided (Volk et al., 2004; Verwijst et al., 2013). This knowledge is a valuable foundation for creating willow biorefinery approaches for high added value. The comprehensive and optimized utilization of willow lignocellulosic biomass will promote sustainability and carbon neutrality, but requires further research, for example, on the life-cycle assessment of the production and processing value chain (cf. Rasi et al., 2019).
In conclusion, the present study provides novel information on the antioxidant, antibacterial, and antiviral properties of polyphenolic bark extracts of SRC willows well adapted to the Finnish growing environment, by using scalable green extraction techniques. We found that all the tested concentrations of Salix spp. extracts were effective against the non-enveloped enterovirus CVA9 as well as E. coli and S. aureus strains. However, there seemed to be more variation between the clones in their antioxidant activities determined by ORAC, FRAP, and H2O2 scavenging abilities. No marked efficacy was detected in the antifungal or yeasticidal tests. When clone extracts were grouped, S. phylicifolia clones showed the most promising antioxidant and antibacterial activities with significant differences when compared to commercial and artificial clones. This can partly be caused by the effect of stronger hybridization; however, more studies are needed to examine the possible effects of compound composition and content of the extracts. We also showed that salicin, picein, salicylic acid, and triandrin are not responsible for the antibacterial and antiviral activities detected here, at least not alone. Instead, other compounds of interest, such as polyphenols, or synergistic effects between the compounds, are likely to cause the detected efficacies. We also demonstrated for the first time that steam debarking is a promising, less-laborious method for the efficient separation of bark from wood (harvested in the spring season), with only minor effects on the antioxidant properties of bark. This method promotes the cascade use of willow biomass, where the debarked wood can be used for other purposes. Our findings will potentially lead to scientific breakthroughs given that the studied crude extracts with promising mixtures of components are highly effective against the stable non-enveloped viruses that cause nasty acute and chronic infections. Further investigations and development of such antiviral solutions for enveloped viruses are topics for our next studies. Biochemicals obtained from tree bark biomass and side products of biorefinery approaches have potential for various applications (e.g., health promotion, cosmetics, pharmaceuticals, packaging, coatings, other functional materials, and surfaces). Willow, as a short-rotation coppice species with a fast growth rate and high yield on marginal lands, presents a promising alternative for the currently most common commercial tree species in Finland.
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Soil organic matter contains more carbon than global vegetation and the atmosphere combined. Gaining access to this source of organic carbon is challenging and requires at least partial removal of polyphenolic and/or soil mineral protections, followed by subsequent enzymatic or chemical cleavage of diverse plant polysaccharides. Soil-feeding animals make significant contributions to the recycling of terrestrial organic matter. Some humivorous earthworms, beetles, and termites, among others, have evolved the ability to mineralize recalcitrant soil organic matter, thereby leading to their tremendous ecological success in the (sub)tropical areas. This ability largely relies on their symbiotic associations with a diverse community of gut microbes. Recent integrative omics studies, including genomics, metagenomics, and proteomics, provide deeper insights into the functions of gut symbionts. In reviewing this literature, we emphasized that understanding how these soil-feeding fauna catabolize soil organic substrates not only reveals the key microbes in the intestinal processes but also uncovers the potential novel enzymes with considerable biotechnological interests.
Keywords: soil organic matter, biodegradation, humivorous, biotechnology, enzyme
INTRODUCTION
Soil organic matter (SOM) is massive and representative of a major organic carbon pool on the planet, which is considered as an essential agent in maintaining ecosystem productivity and sustainability through its physical, chemical, and biological properties. More specifically, soil organic matter not only retains nutrients that improve plant growth but also contributes soil physicochemical property enhancements such as infiltration, water-holding capacity, and aggregates (Lehmann and Kleber, 2015). To date, researchers estimate SOM approximately makes up less than 5% of the global dry weight soil (Stevenson, 1972; Liang et al., 2017). Soils also contribute an important source of aquatic and atmospheric carbon; moreover, diverse living organisms within the soils are considered as the most driving force of carbon cycling in biogeochemical processes. Collectively, organic matter in the soil represents the most abundant source of organic carbon and has unparalleled ecological and economic impacts on the Earth (Bolan et al., 2011).
The formation and turnover of soil organic matter is a continuum of progressively decomposing processes. Biological, physical, and chemical transformation processes convert dead plant material into organic products that form intimate associations with soil minerals (Lehmann and Kleber, 2015). The fragments of plants are often first broken up into small pieces at the beginning of decomposition by soil fauna. The plant residues are further degraded by subsequent exo-enzymes derived from surrounding microorganisms, where they are broken down to a relatively small size. The generated organic compounds at various stages of decay not only represent energy-rich spots in the soils but also relatively recalcitrant components. For instance, polyphenols in soils exist either in a dissolved form that moves freely in the soil solution, in a sorbed form that reversibly binds to the soil particle or proteins, or in a polymerized form that consists of humic substances (Min et al., 2015) Among them, lignin is one of the most recalcitrant carbon compounds and can bind with proteins, thereby immobilizing nitrogen (Gentile et al., 2011). Increasing evidence shows that soil-dwelling fauna and their gut microbial symbionts have the ability to decompose these persistent materials even more quickly than previously recognized (Coleman and Wall, 2015). In this review, we provide an overview of the recent omics-based research, including soil-dwelling fauna and their associated gut bacterial genomic and metagenomic studies, which have led to a deeper understanding of soil organic matter degradation processes and uncovered the presence of only recently recognized microbial symbionts and relevant degradative enzymes.
THE CHEMICAL COMPLEXITY AND RECALCITRANCE OF SOIL ORGANIC MATTER
Soil organic matter is heterogeneous complexes with a variety of chemical components. Although the definite chemical structures have remained contentious, it is generally accepted that humic substances consist of polyphenols, peptides, lipids, and polysaccharides (Figure 1) (Gerke, 2018). This supramolecular network formed by complex carbohydrates and aromatic polymers provides the SOM complexes with sufficient stability, but it also makes the SOM a major barrier to gain access to the stored hydrolysable aliphatic components (Horwath and Paul, 2015). The substantial ether– and carbon–carbon interunit linkages between aromatic units possess an inherent chemical recalcitrance. At the same time, the SOM often has chemical interaction with inorganic soil colloids, including mineral or clay particles, to form dense aggregates, which further provides the physical protections against decomposition (Oades and Waters, 1991). Specifically, owing to the stimulation of microbial activity and microbe-derived carbon, plant residue starts to form aggregates when it enters the soil. Along with the decomposition processing, plant residues or other particulate organic matter gradually encrusted with clay particles and microbial byproducts to form the core of stable microaggregates. Consequently, the mineral crusts interacting with microbial byproducts managed to form recalcitrant organo–mineral complexes (Six et al., 2004).
[image: Figure 1]FIGURE 1 | Traditional view of the chemical complex of soil organic matters or humus substance. Modified from Wagner and Wolf (1998).
The stability of soil organic matter including peptides, amino acids, and polysaccharides is strongly related to the presence of humic substances, which is largely owing to the polymerization of aromatic units during the humification (Shan et al., 2010). Modern analytical approaches for characterization of biomolecules in microbial cells and soils now suggest a direct and rapid contribution of microbial cell walls to soil organic matter protections when associated with model polyphenolic components. The emergent concept of soil organic matter as a continuum spanning the full range from intact plant material to highly oxidized carbon in carboxylic acids represents the more common view among the public (Lehmann and Kleber, 2015).
BIODEGRADATION MECHANISM OF SOIL ORGANIC MATTER
Soil organic matter degradation mechanisms in natural systems have remained less known since their structural complexes and therefore a suite of ligninolytic enzymes are likely engaged in the degradation of humic substances, such as lignin peroxidase (LiP), manganese peroxidase (MnP), versatile peroxidase (VP), and laccase (Abdel-Hamid et al., 2013).
Among organisms, actinobacteria and fungi are most well known to be capable of degrading humic substances. The fungi involved in humic acid degradation are usually known as white-rot fungi capable of lignin degradation (Dashtban et al., 2010; Datta et al., 2017). Extracellular enzymes including laccase and ligninolytic peroxidase are involved in the cleavage of aromatic rings; among them, manganese peroxidase is the most investigated (Nousiainen et al., 2014). Also, protease, lipase, and various carbohydrases may be involved in the degradation of aliphatic structural components (peptides, lipids, polysaccharides, etc.) (Holtof et al., 2019). Enzymatic degradation of protein from humic acids has been demonstrated. Meanwhile, the release of amino acids from humic substances by chemical autoxidation has also been observed (Kappler and Brune, 1999).
THE MECHANISM AND PROCESS OF SOIL-DWELLING MACROFAUNA BREAKING DOWN THE SOIL ORGANIC MATTER
Some soil fauna feed on soil organic matter, exclusively relying on soil organic matter in an advanced stage of humification (Briones, 2014). In fact, Donovan et al. (2001) defined four feeding groups of soil fanuas based on the humification stages of their gut content: 1) feeding on wood, litter, and grass; 2) feeding on very decayed wood and/or high organic content soil; and 3) feeding on only organic soil (so-called true soil feeders) (Donovan et al., 2001). The mineralization of SOM components throughout the guts of soil-feeding fauna has a significant impact on carbon-cycling globally. Indeed, several soil-dwelling fauna evolved the capacity to efficiently utilize the stored organic carbon within the soil organic matter (Jiang et al., 2018). Given the independent evolution of different soil-dwelling fauna, diverse bioprocessing mechanisms of the soil organic matter–based diet across these organisms have been established. The major innovation in soil fauna is a variety of microbes and their relevant enzymes engaged in these biodegradation processes, which either hydrolyze residual polysaccharides or degrade polyphenolic components of soil organic matter.
In the natural ecosystem, there is a diverse population of soil-dwelling fauna; among them, most research concentrates on earthworms, beetles, and termites (Swift et al., 1979; Li et al., 2021). Organic matter transformation is directly affected by soil macrofauna through the incorporation and redistribution of various materials and indirectly by making use of the microbial community with both constructive and destructive means (Wolters, 2000; Lavelle et al., 2001; Liu et al., 2019). More current research studies concentrate on the representative soil organisms including earthworms, beetles, and termites, which ingest a mixture of organic matter, soil components, and microorganisms adhering to mineral particles (Mcquillan and Webb, 1994; Lavelle et al., 1997; Brauman et al., 2000). Highly compartmentalized gut structure, extremely alkaline gut microenvironment, hydrolytic enzymes, and specialized microbiota in the gut of soil-dwelling fauna are the key points in the digestion of organic matter.
THE CONVERSION OF SOIL ORGANIC MATTER IN EARTHWORMS
Earthworms live in diverse types of soil, ranging from the top of soil in the surface litter, rotting logs, and the axils of tree branches, to the moist soil surrounding natural freshwater bodies (Reynolds, 1994). Earthworms contribute huge ecological impacts by modifying the soil structure. For example, the tropical earthworm Reginaldia omodeoi can take up to 30 times its own biomass of soil per day through its simple and tubular gut (Figure 2A) (Blouin et al., 2013). In temperate ecosystems, earthworms also ingest large amounts of material, with approximately 2–15% of organic matter inputs (Whalen and Parmelee, 2000). Earthworms live in the soil and ingest a mixture of soil and organic matter and finally excrete organo–mineral feces. Some species are dwellers and transformers of litter, living in organic soil horizons in or near the surface litter, with a diet of coarse particulate organic matter. This species takes large amounts of undecomposed litter and excretes holorganic fecal pellets (Dominguez and Edwards, 2010). Consequently, incorporation of organic matter into soil and the formation of macroaggregates are finished through burrowing, consumption, and egestion activities of earthworms (Guggenberger et al., 1996; Blanchart et al., 1997). After digestion, nitrogen is also reused by plants so that in the presence of earthworms, nitrogen mineralization increases either directly through the release of nitrogen by their metabolic products and dead tissues or indirectly through changes in soil physical properties and fragmentation of organic material and through interactions with other soil organisms (Lee, 1985; Bityutskii et al., 2002).
[image: Figure 2]FIGURE 2 | Biodegradation process of soil organic matter in three representative humivorous fauna. (A) Humivorous earthworm, beetle larva, and higher termites, as well as their gut morphology. Termite photo image courtesy of Jan Šobotnĺk. (B) Structural complex and heterogeneity of soil organic matter and the hypothetical biodegradation mechanism among soil-feeding macrofauna.
Research studies about degradation of soil organic matter by earthworms are currently focused on the degradation and transformation of plant-derived materials, such as cellulose, lignin, and other components of plant litter (Angst et al., 2021). Early feeding experiments on earthworms by using 14C-labeled lignin substrates indicate that the effect of earthworms on the degradation of cellulose and lignin has two distinct aspects: promotion of initial biodegradation and inhibitory effect of lateral biodegradation (Scheu, 1993). In holocellulose mineralization, earthworm processing causes a two-phase alteration: mineralization rates were initially increased for 6–15 weeks but decreased later in the experiment. Overall holocellulose mineralization in the soil of the 6- and 13-year-old fallows was increased by factors of 1.5 and 1.4 due to earthworm processing, respectively, whereas in wheatfield and beechwood soil, the effects are only slight. In the case of wheatfield soil, the earthworm processing causes a two-phase alteration in the context of the rate of lignin mineralization: mineralization rates were increased for about 10 weeks but decreased afterward in the experiment. Moreover, these earthworms have much a higher degradation capacity on cellulose than on lignin (Scheu, 1993).
In earthworms, the gut community is dominated by the Proteobacteria, Acidobacteria, Actinobacteria, Firmicutes and Verrucomicrobia taxa within three genera of earthworms, Aporrectodea, Allolobophora, and Lumbricus (Sapkota et al., 2020). Several microbiome analysis results of different earthworms indicate that Proteobacteria is likely the most abundant in the gut microbiota (Knapp et al., 2009; Liu et al., 2011; Liu et al., 2018), which is consistent with early reports that Proteobacteria might be involved in the fermentation, digestion, and absorption of food for the earthworm host (Flint et al., 2012).
SELECTIVE DIGESTION OF POLYSACCHARIDES OF SOM IN HUMIVOROUS LARVA OF BEETLES
Among beetles, most larvae feed on fresh or decomposing vegetable materials (Wolters, 2000). In the case of the Scarabaeidae beetle Pachnoda ephippiata, the larvae are considered almost entirely herbivorous or saprophagous (Crowson, 2013). The intestinal tract of Scarabaeid beetle larvae is mainly composed of two enlarged components, the long tubular midgut and a paunch hindgut, but also a poorly developed foregut (Figure 2A) (Cazemier, 1999). It has been observed that in saprophagous beetle larvae, the gut contains not only a large amount of humic material and plant residues but also fungal hyphae and other microbes (Bauchop and Clarke, 1977; Crowson, 2013). In Scarabaeidae families, similar to many soil-feeders, alkaline pH (>10) is always found in the midgut. The recalcitrant chitin and peptidoglycan, also the major structural polymers in the soil organic matter, are co-polymerized with polyphenols and thereby more likely to be against the soil microbial degradation. Early feeding experiments reveal that P. ephippiata larvae enable the selective digestion of those two polysaccharides over the protections from the polyphenols (Li and Brune, 2005).
The bacterial community structure study of the P. ephippiata larvae gut indicates the presence of dense and diverse microbiota, which is considerably different to the surrounding soils (Egert et al., 2003; Lemke et al., 2003). One of the dominant bacterial species isolated from the hindgut of the larvae, Promicromonospora pachnodae, is capable of reducing iron and degrading (hemi)cellulose (probably simultaneously), which indicates that dissimilatory iron reduction is involved in the degradation of organic matter in the intestinal tract. Also, other substantial cellulolytic bacteria, hemicellulolytic bacteria, and methanogenic archaea have been found in the intestinal tract (Bayon and Mathelin, 1980).
In some dung beetles, microbiome research studies of Onthophagus beetles reveal that Enterobacter and Serratia are the dominant genera in the adults, while Dysgonomonas and Parabacteroides dominate in larval and pupal stages (Suárez-Moo et al., 2020). Nevertheless, the genus Dysgonomonas is more abundant in the larval stage of E. intermedius and E. triangulatus (Shukla et al., 2016) and the gut microbiota of two Pachysoma MacLeay desert dung beetle species (Franzini et al., 2016).
MOBILIZATION AND TRANSFORMATION OF NITROGENOUS COMPONENTS WITHIN SOM IN HUMIVOROUS HIGHER TERMITES
Termites consist of seven families and are phylogenetically classified into lower termites with six families and higher termites with just one family (Noirot, 1992). For the wood-feeding “lower” termites, cellulolytic protozoa and bacteria attribute the plant biomass digestions. Evolutionarily derived “higher” termites, which are completely lacking in protozoa, have an extensive diet diversity ranging from wood, grass, bark, lichen, and decayed litter to organic soil (Wood, 1978). Among them, soil-feeding species are found in three subfamilies of higher termites and constitute approximately 67% of all genera (Brauman et al., 2000). Soil-feeding termites have been considered as important contributors to biogeochemical cycles, especially in carbon, methane, and nitrogen (Sugimoto et al., 2000; Ji and Brune, 2006). In the tropical savanna, termites have been estimated to be directly responsible for up to 20% of total carbon mineralization (Lavelle et al., 1997).
In soil-feeding termites, the hindgut is highly compartmentalized and longer, which is classified in five sections, from P1 to P5 (Figure 2A) (Brune and Kühl, 1996). It is observed that in comparison with the generally tubular compartments of wood feeders, humivorous higher termites are characterized by dilated P1 compartments, which is characterized by an increase in the length and volume, so that it allows a sequential transit of long duration. Notably, the pH sharply increases in the mixed segment and results in the alkalinity in the anterior hindgut of soil feeders being the highest values that have been reported for biological systems (Wang, 2018).
Early studies have already estimated the strong mineralization of carbon and nitrogen in the gut of soil-feeding termites, even though the overall information on humivorous termites is still limited. Ji and Brune (2005) found that soil-feeding termites, Cubitermes orthognathus, enable the efficient mobilization and digestion of the peptidic components within the soil organic matter by a combination of proteolytic activities and extreme alkalinity in their intestinal tract (Ji and Brune, 2005). By using pyrolysis-GC-MS, Griffiths et al. (2013) further confirms that in comparison to the wood-feeding termites, the soil-feeder Cubitermes termites efficiently digested peptides and other nitrogenous residues such as chitin and peptidoglycan of soil organic carbon, rather than polyphenols (Griffiths et al., 2013). Interestingly, nitrogenous components are derived from microbial biomass, which are generally protected from degradation by covalent linkage to polyphenols and an intimate association with clay minerals. The ability to mobilize such recalcitrant humus constituents is accompanied by an even more pronounced elongation and extreme alkalization (to >pH 12) of the anterior hindgut, which remains a mystery.
Diverse and unique microbial populations exist in the hindgut of soil-feeding termites. Termites largely depend on these complex microbial communities to digest and utilize soil organic matter, including highly recalcitrant lignocellulose and other organic matters in advanced stages of humification (Ohkuma and Brune, 2011). It has been demonstrated that the relative increase in alkali-active proteases in the P1 section and ammonia accumulates to high concentrations in the posterior hindgut. The magnified abundance of these alkali-adapted Firmicutes belongs to clostridia in their hindguts may satisfy the metabolic requirement (Mikaelyan et al., 2015). However, the concrete roles played by intestinal microbiota in the digestive process are still unclear.
To date, there are numerous gut microbiome studies across feeding groups of termites. The overall pattern indicates a prevalence of Fibrobacteres and Spirochaetes bacteria in the wood feeders, whereas humus feeders, soil feeders, and fungus feeders shared similarities in community structure, with large proportions of Firmicutes, Bacteroidetes, and Proteobacteria. Furthermore, the soil feeders also harbored a larger proportion of actinobacteria (Schloss et al., 2006; Dietrich et al., 2014; Su et al., 2016; Bucek et al., 2019; Hu et al., 2019). The latest work on the large-scale metagenomic analysis of 145 termite species revealed the correlation between host phylogeny and the functionalities of their microbiota (Arora et al., 2021).
MICROBIOME OF SOIL-DWELLING HUMIVOROUS FAUNA AND BIOENERGY APPLICATIONS
As one of the largest carbon pools, soil organic matter represents a complex and recalcitrant carbon that has an inherent resistance to decomposition, which is largely owing to the protection provided by soil minerals and a variety of aromatic biopolymers (Kleber, 2010). The ability of decomposer soil fauna to access the stored carbon of soil organic matter at an incredibly efficient level has fascinated biologists for more than a century. In parallel to the current industrial saccharification, the breakdown of complex polysaccharides into monosaccharides employs strategies involving a combination of chemical pretreatment and enzymatic hydrolysis to obtain simple sugar for subsequent fermentation (Hafid et al., 2017). The depolymerization processing is still not economically viable and is even challenging.
Notably, soil-dwelling fauna is widespread on Earth, for example, soil-feeding termites inhabit approximately 75% of the terrestrial soil surface and consume wood and litter in different stages of decay and humification (Noirot, 1992; Li et al., 2017). The microbiome of soil-dwelling humivorous fauna represents a particularly vast and promising source of novel cellulolytic enzymes, or enzyme cocktails, for industrial cellulosic biofuel production. Yet, we have only begun to understand the ecologic impacts. Work on the core and functional bacterial lineages and their related microbial enzymes and genomic investigations have led to discoveries of novel and diverse microbe-derived enzymes. To further explore these biological systems, it is essential to proceed beyond a full understanding of the chemistry of the nature of all organic matter in soil. An integrative analysis of chemically tracking the fate of soil organic matter throughout soil-dwelling humivorous fauna is urgently necessary.
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Tailoring the structure and properties of lignin is an important step toward electrochemical applications. In this study, lignin/polypyrrole (PPy) composite electrode films with microporous and mesoporous structures were designed effectively by electrostatic spinning, carbonization, and in situ polymerization methods. The lignin can not only reduce the cost of carbon fiber but also increase the specific surface area of composite films due to the removal of carbonyl and phenolic functional groups of lignin during carbonization. Besides, the compact three-dimensional (3D) conductive network structures were constructed with PPy particles densely coated on the lignin nanofibers, which was helpful to improve the conductivity and fast electron transfer during the charging and discharging processes. The synthesized lignin carbon fibers/PPy anode materials had good electrochemical performance in 1 M H2SO4 electrolyte. The results showed that, at a current density of 1 A g−1, the lignin carbon nanofibers/PPy (LCNFs/PPy) had a larger specific capacitance of 213.7 F g−1 than carbon nanofibers (CNFs), lignin carbon nanofibers (LCNFs), and lignin/PPy fiber (LPAN/PPy). In addition, the specific surface area of LCNFs/PPy reached 872.60 m2 g−1 and the average pore size decreased to 2.50 nm after being coated by PPy. Therefore, the independent non-binder and self-supporting conductive film is expected to be a promising electrode material for supercapacitors with high performance.
Keywords: supercapacitors, lignin, electrostatic spinning, polypyrrole, film
INTRODUCTION
Supercapacitors rely on electrode materials for charge storage, so electrode materials are the key part of the performance of supercapacitors (Choi et al., 2020; WulanSeptiani et al., 2020; Fu et al., 2021; Xu et al., 2021b; Liu et al., 2021a; Liu et al., 2021b; Du et al., 2022). Carbon materials, such as porous carbon (Li et al., 2019a), graphene (Zhou et al., 2020), carbon nanotubes (Fan et al., 2020), and ordered mesoporous carbon (Wang et al., 2018), are considered the most suitable electrode materials for supercapacitors due to their high specific surface area, developed pore structure, high electronic conductivity, and excellent stability (Chen et al., 2020a; Shang et al., 2020; Xu et al., 2020c). Unfortunately, strong van der Waals forces between graphene sheets tend to cause graphene sheets to accumulate and agglomerate (Xiong et al., 2020). And the biggest problem in the preparation of carbon nanotube composites is that carbon nanotubes are difficult to disperse effectively into the polymer matrix (Sahoo et al., 2010). Also, the process of ordered mesoporous carbon is complicated due to the use of various templates (Lin et al., 2015). However, porous carbon has gained wide raw material sources, low cost, well-developed pores, and an easy-to-control structure (Li et al., 2020). Moreover, the large amount of oxygen functional groups such as -OH and -COOH in these materials as another advantage provided interesting attention for better superior charge storage (Ding et al., 2021). Like the latest report, Xu et al. (2022) prepared dung beetle forewing carbon materials with a hierarchical porous structure, self-doped nitrogen, oxygen, and a large specific surface area, which obtained a specific capacitance of 348 F g−1. Wang et al. (2022) converted waste peach gum as a raw material into layered porous carbon doped with N, P, and O through impregnation and carbonization. The electrode exhibited excellent electrochemical performance (490 F g−1 under 1 A g−1) due to the synergistic effects of high specific surface area and multiple heteroatomic co-doping amounts.
Therefore, more and more attention has been paid to the preparation of porous carbon electrode materials for supercapacitors using biomass as precursors (Lian et al., 2018; Zhu et al., 2018; Yang et al., 2019; Liu et al., 2021g). Lignocellulosic biomass is one of the most abundant resources, which is a promising source of renewable energy (Du et al., 2019; Liu et al., 2020a; Liu et al., 2020b; Wang et al., 2020; Liu et al., 2021d; Xu et al., 2021a; Zhang et al., 2021a). Lignocellulosic biomass is mainly composed of cellulose,hemicelluloses, and lignin (Liu et al., 2021e; Liu et al., 2021f; Xu et al., 2020b; Liu et al., 2021h; Wang et al., 2021a). Among them, lignin as a kind of biomass carbon precursor is considered with broad application prospects due to its high carbon yield, large space for molecular structure modification, and abundant industrial sources (Dai et al., 2019; Li et al., 2019b; Chen et al., 2020b; Chen et al., 2020c; Dai et al., 2020; Xu et al., 2020a; Zhou et al., 2021; Park et al., 2022). In addition, researchers are committed to designing and manufacturing advanced lignin carbon fibers with high specific surface area, controllable porosity, and appropriate pore size using electrostatic spinning technology, and this technique has obvious advantages over other preparation methods in controlling the fiber inner diameter, surface morphology, and orientation degree (Qu et al., 2021; Thongsai et al., 2021). However, pure lignin has a low molecular weight and is not easily spinnable into fibers in practical applications (An et al., 2019). Therefore, high-molecular-weight polymers such as polyacrylonitrile (Szabó et al., 2021), poly(vinyl pyrrolidone) (Cao et al., 2020a), polyethylene oxide (Dallmeyer et al., 2010), and polyvinyl alcohol (Camiré et al., 2020) need to be added to the lignin solution to improve the viscosity and spinnability of the fiber preparation spinning solution. Furthermore, the mechanical strength of spun fibers can be improved by using high-molecular-weight polymers. Meanwhile, the introduction of conductive polymer into carbon fiber can generate more electrochemical active sites for a rapid charge–discharge conversion reaction, thus further improving the electrochemical performance (Zhang et al., 2017). Polypyrrole (PPy) is one of the most widely studied conductive polymers, which has a broad application prospect in supercapacitors due to its excellent energy storage capacity, easy synthesis, and high conductivity (Tian et al., 2019; Du et al., 2021; Yuan and Ma, 2021). Unfortunately, PPy as a supercapacitor electrode undergoes continuous expansion and contraction during the doping/de-doping process, which reduces its cyclic stability and electrochemical performance (Tian et al., 2021). Therefore, researchers used the strategy of depositing PPy on carbon-based materials to obtain enhanced capacitance performance in practical applications (Fan et al., 2014). For example, Li et al. (He et al., 2021) fabricated graphene/graphite/PPy composite fibers using a vertical alignment method, and the 3D microelectrode was helpful to improve electrochemical performance. Zhan et al. (2021) developed electrode materials with high capacitance (5,299 mF cm−2) and mechanical flexibility by synthesizing PPy in situ in cellulose nanofiber/sulfonated carbon nanotube composite hydrogel. In the literature, our group reviewed multifunctional lignin-based composite materials and nano-lignin materials for emerging applications (Deng et al., 2021; Ma et al., 2021a). Moreover, we prepared the flexible N-doped carbon nanotubes/MXene/PAN nanocomposite films with improved electrochemical properties via the electrostatic spinning method (Li et al., 2021).
In this paper, the method of preparing PPy-coated lignin carbon fiber composite films by electrostatic spinning, in situ chemical polymerization, and carbonization was proposed. Electrostatic spinning combining carbonization has the advantages of large specific surface area, uniform pore distribution, and low density, compared with the vacuum filtration method. In a three-electrode system, the high capacitance of the composite films electrode was 213.7 F g−1 at a current density of 1 A g−1. More importantly, biomass lignin provided a possibility as a low-cost self-supporting electrode material for energy storage devices.
EXPERIMENTAL SECTION
Materials
Lignin was purchased from Shandong Longli Biotechnology Co., Ltd. Pyrrole, polyacrylonitrile (PAN) (Mw = 150,000), and N,N-dimethylformamide (DMF) were purchased from Shanghai Macklin Biochemical Co., Ltd. Ammonium persulfate ((NH4)2S2O8) and urea (CH4N2O) were purchased from Beijing Chemical Plant Co., Ltd. All other chemicals were of analytical grade.
Preparation of Electrospinning Solution
The spinning solution was obtained by stirring lignin and PAN (ratio: 0:1 and 1:4) in DMF solvent for 24 h at room temperature until completely dissolved. The precursory solution was transferred into a 5 ml syringe for electrospinning by using a voltage in the range of 15–17 kV and a distance of 13–15 cm from the needle tip to the aluminum foil collector. After spinning, the fibers were collected, and the two kinds of electrospun fiber membranes were named “PAN” and “LPAN,” respectively.
Preparation of Lignin/PPy Filament Fiber
The PPy-coated nanofiber films were prepared using a simple in situ chemical polymerization. The above electrospun nanofiber LPAN film was dipped into a beaker containing an aqueous solution of 25 ml pyrrole (5 g L−1), which had been stirred for several minutes in advance. Then, after soaking for 3 h, 25 ml of (NH4)2S2O8 (0.2 moL L−1) solution was added dropwise, and holding at 0°C for 4 h. The sample was removed from the solution and rinsed with deionized water to remove PPy particles and residual reactants and dried in an oven for 4 h. The film containing PPy was named “LPAN/PPy.”
Preparation of Lignin-Based Carbon Fiber/PPy Composites
The freestanding carbonized composites were fabricated as follows. Pyrolysis of polymer fibers was performed in a tubular furnace under the following condition: The heating rate was 1°C min−1 from room temperature to 250°C. The temperature was set constant at 250°C for 1 h and from 250 to 900°C with 5°C min−1 by blowing N2 gas. Then, the setup was maintained at that temperature for 2 h and cooled to room temperature. The preparation of lignin-based carbon fiber/PPy composites is shown in Scheme 1, which are named “LCNFs/PPy.” For comparison, the electrospun lignin-free carbon fiber film was prepared and marked as CNFs. In addition, the composites without adding PPy were prepared and marked as LCNFs.
[image: Scheme 1]SCHEME 1 | Schematic of the preparation of lignin-based carbon fiber/PPy composites.
Material Characterization
The morphologies of the electrospun fiber membranes, lignin/PPy filament fibers, and lignin-based carbon fiber/PPy composites were characterized via scanning electron microscopy (SEM, SU8010, Hitachi, Japan). X-ray diffractometry (XRD, Ultima IV, Rigaku, Japan) was carried out to study the crystallographic information of the sample. TG-DTA (TG209F3, Netzsch, Germany) was tested under air to analyze the composition ration of the samples. The chemical groups were characterized with a PerkinElmer Frontier Fourier transform infrared (FT-IR) spectrometer.
Electrochemical Measurements
All electrochemical tests were performed on an electrochemical workstation (CHI 660D) using a three-electrode configuration using a 1 M H2SO4 aqueous solution as the electrolyte at room temperature. A Pt mesh electrode and an Hg/HgCl2 electrode were used as the counter and reference electrodes, respectively. The cyclic voltammetry (CV) curves were plotted in a potential range between 0 and 1 V at different scan rates from 5 to 500 mV s−1. The EIS experiments in the frequency range of 1 MHz–0.01 Hz were executed at 5 mV AC amplitude. And the specific capacitance was calculated from galvanostatic charge/discharge (GCD) curves according to the following equation (Liu et al., 2021c):
[image: image]
where Cs (F g−1) is the specific capacitance, I (A g−1) is the discharge current, ∆t (s) is the discharge time, ∆U (V) represents the potential window, and m (g) is the electrode material mass.
RESULTS AND DISCUSSION
Figure 1 shows the SEM images of the PAN, LPAN, PPy, and LPAN/PPy films prepared by electrostatic spinning and in situ chemical polymerization, which could intuitively reflect the microscopic morphology and structural differences of the precursor fibers. As shown in Figure 1A, the pure PAN fiber morphology was regular without beading or bending, which had uniform thickness and a diameter of about 289 nm. When the lignin:PAN ratio was 1:4, part of the fiber beaded and fractured (Figure 1B), and the fiber diameter was within the range of 248 nm. The interaction between lignin and PAN may contribute to the agglomerated, beading, and defective fibers. In addition, some lignin groups changed the polarity of the spinning solution, inducing the phenomenon of large fluctuation in the process of high-pressure spinning, which further affected the regularity of fiber diameter (Wang et al., 2013). Figure 1C shows the SEM image of PPy particles prepared by the chemical oxidation method. Besides, as shown in Figure 1D, the electrospinning fibers were coated with PPy evenly, and the diameter was mainly distributed at about 200–300 nm.
[image: Figure 1]FIGURE 1 | SEM images of electrospun fibers after thermal stabilization with fiber diameter distribution graphs: (A) stabilized PAN fibers; (B) stabilized LPAN fibers; (C) PPy; (D) LPAN/PPy.
Compared with lignin-based filament fibers prepared by the electrospinning method, the diameter of carbon fibers after pre-oxidation and high-temperature carbonization was significantly smaller, and part of the fiber showed a state of curvature and connection. It could be more intuitively observed from the digital image in Figure 2A that the sample area had a certain contraction after carbonization at 900°C. This could be attributed to the fracture, removal, and cyclization of lignin groups in the fiber (Ding et al., 2016; Ma et al., 2020). The LCNFs (Figure 2C) exhibited a smaller diameter than CNFs (Figure 2B), which increased the specific surface area and porosity, thereby improving the cyclic stability and specific capacitance. On the contrary, the carbon nanofibers connect and bridge with each other to form a highly conductive network structure that facilitated rapid electron transfer during charging and discharging processes, thus improving the rate capacity. In addition, PPy on the surface of carbon fiber was closely attached (Figure 2D), which also contributed to the improvement of electrochemical properties.
[image: Figure 2]FIGURE 2 | (A) Photographic image of the prepared samples. SEM micrographs of fibers after carbonization graphs: (B) CNFs; (C) LCNFs; (D) LCNFs/PPy.
FT-IR was performed to determine the chemical structure of the prepared samples (Figure 3A). The peak at 3,433 cm−1 was attributed to N-H in PAN, and O-H in the aromatic ring of lignin. In addition, the peaks of PAN at 2,937 and 2,243 cm−1 were attributed to C-H and C≡N, respectively (Si et al., 2009; Xu et al., 2021c). It was noted that the O-H peak increased with the increase of lignin content and had a trend of low-wavelength shift, and C≡N cyanine peaks gradually weakened. And the peaks at 1,183 and 1,077 cm−1 were C-N and C-H in a PPy long chain, respectively (Si et al., 2008; Wang et al., 2015). The results showed that the pyrrole rings were mainly connected by an α-α bond after the composite PPy on the surface of the filament. The FT-IR spectra of carbon fibers displayed three emblematic bands at 3,430 (N-H stretching), 1,610 (C=C stretching), and 1,370 cm−1 (-CH3 bending), respectively (Si et al, 2013; Ma et al., 2021b). After calcination at 900°C, the groups (cyanogenic C≡N in PAN) of the filament basically disappear, which was due to the decomposition of organic compounds at high temperature and the formation of amorphous carbon. The XRD patterns of carbon fibers are demonstrated in Figure 3B. The carbon peak position had been located at 26.6° and 44°, which corresponded to the (002) and (100) diffraction planes of disordered stacking of graphite structures (Jayachandran et al., 2021). It was also confirmed that the linear structure of the fiber was transformed into a heat-resistant trapezoidal structure during the pre-oxidation process, and the graphitization crystal structure could provide good structural stability, which was advantageous to improve the capacitive performance. In addition, a large specific surface area provided more active sites for charge storage, which improved the electrochemical performance of supercapacitors. The N2 adsorption–desorption isotherms and pore-size distribution of composite carbon fibers are illustrated in Figures 3C,D, respectively. According to IUPAC classification, the N2 adsorption–desorption isotherms of the three samples all exhibited a mixed type Ⅰ curve and type IV curve with a steep increase of N2 adsorbed at low pressure and a distinct hysteresis loop at high-pressure regions (0.4 < P/P0 < 1.0), indicating the coexistence of microporous and mesoporous structures (Schneidermann et al., 2017; Bai et al., 2020). The micropores increased the specific surface area of the material, increasing the active site of pseudo-capacitance reaction, and the mesopores provided a smooth channel to help electrolyte ions quickly enter the reaction interface of the material bulk phase. Therefore, the existence of these pores directly affected the specific capacity of the electrode material. Compared to CNFs (519.81 m2 g−1 and 3.55 nm), the BET surface area and pore diameter of LCNFs were 746.37 m2 g−1 and 2.76 nm, respectively. It was noted that the specific surface area of LCNFs/PPy reached 872.60 m2 g−1 and the average pore size decreased to 2.50 nm after the composite by PPy, which may be caused by the filling of the fiber gap with PPy to form smaller pores.
[image: Figure 3]FIGURE 3 | FT-IR spectra (A) of protofilament fibers and carbon fibers, XRD patterns (B), N2 adsorption–desorption isotherms (C), and pore-size distribution (D) of the carbon fiber composite electrodes.
To explore the electrochemical capacitive properties of carbon fibers at different temperatures, after that, the stabilized lignin/PAN fiber film was carbonized by heating to 600°C as the control sample, denoted as LCNFs-600. The capacitive properties of LCNF and LCNF-600 electrodes were measured in 1 M H2SO4 using a three-electrode system. From the electrode under different scan rate cyclic voltammetry (CV) curves, it is found that the curve area of the LCNFs (Figure 4A) was larger than that of the LCNFs-600 (Figure 4B). And at low scanning rates, the CV curves of LCNFs were closer to rectangles. These results clearly showed that the calcination temperature was 900°C and the graphitization and amorphous area of carbon fibers increased, further improving the specific surface area for better permeation H+ to access more active sites. Furthermore, at different current densities of 1–20 A g−1, the GCD curves of the LCNFs were near the isosceles triangle shapes (Figure 4C). Compared to LCNFs-600, the LCNF electrode had an ideal capacitance and ion adsorption/desorption mode during the energy storage process (Figure 4D).
[image: Figure 4]FIGURE 4 | CV curves of LCNFs (A) and LCNFs-600 (B) at different scan rates with a potential range of 0–1 V. GCD cycle curves of LCNFs (C) and LCNFs-600 (D) with different charge densities.
Figure 5A shows the CV curves of composite electrode materials at 5 mV s−1. It was evident that the LCNF/PPy composite films approximated rectangles, which showed good electrochemical reversibility. Compared with LCNF composite films without PPy composite, the area was larger and the specific capacitance was higher, indicating that the addition of conductive polymer PPy could improve the specific capacitance of carbon fibers. In addition, with the addition of lignin, the charge storage capacity of the material significantly enhanced. This was attributed to the natural pore structure and complex functional groups of lignin, which enhanced the specific surface area and electrochemical reversibility of carbon fibers after calcination (Cao et al., 2020b). In order to better compare the electrochemical performance, chronopotentiograms are drawn for the samples at a constant current density of 1 A g−1 in Figure 5B. It could be observed that the LCNF/PPy composite film had a visibly larger discharging time (Δt) than the other samples. The relationships between specific capacitances and current densities of these five samples are shown in Figure 5C. The highest specific capacitance of 213.7 F g−1 was obtained for the LCNF/PPy electrode at a current density of 1 A g−1, compared with specific capacitances of 193.8 F g−1, 132.8 F g −1 117.3 F g−1, and 82.3 F g−1 for LCNFs, CNFs, LPAN/PPy, and LCNFs-600, respectively. And the LCNF/PPy electrode also showed a higher specific capacitance, compared with other recently reported lignin and PPy composite electrodes (Table 1). To further verify the excellent properties, EIS measurements were performed in the frequency range from 1 MHz to 0.01 Hz, as shown in Figure 5D. The series resistance of the LCNFs/PPy was only 2.7 Ω, and the small semicircle reveals the low charge transfer resistance (Rct). Moreover, it showed a high slope in the high-frequency region, which indicated good ion diffusion process and double-layer behavior in the electrochemical reaction process. Furthermore, the four-probe method was used to test the conductivity of the composite films, and the results are shown in Figure 5E. The addition of PPy into LCNFs has been demonstrated to be an effective strategy to reduce resistivity. The low resistivity of LCNFs/PPy (5.58 Ω cm−1) is also demonstrated in the small bulb test in Figure 5F. Moreover, the poor conductivity of the calcined sample at 600°C should be caused by its low graphitization degree and long charge diffusion path.
[image: Figure 5]FIGURE 5 | (A) CV curves at 5 mV s−1; (B) GCD curves at 1 A g−1; (C) specific capacitances at different current densities; (D) Nyquist plots (insets show a Randles cell equivalent circuit and zoomed plot of each curve); (E) conductivities of LCNFs/PPy, LPAN/PPy, LCNFs, LCNFs-600, and CNFs, respectively; (F) small bulb test.
TABLE 1 | Comparison of supercapacitive performance of recently reported lignin-based and PPy-based composite electrodes.
[image: Table 1]To further clarify the electrochemical behavior of LCNF/PPy films, the complete CV curves and GCD curves of the SCs are plotted in Figures 6A,B, respectively. The results in Figure 6A showed that all CV curves maintain the similar shape at different scanning rates, demonstrating well capacitance performance and relatively good rate capability. Subsequently, the GCD curves of the LCNFs/PPy are displayed in Figure 6B. The curves had a shape of a symmetrical triangle that showed good capacitive behavior. It was important to assess the long-cycle stability of LCNF/PPy positive material by repeating the GCD test at 4 A g−1. Figure 6C shows a well stability of about 77% after 1,000 cycles. For further understanding the charge storage process of LCNFs/PPy, the electrochemical dynamics of electrode composite films were studied. The capacitance C could be calculated by (Lin et al., 2015)
[image: image]
where T is the discharge time of the GCD test, k1 corresponds to the surface capacitance effect (usually from the double-layer capacitance, T→0), and k2T1/2 corresponds to the capacitance effect of diffusion control (affected by the charge and discharge rates, T→∞). Figure 6D shows the relationship between specific capacitance and discharge time of LCNFs/PPy. When T→0, the intercept was k1, representing the specific capacitance contributed by the double-layer effect. The double-layer capacitance of LCNFs/PPy reached 148.7 F g−1, accounting for 69.6% of the total capacitance, which showed that the capacitance effect mainly came from double-layer adsorption (Chen et al., 2021a). In addition, the capacitance control and diffusion control in total charge storage could be further calculated and quantified by (Zhang et al., 2021b)
[image: image]
[image: Figure 6]FIGURE 6 | CV curves of LCNFs/PPy at different scanning rates (A), GCD curves at different current densities (B), cyclic performance of 1,000 charge–discharge cycles at current density 4 A g−1 (C), relationship between the specific capacitance of LCNFs/PPy and discharge time (D), capacitive contribution to charge storage at scan rates of 5 and 500 mV s−1 (E), and percentage of capacitance contribution at different scan rates (F).
In short, at a certain voltage (v), the current response (i) consisted of two parts, wherein k1v and k2v1/2 corresponded to the surface control process (pseudo-capacitance and double-layer capacitance) and the diffusion control process, respectively (Chen et al., 2021b). As could be seen from Figures 6E,F, the capacitance contribution of the LCNF/PPy positive electrode film enlarged from 7 to 70% with the increase of scanning rate, which was caused by the relatively low ion diffusion rate at large scanning rates.
CONCLUSION
In summary, carbon fiber precursors with lignin and PAN (ratio 1:4) were prepared by the electrostatic spinning method, and PPy was in situ polymerized to improve electrochemical performance. In addition, lignin/PPy composite films were produced without the use of any crosslinking agents and physical/chemical activation during thermal stabilization and carbonization. Lignin/PPy composite films with microporous and mesoporous structures were designed as the positive materials of the supercapacitor. Among them, the LCNF/PPy electrode had a large specific surface area, high pore volume, and the specific capacitance of 213.7 F g−1 at the current density of 1 A g−1. This work has the potential to use lignin to produce carbon fibers as a low-cost electrode material for high-performance supercapacitors.
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The pyroligneous acids (PAs) of woody biomass produced by torrefaction have pesticidal properties. Thus, PAs are potential alternatives to synthetic plant protection chemicals. Although woody biomass is a renewable feedstock, its use must be efficient. The efficiency of biomass utilization can be improved by applying a cascading use principle. This study is novel because we evaluate for the first time the pesticidal potential of PAs derived from the bark of hybrid aspen (Populus tremula L. × Populus tremuloides Michx.) and examine simultaneously how the production of the PAs can be interlinked with the cascade processing of hybrid aspen biomass. Hybrid aspen bark contains valuable extractives that can be separated before the hemicellulose is thermochemically converted into plant protection chemicals. We developed a cascade processing scheme, where these extractives were first extracted from the bark with hot water (HWE) or with hot water and alkaline alcohol (HWE+AAE) prior to their conversion into PAs by torrefaction. The herbicidal performance of PAs was tested using Brassica rapa as the test species, and the fungicidal performance was proven using Fusarium culmorum. The pesticidal activities were compared to those of the PAs of debarked wood and of commercial pesticides. According to the results, extractives can be separated from the bark without overtly diminishing the weed and fungal growth inhibitor performance of the produced PAs. The HWE of the bark before its conversion into PAs appeared to have an enhancing effect on the herbicidal activity. In contrast, HWE+AAE lowered the growth inhibition performance of PAs against both the weeds and fungi. This study shows that hybrid aspen is a viable feedstock for the production of herbicidal and fungicidal active chemicals, and it is possible to utilize biomass according to the cascading use principle.
Keywords: pyroligneous acid, hybrid aspen, biomass, torrefaction, biopesticide, herbicide, fungicide, cascade utilization
INTRODUCTION
One possible way to produce acidic chemical products from biomass is thermochemical conversion, e.g., torrefaction (Fagernäs et al., 2015; Grewal et al., 2018). Typically, the technique is used as a biomass pretreatment process, such as for gasification or combustion (Van der Stelt et al., 2011; Cahyanti et al., 2020). Torrefaction is a technique similar to slow pyrolysis, where conversion is performed at a slow heating rate under anaerobic conditions, but is conducted at lower temperatures. When using lower process temperatures, the hemicelluloses of lignocellulosic biomass are the most essential precursors to produce pyroligneous acids (PAs) (Collard and Blin, 2014; Chen et al., 2019). PAs are known to have pesticidal activity (Oramahi and Yoshimura, 2013; Theapparat et al., 2015; Oramahi et al., 2018; Hagner et al., 2020); therefore, the method appears to be a viable way to produce bio-based pesticides as a substitute for synthetic chemicals (Tiilikkala et al., 2010). Wood material is a potential and renewable natural resource for the production of pesticide-active chemicals, but the sustainable use of forest resources must be taken into account (Cambero and Sowlati, 2014). This can be promoted by studying the use of raw materials according to the cascade principle and by investigating the effects of the processes on the chemical products.
In recent years, the utilization of biomass in chemical production has increased. Recovery techniques are mainly conversion processes, such as catalytic, biological, and thermochemical processes. So far, the sources of bio-based raw materials for biochemical production are largely those that compete with other sectors, such as the food industry. In the cultivation of forest as a feedstock source, such a competitive situation is more easily evaded (Cherubini, 2010). Currently, the high market potential for bio-based chemicals includes biofuels, biomaterials such as degradable plastics, and a variety of biochemical applications such as adhesives and packaging coatings (Cherubini, 2010; Hassan et al., 2019). The number of bio-based products on the market is clearly growing, but the utilization of by-products is still low (Cherubini, 2010). As the chemical industry aims to electrify processes with renewable energy, produce biochemicals by converting from forest biomass, and reduce the need for fossil-derived reagents in biochemical production (Toivanen et al., 2021), pyrolysis techniques such as torrefaction are essential methods to be explored. The method also has the advantage of being able to generate side streams for recovery (Figure 1).
[image: Figure 1]FIGURE 1 | Utilization of hybrid aspen biomasses in the production of biopesticides according to the cascade principle.
There are still numerous encounters with the enhanced use of forest biomass, such as availability, price, and sustainability (Toivanen et al., 2021). One possible solution could be to cultivate fast-growing tree species as a source of raw materials for chemical production. By cultivating clonal trees, the raw material can be tailored (Korkalo et al., 2020) to serve better the needs of the chemical industry, locate the biomass source closer to chemical production, and accelerate biomass production (Beuker et al., 2016).
At the same time, as the goal is to increase the utilization of forest biomass in the chemical industry, the adequacy and sustainable consumption of forest resources must be taken into account (Azapagic, 2014). This means more efficient and versatile use of raw materials, where cascade utilization plays a key role. The term “cascade utilization” describes an enhanced use of biomass that produces multiple products before the biomass ends up as a waste residue, energy production, or other end-products. There is no consistent description of the concept of the cascade principle, but the definition of the term is met if the utilization of biomass involves linear utilization, product side streams, recycling, and other activities that increase the life cycle of biomass or maximizes its value in use (Keegan et al., 2013; Sokka et al., 2015).
Cultivated hybrid aspen is an interesting raw material alternative for various bio-based conversion products due to its rapid biomass yield potential. In Finland, the tree species reaches its felling age in the first growth cycle in 20–25 years and in the second growth cycle in 15 years. In northern growth areas, the growth rate compared to other commercially important tree species can be 40% faster than birch and 50% faster than spruce. Thanks to its rapid growth, the biomass yield of cultured hybrid aspen can reach up to 20 m3 ha−1 year−1 in 25-year cycles (Beuker et al., 2016).
This study investigated the use of hybrid aspen (Populus tremula L. × Populus tremuloides Michx) as a feedstock and the cascade utilization of the biomass in the production of herbicidal and fungicidal active chemicals (Figure 1). Due to the low extractive content of the debarked wood, the wood biomass is led directly to thermochemical conversion. However, the bark is known to be rich in extractives (Korkalo et al., 2020), so the effects of bark raw material pre-extraction on the pesticidal activity of PAs were studied.
Hot water extraction (HWE) was chosen as the first pre-extraction step for bark cascade processing (Figure 1) since the method can be used to separate soluble hydrophilic extractives into value-added products (Rasi et al., 2019). Moreover, HWE at moderate temperature and normal atmospheric pressure is not expected to significantly affect bark hemicellulose contents. The soluble hydrophilic compounds consist of tannins and strongly antioxidant phenolic substances (Korkalo et al., 2020). These groups of compounds are of interest for several practical applications, e.g., tannins in rigid foam forming (Tondi and Pizzi, 2009; Varila et al., 2020) and phenolic compounds as antioxidants in various end uses (Reuter et al., 2010).
Alkaline alcohol extraction (AAE), which can be used to separate insoluble bark compounds such as suberinic acids, was chosen as the second pre-extraction step to be tested (Figure 1). Suberin-derived fatty acids have been found to have promising properties to act, e.g., as a coating material for paper, fabrics, and packaging (Korpinen et al., 2019). The pretreatment of the bark with AAE prior to conversion to the biopesticide has been considered, even though hemicellulose structures are known to be soluble under alkaline conditions (Stoklosa and Hodge, 2012). Since hemicelluloses are the essential precursors for PA formation, the effect of bark AAE pretreatment on the pesticidal activity of PAs was analyzed in this study.
The hypothesis of this study is that several valuable products can be separated from hybrid aspen biomass without losing all the potential of PAs to be suitable for herbicide and fungicide applications. The herbicidal activity of PAs produced from wood, bark, and pre-extracted bark was tested using Brassica rapa as the model plant and the fungicidal activity tested using Fusarium culmorum. The activity tests examined how well the bio-based pesticides compete with the efficacy of commercial products and whether the biomass can be utilized in the production of biopesticides according to the cascade principle.
MATERIALS AND METHODS
Chemical Analysis of Wood and Bark Biomass
Samples
Six sample trees of hybrid aspen clones (P. tremula L. × P. tremuloides Michx.) were randomly selected from a designed field trial of the Natural Resources Institute Finland (Luke) near Lohja, Southern Finland (60°12′ N, 23°55′ E). For chemical analyses of hybrid aspen biomass, a sample disc was cut from each tree at breast height (1.3 m). Bark mass, including both inner and outer layers, was peeled from the wood, after which both separated sample fractions were freeze dried. Dried bark and wood samples were ground with a 0.75 mm milling blade (rotor mill PULVERISETTE; FRITSCH, Idar-Oberstein, Germany) and stored at −20°C until analysis. Chemical assays made from wood and bark were used to characterize the wood chemical composition of hybrid aspen biomass and to examine the differences between the separated biomass fractions. Chemical characterizations were determined by performing similar chemical analyses for both sample fractions, except for suberinic acids which were determined only from bark samples (Table 1).
TABLE 1 | Basic information on hybrid aspen tree samples, chemical composition analysis for the wood and bark biomass fractions, number of biomass samples prepared for torrefaction, and chemical characterization of pyroligneous acids
[image: Table 1]For the torrefaction and the bark cascade processing experiments, wood, bark, hot water-extracted bark (HWE bark), and hot water and alkaline alcohol-extracted bark (HWE+AAE bark) samples were prepared by pooling the biomass of six sample trees into representative bulk samples of each feedstock. Feedstock samples were prepared for the torrefaction experiments freshly after collection. For the pesticide (i.e., herbicide and fungicide) experiments, one PA sample was produced from each of the feedstocks. The collected PA samples were used for pesticide experiments and for acid strength analysis shortly after the conversion. Information on the hybrid aspen tree, sampling data, and the list of chemical analyses are shown in Table 1.
Lipophilic and Hydrophilic Extractive Contents
Lipophilic and hydrophilic extractives of wood (n = 6) and bark (n = 6) were determined from freeze-dried and finely ground samples using the accelerated solvent extraction (ASE-350, Dionex, Sunnyvale, CA, USA) method. Lipophilic compounds were extracted with hexane at 90°C three times for 15 min, followed by extraction of the hydrophilic compounds with 95% acetone (aq) at 100°C three times for 15 min. Each separated lipophilic and hydrophilic extractive solution was adjusted to a final volume of 50 ml with used extractants, after which samples of each solution were dried in a nitrogen evaporator at 40°C to a dry matter residue to determine the extractive yields. Extract-free wood and bark samples were used for the determination of hemicellulose, cellulose, lignin, and suberinic acid contents of the bark. The method was modified from Willför et al. (2003).
Determination of Bark Suberinic Acid
The suberinic acid content of the bark was determined from extractive-free samples (n = 6) with a modified method adapted from Krogell et al. (2012). Bark samples were weighed into seal tight test tubes, followed by the addition of 3% potassium hydroxide–ethanol solution (KOH, w/v). The bark samples were extracted for 2 h at 70°C. The solution containing suberinic acids was separated and collected by vacuum filtration. The bark residue was dried overnight at 105°C and saved for lignin assays. Suberinic acid solution samples were measured into sample tubes and diluted with water. Bromocresol green was added to the samples as a pH indicator, after which the sample solutions were acidified with 0.25 M aqueous sulfuric acid. After pH adjustment, an internal standard mix of C21:0 and betulinol in tert-butyl methyl ether (MTBE) was added to the samples. Suberinic acids, including the internal standard, were separated from aqueous solution using liquid–liquid extraction with the MTBE solvent. The liquid–liquid extraction was repeated a total of three times. Finally, the collected suberinic acid and the internal standard containing the MTBE solution was washed with water before drying in a nitrogen evaporator at 40°C. The dry residues of the samples were silylated by adding a reagent mix of pyridine–BSTFA–TMCS in a 1:4:1 ratio and allowed to react at 70°C for 45 min. The clear phase of the silylated samples was collected and the content of suberinic acids was quantitated against the internal standard of C21:0 using gas chromatography–mass spectrometry (GC-MS).
Determination of Lignin Content
The lignin content of the hybrid aspen samples was determined for wood from the extractive-free samples (n = 6) and for the bark from samples previously prepared for the determination of suberinic acids (n = 6). The total lignin content of the samples was determined as the sum of acid-soluble and insoluble (Klason) lignin. The prepared bark and wood samples were dried at 105°C overnight and weighed in duplicate for analysis. Of sulfuric acid, 72% was added to the sample vessels and mixed thoroughly, after which the samples were incubated for 1 h at 30°C. After incubation, the acid content of the samples was diluted to 4% with water, and the solution was transferred into a glass vessel with a screw cap. The samples were then placed in an autoclave at 120–125°C for 1 h, after which they were removed from the autoclave and allowed to cool to room temperature. Acid-insoluble lignin was separated from the samples using a vacuum filter and finally dried overnight at 105°C for weighing. The acid-soluble lignin separated by vacuum filtration was analyzed spectrophotometrically at 240 nm. The lignin content was analyzed and calculated according to the laboratory analytical procedure (LAP) (Sluiter et al., 2012).
Determination of Cellulose Content
The cellulose content of bark (n = 6) and wood (n = 6) was determined from the extract-free samples with the acid hydrolysis method adapted from Krogell et al. (2012). Samples and cellulose standards were weighed into sealable glass tubes, followed by the addition of 72% aqueous sulfuric acid. The strong acid solution was allowed to take effect for 2 h, after which it was diluted with water and allowed to react for the next 4 h. The acid content of the samples was further reduced by the addition of water and the samples left to stand overnight at room temperature. The following day, the samples were placed in an autoclave for 1 h at 120–125°C. Bromocresol green was added as a pH indicator, and the acidity of the solutions was neutralized with barium carbonate. d-Sorbitol was added into the wood, bark, and standard samples as an internal standard, after which the samples were mixed thoroughly and centrifuged. The separated clear phase was collected and evaporated to dryness in a nitrogen evaporator at 40°C, and finally in a vacuum oven at 40°C. Samples were silylated by the addition of pyridine, hexamethyldisilazane (HMDS), and trimethylchlorosilane (TMCS) and left to react overnight. The next day, the samples were analyzed by gas chromatography with a flame ionization detector (GC-FID). The cellulose contents of the samples were calculated by means of an inner standard.
Determination of Hemicelluloses Content
The acid methanolysis method for the determination of bark (n = 6) and wood (n = 6) hemicelluloses content was adapted from Sundberg et al. (1996). Extract free bark and wood samples, as well as standard samples (monosaccharide mix of arabinose (Ara), glucose (Glc), glucuronic acid (GlcA), galactose (Gal), galacturonic acid (GalA), mannose (Man), rhamnose (Rha), 4-O-methylglucuronic acid (4-O-Me-GlcA), and xylose (Xyl); 1.0 mg/ml of each) were measured in sealable pressure-resistant glass containers. Methanolysis reagent (2 M HCl in anhydrous methanol) was added to the samples and placed in a 100°C oven for 5 h. After cooling the samples, the acid content of the samples was neutralized with pyridine, and a mixture of sorbitol and resorcinol in methanol was added to the samples as an internal standard. The separated clear phase was collected from the samples and dried in a nitrogen evaporator at 40°C to dryness. Samples were silylated by the addition of pyridine, HMDS, and TMCS and left to react overnight at room temperature. The samples were then analyzed with GC-FID to identify hemicellulose sugar units and to calculate the concentrations by using internal standards to determine the hemicellulose content.
Biomass Pre-Extraction and Torrefaction Process to Produce Plant Protection Chemicals
Preparation of a Hot Water-Extracted Bark Sample for Torrefaction
To prepare the HWE bark feedstock sample (n = 1), 2 kg of bark mass was pooled from six sample trees. For the extraction, the water-to-dry matter ratio was adjusted to 6.1:1 (v/m) by checking the dry matter (d.m.) content of the bark sample with a moisture analyzer (MLB 50-3N, KERN & Sohn GmbH, Balingen, Germany) before adding the required amount of water. Bark mass was extracted in a steel boiler at normal atmospheric pressure at 90°C for 2 h. After extraction, the HWE bark sample was divided into two: one half was saved for torrefaction and the other half saved for the following alkaline alcohol extraction (Figure 1).
Preparation of the Alkaline Alcohol-Extracted Bark Sample for Torrefaction
The hot water and alkaline alcohol-extracted bark (HWE+AAE bark, n = 1) was prepared from the previously prepared HWE bark mass. The AAE method was adapted from Rižikovs et al. (2014) and Korpinen et al. (2019). The AAE extractant mixture was prepared from crystalline sodium hydroxide (NaOH), water, and IPA (2-propanol) (Merck KGaA, Darmstadt, Germany) in a ratio of 1,200 ml IPA:300 ml H2O:20 g NaOH:100 g HWE bark d.m. The amounts of NaOH, water, and IPA required for the extractant mixture were calculated based on the d.m. content of the HWE bark sample, which was checked with a moisture analyzer (MLB 50-3N, KERN & Sohn GmbH, Balingen, Germany). The extraction solvent was prepared by dissolving NaOH in water before mixing with IPA and finally adding with HWE bark into a glass laboratory flask. The sample was extracted at normal atmospheric pressure by heating the extraction vessel in a hot water bath at 85°C for 3 h. After extraction, the HWE+AAE bark sample was rinsed with water until the pH of the rinsing water decreased.
Torrefaction of Wood, Bark, and Pre-Extracted Bark Biomass
The biomass conversion process was carried out in a bench-scale slow pyrolysis batch reactor under anaerobic conditions. The oxygen in the system was removed by purging the pyrolysis vessel with nitrogen gas before heating. The pyrolysis equipment consisted of a temperature control unit, an indirectly heating furnace, a gas-tight pyrolysis vessel with an internal thermometer (TCC-K250-6.0-KY), a water-cooled condenser with a condensate collection vessel, and a gas flow meter (drum-type gas meter, TG1/5, RITTER, Bochum, Germany). Hybrid aspen wood, bark, HWE bark, and HWE+AAE bark feedstocks were dried at 37°C before being placed into the pyrolysis apparatus. The sample sizes and d.m. contents (in weight percent), respectively, of dried biomass were 440.1 g, 97.7 wt.% for wood; 440.0 g, 96.2 wt.% for bark; 440.0 g, 96.0 wt.% for HWE bark; and 231.0 g, 96.2 wt.% for HWE+AAE bark. The torrefaction heating steps were programmed to ramp up from the pre-drying phase to the target temperature of 280°C. The actual measured heating rate of the pyrolysis vessel was 1.7°C/min from an initial temperature range of 30–250°C, after which the heating rate was decreased before reaching the temperature of 279 ± 2°C. The level of the target temperature was maintained for 40–50 min. The yields of solids and PAs formed during torrefaction were weighed and the total mass of gas formed calculated by subtracting the total mass of the solid and PA products from the weights of the feedstock samples loaded. All product yields were determined as mass percentages (weight percent) of the amount of samples loaded into the pyrolysis vessel.
Chemical Analysis of Conversion Distillates
Pyroligneous Acid Titratable Acidity
The titratable acid strength of the PAs was determined by titrating the solutions with 1 M aqueous NaOH solution and calculating the result as acetic acid equivalent. Titration pH change was measured with a pH meter (SevenExcellence, Mettler-Toledo, Columbus, OH, USA) and electrode (Mettler-Toledo InLab Expert Pro-2m-ISM). The acetic acid equivalence of the condensates was determined by plotting the change in pH with the consumption of NaOH, verifying the titration equivalence point with the first (ΔpH/ΔV) and second (ΔpH2/Δ2V) derivatives, and finally calculating the titratable acid content of the solutions as acetic acid CH3COOH (% m/v) equivalence.
Water and Organic Matter Contents of Condensates
The water contents of the condensed liquids were determined with Karl Fisher titration using the volumetric ASTM E203-08 method. The measurements were made with the Metrohm 870KF Titrino Plus titrator equipped with double Pt-wire electrode (Metrohm AG, Herisau, Switzerland). The titrant was the commercial Hydranal Composite 5K reagent (Sigma-Aldrich, St. Louis, MO, USA). A mixture of chloroform and methanol (3:1, v/v) was used as the solvent. The result of each sample was reported as the average of three parallel measurements. The proportion of organic matter in pyroligneous acids was determined by subtracting the water and the titratable acid contents from the total mass of the liquid.
Compositional Analysis of Organic Matter
A further compositional analysis of the organic matter in the conversion distillates was performed using ultrahigh-resolution direct-infusion mass spectrometry, which allows a non-targeted complex mixture characterization without chromatographic separation. All the measurements were performed on a 12-T solariX XR Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker Daltonics GmbH, Bremen, Germany) using negative-ion electrospray ionization (ESI). This instrument has been described in detail elsewhere (Zhao et al., 2020). The distillates were diluted with methanol at a ratio of 1:1,000 (v/v) and directly infused into the ion source with a syringe pump, operating at a flow rate of 2 μl/min. Dry nitrogen was used as the drying (200°C, flow rate of 4 L/min) and nebulizing gas (1 bar). The calibration of the mass spectra was done externally using sodium trifluoroacetate clusters. The ions were detected within a mass range of m/z 98–1,000. Three hundred time–domain transients were co-added for each spectrum with a data size of 4 MWord. Bruker Compass ftmsControl 2.1 software was used for the instrument control and data acquisition, and Bruker DataAnalysis 5.1 software was used for data post-processing. To improve mass accuracy, the mass spectra were further internally recalibrated with selected analyte ions. The signal-to-noise ratio was set at 5.0 for the peak picking, and the relative intensity threshold was 0.01%. The following parameters were used for the molecular formula assignment: elemental formula, 12C1–1001H1–200014N0–26O0–2532S0–1; double bond equivalent (DBE), 0–80; and mass error, ≤0.8 ppm. Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) and CERES viewer 1.82 were used for the data sorting and visualization.
Pesticidal Tests
Herbicidal Activity Test
In the herbicide tests, turnip rape (B. rapa; Apollo, Boreal Plant Breeding Ltd.) was used as the test species due to its recommended use in phytotoxicity assessments (OECD, 2006). The herbicidal effect of the PAs was assessed according to Hagner et al. (2020) using a Jacobsen germinator (Rubart Apparate GmbH, Laatzen, Germany) that consists of a germination plate being temperature-conditioned by means of a water basin below. Germination spirals (filter papers, Ø = 6 cm) equipped with a paper wick were placed on the germination plate. The wick was led through slots in the germination plate into the water basin below, thus supplying the required humidity and temperature (20°C) to the germination spiral. Turnip rape seeds (20 pieces) were placed on the germination spirals, which were covered with a transparent glass dome to provide the air humidity required for germination. A little hole in the dome ensured minimum evaporation. Seeds achieved 16-h light a day. After 7 days, the covers were removed, the germinated seedlings were counted, and the germination spirals with seedlings were gently transferred into Petri dishes for herbicide treatments. An even deposit of the test liquid over the seedlings was achieved using a Potter precision laboratory spray tower spraying 1.0 ml of the selected liquid per filter paper. Tap water was used as an inert control and BioNeko (120 g/L acetic acid) as the active control. The concentrations of the PAs tested were 50%, 25%, 12.5%, and 5% (v/v), each with four replicates. The treated germination spirals were returned into the Jacobsen germinator and the cover domes were set on their places. The number of living seedlings was counted after 7 days.
Fungicidal Activity Test
The fungicidal properties of the tested PAs were estimated using F. culmorum as the test species. The utilized F. culmorum was separated in 2005 from barley (Hordeum vulgare strain: Presitge) grown in Sotkamo, Finland, and stored in liquid nitrogen (−190°C) since then. Each test liquid was examined in the concentrations of 100%, 50%, 25%, 10%, and 5% (v/v). Tap water was used as an inert control and 1.5 g/L Switch (active substances: 375 g/kg cyprodinil and 250 g/kg fludioxonil) as an active control. Each treatment had three replicates. The test was conducted in Petri dishes containing 25 ml of potato dextrose agar (PDA) as growth media for fungus. Four filter papers (6 mm diameter) treated with 100 µm of the test liquid were placed on the growth medium of each Petri dish. The fungus was inoculated in the middle of the Petri dish and the lids closed. The dishes were incubated at 20°C. After 2, 4, and 7 days of incubation, the fungal-covered area was measured.
Statistical Analysis
All dependent variables (percentage of dead B. rapa, the F. culmorum-covered area, and the development of fungal coverage) were analyzed using generalized linear models (GLMs) with treatment (BioNeko/Switch, wood, bark, HWE bark, HWE+AAE bark, and water control), concentration (from 5% to 50%), and their interaction as fixed effects. The concentrations of the first model were 5%, 12.5%, and 20%, and those of the second were 5%, 10%, 25%, and 50%. In the latter model, a concentration of 25% was chosen and the measurement day (2, 4, and 7 days) was used as a fixed effect instead of concentration. Four replicates were used without randomization.
The assumption of beta distribution with a logit link was used for percentages (model 1), and for coverage areas, the assumptions of log-normal distribution with an identity link (model 2) and gamma distribution with a log link (model 3) were used because the distributions of areas were highly skewed. The restricted maximum likelihood (REML) estimation method was used for the second model, maximum likelihood (ML) for the first model, and residual pseudo-likelihood (REPL) for the third model.
Heterogeneous variances for treatments were allowed in the second model. In the third model, correlations between measurement days within the same experimental unit were taken into account using the unstructured covariance structure, which estimates unique correlations for each pair of time points. Both solutions were based on lower values of the information criterion (corrected Akaike information criterion, AICc), although a likelihood test was also used for the decision of heterogeneous variances for treatments.
All treatments were compared within each concentration (models 1 and 2) or measurement days (model 3). The step-down method of Westfall, which is known to be one of the most effective when the design is balanced, was used for the pairwise comparisons of means with a significance level of 0.05 (Westfall, 1997). The method of Kenward and Roger was used for calculating the degrees of freedom for models 2 and 3 and the residual method used for the first model (Kenward and Roger, 2009).
The analyses were performed using the GLIMMIX procedure of the SAS Enterprise Guide 7.15 (SAS Institute Inc., Cary, NC, USA).
RESULTS AND DISCUSSION
We hypothesized that several valuable products can be separated from hybrid aspen biomass without losing all the potential of PAs suitable for herbicide and fungicide applications. To prove this, the herbicidal and fungicidal activities of PAs produced from 1) wood, 2) untreated bark, 3) HWE-treated bark, and 4) HWE+AAE-treated bark were examined. The activity tests showed that aspen wood and bark can be used as raw materials for bio-based pesticides as the herbicidal and fungicidal activities of undiluted PA were comparable to those of commercial products. In addition, the bark biomass can be utilized in the production of biopesticides according to the cascade principle as HWE pretreatment even improved the herbicidal activity of bark PA.
Basic Composition of Hybrid Aspen Biomass Fractions
The chemical characterization of the bark and wood of hybrid aspen trees was used to evaluate the potential of the raw material in terms of cascade processing and to consider the composition of the biomass in relation to the yield of PAs. In the chemical compositions of wood and bark (Table 2), the most significant difference in terms of cascade use can be found in the extractive contents. The bark was found to have a significantly higher content of hydrophilic extractives than wood, bark biomass thus having more potential as feedstock for cascade utilization. Due to its low hydrophilic extractive content, wood is best suited for direct conversion to PAs without pre-extractions. The content of lipophilic extractives in both biomass fractions was low. Thus, the separation of lipophilic compounds from wood or bark before conversion to PAs does not seem a promising way to increase the value of biomass. Variations in the cellulose and lignin contents were also found between wood and bark, but the differences were not considered essential as pesticidal active PAs are converted at ≤280°C, i.e., below the temperature where cellulose and lignin are thermally degraded (Collard and Blin, 2014).
TABLE 2 | Basic wood chemical composition of the wood and bark biomass fractions (mean ± SD, n = 6) of Populus tremula L. × Populus tremuloides Michx.
[image: Table 2]In the torrefaction of lignocellulosic biomass at ≤280°C, hemicelluloses are the most important precursors in PA production (Collard and Blin, 2014). The hemicelluloses of hardwood species consist mainly of xylan and, to a lesser extent, glucomannan and pectin (Sjöström, 1993; Willför et al., 2005). The chain structure of xylan consists of xylose (Xyl) units with an O-acetyl group attached to 7 units out of 10 and 4-O-Me-GlcA to 1 unit out of 10 in ratios (Sjöström, 1993). The O-acetyl groups of xylans are precursors of the acetic acid formed in thermochemical conversion; therefore, a proportion of xylan is the most decisive hemicellulose characteristic of biomass (Chen et al., 2019). The xylan content of the wood and bark of hybrid aspen was estimated from the concentrations of the Xyl and 4-O-Me-GlcA sugar units (Figure 2). The bark was found to have a higher total amount of hemicellulose (Table 2), but a lower xylan content compared to the wood fraction (Figure 2). Due to its higher xylan content, wood can be considered as a more promising feedstock for the production of PAs with a stronger acid concentration.
[image: Figure 2]FIGURE 2 | Mean (±SD) hemicellulose sugar units of hybrid aspen wood and bark per biomass dry weight (d.w.).
Torrefaction Process and Pyroligneous Acid Formation
Torrefaction Product Yields
The formation of torrefaction products was used to examine the behavior of wood, bark, and pre-extracted bark during the conversion process. In torrefaction, the reactive temperature range for lignocellulosic biomass conversion begins at 150–175°C, and the actual conversion of hemicellulose occurs between 200°C and 300°C (Basu, 2013; Collard and Blin, 2014). The graph of the biomass gas formation rate during conversion showed that the reactive phase of hybrid aspen bark, wood, and pre-extracted bark biomasses began above 220°C and was at its most active phase above 250°C (Figure 3). Bark pre-extractions did not appear to have a significant effect on the reactive temperature range as all biomasses produced gas over the same temperature range. Although there were differences in the gas formation rates between the different biomasses, the total amounts of gases produced were only a few percentage points apart and did not appear to follow a clear trend relative to bark cascading pretreatments. For all feedstocks, gas formation ceased during the temperature maintenance phase at 280°C. Thus, it can be assumed that the biomass conversion reactions reached their end point and that the maximum yields of solid, liquid, and gas products were achieved.
[image: Figure 3]FIGURE 3 | Gas production of hybrid aspen biomass fractions and pre-extracted bark masses (HWE, hot water extraction; AAE, alkaline alcohol extraction) during the torrefaction process. The maximum gas formation rate for each feedstock at different temperatures is highlighted in the diagram.
Figure 4 shows the weight percent (wt.%) yields of the conversion products produced from wood, bark, and pre-extracted bark biomasses. The wood raw material was found to form the highest amount of PAs relative to the dry matter mass, although the total content of hemicelluloses was found to be lower than that in the bark. The higher wood PA yield can be expected as due to the higher xylan ratio of wood hemicelluloses (Prins et al., 2006). Pre-extractions of bark did not appear to have a notable effect on the total yields of PAs.
[image: Figure 4]FIGURE 4 | Solid pyroligneous acid (PA) and gaseous product yields (weight percent of feedstock dry weights) produced by torrefaction from hybrid aspen wood, bark, and pre-extracted bark masses.
Wood biomass had the highest mass loss compared to bark and pre-treated bark biomasses during conversion (Figure 4). In bark torrefaction, HWE and HWE+AAE pretreatments appeared to decrease mass loss, although the differences were small (Figure 4). The effect of AAE treatment on bark mass loss was not expected, as various studies have found that alkali metals bound to organic sites in lignocellulosic biomass can significantly increase mass loss during torrefaction (Shoulaifar et al., 2016a; Shoulaifar et al., 2016b; Macedo et al., 2018; Zhang et al., 2018). The observed opposite result is interesting since bark AAE pretreatment is likely to cause Na residues in the biomass and would be expected to cause accelerated mass loss.
Pyroligneous Acid Composition
PAs contain precipitate (tar) and liquid phases, both of which were summed to give the total yield of PAs. Tar was separated from the solutions by centrifugation, and only the separated liquids were included in the subsequent herbicide and fungicide experiments to avoid the polyaromatic hydrocarbons (PAHs) in the tar fraction (Fagernäs et al., 2012). PAs obtained from HWE-treated bark contained the highest amount of tar (8.75 wt.%), followed by bark PA (4.09 wt.%), wood PA (1.85 wt.%), and HWE+AAE bark PA (1.29 wt.%).
Tar-free samples of bark PA were found to differ significantly from wood PA in their basic chemical composition (Figure 5). Bark pre-extractions also had a notable effect on the basic composition of PAs (bark PA vs. HWE bark PA vs. HWE+AAE bark PA) (Figure 5). The basic chemical composition of the PAs was determined by dividing the chemical fractions into groups of water content, acid content (CH3COOH w/v percent equivalent), and other contents of organic matter (Figure 5). Wood PA was found to contain a higher amount of acid, as well as organic matter, compared to the bark PA product. The higher acid content is explained by the higher xylan content of the wood (Prins et al., 2006). In terms of the bark feedstock pre-extraction processing, the most interesting finding emerged from the effect of HWE on the chemical composition of the produced PAs. The acid strength of PAs, as well as the proportion of organic matter, appeared to have increased because of HWE of the bark (bark PA vs. HWE bark PA) (Figure 5). However, following AAE, a significant negative effect on the acid content of PAs was shown, but the proportions of other soluble organic substances were clearly increased (HWE bark PA vs. HWE+AAE bark PA) (Figure 5). The decreased acid content of PAs can be explained by the alkaline extraction conditions that likely affected the hemicellulose xylan (Borrega et al., 2013).
[image: Figure 5]FIGURE 5 | Basic chemical composition of pyroligneous acids (PAs) produced from wood, bark, hot water-extracted (HWE) bark or HWE+alkaline alcohol-extracted (AAE) bark of hybrid aspen.
The composition of the organic matter in the PA samples was further analyzed with negative-ion ESI-FT-ICR mass spectrometry, which specifically targets less volatile organic compounds present in thermochemical wood distillates (Zhao et al., 2020; Zhao et al., 2021), such as organic acids, phenolic compounds, and carbohydrates (sugars and anhydro sugars). Zhao et al. have previously shown that extractives, some phenolics, and hydrocarbons are enriched in the tar (i.e., water-insoluble) fractions, while the more polar oxygenates are enriched in the PA (i.e., water-soluble) fractions (Zhao et al., 2021). The van Krevelen diagrams for all the detected compounds in each sample are presented in Figure 6, which allow the overall chemical compositions to be compared. The compositions of the tar-free PA samples were similar, mainly comprising different phenolic compounds and carbohydrates (mainly hemicellulose-derived mono- and disaccharides) (Figure 6), consistent with the previous work of Zhao et al. (2021). However, the HWE+AAE bark PA had clearly lower amounts of phenolics and monosaccharides than the other samples. Due to the complex chemical nature of the samples, individual compounds were not further identified in this work. The smallest organic acids, alcohols, or furanic compounds were not efficiently ionized by ESI and needed to be analyzed by other means, e.g., GC-MS or photoionization combined with FT-ICR MS. These further analyses remain as a topic for future studies. The negative-ion ESI-FT-ICR mass spectra of the PAs are shown in the Supplementary Material (Supplementary Figure S1).
[image: Figure 6]FIGURE 6 | Van Krevelen diagrams for the compounds detected in different conversion distillates with negative-ion ion electrospray ionization Fourier transform ion cyclotron resonance (ESI-FT-ICR) mass spectrometry. The dot size/color represents the relative abundance of each detected compound.
Herbicidal Activity
The herbicidal activity of the PAs produced from hybrid aspen fractions and pretreated bark masses was compared with that of the acetic acid-based commercial herbicide (BioNeko) and that of water. Seven days after the spraying, all PA solutions with 20% or higher concentrations eliminated 100% of the B. rapa seedlings, being as effective as the commercial herbicide (BioNeko), but each differing significantly from water (p < 0.05). At lower dilutions, differences between the PAs produced from various feedstocks were revealed (Figure 7): as 12.5% solutions, wood PA, bark PA, and HWE bark PA were as herbicidal active as BioNeko, but HWE+AAE bark PA was found to have a significantly reduced activity (HWE+AAE bark PA vs. all others, p < 0.05). At 5% dilutions (Figure 7), wood PA still retained its herbicidal activity, being as effective as the commercial herbicide (wood PA vs. BioNeko, p = 0.847). However, the herbicidal activity of bark PA was significantly lower than that of wood PA (5% bark PA vs. 5% wood PA, p < 0.001). HWE of the bark had a significant positive effect on the herbicidal activity of the PAs produced from the bark, as the performance of HWE bark PA was not statistically different from that of wood PA (HWE bark PA vs. wood PA, p = 0.919) or that of BioNeko (HWE bark PA vs. BioNeko, p = 0.274).
[image: Figure 7]FIGURE 7 | Herbicidal effectivity of pyroligneous acids (PAs) produced from wood and variously treated (HWE, hot water extracted; AAE, alkaline alcohol extraction) bark products (mean ± SD, n = 4) against Brassica rapa seedlings 7 days after the spraying compared to that of a commercial product (BioNeko) and water controls.
Fungicidal Activity
To investigate the fungicidal (F. culmorum) activity of PAs produced from hybrid aspen biomasses, we compared the antifungal efficiency of 50%, 25%, 10%, and 5% PA dilutions (Figure 8). In addition, the antifungal effect of 25% dilution of PAs produced from different biomasses was monitored for 7 days (Figure 9). Wood PA, bark PA, HWE bark PA, and HWE+AAE bark PA corresponded in 50% solutions to the commercial product Switch during the 7-day observation period, preventing F. culmorum from spreading almost completely (Figure 8). Dilutions of 25% of bark PA and pre-extracted bark PA showed a reduced antifungal effect, but wood PA still corresponded to Switch (wood PA vs. Switch, p = 0.866). It can be seen from the 25% dilutions in Figure 8 that the bark pre-extractions were found to have a negative effect on the fungicidal performance of the PAs produced. The growth area of F. culmorum was shown to be increased when comparing the growth inhibition performance of bark PA to that of HWE bark PA (p = 0.006). Comparison of the fungicidal performance between HWE bark PA vs. HWE+AAE bark PA showed that the effect appeared to have decreased further, although statistical difference was not found (p = 0.167). All PA solutions significantly lost their fungicidal activity against F. culmorum at 10% dilutions, and the activities no longer differed from water at 5% dilutions (all 5% PAs vs. water, p > 0.05). Figure 9 shows the F. culmorum growth inhibitory ability of 25% PAs over a 7-day follow-up period. After 4 days from treatments, differences in the fungicidal activity of PAs slightly appeared, but on day 7, only wood PA corresponded to the Switch product. Ascending growth trends suggest that the fungicidal performance of all tested treatment agents appeared to have decreased over the follow-up period, but this should be verified by extending the observation period.
[image: Figure 8]FIGURE 8 | Fungicide potency of pyroligneous acids (PAs) produced from aspen tree wood, bark, or variously extracted bark (HWE, hot water extraction; AAE, alkaline alcohol extraction), commercial herbicide (Switch), or water measured via the inhibition of fungal (Fusarium culmorum) growth 7 days after the treatments (mean ± SD), n = 4.
[image: Figure 9]FIGURE 9 | Fungal coverage area (in square millimeters) at 2, 4, and 7 days after treating the growth media with pyrolysis acids produced from wood, bark, hot water-extracted (HWE) bark, or HWE+alkaline alcohol-extracted (AAE) bark (mean ± SD, n = 4).
Current State of Pyroligneous Biopesticide Usage and Research
The use of PAs as herbicides, insecticides, and fungicides has a long tradition in many Asian countries (Yatagai et al., 2002; Tiilikkala et al., 2010; Hossain et al., 2015). PAs produced by slow pyrolysis have been proven to be effective against a wide number of pests (Yatagai et al., 2002; Lindqvist et al., 2010; Hossain et al., 2015), to have antifungal activity against pathogenic fungi and yeasts (Ibrahim et al., 2013; Oramahi and Yoshimura, 2013; Mashuni et al., 2020), and to induce systemic resistance to fungal diseases in plants (Kårlund et al., 2014). The results of our study agree with those of previous studies and extend the results to also concern PAs produced by torrefaction. However, we are not aware of any studies concerning the utilization of biomasses according to the cascade principle, which allows the separation of specific soluble and insoluble compounds before pyrolysis and biopesticide production. As HWE pretreatment even improved the herbicidal activity of bark PA, the cascading use, i.e., the separation and utilization of hot water-extractable chemicals before the production of PAs for herbicidal purposes, is possible. However, the pretreatments used decreased the fungicidal properties of the PAs. Consequently, it is the target organism that determines the usability of various pretreatments to produce biopesticides from wood biomass by torrefaction.
CONCLUSION
The results of the study showed that both wood and bark biomasses of hybrid aspen (Populus tremula L. × P. tremuloides Michx.) are promising raw materials for the production of pesticide-active PAs on weeds and fungal diseases. PAs converted from wood, bark, HWE bark, and HWE+AAE bark were equally herbicidal active solutions at >20% and fungicidal active solutions at >50% with commercial products. The results are novel, as we showed for the first time that, along with the production of biopesticides, several other valuable products can also be separated from the bark, if the solution strengths of the herbicides and fungicides used are at least as described above. We further observed that HWE pretreatment improved the herbicidal activity of bark PA, which also supports the cascade utilization potential of the bark. No similar benefit was observed with alkaline alcohol extraction, but despite pretreatment, the PA did not completely lose its biopesticide potency. The results also showed that the fungicidal activity of PAs produced from hybrid aspen biomasses was lower compared to its herbicidal activity. This is evident in the differences of the activity of the PA dilution ratios tested. It can be summarized that utilization according to the cascade principle is possible by separating the tree biomass fractions into their own raw material sources and by using different separation extractions to form value side streams. Still, further research is needed to determine the market value and market entry potential of the products. Also, more detailed characterization of the chemical products produced from hybrid aspen biomasses awaits further research.
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Hydroxymethylfurfural (HMF) derivatives such as 2,5-bis(hydroxymethyl)furan (BHMF) and furandicarboxylic acid (FDCA) are promising alternative of fossil-based diols and dicarboxylic acids for synthesis of polyesters such as polyethylene terephthalate (PET). However, high cost for preparing HMF from biomass discourages the commercialization of HMF-derived polyesters. Since producing furfural (FUR) from five-carbon sugars (e.g., xylose) via dehydration is an inexpensive and commercialized process, we herein reported a method to synthesize BHMF derivatives (5-(ethoxymethyl)furan-2-methanol (EMFM), 2,5-bis(hydroxymethyl)furan monoacetate (BHMFM) and 2,5-bis(hydroxymethyl)furan diacetate (BHMFD) from furfural derivatives, i.e., (2-(ethoxymethyl)furan (EMF) and furfuryl acetate (FA)). To avoid strong acid-induced side reactions (e.g., furan ring opening, condensation and carbonization), two reaction systems, i.e., a low-concentration HCl aqueous solution combined with formaldehyde and anhydrous acetic acid combined with paraformaldehyde, were found to be suitable for such a hydroxymethylation reaction and could lead to decent product yields. In order to improve the carbon utilization, condensed furanic byproducts were further converted into hydrocarbon fuels via a reported two-step hydrodeoxygenation (HDO) process. This study not only validates the possibility of synthesizing functional HMF derivatives (EMFM, BHMFM, and BHMFD) from commercially-available FUR derivatives (EMF and FA), but also provide a new way to transform condensed furanics to value-added hydrocarbon fuels.
Keywords: furfural derivatives, hydroxymethylfurfual derivatives, hydroxymethylation, hydrocarbon fuel, hydrodeoxygenation
INTRODUCTION
Synthetic polymers are important material basis for promoting the development of industry and human society. Most of the commercialized polymers [e.g., polyethylene terephthalate (PET)] are synthesized based on fossil-based chemicals (e.g., terephthalic acid). However, the extensive use of fossil-based chemicals brings about severe environmental problems such as the greenhouse effect and the shortage of nonrenewable resources. Developing alternatives of fossil-based chemicals and materials from renewable biomass is a promising way to overcome or at least alleviate these problems. For example, 2, 5-furandicarboxylic acid (FDCA) can be used to substitute terephthalic acid for synthesis of polyesters such as polyethylene furandicarboxylate (PEF), which showed better performance (e.g., thermostability and elasticity modulus) than that of PET (Guan et al., 2021; Yang and Mu, 2021). Polyesters could also be synthesized by using 2,5-bis(hydroxymethyl)furan (BHMF) as an alternative of fossil-based diols (e.g., ethylene glycol). As a result, hydroxymethylfurfural (HMF) derivatives such as FDCA and BHMF have been considered as important platform chemicals for synthesizing bio-based polymers, which thereby stimulate intensive studies in preparing the two chemicals from renewable biomass (Scheme 1).
[image: Scheme 1]SCHEME 1 | The pathway of preparing HMF and HMF derivatives from biomass.
At present, FDCA is synthesized from 5-hydroxymethyl furfural (HMF) through hydrothermal (Gao et al., 2017; Cheng et al., 2021; Kandasamy et al., 2021; Yu et al., 2021) or electrochemical oxidation (Hu et al., 2021; Zhang et al., 2021). During the hydrothermal oxidation process, HMF is initially oxidized to 2, 5-diformylfuran (DFF) and/or 5-hydroxymethyl-2-furanoic acid (HMFCA), which is further converted to 5-formyl-2-furanoic acid (FFCA) and FDCA under aerobic conditions (Kandasamy et al., 2021). The reaction pathway of converting HMF to FDCA via electrochemical oxidation is similar to that of hydrothermal oxidation, but such a method showed good selectivity only at low substrate concentrations. In addition to FDCA, HMF can be also reductively converted to BHMF, which is a furanic diol for synthesis of polyesters. With the input of H2, different catalysts such as Ru/Co3O4 (Chen et al., 2021), Cu-Al2O3 (Rao et al., 2021), Ni-Cu/HT (Gupta et al., 2020), and CuO-Fe3O4/AC (Elsayed et al., 2020), had been developed for reducing HMF to BHMF. These studies indicate that HMF and its derivatives are important bio-based small molecules for synthesizing FDCA, BHMF and many other value-added derivatives. However, a critical issue related to HMF and its derivatives is the high cost for preparing them from biomass. HMF is generally produced via the dehydration of six-carbon carbohydrates (e.g. glucose and fructose) while the dehydration process is either inefficient due to low selectivity of HMF or costly due to energy-intensive solvent recovery and separation (Sajid et al., 2018). In contrast, dehydration of five-carbon sugars (e.g. xylose) to produce furfural (FUR) is a commercialized process and furfural has been successfully used to synthesize furan resin (Ye et al., 2021).
As the production of FUR from five-carbon sugars such as xylose is easy and inexpensive, we believe that synthesis of HMF or HMF derivatives (e.g. BHMF ethers and esters) from inexpensive FUR or its derivatives (e.g., furfuryl acetate and 2-(ethoxymethyl)furan)) would be an interesting and potential way for further investigation. Such a pathway requires incorporation of one carbon to the C-5 position of furfural via hydroxymethylation, which was rarely reported. Therefore, in this article we proposed new reaction pathways for synthesizing BHMF derivatives (2,5-bis(hydroxymethyl)furan diacetate and 5-(ethoxymethyl)furan-2-methanol) via hydroxymethylation of furfuryl alcohol derivatives (furfuryl acetate and 2-(ethoxymethyl)furan) with formaldehyde or paraformaldehyde (Figures 1A, 2A). The reason we chose etherified or esterified furfural derivatives as starting materials was that these derivatives were more stable than FUR and furfuryl alcohol under acidic conditions. During these reactions, we found that acid could lead to the opening of furan rings, which produced carbonyl compounds that would further condense to form humins-like products. To improve the utilization efficiency of bio-based carbon resources, the oxygen-containing condensed products were converted to hydrocarbon fuels via hydrodeoxygenation. These results validate not only a new way to synthesize HMF derivatives but also a new method for utilizing condensed furan products for hydrocarbon fuels production.
[image: Figure 1]FIGURE 1 | (A) Synthesis pathway of EMFM from EMF; time-dependent conversion of EMF and yield of EMFM at (B) 30°C; (C) 40°C; and (D) 50°C. Other hydroxylmethylation reaction conditions: 0.4 mmol EMF, 1 ml formaldehyde (37 wt% aqueous solution), 0.1 mmol HCl (10 µL of 36 wt% HCl aqueous solution) and 1 ml 1,4-dioxane.
[image: Figure 2]FIGURE 2 | (A) Synthesis pathway of BHMFM and BHMFD from FA; time-dependent conversion of FA and yield of BHMFM and BHMFD at (B) 80°C; (C) 100°C; and (D) 120°C. Other hydroxylmethylation reaction conditions: 0.4 mmol FA, 1.7 mmol paraformaldehyde and 35.0 mmol CH3COOH.
MATERIALS AND METHODS
Materials
Furfuryl acetate (99%) and 2-(ethoxymethyl)furan (98%) were purchased from Rhawn Chemical Technology Co., Ltd. (Shanghai, China). Paraformaldehyde (98%), Na2HPO4·H2O (98%) and NaH2PO4 (98%) were purchased from Maclin Biochemical Co., Ltd. (Shanghai, China). Pt on carbon (Pt 5 wt%), n-hexane (98%), n-hexadecane (99.5%, GC), chloroform-d (99.8%), formic acid (99%), trifluoromethanesulfonic acid (98%) and MgSO4 (AR) were ordered from Aladdin® Biochemical Technology Co., Ltd. (Shanghai, China). Phosphotungstic acid anhydrate (99%) was purchased from Titan Scientific Co., Ltd. (Shanghai, China). Anhydrous acetic acid (99.5%), formaldehyde (37 wt%), chloroform, concentrated sulfuric acid (98 wt%) and concentrated hydrochloric acid (36 wt%) were all obtained from XiLong Scientific Co., Ltd. (Shantou, China). All reagents were used as received without further purification.
Synthesis of 5-(ethoxymethyl)furan-2-methanol
Initially, 0.4 mmol of 2-(ethoxymethyl)furan (EMF) was mixed with 10 mmol of formaldehyde (37 wt%), 1 ml of 1,4-dioxane and 10 μL of concentrated hydrochloric acid (36 wt%) in a 15-ml vial. The vial was placed in oil bath, magnetically stirred and heated to a desired temperature (30–50 °C) for 1‒8 h. After the reaction, the vial was immediately taken out from the oil bath and cooled by tap water to room temperature. Around 0.25 mg n-hexadecane was added into the reaction liquor as an internal standard and 50 μL of the liquid was sampled and extracted by 1 ml of chloroform. The extract was dehydrated by around 200 mg anhydrous MgSO4. The resulting solution was analyzed by a gas chromatograph-mass spectrometer (GC-MS, SCION 436GC-SQ, Techcomp group, Shanghai, China) to identify products and the identified products were further quantitatively analyzed by a gas chromatograph (GC, SCION 436C, Techcomp group, Shanghai, China).
Synthesis of 2,5-bis(Hydroxymethyl)Furan Monoacetate (BHMFM) and 2,5-bis(Hydroxymethyl)Furan Diacetate (BHMFD)
A mixture of furfuryl acetate (FA, 0.4 mmol), paraformaldehyde (50 mg) and anhydrous acetic acid (2 ml) was loaded into a 15-ml vial. The vial was magnetically stirred and heated at 100–120°C in an oil bath for 1‒7 h. After the reaction, the vial was immediately taken out from the oil bath and cooled by tap water to room temperature. Around 0.25 mg n-hexadecane was added into the reaction liquor as an internal standard. 50 μL of the liquid was sampled and analyzed by a GC-MS (SCION 436GC-SQ, Techcomp group, Shanghai, China) to identify products and the identified products were further quantitatively analyzed by a GC (SCION 436C, Techcomp group, Shanghai, China).
Separation of Monomeric Furanic Products From Condensed Furanics
The solvent in the final product mixture was carefully removed with a rotary evaporator under vacuum. The monomeric furanic products in the residual mixture were extracted with 10 ml hexane three times and the residual was considered as condensed furanics and used for oil production via hydrodeoxygenation.
Hydrodeoxygenation of Condensed Furanics to Hydrocarbon Fuels
The condensed furanics separated in last section was used as raw materials for production of hydrocarbon fuels (also termed as oil) through the following hydrodeoxygenation reactions.
About 300 mg of the residual product was re-dissolved with methanol (25 ml) in a 50-ml stainless steel reactor (WZD-50, Wuzhou Dingchuang Technology Co., Ltd., Beijing, China) followed by the addition of Pt/C catalyst (200 mg). The reactor was flushed three times with hydrogen gas, and then pressurized with hydrogen gas to 3 MPa. The mixture was mechanically stirred, and then heated to 250°C and kept at this temperature for 4 h. After the reaction, the reactor was cooled to room temperature and depressurized carefully. The catalyst was separated by filtration, and the reaction liquor was collected. Methanol in the reaction liquor was removed by a vacuum rotary evaporator. The residual organics was further mixed with Pt/C catalyst (200 mg), phosphotungstic acid (Li et al., 2021) (200 mg) and n-hexane (25 ml) in the reactor (WZD-50, Wuzhou Dingchuang Technology Co., Ltd., Beijing, China). The reactor was also flushed and pressurized with hydrogen gas to 3 MPa. The mixture was mechanically stirred at 300 rpm, and then heated to 250°C and reacted at the temperature for 4 h. The reactor was cooled to room temperature and depressurized carefully after the reaction. After the catalyst was separated via filtration, n-hexane in the resultant filtrate was removed by a vacuum rotary evaporator. The resultant viscous oil was used for further characterization.
Monomeric Furanics Purification and Charicterization
Purification of Monomeric Furanics
Products obtained in the sections of “Synthesis of EMFM” and “Synthesis of BHMFM and BHMFD” were separated by a preparative liquid chromatograph (Sepabean machine2, Santai Technologies, Changzhou, China), which was equipped with a DAD detector and a Spherical C18 column (SW025, 20–45 μm). The following separation conditions were used: 100% phosphate buffer (pH 6.5, 10 mM) at 5 ml/min for 2 min, increasing volumetric ratio of acetonitrile from 20 to 100% with 35 min and keeping flow rate of eluent at 5 ml/min, 100% acetonitrile at 5 ml/min for 10 min (McKenna et al., 2015). UV wavelengths at 225 nm for EMFM and at 230 nm for BHMFM and BHMFD collections were selected, respectively. Once a UV signal was detected, the fraction containing the targeted products was automatically collected. The structure of the collected fraction was identified by GC-MS, and then further analyzed by NMR.
Identification of Monomeric Furanics
Products separated by the preparative liquid chromatograph were initially identified by a GC-MS (SCION 436GC-SQ, Techcomp group, Shanghai, China) that was installed with a SCION-5 MS column (30 m × 0.32 mm × 0.25 μm). The following temperature program was used for GC-MS analysis: the column temperature was initially set at 50°C and held at the temperature for 5 min, heated at a rate of 10°C/min to 300°C and held at 300°C for 5 min.
After the solvent was removed from the fraction collected from the preparative liquid chromatograph, about 5–10 mg of the purified product was dissolved in 0.5 ml chloroform-d for nuclear magnetic resonance (NMR) spectrum analysis. All 1H-NMR spectra were acquired on a Bruker Ascend™ 600 NMR Spectrum with an operating frequency of 600 MHz.
Quantitation of Monomeric Furanics
The products in the prepared samples (Sections of “Synthesis of EMFM” and “Synthesis of BHMFM and BHMFD”) were quantitatively analyzed by GC (SCION 436C, Techcomp group, Shanghai, China). The following temperature program was used for GC analysis: the column temperature was initially set at 50°C and held at 50°C for 5 min, then heated at a rate of 10°C/min to 300°C and held at 300°C for 5 min.
The concentrations of reactants and products in chloroform solutions were quantified by a well-known effective carbon number method (Shuai et al., 2016). The conversion of reactants and the yield of products were thereby calculated as follows:
[image: image]
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Elemental Analysis of Condensed Furanics Before and After Hydrodeoxygenation
To evaluate the efficiency of hydrodeoxygenation reactions and the quality of hydrocarbon fuels, the contents (wt%) of C and H elements in the prepared oil samples were analyzed by an element analyzer (Vario EL Cube, Elementar, Germany). Prior to the elemental analysis, solvent-free viscous oils obtained in the Section of “Hydrodeoxygenation of condensed furanics to hydrocarbon fuels” were further dried in a vacuum drying oven at 80°C for 48 h and then ground to powder in an agate mortar. The contents of O element in the samples was calculated by assuming that the total content of C, H and O elements for each sample was 100%.
RESULTS AND DISCUSSION
This study intends to introduce a hydroxymethyl group (-CH2OH) at the C-5 position of furan derivatives (2-(ethoxymethyl)furan (EMF) and furfuryl acetate (FA)) via electrophilic addition of formaldehyde for synthesizing 2,5-bis(hydroxymethyl)furan (BHMF) derivatives (5-(ethoxymethyl)furan-2-methanol (EMFM), 2,5-bis(hydroxymethyl)furan monoacetate (BHMFM) and 2,5-bis(hydroxymethyl)furan diacetate (BHMFD)) (Figure 1A, Figure 2A). Because furanics are unstable under acidic conditions, the effects of different acids such as hydrochloric acid, sulfuric acid, formic acid, acetic acid and trifluoromethanesulfonic acid on the hydroxymethylations of EMF and FA were initially investigated.
Synthesis of EMFM From EMF
The results show that the strength of the acid in the reaction system has a great influence on the reaction. When the acidity used in the reaction medium was too high, the substrate was easily carbonized due to the acid-catalyzed ring opening of furan rings and severe condensation of the ring-opening products such as aldehydes or ketones. As such, strong acidity-induced carbonization reactions (e.g., entries 7,8,10, and 11 in Supplementary Table S1; entries 3,4,6,8,9, and 10 in Supplementary Table S2) resulted in dark colored reaction liquors and no hydroxymethylated product was detected in these reactions (Supplementary Table S1, Supplementary Table S2). Low-concentration hydrochloric or and anhydrous acetic acid exhibited better balance between acid-catalyzed hydroxymethylation and carbonization reactions, resulting in decent product yields. Therefore, these two catalytic systems were further studied for hydroxymethylation of furfuryl alcohol derivatives.
The results above demonstrated that low-concentration HCl aqueous solution was more beneficial than other reaction systems to facilitate the hydroxylmethylation reaction of EMF with formaldehyde. Since the acidity would be an important factor affecting the hydroxylmethylation reaction efficiency, the effect of HCl aqueous solution loading was thereby further investigated. 5-(ethoxymethyl)furan-2-methanol (EMFM), a hydroxylmethylated product of EMF, was identified by MS (Supplementary Figure S1) and 1H-NMR (Supplementary Figure S2) and quantified by GC (Supplementary Figure S3), when the reaction between EMF (0.4 mmol) and formaldehyde (1 ml of 37 wt% aqueous solution, 10 mmol) was catalyzed by 10 µL of 36 wt% HCl aqueous solution (0.1 mmol H+) in 1 ml of 1,4-dioxane at 50°C for 7 h. However, without the change of other reaction conditions, increasing the loading of 36 wt% HCl aqueous solution to 20 µL (0.2 mmol H+) resulted in a dark reaction solution and reduced hydroxylmethylated product. This could be mainly caused by the increased concentration of H+ in water and 1, 4-dioxane mixture, which could accelerate the ring opening reactions of furanics (EMF and/or EMFM) and the condensation (e.g., aldol condensation) of corresponding ring-opening products (Nakagawa and Tomishige, 2012). Meanwhile, we did not observe any hydroxylmethylated product with a decreased acid loading of 1 µL (0.01 mmol H+) and a reaction time of 4 h at 60°C, further indicating that acid-catalyzed ring opening and condensation reactions was kinetically faster than the hydroxylmethylation reaction of EMF With an appropriate loading (10 μL, 0.1 mmol H+) of HCl aqueous solution, the effects of reaction temperature and time on the hydroxylmethylation efficiency of EMF were further investigated. Overall, increasing the reaction temperature and time facilitated the EMF conversion and the formation of hydroxylmethylated product (EMFM). When the reaction temperature was 30°C, no desired product was detected in the early stage of the reaction (<4 h) (Figure 1B); when the reaction temperature was increased to 40°C, the EMFM yield gradually increased with the increase of the reaction time (Figure 1C). At an elevated reaction temperature of 50°C, the maximum yield (28.3 mol%) of EMFM was achieved at 5 h (Figure 1D) but the EMFM yield slightly decreased at an extended reaction time (6‒8 h) likely due to the condensation of furanics. With the same loading (10 μL, 0.1 mmol H+) of HCl aqueous solution, severe condensation or carbonization was observed when a higher temperature of 60°C was used. High-molecular-weight products (300–1,000 Da) (Entry 1 in Supplementary Table S1) observed in the GPC results (Supplementary Figure S9) confirmed the occurrence of condensation during the reaction. In the reaction system of HCl and formaldehyde aqueous solution, these results indicated that a high reaction temperature could significantly increase the rate of side reactions (furan ring opening and condensation), resulting in a serious decrease in the yield of the hydroxylmethylated product.
Synthesis of BHMFM and BHMFD From FA
Under the similar conditions, above results promoted us to conduct the hydroxymethylation reaction of FA (entry 1 in Supplementary Table S1) with formaldehyde and HCl aqueous solutions in 1,4-dioxane at 50 °C for 1 and 5 h. However, no hydroxymethylated products were detected after replacing the EMF with FA (entry 11 in Supplementary Table S2). In addition to the furan ring opening (Liang et al., 2017) and aldol condensation of ring opening products, we infer that in the presence of water, acid could also catalyze the hydrolysis of the ester linkage of FA to form furfuryl alcohol, which could easily condense. Such side reactions could occur for the newly formed hydroxylmethylated products of FA. The hydroxyl groups could be protonated to form a carbonium ion, which could attack the electron-rich furan ring to form condensed products (He et al., 2021).
To avoid the hydrolysis of the ester linkages of FA and condensation reactions caused by strong acid in the aqueous solution, we therefore explored the hydroxymethylation reaction of FA using a weak anhydrous acid (i.e., anhydrous acetic acid) and paraformaldehyde (Entry 1 in Supplementary Table S2) instead of formaldehyde and HCl aqueous solutions. In an anhydrous reaction medium, a hydroxymethylated product of FA (2,5-bis(hydroxymethyl)furan monoacetate (BHMFM)) was identified by MS (Supplementary Figure S4) and 1H-NMR (Supplementary Figure S5) under an elevated temperature from 80 to 120°C. With acetic acid in the reaction system, BHMFM was further esterified by acetic acid to produce another derivative, 2,5-bis(hydroxymethyl)furan diacetate (BHMFD), which was also confirmed by MS (Supplementary Figure S6) and 1H-NMR (Supplementary Figure S7). The results indicated that anhydrous acidic environment was favorable to the hydroxymethylation of FA while the aqueous reaction system (e.g., formaldehyde and HCl aqueous solution) was indeed not favorable to the hydroxylmethylation of FA under acidic conditions. At a mild reaction temperature of 80°C, no BHMFM was detected within 3 h. After that, BHMFM yield gradually increased with the extension of the reaction time (Figure 2B). When the reaction temperature was elevated to 100 °C, BHMFM was quickly formed within 2 h. Further increasing the reaction time resulted in decreased BHMFM yields (Figure 2C). This was mainly caused by the esterification of BHMFM to form BHMFD (Figure 2A). The acetylation of BHMFM to form BHMFD was more evident at 120°C than those at 100°C (Figure 2D). At a reaction time of 3 h at 120°C, BHMFM was almost completely esterified to form BHMFD while the total yield of BHMFM and BHMFD was not improved at elevated reaction temperatures (>120 °C).
In-situ esterification could be considered as a protection strategy to prevent the condensation of BHMFM in acidic reaction system. However, the yield of BHMFM or BHMFD was not beyond 30 mol% under the investigated conditions. Similar to the hydroxymethylation reaction of EMF, this would be mainly caused by different reaction rates of target (hydroxymethylation and esterification) and side reactions (dehydration, furan ring opening and condensation). First, it is difficult to improve the yields of BHMFM and BHMFD if the ring-opening rate of furan rings is faster than the hydroxymethylation rate of FA. Second, even the reaction rate of hydroxymethylation is faster than that of furan ring opening, newly formed hydroxymethyl group could be immediately protonated by hydrogen proton and dehydrated to produce carbonium ions in an acidic medium. Carbonium ions are active components that would initiate methylene-bridging condensation products, making the esterification of BHMFM difficult and also resulting in low yields of BHMFM and BHMFD.
Synthesis of Hydrocarbon Fuels From Condensed Furanic Products
From the perspective of kinetics, it can be seen that no matter how to optimize the reaction conditions, part of the furanics would condense to form higher-molecular-weight products (Supplementary Figure S9). Such an issue is also associated with many other studies involving HMF, furfural and their derivatives (Randolph et al., 2018; Chang et al., 2020; Modugno and Titirici, 2021). In addition to the synthesis of hydroxylmethylated products, we tentatively hydrogenated the condensed furanic products into hydrocarbon fuels in order to improve carbon utilization. Oligomerization of furanics followed by hydrodeoxygenation (HDO) reactions to produce hydrocabron fuels and lubricants have been intensively studied (Li et al., 2021). Herein, we investigated the possibility of hydrogenating the condensed furanics into hydrocarbon fuels.
The residue after the removal of furanic monomers via hexane extraction was considered as condensed mixture and used to produce hydrocarbon fuels via hydrodeoxygenation. According to a previously reported procedure (Huber et al., 2005), we used two-step HDO reactions to remove oxygen-containing functional groups from the condensed furanics. The first step was to partially hydrogenate the oxygenated furanic products to increase its solubility in the hydrophobic solvents that was used in the second step; the second step was to near completely remove oxygen from the oxygenated furanic products to obtain hydrocarbon fuels. After these HDO reactions, the color of EMF- and FA-derived oily products changed from dark to colorless and light yellow (Figure 3), respectively. Moreover, the oily products produced by HDO reactions could be well dissolved in n-hexane to form homogeneous and transparent solutions (Figure 3), indicating that these condensed furanics were successfully hydrodeoxygenated and the resultant oily products can be possibly used as drop-in hydrocarbon fuels or additives in gasoline or diesel.
[image: Figure 3]FIGURE 3 | Images of condensed furanic products before and after HDO reactions. (A) The condensed mixture resulting from FA reacting with paraformaldehyde in CH3COOH; (B) The condensed mixture resulting from EMF reacting with formaldehyde in 1,4-dioxane.
The element contents of the condensed furanics before and after HDO reactions were further analyzed to confirm the occurrence of hydrodeoxygenation. It can be seen from Figure 3 that, the oxygen content of EMF-derived oily products was significantly decreased from 38.9 to 5.9% after HDO reactions, at which the contents of C and H in HDO products were increased from initial 55.5 and 5.6%–83.7 and 10.4% (Supplementary Table S3), respectively. Similar results were also obtained for that of FA-derived oily products (Supplementary Table S3), where O content decreased from 42.0 to 9.7% and C and H contents increased from 51.8 to 6.2%–81.0 and 9.3%, respectively. These results indicate that oxygen was efficiently removed from EMF- and FA-derived condensates to form hydrophobic hydrocarbon fuels with good solubility in n-hexane. As it was known, HMF-involved reactions generally lead to many condensed products, this preliminary study opened up a new way to produce hydrocarbon fuels from condensed furanics products which has been considered as waste, improving the carbon utilization efficiency.
CONCLUSION
In this study, HMF derivatives, i.e., EMFM, BHMFM and BHMFD were synthesized using FA and EMF as raw materials through acid-catalyzed hydroxymethylation, proving the possibility of making six-carbon HMF derivatives from five-carbon furfural derivatives. Although such pathway is feasible, achieving high yields of hydroxymethylated products in these reactions seems challenging due to the paralleled ring-opening reaction of furanics and condensation of the resulting ring-opening products. Therefore, future research would be development of more efficient catalysts or reaction systems to suppress these side reactions to improve the selectivity of the targeted products. Alternatively, the by-products of these reactions were successfully converted into oil through hydrodeoxygenation reactions in order to improve the carbon utilization of furanics. This study provides a new route to synthesize the intermediate products of BHMF and FDCA from easily available raw materials and also prove the feasibility of converting condensed furanic by-products into drop-in hydrocarbon fuels.
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Biochemical conversion of lignocellulosic feedstocks to advanced biofuels and other bio-based commodities typically includes physical diminution, hydrothermal pretreatment, enzymatic saccharification, and valorization of sugars and hydrolysis lignin. This approach is also known as a sugar-platform process. The goal of the pretreatment is to facilitate the ensuing enzymatic saccharification of cellulose, which is otherwise impractical due to the recalcitrance of lignocellulosic feedstocks. This review focuses on hydrothermal pretreatment in comparison to alternative pretreatment methods, biomass properties and recalcitrance, reaction conditions and chemistry of hydrothermal pretreatment, methodology for characterization of pretreatment processes and pretreated materials, and how pretreatment affects subsequent process steps, such as enzymatic saccharification and microbial fermentation. Biochemical conversion based on hydrothermal pretreatment of lignocellulosic feedstocks has emerged as a technology of high industrial relevance and as an area where advances in modern industrial biotechnology become useful for reducing environmental problems and the dependence on fossil resources.
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INTRODUCTION
The negative environmental impact of the extensive use of fossil fuels and problems associated with the dependency on fossil resources to produce energy, chemicals, and materials have strengthened efforts devoted to increased utilization of renewable feedstocks (Weinberg and Kaltschmitt, 2013). Lignocellulosic biomass is formed at a high rate (∼200 × 109 tons per year), is relatively inexpensive, and has large potential as feedstock for sustainable production of biofuels, platform chemicals, and value-added products (Bhowmick et al., 2018).
Lignocellulosic biomass includes agricultural and agro-industrial residues, forest and wood-processing residues, herbaceous energy crops and short-rotation trees, and a part of municipal solid waste. An overview of the composition of different lignocellulosic materials, including softwood (pine), hardwood (eucalyptus), an agro-industrial by-product (sugarcane bagasse), and two agricultural residues (wheat straw and corn stover), is given in Table 1. The main organic constituents of lignocellulosic biomass are cellulose, hemicelluloses, and lignin, which are closely associated in lignin-carbohydrate complexes (LCC) in the secondary cell walls of vascular plants (Fengel and Wegener, 1989). The cellulose content is comparable in most lignocellulosic materials, while the contents of hemicelluloses and lignin differ greatly in different types of biomass. Besides water, other constituents include extractives and minerals. The distribution of extractives and minerals varies greatly depending on the type of biomass (Table 1).
TABLE 1 | Summary of the composition of different types of lignocellulosic biomass (mass fraction in percent dry weight).
[image: Table 1]Plant cellulose is a linear polysaccharide composed of glucose units linked by β-1,4-glycosidic bonds. The degree of polymerization (DP) reaches as high as 15,000 (Fengel and Wegener, 1989). Cellulose chains are packed in a compact crystalline structure stabilized by hydrogen bonds and hydrophobic interactions (Lindman et al., 2021). Crystallinity contributes to giving cellulose a low reactivity towards chemicals and enzymes. There are also amorphous regions, which are more prone to chemical and enzymatic reactions, but they are a minor part of the macromolecule.
Hemicelluloses are branched heteropolysaccharides composed of units of pentoses, hexoses, and uronic acids. They have relatively low DP (Fengel and Wegener, 1989). Softwood hemicelluloses are rich in hexose units, while pentose units are prevalent in hardwood hemicelluloses. O-Acetyl-galactoglucomannan and O-acetyl-4-O-methylglucurono-D-xylan are the main hemicelluloses in softwood and hardwood, respectively. In gramineous plants, which are the main source of agricultural and agro-industrial residues, hemicelluloses are predominantly pentosans. Hemicelluloses are amorphous and have higher reactivity than cellulose. They can undergo hydrolysis under relatively mild conditions, which is of crucial importance in lignocellulose biorefining.
Lignin is a polymer consisting of phenylpropane units, which are linked by ether and carbon-carbon bonds and which form a three-dimensional network (Fengel and Wegener, 1989; Ralph et al., 2019). The β-O-4 ether linkage is the most common intermonomeric linkage in lignin. The lignin content is typically higher in wood than in gramineous biomass, and is especially high in softwood (Table 1). Lignin is primarily composed of three types of phenylpropanoid units, i.e., guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H). These units are derived from three different monolignols: G units from coniferyl alcohol, S units from sinapyl alcohol, and H units from p-coumaryl alcohol. Softwood lignin consists almost exclusively of G units, while hardwood lignin is a mixture of G and S units. In gramineous lignin, H units are also important constituents, besides G and S. Although less prominent than G, S, and H units, other types of units sometimes occur, such as cinnamyl alcohol end groups, and p-hydroxybenzoate and p-coumarate conjugates (Ralph et al., 2019). Since the association of lignin with polysaccharides in LCC makes enzymatic access to cellulose difficult, removal of lignin is beneficial for enzymatic saccharification.
In a lignocellulose biorefinery, hemicelluloses, lignin, and cellulose are fractionated into streams that are then valorized to fuels, chemicals, and materials. Carbohydrates can be processed to biofuels (such as ethanol and butanol) and to platform chemicals (such as furans and organic acids). Lignin can be converted to phenols, polymers, composites and different added-value specialty chemicals and fuels. Lignocellulose biorefining can be based on different fractionation sequences. One approach is to first separate hemicelluloses, and then submit the resulting cellulignin to further fractionation by either lignin solubilization or cellulose saccharification. Another approach is to target the lignin, which is an approach that has been used for a long time in chemical pulping processes (the Kraft process, the sulfite process, the soda process, and the organosolv process). More recently, this fractionation approach has become known as the lignin-first approach (Matsakas et al., 2019).
Although the first mention of the word “biorefinery” dates from the early 1990s (Wyman and Goodman, 1993), industrial biorefining has preceded the usage of the term. The fundaments of biorefining were set by the pulp and paper industry for more than one century ago (Alén, 2015), and since then it has for a long time produced a variety of bio-based commodities beyond pulp and paper. Cane sugar mills serve as another example of proto-biorefineries. Sugarcane bagasse, molasses, and filter cakes have for a long time been used for energy generation, ethanol production, and wax extraction, respectively. Modern pulp mills performing green manufacturing of several end-products from one feedstock are sophisticated biorefineries (Alén, 2015). The same applies to state-of-the-art sugarcane-processing complexes, where production of food, biofuel, chemicals, electricity, and heat is integrated at the same production plant (Vaz, 2019).
The term “pretreatment” is used in different areas for referring to operations that are performed prior to certain major processes in order to improve their performance. In this paper, pretreatment refers to processing of lignocellulosic biomass to facilitate enzymatic saccharification of cellulose. Pretreatment and enzymatic saccharification, followed by microbial fermentation or chemical conversion of sugars and valorization of lignin, are parts of the sugar-platform route, which aims at producing advanced biofuels and other bio-based products from lignocellulose (Wyman and Dale, 2015).
Enzymatic saccharification of raw lignocellulose would result in low rates and yields due to feedstock recalcitrance, a set of properties that obstruct the access of enzymes to cellulose. Pretreatment is required to reduce the recalcitrance and thereby facilitate enzymatic saccharification. Pretreatment would typically affect both the structure and the chemistry of the biomass (Zhao et al., 2012a). An effective pretreatment should result in greatly enhanced enzymatic digestibility of cellulose and in high recovery of hemicellulosic saccharides (Jönsson and Martín, 2016). Many pretreatment approaches have been developed as a result of intense research in the area, and some of the most effective methods have been validated at demonstration scale (Galbe and Wallberg, 2019). Research on different raw materials has shown that the effectiveness of pretreatment is feedstock-dependent, and that the effects of a given method can diverge for different types of lignocellulosic biomass (Martín, 2021). Low capital expenditures (capex) and operational expenditures (opex) are key criteria for industrially viable pretreatment methods. In that sense, methods allowing operation at high-solids loadings and with low use of expensive chemical additives are relevant for upscaling. Demonstration-scale operations have allowed the gathering of engineering information needed for full-scale design, and some technically relevant methods have been upscaled to commercial plants (Table 2).
TABLE 2 | Examples of hydrothermal pretreatment approaches and other commercially relevant methods.
[image: Table 2]Different varieties of hydrothermal pretreatment (HTP) and some processes originating from the pulping industry are among the methods of higher technical relevance (Table 2). In HTP, moist feedstocks, either alone or in the presence of chemical additives, are subjected to high temperature for a certain period of time. HTP is generally performed at acidic pH, which is caused either by organic acids released from the biomass or by added acids. In HTP, especially when a low initial pH is applied, hemicelluloses are hydrolyzed, while most of the cellulose and lignin will remain in the pretreated solid biomass. Removal of hemicelluloses increases biomass surface area, and results in an improvement of the enzymatic digestibility of cellulose.
The sulfite-based BALI (short for “Borregaard Advanced Lignin”) process of Borregaard (Table 2) (Rødsrud et al., 2012) and organosolv pretreatment are technically-relevant methods that emerged from the pulping industry. In contrast to HTP under acidic conditions, chemical-pulping-based methods follow the lignin-first philosophy, i.e., lignin is the main target. Hemicelluloses are also solubilized and can potentially be separated from lignin before upgrading. Cellulose remains in the solid fraction, and its susceptibility to enzymatic saccharification is greatly enhanced. Other pretreatment methods than HTP are, however, beyond the scope of this review, and more detailed information about them can be found elsewhere (Jönsson and Martín, 2016; Galbe and Wallberg, 2019).
In hydrothermal processing biomass is treated in the presence of water at temperatures in the order ∼200–400°C and at high pressure. Although hydrothermal processing includes hydrothermal (HT) liquefaction, HT gasification, and HT carbonization (Tekin et al., 2014), this review focuses on hydrothermal pretreatment (HTP) of lignocellulosic biomass prior to enzymatic saccharification of cellulose.
HTP is one of the most technologically-mature pretreatment methods for lignocellulosic feedstocks (Ruiz et al., 2020), and it is used in many biorefinery upscaling attempts. The simplest HTP procedure is auto-catalyzed hydrothermal pretreatment (A-HTP), which includes only disintegrated biomass, water, and heating to temperatures typically in the range ∼150–230°C. A major strength of A-HTP is that neither chemical additives (except water and alkali for subsequent pH adjustments), nor expensive anticorrosion materials are required, which lowers capex. Furthermore, A-HTP can be performed continuously and with high-solids loading, which is convenient for industrial operation. An A-HTP process was validated for wheat straw at the Inbicon demonstration plant in Kalundborg, Denmark (Larsen et al., 2012). Commercial-scale initiatives based on A-HTP include, e.g., the plant of Clariant in Podari, Romania (Hortsch and Corvo, 2020) and RE Energy (BEST, 2021).
In HTP, temperature and residence time can be modified to modulate the severity of the pretreatment. HTP severity can be estimated by using the severity factor (SF), an equation combining time and temperature into a single variable (Chornet and Overend, 2017). The severity concept can also cover acidity, which is included in the combined severity factor (CSF). HTP effectiveness for different biomass materials can be optimized by tuning SF or CSF.
The effects of HTP can be potentiated by either including an explosion at the end of the holding period or running the process at starting pH values far from neutrality. In hydrothermal pretreatment with steam explosion (HTP-SE), a sudden decompression is applied after steaming the biomass in a closed chamber. This results in mechanical disruption of the material. Low starting pH, achieved by adding an acid, is typical for dilute-acid-catalyzed hydrothermal pretreatment (DA-HTP), commonly known as dilute-acid pretreatment. DA-HTP is also often combined with steam explosion. Treatment at higher pH (Kim et al., 2016), such as mild alkaline conditions, can be considered as another type of HTP approach.
Depending on the pH of the pretreatment, the composition of the lignocellulose will change dramatically (Galbe and Wallberg, 2019). At acidic pH, the main effect is hydrolysis of hemicelluloses, often all the way to monosaccharides. Alkaline pH promotes the dissolution of lignin, whereas cellulose and a part of the hemicelluloses remain in the solid fraction (Table 2). In A-HTP, where the pH becomes acidic after a short while, hemicelluloses are hydrolyzed to a lesser extent than in DA-HTP, but to a greater extent than under mild alkaline conditions. Lignin is fragmented by cleavage of some of the β-O-4 linkages, but most of it is not dissolved as under strong alkaline conditions. A reason for that is that alkaline conditions cause deprotonation of phenolic hydroxyl groups in lignin to phenolate ions, which facilitate dissolution of lignin in aqueous medium. Compared to hydrothermal pretreatment under mild alkaline conditions, DA-HTP requires higher temperatures, and compared to A-HTP, it requires corrosion-resistant alloys and typically leads to more by-product formation. Nevertheless, due to its effectiveness and ease of implementation, DA-HTP is the option of choice in many upscaling initiatives (Solarte-Toro et al., 2019) (Table 2). HTP-SE requires energy for reaching the required temperatures and pressures and also sophisticated equipment, but that is counterbalanced by its effectiveness towards different feedstocks, and, therefore, it is also attractive for commercial applications (BEST, 2021).
HTP can be discussed in a narrow sense and, as in this review, in a broad sense. In a more narrow sense, it is restricted to pretreatment of biomass in hot water or steam, as in A-HTP. However, due to auto-catalysis and formation of carboxylic acids that acidify the reaction mixture, A-HTP is an acidic pretreatment process and final pH values in the range 2-3 are commonly observed. In a broader sense, HTP also includes pretreatment techniques in which small amounts of acid or alkali are added to the reaction mixture, and certain variations that can be used to enhance the effect of hydrothermal pretreatment, such as HTP-SE and HTP with addition of gas (Ilanidis et al., 2021a). As higher temperature and/or longer residence time leads to formation of more carboxylic acids and results in lower pH, the differences between A-HTP under harsh conditions and DA-HTP under mild conditions become small. Furthermore, the same equipment is typically used for both A-HTP and DA-HTP, and the choice between them is governed mainly by which type of biomass that is pretreated (as wood, and particularly softwood, typically requires harsher conditions than gramineous plants). These aspects motivate a discussion of HTP in the broader sense.
HYDROTHERMAL PRETREATMENT FOR BIOCHEMICAL CONVERSION
Hydrothermal Pretreatment
Hydrolysis of hemicelluloses, a crucial aspect of HTP, follows the classical mechanism of acid hydrolysis of polysaccharides, i.e., splitting of glycosidic linkages is catalyzed by a proton transferred from an acid catalyst to the glycosidic oxygen atom, followed by water addition to the anomeric carbon (Loerbroks et al., 2015). The simplest catalysis approach in HTP is auto-catalysis, typical for A-HTP, which is also known as auto-hydrolysis. In A-HTP, heating of moist biomass causes water auto-ionization, and the formed hydronium ions catalyze xylan deacetylation. Dissociation of resulting acetic acid provides protons that push partial hydrolysis of hemicelluloses (Ruiz et al., 2020). Uronic acids released from hemicelluloses also contribute to the catalysis. Hydrolysis proceeds deeper in DA-HTP, where the catalysis is reinforced by inclusion of an acid in the reaction mixture. The acid catalyst is typically a mineral acid, e.g., sulfuric acid, but organic acids or reagents like sulfur dioxide can also be used. The low pH drives the hydrolysis of hemicelluloses until near completion resulting in a massive release of sugar. The acid catalysis can also lead to sugar degradation, especially if the pretreatment is long and the temperature high (Fengel and Wegener, 1989). Degradation reactions result in formation of furans, such as furfural and 5-hydroxymethylfurfural (HMF), and carboxylic acids, such as formic acid and levulinic acid, which represent a loss in sugar yield and which are also inhibitory to fermenting microorganisms (Jönsson and Martín, 2016).
Some mild alkaline treatments, mostly with strong bases, are performed in water-biomass systems under temperatures within the typical HTP range. They represent an HTP variation that is sometimes referred to as alkaline hydrothermal pretreatment (Zakaria et al., 2014). In alkaline hydrothermal pretreatment, hydroxide anions resulting from dissociation of the base effectively attack linkages between hemicelluloses and lignin, and they can also promote some cellulose peeling reactions (Kim et al., 2016). The removal of lignin and hemicelluloses results in enhanced enzymatic digestibility of cellulose. Treatments with lime or ammonia are performed at lower temperature and lie outside the HTP classification used here.
Hydrothermal pretreatment with steam explosion (HTP-SE), commonly known as steam explosion, is an extensively investigated method that is used for different raw materials (Galbe and Wallberg, 2019). It can be performed either as an auto-catalytic process or assisted by acidic or alkaline catalysts. HTP-SE can be operated in both batch and continuous modes. Batch mode consists in placing the required amount of biomass in a reactor chamber, and treating it with saturated steam. After a certain time period, from seconds to a few minutes, the reactor is depressurized, and its content is shot into a cyclone, where the pretreated slurry is separated from the stream of steam and volatiles. In continuous systems, which are of special interest for industrial operations, moisturized biomass is screw-conveyed to a plug feeder and forced into the reactor, where steam is applied. Ensuring a controlled time at the work temperature, the material is ejected into a flash tank, where the vent stream flows upwards to a condenser, and the slurry is collected from the bottom (Wang et al., 2015).
HTP-SE is a texturing-hydrolysis process disrupting biomass structure and increasing its porosity. It also causes partial hydrolysis of hemicelluloses, and some fragmentation of cellulose and lignin. Those effects lead to improved susceptibility of cellulose to enzymatic saccharification. There has been controversy on the role of the explosion (Galbe and Wallberg, 2019), which was initially believed to be the main cause of the changes during pretreatment. It has recently been shown that the driving force is the synergy of different actions, including the explosion itself, but also other physical events and chemical reactions (Muzamal et al., 2015). Recent studies comparing steam pretreatment of softwood with and without explosion bring back the attention to the importance of the explosion for enhancing enzymatic digestibility of cellulose (Pielhop et al., 2016).
Conditions for Hydrothermal Pretreatment
In HTP, biomass and water is heated to from around 150°C to around 220°C for a period ranging from a few minutes to around 1 hour (Ruiz et al., 2020). Pressure of up to around 25 bar is applied, which forces the water to remain in liquid state. Time and temperature are set so that the severity is suitable for achieving effective solubilization of hemicelluloses, activation of cellulose, and minimal formation of by-products. Based on detailed studies on the kinetics of lignocellulosics fractionation by steam-aqueous pretreatments (Overend and Chornet, 1987), a severity factor (SF) has been established. The SF is calculated as the logarithm of the reaction ordinate R0:
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where t is time in minutes, and Ti is temperature in °C (Eq. 1). SF calculations are often restricted to the isothermal period, and exclude the heating and the cooling period. It is more rational to calculate the SF based on temperature profiles built by measurements along the whole process using the equation:
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The required severity depends on the type of raw material. For example, lower severity is typically needed for gramineous biomass than for wood. A-HTP at SF 3.8 resulted in good enzymatic convertibility for sugarcane bagasse (Ilanidis et al., 2021b) and wheat straw (Ilanidis et al., 2021c). An SF below 3.0 was not effective, and a value above 4.3 resulted in excessive sugar degradation. A similar trend was reported for sugarcane straw, where SF 3.2 was not enough and 4.1 was optimal (Batista et al., 2019). For poplar, an SF between 4.2 and 4.6 resulted in substantial solubilization of hemicelluloses and positively affected other factors associated with reduced recalcitrance (Li et al., 2017).
In DA-HTP, the combined severity factor (CSF = SF − pH) is an important indicator, but the determination of the pH value is a complication. A common approach is to measure the pH of the liquid after pretreatment (Kellock et al., 2019). Other options are to measure it in the beginning, which might be physically difficult if the solids loading is high, or to calculate it based on the definition of pH.
Other key operational conditions are the solids loading and the amount of added acid or alkali. Solids loading is commonly reported as weight percentage of dry matter in the suspension or as liquid-to-solid ratio (LSR). The percentage approach is rather clear for comparison of reported results, and typical values for A-HTP are ∼5–20% (w/w) depending on the experimental setup. Although the LSR procedure is accurate with regard to inclusion of biomass moisture as part of the liquid fraction, it is often ambiguous considering that the liquid fraction can be given in either weight or volume units.
It is often difficult to compare dosages of acid or alkali in descriptions of DA-HTP or mild alkaline pretreatment, respectively. Dosages can be given in different ways, e.g., as concentration in solutions added to reaction mixtures, as weight percentage based on the whole reaction mixture, or as weight percentage based on dry weight of biomass. For example, a dosage of “1% H2SO4” might refer to 1) 1% H2SO4 solution used for preparing a reaction mixture, 2) 1 g H2SO4 per 100 g suspension, or 3) 1 g H2SO4 per 100 g dry biomass. Explicit descriptions of the used procedures are required for facilitating interpretation of research efforts in the area.
In some HTP methods, oxygen or air are used for stimulating delignification through wet oxidation. Typically, those oxidative pretreatments are applied to herbaceous biomass, and are assisted by alkaline additives, such as sodium carbonate (Martín et al., 2007) or ammonium hydroxide (An et al., 2019). In a recent study, an oxidative approach was applied to softwood and sugarcane bagasse under acidic conditions, and it was shown that oxygen addition can modulate the severity of hydrothermal pretreatment also under acidic conditions (Ilanidis et al., 2021a).
Enzymatic Saccharification
Enzymatic saccharification aims at breaking down cellulose and potential residual hemicelluloses into monomeric sugars. It is a synergistic multi-step process that is carried out with heterogeneous enzyme cocktails containing both cellulose-active glycoside hydrolases (GHs) and accessory enzymes (Van Dyk and Pletschke, 2012). These enzymes can be derived from lignocellulolytic fungi or bacteria. However, the most extensively studied cellulase preparations are derived from Trichoderma reesei (Kubicek, 2013).
Cellulose depolymerization is a complex process, in which enzymes adsorb on the surface of cellulose, get access to the cellulose chains, and catalyze deconstruction of cellulose to glucose (Figure 1). The first two steps are related to cellulose accessibility and amorphogenesis (Arantes and Saddler, 2010; Arantes and Saddler, 2011). Hydrolysis of cellulose to glucose is catalyzed mainly by three enzymes: endoglucanase (EG), cellobiohydrolase (CBH) (or exoglucanase), and β-glucosidase (BGL) (Van Dyk and Pletschke, 2012). EG catalyzes the hydrolysis of interior glycosidic bonds of cellulose chains to oligomeric cellulose chains. CBH attacks the ends of cellulose chains, either at reducing ends (as CBH I) or at the non-reducing ends (as CBH II), thereby incrementally shortening the chains by splitting off the disaccharide cellobiose. BGL catalyzes the hydrolysis of cellobiose to glucose (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic view of pretreatment, enzymatic saccharification, and fermentation of sugars from lignocellulosic biomass.
Cellulase cocktails are often supplemented with accessory enzymes, such as lytic polysaccharide mono-oxygenase (LPMO) belonging to Auxiliary Activity Family 9 (AA9), formerly GH61. LPMO, which is an oxidoreductase rather than a hydrolase, splits cellulose chains by catalyzing formation of oxidative nicks (Figure 1). By creating shorter glucan chains, LPMO acts synergistically with hydrolases and accelerates the saccharification of lignocellulosic biomass (Horn et al., 2012). Thus, the catalytic action of LPMO is covered by the term saccharification, whereas the term hydrolysis covers most, but not all, reactions occurring during enzymatic saccharification. Other important accessory enzymes include various hemicellulases, such as xylanase, xylosidase, mannanase, mannosidase, α-glucuronidase, α-arabinosidase, acetyl xylan esterase, and others. They act in concert to remove residual hemicelluloses and thereby further improve cellulose accessibility in pretreated biomass (Hu et al., 2011).
Slurries recovered after hydrothermal pretreatment have acidic pH (often around pH 2), and hence the pH needs to be adjusted (typically to around 5). Incubation of reaction mixtures is typically performed with agitation at 45–50 °C for 24–72 h. Enzyme dosages are based on enzyme activity units, enzyme protein, volume or mass fractions of enzyme preparations (in which enzyme protein may account for only a minor fraction), or even molarity. Common examples include filter paper units (FPU), carboxymethyl cellulose units (CMCase units), enzyme protein per dry weight of biomass or glucan, and enzyme preparation per dry weight of biomass or glucan.
Preparative enzymatic saccharification typically aims at obtaining as high sugar yield as possible in an economically sound way. In contrast, analytical enzymatic saccharification aims at comparison of the susceptibility of different biomass preparations to enzymatic saccharification, comparison of different pretreatment methods or other experimental conditions, or comparison of different enzyme preparations (Gandla et al., 2018). Therefore, analytical enzymatic saccharification is typically not exhaustive, as that would blur the result of the comparisons.
In an industrial context it would be desirable to have a high product titers, and, therefore, enzymatic saccharification of lignocellulosic biomass at high solids loading (such as a content of water-insoluble solids above 15%) would be preferable (Kristensen et al., 2009). However, the use of high solids loadings is often associated with operational challenges and sugar yields are typically comparatively low.
Microbial Fermentation
‘Fermentation’ can be used in a broad and a narrow sense. In a broad sense, ‘fermentation’ unspecifically refers to a cultivation of a microorganism. In a narrow sense, it is an anaerobic energy-yielding metabolic activity in which organic substances serve as both electron donor and electron acceptor. Typical electron acceptors are pyruvate or a derivative of pyruvate, and common products include lactic acid and ethanol.
Sugars derived from pretreatment and enzymatic saccharification of lignocellulosic biomass are typically fermented to cellulosic ethanol using yeast (such as Saccharomyces cerevisiae) or bacteria (such as Zymomonas mobilis). As 2 mol of ethanol (46.1 g/mol) can be obtained from 1 mol of glucose (180 g/mol) (Eq. 3), the maximum theoretical yield is (2 × 46.1)/180 = 0.51 g ethanol per g glucose.
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As cellulose consists of glucose units (on average 162 g/mol) and as a consequence of water (18 g/mol) addition to glycosidic linkages during hydrolysis of cellulose to glucose, the maximum theoretical yield from 1.00 g cellulose is 180/162 = 1.11 g glucose. Thus, the maximum theoretical yield from 1.00 g cellulose is 1.11 × 0.51 = 0.57 g ethanol. Common alternative fermentation products include biobutanol and lactic acid, which can be produced via ABE (acetone-butanol-ethanol) and LAB (lactic acid bacteria) fermentation, respectively (Sivanarutselvi et al., 2017; Tu et al., 2019).
Saccharification and fermentation can be carried out using various configurations, such as Separate Hydrolysis and Fermentation (SHF) (Galbe and Zacchi, 2002), Simultaneous Saccharification and Fermentation (SSF) (Galbe and Zacchi, 2002), Hybrid Hydrolysis and Fermentation (HHF) (Teter et al., 2014), and Consolidated Bio-Processing (CBP) (Lynd et al., 2017). SHF is a two-step process where enzymatic saccharification of pretreated biomass and microbial fermentation of sugars are carried out sequentially. Advantages include that optimal conditions can be used for both enzymatic saccharification and microbial fermentation, and that the residual solids, the hydrolysis lignin, can be separated from the liquid phase, the hydrolysate, before microbes are added. However, sugars will accumulate during the process and cause end-product inhibition of cellulolytic enzymes. In SSF, enzymatic saccharification and microbial fermentation are carried out in parallel as a one-step process. Since optimal temperatures for enzymatic saccharification (typically around 50°C) and fermentation (typically around 30°C) differ, and since optimal pH and aeration conditions may also differ, the conditions used for SSF are a compromise and are thus suboptimal for at least some of the biocatalysts involved. At least to some extent, end-product inhibition by sugars is avoided, but it is more challenging to recycle the microorganism as it will be mixed with hydrolysis lignin. HHF is a two-step process, in which the first step only includes enzymatic saccharification and the second step includes both enzymatic saccharification and microbial fermentation. In the first step, enzymatic saccharification can be carried out under optimal conditions, but the second step suffers from the same drawbacks as SSF. In CBP, production of enzymes, saccharification of pretreated biomass, and fermentation of sugars are carried out as a one-pot process. Thermophilic anaerobic bacteria, such as Clostridium thermocellum (Olson et al., 2015), and S. cerevisiae engineered to produce cellulases (Kroukamp et al., 2018) are two options that have been considered.
Microbial fermentation processes can also be carried out in batch, fed-batch, and continuous mode. In batch mode, all medium is added directly to the reactor in the beginning of the process and the final culture volume is similar to the initial volume. In fed-batch mode, the fermentation is initiated using a minor portion of the medium, and then more medium is gradually fed into the bioreactor until it is full or all medium has been consumed. In a continuous fermentation process, the medium is fed into the bioreactor reactor continuously, but is also continuously removed. In Brazil, 83% of distilleries that produce first generation bioethanol rely on fed-batch processes, while continuous processes account for only 17% (Godoy et al., 2008).
Factors Affecting Biomass Recalcitrance
The resistance to biochemical processing of lignocellulosic feedstocks is known as “recalcitrance”. Recalcitrance refers to barriers to access of enzymatic and microbial biocatalysts to carbohydrates in the biomass. There are multiple interrelated factors that contribute to recalcitrance (Table 3), and they include both factors related to the physical structure of the biomass and factors related to the chemical composition (Wang et al., 2018a). Structural features that affect biomass recalcitrance include the highly organized architecture of secondary cell walls, the particle size, the porosity, and the accessible surface area of cellulose. Chemical features include hemicelluloses and lignin, substances that create physical barriers that limit the accessibility of enzymes to cellulose (Zhao et al., 2012b). Higher fractions of hemicelluloses and lignin in the material obviously contribute to recalcitrance, but some investigations indicate that also certain chemical features of hemicelluloses and lignin affect the recalcitrance. Examples of that include the prevalence of different types of building blocks (i.e., the chemical composition of hemicelluloses and lignin), and the acetylation of hemicelluloses (Chen et al., 2012; Herbaut et al., 2018). The DP and the crystallinity of the cellulose may also affect recalcitrance (Kumar et al., 2009).
TABLE 3 | Factors affecting recalcitrance of lignocellulosic feedstocks, and common detection methods with referencesa.
[image: Table 3]Hydrothermal pretreatment removes hemicelluloses, modifies cellulose and lignin, creates cell-wall disorder, and increases biomass porosity and cellulose accessibility (Wang et al., 2018a). It is noteworthy that hydrothermal pretreatment under acidic conditions increases the fraction of lignin and the cellulose crystallinity, but still improves biomass digestibility (Foston and Ragauskas, 2010). Although an increased fraction of lignin and an increase in cellulose crystallinity should theoretically increase the recalcitrance, the positive effects of the pretreatment, such as disruption of cell wall architecture and a decreased fraction of hemicelluloses, are evidently much more important for recalcitrance, and overshadow the negative effects and lead to greatly improved enzymatic digestibility. In line with that, a recent study on Eucalyptus wood indicated that, on the one hand, pretreatment effects such as partial removal of lignin, increased S/G ratio in lignin, and lowered cellulose crystallinity exhibited no significant positive effects (Thoresen et al., 2021). On the other hand, effects such as disruption of cell wall architecture, exposure of fibres and increased cellulose accessibility, and substantial removal of hemicelluloses had a positive impact on enzymatic digestibility. Evidently, the impact of different recalcitrance factors varies greatly. Consequently, the impact of recalcitrance factors of relatively low importance, such as cellulose crystallinity, may not be easily observed in complex systems, where recalcitrance factors of high importance, such as preserved cell wall architecture and high hemicellulose content, are predominant.
BY-PRODUCTS OF HYDROTHERMAL PRETREATMENT
Pretreatment Liquid
After hydrothermal pretreatment, typically under acidic conditions, the liquid phase will contain organic substances such as aliphatic aldehydes, aliphatic carboxylic acids, benzoquinones, disaccharides, furans (such as furan aldehydes and furoic acids), monosaccharides, oligosaccharides, phenylic substances (phenolic as well as non-phenolic aromatics), and uronic acids (Jönsson and Martín, 2016). These are summarized in Table 4, which also indicates their main precursor(s) and contains examples of references that address occurrence, formation, and analysis. Whereas glucose is a product that fermenting microorganisms can utilize under anaerobic or oxygen-limited conditions, this is not always the case for other lignocellulose-derived monosaccharides, disaccharides, and oligosaccharides. Disaccharides and oligosaccharides can tentatively be converted to monosaccharides using post-hydrolysis (Shevchenko et al., 2000), an approach that is also used for analytical purposes, or by using enzyme cocktails that not only degrade cellulose but also assist degradation of dimeric and oligomeric saccharides and make them available to microorganisms. Inhibitory effects of by-products and conditioning of lignocellulosic hydrolysates was recently reviewed (Jönsson and Martín, 2016), and this subsection will therefore be restricted to recently discovered inhibitors and novel findings about enzyme inhibition.
TABLE 4 | Groups of products and by-products solubilized by hydrothermal pretreatment.
[image: Table 4]Benzoquinones, such as p-benzoquinone and 2,6-dimethoxybenzoquinone, were found to be ubiquitous in pretreated biomass, albeit in very low concentrations (for p-benzoquinone up to around 6 mg/L or 60 μM) (Stagge et al., 2015). However, as p-benzoquinone exhibited an inhibitory effect on S. cerevisiae already at around 20 μM, its high molecular toxicity nevertheless makes it relevant as an inhibitor. Furthermore, benzoquinones are oxidation products of benzenediols, such as hydroquinone. The presence of oxidants and reductants, and the handling and storage of pretreated biomass may therefore affect formation and occurrence (Martín et al., 2018).
Formaldehyde and acetaldehyde were found to be prevalent in pretreated biomass in concentrations up to ∼4 and ∼2 mM, respectively (Cavka et al., 2015). Although lignin is probably the main precursor for formaldehyde, other lignocellulosic constituents, including extractives and polysaccharides, could be other sources. Acetyl groups in hemicelluloses are a tentative precursor for acetaldehyde, although this has to be investigated in more detail. Unsurprisingly considering its central role in the metabolic pathway of ethanolic fermentation, acetaldehyde was much less toxic to yeast than formaldehyde (Cavka et al., 2015). Formaldehyde was found to be the single most important inhibitor of yeast in hydrothermally pretreated softwood (Martín et al., 2018). Although phenylic inhibitors and synergistic effects of different groups of inhibitors also play a role, the discovery of previously unknown inhibitors, such as formaldehyde and p-benzoquinone, can help explaining toxic effects of lignocellulosic hydrolysates containing non-toxic levels of furan aldehydes and aliphatic acids.
Inhibition of cellulose-degrading enzymes by pretreatment by-products differs from inhibition of microorganisms. Monomeric sugars causing end-product inhibition of cellulolytic enzymes and phenolic substances have been found to be major contributors to enzyme inhibition in the liquid fraction of steam-pretreated biomass (Zhai et al., 2016). Oligosaccharides produced during pretreatment could also contribute to enzyme inhibition (Kumar and Wyman, 2014). There are several direct studies of the inhibitory effects of phenols on enzymes (e.g., Ximenes et al., 2011; Zhai et al., 2018). Phenols may exert several effects on enzymes. Conditioning of lignocellulosic hydrolysates using sulfur oxyanions, such as sodium sulfite or sodium dithionite, alleviated inhibition of both yeast and enzymes, whereas conditioning using sodium borohydride only alleviated inhibition of yeast (Cavka and Jönsson, 2013). A difference between sulfur oxyanions, on the one hand, and sodium borohydride, on the other hand, is the capacity of the former to strongly hydrophilize inhibitors by sulfonation (Cavka and Jönsson, 2013; Jönsson and Martín, 2016). This suggests that hydrophobic interactions is one cause of inhibition of enzymes, whereas inhibition of microorganisms is more related to reactivity and interference of metabolism. In line with that, studies of steam-pretreated woody biomass have indicated that hydrophobic phenolics are the major inhibitory compounds for enzymes (Zhai et al., 2018).
Solid Phase
Pseudo-lignin is an aromatic Klason-lignin-positive substance derived from carbohydrates during thermal treatment of biomass, including hydrothermal pretreatment (Shinde et al., 2018). Pseudo-lignin is typically derived mostly from hemicelluloses, such as xylan, which are more heat labile than cellulose and decompose to form pseudo-lignin at lower temperatures (Normark et al., 2016). In contrast, real lignin is a polymeric substance consisting of phenylpropane units, and it is formed by combinatorial cross-linking of radicals created by oxidation of monolignols (Ralph et al., 2019). The monolignols are formed via the shikimate pathway, which is also involved in the biosynthesis of aromatic amino acids. Thus, although pseudo-lignin and real lignin share some common features, such as aromaticity, insolubility in water under neutral conditions, and acid-resistance (i.e., being Klason-lignin-positive substances), their basic chemical structure and their origin are fundamentally different.
Pseudo-lignin formation represents a yield loss, as the fraction of carbohydrates that form pseudo-lignin is not converted to fermentable sugars. Pseudo-lignin also has a negative impact on enzymatic saccharification of cellulose. This negative impact is caused by reduced cellulose accessibility and by catalytically non-productive binding of enzymes to pseudo-lignin (Kumar et al., 2013; Wang and Jönsson, 2018).
Gas Phase
Some volatile substances originating from the biomass and from the pretreatment reactions have been captured from pretreatment vapor and analyzed using mass spectrometry. Condensate from steam-explosion of corn stalks contained furans, phenols, and carboxylic acids (Yang et al., 2017). Main constituents, as judged from peak areas, were furfural, phenol, and 4-hydroxy-butanoic acid. Phenol was the predominant analyte in non-condensable gas collected using dichloromethane (Yang et al., 2017). Analysis of a set of condensates from pretreatment of sugarcane bagasse showed that furfural accumulated in the condensates and that the levels were related to sugar degradation and furan aldehyde formation during pretreatment (Ilanidis et al., 2021b). Further investigations are needed to characterize volatile substances formed during hydrothermal pretreatment of biomass and to understand their potential contribution to the mass balance of hydrothermal pretreatment.
CHARACTERIZATION OF PRETREATED LIGNOCELLULOSE
Pretreatment of lignocellulosic materials results in a slurry of variable consistency depending on the pretreatment method and the initial solids loading. Based on the downstream strategy, the slurry can either be separated into a solid fraction (i.e., pretreated solids) and a liquid fraction (i.e., pretreatment liquid or hemicellulose hydrolysate) to be processed separately, or be used directly as it is for conditioning and biocatalytic conversion. Regardless of the processing strategy, a thorough characterization of the pretreated material is required in order to assess the efficiency of the pretreatment. That includes determination of the gravimetric yield of solids, the chemical composition of the solid and liquid phases, evaluation of the recovery of the main organic components of biomass, and assessment of enzymatic digestibility and fermentability. An overview of methodology useful for characterization of pretreated biomass is provided below.
Slurry Characteristics
The characteristics of slurries produced during the pretreatment step have a critical effect on subsequent processing steps. The dry-matter (DM) content of a slurry is comprised of insoluble solids, often referred to as water-insoluble solids (WIS), and soluble solids (SS). Main components of SS include organic degradation products derived from hemicelluloses (such as sugars), some degradation products from cellulose and lignin, hydrophilic extractives, and salts. WIS is composed mainly of cellulose and lignin, and typically some residual hemicelluloses.
The DM of the slurry can be measured by using an oven or an automatic infrared moisture analyzer. In both cases, a certain amount of slurry, usually 2–5 g, is heated at 105 °C until a constant mass is reached (Sluiter et al., 2008a). To determine the fractions of WIS and SS, the first step is separation of the solid and the liquid phase (Sluiter et al., 2008b). Vacuum filtration is commonly used for separation. However, if clogging of filters is a problem, centrifugation may serve as an alternative. To determine the SS content, the liquid fraction is passed through a 0.2 µm filter. After that, about 10 mL of the filtrate is dried, typically using an oven, and the residual solids are analyzed gravimetrically. To determine the WIS content, the solid fraction obtained after filtration or centrifugation could be washed several times with deionized water to remove residual liquor. The wash is finished when the glucose concentration in the wash water is < 0.05 g/L. The washed solids are then dried at 105°C using one of the previously mentioned methods. Alternatively, the determination can also be performed without washing (Weiss et al., 2010).
Analysis of Liquid Phase
Hydrothermal pretreatment fractionates biomass by solubilizing hemicelluloses into monomeric, dimeric, or oligomeric products in the liquid fraction of a biomass slurry, while keeping cellulose and lignin relatively intact in the solid fraction (Galbe and Wallberg, 2019). Characterization of pretreatment liquids to determine the content of sugars as well as by-products helps in evaluating hydrothermal pretreatments aiming at maximal conversion of polysaccharides into sugars. Mild hydrothermal pretreatment would typically result in the formation of substantial amounts of disaccharides and oligosaccharides. Hence, a mild post-hydrolysis of the pretreatment liquid can be done by sulfuric acid at a concentration of 4% (w/w) at 121°C for 60 min, to completely hydrolyze dimeric and oligomeric saccharides to monomers. Monosaccharides generated after hydrothermal pretreatment and post-processing of liquids, such as arabinose, galactose, glucose, mannose, xylose, are generally detected either through high-performance liquid chromatography (HPLC) combined with refractive-index detection (RID) or through high-performance anion-exchange chromatography (HPAEC) combined with pulsed-amperometric detection (PAD). The latter approach typically offers superior resolution and higher sensitivity (Gandla et al., 2018).
Heteroaromatic degradation by-products, such as furfural and HMF, are typically determined using HPLC with UV detection or DAD (diode-array detection). Aliphatic acids, such as acetic acid, levulinic acid, and formic acid, are typically analyzed using HPLC or using HPAEC with conductivity detection (Du et al., 2010; Gandla et al., 2018). Splitting of β-O-4 ether bonds of lignin during hydrothermal pretreatment generates phenylic substances, many of which are phenolic. Mononuclear aromatic substances are typically detected using mass spectrometry (Du et al., 2010; Martín et al., 2018).
Apart from determination of individual substances, group analyses are also useful. Determination of total phenolics in pretreatment liquid is often carried out using the Folin-Ciocalteu colorimetric assay with vanillin as a calibration standard (Persson et al., 2002). The total aromatic content (TAC) of pretreatment liquids is analyzed using UV absorbance at 280 nm (Wang et al., 2018b). TAC analysis covers both heteroaromatics, such as furans, and aromatics, such as phenolic and non-phenolic substances. The total carboxylic acid content (TCAC), which covers both aliphatic and aromatic carboxylic acids, is determined by titration (Wang et al., 2018b).
Analysis of Solid Phase
Determination of the composition of biomass by hydrolysis of the polysaccharides using sulfuric acid has been used for more than a hundred years. The method was further developed by the introduction of two-step treatment with sulfuric acid (TSSA), in which the second step is performed with more diluted acid but at higher temperature. Today, NREL/TP-510–42618 (Sluiter et al., 2012) is a commonly used protocol for performing TSSA. The biomass needs to be extracted prior to TSSA. The solvent could be, for example, ethanol, acetone, a mixture of petroleum ether and acetone, or a mixture of cyclohexane and acetone. A less polar solvent or mix of solvents is useful for efficient extraction of resin from softwood. Biomass extractives are typically measured gravimetrically after solvent evaporation, whereas individual extractives are analyzed using mass spectrometry.
The dried solid residue obtained after extraction is fractionated using 72% (w/w) sulfuric acid for 1 h at 30°C. The mixture is then diluted to 4% (w/w) sulfuric acid with deionized water and is autoclaved at 121°C for 1 hour. Vacuum filtration is applied for separation. The solid fraction is composed of Klason lignin (acid-insoluble lignin) and ash, while sugars and acid-soluble lignin (ASL) are found in the liquid fraction. The monosaccharides are often analyzed using HPAEC-PAD, which offers better resolution and higher sensitivity than HPLC-RID. Klason lignin is determined gravimetrically and ASL is estimated using UV/Vis spectrophotometry. The recommended wavelength and absorptivity used for ASL determination vary depending on the type of biomass investigated (Sluiter et al., 2012). Wavelengths used for ASL determination are in no way specific for lignin, but are subject to interference, e.g., by the presence of furans. The conditions used in TSSA for hydrolysis of the carbohydrates are important for the accuracy of the method. Too low severity will result in residual cellulose in the solid fraction leading to underestimation of the carbohydrate content and overestimation of the Klason lignin content. Too high severity will result in degradation of sugars to furans and carboxylic acids leading to underestimation of the carbohydrate content and, if sugar degradation products are not analyzed and accounted for, poor mass balance (Wang et al., 2017). Although the hydrolysis conditions mentioned above are suitable in many cases, they are not optimal for all sorts of biomass and processed biomass samples.
Ash or mineral content is typically determined gravimetrically after heating at 550–600°C. Ash content may refer to the total ash in non-extracted biomass or to acid-insoluble ash, i.e., the fraction of ash left in the residue after hydrolysis of carbohydrates using the TSSA method. The ash content varies greatly depending on plant species but also depending on the type of tissue. A review of data from 144 species of lignocellulosic biomass (Tao et al., 2012) indicated that the ash content of dry biomass varied between 0.1 and 26.2% (with a mean of 3.5%). The ash content of woody biomass (0.1–6.4% with a mean of 1.9%) was typically lower than that of non-woody biomass (1.0–26.2%, with a mean of 7.0%) (Tao et al., 2012).
Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) is another way to compare the contents of carbohydrates and lignin in biomass samples, although the method provides no detailed information on the carbohydrate composition. Initially, the biomass is pyrolyzed at around 500°C in the presence of a gas stream consisting of helium, nitrogen, or argon gas. The fragments are separated by GC and identified by mass spectrometry (Gerber et al., 2012). The method is useful for determination of the ratio of lignin subunits, i.e., the S:G or S:G:H ratio.
Analysis using solution-state and solid-state nuclear magnetic resonance (NMR) is useful for obtaining information about the effects of pretreatment on biomass (Lu and Ralph, 2011; Bryant et al., 2020). Solid-state NMR offers relatively low resolution and sensitivity, but has the advantage that the original structure of the biomass sample is maintained. Methods such as solid-state cross-polarization/magic angle spinning (CP/MAS) 13C NMR are therefore useful for studies of the crystallinity and ultrastructure of cellulose. Solution-state NMR offers higher resolution and sensitivity, and can provide detailed information on lignin and hemicelluloses. Two dimensional heteronuclear single quantum coherence (2D HSQC) NMR offers detailed information on the composition and linkages of lignin and biomass polysaccharides. However, dissolution typically causes some degradation of the sample, and information on cellulose crystallinity is lost.
Infrared light is applied in Fourier-transform infrared (FTIR) spectroscopy to scan lignocellulosic materials and study structural features before and after pretreatment. FTIR is a simple and fast analytical technique with easy sample preparation that identifies functional groups in a semi-quantitative manner. It has sometimes been used to estimate changes in CrI (crystallinity index). Absorption bands between 800 and 1800 cm−1 are assigned to the main components of lignocellulosic materials (Faix and Böttcher, 1992).
X-ray diffraction (XRD) is commonly used to estimate the crystallinity of cellulose in biomass. However, CrI values might be affected both by the methodology and by factors such as moisture content (Agarwal et al., 2017).
Pseudo-lignin might be difficult to distinguish from real lignin as both substances end up as Klason lignin in compositional analysis using TSSA. Several different methods can be used to get an indication of the occurrence of pseudo-lignin (Shinde et al., 2018). An approach to estimate the pseudo-lignin content is to combine compositional analysis using TSSA with Py-GC/MS. The Klason lignin determined using TSSA will include both real lignin and pseudo-lignin, but in analysis using Py-GC/MS pseudo-lignin will be included in the carbohydrate fraction rather than in the lignin fraction. Hence, a relative value for the pseudo-lignin content can be estimated by subtracting the peak area fraction assigned to lignin in the Py-GC/MS analysis from the mass fraction of lignin determined using compositional analysis with TSSA (Normark et al., 2016; Ilanidis et al., 2021a).
The Simons’ staining method gives a relative estimate of cellulose accessibility based on dye adsorption using Direct Blue (DB) and Direct Orange (DO). The larger DO dye (>100 kDa) has affinity for cellulose and a size that is as large or even larger than that of many enzymes. The DB dye, which is smaller than the enzymes, populates only small pores and is less relevant with regard to determination of cellulose accessibility. The difference between final and initial concentrations of each dye indicates the amounts of adsorbed dyes (Chandra et al., 2008).
The Brunauer–Emmett–Teller (BET) method is useful for investigating the specific surface area and the pore-size distribution of biomass before and after pretreatment (Wang et al., 2020). The BET method is typically based on monitoring adsorption of nitrogen gas on the sample surface.
Surface modifications, fragmentation of biomass, and changes in cell wall integrity as a result of pretreatment can be investigated using microscopy, including light microscopy, electron microscopy, atomic force microscopy, and fluorescence microscopy. Staining with dyes such as phloroglucinol-HCl, which causes purple staining of cinnamaldehydes in lignin, is a way to use light microscopy for qualitative assessment of changes in cell wall architecture during pretreatment (Thoresen et al., 2021). Electron microscopy results in two-dimensional images, while atomic force microscopy provides three-dimensional images with high resolution (Karimi and Taherzadeh, 2016). Due to the autofluorescence of lignin (Donaldson, 2020), fluorescence microscopy is useful for studying the effects of pretreatment on cell wall architecture and the distribution of lignin (e.g., Wang et al., 2018a).
Fragmentation of biomass during pretreatment can be analyzed using sieving or image analysis. Using a series of sieves in the range 50–800 μm, pretreated softwood was fractionated into four size ranges (dust, 50–100 μm; fine particles, 100–500 μm; small particles, 500–800 μm; large particles, >800 μm) and quantitated (Wang et al., 2018b). The particle size distribution was found to be correlated (R2 ≥ 0.96) to the ASL content of pretreated softwood, the glucose content in the pretreatment liquid, and to the enzymatic digestibility.
Recoveries
The compositional analysis is not enough for having a full picture of the fate of lignocellulose constituents during pretreatment (Figure 2A). In an example with a hypothetical lignocellulosic material processed through HTP, the composition of raw biomass (Figure 2A, left column) and pretreated solids (Figure 2A, middle column) points at an apparent increase of the contents of cellulose and lignin, from 40 to 50% and from 26 to 38%, respectively, while the content of hemicelluloses drops from 28 to 7%. A better representation is provided by mass balances, which disclose the recoveries of biomass constituents after pretreatment. Considering an input of 100 kg raw biomass with an output of 70 kg of pretreated solids (Figure 2A, right column), the recovered cellulose (Eq. 4) would be:
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[image: Figure 2]FIGURE 2 | Graphical representation of recovery of the main components in pretreated solids (A–D) and enzymatic saccharification indicators (E–G). Input parameters (A) for recovery calculations (%) for cellulose (B), hemicelluloses (C), and lignin (D) in pretreated solid biomass. Input parameters (E) for calculation of enzymatic saccharification indicators (kg/ton initial biomass); enzymatic digestibility of pretreated cellulose (%) (F); overall enzymatic conversion of initial cellulose (%) (G). In (B), (C) and (D), internal circles represent the recovery of each component in pretreated biomass and external circles represent the initial amount (100%) of the component in raw biomass. In (F) and (G), the internal circles represent saccharified cellulose, and the external ones represent cellulose in pretreated (F) or raw (G) biomass.
…which is graphically shown in Figure 2B. This reveals that 12% of initial cellulose was not recovered in the pretreated solids. Non-recovered cellulose corresponds to a minor fraction that is susceptible to hydrolysis during pretreatment, primarily amorphous cellulose, and it ends up in the liquid stream as, for example, glucose or degradation products such as HMF, formic acid, and levulinic acid. The same calculations reveal recoveries of 17% (Figure 2C) and 93% (Figure 2D), respectively, for hemicelluloses and lignin. The actual carbohydrate availability for bioconversion and the amount of sugar lost during pretreatment can be elucidated if the liquid fraction is included in the mass balances. It should be noted that apparent lignin recovery over 100% can be achieved in some experiments. That happens when pseudo-lignin formation occurs in combination with low solubilization of real lignin. This is typical for DA-HTP, but it happens also for A-HTP under severe conditions.
Enzymatic Digestibility and Enzyme Inhibition
Quantification of changes in the susceptibility of cellulose to enzymatic saccharification after pretreatment is crucial for assessing the efficiency of the applied method. The enzymatic digestibility (or convertibility) based on cellulose contained in the sample subjected to saccharification is often reported. Although that indicator shows how susceptible to saccharification the cellulose that remained in the solids after pretreatment is, it fails to capture the fact that a fraction of the cellulose was lost during pretreatment. A more rational approach is the overall conversion, which is based on the cellulose contained in the raw biomass.
Below, a calculation example based on the parameters given in Figure 2E is provided. One ton of a biomass material containing 400 kg cellulose is subjected to pretreatment. A cellulose recovery of 88%, i.e., 350 kg, results from the pretreatment. An aliquot of pretreated solids suspended in a buffer solution and submitted to enzymatic saccharification results in 320 kg glucose, which corresponds to 290 kg of saccharified cellulose. The amount of glucose is higher than that of cellulose because, due to water addition to glycosidic linkages, the mass of sugars resulting from hydrolysis of hexosans is increased by a factor of 1.11 compared to the polysaccharide mass. The enzymatic digestibility (ED), calculated as indicated in Eq. 5,
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indicates that 83% (w/w) of the cellulose contained in the pretreated solids is susceptible to conversion to glucose under the conditions applied (Figure 2F). The overall conversion (OC), can be calculated as indicated in Eq. 6, and it shows that 73% (w/w) of cellulose contained in the raw material is saccharified upon pretreatment and enzymatic saccharification (Figure 2G).
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Since pretreatment liquids contain substances that inhibit enzyme activity, it is important to assess the level of the inhibitory effect. For doing that, analytical enzymatic saccharification is run in parallel for microcrystalline cellulose suspended in either pretreatment liquid or a buffer solution. A parameter showing the degree of inhibition (DI) (Eq. 7) can be calculated by comparing the enzymatic digestibility of both reactions:
[image: image]
This calculation procedure can also be applied if it is necessary to assess feedback inhibition by sugars released during pretreatment and contained in the pretreatment liquid. In such a case (Wang et al., 2018b), references with the relevant sugars are included in the enzymatic saccharification experiment.
Fermentability
Hydrothermal pretreatment of lignocelluloses generates by-products that are inhibitory to fermenting microbes such as yeasts or bacteria. The toxic effects of inhibitory by-products on fermenting microbes (most commonly S. cerevisiae) are evaluated through the fermentability of pretreatment liquids. Fermentability is analyzed by carrying out microbial fermentation in the pretreatment liquids (PL) fortified with sugar and nutrient mixtures, and a control fermentation medium devoid of PL can be used as the reference (Martín et al., 2002). Using ethanolic fermentation as an example, important indicators include: the ethanol yield on consumed sugar (Ycon), the ethanol yield on initial sugar (Yini), the volumetric ethanol productivity (Q), and the specific ethanol productivity (q). Ycon is calculated as the amount of ethanol formed per gram of consumed sugar, and Yini is calculated as amount of ethanol formed per gram of initial sugar content. Q is calculated as the amount of ethanol produced per liter of culture medium and hour during the fermentation [g/(L/h−1)]. Q is dependent on the inoculum size and it can be enhanced by increasing the inoculum size and by performing fermentations at high cell density. The specific ethanol productivity, q, is indicative of the performance of a microbial strain. It is often calculated as the volumetric productivity divided by the initial cell concentration [g/(g/h−1)].
CONCLUSION
Technologies for biochemical conversion of biomass through a sugar-platform approach including hydrothermal pretreatment and enzymatic saccharification have developed rapidly during recent decades and reached industrial implementation. Despite this, intensive research efforts continue and further technology improvements can be expected in the near future. These will likely include innovative technologies addressing aspects such as conditioning to improve biocatalytic performance, enzyme properties and enzyme recycling, microbial strain development, carbon capture and storage with regard to both heat and power generation and carbon dioxide from fermentation processes, lignin valorization, and characterization and management of residual streams, such as pretreatment vapors and stillage constituents.
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Dehydrins (DHNs) belong to group II of late embryogenesis-abundant (LEA) proteins, which are up-regulated in most plants during cold, drought, heat, or salinity stress. Despite the importance of dehydrins for the plants to resist abiotic stresses, it is necessary to obtain plant-derived dehydrins from different biomass. Generally, dehydrin PicW1 from Picea wilsonii is involved in Kn-type dehydrin with five K-segments, which has a variety of biological activities. In this work, Picea wilsonii dehydrin PicW1 was expressed in Escherichia coli and purified by chitin-affinity chromatography and size-exclusion chromatography, which showed as a single band by SDS-PAGE. A cold-sensitive enzyme of lactate dehydrogenase (LDH) is used to explore the protective activities of other proteins. Temperature stress assays showed that PicW1 had an effective protective effect on LDH activity, which was better than that of bovine serum albumin (BSA). This study provides insights into the purification and protective activity of K5 DHNs for the advancement of dehydrin structure and function from biomass.
Keywords: dehydrin, expression, purification, lactate dehydrogenase, protective effects
INTRODUCTION
Biomass refers to the organic matter produced by all organisms and growth. Generally, biomass is the abundant renewable resource that can not only be transformed into many high value-added products of chemicals, biofuels, and advanced materials (Dong et al., 2020; Liu et al., 2021; Wang et al., 2021; Xu et al., 2021; Hu et al., 2022) but also contains highly abundant stress-resistant gene resources (Ning et al., 2021). Obtaining proteins from biomass tissues requires extracting genomic DNA and RNA, reverse transcription to obtain cDNA, and then designing specific primers to amplify a specific segment of genomic DNA according to the known similar biomass genes. PCR primers were designed with the recombinant plasmid containing the target gene as the template. The amplified products were recovered and connected to the cloning vector, transformed into E. coli and extracted the plasmid, and then the appropriate expression vector was selected. The target protein was successfully obtained through a variety of separation and purification techniques (Zhou et al., 2006). An area of considerable research interest is the plant’s ability to resist a variety of abiotic stresses such as drought, cold, high temperature, and high salinity (Hara et al., 2003; Saavedra et al., 2006; Hundertmark and Hincha, 2008; Hirayama and Shinozaki, 2010). All of these result in cell dehydration (Galau et al., 1986). One family of proteins that is expressed during cell dehydration has been named dehydration proteins (dehydrins, or DHNs) (Close, 1996; Graether and Boddington, 2014). DHNs are highly hydrophilic, and their structural analysis implies that they are intrinsically disordered proteins (IDPs), which provide a flexible property to interact with metal ions and biomolecules (Dunker et al., 2001; Halder et al., 2018; Lv et al., 2018; Gupta et al., 2019). DHNs belong to LEA-DII (late embryogenesis-abundant proteins) family and their types have been classified using the segments K, Y, and S. The K-segment is an approximately 15-amino-acid-long conserved lysine-rich motif, and it tends to adopt an amphipathic α-helix structure according to computational prediction (Lv et al., 2018). The Y-segment is a relatively short segment which is named for the conserved tyrosine residues (Hara et al., 2010). The S-segment is a serine-rich region that can be phosphorylated, and it may play a role in the protein delivery to the nucleus (Goday, 1994). In addition to these segments, Φ-segments (G- and polar amino acid-rich sequences) (Close, 1997), F-segments (Strimbeck, 2017; Wei et al., 2019; Ohkubo et al., 2020), and ChP-segments (Graether and Boddington, 2014) have also been described.
In previous studies, four different proteins from various Spruce species, namely, PicW1, PicW2, PicM, and PicK, were identified and expressed in E. coli. It had been proved that PicW genes were an effective antifreeze resource by thermal hysteresis activity and E. coli antifreeze tests (Zhao et al., 2017; Zhang et al., 2018). In this study, we report the purification of a protective protein PicW1 from Picea wilsonii. PicW1 belongs to the K5DHN family, because the protein has five highly conservative QKA segments, and each segment contains 2–5 Lys amino acids. PicW1 was cloned from Picea wilsonii and expressed in E. coli, and the protein was separated and purified by chitin-affinity chromatography and gel filtration chromatography. In addition, the activity of LDH is commonly used as a marker for the ability of dehydrins to rescue protein function during stress. We found that PicW1 can protect the enzyme activity of LDH which is better than BSA (a known protective protein) under freeze-thaw stress. However, in the high-temperature tests, the protective effect of PicW1 is similar to that of BSA and better than the negative control lysozyme (LZM).
MATERIALS AND METHODS
Materials and Instruments
The chitin column (New England Biolabs, United States) and AKTA protein purification system were used for two-step protein purification. An ultrafiltration tube (Amicon ultra, United States) of 10 kDa millipore was used for protein concentration in the purification process. Liquid nitrogen was purchased from the Institute of Semiconductors, Chinese Academy of Sciences. The DU730 ultraviolet spectrophotometer (BECKMAN COULTER, United States) was used to measure the absorbance in the enzyme activity reaction. The protein concentration was measured using NanoDrop 2000c (Thermo Fisher Scientific, United States).
Plasmid and Bacterial Strains
The Picea wilsonii dehydrin gene pTWIN1-PicW1 was given by Professor Jichen Xu (National Engineering Laboratory of Tree Breeding, Beijing Forestry University), and the recombinant plasmid, pRSF-Duet-LDH5, was given by Professor Fei Xiao (Peking University Fifth Clinical College of Geriatrics Key Laboratory). Both E. coli DH5α strain and E. coli BL21 (DE3) were purchased from TaKaRa Company.
Protein Expression
E. coli BL21 (DE3) competent cells were transformed with the recombinant construct (Figure 1A). Ten milliliters of LB medium pH 7.0 containing ampicillin (100 μg/ml) were inoculated with a positive BL21 colony and then incubated for 12 h at 37°C with shaking at 220 rpm. One liter fresh LB medium containing ampicillin (100 μg/ml) was inoculated with the aforementioned cells and grown until the OD600 nm reached 0.6–0.8 absorbance units (mid-log phase). Upon reaching the mid-log phase, protein expression was induced with isopropyl β-D-thiogalactoside (IPTG) at a concentration of 0.5 mM for 20 h at 16°C and 180 rpm. Then, the cells were harvested by centrifugation at 4,000 rpm for 30 min at 4°C. The pellet was saved and the supernatant was discarded.
[image: Figure 1]FIGURE 1 | Prokaryotic expression vector pTWIN1 and secondary structures of PicW1. (A) CBD, chitin-binding domain; Mxe intein, Mycobacterium xenopi GyrA intein; Ssp intein, Synechocystis sp. DnaB intein gene; PicW1, the coding region of PicW1 gene; T7, T7promoter. (B) PicW1 has 222 amino acids, of which 5 K-segments start from the amino acid sequence QKA. Yellow squares represent the strand, pink squares represent the helix, and gray squares represent the coil.
Protein Separation and Purification
The pellet was collected from 300 ml culture, lysed in 25 ml lysis buffer A containing 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 1 mM EDTA, and 1 mM phenylmethylsulfonnmkyl fluoride (PMSF). The cells were sonicated on ice for 4 s 70–100 times spaced by about 6 s time interval to disrupt cell membranes. Then, the lysates were centrifuged for 30 min at 13,000 rpm at 4°C to separate soluble proteins from other cellular components. The clarified lysate was used for further purification.
Chitin-affinity chromatography was equilibrated with buffer A1 (20 mM Tris-HCl pH 8.0, 500 mM NaCl, and 1 mM EDTA). The clarified lysate (supernatant) was run onto a 3 ml chitin column which was followed by washing with 20-bed volumes of washing buffer B (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 1 mM EDTA, 0.1% Triton-X100) to thoroughly remove non-specific proteins (O'Shea et al., 2015). The column was supplemented with three column volumes of cleavage buffer C (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 1 mM EDTA, and 120 mM DTT) and placed on a rotary mixer. Then, the flow was stopped and the column was placed on a rotary mixer at 4°C for 48 h for the on-column cleavage of PicW1 protein. DTT was added every 6 h. The samples were collected in 6, 12, 18, 24, 30, 36, and 48 h and analyzed by 15% polyacrylamide gel electrophoresis on sodium dodecyl sulfate (SDS-PAGE). When the cutting was completed, the chitin matrix naturally settled through gravity sedimentation. The protein that flowed down was concentrated to within 2 ml in a 10 kDa concentration tube at 4,000 rpm, filtered through a 0.22 ultrafiltration membrane to remove impurities, and then prepared for the next purification operation.
The preliminarily purified protein solution was applied onto a Superdex 200 pg 10/300 GL column which was equilibrated with buffer D (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 mM DTT) (O'Shea et al., 2015). Size exclusion was performed at 0.4 ml/min. The peaks of the target proteins were collected and concentrated to 10 mg/ml. The purified proteins were collected and tested through 18% SDS-PAGE. The LDH5 was prepared as previously described (Liu et al., 2017). The purified PicW1 and LDH5 were temporarily stored at 4°C. If long-term storage is required, 50% glycerol can be added to the protein and stored at −80°C.
Lactate Dehydrogenase Protection Assay
The LDH protection assay was carried out in order to determine the protective role of the PicW1 protein. The activity of LDH was measured using the modified technique of Lin and Thomashow (1992). The negative control was LZM and the positive control was bovine serum albumin (BSA). All the proteins and reagents were dissolved in buffer E (10 mM phosphate buffer, pH 7.5). Different protein samples and LDH were mixed at the molar ratio of 0:1, 5:1, 10:1, and 20:1 into a 60 μl solution; the final concentration of LDH was 0.13 μM. The enzyme solution was divided equally into six tubes. For the cryoprotective assay, three tubes were subjected to freeze-thaw stress treatment and the other three tubes were left untreated. Freezing stress was imparted on the enzyme by five cycles of freezing in liquid nitrogen for 1 min and subsequent thawing in a water bath at 25°C for 5 min in the presence and absence of the PicW1 protein.
For the high-temperature stress assay, we set four temperatures which were 43, 49, 55, and 61°C, respectively, and prepared 60 μl enzyme solutions with the molar ratio (5:1) of different protein samples and LDH. The protein mixture solution was equally divided into six tubes; three copies were not processed, and the others were treated in the specific temperature water bath for 2 min, and then it was placed in the 25°C water bath for 5 min renaturation; the process was repeated three times.
Then, 5 μl enzyme solution was added to 2 ml of substrate (10 mM phosphate buffer pH 7.5, 0.1 mM NADH, and 7.5 mM pyruvate). The reduction of A340 in the reaction system was determined using a DU730 ultraviolet spectrophotometer within 3 min. The results were expressed as the LDH5 residual enzyme activity (%) relative to the activity prior to treatment. The untreated LDH activity was considered to be 100% at 25°C.
[image: image]
Here, ∆A340a is the difference of A340 before the test sample is processed and ∆A340b is the difference of A340 after the test sample is processed.
Three independent assays were performed, and SE was included. Values were the mean ± SD (n = 3). Student’s t-test analysis was performed between each sample of enzyme solution low-temperature protection experiment and 61°C high-temperature stress experiment.
RESULTS AND DISCUSSION
Amino Acid Composition and Segment Characteristics of PicW1
In previous research, the full-length DHN gene PicW1 was isolated from P. wilsonii (Liu et al., 2014). Protein sequence analysis shows that PicW1 has a total length of 669 bp and encodes 222 amino acids. It is mainly composed of hydrophilic amino acids without cysteine(C) and tryptophan (W), with a high proportion of charged and polar amino acids and a low proportion of non-polar and hydrophobic residues (Table 1). According to Figure 1B, PicW1 is mainly composed of coil, which is normal for an IDP. DHNs contain at least one K-segment and as many as eleven (Jean-Marie et al., 2008), while PicW1 has five K-segments. Four K-segments are in the helical region predicted by the secondary structure, but only the second K-segment and the fourth K-segment form a relatively complete helical structure. The K-segment could form α-helices under abiotic stress to help stabilize membranes and proteins (Eriksson et al., 2011; Matthew et al., 2015; Mouillon et al., 2008). Some studies showed that the K-segment played a major role in the protection of enzymes at low temperatures, and prevented harmful changes in the secondary and tertiary structure of proteins (Yang et al., 2015). The truncated K-segment experiment showed that ERD10, RcDHN 5, and TaDHN -5 decreased the low-temperature protection of LDH (Peng et al., 2010; Cedeno et al., 2017). In addition, the lipid vesicle binding analysis of the three K-segments deletion derivatives of maize DHN1 proved that the α-helical conformation of the K-segment was essential for the binding of DHN to anionic phospholipid vesicles (Hara et al., 2011). The K-segment of wheat DHN-5 (YSK2) protected E. coli exposed to various stresses by preventing protein aggregation (Clarke et al., 2015).
TABLE 1 | Protein and amino acid properties analysis.
[image: Table 1]Protein Expression and On-Column Purification by Affmity Chromatography
The constructs used in the study are shown in Figure 1A. We selected E. coli as the heterologous expression system of Picea dehydrin gene, and the expressed protein can play its protective function (Yin et al., 2007). Some studies have shown that wheat dehydrin DHN-5, Ammopiptanthus mongolicus dehydrin AmCIP, and Arabidopsis thaliana dehydrins RAB18, LTI29, LTI30, and COR47 were heterologously expressed in the prokaryotic expression system, and the protein size and activity are correct (Svensson et al., 2000; Brini et al., 2010; Shi et al., 2016). The presence of the expressed protein in the supernatant of lysates from the transformant cells was examined by SDS-PAGE gel electrophoresis. Figure 2A indicated that induced cells produced a band with a predicted molecular weight of CBD-intein-PicW1 at around 55 kDa. The recombinant protein mainly existed in the supernatant after cell disruption and a small amount in insoluble components. We purified the PicW1 protein by affinity chromatography via intein-mediated purification using an affinity chitin-binding tag system; a novel protein purification system which utilizes the inducible self-cleavage activity of protein splicing elements (termed inteins) to separate the target protein from the affinity tag. PicW1-intein-CBD can specifically bind to chitin beads. Intein could self-cleavage in the presence of the reducing agent DTT, so that the target protein PicW1 and intein-CBD will be separated. Intein-CBD was adsorbed on the chitin beads, and the target protein PicW1 existed in the cutting buffer and was finally eluted by the gravity flow. As shown in Figure 2B, most of the target proteins were completely cleaved at 48 h.
[image: Figure 2]FIGURE 2 | Purification of recombinant PicW1 by chitin-affinity chromatography. (A) SDS-PAGE analysis of the purification of PicW1-intein expressed in E. coli BL21 (DE3) cells. Lane 1, Marker = M; Lane 2, Un-induced BL21 cells lysate = UI; Lane 3, IPTG-induced BL21 cells lysate = I; Lane 4, Cell supernatant = S; Lane 5, Insoluble fraction = IF; Lane 6, Flow through = FT; Lane 7, wash with buffer B =W. Protein extraction along with intein tag at a range of about 55 kDa. (B) SDS-PAGE of PicW1 purification process using the chitin column. Lane1, marker; Lane 2 to Lane 9: 6, 12, 18, 24, 30, 36, 42, and 48 h represents the purification time.
PicW1 was further purified using the AKTA protein purification system of the Surperdex 200 pg 10/300 GL column, with a major and symmetrical peak at 17 ml. The gel filtration curve of the Superdex 200 preparative column showed that PicW1 was a monomer that matched with the molecular weight value calculated from its primary sequence (Figure 3A). The PicW1 components were collected from the AKTA system for crystallization and subsequent functional tests. As shown in Figure 3B, the target protein at the peak of the curve was identified using 18% SDS-PAGE, with a molecular weight of about 24 kDa. The final yield was ∼20 mg PicW1 per liter of culture medium.
[image: Figure 3]FIGURE 3 | Purification of PicW1 by size-exclusion chromatography. (A) Gel filtration chromatography of PicW1 on a Superdex 200 pg 10/300 GL column. Elution was monitored at 280 nm at a flow rate of 0.4 ml/min. The red numbers represent the tubes of protein components collected using the AKTA collector. (B) SDS-PAGE analysis of “PicW1” purified using the Superdex 200 pg 10/300 GL column. Lane 1, Marker = M; Lane 2, protein components at peak value of gel filtration curve.
PicW1 Protect the Enzyme Lactate Dehydrogenase Under Freezing Stress and High Temperature
Because LDH loses its activity during freezing and high-temperature stress, we select this enzyme to evaluate the protective effect of PicW1. The activity of LDH before the experiment was considered as 100%. The enzyme LDH lost its activity completely upon repeated 1 min freezing and 5 min thawing at -196°C for five times (Figure 4A). In contrast, LDH activity retained to nearly 84% in the presence of 0.65 µM (5:1) PicW1, which was higher than that with BSA (71%; Figure 4A). We also found approximately 92% LDH activity was retained when 1.30 µM (10:1) and 2.6 µM (20:1) PicW1 were added, which was higher than that with BSA (84%; Figure 4B, Figure 4C). The increased concentration of purified PicW1 increased the percentage of LDH activity retained after freeze-thaw assay (Figure 4).
[image: Figure 4]FIGURE 4 | PicW1 protected LDH activity from freeze-thaw stress. Different molar ratios of LDH solutions in the presence of BSA, LZM, and purified recombinant proteins PicW1 were subjected to freeze-thaw stress for the specified times (A), 5:1; (B), 10:1; (C), 20:1 represent the molar ratio of added protein to LDH; the buffer group only has LDH. LDH activity was measured at each particular time point. The results are expressed as the LDH activity (%) relative to the activity before treatment. Three independent assays were performed, and SE was included. Values are the mean ± SD (n = 3). Significant differences in the LDH enzyme activity retention are indicated as *p < 0.05, which were evaluated with a t-test (t-test was performed on the protective effect of every two proteins of LZM, PicW1, and BSA on LDH).
Many cold sensitive enzymes are oligomers, including LDH, β-glucosidase (bglG), and catalase. Low-temperature stress makes subunit denaturation unable to combine correctly, and then irreversibly reduces the enzyme activity (Goyal et al., 2005). Brini et al. showed that wheat DHN-5 increased the activity and thermal stability of fungal bglG and glucose oxidase (GOD/POD) (Brini et al., 2010). However, PicW1 contains five K-segments and is different from the typical K-segment sequence. It has been reported that the deletion of K-segment of wheat dehydrin WZY2 leads to the reduction of low-temperature protection, indicating that these segments are involved in low-temperature protection (Yang et al., 2015). It is speculated that the hydrophobic side of picw1 may interact with the lipid components of the biofilm or combine with the hydrophobic region of the denatured part of the protein to form a protective layer to prevent the denatured macromolecular substances from further denaturation and polymerization (Rahman et al., 2010). Cor15 may form a random curl in the low-temperature protection experiment, which means that except for the K-segment, the irregular curl improves the structural flexibility and may play an important role in the low-temperature protection of cold-sensitive enzymes (Ingram and Bartels, 1996). Picw1 protein contains a large number of irregular curls, which may play a positive role in freeze-thaw stress. In conclusion, PicW1 has cryoprotective activity on LDH and has a more significant protective effect than BSA (a known protective protein) from the deleterious effects of freeze-thaw treatment. These findings serve to not only further define the molecular characteristics and possible functions of PicW1, but also add to the pool of evidence that supports a role for DHN proteins in cold tolerance.
The effect of PicW1 in protecting LDH activity during high-temperature stress was also evaluated. Similarly, BSA was selected as a positive control, and LZM was used as a negative control. As shown in Figure 5A, the enzyme activity of LDH decreased with the increase of stress treatment temperature. The LDH enzyme activity in the presence of PicW1 was higher than that in the LZM experimental group and blank control group at each temperature, but it was only slightly better than that in the BSA group at 43–55°C. The LDH enzyme almost completely lost its activity after three heat stress cycles at 61°C, only 7%. A minimum concentration of 0.65 µM PicW1 was found to be sufficient to retain 14% of the enzymatic activity under high-temperature stress (61°C) than the 9% of 0.65 µM BSA. The student t-test of 61°C data (Figure 5B) showed that the protective effect of PicW1 on LDH was better than that of other experimental groups, including the BSA group. The cryoprotection of dehydrin on LDH has been widely studied. The dehydrated protein is more effective than small molecules (such as sucrose) or other proteins (such as BSA) in protecting LDH activity from freeze-thaw damage (Hughes and Graether, 2011). The protective effect of BSA is generally considered as non-specific ones of high protein concentrations (Abriata et al., 2016; Huang et al., 2022). Although the protective effect of dehydrins on other proteins is mainly observed at low temperature, there are relatively few studies on high-temperature stress. Previously, LEA protein COR15 could protect the activity of LDH, but the temperature study was limited to 43°C (Nakayama et al., 2008). In addition, DHN-5 could significantly improve the activity and thermal stability of bglG at 50 and 70°C (Brini et al., 2010). Here, we propose a heat stress assay at 43–61°C, which shows that PicW1 can effectively protect LDH under high-temperature treatment up to 61°C.
[image: Figure 5]FIGURE 5 | Protective effect of PicW1 protein on LDH activity under high-temperature stress. (A) LDH solution was cultured in high-temperature water bath (43, 49, 55, and 61°C) for a specific time in the presence of PicW1, BSA, and LZM. The results were expressed as LDH residual enzyme activity (%) relative to the activity before stress. Error bar represents ±SEM from at least three replicates. (B) Heat stress treatment of LDH in the presence and absence of PicW1 at 61°C. Significant differences in the LDH enzyme activity retention are indicated as *p < 0.05, which were evaluated with a t-test (t-test was performed on the protective effect of every two proteins of LZM, PicW1, and BSA on LDH).
Dehydrin interacts with the lipid components of biofilm or combines with the hydrophobic region of protein denatured part to form a protective layer, prevent the further denaturation and polymerization of denatured macromolecules, and help plants stabilize cell membrane and proteins under stress. Immunolocalization studies showed that dehydrin accumulated more in the plasma membrane or areas rich in the membrane structure, around lipids and proteins. For example, the dehydrin lti29 gene was overexpressed in Arabidopsis. During cold acclimation, the LTI29 of transgenic plants was transferred from cytoplasm to near membrane, and the survival rate of plants under freezing stress was improved (Puhakainen et al., 2004). DHN can act as a partner for other proteins to help them fold correctly and prevent them from aggregating under heat or cold stress (Hara et al., 2001). However, the chaperone activity of traditional proteins can also form specific complexes with target proteins through the interaction of hydrophobic plaques (Ellis, 2004). Therefore, DHN is more like a barrier between molecules, preventing the aggregation of denatured proteins. We have compared the activity of the PicW1 protein with another known protectant like BSA. The results showed that PicW1 protein could protect the LDH activity better than BSA under freeze-thaw stress. In addition, the higher the concentration of PicW1, the greater the protective effect on LDH. It may be imagined that PicW1 is like a “wall” that prevents the denaturation and aggregation of LDH. The more the “walls”, the more LDH activity is retained (Figure 6).
[image: Figure 6]FIGURE 6 | Putative mechanisms for cryoprotective activity of PicW1. When LDH is frozen and thawed, hydrophobic patches appear on the surface of the proteins, and then hydrophobic interaction is generated between the patches. PicW1 acts as a shielding molecule to interfere with the hydrophobic interaction between LDHs. Finally, LDH maintains a more natural state.
SUMMARY
Among the group of LEA proteins, dehydrins play a major role in protection during abiotic stress. DHNs are known as stress-responsive proteins that are up-regulated in plants during stress such as drought, cold, and salinity (Hara et al., 2005). In this work, we have highly expressed cold acclimation protein PicW1 from Picea wilsonii in E. coli. We also proved that PicW1 has superior low-temperature protection on LDH. These approaches should be applicable to other plant dehydrins. The success in PicW1 expression and purification will facilitate future structural studies to understand how it works in stress resistance. In the future, we will explore the mechanism of PicW1 in depth.
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In recent years, faced with the improvement of environmental quality problems, cellulose and cellulose-based (nano) composites have attracted great attention as adsorbents. In this review article, we first report the recent progress of modification and functionalization of cellulose adsorbents. In addition, the adsorbents produced by the modification and functionalization of carboxymehyl cellulose are also introduced. Moreover, the cellulose-based (nano) composites as adsorbents are reviewed in detail. Finally, the development prospect of cellulose and cellulose-based (nano) composites is studied in the field of the environment. In this review article, a critical comment is given based on our knowledge. It is believed that these biomass adsorbents will play an increasingly important role in the field of the environment.
Keywords: adsorbents, cellulose, (nano) composites, heavy metals ions, organic pollutants
INTRODUCTION
In recent years, many environmental problems have attracted more and more attention because they are related to human survival and development (Jarup and Akesson, 2009). Heavy metals ions and organic pollutants play an important role in human health, disturbing the normal growth of plants and damaging the ecological balance (Heppner et al., 2009). Some heavy metals ions and organic pollutants are teratogenic, mutagenic, and carcinogenic substances. There is no doubt that heavy metals ions and organic pollutants accumulate in the environment and biological energy is enriched through the food chain. Therefore, it is very important to remove these pollutants using adsorbents from wastewater (Chen et al., 2015).
It is believed that lignocellulose is an important renewable biomass, consisting of cellulose, hemicelluloses, and lignin, which is used as feedstock to fabricate bio-based fuels, chemicals, and materials (Menon and Rao, 2012; Huang et al., 2018; Dong H. et al., 2020; Huang et al., 2021b). Cellulose is a polysaccharide composed of glucose molecules and the most abundant renewable biomass in the world. Cellulose is the main component of the plant cell wall. It is expected that the conversion of bio-ethanol from cellulose will be a clean energy technology, replacing the traditional grain ethanol technology to meet global energy demand (Asgher et al., 2013). However, it is still difficult to achieve large-scale industrialization due to the pretreatment of raw materials and the high cost of cellulose (Mansfield et al., 1999). Therefore, bio-based chemicals and materials produced from cellulose are expected to be beneficial to the application of cellulose (Nzediegwu and Dumont, 2021). It is believed that bio-based materials produced from cellulose have become the main research focus of academia (Klemm et al., 2005; Li et al., 2011; Liu et al., 2017; Cao et al., 2018). In addition, carboxymehyl cellulose is an organic substance, a carboxymethylated derivative of cellulose, which is easy to disperse in water to form a transparent colloidal solution.
It is well known that adsorption is considered to be an economic route to remove heavy metals ions and organic pollutants from wastewater (Yagub et al., 2014). In addition, the adsorbent could be reused through an appropriate desorption and regeneration process. Activated carbon adsorbents are widely used to remove heavy metal pollutants due to their large pore volume and high surface area (Mohan and Pittman, 2006; Liu et al., 2018; Liu et al., 2019). To date, hundreds of adsorbents have been reported in the literature (Babel and Kurniawan, 2003; Crini, 2006). The cellulose and cellulose-based (nano) composites have different compositions, structures, and properties, compared with activated carbon adsorbent. It is believed that bio-sorption of agricultural wastes, by-products, and natural substances is a promising and emerging adsorbent method for the treatment of heavy metals ions and organic pollutants due to its high efficiency and wide sources (Volesky and Holan, 1995; O'Connell et al., 2008).
Herein, this review article introduces the application of cellulose and cellulose-based (nano) composites in the removal of heavy metals ions and organic pollutants from wastewater. The adsorbents produced by modification and functionalization of cellulose, carboxymehyl cellulose, and cellulose-based (nano) composites are reviewed. In addition, the adsorption mechanism is briefly discussed. Finally, we try to put forward the possible future development of cellulose and cellulose-based materials in the field of the environment.
ADSORBENTS PRODUCED BY MODIFICATION AND FUNCTIONALIZATION OF CELLULOSE
Heavy metals ions and organic pollutants are the main factors causing wastewater pollution. The modification and functionalization of cellulose are usually utilized to create adsorbents to remove heavy metals ions. In early 2001, Liu’s group did pioneering work (Liu et al., 2001). They developed spherical cellulose as an adsorbent to remove and recover Cr3+ with a recovery rate of approximately 85.2%, following the predominant complex adsorption mechanism. It is reported that the adsorption of Cr3+ ions by an adsorbent depends on time, concentration, pH, and temperature. Then, Xu et al. (2002) also reported the removal of Cd2+ by immobilized cellulose-binding domains synthetic phytochelatin bio-adsorbents at the level of per million. Shukla and Pai (2005) assessed the cellulose-containing biomass for Pb2+ removal. The results showed the maximum cation uptake value of 0.127 mmol g−1 for coir, 0.087 mmol g−1 for sawdust, 0.090 mmol g−1 for jute, and 0.106 mmol g−1 for groundnut shell. Acrylonitrile-grafted cyanoethyl cellulose was also formed from cyanoethyl cellulose by the ionic-xanthate method to graft the acrylonitrile (Kamel et al., 2006). Undoubtedly, these early works showed that the modification and functionalization of cellulose is a promising bio-adsorbent method to remove heavy metals ions. After that, more and more research groups have paid more attention to the synthesis, properties, and application potential of bio-adsorbents.
O'Connell et al. (2006b) produced a regenerated cellulose adsorbent. It was found that glycidyl methacrylate-modified cellulose could remove 72 mg g−1 of Pb2+ ions from aqueous solution at 23°C. In addition, the adsorbent was also applied to remove Ni2+ ions from an aqueous solution with approximately 48 mg g−1 removed (O'Connell et al., 2006a). It should be pointed out, however, that there are still some debates about the function of cellulose. Garcia-Reyes and Rangel-Mendez (2009) demonstrated that hemicellulose and lignin were the main contributors for the removal of Cr3+ in aqueous solution, while cellulose did not seem to be involved. Recently, a microcrystalline cellulose (MCC) adsorbent was used to remove Pb2+ ions from aqueous solution with 1,2,3,4-butanetetracarboxylic acid (Hashem et al., 2020). According to the Langmuir theory, the maximum adsorption capacity was 1,155 mg g−1 at pH 5 and 30°C. The pseudo-second order kinetic model indicated the chemisorption in the adsorption process due to the high density of active sites. It observed the endothermic and nonspontaneous adsorption of Pb2+ ions by MCC.
Cadmium, a typical heavy metal, has the characteristics of high fat solubility, bioaccumulation, and toxicity, contributing to wastewater pollution. Belhalfaoui and co-workers chemically modified cellulose with succinic anhydride in toluene to obtain succinylated cellulose (Belhalfaoui et al., 2009). Sodium succinylated cellulose displayed high sorption efficiency and high selectivity to remove Cd2+ with a maximum uptake of 185.2 mg g−1 for distilled water and 178.6 mg g−1 for spiked groundwater solutions. It suggested that active functional groups played a major role in metal sorption. It followed an ion-exchange mechanism in the removal process. We would like to point out that this work provided a very valuable example for the research of adsorption mechanisms. In Lu’s work, the different adsorption capacities from Langmuir-Freundlich were carried out using lawny grass modified by citric acid as an adsorbent to remove Cd2+ from aqueous solution (Lu et al., 2010).
In the literature, the modification and functionalization of cellulose were also applied to absorb toxic and radioactive elements such as Hg2+, UO22+, Th4+, and arsenate anions. It also reported that 95.5% alpha-cellulose grafting with acrylamide was utilized as an adsorbent to remove Hg2+ ions with an adsorption capacity of 625 mg g−1 (Hashem et al., 2006). Takagai et al. (2011) investigated different thio-modified cellulose resins to remove Hg2+ ions in acidic solutions. Furthermore, three silylcellulosic derivatives of cellulose, trimethylsilyl-cellulose, and triphenylsilyl-cellulose with different substitution degrees were examined as sorbents for uranyl ions in wastewaters. The results revealed that the complexation of cellulose and trimethylsilyl-cellulose with UO22+ improved the thermal stability (Bontea et al., 2006). Anirudhan and Rejeena (2011) synthesized a tannin-modified poly (glycidylmethacrylate)- grafted zirconium oxide-densified cellulose adsorbent. The procedure adopted for the preparation of the adsorbent is presented in Figure 1. The authors indicated that the pH was found to be 5.5 with the adsorption rate of 99.2% for Th4+. Moreover, an Fe3+-loaded ligand exchange cotton cellulose macroporous bead adsorbent was applied for selective adsorption of arsenate anions by Zhao et al. (2009). The cellulose nanofibrils (CNFs) were reported to have various applications (Cao et al., 2019; Cao et al., 2020; Huang et al., 2020; Wang P. et al., 2020). More recently, CNFs were used to adsorb Hg2+ ions in an aqueous solution (Bisla et al., 2020). Modified CNFs had an adsorption capacity of 131.86 mg g−1 for Hg2+ ions. The pseudo-second order kinetic model implied chemisorption during the removal of Hg2+ ions from simulated wastewater. The diethylenetriaminepentaacetic acid-modified cellulose was obtained by a pre-grafting technique (Li et al., 2021). The adsorbent showed an ultrahigh adsorption capacity of 443.8 mg g−1 for Hg2+ in aqueous solution. A total of 88.13% of the original adsorption capacity was maintained after five cycles of the regeneration process. Aminotriazole isomer-modified cellulose microspheres with high nitrogen content showed potential affinity for U6+ (Wen et al., 2021). The microspheres possessed good adsorption capacity, selectivity, and reusability for U6+. It removed 99.45% from uranium contaminated water, 21.68% from contaminated groundwater, and 75.97% from simulated seawater.
[image: Figure 1]FIGURE 1 | Proposed reaction mechanism for the synthesis of tannin-modified poly (glycidylmethacrylate)-grafted zirconium oxide densified cellulose (TMPGZDC): zirconium oxide densified cellulose (ZDC) grafted with glycidylmethacrylate (GMA), N,N0-methylenebisacrylamide (MBA), and poly (glycidylmethacrylate)-grafted zirconium oxide densified cellulose (PGZDC) (Anirudhan and Rejeena, 2011).
Generally, the modification and functionalization of cellulose can remove all kinds of heavy metals ions simultaneously. In fact, wastewater contains a variety of heavy metals ions. There are some reports about this type of research. For example, Guclu et al. (2003) found four types of cellulose graft copolymers that removed Pb2+, Cu2+, and Cd2+ ions from aqueous solution. Cellulosic materials containing grafted polyacrylonitrile and poly (acrylic acid) molecules were also reported to remove Cd2+ and Cu2+ ions from aqueous solutions (Okieimen et al., 2005). Norkus et al. (2006) applied an oxygen delignified alkaline cellulose pulp slurry to remove Fe, Mn, and Cu. The maximum adsorption capacities of Ni2+, Co2+, Zn2+, and Cd2+ were 1.28, 1.23, 1.21, and 1.13 mol kg−1 by using chemically modified orange peel cellulose adsorbents, which increased by 95, 178, 60, and 130%, respectively, compared with that of raw orange peel (Li et al., 2008). The modified sugarcane bagasse and chemically modified cellulose displayed adsorption capacities for Ca2+ from 15.6 to 54.1 mg g−1 and Mg2+ from 13.5 to 42.6 mg g−1 (Karnitz et al., 2010). Recently, modified cellulose hydrogels were reported for the adsorption of heavy metals ions by the ion-exchange mechanism (Zhao et al., 2019). The maximum absorption capacity of 157.51, 393.28, and 289.97 mg g−1 for Cu2+, Pb2+, and Cd2+ ions was found in modified cellulose hydrogels, respectively. The thiol-functionalized cellulose nanofiber membrane was reported to adsorb heavy metals ions by chemisorption (Choi et al., 2020). It achieved adsorption capacities of 49.0 mg g−1 for Cu2+, 45.9 mg g−1 for Cd2+, and 22.0 mg g−1 for Pb2+ in the Langmuir isotherm. The microwave-functionalized cellulose derived from rice husk was reported to eliminate Pb2+, Cd2+, and Ni2+ (Qu et al., 2020). It achieved adsorption capacities of 295.20 mg g−1 for Pb2+, 151.51 mg g−1 for Cd2+, and 72.80 mg g−1 for Ni2+. The functionalized cellulose was found to have good recoverability and adsorption efficiency after five cycles.
Besides the removal of heavy metals ions, the modification and functionalization of cellulose are also applied to the removal of inorganic pollutants. Inukai et al. (2004) firstly used N-methylglucamine-type cellulose derivatives to remove B3+. Then, Fe3+-loaded ligand exchange cotton cellulose as a bead adsorbent was reported to remove fluoride from drinking water by Zhao et al. (2008). Anirudhan et al. (2009) synthesized a cellulose-based anion exchanger bearing the –N+HR2Cl− functional group with the adsorption capacity of 197.75 mg g−1 for V5+ at 30°C. After that, they demonstrated that about 99.6% of phosphate was adsorbed in 180 min of contact at 100 mg L−1 by using a cellulose-grafted epichlorohydrin functionalized polyethylenimine graft copolymer as an adsorbent (Anirudhan et al., 2012). Besides the removal of heavy metals ions, it is also important for the modification and functionalization of cellulose to remove organic pollutants. For example, Fang et al. (2004) prepared a lysine-cellulose bead adsorbent for removing bacterial endotoxins. The adsorbent had the characteristics of mechanical strength, blood compatibility, and cytotoxicity. Alila and Boufi (2009) constructed a modified cellulose fiber adsorbent to remove several aromatic organic compounds and three herbicides of Alachlor, Linuron, and Atrazine. More recently, a cellulose acetate fiber membrane was reported to remove methylene blue (MB) and Congo red (CR) dyes (Chen et al., 2020). It was observed that the adsorption capacities were 69.89 mg g−1 for MB and 67.31 mg g−1 for CR. An anionic cellulose foam was obtained by grafting and chemical crosslinking (Feng et al., 2020). It exhibited an adsorption capacity of 364.22 mg g−1 for anionic dye Eosin Y and a removal efficiency of 99.58%. The chemical and monolayer action anionic dyes were suggested during the adsorption procedure.
There have been many reports about the removal of lipoprotein by modification and functionalization of cellulose. As early as 1988, Franceschini et al. (1988) comparatively tested a dextran sulfate cellulose column and double membrane filtration for the extracorporeal removal of low density lipoproteins. Schulzeck et al. (1992) further discovered five patients with familial hypercholesterolemia and diet- and drug-resistant low-density lipoprotein cholesterol greater than 230 mg dl−1 using dextran sulfate cellulose adsorption. Olbricht (1996) indicated the extracorporeal removal of low-density lipoprotein cholesterol by dextran sulfate cellulose adsorption. It reported that the reduction in cholesterol per treatment was 65–75% and in most patients one treatment per week was sufficient to reduce cholesterol to 100–150 mg dl−1. In Wang’s work, a cellulose adsorbent with amphiphilic ligands was applied to adsorb low-density lipoprotein with a better selectivity and adsorption capacity for the removal of low density lipoprotein (LDL), total cholesterol (TC), total proteins (TP) at 0.857, 1.317, and 1.002 mg ml−1, respectively (Wang et al., 2002). The adsorbent showed quite good adsorption performance for selective removal of LDL from human plasma (Yu et al., 2006). Wang et al. (2006) synthesized a carboxyl modified polyethylene glycol (PEG) spacer and linked it covalently to cellulose beads. Both the adsorption capacity and adsorption efficiency of the ligand was increased for adsorption of LDL-cholesterol and the average adsorption capacity of LDL-cholesterol was increased to 0.903 mg ml−1.
Beutler and Gelbart (1986) reported that cellulose columns efficiently removed leukocytes from whole blood, and the leukocyte removal activity of cellulose columns was due to mechanical filtration. Weber et al. (1995) produced regenerated cellulose (RC) of 1–8 μm modified with polyethyleneimine or diethylaminoethyl groups. RC had high adsorption capacity for endotoxins in human plasma. Butnaru et al. (2003) discussed the treatment of wastewater from cellulose dyeing with direct dyes by electro-coagulation. A cellulose microporous hollow fiber membrane was applied for the dispersion-free reactive extraction of thiol compounds (Yang et al., 2007). Greben et al. (2007) demonstrated that salinity (sulphate) could be removed using the fermentation products of grass-cellulose. The polycation-immobilized pore cellulose spherical particles were also reported to remove the endotoxin by Sakata et al. (2007).
Zhang and Akbulut (2011) investigated the adsorption, desorption, and removal behavior of polymeric nanoparticulate drug delivery systems (PNDDS). Figure 2A shows the unimodal and relatively narrow intensity-weighted particle size distribution of PNDDS. It obtained six different particle size distributions of 46 ± 1, 81 ± 2, 159 ± 1, 197 ± 4, 238 ± 7, and 271 ± 2 nm. Based on TEM images, they observed core-shell spherical PNDDS (Figures 2B,C). The size had an effect on the adsorption, desorption, and removal of polymeric nanomedicine. Experimental results indicated that the removal rate of the particles increased with the increased particle size. More recently, a cross-linked cellulose aerogel from rice straw with a density of 2.2–24 mg cm−3 and porosity of 98.4–99.8% was achieved by a freeze-drying process (Dilamian and Noroozi, 2021). Different shapes of two types of dilute cellulose suspensions were found. The aerogels had a specific area of 178.8 m2 g−1 and mesopore volume of 0.8 cm3 g−1. It achieved adsorption capacities up to 170 g g−1 for the super-hydrophobic and oleophilic cellulose aerogels. A cellulose-rich modified rice husk was also reported for the removal of MB and Al3+ (You et al., 2021). It carried out the uptake for MB of 50.15 mg g−1 and the uptake for Al3+ of 2.87 mg g−1. Authors suggested this was due to the adsorption mechanisms of MB including pore filling, π-π interaction, and electrostatic attraction, as well as the adsorption mechanisms of Al3+, such as surface complexation, n-π interaction, and ion exchange. The functionalization of cellulose with hyperbranched polyamide was prepared for adsorption of orange II (OT) and Cu2+ ions (Yu et al., 2019). It achieved maximum sorption capacities of 976 mg g−1 for OT and 138 mg g−1 for Cu2+ ions. Authors indicated an electrostatic interaction for OT adsorption and the complexation/chelation of Cu2+ adsorption.
[image: Figure 2]FIGURE 2 | (A) Intensity-weighted particle size distributions for polymeric nanoparticulate drug delivery systems (PNDDS). The mean values of Z-average sizes of different batches of PNDDS were 46 ± 1 nm (black, A), 81 ± 2 nm (red, B), 159 ± 1 nm (cyan, C), 197 ± 4 nm (magenta, D), 238 ± 7 nm (dark yellow, E), and 271 ± 2 nm (orange, F). TEM micrographs for (B) 46 nm PNDDS and (C) 271 nm PNDDS described in a dynamic light scattering (DLS) study (Zhang and Akbulut, 2011).
ADSORBENTS PRODUCED BY MODIFICATION AND FUNCTIONALIZATION OF CARBOXYMEHYL CELLULOSE
Carboxymehyl cellulose (CMC) is the carboxymehyl group-substituted product of cellulose. CMC has the characteristics of high viscosity, adhesion, acid resistance, and physiological harm, which is widely used in food, medicine, papermaking, and textiles. According to the reports in the literature, it should be pointed out that the modification and functionalization of CMC are widely applied to remove heavy metals ions and organic pollutants. Bacterial cellulose (BC) was found to have important application potential (Ma et al., 2021; Mai et al., 2021; Wang X. et al., 2021; Guo et al., 2022). The early work had been done by Cavus et al. (2006). They developed a crosslinked hydroxyethyl cellulose-g-poly (acrylic acid) graft copolymer to remove Pb2+, Cu2+, and Cd2+. In Chen’s work, it was reported that carboxymethylated-BC performed better adsorption with values of 12.63 mg g−1 (copper) and 60.42 mg g−1 (lead) (Chen et al., 2009), compared with the values of 9.67 mg g−1 (copper) and 22.56 mg g−1 (lead) of BC. Obviously, carboxymethylated-BC had better adsorption performance. They demonstrated the pseudo-second-order kinetic model and the Langmuir model. Yang et al. (2011) applied CMC hydrogel beads with the maximum adsorption capacity of 6.49, 4.06, and 5.15 mmoL g−1 for Cu2+, Ni2+, and Pb2+, respectively. Ali (2012) discovered that the CMC and 2-acrylamido-2-methyl propane sulfonic acid hydrogels showed a great capability and were reused at least five times to recover toxic metal ions such as Mn2+, Co2+, Cu2+, and Fe3+ from their aqueous solutions. Undoubtedly, the modification and functionalization of CMC displayed amazing absorption capacity for various heavy metals ions. The cellulose acetate/sulfonated poly (ether ketone) blend ultrafiltration membranes were applied for the separation of Cr3+ ions from aqueous streams by ultrafiltration processes (Arthanareeswaran et al., 2007a). Dewangan et al. (2011) also developed the removal of Cr6+ by adsorption beads of sodium alginate and CMC.
There are also some reports on the removal of individual metal ions. For example, the removal of arsenic ions was reported using a crosslinked sodium alginate/CMC adsorbent (Tiwari et al., 2008). Shao et al. (2009) developed the application of CMC grafted multiwalled carbon nanotubes (MWCNT-g-CMC) by using plasma techniques in the removal of UO22+ from the aqueous solution, which had much higher sorption capacity than raw MWCNT. It obtained the sorption capacity of 6.0 × 10–5 mol/g for raw MWCNT, 1.1 × 10–4 mol/g for MWCNT-treat, and 4.7 × 10–4 mol/g for MWCNT-g-CMC (Figure 3A). MWCNT-g-CMC displayed a sorption percentage of UO22+ from ∼23% to ∼98% with the increasing MWCNT-g-CMC content from 0.10 to 1.0 g/L (Figure 3B). Zhang et al. (2010) demonstrated that the carboxylate-functionalized cellulose possessed excellent adsorption capacity of 84.4% for Pb2+, which was significantly higher than that of unmodified cellulose. These examples further implied that modification and functionalization improved the adsorption performance. The ethylenediaminetetraacetic acid-functionalized magnetic Fe3O4 chitosan oligosaccharide and CMC nanocomposite adsorbent was fabricated for Pb2+ adsorption (Lian et al., 2020). The adsorption capacity for monolayer chemical adsorption was 432.34 mg g−1. The nanocomposite exhibited a Pb2+ removal rate of ∼100% using metal ion solutions of 100 and 200 mg L−1.
[image: Figure 3]FIGURE 3 | Sorption isotherms (A) and effect of sorbent content (B) on the removal of UO22+ from solution on raw MWCNT, on MWCNT-treat, and on MWCNT-g-CMC. T = 25 ± 2°C, equilibrium time 24 h, pH = 5.0 ± 0.1, C [NaClO4] = 1.0 × 10‒2 mol/L (A) m/V = 0.4 g/L, (B) C [UO22+](initial) = 2.00 × 10‒4 mol/L (Shao et al., 2009).
As mentioned above, it is very important to remove organic pollutants from wastewater. Ghanta et al. (2005) applied cellulose acetate blend and aromatic polyamide hydrazide reverse osmosis membranes for their separation behavior of phenol from phenol-water mixtures. Then, Eberhardt et al. (2006) reported the removal of (ortho) phosphate by refined aspen wood fiber treated with CMC and ferrous chloride. After that, De Smet’s group developed a super-flux cellulose triacetate dialyzer membrane to remove non-protein-bound and protein-bound uremic solutes (De Smet et al., 2007). The application of a microporous cationic hydrogel of hydroxypropyl cellulose in the removal of anionic dye was carried out by Yan et al. (2009). It was found that the adsorbent displayed an adsorption capacity of 2,478 g kg−1 for anionic dye AO7 at pH 3.96. Bodalo et al. (2005) reported the behavior of cellulose acetate membranes by reverse osmosis of ammonium aqueous solutions. The modification and functionalization of CMC also had the ability to remove protein. Metal ion separation and protein removal were also investigated using modified cellulose acetate membranes by Arthanareeswaran et al. (2007b). The millimeter-sized chitosan/CMC hollow capsules were prepared to remove three typical dyes such as MB, methyl orange (MO), and acid blue-113 (AB) by mixing and stirring positively charged chitosan and negatively charged CMC solutions under an electrostatic interaction (Kong et al., 2020). They achieved removal capacities of 64.6 mg g−1 for MB, 334.8 mg g−1 for MO, and 526.8 mg g−1 for AB. CMC/carboxylated graphene oxide composite microbeads were achieved to remove cationic MB dye (Eltaweil et al., 2020). They had an adsorption capacity of 180.32 mg g−1. The adsorbent had better reusability for nine cycles with improved adsorption properties. More recently, Mai et al. (2021) applied an in situ anchoring method to prepare zeolitic imidazolate frameworks (ZIFs)@carboxymethylated bacterial cellulose (ZCMBC) composite films (Figure 4). The ZCMBC composite films were reported to have a high ZIFs loading rate and satisfactory selective indigo carmine removal efficiency (98.7%). The authors suggested the adsorption mechanism of IC− by ZCMBC composite films (Figure 5).
[image: Figure 4]FIGURE 4 | Schematic illustration of the synthesis of ZCMBC composite films (Mai et al., 2021).
[image: Figure 5]FIGURE 5 | Proposed schematic diagram for adsorption mechanism of IC− by ZCMBC composite films. The atoms are colored as follows: carbon (black), sulfur (earthy yellow), oxygen (red), zinc (light blue), cobalt (pink), sodium (wine red), hydrogen (grey), and nitrogen (dark blue). The light purple sphere indicates the cavity of ZnZIF-67 (Mai et al., 2021).
Millimeter hollow CMC microspheres/poly (ethyleneimine) (PEI) microspheres were fabricated for dye adsorption (Yang et al., 2021). The hollow microspheres had an adsorption capacity of 452 mg g−1 for MB. CMC and genipin crosslinked carboxyalkyl-chitosan combined with a sulfonated graphene oxide sponge with multiple active sites was fabricated for adsorbing sulfonamide antibiotics (Liu Y. et al., 2021). The composite showed high sulfamethoxazole and sulfapyridine. It obtained an adsorption capacity of 312.28 mg g−1 for sulfamethoxazole and 161.89 mg g−1 for sulfapyridine at 298 K. CTAB-modified CMC/bagasse cryogels were reported to remove bisphenol A (BPA), MB, and Cr6+ ions in binary or ternary aqueous mixtures (Meneses et al., 2022). They exhibited a removal rate of 100% for MB, 70% for Cr6+, and 95% for BPA. They observed an increased adsorption capacity of Cr6+ ions in the binary mixture or ternary mixture due to the synergistic effect.
ADSORBENTS PRODUCED BY CELLULOSE-BASED (NANO) COMPOSITES
It is known that (nano) composites are composed of two or more kinds of materials, which have synergistic effects and new properties, compared with an individual component. It means that cellulose-based (nano) composites were fabricated by using cellulose as the matrix and using inorganic or organic materials as reinforcement. In the literature, there are reports about the applications of cellulose-based (nano) composites. It is of great importance for cellulose-based (nano) composites adsorbents to remove heavy metals ions and organic pollutants. In early 2005, Guo and Chen (2005) completed pioneering work to remove heavy metals ions by using cellulose-based composites as adsorbents. They firstly applied cellulose/iron oxyhydroxide to remove arsenate and arsenite from groundwater. It was reported that the adsorbents displayed high removal efficiency of arsenite (99.6 mg g−1) and arsenate (33.2 mg g−1) at pH 7.0. They also summarized three reasons for and five advantages of cellulose/iron oxyhydroxide, such as cheap resources, recycled materials, excellent mechanical strength, high adsorption capacity, and high regeneration efficiency. Then, they used EXAFS to investigate the removal mechanism of cellulose/iron oxyhydroxide for arsenic (Guo et al., 2007). From then on, many groups explored the applications of cellulose-based (nano) composites in the removal of heavy metals ions and organic pollutants. For example, Maliyekkal et al. (2010) reported the applications for Pb2+ removal from aqueous solutions by using cellulose/manganese oxide nanocomposites. The physic-sorption played a dominant role in the adsorption of Pb2+. Nata et al. (2011) made amine-rich magnetite/BC nanocomposites by the solvothermal reaction. It was found that these nanocomposites displayed an adsorption capacity towards As5+ ions. Kumar et al. (2012) reported a cellulose-montmorillonite composite with an adsorption capacity of 22.2 mg g−1 for the detoxification of Cr6+ ions from industrial wastewater by a column methodology. It should be noted that the composite was reused for 10 adsorption-desorption cycles.
It is worth noting that hydroxyapatite has an excellent ion-exchangeability. In 2008, Choi and Jeong (2008) applied a hydroxyapatite/cellulose composite to remove heavy metals in aqueous solution. Islam et al. (2011) evaluated the feasibility of cellulose/carbonated hydroxyapatite nanocomposites for As5+ removal with the adsorption capacity of 12.72 mg g−1. Authors found the chemical process in the adsorption process. In the research of water treatment using adsorbents, it is very important to judge the chemisorption and/or physisorption process on the absorption mechanism. The above results indicated that cellulose/carbonated hydroxyapatite (nano) composites are promising adsorbents in the removal of heavy metals ions.
Similarly, cellulose-based (nano) composites including organic polymers are also applied in the removal of heavy metals ions. For example, Lima et al. (2005) developed chitosan/cellulose acetate film with an affinity for adsorbing copper. Highly porous adsorptive chitosan/cellulose acetate blend hollow fiber membranes were applied for copper ion removal in a batch adsorption mode (Liu and Bai, 2006). Cifci and Kaya (2010) used a poly (vinyl alcohol) (PVA)/cellulose membranes composite for metal removal from aqueous solutions.
There are a few reports about cellulose-based (nano) composites as adsorbents in the removal of organic pollutants. Cellulose acetate-supported Ni/Fe nanoparticles were first carried out to remove trichloroethylene from water by Wu and Ritchie (2006). Dridi-Dhaouadi et al. (2011) researched the sorption behavior of Pb2+ and C.I. acid yellow 44 on posidonia oceanica. Zhu et al. (2011) also applied magnetic cellulose/Fe3O4/activated carbon composites to remove CR. The nanocellulose hybrid containing polyhedral oligomeric silsesquioxane was also investigated to remove reactive dyes (Xie et al., 2011b). More recently, iron-based metal-organic framework@cellulose aerogels were obtained for CR dye adsorption by the in situ growing method (Huang et al., 2021a). It achieved an adsorption capacity of 280.3 mg g−1. Lemon peel/MCC hydrogels with porous structure and surface roughness were obtained for MB adsorption by direct co-dissolving in 1-butyl-3-methylimidazolium chloride (BmimCl) (Dai et al., 2021). The introduction of lemon peel increased the porosity and improved the thermal stability of the hydrogels. It obtained the maximum adsorption capacity of 57.54 mg g−1 for hydrogels.
The hollow cellulose/carbon nanotubes composite beads with aligned porous structure were fabricated by ice template and freeze-drying technology (Ding et al., 2021). All cellulose concentrations, pre-freeze temperatures, and voltages affected the hollow structure and diameter of the beads. Authors discovered the enhanced diameter of the beads with the increase of cellulose concentration, the different structure of beads at different pre-freeze temperatures, and the decreased diameter of beads with increased voltage. The composite showed good reusability, biodegradability, and an adsorption capacity of 285.71 mg g−1. A polyaniline/dicarboxyl acid cellulose@graphene oxide (GO) composite was synthesized to remove the reactive brilliant red K-2G (Liu T. et al., 2021). It obtained an adsorption capacity of 447.0 mg g−1 for the first scenario, and 729.0 mg g−1 during the subsequent photocatalysis process. A graphene oxide/cellulose nanocrystals nanocomposite was obtained to remove MB (Zaman et al., 2020). It removed around 98% of MB in 135 min and the maximum adsorption capacity was 751.88 mg g−1 Wang et al. (2022) also reported porous polydimethylsiloxane@wood sponge/MXene (PDMS@WSM) with outstanding compressibility and hydrophobic/lipophilic ability as a crude oil absorbent (Figure 6). The wood sponge consisted of cellulose by the removal of lignin and hemicellulose from natural wood. The PDMS@WSM had a maximum adsorption capacity of 11.2 × 105 g m−3 due to the excellent Joule heating and photothermal conversion effect.
[image: Figure 6]FIGURE 6 | (A) Schematic illustration of Joule-heating and solar-heating PDMS@WSM to clean up and recover a viscous crude oil spill. (B) Schematic showing the synthesis process of the MXene nanosheet. (C) Schematic illustration of the fabrication of the wood sponge and PDMS@WSM (Wang et al., 2022).
In fact, organic solvent can also improve the adsorption capacity of cellulose. Musyoka et al. (2011) reported ethylenediamine-modified cellulose with adsorption capacities of 0.0136 mmol g−1 for Cd2+ and 0.0179 mmol g−1 for Pb2+ ions. Xie et al. (2011a) synthesized nanocellulose hybrid biosorbents for adsorbing copper and nickel ions in aqueous solution. Hierarchical pore UiO-66/nanocellulose aerogels were prepared by a self-crosslinking method (Wang et al., 2019). The composite aerogels had adsorption capacities of 71.7 mg g−1 for anionic methyl orange and 51.8 mg g−1 for cationic MB. TEMPO-CNC MWCN/GO composite films were reported with a partition coefficient of 872.266 ml g−1 (Zheng et al., 2020). Porous cellulose/chitosan spheres were prepared to adsorb Cu2+ (Wittmar et al., 2020). They obtained a maximum adsorption capacity of 52.5 mg g−1 due to the amino group in the chitosan unit. Park et al. (2020) prepared poly (acryloyl hydrazide)-grafted CNC particles for adsorption of Cr6+ by strong electrostatic, hydrogen bonding, and chelating interactions. The adsorbents exhibited a high Cr6+ adsorption capacity of ∼457.6 mg g−1 by intra-particle diffusion resistance. CNC/iron oxide composites were prepared to remove arsenic (Dong F. et al., 2020). They obtained the maximal amount of 13.866 mg g−1 for As3+ and 15.712 mg g−1 for As5+. They exhibited chemical adsorption of monolayers. A TEMPO-oxidized CNF/magnetite was prepared to adsorb lead ions with a removal rate of 80% (Abou-Zeid et al., 2021). An MCC/magnesium sulfate hexahydrate (MCC/MH) composite adsorbent was used to adsorb heavy metal Co2+ ions (Wang R. et al., 2021). It obtained a removal rate of 97.67% and adsorption capacity of 153.84 mg g−1. Dialdehyde cellulose/GO composites adsorbents with high carboxyl groups density, high surface area, and low crystallinity index were obtained in both heterogeneous and homogeneous systems (Wang Z. et al., 2020). The adsorbents showed the adsorption capacities of 74.2 mg g−1 for Cu2+ and 91.7 mg g−1 for Pb2+. CNF/PVA composite gel spheres with 1–3 mm were prepared for organic pollutants and heavy metals ions (Yi et al., 2022). The spheres showed adsorption properties for simulated pollutants, including Cu2+, phenol, and aniline in water. They achieved a maximum absorption capacity of 17.22 As3+ and 15.712 mg g−1 for As5+ mmol g−1 for Cu2+, 176.72 mg g−1 for phenol, and 341.93 mg g−1 for aniline. The composite spheres also had good absorption properties for petroleum ether, ethyl acetate, and toluene. A liquid nitrogen directional freezing method was used to prepare CNF/chitosan/montmorillonite aerogels for wastewater treatment (Rong et al., 2021). The aerogels had a homogeneous three-dimensional directional pore structure, good mechanical properties, good adsorption performance, and reusability. They exhibited an adsorption capacity of 181.92 mg g−1 for Cu2+, 170.19 mg g−1 for Pb2+, and 163.85 mg g−1 for Cd2+.
MECHANISM OF ADSORPTION
As mentioned above, it seems that the mechanism of adsorption can be simply divided into physisorption and chemisorption. In fact, it is believed that there exists simultaneous physisorption and chemisorption. In the adsorption process of adsorbents, the main mechanism still needs to be determined. As described in the literature, the physical forces include Van der Waals forces, hydrophobicity, hydrogen bonds, polarity and steric interaction, dipole induced dipole interaction, and pep interaction. Generally, it is reported that physisorption has the characteristics of low adsorption heat, does not require activation energy, single or multi molecular layer adsorption, no structure change of adsorbed molecules, no form of new chemical bonds, and is reversible. For the chemisorption process, it is considered that the adsorption heat is approximately equal to the reaction heat. The adsorption force is similar to the chemical bond and much stronger than Van der Waals forces. Chemisorption, as a single molecular layer adsorption, is selective and can be described by the Langmuir isotherm. In addition, chemisorption displays irreversibility to temperature and pressure, which requires activation energy. At present, the adsorption mechanisms are researched by adsorption kinetics, adsorption isotherms (Langmuir isotherm and Freundlich isotherm), and thermodynamics, which could explain the problems of physisorption and chemisorption, monolayer and multilayer adsorption. Therefore, it is very important to determine the type of adsorption. First, it can be judged according to the value of adsorption heat. The value of chemisorption heat is similar to that of the chemical reaction. In general, the value of chemisorption heat ranges from 83,740 to 418,680 J mol−1, while the value of physisorption heat is approximately 20,000 J mol−1. Secondly, the effect of temperature on the adsorption rate should be explored in the near future. During the chemisorption process, the adsorption rate is an activated process, which increases with the increase of temperature. However, physisorption is not an activated process, which has a high adsorption rate even at low temperatures. One can judge the type of adsorption by different adsorption processes at different temperatures. In the research of adsorption, adsorption capacities, regeneration efficiency, and selectivity are important factors. Moreover, in view of the above mentioned physisorption and chemisorption, one can conclude that chemisorption may have a high adsorption capacity and good selectivity due to chemical properties. However, physisorption has poor selectivity, which depends on the characteristics of the adsorbents.
Although most groups have investigated the mechanism of the adsorption process, we still have to say that it is not enough. For example, the famous Langmuir isotherm is based on the following assumptions of the uniformity of adsorbent surface, monolayer adsorption, dynamic adsorption, without force between the adsorbate molecules, etc., The Langmuir adsorption isotherm can be used in the low pressure range. When the gas pressure is higher in the adsorbate, close to the saturation vapor pressure, the equation produces a deviation due to the condensation of the adsorbate in the micro capillary and no single molecule layer adsorption. As for the Freundlich isotherm, it is an empirical formula in a narrow pressure range. In the low pressure or high pressure region, it cannot obtain satisfactory experimental results. Therefore, it is necessary to combine the new measurement method with molecular dynamics simulation to explore the adsorption mechanism. In fact, we believe that the adsorption is a very complex process, and some adsorption processes also include a chemical reaction and ion-exchange. Understanding the adsorption mechanism is of great significance for the synthesis and application of adsorbents.
FUTURE PERSPECTIVES
We believe that there is an increasing demand for environmentally friendly and economically friendly adsorbents in the field of water treatment. As discussed in this review article, cellulose is one of the polysaccharides composed of glucose molecules and the most abundant natural renewable biomass in the world. Undoubtedly, the modification and functionalization of cellulose and cellulose-based (nano) composites meet these requirements. Although there is a long road ahead for these applications, cellulose has a very bright future as an amazing and promising bio-adsorbent for wastewater treatment. More importantly, we expect that low-cost and greener bio-adsorbents will open a new window for the high value-added applications of cellulose, compared with other adsorbents. Besides heavy metals ions and organic pollutants, the modification and functionalization of cellulose and cellulose-based (nano) composites were also reported for protein adsorption (Zhao et al., 2021), drugs adsorption and release (Zhang et al., 2019), bilirubin (Wang Y. et al., 2021), carbon dioxide (CO2) adsorption (Sepahvand et al., 2020), and lysozymes (Rahmatika et al., 2020).
As described by Ali et al. (2012), there are many issues that need to be solved in the next step, such as adsorption mechanism, industrial scales preparation, regeneration, specific surface area, the management of removed pollutants, dispersion, etc., We would like to point out that there are many requirements for adsorbents in wastewater treatment, such as inexpensive, eco-friendly, environmentally friendly, good selectivity, high adsorption capacities, good regeneration efficiency, broad spectrum, etc., As we all know, it is difficult to obtain perfect adsorbents. Therefore, finding a balance among all factors is very important for practical applications.
The adsorbents are expected to have practical applications, which is the first and only standard to measure the quality of adsorbents. It is necessary to investigate the mechanism and eliminate interference at lab-scale batch studies. Obviously, unlike lab-scale batch studies, industrial waste water containing various heavy metals ions and organic pollutants is more complex. Sometimes, it was found that the adsorbents displayed good performance at lab studies and poor performance in industrial wastewater. At least, the absorbent with good performance at lab studies should be characterized and tested with industrial wastewater. So, the design of adsorbents should be based on realistic industrial applications, not the opposite. As described above, hundreds of cellulose-based bio-adsorbents were reported in the literature. However, few types of bio-adsorbents can be used in practical applications. The modification and functionalization of cellulose, CMC, and cellulose-based (nano) composites could be used to create bio-adsorbents to remove heavy metals ions and organic pollutants. The future development direction is put forward from the aspects of adsorption mechanism, theoretical simulation, and experimental verification. Although there is no common standard to judge these bio-adsorbents, it is necessary to narrow the scope.
In addition, it is worth noting that the main components of biomass are polysaccharides (cellulose and hemicellulose) and lignin. Cellulose is obtained by pretreatment of biomass. It seems that the development of pretreatment methods on biomass is of great importance to broaden its industrial applications. Obviously, the pretreatment methods determine whether cellulose and cellulose-based (nano) composites are economically friendly adsorbents. In general, cellulose can be used as a raw material to produce bio-based fuels, chemicals, and materials. Therefore, cellulose-based bio-adsorbents should have high value-added and low price capabilities, compared with other applications such as bio-based fuels, chemicals, and materials. Of course, the high regeneration efficiency of bio-adsorbents would contribute to reduce the cost.
Moreover, science and technology are like brothers. The problems of the adsorption mechanism, preparation, property, etc., may belong to the scientific field. However, the application in the wastewater field may belong to the technical field. It is found that the problems of technology always determine the quality and price of bio-adsorbents in the industrial process. So, there is still a long way to go from lab-scale batch studies to large-scale industrial applications of bio-adsorbents. We would like to point out that the research in the lab should meet industrial applications and resolve industrial problems, not the opposite.
CONCLUSION
In this review article, we summarized the recent progress of adsorbents produced by modification and functionalization of cellulose and cellulose-based (nano) composites to remove heavy metals ions and organic pollutants. We believe that the modification and functionalization of cellulose, carboxymehyl cellulose, and cellulose-based (nano) composites are amazing and promising methods to create bio-adsorbents in the field of water treatment. It is expected that cellulose and cellulose-based (nano) composites will have promising applications in the field of wastewater treatment.
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The sustainability and economic viability of the bioethanol production process from lignocellulosic biomass depend on efficient and effective pretreatment of biomass. Traditional pretreatment strategies implicating the use of mineral acids, alkalis, and organic solvents release toxic effluents and the formation of inhibitory compounds posing detrimental effects on the environment and interfering with the enzymatic saccharification process, respectively. Ionic liquids (ILs) as green solvents were used to overcome this issue, but the deep eutectic solvent as an emerging class of ionic liquids performed better in terms of making the process environmentally and economically viable. The green solvent-based pretreatment strategy applied in the current research was levulinic, acid-based natural deep eutectic solvent (NADES). Three different hydrogen bond acceptors (HBAs)—acetamide, betaine, and choline chloride—in combination with levulinic acid as hydrogen bond donor (HBD) in (HBD: HBA) molar ratio 2:1, were screened for biomass pretreatment. The best deep eutectic solvent was levulinic acid: choline chloride in an optimized molar ratio of 1:0.5, resulting in 91% delignification. The physicochemical parametric optimization of saccharification exhibited maximum enzymatic hydrolysis of 25.87% with 125 mg of pretreated sawdust via simultaneous addition of three thermostable cellulases [i.e., endo-1,4-β-D-glucanase (240 U), exo-1,4-β-D-glucanase (180 U), and β-glucosidase (320 U)] for 5 h of incubation at 75°C. The reducing sugar slurry obtained from the saccharified biomass was then added to a fermentation medium for bioethanol production, and a maximum of 11.82% of production was obtained at 30°C, 72 h, and 180 rpm using a 2.5% 24 h old Saccharomyces cerevisiae seed culture. The current study revealed that the levulinic-based deep eutectic solvent exhibited remarkable delignification, which led to the efficient enzymatic hydrolysis of sawdust and hence bioethanol production. Furthermore, it will prospect new avenues in bioethanol production using a deep eutectic solvent. Deep eutectic solvent overcame the issues posed by ionic liquids: toxicity, expensive and complex preparation, and non-biodegradability.
Keywords: deep eutectic solvent, enzymatic saccharification, green biorefinery, levulinic acid, ionic liquids, bioethanol
1 INTRODUCTION
Depletion of fossil fuel reserves and increased emission of greenhouse gases leading to climatic changes and global warming have necessitated the notion of alternative bio-based fuel to be practically implemented in the near future. The key step in shifting from a non-renewable to a renewable energy source, which is a shift from petroleum-based to bio-based fuels, is the driving phenomena of biorefineries (Cunha et al., 2020). Biorefinery is defined as the equivalent renewable of a petroleum refinery, the difference being in the starting raw material. Biorefinery converts the raw material into a wide variety of chemicals and energy carriers, which can lead to the development of the circular economy. The biorefinery concept is based on lignocellulosic materials, which produce bio-based products that are recoverable (to a certain degree) and recyclable. Biorefineries have made a fine amalgam of green chemistry, keeping in view the environmental impact of fuel. This amalgam aims to limit or minimize the use and generation of hazardous chemicals (Capolupo and Faraco, 2016). Therefore, sustainable bioethanol production can be achieved using green solvents that are deep eutectic solvents, so the end product of green biorefineries is environmentally benign and recyclable and produces minimum waste.
Lignocellulosic biomass is an inexhaustible biomaterial, mainly composed of lignin, hemicellulose, cellulose, and extractives in different proportions (Huang et al., 2022a). Sawdust from the sawmill industry is a potential, cost-efficient raw material to produce bioethanol. The use of sawdust for biofuel production promotes the local valorization of wood waste, establishing the concept of forest biorefinery (Alio et al., 2021). From the bioethanol production perspective, lignin is a barrier to enzymatic hydrolysis because it irreversibly binds to the cellulases rendering enzyme adsorption on cellulose (Takada et al., 2020; Huang et al., 2022b). Pretreatment is employed to disintegrate the cross-linked biomass fractions, enhancing the biodegradability and ease of access of hemicellulose and cellulose for enzymatic hydrolysis (Robak and Balcerek, 2020).
The choice of an appropriate pretreatment method is critical in terms of determining the sustenance and the economic viability of a project. It is evident from the literature that the previous pretreatment techniques were more concentrated on the techno-economic viability than on the sustenance of the environment (Vieira et al., 2020). The green solvent used in this research is deep eutectic solvent (DES), acknowledged as a class of ionic liquids (ILs). Deep eutectic solvents are defined as a group of large, non-symmetrical ions with low lattice energy and hence low melting points (Smith et al., 2014). They are prepared via complexation or a combination of hydrogen bond donors (HBDs) (alcohols, amides, amines, or carboxylic acids) and quaternary ammonium salts as hydrogen bond acceptors (HBA) at a moderate temperature of 60°C –80°C in a certain ratio to form a eutectic mixture (Satlewal et al., 2018).
Deep eutectic solvents and ionic liquids are alike in their physical properties but have varying chemical properties. Both exhibits low or negligible vapor pressure, non-flammability, and a wide liquid range. Ionic liquids have wide electrochemical windows and high dissolution ability, used in biomass dissolution and conversion as a solvent and a catalyst (Smith et al., 2014; Chen and Mu, 2019). The drawbacks that hold back ILs as a green solvent are their complex, expensive preparation, toxicity, and non-biodegradability. On the contrary, these deep eutectic solvents are cost-effective, easily prepared, potentially biodegradable, innocuous, and safe (Zhang et al., 2020). Deep eutectic solvents fulfill the twelve principles of green chemistry, which entails their use in the sustainable pretreatment of biomass. They have high air stability, thermal stability, low volatility, non-inflammability, and high purity (Xu et al., 2020).
The molar ratio of HBD and HBA is closely related in the context of their potential to remove lignin and hemicellulose or their dissolution ability of chemical components, that is, lignin and cellulose, subsequently influencing the saccharification process/enzymatic hydrolysis of the pretreated substrate (Xu et al., 2020). Saccharification of pretreated lignocellulosic biomass is another crucial step in the bioconversion of substrate into the desired end product, ethanol, via releasing fermentable sugars from crystalline cellulose and hemicellulose (Kucharska et al., 2020). Enzymatic saccharification/hydrolysis is usually carried out via cellulases and hemicellulases. Cellulases are commonly used to refer to the three enzymes that convert cellulose into glucose (fermentable monosaccharide): endocellulase, exocellulase, and glucosidase (Zhao et al., 2019). Different physicochemical parameters affect hydrolysis efficiency, such as incubation temperature, pH, agitation speed/rpm, incubation time, enzyme/substrate ratio, and particle size (Chavan and Gaikwad, 2021; Faizal et al., 2021).
Separate hydrolysis and fermentation (SHF) is the most studied technique in the bioethanol production process. This process enables independent optimization of the saccharification step for maximal sugar release and the fermentation step for ethanol production (Moodley and Gueguim Kana, 2019). Limitations of this strategy are inhibition of cellulases by cellobiose and glucose and the potential risk of contamination due to the prolonged duration of saccharification (Keshav et al., 2021).
Maugeri and Domı (2012) first prepared choline chloride: levulinic acid DES in equimolar concentration, but exploitation of DES for biomass pretreatment was first reported by Gunny et al. (2014). Several reports were available with choline chloride-based DES pretreatment of lignocellulosic biomass (Wang et al., 2020). However, reports regarding levulinic acid-based DES are infrequent (Ling et al., 2020). By considering the research gap, the current research work focuses on selecting HBA for levulinic acid-based DES pretreatment, optimization of the molar ratio (HBD:HBA), and physicochemical parametric optimization of saccharification and bioethanol production.
2 MATERIALS AND METHODS
2.1 Thermophilic Cellulases
The thermophilic cellulases, endo-1,4-[image: image]-glucanase (E.C. 3.2.1.4) of Thermotoga naphthophila, and exo-1,4-[image: image]-glucanase (E.C. 3.2.1.91) and [image: image]-1,4-glucosidase (E.C. 3.2.1.21) of Thermotoga petrophila cloned in Escherichia coli were obtained from the project entitled “Production of Bioenergy From Plant Biomass” at the Institute of Industrial Biotechnology, GC University Lahore, Pakistan.
2.2 Substrate
Sawdust was acquired from the local furniture market of Lahore, Punjab, Pakistan. The biomass was washed, dried, and sieved with mesh size 400 to attain homogeneously sized particles.
2.3 DES Preparation and Pretreatment
Levulinic acid-based DES with three variable HBAs (i.e., acetamide, betaine, and choline chloride) was prepared at an initial molar ratio of 2:1 (HBD: HBA) in screw-capped reagent bottles and kept in a shaking water bath, 80°C, 120 rpm for 1–2 h till complete dissolution and appearance of clear solution (Ling et al., 2020). After selecting the appropriate HBA for DES, molar ratios of both HBA and HBD varied from 0.1 to 2.5 M.
Pretreatment was conducted for 1 g/100 ml of DES in a screw-capped reagent bottle at 121°C, 15 psi for 30 min. Upon pretreatment, the pretreated sample was separated from DES by filtration. The filtered pretreated biomass was washed to neutral pH to remove all the residual DES.
2.4 Lignocellulosic Content Estimation
The lignin content of untreated and pretreated biomass was estimated using the following equation (Irfan et al., 2011):
[image: image]
The percentage delignification was calculated using the following formula:
[image: image]
L1 = lignin content of control (untreated substrate).
L2 = lignin content of the pretreated substrate.
Cellulosic content on a dry matter basis was estimated using the method of Gopal and Ranjhan (1980) using the following equation:
[image: image]
The hemicellulosic content of the pretreated and untreated substrate was determined by NDF and ADF treatment (Van Soest and Roberston, 1979):
[image: image]
2.5 Enzymatic Saccharification
The saccharification of pretreated sawdust was conducted by taking 100 mg of the pretreated substrate in a screw-capped reagent bottle. Cellulases, endo-1,4-[image: image]-glucanase (90 U), exo-1,4-[image: image]-glucanase (80 U), and [image: image]-1,4-glucosidase (220 U) were taken in experimental and control (lacking substrate) reagent bottles, incubated at 85 in shaking water 50 rpm. After 2 h of regular intervals, each cellulase was added. The samples were withdrawn at a regular interval of 1 h to estimate the release of reducing sugar via the DNS method of Miller (1959). The percentage saccharification was determined using the proposed equation of Vallander and Erikson (1987):
[image: image]
2.6 Effect of Physicochemical Parameters on Saccharification
The physicochemical parameters optimized for saccharification were sequential/simultaneous addition of cellulases, incubation time (1–7 h), incubation temperature (70 °C –90°C), substrate concentration (50–200 mg), concentration of endo-1,4-[image: image]-glucanase (40–290 U), exo-1,4-[image: image]-glucanase (30–230 U), and [image: image]-glucosidase (120–370 U).
2.7 Preparation of Seed Inoculum for Ethanol Fermentation
The vegetative seed inoculum of Saccharomyces cerevisiae (IIB-56) acquired from the culture bank of the Institute of Industrial Biotechnology, GC University Lahore, Pakistan, was prepared by aseptically transferring dry (granulated) baker’s yeast into a 50 ml medium containing 10 g glucose, 0.25 g yeast extract, and 0.15 g ammonium sulfate. The flask was incubated at 30 C, 180 rpm for 24 h.
2.8 Submerged Fermentation for Ethanol Production
The submerged fermentation for ethanol production was carried out in a fermentation medium using the reducing sugar slurry (in place of glucose) obtained after optimization. The fermentation medium was inoculated with 2.5% of 24 h seed inoculum of S. cerevisiae aseptically, incubated at 30°C, 180 rpm for 72 h. The samples were harvested at regular intervals to estimate the ethanol content during fermentation (Yuan et al., 2011).
2.9 Statistical Analysis
The experiment was run in triplicate. Statistical analysis was done using SPSS version 16.00 (IBM Analytics, New York, United States). One-way ANOVA was applied on replicates to observe the significant difference with the probability (p) value. Error bars in the figures of the Results section indicated standard deviation ([image: image] among the replicates run, varying significantly at p < 0.05.
3 RESULTS
3.1 Pretreatment of Lignocellulosic Biomass (Sawdust)
The pretreatment of sawdust with levulinic acid-based DES prepared with three variable HBAs exhibited maximum delignification (80.5%, p < 0.05) and cellulosic content (60.7%, p < 0.05) for levulinic acid: choline chloride DES (2:1) compared to levulinic acid: betaine, levulinic acid: acetamide DES exhibiting 65% (p < 0.05) and 24% (p < 0.05) delignification, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Content estimation of sawdust pretreated with levulinic acid-based DESs with varying HBAs.
Further optimization of the molar ratio of HBA, that is, choline chloride varying from 0.1 to 2.5 M, showed maximum delignification (87.1%, p < 0.05) for 0.5 M choline chloride: 2 M levulinic acid based-DES shown in Figure 2. However, upon varying concentration of levulinic acid (0.1–2.5 M), maximum delignification (90.1%, p < 0.05) and cellulosic content (70.16%, p < 0.05) was recorded for the 1:0.5 M concentration of levulinic acid and choline chloride DES (Figure 3).
[image: Figure 2]FIGURE 2 | Content estimation of levulinic acid-based pretreatment with varying choline chloride concentrations (M).
[image: Figure 3]FIGURE 3 | Content estimation of sawdust pretreated with varying concentrations of levulinic acid.
3.2 Enzymatic Saccharification of Pretreated Sawdust
Saccharification of pretreated sawdust with variable HBAs and molar ratios of DES constituents resulted in maximum saccharification (7.99%; p < 0.05) for levulinic acid: choline chloride (2:1) pretreated sawdust (Figure 4). However, upon the varying concentration of HBA of selected DES, maximum saccharification of 9.73% (p < 0.05) was recorded for levulinic acid: choline chloride (2:0.5) and 15.44% (p < 0.05) for levulinic acid: choline chloride (1:0.5), upon the varying concentration of HBD as evident from Figures 5, 6 respectively.
[image: Figure 4]FIGURE 4 | Saccharification of sawdust pretreated with varying HBAs in DES.
[image: Figure 5]FIGURE 5 | Saccharification of sawdust pretreated with varying choline chloride concentrations (0.1–2.5 M).
[image: Figure 6]FIGURE 6 | Saccharification of sawdust pretreated with varying levulinic acid concentrations (0.1–2.5 M).
3.3 Effects of Physicochemical Parameters on Enzymatic Saccharification
3.3.1 Effect of Cellulase Addition on Saccharification
The effect of cellulase addition was evaluated by adding cellulases simultaneously (all at once) and sequentially (after a regular interval of 2 h) for 6 h; at 85°C; 50 rpm. Maximum saccharification for simultaneous and sequential addition of cellulases was 15.93% (p < 0.05) and 15.23% (p < 0.05) respectively, as exhibited in Figure 7 (Figures 7A,B). Thus, the simultaneous addition of cellulases exhibited better hydrolysis than the sequential one.
[image: Figure 7]FIGURE 7 | Effect on simultaneous (A) and sequential (B) addition of cellulases on saccharification.
3.3.2 Optimization of Incubation Time for Saccharification
The incubation time of the simultaneously added cellulase mixture for saccharification was 5 h, exhibiting maximum saccharification and total reducing sugar of 15.88% (p < 0.05) and 11.44 mg (p < 0.05), respectively (Figure 8).
[image: Figure 8]FIGURE 8 | Optimization of incubation time for saccharification.
3.3.3 Effect of Incubation Temperature on Saccharification
For thermophilic cellulases, temperature regimes (70°C–90°C) with a regular increment of 5°C were used to evaluate the optimum saccharification of biomass. Maximum saccharification (16.62%, p < 0.05) and total reducing sugar (11.66 mg, p < 0.05) was estimated at 75°C, 5 h, 50 rpm, using 100 mg of pretreated sawdust, evident from Figure 9.
[image: Figure 9]FIGURE 9 | Effect of incubation temperature on saccharification.
3.3.4 Optimization of Substrate Concentration for Saccharification
By increasing substrate concentration from 50 to 125 mg, saccharification also increased from 11.31% (p < 0.05) to 20.99% (p < 0.05). However, a further increase in biomass concentration decreased saccharification to 7.22%, but the total reducing sugar did not follow the same trend (Figure 10). Thus, substrate concentration of 125 mg was optimum with maximum saccharification (20.99%, p < 0.05) and release of total reducing sugar (18.41 mg, p < 0.05).
[image: Figure 10]FIGURE 10 | Optimization of substrate concentration for saccharification.
3.3.5 Effect of Endo-1,4-[image: image]-Glucanase on Enzymatic Saccharification
The units of endoglucanase varied from 40 to 290 U with a regular increment of 50 U to analyze the concentration required for optimal saccharification while keeping the units of the remaining two cellulases constant. Endoglucanase (240 U) gave maximum saccharification of 23.55% (p < 0.05), upon 5 h of incubation at 75°C using 125 mg of pretreated sawdust (Figure 11).
[image: Figure 11]FIGURE 11 | Effect of endo-1,4-[image: image]-glucanase (40–290 U) on enzymatic saccharification.
3.3.6 Effect of Exo-1,4-[image: image]-Glucanase on Saccharification
The units of exoglucanase varied from 30 to 230 U with a regular increment of 50 U to evaluate the optimum enzyme units for enzymatic hydrolysis. The maximum saccharification and total reducing sugar was 24.54% (p < 0.05) and 21.52 mg (p < 0.05) for 180 U of exoglucanase with 240 U of endoglucanase and 220 U of [image: image]-glucosidase, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Effect of exo-1,4-[image: image]-glucanase (30–230 U) on saccharification.
3.3.7 Effect of [image: image]-Glucosidase on Enzymatic Hydrolysis
[image: image]-Glucosidase is responsible for producing fermentable sugar (i.e., glucose) to be used to produce ethanol. [image: image]-Glucosidase (320 U) was estimated for maximum saccharification (25.87%, p < 0.05) and the highest release of total reducing sugar (22.69 mg, p < 0.05) with optimized units of endoglucanase (240 U) and exoglucanase (180 U). Upon increasing the concentration, saccharification dropped (25.62%, p < 0.05), evident from Figure 13.
[image: Figure 13]FIGURE 13 | Effect of [image: image]-glucosidase (120–370 U) on enzymatic hydrolysis.
3.4 Fermentation of Saccharides Into Ethanol
The released reducing sugars obtained after optimized saccharification of pretreated sawdust were subjected to the final step of ethanol production by S. cerevisiae. The ethanol production was estimated by potassium dichromate reagent, which turned green from orange, indicating the presence of ethanol in the supernatant. Maximum ethanol production (11.82%, p < 0.05) was obtained after 72 h of incubation at 30°C, 180 rpm. Initially, ethanol production estimated after 24 h was not appreciable (0.647%, p < 0.05), but after 48 h, a noticeable increase in ethanol production was estimated. Upon 96 h of incubation, ethanol production (11.23%, p < 0.05) was observed to decline (Figure 14).
[image: Figure 14]FIGURE 14 | Fermentation of saccharides into ethanol.
4 DISCUSSION
The sustainability and the economic viability of bioethanol production were achieved via lignocellulosic biomass (sawdust) and novel levulinic acid-based pretreatment applied in current research. Pretreatment is the key bottleneck and the costliest step in the sustenance of such projects. DES pretreatment resolved the issue. The DES used in the current research were natural deep eutectic solvents belonging to Class III, reported to be used in biomass valorization (Scelsi et al., 2021). Levulinic acid as HBD was used because it had a single carboxyl group; the second functional group was a ketonic group that interacted with lignin rather than the carboxyl group, which was responsible for the reduction in lignin solubility (Soares et al., 2017; Magalhães et al., 2021). Three hydrogen bond acceptors—acetamide, betaine, and choline chloride—were of natural origin to prepare natural deep eutectic solvent (NADES) to out rule the potential environmental hazards posed by ILs and other organic solvents used for pretreatment (Scelsi et al., 2021).
The efficient removal of lignin and hemicellulose depends on the cleavage of a covalent bond between lignin and hemicellulose containing phenyl glucoside, benzyl ester/ether groups, and cross-linking hydrogen bonds. The strong hydrogen bond in lignocellulosic biomass might be weakened by a competing hydrogen bond formed between the chloride ions from choline chloride constituting DES and the hydroxyl group of lignin and carbohydrate. Thus, breaking the lignin carbohydrate complexes and removing lignin and hemicellulose in DES during pretreatment (Liu et al., 2017; Smink et al., 2019). On this basis, levulinic acid: choline chloride DES exhibited better potential to remove lignin and hemicellulose than levulinic acid: betaine and levulinic acid: acetamide DESs. Similarly, in the literature, a few articles reported the exploitation of levulinic acid and keto-organic acid in DES preparation used for biomass valorization.
The molar ratio of HBD (i.e., levulinic acid) and selected hydrogen bond acceptor (HBA) (i.e., choline chloride) was optimized to be 1:0.5 whereas, the reported molar ratio for this combination was 2:1 by Ling et al. (2020) and 1:1 by Alvarez-Vasco et al. (2016). The molar ratio of levulinic acid (HBD) to choline chloride (HBA) was responsible for affecting the strength of the hydrogen bond in the resulting DES. The strength of the DES hydrogen bond, as a result, affects their mobility as well as the degradation potential of biomass in pretreatment (Xu et al., 2021). Therefore, maybe the molar ratio of 1:0.5 exhibited strong hydrogen bonding compared to the other variable ratios of HBD to HBA. Thus, pretreatment intensity was best at this molar ratio of HBD to HBA forming DES, that is, 91% of delignification and cellulosic content of 70.16%.
After the pretreatment process, enzymatic hydrolysis/saccharification of lignocellulosic biomass was recognized as the techno-economic bottleneck in converting lignocellulosic biomass into ethanol (Alio et al., 2020). The type of pretreatment given to the substrate was among the factors influencing saccharification (Vasić et al., 2021). This was evident from the result of saccharification for DES pretreatment with variable HBAs and varying concentrations of HBA and HBD. Chourasia et al. (2021) reported efficient saccharification of choline chloride-based DES pretreated biomass. Ling et al. (2020) also reported maximum enzymatic hydrolysis for the pretreated biomass exhibiting maximum delignification with levulinic acid: choline chloride DES. The maximum saccharification of 15.44% for the optimized levulinic acid and choline chloride molar ratio of 1:0.5 from the initial pretreatment molar ratio of 2:1 was 7.99%. Thus, the adsorption of cellulases to exposed cellulose after efficient delignification increased saccharification. The decrease in percentage saccharification might be due to the deposition of lignin and pseudo lignin droplets on the surface of pretreated biomass, due to which enzymes adsorbs unproductively on the substrate (Lin et al., 2021).
The addition of cellulases played a critical role in saccharification; three basic cellulases (endoglucanases, exoglucanases, and [image: image]-glucosidases) were employed to deconstruct cellulose into reducing sugars. In the current research, the simultaneous addition of cellulases (i.e., a blend of three cellulases) gave higher saccharification compared to the sequential addition of cellulases for 90 U of endoglucanase, 80 U of exoglucanase, and 220 U of [image: image]-glucosidase. Obeng et al. (2018) and Malgas et al. (2020) also reported cellulase synergism for a cocktail of cellulases in enzymatic hydrolysis of biomass. However, the blend ratio and enzyme source were different, which might be responsible for the variation in results. However, a commercial preparation of cellulases also supports the simultaneous addition of cellulases for their synergistic action in saccharification compared to their sequential addition.
Incubation time for enzymatic hydrolysis determines the extent of contact between enzyme (i.e., cellulase) and pretreated substrate (sawdust) molecules involved in the reaction, affecting the rate of product formation (i.e., reducing sugar). After 5 h of incubation, saccharification decreased due to the exhaustion of amorphous cellulose by cellulases attack in the initial stages and the deferred hydrolysis rate of crystalline cellulose (Sridevi et al., 2015).
In the current research, the thermostable cellulase sourced from Thermotoga petrophila cloned in Escherichia coli exhibited maximum enzymatic hydrolysis of 16.62% at 75°C. According to Arrhenius’s theory, the rate of enzyme-catalyzed reaction rises with increasing temperature but up to a certain limit. The kinetic energy of reacting molecules increases with the temperature rise, resulting in a higher collision rate and subsequent substrate conversion into a product. However, at elevated temperature, water that critically affects protein folding and structure are lost, due to which enzyme activity is compromised (Chavan and Gaikwad, 2021). The deviations were possibly due to the difference in the substrate used in enzyme assay and saccharification, as cellulases exhibit differential specificity and affinity for soluble and insoluble substrates (Sidar et al., 2020). Most of the thermophilic microbes did not have the potential to degrade crystalline cellulose due to the lack of cellulose-binding modules (CBMs) (Maki et al., 2009). The half-life of cellulases has been reported to be 8 h at 80°C (with optimum pH) by Wang et al. (2011), so upon increasing temperature, the half-life decreases. That is why the saccharification dropped at elevated temperatures.
The maximum substrate concentration of 125 mg exhibited the highest saccharification yield (20.99%), and a further increase in the substrate was not supportive in increasing saccharification percentage and release of reducing sugar. A similar effect of increasing substrate concentration resulting in deferred conversion rate/enzymatic hydrolysis was justifiable for the factors limiting the substrate conversion into the product as inadequate stirring for higher substrate loadings, increased viscosity, deferred seepage of cellulases to cellulose, and mass transfer limitations (Althuri and Banerjee, 2019; Ailo et al., 2020).
The saccharification process of pretreated sawdust was influenced by substrate-related factors and other physical conditions, and enzyme-related factors were also responsible for affecting the hydrolysis rate positively and negatively. In the current findings, the optimized concentration of crude cellulases (i.e., endoglucanase, exoglucanase, and [image: image]-glucosidase) was 240, 180, and 320 U for increasing the saccharification percentage from 20.99 to 25.87 (4.88%). Upon further increasing the concentration of each cellulase, no further increase was observed, although a slight decrease in percentage saccharification was recorded.
The long-chain oligosaccharides (cello-oligosaccharides) are the end product of endoglucanases, which are then processed by exoglucanases, and the resulting disaccharides (cellodextrins/cellobiose) are then cleaved by [image: image]-glucosidases. Thus, endoglucanase and exoglucanase activity is the rate-limiting step in this substrate processivity and channeling via cellulases interactions. Therefore, the optimal amount of exoglucanase was required for a higher endoglucanase titer to prevent feedback inhibition. Similarly, a higher titer of glucosidase was required to prevent the feedback inhibition of endoglucanases and exoglucanases by cellobiose accumulation (Obeng et al., 2018).
The jamming effect was created by the overcrowding of cellobiohydrolases (CBH) in the crystalline cellulose due to the orientation of cellulose fiber and restricted movement of enzymes over it in one direction (i.e., along with the fiber). That is why upon increasing the concentration of cellulases, several molecules bound adjacent to each other over the exposed cellulosic content tend to impede each other. As a result, not all enzymes were able to move at the same pace, causing a reduction in cellulose to glucose conversion rate (Bommarius et al., 2008).
However, further increase in enzyme concentration was not supportive in increasing percentage saccharification probably due to the following reasons: source of cellulases, product inhibition, synergism among cellulases, non-specific binding, and specific activity of enzymes, as well as their processivity and compatibility with the substrate to be saccharified (Yang et al., 2011). However, other reasons were the increased rate of transglycosylation reactions, inadequate mixing, hydrodynamic instability, and slurry suspension (Alrumman, 2016).
The bioethanol production of 11.82% using S. cerevisiae, with a maximum consumption of reducing sugar slurry, was obtained within 72 h. After 72 h, a slight decrease in glucose consumption and its subsequent conversion into ethanol was observed. The decrease might be due to the depletion of essential nutrients supporting yeast growth and the accumulation of toxic metabolites. Alio et al. (2020) reported ethanol production of 16 g/L from saccharified biomass with substrate (sawmill mixed feedstock) loading of 7.5% using S. cerevisiae. However, with DES pretreated sorghum straw, Wu et al. (2021) reported 0.45 g ethanol/g glucose using S. cerevisiae. Thus, variation in results was due to the difference in the substrate, using saccharified biomass slurry of reducing sugar instead of saccharified biomass.
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Streptomyces
glaucescens NEAE-H

Vibrio natriegens

Bacillus subtilis 4NP-BL

Bacillus safensis

Amorphotheca resinae

Klebsiella sp. GSK 46

Melanin
type

Eumelanin

Eumelanin-

like

Eumelanin

Eumelanin

Eumelanin

Eumelanin

Eumelanin

Eumelanin

Eumelanin

Eumelanin

Eumelanin

Eumelanin

Extraction methods

60.11°C, 58.66 min, pH 12.81
Sample to liquid (1:50) in NaOH (0.56 mol/L) with ultrasonic
waves-assisted extraction (300 W, 70°C, 70 min), collect by
centrifugation (10,000 rpm, 10 mi)

Crude melanin: sample to liquid (1:44) in NaOH (0.58 mol/L)
with ultrasonic waves-assisted extraction (450 W, 70°C,

50 i), collection by centritugation, adjust pHto 1.5 with HCI
(6 mol/L), incubate at 80'C for 10 h, collect by centrifugation,
and wash with deionized water Pure melanin: re-dissolve in
NaOH (1.5 mol/L), collect by centrifugation (10,000 rpm,

5 min), adjust pH o 1.5 with HOI (6 mol/L), incubate at 4°C for
5, collect by centrifugation (10,000 rpm, 5 min), wash with
defonized water to pH 7, wash with CHCla, DCM, EA, and
EtOH, followed by freeze-drying

NaOH concentration, 1.05 mol/L; ratio of raw material to
liquid ratio, 1:14.72 (g/ml); microwave time, 118.70's; and
microwave power, 320 W

Collect by centrifugation (12,000 g, 15 min), fiter using
0.22 pm mermbrane fiters, precipitate using aceticacid (1 M),
collect by centrifugation and wash, dry and resolubiize in
NaOH (0.1 M, pH 12), adjust pH by HCI (0.1 M)

Crude melanin: filter through 0.45-pm glass fiber, mix with
NHzHO (1 M, 1:1 vA), boi at 80°C for 2 h, adjust pH to 2
with HCI (6 M), incubate at 21°C for 24 h, and collect by
centrifugation

Pure melanin: resuspend in HC! (6 M), boll at 100°C for 4 h,
rinse repeatedly with deionized water, re-cispersed in
deionized water, extract with CHCs, EA, and EtOH, and
lyophilize

Crude melanin: squeeze through a nylon mesh, adjust pH 1.5
with HCI (6 molL), store overnight at 4°C, collect by
centrifugation (10,000 rpm, 15 min, at 4 °C), wash with
deionized water, and dry Pure melarin: redissove in NaOH
(2 mollL), stir overnight, collect by centifugation (10,000 rpm,
15 min, at 4°C), adjust pH to 1.5 by HOI (7 mol/L), incubate at
room temperature for 2 h, collect by centifugation

(10,000 rpm, 15 min, at 4°C), hydrdlyze with HOI (7 mollL) at
100°C for 2 h, collect by centrifugation (10,000 rpm, 15 min, at
4°C), wash three times with distiled water, dry and wash with
CHCl,, EA, EtOH, dry at room temperature, redisscive in NaOH
(2 molrL), collect by centifugation (10,000 rpm, 15 min, at
4C), adjust pHto 1.5, collect by centiifugation (10,000 rpm, 15
min, at 4°C), repeat and dry at 60'C

Raw melanin: fiter through a 0.45 pm nitrocelulose
membrane, steriize by autoclaving (20 min, 121°C, 1 bar),
and lyophilize (28.0 ¢/L melanin powder) Pure melanin: adjust
pH 10 2 by HCI (5 M), collect by centrifugation (8,000 rpm,
15 min), wash with water using four cycles of
centrifugation-redispersion (until pH ~6 is reached, vortex,
and sonicate), wash with EOH three times, ethanolic
suspension, and lyophilize

Crude melanin: collect by centrifugation (2,600 g, 15 min),
wash by EtOH-acetone (1:1) solution, collect by
centrifugation (2,600 g, 16 min), boil for 15 min, and dry
Collect by centrifugation (5,000 g, 15 min), adjust pH to 3,
resuspend in HCI (6 M) for 4 h, collect by centrifugation
(5,000 g at room temperature), adjust pH to 9.and 3 twice for
preciptation, wash with distiled water, collect by
centrifugation, and dry at 70°C

Collect by centrifugation (5,000 g, 15 mir), adjust pH to 2 by
HCI (6 M) for 4 h, collect by centrifugation (9,000 g, 15 min),
wash with distiled water for four times, collect by
centrifugation (9,000 g, 16 min), and lyophilize

Collect by centrifugation, fiiter through a Milipore 0.2-um
polyether sulfone membrane, precipitate by HCI (6 N, 10% v/
v), wash with deionizing water until neutral pH, and lyophilize
Collect by centritugation (6,720 g, 15 mir), adjust pH 2 by
HCI (6 M), precipitate for 4 h, collect by centrifugation
(10,510 g, 15 min), wash with distiled water for four times,
collect by centrifugation (10,510 g, 15 min), and vacuum-cry
Coliect by centritugation (9,200 g, 15 mir), suspended in
distilled water, collect by centrifugation, adjust pH to 2 by HOl
(8N), incubate for 48 h at RT, repeat, boll for 5 min, and
collect by centrifugation (4,600 g, 15 min)

Collect by centrifugation, fiter using 0.45-um glass fiber, mix
with NH-HO (1 M, 1:1 vA), boil at 80°C for 2 h, adjust pH to
2 by HCI (6 M), incubate for 24 h at 21°C, collect by
centrifugation, resuspend in HCI (6 M), boil at 100°C for 4 h,
rinse repeatedly with deionized water, re-cisperse in
deionized water, extract with CHCs, EA, and EtOH, and
lyophiize

Disrupt by Vibracel ultrasonicator in an ice bath (70 W, 30
cycles of 3 min, 1 min off per cycle), adjust pH to 2 by HCI
(1 N), boil for 1 h, collect by centrifugation (8,000 g, 10 min),
wash three times with HCI (0.1 N, 15 ml) and with water, mix
with EtOH (10 mi), boll for 10 min, incubate at room
temperature for 24 h, wash with EtOH two times, and dry
(S

Performance

2.59% yield
37.33% yield (24.24% yield
w/o ultrasonic)

11.99% yield

11.08% yield

660L

4.5 gL (13.4 mg/Lh)

297 gL

17.0 g/L pure melanin from
28.0 g/L raw melanin

0.4 g dry wi/g L-tyrosine

137 gL

0.35 dry wi/L.

66 mg mel/g COW/h

159L

696 gL

45gL

013 gL

Ref

Ma et al. (2018)
Hou et al. (2019)

Liu et al. (2019)

Lu et al. (2014)

Jalmi et al. (2012)

Oh et al. (2020)

Sun et al. (2016)

Ribera et al. (2019)

Eskandari and
Etemadifar, (2021)

Guo et al. (2014a)

El-Naggar and

El-Ewasy, (2017)

Wang et al. (2020)

Ghadge et al.
(2020)

Tarangini and
Mishra, (2014)

©Oh et al. (2020)

Sajlan et al. (2010)
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Source cell

Erythrocytes

Leukocyte

Platelets

Stem cells

Cancer cells

Main properties

Long circulation lite

The most abundant blood cel
Immune evasion

Recognize inflammation
Girculating tumor cells
Immune evasion

The smallest circuiating blood cel
Adhesion to other cells
Accumulate in diseased region
Immune evasion

Muittipotent differentiation
Sel-replcation

Tumor-specific targeted
Immune evasion

Unlimited replication
Homologous targeting
Immune evasion

Targeting ability

RES-targeting

Inflammatory-targeting; Diseased-sites

Tumor targeting; Injured-sites

Tumor targeting

Tumor targeting

Representative protein

CD47

CD47, CD45, LFA-1, Mac-1

P-Selectin, CD41, CD42b, CD61

Specific integrins

Adhesion molecules
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Drugs

Curcumin

Curcumin

Curcumin and Angelica
polysaccharide
Tanshinone IIA
Gambogic acid

Paclitaxel

Chikusetsusapo-nin IVa

Resveratrol

Membrane

Cancer cell membrane

RBC membrane

RBC membrane

RBC membrane

RBC membrane
Macrophage cell membrane

Hybrid cell membrane (RBC
membrane and cancer cell
membrane)

RBC membrane

Indications

Breast cancer
Alzheimer's

disease

Hepatocelu-lar
Carcinoma

Colorectal cancer

Melanoma

Breast cancer

Alzheimer's
disease

Strategy

Improve the biosafety and stabilty of combination
photochemotherapy for breast cancer

Load antioxidants into RBC membrane-camouflaged human
serum albumin NPs containing T807 and triphenylphosphine,
which promote sustained drug release and improve
biocompatibility and long-term circulation

Use cell membrane to avoid immune system clearance

Prolong the circulation time and prevent oxidative stress at the
cellular level by protecting encapsulated drug STS from RES
clearance

Extend circulation time in vivo with improved biocompatibility
and stabilty

Improve delivery to cancer metastatic sites

Increase immune evasion and targeting abiity at the tumor site

Load antioxidants into RBC membrane-camouflaged NPs
bearing rabies virus glycoprotein and triphenylphosphine
cation, which promote sustained drug release and improve
biocompatibilty and long-term circuiation

Reference

Zhang et
(2021)
Gaoetal
(2020)

Guo et al
(2021)
Dong et al
(2017)

Zhang et al.
(2020b)
Caoetal.

(2020)
Xie et al. (2021)

Han et al.
(2020)
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Hydrolysis methods Advantage Disadvantage

Autohydrolysis Low-cost simple production Low yield
Dilute acid hydrolysis wide source of materials low cost High reaction temperature, more byproducts
Catalytic hydrolysis Short reaction time; high yield Corrosive, environmental, and handiing problems

Enzymatic hydrolysis High specificity mild reaction conditions Long reaction time; high requirements for equipment
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Kinetic models

Saeman model

Bidirectional model

Garrote model

Improved bidirectional model
Bidirectional dynamic model

Proposer

Saeman
Conner

Garrote

Borrega
Tizazu

Reference

Saeman, 1945
Conner and Lorenz, (1986)
Garrote et al. (1999)
Borrega et al. (2011)

Tizazu and Moholkar, (2018)
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E (kJ mol™")

83.3+ 10.3
127
187.06
1356
58.1
179.84
1561.1
162.8
96.39
147.2
126.31
22.19
48-55

Reference

Lu and Mosler, (2008b)
Sun et al. (2011b)
Chen and Kuo, (2011)
Grénman et al. (2011)
Liu et al. (2012)

Zhang et al. (2014)
Wang et al. (2016)
Chen et al. (2017)

Yeo et al. (2019)
Qietal. (2020)

Zhu and Zhong, (2020)
He et al. (2020)

Chen et al. (2021)
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ORAC E. coli FRAP Phenols S. aureus Enterovirus

ORAC 1 <0.05 <0.001 <0.001 0.113 0.167
E. coli 0.61 1 <0.001 <0.06 <0.05 <0.05
FRAP 0.76 075 1 <0.001 <0.05 0.085
Phenols 0.84 067 0.85 1 0.146 <0.01
S. aureus 0.41 0.60 0.53 0.38 1 0.28

Enterovirus 0.36 067 0.47 0.45 0.28 1
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Sample number Clone Species Type

1 E6682 S. myrsinifolia Native

2 E6771 S. myrsinitolia Native

3 E6948 S. myrsinifolia Native

4 E6666 S. phyiicitolia Native

5 K2191 S. phyicifolia Native

6 K2218 . phyicitolia Native

7 Ke277 S. phyicifolia Native

8 K2183 S. myrsinifolia x phylicifolia Native hybrid

9 K2269 S. myrsinifolia x phylcifolia Native hybrid

10 K2341 S. myrsinifolia x phylicifolia Native hybrid

1 V7545 (K2183 S. myrs. x phyl) x S15136 S. gmelini® Artificial hyorid

12 V7546 (K2183 S. myrs. x phyl,) x P6011 S. gmelinif* Artificial hybrid

13 Scherenee Commercial clone
14 Tordis Commercial clone
15 Tora Commercial clone
16 Kiara Commercial clone

“Salix gmelinii Pall. is former S. dasyclados Wimm. (Vare et al,, 2021).
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Electrode material

Lignin/PAN
LignirvLaMnOs
Lignin/KHCOg

Lignin

Lignin

Alkali lignin

PPy-thieno[3 4-blthiophene
N,B-codoped graphene/PPy
PPy/bimessite

Lignin/PPy

Specific capacitance

1480F g™ (50mVs™)
952Fg ' (1Ag™)
1140F g (05Ag™")
1973F g (02Ag™)
1550F g™ (05Ag™")
1683F g™ (10mVs™)
28.1Fg™ (0.1 mAcm™)
1603F g (0.5Ag™")
1830F g (0.5Ag™")
2137Fg' (1Ag™)

Electrolyte

05M KOH
6M KOH

25M KNO;
6M KOH
6M KOH
3MKCl
2MLCl

1 M H;S0,

1 M Na,S0,

1 M H;S0,

Refs.

Thongsal et al. (2021)
Gang et al. (2021)
Mutuma et dl. (2021)
Sima et al. (2021)
Rong et al. (2021)
Ros et al. (2021)
Wang et al. (2021b)
Xin et al. (2021)
Zhuang et al. (2021)
This work
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Group

Aliphatic aldehydes

Aliphatic carboxylic
acids
Benzoquinones
Disaccharides
Furans
Monosaccharides

Oligosaccharides
Phenylic compounds
Uronic acids

Description/Examples

Acetaldehyde, formaldehyde
Acetic acid, formic acid, levulinic acid

p-Benzoquinone, 2,6-dimethoxybenzoquinone
Cellobiose, xylobiose

Heteroaromatics such as furfural, HMF, 2-furcic acid
Arabinose, galactose, glucose, mannose, xylose

Giucooligosaccharides, xylooligosaccharides
Phenolic and non-phenolic aromatic compounds
Galacturonic acid, glucuroric acid, 4-O-methyl-
glucuronic acid

Main precursors

Probably ignin (formaldehyde) and hemicelluloses
(acetaldehyde)

Hemicelluloses, celulose; acetic acid from acetyl groups; sugar
degradation

Lignin, phenolic extractives

Hemicelluloses, cellulose

Hemicelluloses, cellulose; sugar degradation

Hemicelluloses, cellulose

Hemicelluoses, cellulose
Lignin, phenolic extractives
Hemicelluioses

References

Cavka et al. (2015)
Du et al. (2010)

Stagge et al. (2015)
Xu et al. (2013)

Du et al. (2010)
Shevchenko et al.
(2000)

Xu et al. (2013)

Du et al. (2010)
Wang et al. (2018a)
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Recalcitrance factor Common detection methods References

Celllose accessibilty Simons’ staining Chandra et al. (2008
Celllose crystalinity XRD Kumr et al. (2009)
Celllose DP GPC Kumar et al. (2009)
Cel wal architecture Fluorescence microscopy, SEM Wang et al. (20183)
Hemicelllose acetylation HPAEC, NMR, OLIMP Wang et al. (2020)
Hemicellulose and lignin content Analytical acid hydrolysis combined with HPLC or HPAEC llanidis et al. (2021b)
llanidis et al. (2021d)
Particle size Sieving Wang et al. (2018b)
Porosity BET analysis Wang et al. (2020)
S:G ratio Py-GCMS llanidis et al. (2021b)

llanidis et al. (2021d)

"BET, Brunauer-Emmett-Tellr; DP, degree of polymerization; FTIR, Fourier-transform infrared spectroscopy; GC, gas chromatography; GPC, gel permeation chromatography; HPLC,
High-pressure liquid chromatography; NMR, nuclear magnetic resonance; OLIMP, oligosaccharide mass profiing, Py-GC/MS, Pyrolysis-gas chromatography/mass spectrometry; SEM,
scanning electron microscopy; S:G ratio, ratic of syringyl units and guaiacyl units in fignin: XRD, X-ray diffraction.
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Method

Auto-catalyzed hydrothermal
pretreatment

Hydrothermal pretreatment with dilute
acid

Hydrothermal pretreatment with steam
explosion

Mid alkaline methods

Chemical pulping- processes (including
suifite and organosolv)

Effects on lignocellulose
constituents

Partial solubilization of hemicelluloses, siight effects on cellulose and lignin

Extensive hydrolysis of hemicelluloses, hycrolysis of amorphous celllose,
minor fragmentation of lignin

Partial to complete solubilization of hemicelluioses, fragmentation of
cellulose, minor fragmentation of lignin

Significant removal of lignin, partial solubiization of hemicelluioses,
deacetylation

Extensive removal of ignin, variable removal of hemicelluloses, decrease of
degree of polymerization and crystallinity of celluiose

Upscaling examples

Inbicon, RE Energy (Denmark), Clariant
(Switzerland)

logen Corporation (Canada), POET-DSM
(United States ), Raizen Energia (Brazi)
Sekab (Sweden), Abengoa Bioenergy
(United States )

DuPont (United States )

Borregaard (BALI process) (Norway), Chempolis
(Finland)
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Biomass

Maritime pine (Pinus pinaster)
Eucalyptus (Eucalyptus nitens)

Sugarcane (Saccharum officinarum) bagasse
Wheat (Triticum aestivurn) straw

Corn (Zea mays) stover

"Mainly hexosans.
*Klason lignin.
Mainly pentosans.

Cellulose

450
42.0
36.9
34.0
38.2

Hemi-celluloses

222°
22.2°
245
22.9°
25.8°

Lignin

26.8°
229
22,0
156.0
174

Extractives

29
4.7
a7
148
133

Minerals

0.2
0.3
45
4.3
5.3

References

Lopez et al. (2020)
Penin et al. (2019)
Neves et al. (2016)
Comejo et al. (2019)
Li and Kim, (2011)
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Purification step

Crude enzyme extracts
50~70% ammonium sulfate salt out
SP-Sepharose fast flow
Q-Sepharose fast flow

Total activity(U)

36182.00
25564.90
1055.90
756.60

Total protein (mg)

113.90
10.80
2.30
1.40

Specific activity (U/mg)

317.66
2367.12
459.09
540.43

Purification factor (-fold)

1.00
7.45
145
1.70

Yield (%)

100.00
70.66
292
2.09
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Basic composition Wood

Liophilic extractives (mg/g) 77226
Hydrophiic extractives (mg/q) 20933
Suberin-dlerived fatty acids (mg/g) NA
Cellulose (mg/g) 501.1 + 19.9
Hemicellulose (Mg/g) 223382
Lignin total*(mg/g) 220954
Acid-insoluble lignin (mg/g) 166.6 + 38
Acid-soluble lignin (mg/q) 636 £ 45

“Total lignin content is the sum of acid-insoluble and acid-soluble lignin.

Bark

27371
168.0 + 66.5
237+16
2002+ 58
300.4 + 18.9
266.4 + 15.5
2236+ 14.3
428+ 28
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Hybrid aspen clone sample tree information

Populus tremula L. x Populus tremuloides Michx.
Planting year
National Register ID*
Log volume ()
Height (dm)
Diameter 1.3 (mm)
Diameter 5.0 (mm)
Bark yield, fresh weight (wt%)

Chemical analyses of the hybrid aspen wood and bark samples

Tree trunk sampling height

No. of bark and wood samples
Hydrophiic extractives: wood and bark
Lipophilc extractives: wood and bark
Suberin-dlerived fatty acid: bark

Lignin: wood and bark

Celllose: wood and bark
Hemicellulose: wood and bark

Hybrid aspen feedstock samples for torrefaction

Wood

Bark

HWE bark
HWE+AAE bark

Chemical analyses of pyroligneous acids

Acid content

Water content

Organic matter

Compositional analysis of organic matter

n=6

1998
C05-99-14
0.571 + 0.068
278 £ 10
236 + 22
216+ 19
6.5+04

13m

n=6

Gravimetric analysis
Gravimetric analysis
GC-MS

Soluble and insoluble lignin
Acid hydrolysis, GC-FID
Acid methanolysis, GC-FID

n=1

n=1

Hot water extracted, n = 1

Hot water and alkaline alcohol extracted, n

Titrimetric determination

Karl Fischer titration

Calculated based on acid and water contents
FT-ICR characterization

HWE, hot water extraction; AAE, alkaline alcohol extraction; GC-FID, gas chromatography with a flame ionization detector; FT-ICR, Fourier transform ion cyclotron resonance

2The national list of approved basic forest reproductive material, kept by the Finnish Food Authority (Finnish Food Authority, 2021).
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Pro Analysis Amino acids (% by frequency)
L Mw pl Polar Charged Hydrophobic Basic

Picw1 222 241 49 35.43 29.60 23.77 11.21 1525

L = length; MW

KR: acidi

isoelectric point: polar = NCQSTY: charged = RKHYCDE: hydrophobic = AILFWV: basic
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Sample Lignin® Cellulose Hemicelluloses

CK 2594 +0.21 42.94 +0.32 22.15+0.38
C3H 20.52 +0.38 44.29 + 0.44 23.74 +0.42

8 janin, Kiason fgnin.
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Sample Molar composition (%)
Rha® Ara  Gal G Xyl Man UA  UAXyl

Hox 299 131 219 172 8643 315 321 0.04

H.can 290 1.02 204 112 8561 290 441 0.05

*Abbreviation: Rha, rhamnose; Ara, arabinose; Gal, galactose; Glu, glucose; Xy, xylose;
UA. uronic acid.
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H.ex H.can DEL.ck DEL.csn

30,720 39,800 8,020 7410
14,600 21,150 4,220 4,080
210 1.88 1.90 1.81
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Parameters Fast pyrolysis Flash pyrolysis Conventional pyrolysis

Particle size (mm) Less than 1 Less than 0.2 5-50
Residence timefs) 05-1.0 Less than 0.5 450-650
Heating rate (K/s) 10-200 Less than1000 0.1-1.0
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Sample DEL.cx DEL.con

p-0-4* 57.79 56.78
Bp 13.02 10.76
p5 1.18 114
PB 14.17 16.37
s/a° 2.82 248
S/IGMH 73.4/26/0.6 70.5/28.4/1.1

"Result expressed per 100 Ar based on quantitative 2D-HSQC spectra.
bS/G ratio obtained by this equation: S/G ratio = 0.51 (Sz el (G2).
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Classification of Representative Structure Biomass References
polyphenols ‘compounds

Phenolic acids Gallic acid Galinut, sumac, tea plant Asnaashari et al., 2014; Wang et al.,
e, 2013

Ferulic acid ”wa Ferula, ligustici, angelica Zheng et al. (2021)
Caffeic acid Kj/\)ka Coffee, Wine

Chiorogenic acid o m  Honeysuckle, eucommia uimoides leaves,
R % hawthorn fruit
Astragalus Resveratrol Peanut, mubberry, grape Zheng et al, 2021; Hiradate et al.,
o 2002
%w
Lignans Flaxseed lignans __I_.  Flaxseed, sesame Zneng et al. (2021)
P

T
Flavonoids Luteolin, apigenin . . Parsley, dragonhead, Chi Zheng et al. (2021)
Quercetin, rutin - Apple, onions, Vegetables

Nobiletin, naringenin Gitrus fits

Q

Daidzein, puerarin Legumes

Delphinidin, scabiolide Fruits and vegetables with bright colors

Proanthocyanidin Blueberry, grape pip
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Type of polyphenols

Polyphenol

Teucrium polium Flavonids
Oligomeric proanthocyanidins.
Flavonoid

Polyphenol

Flavonoid

Biomass

Tea
Apple

Pomegranate frut slag
Teucrium polum
Trester

Olve

Curry Leaves
Hawthorn

Bacteria types

Proteus vulgaris, Staphylococcus aureus

Bacilus, Escherichia coli Pseudomonas, Bacills subtilis
Saimonelia, Escherichia coli

Staphylococeus aureus

Streptococcus, Escherichia col

Staphylococcus epidermidis

Staphylococcus aureus

Staphylococeus aureus
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Nominal thickness/mm Minimum value of
visible light transmission

ratio/%
2 89
3 88
4 87
5 86
6 85
8 83
10 81
12 79
15 76
19 72
22 69

25 67
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Classification name

Heat-insulating fireproof glass (Class A)

Fire resistance limit
grade (h)

3.00
2.00
1.50
1.00
0.50

Fire-resistant
performance requirements

Fire resistance and heat insulation time=3.00 h , and fire resistance integrity time=3.00 h
Fire resistance and heat insulation time=2.00 h , and fire resistance integrity time=2.00 h
Fire resistance and heat insulation time=1.50 h , and fire resistance integrity time=1.50 h
Fire resistance and heat insulation time=1.00 h , and fire resistance integrity time=1.00 h
Fire resistance and heat insulation time=0.50 h , and fir resistance integrity time=0.50 h
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Types Levels Technical conditions
KW/m*K)  LSG GIR

Thermal insulation type BW BW1 <18 21.0 -
BW2 <1.5 210 —
BW3 <1.0 =1.0 e
thermal insulation type GR GR1 <25 >1.0
GR2 2.2 215
GR3 <2.0 219
thermal insulation type BG BG1 <2.0 21.0
BG2 <1.8 215

BG3 <1.5 219
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Material type

Basswood
Douglas-fir
Poplar
Balsa

Pine wood

Polymer

Epoxy resin
Epoxy resin
PMMA
PMMA
Epoxy resin

Radial thermal conductivity
(Wm™K™)

0.32
0.24
0.164
0.23
02
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Raw material

Balsa wood
Basswood
Basswood
Basswood
Balsa wood
Balsa wood
Balsa wood
Balsa wood

Delignin method

NaClO,

NaClO,

Akaline H,0,

NaCiO,

Sodium subchlorite + alkaline Hz0,
NaCiO,

DES/Alkaline H,0,

PAA

The transparency method

PMMA
Epoxy resin

Epoxy resin

Mechanical thermal pressure
Sulcanol - Alene

PVA

PAA

Limonene acrylate
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