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The one-pot biomass conversion process is a promising strategy to minimize potential product loss and reduce processing costs. However, this strategy has technical limitations due to the inhibitory effects of biomass components like lignin as well as the generated inhibitors (e.g., furans, phenols) during biomass processing. In this study, the inhibitory effects of liquid hydrolysates formed by hydrothermal pretreatment of soybean straw with either sodium hydroxide (NaOH) or hydrogen peroxide (H2O2) on cellulolytic enzyme activity were investigated. Hydrothermal pretreatment of soybean straw (10% w/v) was carried out with either sodium hydroxide (1% v/v) or hydrogen peroxide (1% v/v) at 121°C for 60 min to evaluate the effect of water-soluble inhibitors released from soybean pretreatment on cellulolytic enzyme activity. The fraction of cellulose in pretreated solids (1% w/v glucan) was enzymatically hydrolyzed for 72 h with 45 IU/g glucan (corresponding to 25 mg enzyme protein/g glucan) in the presence of either buffer or liquid hydrolysate generated from the pretreatments. Hydrolysis of NaOH and H2O2 pretreated solids resulted in 57% and 39% of glucose yields in buffer, respectively. In the presence of the liquid hydrolysates, NaOH and H2O2 pretreated biomass showed 20% and 30% glucose yield, respectively, indicating the enzyme suppression by inhibitors in the liquid hydrolysates. Of the enzyme activities in hydrolysates tested, NaOH hydrolysate showed a higher inhibitory effect on enzyme activities (mainly β-glucosidase) compared to H2O2 liquid, where enzyme deactivation has a first-order correlation and the manner in which the vacuum-filtered inhibitors were generated from pretreated soybean straw.
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1 INTRODUCTION
Soybean (Glycine max), is a widely grown leguminous herbaceous plant species. It is one of the world’s staple crops largely grown as a protein-rich animal feedstock as well as for direct human consumption. Many diverse products are produced from soy including vegetable oil, fermented foods, textured vegetable protein (TVP), and substitutions for dairy and meat products (Yoo et al., 2011). The production of soybean has steadily increased worldwide with the demand for natural/functional ingredients and potential food applications of proteins, dietary fiber, minerals, vitamins, and phytic acid in soybeans (Kim, 2018; Choe et al., 2020a; Choe et al., 2020b; Choe et al., 2020c). According to the USDA report, annual soybean production in the U.S. was 4.44 billion bushels (120.8 million metric tons) in 2021, which was 46% higher than those from the 2012 harvest and accounted for approximately 35% of world soybean production (https://www.nass.usda.gov).
Soybean straw, the primary residual by-product, is ordinarily released during grain processing and the harvest of soybean; it has been considered a potential resource for renewable energy and sugar platform industries due to the high chemical composition of cellulose and hemicellulose (Karki et al., 2011; Liu et al., 2016, Liu et al., 2015). However, an efficient pretreatment step is required to alleviate biomass recalcitrance because of the complex crystalline structure between cellulose-hemicellulose-lignin in the lignocellulosic biomass, including soybean straw (Bordignon et al., 2022; Kim et al., 2022). It is well-established that a pretreatment process can facilitate biomass saccharification by solubilizing hemicellulose and/or lignin and disrupting the crystalline structure of the cellulose to increase conversion yields by allowing more enzyme accessibility to the surface of the cellulose (Cao et al., 2015; Kim et al., 2016). Previous studies with different pretreatments such as supercritical water (Vedovatto et al., 2021a; Vedovatto et al., 2021b), ball milling (Liu et al., 2016), alkaline and acid pretreatments (Qing et al., 2017) were shown to disrupt the crystalline structure of soybean straw and enhance its enzymatic hydrolysis.
Recently, one-pot biomass conversion has been highlighted to maximize the utilization of biomass components at a high solid concentration (>30%) by combining pretreatment, saccharification of pretreated solids, and microbial fermentation of hydrolysates while minimizing capital costs and operating costs like water use (Sivagurunathan et al., 2017). For example, the ionic liquid pretreatment approach with cholinium lysinate ([Ch][Lys] or cholinium aspartate [(Ch)2 (Asp)] was able to increase overall glucose yield (>80%) at 30 weight % of corn stover, and its one-pot system process successfully applied with fed-batch saccharification of pretreated hydrolysates (Xu et al., 2016). Despite these advantages, pretreatments can generate inhibitory compounds that diminish the overall biomass conversion efficiency. In particular, pretreatments can generate undesirable molecules such as furan aldehydes, weak acids, and phenols. These generated components can inhibit and/or deactivate cellulolytic enzyme activities and inhibit downstream microbial fermentation (Michelin et al., 2016; Kim et al., 2017, Kim et al., 2021). While several hydrothermal pretreatment and physicochemical approaches have been explored to increase the accessible cellulose/hemicellulose fractions in soybean straw and enhance sugar conversion; however, the pretreatment-associated inhibitors in the liquid hydrolysate and their inhibitory effects have not been fully studied. Addressing this knowledge gap, the current work highlights the influence of soluble inhibitors (mainly phenols) released from NaOH or H2O2 pretreated soybean straw on endo-glucanase (EG) and β-glucosidase (β-G) activities and subsequent cellulose hydrolysis to glucose. In this study, the morphological changes in soybean straw were captured via scanning electron microscope (SEM), extensive chemical compositions of pretreated soybean straws were determined, and the activity of cellulolytic enzymes on lignin-free cellulose (Solka Floc) and pretreated soybean straw solids (both 1% w/v) suspended in the liquid hydrolysates was measured. Moreover, the residual cellulolytic enzyme activities after hydrolysis were measured to evaluate the impact of these inhibitory compounds on enzyme deactivation.
2 METHODS AND MATERIALS
2.1 Raw materials
Soybean straw was kindly supplied from Peace and Plenty Farm (Rocky Ridge, MD, United States) after soybean cultivation and harvest in 2019. The raw materials were ground by a Wiley mill and collected with a 0.595 mm (30-mesh) screen. Cellic CTec2 (SAE 0020, Lot# SLCG4389) was purchased from Sigma-Aldrich (St. Louis, MO). The initial endo-glucanase (EG), β-glucosidase (β-G), and protein concentration, measured by the methods described in previous studies, were 229.9 IU/ml, 646.9 IU/ml, and 127 mg/ml, respectively (Orrego et al., 2018a; Orrego et al., 2018b; Ladeira Ázar et al., 2020).
2.2 NaOH and H2O2 pretreatments
Soybean straw at 10% (w/v) suspended in pretreatment solvents (either 1% (v/v) NaOH or H2O2) was autoclaved at 121°C for 60 min, as described by previous literature (Ko et al., 2018). The pretreated slurry was separated into solids and liquid via a vacuum filter with a Whatman No.1 filter paper. The filtered solids were rinsed with 100 ml of distilled water at room temperature to eliminate the remaining soluble inhibitors in the pretreated solids. The washing procedure was repeated in triplicate. The pH of separated solid-free liquor was adjusted to 4.8 using a 2 M HCl and kept at 4°C for further analysis.
2.3 Chemical composition analysis
The chemical composition of soybean straw before/after pretreatment was determined by the National Renewable Energy Laboratory (NREL) analytical procedures (Sluiter et al., 2012). The soluble inhibitors, monomeric sugars, and total phenolic compounds in vacuum filtered liquor were measured using HPLC analysis (Cao et al., 2015) and the Folin-Ciocalteu colorimetric method (Kim et al., 2016) (Table 1). Gallic acid without the Folin-Ciocalteau reagent was used as the standard in order to obtain a calibration curve against which concentrations of phenols were determined based on the previous literature (Singleton et al., 1999; Kim et al., 2008a; Kim et al., 2008b).
TABLE 1 | Chemical compositional analysis of soybean straw before and after pretreatment (NaOH or H2O2) (A) and the followed vacuum filtrates (B). Each soybean straw sample was pretreated in 1% (v/v) NaOH or H2O2 at 121○C for 60 min (severity factor: 2.40) at a solids concentration of 10% (w/v), dry weight basis. Composition analysis was completed in triplicate.
[image: Table 1]2.4 Enzymatic hydrolysis of pretreated solids and cellulolytic enzyme inhibition
The NaOH or H2O2 pretreated solids (1% w/v, glucan) were mixed with a total of 10 ml of 50 mM sodium citrate buffer (pH 4.8) or vacuum-filtered liquor combined with a 45 IU/g glucan enzyme preparation (corresponding to 25 mg protein/g glucan) in a 50 ml flask, and hydrolyzed in a shaking incubator at 50°C for 72 h. Lignin-free cellulose (Solka Floc, 80% cellulose +20% hemicellulose) was used as a control. The liquid samples were appropriated at timed periods, and glucose and xylose concentrations were quantified using a GOPOD colorimetric assay and a D-xylose analysis kit, respectively (Megazyme, Wicklow, Ireland). The remaining cellulolytic activities were identified by a CellG5 assay method for endo-glucanase (Megazyme, Wicklow, Ireland) and hydrolysis of para-nitro-phenyl β-glucoside for β-glucosidase, respectively (Dien et al., 2008; Ladeira Ázar et al., 2020). The enzyme activity was evaluated in accordance with a first-order correlation described in the previous works (Michelin et al., 2016; Orrego et al., 2018a).
3 RESULTS AND DISCUSSION
3.1 Composition analysis of pretreated soybean straw
In order to investigate the morphological/structural changes in solid samples, pretreated solids were imaged using scanning electron micrograph (SEM) equipment. The milling process with soybean straw was able to grind and crush the samples into smaller sizes; however, it did not significantly disrupt the surface of raw materials, presenting a fibrillar and undamaged structure in untreated solids (Figure 1A). On the other hand, pretreatment was capable of disrupting the outstretched soybean straw surface into irregular fragments (Figures 1B,C). The external lignin content is melted and disrupted by heat and chemicals during the pretreatment step, which leads to a decrease in the particle size and cellulose crystallinity but increases the surface area of internal contents (cellulose and hemicellulose) and enzyme accessibility to enzyme proteins (Ladeira Ázar et al., 2020; Kim et al., 2021). The remarkable structural changes in enzymatically hydrolyzed solids were the formation of vulgar appearances in the surfaces and tiny pores and gaps in the enclosed structure (Figures 1D–F). The uncovered cellulose contents exposed by pretreatment were prone to bind with enzyme proteins and hydrolyzed into oligomeric/monomeric sugars, which in turn presented the remained fibrillar matrix with vascular bundles and microfibrils. The changes in chemical composition in soybean straw before/after pretreatment were analyzed and compared in Table 1. Pretreatment provided rough and damaged fragments of internal contents which allowed the increased cellulose fraction up to 39.7% and 33.8% for NaOH and H2O2 pretreated solids, respectively. In this study, H2O2 did not show selective removals among three major components (cellulose, hemicellulose, and lignin); however, due to the removal of other extractives, all three major components showed slightly higher proportions than initial biomass. Compared to the effect of H2O2 pretreatment on lignin removal (12.7% delignification), NaOH was more effective to solubilize the portion of lignin (45.9%) resulting in a higher cellulose composition in the pretreated solids. This pretreatment also removed 34.2% hemicellulose which is higher than the H2O2 pretreatment. Higher glucose content results in NaOH and H2O2 hydrolysates were consistent with the cellulose loss by each method (Table 1). The liquid hydrolysates contained monosaccharides with inhibitory compounds (Table 1). However, even though the hemicellulose removal by NaOH was higher than by H2O2, the amount of xylose in each hydrolysate was similar. Since this measurement was only conducted with the liquid hydrolysates as they were, some oligosaccharides may be present that were not included in the analysis.
[image: Figure 1]FIGURE 1 | Scanning Electron Micrograph (SEM) analysis of (A) raw soybean straw, (B) NaOH pretreated, (C) H2O2 pretreated soybean straw at 121°C for 60 min, and (D) enzymatically hydrolyzed raw sample, (E) NaOH pretreated, and (F) H2O2 pretreated solids using 45 IU/glucan (25 mg protein/g glucan) at 50○C for 72 h. The SEM images were captured at 300X or 500X magnification.
The cellulose crystallinity index (CrI) of raw and pretreated biomass samples, analyzed by solid-state 13C cross-polarization magic angle spinning (CP/MAS) NMR based on our previous study (Wang et al., 2020), presented that cellulose CrI of soybean straw (28) was slightly increased to 34 with the cellulose from H2O2 pretreated straw and 35 with the one from NaOH-pretreated sample, possibly due to the removal of amorphous components like hemicellulose and lignin (Supplementary data), which is in accord with the chemical composition changes (higher cellulose content in pretreated samples in Table 1). However, these small changes in the cellulose CrI may not have notable effects on enzyme activities, as described in the previous studies (Martelli-Tosi et al., 2017; Bordignon et al., 2022). In addition to the changes in carbohydrate contents, the degradation of lignin and some ester groups affiliated with hemicellulose during NaOH pretreatment gave a higher phenolic concentration (716.2 mg/L) than those from the H2O2 liquid (622.5 mg/L). This result can be explained by the aforementioned delignification yields in Table 1A.
It is worthwhile to note that a high biomass pretreatment severity or high chemical concentration would enhance the glucose yield in the subsequential enzymatic hydrolysis step by effective hemicellulose removal and/or delignification of raw biomass. A previous study observed the highest glucose conversion (70.7%) when soybeans straw was liquid hot water (LHW) pretreated at 210°C for 10 min (severity factor 4.24) while the lowest yield of 38.6% was obtained with the severity factor of 2.54 (170°C for 3 min) (Wan et al., 2011). The solubilization of hemicellulose and cellulose digestibility gradually increased as the severity factor increased. The recent study also highlighted that the utilization of 17.5% NaOH led to the crystal allomorph in cellulose from transition I to II in soybean straw with a remarkable decrease in the lignin and an increase in cellulose content (up to 67.1%); however, it required a neutralization step to adjust pH and conditioning process to remove/alleviate potential inhibitors (Martelli-Tosi et al., 2022), suggesting it might not feasible for the one-pot process. Compared to the earlier works, the current study was performed under relatively mild conditions (1% NaOH at 121°C for 60 min, severity factor: 2.40) in order to minimize the formation of inhibitors and evaluate the remaining enzyme activity after enzymatic hydrolysis for the practicable one-pot system.
3.2 Inhibitory impact of liquid hydrolysates on pure cellulose hydrolysis
Although some portions of carbohydrates were hydrolyzed into pretreatment solvents, this liquid fraction is generally processed separately due to their inhibitory effects on biocatalysts (i.e., enzymes) and microorganisms employed for subsequent fermentation. To evaluate the impedimental actions of inhibitors in the pretreatment solvents (NaOH solution and H2O2 solution) on the cellulolytic enzymes, Solka Floc (1% w/v, purified 80% cellulose +20% hemicellulose) was hydrolyzed in the pH-adjusted liquid hydrolysates at 45 IU/g glucan (corresponding to 25 mg enzyme protein/g glucan). The hydrolysis yield of the control run in buffer achieved a 75% cellulose conversion whereas lower yields were observed in NaOH (29%) and H2O2 (42%) samples, respectively, confirming soluble inhibitors (mainly phenols) hamper enzymatic catalysis (Figure 2). Similarly, the highest xylose yield of 61.2% was observed with Sloka Floc, with approximately 30% higher conversion than those from NaOH (28.1%) and H2O2 (31.2%) pretreatment liquid, but 14% lower than glucose yield. Compared to H2O2 pretreatment, the recovered solid fraction from NaOH pretreatment effectively hydrolyzed hemicellulose content, almost two times improvement that of H2O2 pretreated solids in buffer (45.1% vs 23.5%). However, xylose yield decreased to 13.2% when the solids were hydrolyzed in the pretreatment liquid, which was even lower than the test with H2O2 pretreated solids (18.6%) (Figure 2). Small amounts of furans, organic acids, and soluble sugars would also be considered potential inhibitors (Table 1B); however, the level of these molecules in liquid hydrolysates was minimal or negligible making it unlikely that they are responsible for the observed enzyme inhibition (Ximenes et al., 2010; Ximenes et al., 2011, Kim et al., 2016, Kim, 2018). Thus the observed inhibition is likely to be mainly due to the lignin-derived phenolic compounds. Previous work has reported that furan derivatives and small organic acids can significantly inhibit microbial cell growth, sugar consumption rate, and microbial metabolisms but not affect enzyme performances (Palmqvist and Hahn-Hagerdal, 2000a; Palmqvist and Hahn-Hagerdal, 2000b; Bordignon et al., 2022). Similar studies (Trejirian and Xu, 2011; Zhai et al., 2016) demonstrated that the oligomeric sugars derived from both softwood and hardwood exhibited little inhibition in cellulose hydrolysis by enzymes, while phenolics more significantly limited cellulase activity through reversible inhibition or irreversible deactivation mechanisms indicated by precipitation of the phenolic-cellulase complexes. Phenolics appear to have more inhibitory effects on enzymes than sugar oligomers, despite their lower concentration than sugar oligomers in hydrothermally pretreated lignocellulose. The removal of phenolics on subsequent cellulose hydrolysis was more pronounced than removing oligomers and/or oligo-saccharides because they become inhibitory to enzymes at µM to mM concentrations (Rasmussen et al., 2017; Zhai et al., 2018).
[image: Figure 2]FIGURE 2 | Hydrolysis of Solka Floc (lignin-free cellulose) and pretreated solids either in buffer solution or liquid hydrolysates with a 45 IU/g glucan enzyme preparation (corresponding to25 mg protein/g glucan) were carried out at 50○C for 72 h. All tests were completed in duplicate, and the average results with a confidence difference of 95% were presented.
A higher ratio of phenols to protein enzyme in NaOH liquid hydrolysate (2.86 mg phenols/mg protein) resulted in 13% lower glucose formation compared to Solka Floc hydrolysis in H2O2 liquid fraction (2.49 mg phenols/mg protein enzyme). This is compatible with the previous literature that higher phenols obtained from liquid hot water pretreated sugarcane bagasse (6.2 mg phenols/mg protein enzyme) led to a 45% lower Solka Floc conversion to glucose versus a 20% lower yield from the test with relatively lower phenols concentration (3.5 mg phenols/mg protein enzyme) (Michelin et al., 2016). These results indicate that the initial concentration of their phenolic compounds and their ratio to enzyme protein are significant factors in the enzymatic conversion of cellulose to simple sugars. Kim et al. (2011) reported that nearly all cellulase enzymes precipitate at a 0.04 mg phenols/mg enzyme protein ratio (equivalent to 25 mg enzyme protein/mg phenols), and the rate and extent of cellulose hydrolysis were reduced by more than 50% at mM concentrations of soluble phenolic compounds.
To examine the possible one-pot conversion of soybean straw with NaOH or H2O2 pretreatment, the pretreated straw solids (1% w/v) were hydrolyzed in buffer, pH-adjusted NaOH, and H2O2 liquid hydrolysates with the pretreated straw solids. NaOH-pretreated solids had a higher yield (57%) than H2O2 solids (39%) in the buffer solution. The glucose conversion was significantly decreased when solids were hydrolyzed in the presence of their corresponding liquid hydrolysates, 20% and 30% for NaOH and H2O2 pretreatments, respectively (Figure 2). In addition to the recalcitrance factors such as residual lignin and pseudo lignin in the pretreated biomass, the soluble inhibitors (mainly phenolic compounds) in the liquid hydrolysates are able to increase enzyme inhibition and subsequent enzymatic hydrolysis. The findings of previous work showed that insoluble molecules (e.g., lignin residuals and derived compounds) generated during acid pretreatment of hemp wastes and sugarcane bagasse that remained with the pretreated solids had negative effects on cellulose hydrolysis and the addition of lignin-blocking agent (e.g., bovine serum albumin) prior to the enzymatic saccharification step was able to enhance the conversion yield by mitigating non-productive binding between enzyme proteins and insoluble molecules (Ladeira Ázar et al., 2020; Kim et al., 2021).
3.3 Inhibitory impact of combined liquid hydrolysate and pretreated solids on enzyme activity
For a further understanding of the effects of liquid hydrolysates on the performance of cellulases, the activities of the remaining endo-glucanase and β-glucosidase after the hydrolysis were measured. The first-order correlations between hydrolysis time and each enzyme activity were plotted in Figure 3, and deactivation constants were summarized in Table 2. Theoretically, once enzymatic hydrolysis is completed, cellulases can be desorbed from the cellulose and can re-adsorb to another substrate (i.e., cellulose); however, enzyme activity can be decreased if enzymes bind to non-cellulose components such as hemicellulose/lignin residuals and other degraded molecules (Ximenes et al., 2011). The lowest enzyme deactivation constant (higher remaining enzyme activity, > 60% cellulase activity) was observed in Solka Floc in buffer, and H2O2 pretreated solids hydrolyzed in buffer gave a higher deactivation constant (lower remaining enzyme activity, < 10% cellulase activity) than those from NaOH solids (111 × 10−4 vs 80 × 10−4, Table 2). Higher lignin content in the H2O2 pretreated solids may provide more structural recalcitrance and insoluble compounds that can result in non-productive bindings between enzyme and non-cellulose molecules (Yoo et al., 2020). Our results support the negative effects of lignin content on enzyme catalysis and hydrolysis. A similar study also elucidated that even though there was a small difference in lignin content in liquid hot water (LHW) pretreated sugarcane bagasse samples (22.3% vs 20.6%), this difference resulted in remarkable changes in cellulose conversion (89.5% vs 68.3%) (Ladeira Ázar et al., 2020). In particular, the liquid hydrolysates generated by NaOH and H2O2 pretreatments were more inhibitory to the activity of β-glucosidase than that of endo-glucanase for both Solka Floc and pretreated solids. This observation is consistent with the previous report that phenols extracted from liquid hot water pretreated maple and corn stover were able to non-productively bind with cellulase and contributed to the accumulation of protein precipitations (Kim et al., 2011), which were mainly β-glucosidase protein complexes (Ximenes et al., 2011). Furthermore, the ratio of phenols to enzyme protein in NaOH liquid hydrolysate was higher than H2O2 sample (2.86 vs 2.49 mg phenols/mg protein), which was more severe in cellulose conversion and enzyme deactivation, resulting in a deactivation constant of -360 × 10−4 and -302 × 10−4, respectively (Table 2). It is worthwhile to note that the deactivation effects of phenolic compounds depend on the type of enzymes, feedstock, the composition of phenolic compounds, microbial sources of enzymes, and the susceptibility toward phenolic-induced deactivation rely on the types of enzymes. For example, deactivation was most pronounced for β-glucosidase in commercial cellulase enzyme mixtures (Ximenes et al., 2011; Michelin et al., 2016); vanillin inhibits the β-glucosidase activity of cellulase (40%), while the inhibition was less for endo-glucanase and exo-glucanase activities (4.2% and 8.3%, respectively) (Li et al., 2014). Similar work also observed that the carboxylic acid groups of phenolics and lignin exhibited less inhibitory effects than phenolics with aldehyde or alcohol groups due to the decreased lignin-cellulase binding (Qin et al., 2016; Zhai et al., 2018). More recent work done by Mathibe et al. (2020) used several model lignin derivatives to study their effects on endo-1,4-β-xylanase and found that the presence of carbonyl groups in phenolics exhibited more substantial inhibitory effects than hydroxyl groups on endo-1,4-β-xylanase, resulting in over 50% reduction in activity at a concentration as low as 0.5 mg/ml.
[image: Figure 3]FIGURE 3 | The remaining endo-glucanase (A,B) and β-glucosidase (C,D) after enzymatic hydrolysis in different experimental conditions were analyzed using a CellG5 assay for endo-glucanase and hydrolysis of para-nitro-phenyl β-glucoside for β-glucosidase, respectively. The quantified remaining enzyme activity was plotted with a first-order correlation. All analytical assays were done in duplicate. □: Solk Floc in buffer, △: Solka Floc in NaOH liquid hydrolysate, ◊: Solka Floc in H2O2 liquid hydrolysate, ■: NaOH pretreated solids in buffer, ▲: NaOH pretreated solids in NaOH liquid hydrolysate, ♦: H2O2 pretreated solids in buffer, and x: H2O2 pretreated solids in H2O2 liquid hydrolysate.
TABLE 2 | The irreversible inhibition constants for endo-glucanase (EG) and β-glucosidase (β-G) from Solka Floc (lignin-free cellulose) and pretreated solids hydrolyzed in either buffer or vacuum filtrates.
[image: Table 2]Our work confirmed that even small phenolic compounds can significantly deactivate cellulolytic enzymes, which dominantly inhibit β-glucosidase activity and decrease the rate of cellulose hydrolysis. The presence of phenols leads to immediate adhesion between enzyme proteins and inhibitors that result in the equilibrium stage (reversible inhibition); however, our results present a remarkable exponential diminution (irreversible inhibition) in enzyme performance as the enzyme exposure time to inhibitors is increased (Kim et al., 2011; Ximenes et al., 2011). A higher enzyme loading may compensate for the decreased conversion yield; although it may not be economically feasible for sugar platform industries due to the high cost of enzymes. It is important to note that the current study attended to compare two different pretreatments (NaOH vs H2O2), changes in structural/chemical modifications, inhibitory effects of soluble inhibitors on the cellulose conversion, and the remaining enzyme activity in the hydrolysates; the hydrolysis efficacy would be encouraged with other parameters. The approaches can be included: 1) enzyme modification, 2) lignin surface modification, and 3) the use of lignin-blocking agents (Kim et al., 2021). Several research efforts have been focused on developing strategies for preventing the non-productive binding enzymes with lignin in the first place and/or improving pretreatment methods in practical conditions to minimize the formation of toxic molecules (e.g., phenolic acids). Numerous attempts have been made to minimize the inhibitory effects of insoluble lignin and phenols on cellulases. The resulting decreased glucose yield and enzyme deactivation point to the need to find detoxification approaches, such as the addition of activated carbon, bovine serum albumin, or other cost-effective blocking agents (extracted soybean protein) (Florencio et al., 2016). For instance, the supplementation and pre-cultivation of non-catalytic soybean protein at 4% (w/v) in the presence of steam-exploded sugarcane bagasse solids prior to enzymatic hydrolysis resulted in approximately 2 times higher conversion yield than the control without soybean protein, which was compatible to other established agents (bovine serum albumin, polyethylene glycol) (Florencio et al., 2016). Alternatively, developing pretreatment regimens that produce fewer inhibitors in the first instance would be worthwhile.
4 CONCLUSION
Hydrothermal pretreatments of soybean straw with NaOH or H2O2 were tested to evaluate the effect of water-soluble inhibitors released during the pretreatment on cellulolytic enzymes. Both pretreatment approaches were attributed to the higher cellulose content in the solid fractions and contributed to cellulose digestibility compared to raw straw samples (untreated). During the pretreatments, the use of chemicals and high temperature prompted the generation of undesirable molecules (mainly lignin-derived phenolics) that were contained in the liquid fraction and affected the actions of cellulolytic enzymes onto the cellulose and hemicellulose. The hydrolysates from NaOH and H2O2 pretreatment had noticeable inhibition effects with the different deactivation rates, the deactivation rate of β-glucosidase was more critical than that of endo-glucanase. The concentration of phenols also suppresses the susceptibility and accessibility of enzymes to the cellulose, even a small variation in phenols-enzyme protein ratio result in a pronounced effect on the efficient hydrolysis of cellulose. This is consistent with our previous works that cellulase enzyme components are reversibly and irreversibly inhibited by the sugars and phenolic compounds present in the water-soluble fraction of hydrothermally pretreated lignocellulose (Kim et al., 2011; Kim et al., 2013; Ladeira Ázar et al., 2020). Our results also indicate that effective alleviation/detoxification strategies (e.g., one-pot biomass conversion (Xu et al., 2016) and double pretreatment (Bordignon et al., 2022)) are required to minimize the utilization of water in the water-wash step and lignin-derived potential inhibitors for economical and feasible lignocellulosic biorefinery. The inhibitory effects are even more pronounced as the solids loading in the pretreatment increases, the concentration of chemicals, and the severity factor that are necessary for a cost-effective lignocellulose conversion.
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