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Abstract

:

The insufficient of lignocellulose degradation enzymes, such as cellulase and hemicellulase, is the major obstacle that hinders the bioconversion of lignocellulosic biomass to monosaccharides, especially during the woody biomass hydrolysis process. The addition of additives has received significant attention due to their enhancement of the enzymatic degradation efficiency of lignocellulose. In the present study, a combination of organic alcohols and a biosurfactant could synergistically enhance the saccharification of the cellulose substrate of Avicel, as well as that of pretreated poplar. Results showed that compound additives can greatly improve the conversion rate of enzymatic hydrolysis. The combination of 0.1% (v/v) n-decanol and 1% (v/v) sophorolipid dramatically increased the poplar enzymatic conversion rate from 17.9% to 85%, improving it by 67.1%. Enzyme-rich Hypocrea sp. W63 was fermented to obtain beta-glucosidase (BGL) and xylanase (XYL), which were used as auxiliary enzymes during enzymatic hydrolysis. It was found that the effects of such a combination of additives improved the filter paper activity, stability, and longevity, helping in the recovery of the cellulase cocktail. The compound additives associated with the commercial cellulase and Hypocrea sp. W63 enzyme solution formed an excellent formula for improving the stability of BGL and XYL. The results provide insight into compound additives and the use of a cellulase and auxiliary enzyme cocktail to improve enzymatic hydrolysis for lignocellulose conversion into biofuels.
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1. Introduction


The transformation of lignocellulosic biomass into clean and renewable energy is one of the most effective ways to solve the problems of fossil resource shortage, energy security, and environmental deterioration [1]. Nevertheless, the bioconversion of lignocellulosic biomass has some technological bottlenecks, one of which is the high cost of the process of lignocellulose degradation to fermentable monosaccharides through the use of cellulolytic enzyme cocktails [2]. Many researchers have focused on improving the conversion rate to reduce the amount of cellulase used [3]. Different strategies have been applied to overcome this challenge and enhance the efficiency of the enzymatic hydrolysis, such as the screening of microorganisms to find auxiliary enzymes with better performance [4], the optimization of the enzymatic hydrolysis process, and the supplementation of additives [5]. However, the performance of additives is strongly influenced by the biomass type, enzyme cocktail used, hydrolysis condition, and additive composition [6].



Woody biomass is a potential feedstock that can be biorefined into high-value products through the bioconversion process [7,8]. Waste poplar, a woody manufacturing residue, can be used as a suitable biorefinery feedstock because poplar is a fast growing woody species that is widely distributed around the world. It has a matrix composed of three major biopolymeric components: lignin (10–21%), hemicellulose (25–28%), and cellulose (45–51%) [9]. It has a more compactable property than crop straw and grassy biomass, which is attributed to its high heterogeneity and complex structure [10,11]. It is difficult to achieve an ideal enzymatic hydrolysis of woody biomass, as this is only possible after a certain pretreatment [12]. Cellulase is a group of crucial enzymes that can hydrolyze lignocellulosic carbohydrates into fermentable sugars. It is often referred to as the “cellulase complex”, which traditionally contains three major enzymes: cellobiohydrolase (CBH; EC 3.2.1.91), endoglucanase (EG; EC 3.2.1.4), and beta-glucosidase (BGL; EC 3.2.1.21). Among them, BGL is a key enzyme in the sugar–enzyme platform of lignocellulose degradation. This was because that CBH and EG act synergistically to degrade native cellulose to cellobiose, which is an inhibitor of both enzymes [13]. In this sences, BGL can hydrolyse the β-1, 4-glycosidic linkage of cellobiose to generate D-glucose. Hence, BGL not only catalyses the final step of cellulose degradation but also can allow the cellulolytic enzymes to function more efficiently by eliminating cellobiose-mediated inhibition [14]. On the other hand, xylanase (XYL) is a vital auxiliary enzyme that disrupts xylan and xylooligomers to enhance the cellulases’ access to the biomass substrate [15]. Hence, BGL and XYL are involved in the important biological degradation of lignocellulose and other soluble oligosaccharides into fermentable sugar [16]. However, most commercial cellulases that are used for lignocellulosic hydrolysis are produced by filamentous fungi that have little BGL activity [17]. In recent years, solvent media engineering has received increasing attention due to the optimization of the enzymatic conversion of lignocellulose [18,19]. Our previous study screened out a strain of Hypocrea sp. W63 that produces a high amount of BGL and XYL [20]. Herein, this research is expected to improve the enzymatic hydrolysis efficiency of woody biomass.



The enzymatic hydrolysis process is known as the most important step throughout the conversion of lignocellulosic biomass into monosaccharides. However, a high lignin content in lignocellulose hinders the enzymatic hydrolysis process due to the nonproductive adsorption of cellulase and hemicellulase, therefor increasing hydrolytic enzyme loading [21]. Some additives can play a strengthening role in the enzymatic hydrolysis process by stopping the nonproductive adsorption of enzymatic proteins. The supplementation of additives (nonionic surfactants, nonhydrolytic disruptive proteins, anionic surfactants, biosurfactants, and lignosulphonates) has received a high amount of attention due to their enhancement of the enzymatic degradation efficiency of lignocellulose [22,23,24]. Organic alcohols (OAs), as an environmentally friendly, nonionic surfactant, have a good defoaming performance. Recent studies have found that low doses of OAs (0.02–2% v/v) can significantly increase the enzymatic hydrolysis of cellulose films from 65.1 to 77.9%, effectively reducing the viscosity coefficient of the cellulose enzymatic hydrolysis system and improving the cellulose’s accessibility to enzymes [23,25]. Additionally, biosurfactants which are easily biodegradable and add no pollution to the environment are considered to be one of the most effective additives for the enzymatic hydrolysis of lignocellulose [26,27]. It was found the sophorolipid (SL), a kind of biosurfactant, had a good promotion effect on the enzymatic hydrolysis of alkali-treated bagasse, and the presence of SLs increased the glucose yield by 17.8% compared with the control [3]. Thus, it was assumed that a combination of additives would be an interesting strategy to further improve the saccharification efficiency as they probably have a synergistic mechanism [28].



Until now, there have been insufficient data for systematically evaluating the mechanism of different combinations of additives in the enzymatic hydrolysis of crystalline cellulose and woody biomass. This study screened different OAs for the improvement of enzymatic hydrolysis and investigated the effect of the combination of OA and SL additives, using a BGL- and XYL-rich crude enzyme from W63 as an extra auxiliary enzyme in the enzymatic hydrolysis of Avicel and pretreated poplar. The relative decrease/increase in enzymatic activity and stability of the commercial cellulase or W63 enzyme cocktail with the addition of certain compound additives was also estimated. This research provides a strategy to boost the enzymatic hydrolysis process of lignocellulosic biomass.




2. Materials and Methods


2.1. Materials


Poplar chips were provided by Shandong Longlive Bio-technology Co., Ltd. (Dezhou, China). They were pre-milled and screened for particle sizes between 60 and 80 meshes. The contents of glucan, xylan, and acid-insoluble lignin were 41.96%, 16.90%, and 24.27%, respectively, as analyzed by the NREL’s standard for laboratory analytical procedures (LAPs) [29].



A commercial mixture of cellulase LLC02 with an enzyme activity of 225 FPU/mL (filter paper unit) was purchased from Kangdien Biotech Co., Ltd. (Qingdao, China). Avicel crystalline cellulose (PH101) was purchased from Sigma-Aldrich (Shanghai, China). OAs (methanol, ethanol, glycerol, n-butanol, n-pentanol, n-octanol, and n-decanol) were marked as C1-C5, C8, and C10, according to the carbon chain length in the alcohol. Isoamyl alcohol and phenyl ethanol were marked as I5 and P8, respectively, according to the carbon atom. All the above OAs were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shangai, China). Sophorolipid (SL) were purchased from Zuoke Biotech Co., Ltd. (Guangzhou, China).




2.2. BGL Preparation


Hypocrea sp. W63 was stored in our laboratory (patent No. US 9,890,371 B2). The fungal strain was inoculated into a 150 mL Erlenmeyer flask with 50 mL of potato-dextrose liquid medium for the fermentative production of BGL and XYL at 30 °C and 150 rpm for 72 h. The fermentation formula contained 2 g/L of KH2PO4, 6 g/L of peptone, 0.3 g/L of CaCl2•2H2O, 0.3 g/L of MgSO4•7H2O, and 1 g/L of NH4NO3, as well as 1% (v/v) of trace elements containing 1 g/L of CuSO4, 1 g/L of MnSO4, 1 g/L of FeSO4•7H2O, and 1 g/L of CoCl2. The cellulose substrate of rice straw was supplied at a concentration of 5% (w/v). Fermentation was carried in a 250 mL Erlenmeyer flask with a 10% (v/v) seed culture of W63 inoculated into a volume of 100 mL. After fermentation at 30 °C and 150 rpm for 120 h, the fermented broth was centrifuged at 4 °C and 8000 rpm for 10 min. The supernatant was collected as a W63 crude enzyme solution that is rich in BGL and XYL, and was stored at 4 °C before use.




2.3. Methods


2.3.1. Pretreatment of Poplar


In total, 5 g of milled poplar was added into a 125 mL pressure bottle containing a 0.5% (w/v) H2SO4 solution to form a solid–liquid ratio of 1:20. The bottle was autoclaved at 121 °C for 1 h and then cooled to room temperature. The acid-treated poplar was washed with distilled water until it was pH neutral, and oven-dried at 60 °C until it reached a constant weight. The alkaline pretreatment of the acid-treated poplar was performed with a 2% (w/v) NaOH solution under the same conditions as the acid pretreatment. The treated poplar was washed and dried at 60 °C until it reached a constant weight. The content of glucan and acid-insoluble lignin of the two-step-treated poplar was 55.01% and 28.66%, respectively.




2.3.2. Screening of Different OAs


In total, 1 g of Avicel (PH101) was added to a 25 mL Erlenmeyer flask containing the 10 FPU/g LLC02 commercial cellulase substrate and the 40 mg/g W63 crude enzyme protein substrate that is rich in BGL and XYL. Then, a 0.1% (v/v) or 1% (v/v) additive of OAs (C1–C5, C8, and C10) was loaded according to the carbon chain length. Additionally, a 0.1% (v/v) or 1% (v/v) additive of OA isomers I5 and P8 was loaded, respectively. The hydrolysis experiment without any OA addition was set as the control. The total working volume of 10 mL was supplemented by a 20 mM HAc-NaAc (pH 5.0) buffer. After being sealed with taps, all flasks were kept at 50 °C and 150 rpm for 72 h. Each sample was evaluated in triplicate, and the results were expressed as an average value. All the samples were taken at 24 h, 48 h, and 72 h, and were used for determining the sugar contents via HPLC.




2.3.3. Synergistic Effect of Different Compound Additives


Based on the OA screening results, the compound additives of 0.1% (v/v) C1, C4, C5, I5, or C10 mixed with 1% (v/v) SLs were used in the Avicel hydrolysis process. The mixing formula of each compound additive is shown in Table 1. Additionally, the enzymatic hydrolysis was conducted under the same conditions as described in Section 2.3.2.




2.3.4. Enzymatic Hydrolysis Effect of Poplar with Different Compound Additives


Acid-alkali-treated poplar, in an amount of 0.1 g, was placed into a 25 mL Erlenmeyer flask supplemented with the 10 FPU/g LLC02 commercial cellulase substrate and 40 m/g W63 crude enzyme protein substrate that is rich in BGL and XYL. The pretreated poplar enzymatic hydrolysis process with different compound additives is described in Table 1. The total enzymatic working volume was 5 mL and was supplemented with a 20 mM HAc-NaAc (pH: 5.0) buffer. Additionally, the enzymatic hydrolysis was conducted under the same conditions as described in Section 2.3.2.




2.3.5. Activity and Stability Effect of LLC02 and W63 with or without the Addition of Compound Additives


LLC02 and W63 were diluted to appropriate concentrations to evaluate cellulase and hemicellulase activities. The filter paper activity (FPA) was investigated by using the modified method of Ghose [30]. CMCase activity was determined with 1% (w/v) carboxymethylcellulose (CMC) incubated at a pH of 5.0 and at 50 °C for 1 h [31]. β-glucosidase activity (BGL) was measured using a 5 mM 4-nitrophenyl-β-D-glucopyranoside (pNPG) as the model substrate [20]. Xylanase activity was estimated with 1% (w/v) xylan incubated at a pH of 5.0 and at 50 °C for 0.5 h [32]. Meanwhile, different combinations of additives, as shown in Table 1, were added to all of the above enzyme activity assay groups. The groups of LLC02 and W63 without the addition of additives were set as controls. The detailed information on the analysis of the FPA, CMC, BGL, and XYL activities is described in our previous study [20].



The stability of the LLC02 enzyme and W63 crude enzyme in the presence of different combinations of additives is shown in Table 1. It was measured by incubating a certain dilution of LLC02 or W63 crude enzyme solution at 50 °C and 150 rpm for 24 h in 5 mL of a 20 mM HAc-NaAc buffer (pH 5.0). Subsequently, the incubated samples of LLC02 or W63 mixture with different compound additives were used to analyze for the changing of enzyme activities assay.



The relative decrease/increase in activity and stability was standardized with the experiment without additives.





2.4. Analysis Methods


The reducing sugars were analyzed at 50 °C via a high-performance liquid chromatograph (HPLC; Waters 2698, Milford, MA, USA) equipped with a differential refractive index detector (Waters 2410, Milford, MA, USA) and a sugar column (SH1011, Shodex, Tokyo, Japan). The 5 mM H2SO4 mobile phase was set at a flow rate of 0.5 mL/min [33].




2.5. Calculation


The effects of different additives on Avicel hydrolysis was evaluated by using Equation (1):


   Relative   enzymatic   conversion   rate % =     Glucose   produced   in   the   sample     g     Glucose   produced   in   the   control     g    × 100 %  



(1)




where the sample is the enzymatic hydrolysate with the addition of additives and the control is the one without the addition of additives.



The enzymatic hydrolysis efficiency of Avicel and poplar was calculated via Equation (2):


   Cellulose   conversion   rate % =     Gluose   produced   in   enzymatic   hydrolysate     g     Glucan   amount   in   substrate     g  ÷ 0.9   × 100 %  



(2)




where 0.9 is the dehydration coefficient of the synthesis of glucose to glucan.



The effects of different compound additives on the enzyme activity and stability of the LLC02 and W63 crude enzyme were calculated with Equation (3):


   Relative   decreasing / increasing   enzymatic   conversion   rate % = (     Glucose   produced   in   the   sample     g     Glucose   produced   in   the   control     g    × 100 % ) − 100 %  



(3)









3. Results and Discussion


3.1. Screening of Different Straight-Chain OAs for Enhancement of Enzymatic Hydrolysis


The long-chain fatty alcohols (LFAs) of n-octanol (C8), n-decanol (C10), n-dodecanol (C12), n-hexadecanol (C16), and n-octadecanol (C18) have been well studied as nonionic surfactants for improving the enzymatic hydrolysis of lignin-cellulose films [23,25]. Low-carbon alcohols, including C1–C5, C8, and C10, were selected in this study to investigate their impact on the enzymatic hydrolysis of crystalline cellulose (Table 2). The enzymatic hydrolysis of Avicel was improved by OAs at a low concentration of 0.1% (v/v) for 48 h, but this improvement decreased after 72 h. The increase in the enzymatic hydrolysis of Avicel by C1–C5, C8, and C10 was 10.62%, 4.14%, 2.42%, 11.85%, 8.83%, 9.38%, and 12.04%, respectively. This enhancement was related to the structural change in the crystal cellulose due to the interaction between the enzyme and OA during the enzymatic hydrolysis, which might lead to the exposure of a more accessible surface area [34]. The reason for the decrease in the relative cellulose conversion rate at 72 h could be ascribed to the fact that the active side of the OA no longer responds to the collapsed crystal structure of Avicel after 48 h.



The relative conversion rates of Avicel at 48 h with 1% (v/v) C8 and C10 were 109.20 and 127.96%, which were 9.2 and 27.96% higher than the control groups. The promoting effect of C8 and C10 on the enzymatic hydrolysis process may be due to the positive reaction of octanol and decanol with Avicel [22], whereas the relative cellulose conversion rates of Avicel with 1% (v/v) C1–C5 supplements were inhibited. The negative effect could be explained by the hydrophobic interactions of C1–C5 with the crystalline cellulose substrate [25].




3.2. Effect of Different OA Isomers on Enzymatic Hydrolysis of Crystalline Cellulose


The impact of molecular configuration on enzymatic hydrolysis was investigated with the organic alcohol isomers by comparing n-pentanol (C5)/isoamyl alcohol (I5) and n-octanol (C8)/phenyl ethanol (P8). The results are shown in Figure 1.



When C5 and I5 were supplemented at a low concentration of 0.1% (v/v), they had a similar influencing behavior on the enzymatic hydrolysis of Avicel. The results show that both C5 and I5 had a positive effect on enzymatic hydrolysis at 48 h, but a negative effect at 72 h. The highest relative conversion rate of C5 and I5 was increased by 8.83% and 11.65% at 48 h, respectively. However, it was found that both C5 and I5 impeded the enzymatic hydrolysis of Avicel at a high concentration (1% v/v) (Figure 1a). Based on the above results, C5 and I5, with the same carbon atoms, showed a similar impact on the enzymatic hydrolysis of cellulose. This indicates that a hydroxyl connected with a straight chain or branched chain does not affect the digestibility of cellulose.



On the other side, the highest relative conversion rate of Avicel with the addition of 0.1% (v/v) C8 was increased by 9.38% at 48 h, whereas that with the addition of 0.1% (v/v) P8 was increased by 6.81% at 24 h (Figure 1b). The enzymatic hydrolysis efficiency of Avicel was enhanced by 1% (v/v) C8, but was strongly inhibited by 1% (v/v) phenyl ethanol at 48 h. A similar result was found in a previous study that found that 8-carbon straight-chain alcohols were conducive to increasing the enzymatic hydrolysis, but 8-carbon isomeric alcohols impeded enzymatic hydrolysis because of the stronger steric hindrance effect [25]. Above all, the OAs of C1, C4, C5, I5, C8, and C10 at a low concentration (0.1% v/v) were suitable to be used to enhance the enzymatic hydrolysis of cellulose.




3.3. Associations between Additives in the Enzymatic Hydrolysis of Crystalline Cellulose


The addition of an additive mixture might be a feasible strategy for improving the enzymatic hydrolysis process due to its possible synergistic effect. Bio-additives of SL, a kind of surfactant, possess a hydrophilic sophorose group and hydrophobic saturated or unsaturated ω-(or ω-1) hydroxy long-chain fatty acids [3]. The synergistic effect of OAs and SL on the enzymatic hydrolysis of cellulose was investigated.



The W63 crude enzyme was supplemented with the 40 mg/g substrate, and the effects of all compound additives are illustrated in Figure 2. Compared to the control (without additives) and the supplementation of SLs individually, the enzymatic conversion rate of Avicel based on the association with the compound additives of T1, T2, T3, T4, and T5 at 72 h was increased by 6.7%, 4.7%, 5.2%, 5.6%, and 8.0%, respectively. The promotion effects of the compound additives of OA and SL might be due to the hydrophobicity that was formed by the combination of different OAs and SL. Furthermore, the cellulose conversion rate at 72 h for the OA isomers was not different between T3 and T4. Here, the enzymatic hydrolysis results are close to those from the addition of the OA isomers of C5 and I5 solely. Consequently, the enzymatic conversion rate of Avicel in the presence of compound additives followed the order of T5 > T1 > T4 > T3 > T2 > SL > control. The positive effect of this association was probably due to the synergistic enhancement of the OAs and SL in the release of the unproductive binding of cellulase and hemicellulase, especially BGL and XYL [35], while also protecting the stability of the enzymes and the reduction in the protein aggregation and deactivation [36].




3.4. Synergistic Enhancement of Poplar Enzymatic Hydrolysis by Compound Additives


The outstanding performances of different OAs and SL were investigated on the pretreated poplar. The results show that all the compound additives of T1, T2, T3, T4, and T5 could dramatically increase the cellulose conversion rate, compared to the control without additives or with only the addition of SL (Figure 3).



When the dosage of the W63 crude enzyme protein was loaded with a 40 mg/g substrate, the mixture addition of T1, T2, T3, T4, and T5 reached the highest cellulose conversion rates of 80.4%, 77.5%, 77.1%, 69.5%, and 85%, respectively. The dramatic enhancement of the enzymatic conversion rate of pretreated poplar with the addition of different compound additives was much higher than the enhancement of the crystallinity cellulose of Avicel. The difference was because the hydrolysis concentration of pretreated poplar was 1% (w/v), whereas the hydrolysis concentration of Avicel was 10% (w/v). The promotion effects were comparable to those obtained in the enzymatic hydrolysis conversion rate when using a biosurfactant alone. This result implies that the mixture of these compound additives could enhance the enzymatic hydrolysis rate more effectively than a single additive. This could be attributed to the synergetic effect of 0.1% (v/v) OA and 1% (v/v) SL stopping the nonproductive adsorption of the enzyme in the substrate and protecting the deactivation of the enzyme proteins [5]. It was found that, with combinations of different kinds of OAs and SLs, the hydrolysis conversion rate was not only based on the OA of their carbon chain length, but was also affected by the changing of the poplar active site after the substrate pretreatment. The cellulose conversion rate of pretreated poplar in the presence of compound additives followed the order of T5 > T1 > T2 > T3 > T4 > SL. Additionally, a significant difference was observed in the OA isomers that had the cellulose conversion rate between T3 and T4. It is obvious that the OA straight chain was superior to the side chain for the enzymatic conversion of lignocellulose.




3.5. Effects of Different Compound Additives on Activity and Stability of LLC02 and W63


At present, most studies take the purified enzyme as the object and do not consider the comprehensive effects on the cellulase complex [4,22,37,38]. In this study, the effects of different compound additives on the filter paper enzyme activity (FPA), endoglucanase activity (CMC), β-glucosidase activity (BGL), xylanase activity (XYL) and stability of the LLC02 and W63 crude enzyme were investigated to better understand the mechanism of the compound additives that affects enzymatic hydrolysis. All the results of relative decreasing/increasing activity are shown in Figure 4.



When compared with the LLC02, two compound additives of T1 and T4 (Figure 4a) had the most obvious promotion effect on the FPA, and the relative enzyme activity was increased by 62.7% and 46.5%, respectively. However, the compound additives of T2 and T5 had negative effects, which decreased the FPA by 26.8% and 33.4%, respectively. For the enzyme stability, the FPA of LLC02 was decreased by 43.6% without the supplementation of compound additives. On the contrary, the stability of the LLC02 FPA in the presence of the compound additives of T1, T2, T3, T4, and T5 was increased by 100%, 76.3%, 75.2%, 78.3%, and 93.9%, respectively. The increase in FPA stability was due to the presence of different compound additives. It can be concluded that all of these compound additives could improve the FPA, enzyme stability, and longevity, facilitating the recovery of cellulase. As shown in Figure 4b, compared to the W63 crude enzyme without additives, FPA activity was highly improved in the presence of the compound additives of T1, T2, T3, T4, and T5, which increased by 88.7%, 87%, 127.4%, 266.4%, and 102.1%, respectively. For FPA stability, compared to the control of W63, all the samples with a supplement of different compound additives were slightly inhibited. The decreasing stability of W63 might due to it being a fermented crude enzyme solution that, without a stabilizer, is different from the commercial cellulase. Consequently, there are dramatic increases in the enzymatic hydrolysis for all of the compound additives compared to the control of LLC02 and W63 without any additives.



As for the CMCase activity of LLC02 (Figure 4c), the T1, T2, T3, and T4 compound additives had greater promoting effects compared to the control, with T5 as the exception. CMCase activity from T1 to T4 sharply increased by 101.2%, 104.8%, 125.2%, and 97.6%, respectively. It can be assumed that the compound additive makes it more easy to disperse EG into the CMC substrate. However, for the CMCase stability of LLC02, all the samples merely have a slight increase when compared to the control. As shown in Figure 4d, the combination of T3 and T4 had a great promoting effect of 54.2% and 37.6% on the CMCase activity of the W63 crude enzyme, whereas T1, T2, and T5 significantly inhibited CMCase activity, which decreased by more than 50%. For W63 CMCase stability, the enzyme stability was slightly inhibited by all combinations (T1–T5).



In a previous study, it was observed that the surfactants of Tween 20, Triton X-100, and PEG4000 had a positive efficiency with regard to BGL activity [4,39,40]. This study revealed that the influence of different compound additives on LLC02 and W63 BGL activity and stability was different. As shown in Figure 4e,f, the results show that all of the compound additives were significantly inactivated for the BGL activity of LLC02. For the BGL stability of LLC02, the compound additives of T1, T2, and T4 could enhance the BGL stability, whereas T3 and T5’s BGL stability was inhibited. For the BGL activity of W63, the combination of T3 and T5 had a slight increase, whereas T1 and T2 were slightly inhibited in BGL activity. T4 had the greatest inhibition effect on W63 BGL activity, with the relative activity decreasing by 26.2%. The BGL stability of W63 slightly inhibited the relative enzyme activity with the addition of T1, T2, T3, and T4 compound additives. Meanwhile, the W63 BGL relative stability decreased the most, with a decrease of 21.8%, without the addition of compound additives. Surprisingly, T5 had the best stability of BGL, where the relative activity increased by 9.6%. This result indicates that the insufficiency and instability of BGL in LLC02 was replenished by the W63 BGL of T5, which may be the key factor that makes T5 become one of the most excellent compound additives for the promotion of enzymatic hydrolysis in lignocellulose.



It has been proved that the promotion effect of additives is due to the removal of xylan from the lignocellulose, which changes the physical structure of the substrate [41]. However, the influence of the compound additives on hemicellulase activity and stability were rarely reported. The results of XYL activity and stability are shown in Figure 4g,h. T1 and T4 show great improvement with regard to the XYL activity of LLC02, increasing by 39.7% and 84.2%, respectively, whereas T5 has the most inhibitory effect on XYL activity, which decreased by 41.4%. Surprisingly, the XYL stability of LLC02 was sharply increased by all of the compound additives. Among them, the XYL stability of T5 was dramatically increased by 70.2%. The contrast between the efficiency of XYL activity and stability for T5 might be due to the mixing of this kind of organic chemical group hindering the XYL activity at the beginning. After that, T5 developed hydrophobicity in the liquid phrase. affecting the promotion of the XYL stability. As seen with W63, the compound additives of T1, T2, and T5 activated the XYL activity by 56.5%, 31.6%, and 8.9%, respectively. Moreover, the XYL stability of W63 with T1 and T5 was slightly increased by 2.4% and 7.6%. Based on the great promotion effect of T5 in the enzymatic hydrolysis of pretreated poplar, it can be suggested that the boosting effect of the additives during the hydrolysis of lignocellulose synergistically increased the activities of cellulases and xylanase, and promoted the interaction between the cellulases and xylanase that caused lignocellulose accessibility [42].



It has been reported that many additives could improve the digestibility of biomass significantly based on substrate properties [4]. Cellulose enzymatic hydrolysis is a complicated process, and thus, the determination of FPA, CMC, BGL, and XYL cannot represent the entirety of the enzymatic hydrolysis effect on lignocellulosic biomass. However, we can conclude that the relative decreasing/increasing activity and stability results of LLC02 and W63 are correlated with the enzymatic hydrolysis effects of Avicel and pretreated poplar. The results show that the association of T5 was the most efficient in the degradation of Avicel and pretreated poplar. We hypothesize that the excellent improvement in the hydrolysis of lignocellulose might be caused by the synergistic effects of 0.1% (v/v) C10 and 1% (v/v) SL, which formed a hydrophobic environment that activated BGL and XYL activity, stabilized these two kinds of enzymes in the enzymatic hydrolysis process, and finally, played a promoting role in lignocellulosic digestion. However, further studies are needed to clarify the mechanisms and the economic analysis of the lignocellulose hydrolysis process.





4. Conclusions


The addition of OAs at a low concentration of 0.1% (v/v) could increase the enzymatic hydrolysis rate of Avicel. Among them, C1, C4, C5, I5, and C10 have higher efficiency with regard to the promotion of enzymatic hydrolysis. Subsequently, 0.1% (v/v) C1, C4, C5, I5, and C10 mixed with 1% (v/v) SL could further improve the enzymatic saccharification of Avicel and pretreated poplar. It can be concluded that all of these compound additives could enhance the FPA, enzyme stability, and longevity for LLC02 and W63, helping with the recovery of the cellulolytic enzyme cocktails. The most effective compound additive of T5 containing 0.1% (v/v) C10 and 1% (v/v) SL dramatically increased the enzymatic hydrolysis of pretreated poplar from 17.9 to 85%, which was an improvement of 67.1%. The excellent improvement in the hydrolysis of lignocellulose might be caused by the synergism of T5, as it formed a hydrophobic environment that activated BGL and XYL activity and stabilized these two kinds of enzymes in the enzymatic hydrolysis process. Finally, the development of compound additives could effectively improve the hydrolysis rate of lignocellulose.
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Figure 1. Effects of organic alcohol isomers on enzymatic hydrolysis of Avicel (a) isomers of 5-carbon; (b) isomers of 8-carbon. Organic alcohol isomers were supplemented at 0.1% (v/v) or 1% (v/v). Relative conversion rate was standardized by the experiment without additives. (C5—n-pentanol; I5—isoamyl alcohol; C8—n-octanol; P8—phenyl ethanol). 
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Figure 2. Effects of different compound additives on enzymatic hydrolysis of Avicel. SL—sophorolipid; T1—methanol + sophorolipid (C1 + SL); T2—n-butanol + sophorolipid (C4 + SL); T3—n-pentanol + sophorolipid (C5 + SL); T4—isoamyl alcohol + sophorolipid (I5 + SL); T5—n-decanol + sophorolipid (C10 + SL). Experaments were determined in use with 10% (w/v) Avicel as substrate with cellulase of 10 FPU/g substrate and W63 crude enzyme protein of 40 mg/g substrate hydrolysis for 72 h. 
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Figure 3. Effects of different compound additives on enzymatic hydrolysis of poplar. SL—sophorolipid, T1—methanol + sophorolipid (C1 + SL); T2—n-butanol + sophorolipid (C4 + SL); T3—n-pentanol + sophorolipid (C5 + SL); T4—isoamyl alcohol + sophorolipid (I5 + SL); T5—n-decanol + sophorolipid (C10 + SL). Experaments were determined in use with 2% (w/v) pretreated poplar as substrate with cellulase of 10 FPU/g substrate and W63 crude enzyme protein of 40 mg/g substrate hydrolysis for 72 h. 
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Figure 4. Effects of different compound additives on relative decreasing/increasing enzyme activities and stability of LLC02 and W63. T1—methanol + sophorolipid (C1 + SL); T2—n-butanol + sophorolipid (C4 + SL); T3—n-pentanol + sophorolipid (C5 + SL); T4—isoamyl alcohol + sophorolipid (I5 + SL); T5—n-decanol + sophorolipid (C10 + SL). (a) Fpase activity and stability of LLC02; (b) Fpase activity and stability of W63; (c) CMCase activity and stability of LLC02; (d) CMCase activity and stability of W63; (e) pNPGase activity and stability of LLC02; (f) pNPGase activity and stability of W63; (g) Xylanase activity and stability of LLC02; (h) Xylanase activity and stability of W63. Relative decreasing/increasing enzyme activities was standardized by the experiment without additives. 
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Table 1. The mixing formulas of compound additives.
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	Mixture
	T1
	T2
	T3
	T4
	T5





	Additive 1 (0.1% v/v)
	C1
	C4
	C5
	I5
	C10



	Additive 2 (1% v/v)
	SL
	SL
	SL
	SL
	SL
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Table 2. Effects of different OAs on enzymatic hydrolysis of Avicel.
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Organic Alcohol

	
Carbon Chain Length

	
Relative Conversion Rate a




	
0.1% (v/v) Addition

	
1% (v/v) Addition




	
24 h

	
48 h

	
72 h

	
24 h

	
48 h

	
72 h






	
Methanol

	
C1

	
96.87

	
110.62

	
100.17

	
99.34

	
97.93

	
93.62




	
Ethanol

	
C2

	
102.98

	
104.14

	
99.69

	
91.42

	
97.92

	
80.04




	
Glycerol

	
C3

	
102.25

	
102.42

	
98.34

	
96.93

	
95.57

	
95.21




	
n-Butanol

	
C4

	
106.27

	
111.85

	
100.62

	
95.13

	
98.45

	
85.95




	
n-Pentanol

	
C5

	
97.58

	
108.83

	
92.86

	
82.82

	
91.51

	
78.38




	
n-Octanol

	
C8

	
100.89

	
109.38

	
91.33

	
99.42

	
109.20

	
98.18




	
n-Decanol

	
C10

	
107.94

	
112.04

	
105.86

	
105.41

	
127.96

	
97.54








a Relative conversion rate was standardized by using the experiment without additives.
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