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Abstract: Obtaining low cost lignocellulolytic enzymes and efficient biomass pretreatment are key to increase 

the competitiveness of second-generation ethanol in comparison with fossil fuels. The enzymatic cocktail 

produced by the Chrysoporthe cubensis fungus as well as the mixture prepared with the cocktails of the 

Chrysoporthe cubensis and Penicillium pinophilum fungi have already proven to be efficient for hydrolyzing 

biomass pretreated with alkali.  In this study, they were evaluated in saccharification of sugarcane bagasse 

pretreated with dilute acid or hot water at 121°C using an enzyme loading equal to 8 filter paper units per 

gram of biomass. The most promising results were obtained from the hydrolysis of biomass pretreated with 

hot water by the C. cubensis-P. pinophilum enzymes blend. In this condition, the glucose and xylose 

production were 25.2 g.L-1 and 4.6 g.L-1, respectively, that resulted in the conversion of 68% of glucan and 

23% of xylan in only 48 hours. This study shows that the hydrothermal pretreatment is a promising alternative 

to improve the enzymes performance, produced by the fungi C. cubensis and P. pinophilum, in the sugarcane 

bagasse hydrolysis without the need of chemical compounds, generally used in the acid and alkali 

pretreatments. Furthermore, the hydrothermal pretreatment for 60 min allowed all cocktails applied to convert 

the cellulose efficiently with only 24 h of saccharification, which contributes to the energy savings employed 

in the process. 

HIGHLIGHTS 

 C. cubensis-P. pinophilum enzyme blend resulted in high levels of synergy  

 Mild hydrothermal pretreatment reduced the hemicellulases requirement in hydrolysis 

 The best results were obtained by the enzymatic blend in H60-SCB saccharification  
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INTRODUCTION 

Brazil is the world leader in sugarcane production (646.4 million tons/year) [1], which is used as a 

feedstock in the production of first generation ethanol. In this process, approximately 260 kg of bagasse are 

generated per ton of processed sugarcane, making this material the most promising Brazilian agro-industrial 

waste to produce second generation ethanol [2]. However, the cellulosic ethanol production demands 

mastery of complex, still underdeveloped technologies, which have low yields for the conversion of feedstock 

into bioethanol, negative energy balance and high production costs [3]. The main challenges are related to 

enzymatic saccharification of lignocellulosic biomass because this material contains hemicellulose and lignin 

which are both polymers that hinder the action of biocatalysts on cellulose, lowering the efficiency of 

fermentable sugars production [4]. 

Thus, prior to enzymatic hydrolysis, lignocellulosic biomass must be submitted to a pretreatment step, to 

make cellulose more available to the action of cellulases [5–7]. Pretreatment still represents a significant 

portion of the process cost [5,8,9] and it is necessary to find a technology that is efficient in the partial or total 

separation of lignocellulosic components, with a low generation of hydrolysis and fermentation inhibitors, low 

energetic cost, and minimum sugar loss [9,10]. The known methods that act mainly on hemicellulose, the 

second most abundant polysaccharide in the plant cell wall [6], are acid pretreatment, hydrothermal 

pretreatment, and steam explosion [6,11]. The use of diluted sulfuric acid is the most usual technique on the 

industrial scale to disrupt lignocellulosic biomass [7,11]. However, the physical-chemical methods 

(hydrothermal and steam explosion) have the advantages of presenting less environmental impacts and 

generating fewer inhibitors, if compared to chemical pretreatments [6,12]. 

The hydrolysis process consists of the conversion of polysaccharides into sugar monomers via the action 

of chemical compounds or biocatalysts such as enzymes [4]. For the latter technology to be efficient, the 

combined and synergistic action of several types of enzymes is needed [4,13]. Technological bottlenecks of 

enzymatic hydrolysis are related to low rates of cellulose conversion into glucose and high costs of enzyme 

production [4]. Moreover, since the composition of lignocellulosic biomass is quite diverse, there is an 

increasing demand for the development of optimized enzymatic cocktails [14]. Bioprospecting of 

microorganisms that produce lignocellulolytic enzymes, on-site enzyme production, and the combination of 

enzymatic extracts produced by different microorganisms (blends) are some alternatives to reduce the cost 

of obtaining of biocatalysts and increase the saccharification velocity and efficiency [5]. 

The fungus Chrysoporthe cubensis has recently been discovered as a new source of lignocellulolytic 

enzymes [13] and since then its set of enzymes has been shown to be efficient in the alkali-pretreated 

sugarcane bagasse hydrolysis [10,13,15]. Furthermore, previous work showed that an enzymatic blend from 

the mixture of the crude extracts of fungi C. cubensis and P. pinophilum was also able to convert much of the 

cellulose and hemicellulose present in the alkali-pretreated sugarcane bagasse [16]. Few studies 

investigated the influence of different pretreatment methods in the hydrolysis efficiency of biomass by the 

abovementioned enzymatic mixtures. However,  the process efficiency is influenced not only by the chemical 

composition of biomass and the enzymes used in hydrolysis but also by the type and severity of the 

pretreatment method [10]. Therefore, the effects of mild pretreatments with diluted acid or hot water on 

sugarcane bagasse saccharification performed with the C. cubensis enzymes and C. cubensis-P. pinophilum 

enzyme blend were evaluated. The commercial cocktail Multifect® CL was used for comparison purposes. 

So, the present study aimed to discover new conditions to allow a better performance of these cocktails 

produced in laboratory bench level. 

MATERIALS AND METHODS 

Carbon Sources 

Sugarcane bagasse (SCB) was provided by Jatiboca Sugar and Ethanol Plant, Urucânia, MG, Brazil. 

Wheat bran was obtained at a supermarket in Viçosa, MG, Brazil. Elephant grass was collected in the 

experimental area of the Animal Science Department of the Federal University of Viçosa, MG, Brazil. 
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Obtaining and Growing Microorganisms  

Fungi Chrysoporthe cubensis and Penicillium pinophilum were acquired at the mycological collection of 

the Laboratory of Forest Pathology and Laboratory of Biochemical Technology, respectively, both of the 

Federal University of Viçosa, MG, Brazil. The microorganisms were cultured and grown according to the 

method described by Visser and coauthors [16]. After the obtainment of enzymes produced by both fungi, a 

nylon cloth was used to separate solids by filtration, followed by centrifugation at 15,000g for 10 minutes. The 

clarified enzyme extracts of C. cubensis (CC) and P. pinophilum (PP) were frozen and stored for further 

enzymatic analysis. The C. cubensis-P. pinophilum enzyme blend (BL) was obtained by mixing the 

supernatants of both fungi cultures at the ratio of 50:50 (v/v) because this methodology generated the enzyme 

cocktail which presented the best results in the study developed by Visser and coauthors [16].  

Enzyme Activities, Sinergy and Protein Quantification 

All enzymatic assays were performed in triplicate with sodium acetate buffer (100 mmol.L-1, pH 5) at 

50°C. Whatman N° 1 filter paper (1 × 6 cm, 50 mg) and carboxymethylcellulose (1.25% w/v) were used as 

substrates to determine FPase and endoglucanase activities, respectively [17]. The total reducing sugars 

released during these assays were quantified by dinitrosalicylic (DNS) acid method [18] and a standard 

glucose curve. Xylanase activity was determined according to the method described by Falkoski and 

coauthors [13], using xylan from beechwood (1.25% w/v) as substrate and the incubation time was 15 min. 

The products of this enzyme reaction were also quantified by DNS method, with xylose as the standard. The 

measurement of β-glucosidase, β-xylosidase, α-mannosidase, β-galactosidase, α-arabinofuranosidase and 

cellobiohydrolase activities was done using ρPNβ-Glc, ρNPβ-Xyl, ρNPα-Man, ρNPβ-Gal, ρNPα-Ara and 

ρNPβ-Cel as substrates, respectively. These enzymatic assays were done as described by Falkoski and 

coauthors [13], using a reaction time of 15 min. Laccase assay was performed according to Maitan-Alfenas 

and coauthors [10], using 2,2′-azino-di-(3-ethylbenzthiazoline sulfonic acid) as substrate and a molar 

extinction coefficient of 3.6 × 104 mol.L-1.cm-1. In the present study, one unit of enzymatic activity (U) was 

defined as the amount of enzyme able to release 1 µmol of equivalent product per minute. 

The level of synergy presents in the BL was calculated by comparison between the measured enzymatic 

activities of this extract and the theoretical activity expected of the same enzyme according to the equations 

below: 

   Theoretical enzyme activity = 
Enzyme activity PP + Enzyme activity CC 

2
                           (1) 

 

Sinergy (%) = 
Enzyme activity BL × 100

Theoretical enzyme activity
                                                            (2) 

The Coomassie Blue binding method was applied to determine the protein concentration of all enzyme 

extracts, using bovine serum albumin (BSA) as the standard [19]. 

Sugarcane Bagasse Pretreatments and Yield Calculation 

SCB was washed with distilled water to remove dirt and sugars that might already be present. The 

washed material was dried in an oven at 70°C, to remove the moisture, until it achieved a constant mass. 

The first stage of biomass disruption was done by physical pretreatment, in which all the washed and dried 

SCB was milled (18 mesh). In the second stage, the milled SCB was submitted to acid or hydrothermal 

pretreatments. The chemical pretreatment was done as described by Maitan-Alfenas and coauthors [10], but 

the sulfuric acid concentration was 0.5% (v/v). The hydrothermal pretreatment was performed using only 

distilled water, at a solid loading of 10% (w/v) in an autoclave at 121°C, for 20 or 60 minutes.  

After pretreatment, a Buchner funnel fitted with filter paper was used to filter the materials. The liquid 

fractions were used to quantify the inhibitors generated during the different pretreatments while the distilled 

water was applied to wash the solid fractions. The first wash was performed at room temperature at a ratio 

of 1:10 (sugarcane bagasse/distilled water) [20] using a Buchner funnel fitted with filter paper. The resulting 

materials were separated into two parts. One part of the washed solids was dried and sealed in a hermetic 

vessel to retain moisture, stored at - 20°C until its use in saccharification experiments. The other part of the 

washed solids was applied in a second wash at the same conditions to remove all inhibitors compounds 

adhered to the pretreated sugarcane bagasse and allow the calculation of the concentration of the inhibitors 

even present in the different biomasses at the beginning of enzymatic hydrolysis. Considering the dry weight 
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of the sugarcane bagasse samples before and after the pretreatment step, the loss mass and yield of the 

process was calculated according to Equation 3. 

Yield (%) =  (
Pretreated-SCB dry weight (g)

Raw-SCB dry weight (g)
) × 100                                           (3) 

Quantification of Inhibitors Released from Sugarcane Bagasse Pretreatments 

The liquid fractions resulted from each pretreatment method and the wastewater resulting from each 

washing step of pretreated bagasse were used to quantify the inhibitors released during the disruption of 

biomass. The Prussian blue method [21] was applied to analyze phenolic compounds, using gallic acid as 

the standard. The high-performance liquid chromatography (HPLC) was carried out to determine the 

concentrations of furans (furfural and hydroxymethylfurfural) and organic acids (levulinic, acetic, and formic 

acids) using a Shimadzu series 10A chromatograph equipped with an Aminex HPX-87H column (300 × 7.8 

mm) and refractive index detector. The column was eluted with water at a flow rate of 0.6 mL/min and it 

operated at 65 °C [20]. 

Chemical composition and structure analysis of SCB samples 

In order to evaluate the effects of different pretreatments in biomass composition and also allow to 

calculate the hydrolysis efficiency, a modified Klason lignin method [15,22] was used to determine the 

chemical composition of the raw, acid- and hydrothermal-pretreated SCB. The values of cellulose, 

hemicellulose and lignin in the different samples were analyzed using the GraphPad Prisma 6.01 software, 

performing analysis of variance (ANOVA) followed by Tukey’s test at a significance level of 5% (α = 0.05). 

The standard deviation was also calculated for all assays. To perform the structure analysis, the samples 

were dried at 60 °C for 7 days. Then, the dry materials were sputter-coating with gold prior to they be 

examined and photographed using a Leo 1430VP scanning electron microscope. 

Conversion of pretreated SCB into glucose and xylose 

The methodology described by Maitan-Alfenas and coauthors [10] was applied to concentrate the 

enzyme mixtures produced at the laboratory bench level and it also was adapted to realize the enzymatic 

hydrolysis experiment. During 48 h, the acid- and hydrothermal-pretreated SCB saccharification were 

performed in triplicate with CC, BL and Multifect® CL (MCL) using 25 mL Erlenmeyer flasks with 10 mL 

working volume and an enzyme loading of 8 FPase units per gram of biomass. Samples (0.2 mL) of the 

reaction medium were taken throughout the experiment to monitor the glucose and xylose production. A 

Shimadzu series 20A chromatograph, equipped with an Aminex HPX-87P column (300 x 7.8 mm) and 

refractive index detector, was used for HPLC analysis of products released in the saccharification assays 

[10]. The efficiency of glucan and xylan conversion were calculated according to Falkoski and coauthors [13]. 

RESULTS AND DISCUSSION 

Synergy is defined as the interactions that occur between two or more hydrolytic components, producing 

an effect total greater than the sum of the effects of the individual components [16]. While the PP has 

advantageous over cellulase content, the CC stood out due to the activities of some hemicellulases. The BL 

presented the highest activities and high levels of synergy for most enzymes evaluated, except α-

arabinofuranosidase and laccase (Table 1). 

The PP and CC were produced by submersion and solid-state fermentation, respectively, from specific 

carbon sources for each culture medium. The difference between the fungal growth methodologies probably 

induced enzymes with distinct properties [23] and when mixed, the extracts complement each other, 

generating a more complete cocktail. When investigating the enzymatic profile of the 50:50 blend composed 

of the crude extracts of C. cubensis and P. pinophilum, Visser and coauthors [16] found a synergistic action 

between them concerning the FPase (76%), endoglucanase (50%) and xylanase (24%) activities. According 

to the present work, this blend does not only result in the improvement of the enzymatic activities already 

described in the literature but also in the synergistic action related to the β-cellobiohydrolase, β-glucosidase, 

α-mannosidase, β-xylosidase and β-galactosidase activities (Table 1). It contributes to the BL being a 

complete and efficient cocktail in the biomass hydrolysis. 
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Table 1. Enzymatic profiles of crude extracts produced in laboratory bench level and analysis of synergy between them. 

          n.d., not detected  

Protein analysis showed that CC, BL and MCL presented a protein concentration of 0.536 ± 0.032 

mg.mL-1, 0.162 ± 0.002 mg.mL-1 and 65.106 ± 1.245 mg.mL-1, respectively. Unlike extracts produced at the 

laboratory bench level, Multifect® CL is a commercial cocktail with a large amount of solubilized proteins. 

Therefore, a direct comparison between volumetric activities found in different enzymatic extracts does not 

allow a fair evaluation [13]. FPase is the standard activity considered to determine the enzyme loading in 

saccharification processes, which justifies the use of this parameter as a reference to establish a comparative 

analysis between the different extracts [13]. Therefore, all enzymatic activities analyzed were indexed in 

relation to FPase activity and the results can be observed in Table 2. 

Table 2. Comparative analysis of cellulases and hemicellulases activities present in the cocktails applied in the 
saccharification experiment. The reported values were obtained by dividing the mean of each enzymatic activity by the 
mean FPase activity found in each cocktail. 

n.d., not detected.  

The noticeable presence of hemicellulases in the CC and BL cocktails is a desirable result, because this 

group of enzymes promotes hydrolysis of the remaining hemicellulosic fraction after biomass pretreatment, 

making cellulose more available to the action of cellulases [13,24,25]. Because lignin is usually related to low 

efficiency in the hydrolysis step [26,27], the laccase present in both extracts is another important 

characteristic in comparison to the commercial cocktail. Laccase enzyme aids in the removal of residual lignin 

from biomass and also oxidize phenolic compounds that inhibit cellulases [10,28]. In addition to enzyme 

variety, the BL presented the highest enzymatic activities, including β-glucosidase and β-xylosidase. These 

enzymes are crucial to a good saccharification yield, because they prevent the accumulation of 

oligosaccharides, being responsible for the last step of glucose and xylose production, respectively [10]. 

Thereby, sugarcane bagasse hydrolysis with BL may not be inhibited by cello-oligosaccharides produced by 

β-cellobiohydrolase, also presents in this mixture.  

Enzyme 
Activities (UI.mL-1) 

Synergy Level (%) 
P. pinophilum C. cubensis Blend 

FPase 0.13 ± 0.01 0.17 ± 0.00 0.23 ± 0.01 53 

Endoglucanase 3.75 ± 0.21 0.73 ± 0.06 5.60 ± 0.37 150 

β-cellobiohydrolase 0.23 ± 0.01 0.42 ± 0.02 0.72 ± 0.03 125 

β-glucosidase 0.15 ± 0.00 0.78 ± 0.04 3.08 ± 0.19 569 

Xylanase 40.0 ± 3.76 7.42 ± 0.51 44.8 ± 2.93 89 

α-mannosidase n.d. 0.01 ± 0.00 0.02 ± 0.00 300 

β-xylosidase 0.16 ± 0.00 0.02 ± 0.00 0.18 ± 0.00 100 

α-arabinofuranosidase 0.06 ± 0.00 0.40 ± 0.02 0.06 ± 0.00 n.d. 

β-galactosidase 0.16 ± 0.00 0.02 ± 0.00 0.22 ± 0.01 144 

Laccase 1.73 ± 0.00 0.99 ± 0.00 1.02 ± 0.00 
n.d. 

 

Enzyme 
Units of enzymatic activity / FPase 

C. cubensis Blend Multifect® CL 

FPase 1.00 1.00 1.00 

Endoglucanase 4.29 24.3 99.52 

β-cellobiohydrolase 2.47 3.13 0.15 

β-glucosidase 4.58 13.4 0.73 

Xylanase 43.6 194.8 44.98 

α-mannosidase 0.06 0.08 n.d. 

β-xylosidase 0.12 0.78 n.d. 

α-arabinofuranosidase 2.35 0.26 n.d. 

β-galactosidase 0.12 0.95 n.d. 

Laccase 5.82 4.43 
n.d. 
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The results of the compositional analysis of raw and pretreated biomass, and the yield of each applied 

method are presented in Table 3. The severity factor resulting from a specific pretreatment method is related 

to the percentage of biomass loss which interferes with the efficiency and general costs of the biofuel 

production process [10,28]. The lower yield presented by the dilute acid pretreatment proved the highest 

severity of this method which resulted in 25.8% of biomass loss while only 5.9% and 8.6% of  biomass was 

lost after hydrothermal pretreatment for 20 and 60 min, respectively. Furthermore, approximately 16% of the 

cellulose and lignin contents were solubilized after chemical pretreatment (2-3 times greater than in other 

methods). Reduction of the hemicellulose concentration (47.8% recovery) in sugarcane bagasse after dilute 

acid pretreatment was expected, because this method promotes solubilization of the hemicellulosic fraction 

[29–31], making cellulose more available to the action of enzymes [6]. Despite significant changes in its 

chemical composition, the AC-SCB presented the largest amount of cellulose and lignin when compared with 

hydrothermal-pretreated SCB (Table 3). 

Table 3. Compositional and mass loss analysis of raw and pretreated sugarcane bagasse. The amounts of cellulose, 
hemicellulose and lignin are based on the dry weight. Averages in the same column and followed by the same letter do 
not differ by the Tukey test at 5% of significance. 

SCB: raw sugarcane bagasse; AC-SCB: acid pretreated sugarcane bagasse; H20-SCB and H60-SCB: hydrothermal 
pretreated sugarcane bagasse for 20 min and 60 min, respectively. Hemicellulose: xylan, acetyl and arabinan fractions. 

The hydrothermal pretreatment can infiltrate the biomass and moisturize cellulose. This enhance its 

accessible and susceptible surface area, and improve its accessibility to the hydrolytic enzymes, 

consequently facilitating the removal of hemicellulose and lignin [32]. Liquid hot water (LHW) is a type of 

hydrothermal pretreatment that improves enzymatic hydrolysis of cellulose by solubilizing xylan, increasing 

porosity and decreasing particle size [27,33]. Hydrothermal pretreatment was less effective, even when 

prolonged, for altering the sugarcane bagasse composition if compared to the use of diluted acid, especially 

regarding the hemicellulose content since 94.4% and 95.2% of this component was recovered in H20-SCB 

and H60-SCB, respectively. This is because efficient degradation of hemicellulose under neutral or 

hydrothermal conditions requires higher temperatures than those required in chemical treatments with acids 

and alkalis [34]. The temperature applied was 121°C, but water must reach a minimum of 180°C for 

solubilization of the hemicellulosic fraction to be efficient [34]. Although the solubilization of lignin promoted 

by the two hydrothermal pretreatments also was slight (more than 90% recovery), H20-SCB and H60-SCB 

showed a lignin content lower than AC-SCB (Table 3).  

Due to the slight alteration of the biomass composition promoted by the hydrothermal pretreatment, the 

unpretreated and pretreated samples of sugarcane bagasse were submitted to scanning electron microscopy 

to evaluate possible structural changes (Figure 1). SCB presented an organized structure, characterized by 

a smooth and uniform surface, composed of lignocellulosic fibers spliced (Figure 1 A). In contrast, the 

samples resulting from acid and hydrothermal pretreatments (Figures 1 B, C, D) showed lignocellulosic fibers 

broken and with more space between them, which indicates greater porosity in pretreated materials. 

Consequently, the AC-SCB (Figure 1 B), H20-SCB (Figure 1 C) and H60-SCB (Figure 1 D) presented many 

layers and they were characterized by a high level of disorganization.   

Considering that the production of the inhibitors depends on the pretreatment type and that the efficiency 

of the enzymes in the hydrolysis stage is related to the concentration of degradation compounds in pretreated 

biomass [20,35,36], the release of inhibitors and their removal by washing were also investigated by each 

method of pretreatment method employed and the results are shown in Table 4. The use of dilute acid 

generated more inhibitors, mainly acetic acid (3.8 g.L-1) when compared to the use of only water to disrupt 

the lignocellulosic biomass. Furthermore, the presence of HMF was only observed in the liquor resulted from 

acid pretreatment. On the other hand, the inhibitor production profile for both hydrothermal pretreatments 

was similar.  

During the biomass pretreatment, the different carbohydrates present in lignocellulosic material can be 

transformed into many by-products. Cellulose can be converted into oligomers and free glucose or degraded 

Sample 
Composition (%) 

Yield (%) 
Cellulose Hemicellulose Lignin 

SCB 41.25 ± 0.18a 27.62 ± 0.50a 23.91 ± 0.07a 100.00 

AC-SCB 46.76 ± 0.42b 17.82 ± 0.26b 26.95 ± 0.31b 74.19 

H20-SCB 41.62 ± 0.11a
 28.28 ± 0.47ac 24.58 ± 0.27c 93.24 

H60-SCB 41.72 ± 0.23a 29.12 ± 0.32c 24.12 ± 0.14ac 90.34 
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into furfural and HMF, while hemicellulose can be converted into pentose and hexose sugars or degraded 

into aliphatic acids (primarily acetic acid, formic acid and levulinic acid) and furan aldehydes [9,35]. In 

contrast, the degradation of lignin during the biomass pretreatment results in the release of phenolic 

compounds [35]. Therefore, these results are in agreement with the data of mass loss and chemical 

composition changes (Table 3), which were more significant in AC-SCB and slighter and similar for H20-SCB 

and H60-SCB. 

 

Figure 1. Scanning electron microscopy images of the sugarcane bagasse submitted to different pretreatments 

methods. Pretreatment abbreviations: no pretreatment (A), acid (B), hydrothermal for 20 min (C) and hydrothermal for 

60 min (D). 

The concentration for each group of inhibitors presents in liquid fractions obtained after the filtration and 

first wash of pretreated SCB samples proved that most of all by-products generated in each pretreatment 

(54-100%) were not retained in the solid fraction. Besides, the sole wash performed on the pretreated SCB 

samples was essential and sufficient to remove all (100%) or most of the inhibitors that were adhered to the 

solid fraction (55-75%). The filtration combined with one wash step was able to eliminate 85-100% of the 

undesirable compounds (Table 4).  

A previous work [37] evaluated the effects of different cellulase inhibitors in enzymatic saccharification 

and reported that the efficiency of glucan conversion was decreased only when the concentrations (in g.L-1) 

of acetic acid, HMF, furfural, formic acid and tannic acid (phenol) were 6.4, 0.3, 3.3, 2.4 and 4, respectively. 

In addition, another previous study [38] showed that 1 g.L-1 of phenolic compounds, 3.3 g.L-1 of acetic acid 

and 0.6 g.L-1 of furfural decreased the glucose consumption by 35%, 20% and 15%, respectively, in acetone-

butanol-ethanol fermentation, while 0.3 g.L-1 of levulinic acid and 0.2 g.L-1 of HMF did not affect the process.  

Since the concentration of inhibitors detected after the second wash corresponds to those that remained 

in the biomass samples used in the saccharification experiments (Table 4), it is possible to affirm that neither 

as pretreatment slurries much less as AC-SCB, H20-SCB and H60-SCB contained enough inhibitors to impair 

the enzymatic saccharification and/or the fermentation process. The low concentrations of released inhibitors 

are due to the mild conditions of pretreatments performed in this study. 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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Table 4. Release of inhibitors for each type of pretreatment applied to sugarcane bagasse. 

Liquid Fraction 

Inhibitors released (g.L-1) 

Phenols 
Acetic 
acid 

Formic acid Levulinic acid Furfural HMF 

AC-PT  
After filtration 0.030 2.149 n.d. n.d. n.d. 0.024 
After 1st wash 0.015 1.175 n.d. n.d. n.d. n.d. 
After 2nd wash 0.005 0.557 n.d. n.d. n.d. n.d. 
Total 0.050 3.881 n.d. n.d. n.d. 0.024 

H20-PT 
After filtration 0.015 0.065 0.201 n.d. n.d. n.d. 
After 1st wash 0.004 0.035 0.171 n.d. n.d. n.d. 
After 2nd wash 0.002 n.d. n.d. n.d. n.d. n.d. 
Total 0.021 0.100 0.372 n.d. n.d. n.d. 

H60-PT 
After filtration 0.020 0.083 0.250 n.d. n.d. n.d. 
After 1st wash 0.005 0.033 0.188 n.d. n.d. n.d. 
After 2nd wash 0.004 n.d. n.d. n.d. n.d. n.d. 
Total 0.029 0.116 0.438 n.d. n.d. n.d. 

AC-PT: acid pretreatment; H20-PT: hydrothermal pretreatment for 20 min; H60-PT: hydrothermal pretreatment for 60 
min; HMF: hydroxymethyl; n.d.: not detected. The values are the average of three repetitions and standard deviations 
did not exceed 5% of the mean. 

After the enzymatic profiles analysis of the non-commercial and commercial cocktails, evaluation of the 

effects of the pretreatment on the composition and structure of the SCB and quantification of the generated 

inhibitors, the saccharification experiments were finally carried out and the results of the glucose and xylose 

production are shown in Figure 2. A smaller concentration of hemicellulose (Table 3) and the evident 

structural disorganization (Figure 1 B) resulting from the pretreatment stage were not enough to ensure high 

efficiency in AC-SCB hydrolysis, mainly by MCL (Figures 2 A, 3 A). The use of acid has considerable 

disadvantages, such as the increased generation of compounds (furfural and furfural hydroxymethyl) which 

inhibit the sugar fermentation and may also reduce the activity of some cellulolytic enzymes [7,11,12]. The 

quantity, distribution and toxicity of inhibitor compounds depend, among other factors, on the type and 

severity of pretreatment [39]. A previous study [10] showed that enzymes of the commercial cocktail Multifect® 

CL were more efficient than Chrysoporthe cubensis enzymes to convert cellulose from sugarcane bagasse 

pretreated with 1% sulfuric acid. However, the same performance was not observed in the present work 

(Figures 2 A, 3 A), probably due to the low severity of the acid pretreatment. Pretreatment severity is directly 

proportional to the concentration of H+ protons [40] and the concentration of liberated inhibitor compounds. 

The greater severity employed in the work aforementioned resulted in biomass with a lower hemicellulose 

quantity (8.69%) if compared to the AC-SCB (Table 3), and likely higher inhibitors release. Despite the 

pretreatment with 0.5% sulfuric acid had not generated enough inhibitors to impair the enzyme action (Table 

4), it resulted in a greater need for hemicellulases because the use of cocktails with a greater variety and 

quantity of these enzymes (BL and CC) was more advantageous than MCL for AC-SCB saccharification 

(Figures 2 A, 3 A). So, the residual hemicellulosic fraction of AC-SCB was responsible for the great difference 

in saccharification efficiency of different extracts tested. 

Residual lignin from pretreated biomass hinders hydrolysis by physically blocking access of the enzymes 

to polysaccharides and non-productively binding enzymes [41]. A higher concentration of lignin was found in 

the AC-SCB (Table 3). The presence of laccase in the cocktails produced at the laboratory bench level may 

have contributed positively to the velocity of product formation, minimizing the effects of lignin on the 

enzymes, because laccase assists in the biomass delignification process [27]. Previous studies have proven 

that the use of nonionic surfactants (e.g. Tween 20 and 80), polymers (e.g. Polyethylene Glycol - PEG) and 

non-catalytic protein (e.g. BSA) are some of the alternatives to reduce non-productive binding between 

enzymes and residual lignin. These compounds enhance the saccharification efficiency because they bind 

to lignin, allowing the enzymes to remain free to bind to their substrates, such as cellulose and hemicellulose 

[42–46]. Wang and coauthors [47] observed an improvement in filter paper hydrolysis as well as increased 

stability of the enzymes and xylan conversion when BSA was added to the reaction medium. Therefore, the 

best performance of CC in the hydrolysis of hemicellulosic fraction present in AC-SCB (Figures 2 A, 3 A) is 

probably due to its high protein concentration, about 3-fold greater than that of BL. Thus, the possible lignin 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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blockade caused by CC proteins compensates for the lower activities of cellulases and hemicellulases in this 

cocktail. 

 
Figure 2. Concentrations of glucose and xylose over 48 h of sugarcane bagasse saccharification. Pretreatments: acid 
(A), hydrothermal for 20 min (B) and hydrothermal for 60 min (C). Enzymes: Chrysoporthe cubensis crude extract (blue), 
Chrysoporthe cubensis-Penicillium pinophilum enzyme blend (red) and commercial cocktail Multifect® CL (green). 

Although the temperature used in hydrothermal pretreatment does not allow efficient solubilization of the 

hemicellulosic fraction (Table 3), the method applied modified the biomass structure, disorganizing its fibers 

and increasing its porosity (Figure 1) without releasing too many inhibitors (Table 4). Thus, the hydrothermal 

pretreatment provided excellent results such as an increase in the glucan conversion rate by the MCL 

cocktail, which surpassed that of CC under this condition (Figures 3 B, C). However, hydrothermal 

pretreatment decreased the efficiency of xylan hydrolysis by all cocktails if compared to acid pretreatment 

(Figure 3). These results suggest that the use of hot water improves cellulases action due to the change in 

the structure of SCB. Furthermore, this method decreased the requirement for hemicellulases to achieve 

satisfactory glucan conversion rates, since the predominantly cellulase commercial cocktail performed better 

than CC in this condition. 

De Andrade and coauthors [49] demonstrated the importance of β-glycosidase in the saccharification of 

sugarcane bagasse through the supplementation of Multifect® CL and the C. cubensis crude extract with 
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different β-glucosidases, because this enzyme was responsible for increasing the glucan conversion by more 

than 50% in alkali-pretreated sugarcane bagasse. Thus, the higher ratio between β-glucosidase and FPase 

activities in the BL (Table 2) may justify its excellent performance in the hydrolysis of sugarcane bagasse 

submitted to hydrothermal pretreatment.  

 
Figure 3. Conversion efficiency of glucan and xylan from sugarcane bagasse every 24 h of hydrolysis. Enzyme cocktails 
abbreviations: Chrysoporthe cubensis crude extract (CC), Chrysoporthe cubensis-Penicillium pinophilum enzyme blend 
(BL) and commercial cocktail Multifect® CL (MCL). Pretreatments: acid (A), hydrothermal for 20 min (B) and 
hydrothermal for 60 min (C). 

As important as the final sugar concentration and the process yield, is the velocity of glucose and xylose 

release because a faster process means reduced costs. Visser and coauthors [16] observed excellent sugar 

yield (60% of glucose conversion and 90% of xylose conversion) after 72 hours of sugarcane bagasse 

hydrolysis with a C.cubensis-P.pinophilum cocktail, but using alkali pretreatment and higher enzymatic load 

(20 FPU/g of biomass). In the present work, the glucan conversion rates exceeded 60% after 48 hours of 

hydrothermal-pretreated SCB saccharification, using only 8 FPU/g of biomass. These results suggest that 

hot water pretreatment improves the action of enzymes in the BL, and consequently decreases the amount 

of enzymes required in the process (Figures 3 B, C). 

Most of the pretreatment methods increase the surface area accessible to cellulases through changes 

in the chemical composition, porosity and structure of the plant biomass [50,51]. Kim and coauthors [34] 

observed that the increase in residence time of hardwood pretreatment with LHW resulted in an increase of 
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6% in glucose production. However, though the increase in residence time of the hydrothermal pretreatment 

has resulted in completely different yields in the first 24 hours of glucan conversion, the total efficiencies of 

H20-SCB and H60-SCB hydrolysis by the same cocktail were very similar (Figures 3 B, C). These results 

prove that the increased severity of hydrothermal pretreatment accelerated the action of cellulases in H60-

SCB, indicating that the higher rate of glucose formation is due to an increase in pore volume and size, and 

also the reduction of cellulose crystallinity [50,51], since the chemical compositions of H20-SCB and H60-

SCB were very similar (Table 3). 

Concerning the saccharification time, Maitan-Alfenas and coauthors [10] observed that the crude C. 

cubensis extract hydrolyzed 12.5% and 7.7% of the glucan present in alkali and acid pretreated sugarcane 

bagasse, respectively, after 72 hours. The efficiencies of glucan hydrolysis by CC related here, when acting 

in different tested substrates, were much higher if compared to the results of the previous work. This result 

proves that the pretreatment type as well as its severity influence the process and can allow the reduction of 

saccharification time. 

CONCLUSIONS 

The hydrothermal pretreatment, even in mild temperature conditions, is an environmentally correct 

alternative with the potential to increase the competitiveness of second-generation ethanol. The utilization of 

this method resulted in satisfactory rates of cellulose conversion in short periods, with lower enzymatic loads 

and reduced demand for hemicellulases, especially when combined with the use of an enzymatic blend of C. 

cubensis and P. pinophilum fungi. 
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