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ABSTRACT ARTICLE HISTORY
Tracking enzyme, substrate, and surfactant interactions to reach maximum reducing sugar pro- Received 31 May 2021
duction during enzymatic hydrolysis of plant biomass may provide a better understanding of  Revised 23 July 2021
factors that limit the lignocellulosic material degradation in native rice straw. In this study, Accepted 24 July 2021
enzymes (Cellic Ctec2 cellulase and Cellic Htec2 xylanase) and Triton X-100 (surfactant) were KEYWORDS

used as biocatalysts for cellulose and xylan degradation and as a lignin blocking agent, respec- Nonionic surfactant; lignin;

tively. The response surface model (R* = 0.99 and R*adj = 0.97) indicated that Cellic Ctec2 nonproductive binding;
cellulase (p < 0.0001) had significant impacts on reducing sugar production, whereas Cellic cellulase; xylanase; response
Htec2 xylanase and Triton X-100 had insignificant impacts on sugar yield. Although FTIR analysis surface methodology;
suggested binding of Triton X-100 to lignin surfaces, the morphological observation by SEM lignocellulosic material
revealed similar surface features (i.e., smooth surfaces with some pores) of rice straw irrespective

of Triton X-100. The reducing sugar yields from substrate hydrolysis with or without the surfactant

were comparable, suggesting similar exposure of polysaccharides accessible to the enzymes. The

model analysis and chemical and structural evidence suggest that there would be no positive

effects on enzymatic hydrolysis by blocking lignins with Triton X-100 if high lignin coverage exists

in the substrate due to the limited availability of hydrolyzable polysaccharides.

1 Introduction available, under-utilized, non-edible, and present
in abundance in several countries [4]. The poly-
saccharides in rice straw (specifically in plant cell
walls) can be converted into simple sugar, includ-
ing glucose, xylose, galactose, and arabinose, for
microbial fermentation to yield biofuel [5]. These
sugars are formed as structural polymers (i.e., cel-
lulose and hemicellulose) to support the plant’s
growth and strength [6]. Moreover, the structural
polymers are covered with phenolic polymer lignin
that helps prevent microbial attack and degrada-
tion. Therefore, converting polysaccharides in lig-
nocellulosic material to sugar for Dbiofuel
production remains a challenge [6,7].

To date, several pretreatment methods, includ-
ing physical, chemical, physicochemical, and bio-
logical approaches, are developed to reduce
biomass recalcitrance and improve enzymatic

Excessive use of fossil fuels for transportation has
created several global environmental degradation
effects. The high level of carbon dioxide emissions
to the atmosphere has resulted in global warming
and climate changes [1]. These severe matters lead
to the transition from fossil-based fuel products to
the utilization of lignocellulose (or plant biomass)-
based material to produce biofuels and other bio-
based products [2]. This is of more significant
potential because lignocellulosic biofuel produc-
tion appears to be a zero-net carbon emission
process, thus representing a green platform for
biofuel production and gaining long-term envir-
onmental benefits [2,3].

Rice straw represents a potential lignocellulosic
feedstock for biofuel production. It is readily
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hydrolysis [8,9]. However, chemical composition,
heterogeneity, and structural complexity vary
among plant species; therefore, no pretreatment
is suitable for all lignocellulosic biomass. In addi-
tion, pretreatments employ high chemical input
and temperature, resulting in high total pretreat-
ment costs and extensive waste treatment [10,11].
Moreover, a high amount of sugar and/or lignin
degradation products are formed during pretreat-
ment, leading to sugar loss and inhibitory effects
on microorganisms and/or enzymes [8].

Efficient enzymatic hydrolysis is an appropriate
means to convert polysaccharides in plant cell
walls to sugar. It appears to be a rate-limiting
step for lignocellulose-based biofuel and biochem-
ical production [6]. It is known that the effective-
ness of enzymatic hydrolysis of polysaccharides is
severely affected by biomass property and struc-
ture [12]. These factors include a degree of crystal-
linity, porosity and polymerization, pore and
particle size, a degree of substitution of hemicellu-
losic components, and the presence of phenolic
polymer lignin on the substrates [7]. Several stu-
dies have shown that lignin appears to be
a significant physical barrier to enzymes and limits
the accessibility of enzymes to target substrates
[13,14].

Moreover, lignin can adsorb enzymes, resulting
in their nonproductive binding [14-17]. For exam-
ple, B-glucosidases and endoglucanases, the key
enzymes for cellulose hydrolysis, completely lost
their activities in the presence of organosolv lignin
from corn stover [18]. Cellobiohydrolases are
quickly inactivated (45.5%) by lignin adsorption
during hydrolysis of ammonia-pretreated corn
stover [19]. The enzyme-lignin adsorption is gov-
erned by hydrophobic interactions, electrostatic
interactions, and hydrogen bonding forces, where
hydrophobic interactions appear to play a vital
role in adsorption [13,20].

Addition of additives, including non-enzymatic
proteins (e.g., bovine serum albumin, casein)
[21,22], polymers (e.g., polyethylene glycol
(PEG)) [23,24], and nonionic surfactants (e.g.,
Tween 20 and Triton X-100) [25-27], to enzy-
matic hydrolysis of lignocellulosic material, has
been reported to reduce adverse effects of lignin.
Surfactants are of interest here due to their low
cost and the fact that they maintain enzyme
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stability during hydrolysis. The enzymes can be
recycled for several rounds [28]. Triton X-100, an
amphiphilic nonionic surfactant, contains hydro-
philic heads and hydrophobic tails. It has been
shown that surfactants can interact with lignin
through hydrophobic interaction between its
hydrophobic tails and the hydrophobic side groups
(e.g., phenyl, CH,, and CHj3) of lignin; meanwhile,
the hydrophilic heads hydrate the substrates [27].
Thus, lignin blocking with a surfactant can reduce
the nonproductive binding of enzymes on lignin
and activate enzyme desorption [29,30]. On the
contrary, findings of some studies have revealed
that the addition of surfactants could reduce enzy-
matic efficiency and showed no beneficial effects
on enzymatic hydrolysis because surfactants can
cause enzyme denaturation or compete with
enzymes for cellulose-binding sites [23,31].

Moreover, different kinds of substrates (e.g.,
pure cellulose or lignocellulosic material) and
hydrolysis conditions have resulted in different
responses to enzymatic activity and surfactant fea-
tures [27,31]. The mechanism of surfactants in
promoting or inhibiting enzymatic hydrolysis has
been controversial. Therefore, a clear explanation
of the functional roles of surfactants in the enzy-
matic hydrolysis of certain substrates is thus
needed.

In this study, three variables affecting the
hydrolysis of untreated rice straw were examined
using the response surface methodology technique.
These factors were Cellic Ctec2 cellulase, Cellic
Htec2 hemicellulase cocktails, and nonionic sur-
factant Triton X-100. The commercially available
Cellic Ctec2 cellulase and Cellic Htec2 xylanase
preparations were used because these enzymatic
cocktails are formulated to produce second-
generation lignocellulosic ethanol. These enzy-
matic cocktails contain cellulases and hemicellu-
lases with a wide range of abilities to hydrolyze
lignocellulosic biomass [32]. Triton X-100 was
used because of its good lignin-binding ability
[27,28,30,33]. Box-Behnken design and ANOVA
analysis were used to create an experimental
matrix, analyze and optimize models, respectively.
The Cellic Ctec2 cellulase was combined with the
Cellic Htec2 xylanase to reduce the effects of solu-
ble hemicellulose on cellulose hydrolysis. At the
same time, Triton X-100 was added to the
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enzymatic reaction as it is supposed to bind lignin
present in untreated rice straw. Our model pre-
dicted the critical roles of variables, including
enzyme, substrate, and surfactant, in the hydroly-
sis of untreated rice straw and explained the inter-
action among them. This study extends knowledge
of biomass degradation to the next development
level of lignocellulosic biofuel production.

2 Material and methods
2.1 Materials, enzymes, and chemicals

Rice straw (Oryza sativa) was collected from rice
fields in Ayutthaya Province of Thailand. It was
air-dried and cut into smaller pieces (1-2 cm)
using scissors and ground with a kitchen blender.
The chemical composition of rice straw used in the
present study was previously determined [29], and
it contains 30.0% glucan, 10.4% xylan, and 23.3%
lignin [34]. Triton X-100 was purchased from
Sigma-Aldrich. All chemicals used were analytical
grade.

The commercial cellulase (Cellic Ctec2) and
xylanase (Cellic Htec2) preparations, having enzy-
matic activities of 148 filter paper units (FPU)/mL
and 1040 xylanase units (XU)/mL, respectively,
were purchased from Novozymes (Bagsverd,
Denmark). The enzymatic cocktails were dialyzed
against buffer before use to remove sugar and
additives.

2.2 Design of experiment and optimization

Box-Behnken was used to design a matrix to study
the combined effects of variables affecting the hydro-
lysis of untreated rice straw. These variables included
two enzyme compartments (Cellic Ctec2 and Cellic
Htec2) and one surfactant Triton X-100. The opti-
mum levels of those variables were identified for
maximizing reducing sugar production. The three
variables were examined at three levels: low (-1),
central (0), and high (+1) to gauge the variability in
the measurements (Table 1). The designed matrix
comprised 17 experimental runs, including five
replicates at the center points (Table 2). Each experi-
mental run was repeated four times, and the average
reducing sugar released was opted for the response
values for the combination of independent variables.

The obtained experimental response values were
used to construct a second-order polynomial
model based on Equation (1), where Y’ is the
predicted response, P, is constant, P; represents
the linear coefficient, B;; implies the coefficient of
the squared terms, B; expresses the coefficient of
the cross-term products. In contrast, x; and x; are
the independent variables.

Table 1. Factors and their levels for Box-Behnken design.
Coded factor level

Variable Symbol -1 0 +1
Cellec Ctec 2 (FPU/q) (& 5 27.5 50
Cellec Htec 2 (XU/qg) H, 10 55 100
Triton X-100 (g/g) TX 0.15 0.375 0.60

Table 2. Box-Behnken design matrix with actual and coded values (in parenthesis), and the response and predict values of reducing

sugar from the hydrolysis of untreated rice straw.

Independent variables

Response

Run Enzymes Additives Reducing sugar (mg/mL)
G, (FPU/g) H, (XU/g) TX (9/9) Actual value Predict value

1 5(1) 10 (-1) 0.375 (0) 0.85 + 0.06 0.81
2 5(-1) 55 (0) 0.15 (-1) 0.83 + 0.08 0.74
3 5(-1) 55 (0) 0.60 (+1) 0.80 = 0.10 0.88
4 5(-1) 100 (+1) 0.375 (0) 0.79 = 0.03 0.84
5 27.5 (0) 10 (-1) 0.15 (-1) 1.98 = 0.11 2.11
6 27.5 (0) 10 (-1) 0.60 (+1) 215 +0.13 2.1
7 27.5 (0) 55 (0) 0.375 (0) 1.81 £ 0.14 1.70
8 27.5 (0) 55 (0) 0.375 (0) 174 £ 017 1.70
9 27.5 (0) 55 (0) 0.375 (0) 1.67 £ 0.26 1.70
10 27.5 (0) 55 (0) 0.375 (0) 1.68 + 0.21 1.70
n 27.5 (0) 55 (0) 0.375 (0) 1.60 = 0.16 1.70
12 27.5 (0) 100 (+1) 0.15 (-1) 203 +£0.24 2.07
13 27.5 (0) 100 (+1) 0.60 (+1) 215+ 0.18 2.02
14 50 (+1) 10 (-1) 0.375 (0) 2.89 + 0.05 2.84
15 50 (+1) 55 (0) 0.15 (-1) 2.92 + 0.01 2.84
16 50 (+) 55 (0) 0.60 (+1) 2.55 + 0.03 2.64
17 50 (+1) 100 (+1) 0.375 (0) 264 +0.12 2.68
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The experimental responses were analyzed and
used to generate a model using JMP version 13
(SAS Institute Inc., USA). The statistical signifi-
cance level of the model was assessed through an
analysis of variance (ANOVA, p < 0.05). The
regression coefficients were evaluated from the
standardized effects based on Student’s t test
(p < 0.05). The quality of fit of the polynomial
model equations was evaluated by the coefficient
of determination (R?), the adjusted coeftficient of
determination (Rz—adj), and the lack-of-fit F-test.

2.3 Enzymatic hydrolysis

The enzymatic hydrolysis reactions were prepared
in a 1.5 mL microcentrifuge tube. Each tube con-
tained 5% (w/v) of untreated rice straw in 0.05 M
sodium acetate buffer saline (ABS) at pH 5.5. The
commercial enzymes Cellic Ctec2 and Cellic Htec2
and Triton X-100 were added at different dosages
as shown in Table 2 or stated otherwise. The
reaction mixture was then added with distilled
water to a final total volume of 200 pL. The reac-
tions were then incubated at 55°C in an incubator
with a shaking speed of 150 rpm for 24 h to reach
the maximal sugar release. After being centrifuged
at 10,000 rpm and 4°C for 15 min, the supernatant
(100 puL) was moved to a new microcentrifuge
tube. The amount of reducing sugar released
from the substrate was determined by the 3,
5-dinitrosalicylic acid (DNS) reagent method
(Miller, 1959), using glucose as a standard. The
absorbance of samples was measured at 540 nm
using a Thermo Scientific™ Multiskan™ GO
Microplate  spectrophotometer  (ThermoFisher
Scientific, USA).

2.4 Thin-layer chromatography (TLC) analysis

TLC analyzed the hydrolysis product in the super-
natant. The samples (8 uL) were spotted on a silica
gel 60 F245 plate and dried. The plate was placed
in the TLC chamber with a mobile phase
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containing n-butanol, acetic acid, and water
(2:1:1). After that, the plate was dried and sprayed
with visualizing agents (4 g of a-diphenylamine,
4 mL of aniline, 200 mL of acetone, and 30 mL of
80% phosphoric acid) to detect sugars. The sugar
spots were developed by heating the plate at 95°C
for 10-15 min.

2.5 Structural analysis

A scanning electron microscope (A JEOL JSM-
6610LV, Tokyo, Japan) was used to observe the
morphology of samples in the presence or absence
of Triton X-100. The surface imaging of the sam-
ple was conducted under low vacuum or variable
pressure modes at room temperature, allowing us
to observe the non-conductive samples without
gold coating.

Fourier transform infrared (FTIR) spectrometry
was used to analyze functional groups of samples.
The FTIR spectra of the samples were run on
a Perkin-Elmer UATR Two (Waltham, MA,
USA) spectrometer.

3 Results and discussion

3.1 Effects of variables on reducing sugar
release from untreated rice straw

In this study, the Box-Behnken matrix design was
used to create enzymatic hydrolysis conditions to
identify the influence of individual variables on the
release of reducing sugar (response values) and
understand the relationship between the indepen-
dent variables (i.e., Cellic Ctec2, Cellic Htec2, and
Triton X-100). The ranges of enzyme and surfac-
tant loads (per gram rice straw) were chosen
according to our preliminary study and literature
(Table 1). These ranges were previously studied
with both untreated and pretreated biomasses
[17,35-39].

Seventeen experimental runs were conducted
according to the Box-Behnken design (Table 2).
The reducing sugar release was a function of the
interactions among the three independent vari-
ables. Under the conditions studied, the release
of reducing sugar at 24 h ranged from 0.83 to
2.92 mg/mL, corresponding to 0.02 to 0.10 g/g
substrate. The maximum reducing sugar yields
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were obtained with run no. 15, where the highest
amount of Cellic Ctec2 (50 FPU/g) was loaded
with a moderate amount of Cellic Htec2 (55 XU/
g) and a small amount of Triton X-100. The lowest
sugar release was obtained with run no. 2, where 5
FPU/g of Cellic Ctec2, 55 XU/g of Cellic Htec2,
and 0.15 g/g of Triton X-100 were loaded together
(Table 2).

The regression model was established to under-
stand the relationship of variables with reducing
sugar release. The experimental data in Table 2
were analyzed using response surface methodology,
and ANOVA analysis was used to evaluate the sig-
nificance of the model. ANOVA analysis indicated
that the established model was significant, as the
F value was high (61.30), and the calculated prob-
ability values (p-value, <0.0001) were lower than 0.05
(the model terms are significant when p < 0.05), as
shown in Table 3. Error analysis showed that the lack
of fit (F = 4.44, p = 0.09) of the model was insignif-
icant, suggesting that the model equation might be
suitable for predicting the release of reducing sugar
in this study. The R* and R*-adj were 0.99 and 0.97,
respectively, which means that the model could
explain 99% of the total variation of the responses.

Multiple regression analysis was used to analyze
experimental data in order to fit a second-order
polynomial equation. The regression coefficients of
intercept, linear, quadratic, and interaction terms are
expressed in (Equation 2). The positive and negative
terms in the equation indicate linear effects to
increase Y and antagonistic effects on Y, respectively.
Analysis of these coefficients with p-value showed
that a linear term C, (p < 0.0001) and quadratic
terms, Hyx H, (p = 0.0109) and TXxTX
(p = 0.0164), were significant (Table 4). Thus, from
Equation (2) and Table 4, it can be inferred that the
release of reducing sugar from untreated rice straw is
heavily dependent on Cellic Ctec2 loading, as it has
a significant linear effect on sugar production. The

Table 3. ANOVA analysis of the model for the response.

Source DF Sum of Squares Mean Square F Ratio Prob > F
Model 9 7.8775391 0.875282  61.2973 < 0.0001*
Error 7 0.0999550 0.014279

C. Total 16 7.9774941

Lack of fit 3 0.07687500 0.025625 44411 0.0919

R? = 0.99; R%-adj = 0.97
*Significance at p < 0.05.

Table 4. Model parameter estimates (regression analysis) of the
quadratic model for reducing sugar release from the hydrolysis
of untreated rice straw.

Term Coefficient estimate  Std Error  t Ratio Prob>|t|
Intercept 1.702 0.05344 31.85 < 0.0001*
G, 0.96625 0.042248 22.87 < 0.0001*
H, -0.03375 0.042248 -0.80 0.4506
X -0.0125 0.042248 -0.30 0.7759
C, X Hy -0.0475 0.059748 -0.80 0.4527
G xTX -0.085 0.059748 -1.42 0.1978
H, x TX -0.01 0.059748 -0.17 0.8718
G xG -0.10975 0.058235 -1.88 0.1015
H, X H, 0.20025 0.058235 344 0.0109*
TX x TX 0.18275 0.058235 3.14 0.0164*

* Significance at p < 0.05.

quadratic effect of Cellic Htec2 on the enzymatic
reaction is more significant than other quadratic
parameters. When the experimental values were
plotted against predicted values (Figure 1), the
results were closely clustered along the line of best
fit (R’ = 0.99), indicating a high degree of consis-
tency between actual and predicted values. This con-
firms that the regression model equation is reliable
and provides an accurate description of correlations
among the three variables in reducing sugar produc-
tion from untreated rice straw under the experimen-
tal ranges tested.

Reducing sugar (Y, mg/L) = 1.702 + 0.966C,

— 0.034H, — 0.013TX — 0.110C, x C, + 0.20H,
x Hy + 0.183TX x TX — 0.048C, x H, — 0.085C,
x TX — 0.01H, x TX

2

2.5

1.5

Actual reducing sugar (mg/mL)

0.5 1 55 2 2.5 3
Predicted reducing sugar (mg/mL) RMSE=0.1195
RSqg=0.99 PValue<.0001

Figure 1. Plot of experimental data versus predicted data for
reducing sugar release.



The interaction profiler was performed to illus-
trate the dependence of one factor on the level of
another factor [40,41]. That is, it can be used to
explain the interaction effects of three factors (C,,
H,, and TX), interacting with one another in terms
of reducing sugar release. The factor lines inter-
secting each other or lines with different slopes
indicate a degree of interaction [40]. Here, it is
observed that there are no interactions between all
studied factors and reducing sugar release
(Figure 2). For example, the curves of Triton
X-100 and Cellic Htec2 are almost parallel, indi-
cating no interaction effects; moreover, the
changes in one have no impact on the other. On
the contrary, it seems that the Cellic Ctec2 line
crosses the Triton X-100 line, suggesting interac-
tive effects among them. However, the slopes of
those two lines are almost similar, likely indicating
nonsignificant interaction. Thus, this interaction
may have negligible effects on reducing sugar
release.

A prediction profiler is a useful tool to predict
the response surface and determine the optimum
value of each independent variable on response.
The prediction plot showed the effects of indepen-
dent variables on reducing sugar release (Figure 3).

BIOENGINEERED e 5115

The increase of Cellic Ctec2 loading from 0 to 50
FPU/g showed an increasing trend for reducing
sugar release. However, the increased loadings of
Cellic Htec2 and Triton X-100 did not show any
significant effects on sugar production. Additions
of Cellic Htec2 and Triton X-100 showed the
curved shape, which agreed well with the critical
quadratic terms of the model. These two factors
were less pronounced on the dependent variable
than Cellic Ctec2 as shown in Table 4.

The desirability optimization was performed to
maximize reducing sugar release. The prediction
can be evaluated by the desirability of the predicted
values [42]. The values of the scale lie between 0 and
1, where 0 represents a completely undesirable
response, and 1 represents the most desirable one.
The maximum reducing sugar concentration (desir-
ability = 1) was projected to be 3.11 mg/mL by
loading 50 FPU/g Cellic Ctec2, 10 XU/g Cellic
Htec2, and 0.15 g/g Triton X-100, using a maximum
desirability optimization approach. However, a high
dose of Cellic Ctec2 is required at this hydrolysis
condition, making the process highly expensive.
For this reason, we reduced the desirability value
from 1.00 to 0.805 to reduce enzyme loads while
achieving the desired sugar concentration.

gg 2.5 N
s 2 2 C2(FPU/) o
< 15 &

©

> e S - Q
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oF 25 100 1 S
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T c
o % 1 Q

a

— . 4
gg 2.5 6.50 0.15 ;
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Figure 2. Interaction profiler showing the interactive effect of factors for reducing sugar release. Interactions between terms are
shown as crossed lines or lines of different slopes. No interactive effects are shown as parallel lines.
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Figure 3. Prediction profiler and desirability of reducing sugar release. The prediction profiler depicts the effects of Cellic Ctec2 (C;)
cellulase, Cellic Htec2 (H,) xylanase, and Triton X-100 (TX) on reducing sugar release. The black lines indicate the prediction trace; the
dotted vertical red line refers to the current dosage of factor; the value in red on the vertical axis predicted response based on loads

of individual independent variables.

When the desirability of the predicted values
was judged at 0.805, the optimal values of Cellic
Ctec2, Cellic Htec2, and Triton X-100 were 37.6
FPU/g, 10.0 XU/g, and 0.15 g/g, with the pre-
dicted reducing sugar release value of 2.58 mg/
mL (Figure 3). Three trials using the optimal
conditions were performed to confirm this pre-
dicted sugar yield and test the model’s validity.
The resulting sugars from Trial-1 to Trial-3 were
2.45, 2.28, and 2.66 mg/mL. The resulting sugar
yield was consistent with the predicted values.
The actual values differed from the predicted
ones with a margin of around 10%, thus verify-
ing the precision of the model for prediction.
Therefore, our model analysis is reliable and
offers the ease of obtaining optimal conditions
with a rapid response and reducing enzyme
loads for enhanced reducing sugar release.

3.2 Comparison of reducing sugar released from
hydrolysis of untreated rice straw in the presence
or absence of Triton X-100

The addition of nonionic surfactants has been
shown to promote enzymatic hydrolysis of ligno-
cellulosic materials and increase sugar release

[43,44]. However, this study and regression analy-
sis suggested that the addition of Triton X-100 to
enzymatic hydrolysis of untreated rice straw
showed no improvement in sugar release. To con-
firm this prediction, we tested the hydrolysis of
untreated rice straw in the absence of the surfac-
tant. The enzymatic reaction was carried out fol-
lowing the design matrix shown in Table 2, with
no Triton X-100 in the individual run.

Hydrolysis of untreated rice straw in the absence
of Triton X-100 yielded reducing sugars from 0.75 to
3.09 mg/mL, whereas in the presence of Triton
X-100, it yielded reducing sugars from 0.79 to
2.92 mg/mL (Figure 4). Hence, in the same run, the
yields of reducing sugar with and without the surfac-
tant were not statistically different. For example, at
Run no. 11, the reducing sugar concentrations were
1.96 + 0.16 and 1.61 + 0.12 mg/mL for hydrolyzed
rice straws with and without Triton X-100, respec-
tively. The comparable yields indicate that the addi-
tion of Triton X-100 does not facilitate or promote
enzymatic hydrolysis of untreated rice straw and, in
turn, reducing sugar release.

The result of reducing sugar yield is consistent
with our regression model, which indicates that
Triton X-100 is not significant for enzymatic
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Figure 4. Comparison of reducing sugar release from enzymatic hydrolysis of untreated rice straw in the absence and presence of

Triton X-100.

hydrolysis efficiency or sugar yield. The plausible
explanation for this phenomenon is that 1) Triton
X-100 might not bind to the native form of lignin,
resulting in no blocking of lignin-enzyme binding; 2)
Triton X-100 might bind to lignin and prevent
enzyme adsorption. However, it does not improve
enzymatic hydrolysis because of the limited avail-
ability of free active surfaces of polysaccharides
(i.e., cellulose). Our result differs from the previous
observation by Guerfali, et al. [45], who found that
Triton X-100 increased enzymatic digestibility of
phosphoric acid-pretreated newspaper by 45%. We
suggest that the effects of surfactants on enzymatic
hydrolysis might be more pronounced with pre-
treated substrates, having modified lignin structure
or content.

3.3 TLC analysis of hydrolysis product

To understand the actions of the enzymes against the
substrate in the absence or presence of Triton X-100,
we further determined the kinds of sugars derived
from the hydrolysis of untreated rice straw. The
hydrolysis products from 17 hydrolysis conditions
with and without the surfactant were taken and
analyzed by the TLC technique (Figure 5). It was
found that, in the absence of Triton X-100, hydro-
lysis of untreated rice straw exclusively yielded glu-
cose (Figure 5a). A similar profile was observed with

the hydrolysis of untreated rice straw in the presence
of Triton X-100 (Figure 5b).

Hydrolysis of untreated rice straw, with and with-
out Triton X-100, exclusively yielding glucose sug-
gests that cellulose in untreated rice straw is the main
component to be hydrolyzed by the Cellic Ctect2
cellulase, possibly due to its high content (threefold
higher than xylan) and exposure to the enzymes.
This result is consistent with the regression model,
indicating Cellic Ctec2 was the most significant fac-
tor for the hydrolysis of untreated rice straw. In
addition, Lopez-Gutiérrez, et al. [32] reported that
Cellic Ctec2 contained aggressive cellulases with
high B-glucosidase activity, which might explain the
accumulation of glucose as a final product. However,
when we determined the yield of glucan conversion
to glucose, the results were not impressive, as the
maximum yield from the hydrolysis conditions with
or without the surfactant was about 20% glucan
conversion (data not shown). This low value indi-
cates a poor digestibility of the untreated biomass.
Accordingly, the low glucan conversion yield may
reflect the limited availability of the free surfaces or
free ends of cellulose in untreated rice straw for
accessibility to cellulases. Moreover, the addition of
Triton X-100 might have no significant effects on
biomass structure modification to improve enzy-
matic hydrolysis.

It is known that the Cellic Htec2 xylanase
can convert xylan to simple sugars and increase
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Figure 5. TLC analysis of hydrolysis products from untreated rice straw hydrolyzed in (a) the absence and (b) the presence of Triton
X-100. The samples were incubated at 55°C with an agitation rate of 180 rpm for 24 h. The molecular size marker lane (G1-G6)
contains a mix of celloligosaccharides, including glucose (G1), cellobiose (G2), cellotriose (G3), cellotetraose (G4), cellopentaose (G5),
and cellohexaose (G6). The molecular size marker lane (X1-X6) contains a mix of xylooligosaccharides, including xylose (X1),
xylobiose (X2), xylotriose (X3), xylotetraose (X4), xylopentaose (X5), and xylohexaose (X6). Lanes 1-17 show the hydrolysis products

from Runs 1-17 in the absence or presence of Triton X-100.

cellulose hydrolysis when combined with Cellic
Ctec2 [32,46]. In this study, the hydrolysis pro-
ducts from xylan with and without Triton
X-100 were observed on TLC plates with mini-
mal amounts of xylose (Figure 5 a and b). The
low concentration of xylose indicates that xylan
is not easy to hydrolyze, implying that xylan, in
its natural state, is recalcitrant to degrade. This
resistance is possibly due to the heterogeneity,
a high degree of substitution, and the com-
plexation with lignin [47]. The recalcitrant
structure of xylan poses a challenge for enzy-
matic hydrolysis. It may also support the above
reason for the poor glucose yield as xylan cov-
ers most parts of cellulose surfaces, thus,
impeding cellulose hydrolysis.

Overall, it is likely that the hydrolysis of
untreated rice straw with or without Triton X-100
is equivalent in terms of yield and the type of sugar.
However, to better understand the function and
interaction with the substrate, further investigation

regarding the effect of Triton X-100 on biomass
structure and its ability to bind lignin is needed.

3.4 Chemical, morphological, and structural
analyses

To prove our assumption and reveal whether Triton
X-100 can bind lignin on untreated rice straw, we
qualitatively determined the chemical structure of
samples using the FTIR technique to observe chemi-
cal change (or functional groups). Triton X-100
(0.375 g/g) was added to 5% (w/v) untreated rice
straw alone or the hydrolysis reaction with enzyme
loads of 50 FPU/g and 100 XU/g substrates. All
samples were incubated in ABS at 55°C for 24 h
and then centrifuged to obtain the solid residues.
Later, four kinds of samples, including untreated
rice straw, untreated rice straw with Triton X-100,
hydrolyzed untreated rice straw samples with and
without Triton X-100, were obtained and assessed.



We first investigated the FTIR spectra of pure
Triton X-100 from 500 to 4000 cm™', revealing
significant peak intensities at 829, 943, 1108,
1220, 1511, 1610, 2869, and 2948 cm™' (data not
shown), agreeing with previous observation
(48,49]. The FTIR spectrum of untreated rice
straw was used as a control, and some differences
were observed in the intensity with the addition of
Triton X-100 (Figure 6). The peaks at 1108, 2869,
and 2948 cm ™' were reported to be the maximum
intensities for Triton X-100 [49]. These peaks
appeared on both hydrolyzed and untreated rice
straw samples with the added surfactant, suggest-
ing the physical adsorption of Triton X-100 on the
surfaces of the samples. The wavenumbers of
1220-1330 and 1400-1590 cm™" were attributed
to lignin components [50], whereas 1260 and
1350 cm™' were assigned to C-O vibration of
guaiacyl and syringyl rings [49]. The sharp
increase in peak intensities was observed at 1220
and 1511 cm™" for the hydrolyzed and untreated
rice straw samples in the presence of Triton X-100.
The increased intensity at 1220 cm™' is consistent
with the previous study by Eckard, et al. [49], who
showed that incubation of extrusion-pretreated
corn stover resulted in the maximum value of IR
absorbance at 1220 c¢cm™'. The wavenumber
around 1500-1513 cm™"' was attributed to the aro-
matic ring vibration of guaiacyl and syringyl rings
[51]. However, the peak intensities at 1260 and
1350 cm ™' did not differ among the control and
the samples with and without TritonX-100. It has
been reported that Triton X-100 was less effective

2948

_ Untreated rice straw 2869

%T

| Untreated rice straw + Triton X-100
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in lignin removal as evidenced by a small decrease
(around 15%) in the peak intensities at 1260 and
1350 cm ™' [49]. Therefore, the predominated peak
at 1511 cm™' was attributed to the strong IR
absorption by Triton X-100. It was proposed that
surfactants could disrupt hydrogen bonds [37,52].
Here, a broad band at around 3100-3500 cm ™,
corresponding to O-H stretching of hydrogen
bonds of cellulose [51], was decreased when the
untreated and hydrolyzed rice straw samples were
added with Triton X-100, showing a sign of partial
cellulose disruption.

Macroscopic structures of the untreated and
hydrolyzed samples were observed by SEM to
investigate whether Triton X-100 could modify
surface morphology (Figure 7). It was found that
untreated rice straw samples both with and with-
out Triton X-100 showed even and smooth sur-
faces (Figure 7a and b). However, in the presence
of Triton X-100, the rice straw fibers appeared
swollen, possibly due to the wetting ability of the
surfactant (Figure 7b). It was reported that Tween
20 could disrupt cellulose by adding water mole-
cules between or inside cellulose microfibrils,
resulting in fiber swelling [21]. The hydrolyzed
rice straw with and without Triton X-100 showed
similar disruptive features of the fiber surfaces,
revealing some porosity and disintegration of the
fibers (Figure 7c and d). These distortion areas
might be less ordered or compact; thus, they are
prone to enzymatic hydrolysis. However, most
parts of the fiber surfaces were not degraded and
remained thick and rigid, indicating that the

1595 1220 829
1511 1108 943
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Figure 6. FTIR spectra for untreated rice straw samples with and without Triton X-10 and hydrolyzed untreated rice straw samples
with and without Triton X-100 at 24-h incubation. Triton X-100 (0.375 g/g) was added to 5% (w/v) of untreated rice straw alone and
the hydrolysis reaction with enzyme loads of 50 FPU/g and 100 XU/g substrates. All samples were incubated in ABS at 55°C for 24 h

and then centrifuged to obtain the solids for FTIR analysis.
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Figure 7. SEM images of (a) untreated rice straw, (b) untreated rice straw with Triton X-100, (c) hydrolyzed rice straw, and (d)
hydrolyzed rice straw with Triton X-100 at a magnification of 500-time.

external surfaces are evenly protected or layered
with networks of lignin-(hemi)cellulose (Figure 7¢
and d). A similar result was observed by Seo, et al.
[37], who found that Tween 20 is unable to break
down the cell walls of the pinewood chip, contain-
ing high lignin content (25.94%), and Avicel,
which has high crystallinity (around 88%).
Therefore, our result suggests that, despite adsorp-
tion on lignin, Triton X-100 could not disrupt
a rigid and sophisticated form of carbohydrate-
lignin layers of untreated rice straw.

3.5 Proposed mechanisms of Triton X-100 on
enzyme-substrate (untreated rice straw)
interactions

The effects of surfactants on enzyme-substrate
interactions have been proposed [17,31,35,37,39].
For example, adsorbed enzymes are prevented
from inactivation by adding surfactants, facilitat-
ing the desorption of enzymes from the substrate
[17,39,53]. In this study, the reducing sugar con-
centrations derived from hydrolysis of untreated
rice straw in the absence or presence of Triton

X-100 were not statistically different. This result
differs from other previous studies in that the
addition of surfactant generally prevents enzyme
adsorption on lignin and, in turn, promotes
hydrolysis of polysaccharides.

According to the model of plant cell wall struc-
ture, cellulose is formed as microfibrils. The cellu-
lose microfibrils are integrated into bundles, where
hemicellulose binds to cellulose surfaces. Lignin is
linked with hemicellulose to form a lignin-
hemicellulose matrix (Figure 8), which covers cel-
lulose microfibrils [6]. Regarding the regression
model (Equation (2) and Table 4), the Cellic
Ctec2 cellulase is the most significant factor to
produce reducing sugar. It is known that the
adsorption of cellulolytic enzymes on cellulose
surfaces is significant and correlated with hydro-
lysis or yield [39]. The distribution of hemicellu-
lose (xylan) and lignin content restricted cellulase
accessibility to cellulose. Also, the inherent struc-
ture of hemicellulose, complexed with lignin, is
recalcitrant to degradation by xylanase enzymes,
as evident by a tiny amount of xylose (Figure 5).
The manufacturer recommends that Cellic Htec2
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Figure 8. Possible effects of surfactant on enzyme-substrate interaction during hydrolysis of untreated rice straw.

xylanase is highly specific to soluble hemicellulose
[32]. Therefore, only available cellulose surfaces
and readily soluble or exposed xylan can be
degraded by the enzymes (Figure 8a).

When added to the hydrolysis reaction, Triton
X-100 bound to the untreated rice straw, as evi-
dent by the FTIR analysis (Figure 6). Seo, et al.
[37] showed that nonionic surfactant, e.g., Tween
20, bound lignin surfaces of raw pine wood chips,
and its high adsorption capacity was due to the
existence of lignin. Our result agrees well with the
previous study and confirms that the surfactant
blocks lignin, preventing enzyme adsorption onto
lignin. In contrast, the hydrophilic head of the
surfactant may activate the enzymes to access tar-
get substrates [17].

In terms of reducing sugar production, we
found that the surfactant-lignin binding is not
advantageous for the enzymatic hydrolysis of
untreated rice straw. It is plausible that Triton
X-100 cannot increase reaction sites in the sub-
strate [17]. Seo, et al. [37] found that surfactants
positively affected enzymatic hydrolysis when the
lignin structure and content were modified, and
lignin content is not directly proportional to the

potential surfactant effect [54]. In our case, the
lignin blocking with Triton X-100 might have
had no pronounced effect on enzymatic hydrolysis
because of the high lignin content. The high lignin
coverage on untreated rice straw allows a few
enzyme molecules to access the limited availability
of polysaccharides, while the rest of the enzymes
may diffuse in the reaction medium. Thus, they do
not participate in the hydrolysis of polysaccharides
[28,55] (Figure 8b). This thought is supported by
the fact that the fiber surfaces of untreated rice
straw samples both with and without Triton X-100
remained smooth. Also, the fibers after hydrolysis
exhibited similar surfaces, showing burst and dis-
integrated fibers as a result of enzyme attacks at
easily hydrolyzable parts (Figure 7c and d).

It seems that Triton X-100 could likely disrupt
intra- and inter-hydrogen bonds of cellulose
chains as evidenced by the decrease in FTIR spec-
tra at 3500 cm'. This is possible because Triton
X-100 might interact with surface hydroxyl groups
of cellulose through its oxygen atoms of hydrophi-
lic side chains [48]. However, this interaction may
have had no beneficial effects on enzymatic hydro-
lysis, as the surfactant may pose steric hindrance
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or interference (e.g., hydrophobic side chains) to
enzymes. Thus, there are no substantial effects on
sugar yield.

Overall, our ideas could explain why the addi-
tion of Triton X-100 does not promote enzyme
hydrolysis of untreated rice straw, and its reducing
sugar yield was comparable to that of the hydro-
lysis of untreated rice straw in the absence of
Triton X-100. This study primarily suggests that
exposure of carbohydrates to enzymes is more
important than lignin blocking by Triton X-100.

4 Conclusion

Herein, we used a response surface methodology
with Box-Behnken design to design experimental
conditions to determine the relationships of
enzyme, substrate, and surfactant on hydrolysis
of untreated rice straw and explained the effects
of the surfactant on enzyme-substrate interac-
tions. Regarding model analysis, Cellic Ctec2 cel-
lulase was the most influential factor in
producing reducing sugar. Although FTIR analy-
sis showed that Triton X-100 bound to lignin on
the untreated substrate, it did not enhance enzy-
matic hydrolysis. Furthermore, the reducing
sugar yields from hydrolysis of untreated rice
straw with and without Triton X-100 were com-
parable, which indicated that the addition of the
surfactant did not create more reaction sites, and
the availability of polysaccharides accessible to
enzymes was almost identical. Therefore, we sug-
gest that the effects of surfactants on enzymatic
hydrolysis depend on the substrate features. This
study provides a clearer mechanism on activity of
cellulase, xylanase, and surfactant in hydrolysis
of natural plant biomass. This study gives infor-
mation on further development of biological pre-
treatment using enzyme/microbe and
composting process of solid waste rich in ligno-
cellulosic material.
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