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Sugarcane bagasse (SB) was subjected to enzymatic hydrolysis using an enzyme
cocktail immobilized on magnetic graphene oxide particles (GO-MNP). The thermal,
storage, pH, and operational stabilities of the immobilized enzymes, including
exoglucanase, endoglucanase, $-glucosidase, xylanase, and 3-xylosidase, were
evaluated. The half-life of the biocatalyst (GO-MNP-Enz) was longer than that of the
free enzymes at temperatures above 45 °C, with the exception of endoglucanase. SB
was subjected to pretreatments generating sulfite-NaOH pretreated SB (SSB) and
chlorite pretreated SB (CSB). The enzymatic hydrolysis of SSB and CSB was
evaluated using free enzymes and GO-MNP-Enz. The cellulose and xylan conversion
of SSB using free enzymes was higher than using GO-MNP-Enz; however, a similar
result was obtained after 72 h. This did not occur in the hydrolysis of CSB, in which at
the end of 72 h, conversion using GO-MNP-Enz did not reach the levels obtained with
free enzymes. GO-MNP-Enz was successfully reused in several SSB hydrolysis
cycles, maintaining an efficiency of approximately 80% and presenting the highest
turnover frequency when compared with previous results reported in literature. Finally,
these results show that the immobilization of cellulases and xylanases improves their
operational stability and the obtained GO-MNP-Enz can be used for various SB
hydrolysis cycles
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Editors' and Reviewers' comments:

The authors studied the stability of the Cellic CTec2 enzymatic preparation
immobilized onto magnetic graphene oxide: Assessment of hydrolysis of
pretreated sugarcane bagasse. The study is interesting, however, there are
some concerns like indistinct explain and insufficient discussion be addressed
before publishing it.

1. How to define the activity of 100% in Figure 3? The optimal temperature
and pH of free and immobilized endoglucanase were different for
endoglucanase, exoglucanase, f-glucosidase, xylanase, and -
xylosidase, how to select them in section 3.5?

In all cases, 100% relative activity of free or immobilized enzyme is defined as the
maximum activity obtained for the specific assay. Optimum temperature and pH
assays seek to verify changes in the optimal conditions of the enzyme after
immobilization. Alterations were verified in relation to the optimum temperature for
endoglucanase and xylanase, in addition to alterations in the optimum pH of
endoglucanase. Enzymatic hydrolysis assays cannot always be conducted under
optimal conditions for all enzymes involved in the reaction. However, knowing the
optimal conditions for each of the enzymes can be useful to benefit the performance
of one or the other.

2. Line 412, the authors just say they are in agreement with the literature,
and they should explain why the optimal temperature and pH were altered
after immobilization?

We agree with the reviewer in his comment. We have added text on lines 401-402

3. The storage stability of free enzyme should be added to compare with the
immobilized enzyme.

We appreciate the reviewer's comment. The stability of the enzyme cocktail was not
altered in the 45 days of evaluation. We have added a text on lines 434-435 explaining

that the activity of the enzyme cocktail was 100% during the entire period evaluated.

4. How to define the "relative activity" in Figure 5 and Figure 7?



In all cases, 100% relative activity of free or immobilized enzyme is defined as the
maximum activity obtained for the specific assay. All activities are reported as a
percentage of the maximum activity obtained.

5. The aim of this study was not pretreatment, and the Figure 6 and 8 should
be removed to supplement file.

We appreciate the editor/reviewer's comment. Accordingly, we have placed Figure 8
in the supplemental information document. Figure 6 (now Figure 4) remains in the
main document as it shows the half-life of free and immobilized enzymes.

6. Cellulose/xylan conversion mean glucose/xylose yield?

They are basically the same. Cellulose and xylan conversion indicates how much
cellulose or xylan was converted to glucose or xylose, respectively. Cellulose and
xylan conversion were calculated from equations 7 and 8 of the manuscript.

7. What is the temperature and pH used in Figure 9? Whether they were the
same? However, the optimal of temperature and pH for free and
immobilized enzymes was different.

The temperature and pH used in the hydrolysis tests were 45°C and 4.8, respectively,
as indicated in item 2.10. Enzymatic hydrolysis assays cannot always be conducted
under optimal conditions for all enzymes involved in the reaction. However, knowing
the optimal conditions for each of the enzymes can be useful to benefit the
performance of one or the other.

8. There were large gap for free and immobilized enzymes in cellulose/xylan
conversion with two times dosage of immobilized enzymes. So the
authors should considering the value of immobilized enzymes because
of their additional operation and cost.

We agree with the reviewer on this comment. There is a large difference in the
conversion of cellulose and xylan at the beginning of the reaction. However, the results
show that after 72 h the cellulose and xylan conversions reached high levels, being
approximately 90 and 100% with loads of 10 and 20 FPU.g™, respectively. Immobilized
enzymes will undoubtedly have a higher operational cost compared to free enzymes,
but that cost could be overcome by reusing the enzymes.

9. How to get the cellulose conversion of 100% in Figure 10b?
Figure 10 shows the conversion of cellulose and xylan after enzymatic hydrolysis,

using free and immobilized enzymes. In the case of Figure 10b it can be seen that the
conversion percentage slightly exceeds 100%. This can be explained by a set of



factors such as standard deviation, inaccurate chemical composition and the presence
of sugars in the commercial enzyme cocktail. All of these factors may have contributed
to a conversion rate slightly above 100%.

10. The definition of images should be enhanced, and there were too many
images, some should remove to supplement file.

We agree with the editor/reviewer on this comment. We have transferred Figures 1, 2
and 8 to the supplemental information document (now Figures S1, S2 and S5).
Additionally, we have made available a document with the figures in better resolution.

The manuscript described the stability of the Cellic CTec2 enzymatic
preparation immobilized onto magnetic graphene oxide. In previous study, the
authors have prepared and characterized Cellic CTec2 covalently immobilized
on a graphene oxide-magnetite nanocomposite (GO-MNP). The stability and
reusability were already verified by the hydrolysis of a pretreated SB. So, what
is the significant progress of this work compared with previous work?

We appreciate the editor/reviewer's comment. In our previous article
(10.1016/j.renene.2020.09.059) the preparation of a biocatalyst (GO-MNP-Enz)
composed of enzymes from the Cellic CTec2 cocktail immobilized on graphene oxide-
magnetite nanocomposite was studied. In that article we focused on evaluating the
performance of the immobilization, the reuse of the catalyst with different specific
synthetic substrates for each immobilized enzyme and we carried out only one
hydrolysis test of pretreated sugarcane bagasse. In this article we have focused on
evaluating the half-life time of each enzyme, the storage stability and the alterations
that occur when enzymes are immobilized (optimum pH and temperature of each
enzyme separately). Additionally, we carry out several hydrolysis tests on bagasse
subjected to different pre-treatments and the respective reuse of the biocatalyst.

For CSB hydrolysis, the conversion using GO-MNP-Enz did not reach the levels
obtained with free enzymes.

In the hydrolysis of CSB with immobilized enzymes, the conversion levels that were
reached with free enzymes were not reached. However, in the SSB hydrolysis, after
72 h of hydrolysis with immobilized enzyme, the conversion of cellulose and xylan was
approximately the same as using free enzymes. This shows that the catalyst has the
potential to be used in the hydrolysis of lignocellulosic biomass as long as an adequate
pretreatment is applied.

What is the different between the substrate of SSB and CSB?



Sulfite-pretreated sugarcane bagasse (SSB) and chlorite-pretreated sugarcane
bagasse (CSB) are sugarcane bagasse subjected to different pretreatments. Item 2.7
describes in detail the procedure for each pretreatment.

The content of acetyl in substrate should be determined. As can be seen from
FT-IR, the presence of acetyl groups (~1735 cm-1) on the xylan of CSB, which
may hinder the accessibility of cellulase and xylanase to substrate.

We agree with the comment of the editor/reviewer. We have added the acetyl content
in Table 1

The reason for the different enzymatic digestion for SSB and CSB should be
discussed.

We appreciate the editor/reviewer's comment. Lines 589-595 discuss differences in
enzymatic hydrolysis.
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Half-life of GO-MNP-Enz was longer than free enzymes at operational

temperature

e Similar cellulose and xylan conversion was achieved using GO-MNP-Enz
and free enzymes

e GO-MNP-Enz was reused in several cycles of SB hydrolysis maintaining
80% of efficiency

e GO-MNP-EnNnz presented a high turnover frequency in the pretreated SB

hydrolysis
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ABSTRACT

Sugarcane bagasse (SB) was subjected to enzymatic hydrolysis using an enzyme
cocktail immobilized on magnetic graphene oxide particles (GO-MNP). The thermal,
storage, pH, and operational stabilities of the immobilized enzymes, including
exoglucanase, endoglucanase, 3-glucosidase, xylanase, and 3-xylosidase, were
evaluated. The half-life of the biocatalyst (GO-MNP-Enz) was longer than that of the
free enzymes at temperatures above 45 °C, with the exception of endoglucanase. SB
was subjected to pretreatments generating sulfite-NaOH pretreated SB (SSB) and
chlorite pretreated SB (CSB). The enzymatic hydrolysis of SSB and CSB was
evaluated using free enzymes and GO-MNP-Enz. The cellulose and xylan conversion
of SSB using free enzymes was higher than using GO-MNP-Enz; however, a similar
result was obtained after 72 h. This did not occur in the hydrolysis of CSB, in which at
the end of 72 h, conversion using GO-MNP-Enz did not reach the levels obtained with
free enzymes. GO-MNP-Enz was successfully reused in several SSB hydrolysis
cycles, maintaining an efficiency of approximately 80% and presenting the highest
turnover frequency when compared with previous results reported in literature. Finally,
these results show that the immobilization of cellulases and xylanases improves their
operational stability and the obtained GO-MNP-Enz can be used for various SB

hydrolysis cycles.

Keywords: Sugarcane bagasse; Enzyme immobilization; Enzymatic hydrolysis;
Biocatalyst reuse; Second-generation ethanol; Magnetic graphene oxide.
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1. INTRODUCTION

Owing to its abundance and wide availability, lignocellulosic biomass is an
alternative to reduce the dependence on petroleum derivatives in the manufacture of
fuels and chemical products. Sugarcane bagasse (SB) is the most abundant
lignocellulosic biomass in Brazil. In the 2019/2020 season, sugarcane crops had a dry
weight of 643 million tons, of which SB represented approximately 14% (CONAB,
2020). SB is an economical and sustainable biomass for obtaining value-added
products, such as bioethanol (Alokika et al., 2021; Jugwanth et al., 2020; Sritrakul et
al., 2017), biodiesel (Brar et al., 2017), biobutanol (Li et al., 2017; Tsai et al., 2020),
biohydrogen (Jiang et al., 2016; Srivastava et al., 2021), xylitol (Morais Junior et al.,
2019), citric acid (Kumar et al., 2003), succinic acid (Xu et al., 2021), itaconic acid
(Nieder-Heitmann et al., 2018), lactic acid (Nalawade et al., 2020), butyric acid (Wei et
al., 2013), gluconic acid (Zhou and Xu, 2019), furfural (Li et al., 2021),
oligosaccharides (Barbosa et al., 2020; Zhou and Xu, 2019), and reducing sugars (de
Cassia Pereira Scarpa et al., 2019; Paz-Cedeno et al., 2021, 2020) among others.

Enzymatic hydrolysis is an important step in the process of obtaining
bioproducts from SB; however, the use of free enzymes can increase the production
costs. The immobilization of enzymes onto solid supports and their reuse in several
hydrolysis cycles has proven to be a technically feasible strategy to minimize this
problem (Gao et al., 2018; Han et al., 2018; Paz-Cedeno et al., 2020).

Additionally, the immobilization of enzymes confers several advantages to the
biocatalyst, such as higher thermal or pH stability, and from an industrial point of view,
it facilitates the easy separation of the catalyst and bioproducts (Carceller et al., 2019).
However, despite the possibility of enzymatic hydrolysis of untreated SB, the

application of pretreatments that partially remove lignin from SB reduces recalcitrance
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and improves the results of enzymatic hydrolysis (Paz-Cedeno et al., 2021). In fact,
lignin limits the hydrolysis of biomass, restricting the access of enzymes to cellulose,
thereby acting as a physical barrier (Laureano-Perez et al., 2005). Therefore, the
removal of lignin increases the specific area of the biomass, which further enhances
the enzyme accessibility.

In a previous study, we prepared and characterized an enzymatic cocktail of
cellulases and xylanases covalently immobilized on a graphene oxide-magnetite
nanocomposite (GO-MNP) (Paz-Cedeno et al., 2020). Preliminary results of the
hydrolysis of a pretreated SB showed that the biocatalyst exhibited excellent stability
and reusability, giving a turnover frequency (TOF) that was higher than the one
obtained in previous studies. Therefore, in order to optimize the industrial applicability
and productivity of the biocatalyst (GO-MNP-Enz), further research is required on the
optimization of reaction parameters. Consequently, in this study, the effects of pH and
temperature on the activities of endoglucanase, exoglucanase, B-glucosidase,
xylanase, and B-xylosidase were investigated along with their thermal, pH, and
storage stabilities. Additionally, a comparison study was performed to estimate the
influence of two different SB pretreatments in response to enzymatic hydrolysis using
free and GO-MNP-Enz forms under the optimal reaction conditions. This study will
provide a better understanding of the characteristics of the biocatalyst, which used in
its optimal conditions, could contribute to the reduction of costs and improvement of
the productivity of the process for obtaining value added chemicals and renewable

biofuels.
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2. MATERIALS AND METHODS
2.1. Synthesis of GO-MNP and immobilization of Cellic CTec 2

Initially, graphene oxide (GO) was synthesized via an adaptation of Hummers’
method (Hummers and Offeman, 1958; Paz-Cedeno et al., 2020). Graphite powder
(99.99%, <150 mm:; Sigma Aldrich, St. Louis, MO, USA) was mixed with sulfuric acid
(H2S04) (95-97%, v/v) and oxidized to graphite oxide using potassium permanganate
(KMnOQa). Then, a graphite oxide suspension (5 mg.mL!) was sonicated for 2 h to
exfoliate GO. For GO magnetization, FeCle6H20 and FeCl2e4H20 (molar ratio 2:1)
were mixed in an acetic acid solution (3%, v/v) under stirring, and GO (5 mg.mL™?) was
added. The temperature was raised to 80 °C and ammonia (25%, v/v) was added to
increase the pH. After 20 min, the reaction was stopped, and with the help of an
external magnetic field, the solid was recovered and washed several times with
methanol and ultrapure water. The solid was oven-dried at 40 °C and stored. This
material was sonicated in an aqueous suspension before further use to form a
homogeneous and stable GO-MNP dispersion.

The commercial Cellic CTec 2 enzymatic cocktail (Novozymes, Denmark) was
immobilized on the surface of the GO-MNP support, forming GO-MNP-Enz. For this,
the functionalization of the support (20 mL of GO-MNP dispersion at 0.5 mg.mL"1) with
N-hydroxysuccinimide (NHS) (20 mg) and 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) was carried out for 3 h. The functionalized support
was washed and resuspended in sodium acetate buffer (pH 4.8). The Cellic CTec 2
enzyme extract was added and the suspension was placed on a roller shaker for 12 h.
An external magnet was used to recover GO-MNP-Enz, which was washed and

resuspended in the sodium acetate buffer (pH 4.8) (Paz-Cedeno et al., 2020).
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2.2. Magnetization and Méssbauer spectroscopy

The magnetic characterization of the GO-MNP samples was performed using a
vibrating sample magnetometer (VSM) (model 7400 Lake Shore, Woburn, MA, USA).
The isothermal magnetization, M-H curves, were recorded at 300 K with a maximum
magnetic field of 15 kOe. The Fe magnetic behavior was studied by °’Fe Mossbauer
spectroscopy in the transmission mode at 300 K using a spectrometer (SEE Co.,
Minneapolis, MN, USA) with a ’Co source with 15 mCi. Isomer shifts were given
relative to the isomer shifts of the metallic iron. The spectra were fitted using the

Normos90 software.

2.3. Enzyme activity assays and determination of protein content

Cellic CTec2 enzymatic preparation contains several enzymes necessary for
the hydrolysis of lignocellulosic biomass, such as endoglucanase, exoglucanase,
xylanase, 3-glucosidase, and B-xylosidase.

Endoglucanase activity was determined according to the methodology
described by Tanaka et al. (1981). Briefly, 0.1 mL volume of diluted Cellic CTec 2 was
added to 0.9 mL of 0.44% (w/v) sodium carboxymethylcellulose (CMC) (295%;
Carbosynth, USA) and kept at 50 °C in a thermal bath for 1 h. Xylanase activity was
measured following the methodology described by Bailey et al. (1992). Then, 0.1 mL
volume of diluted Cellic CTec 2 was added to 0.9 mL of 1% (w/v) xylan from
beechwood (290%; Sigma-Aldrich, St. Louis, MO, USA) and kept at 50 °C in a thermal
bath for 5 min. Total cellulase activity was determined according to the method
described by Ghose (1987) and expressed as filter paper units (FPU). A strip of filter
paper (Whatman N°1) was placed in a tube with ImL of 0.05 M sodium acetate buffer

(pH 4.8). Then, Cellic CTec 2 (0.5 mL) was added to the tubes and kept at 50 °C for 1
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h. The reactions of endoglucanase, xylanase, and total cellulase were stopped by
adding 3,5-dinitrosalicylic acid (DNS) and boiling for 5 min. After cooling, the
absorbance was measured at 540 nm using a spectrophotometer.

Exoglucanase, 3-glucosidase, and -xylosidase activities were measured
following the methodology described by Tan et al. (1987). Accordingly, 0.8 mL of 0.1%
(w/v) 4-nitrophenyl B-D-glucopyranoside (298%; Sigma-Aldrich, St. Louis, MO, USA),
4-nitrophenyl B-D-xylopyranoside (298%; Sigma-Aldrich, St. Louis, MO, USA), or 4-
nitrophenyl 3-D-cellobioside (298%; Sigma-Aldrich, St. Louis, MO, USA) was added to
0.2 mL of diluted Cellic CTec 2 and kept at 50 °C in a thermal bath for 30 min. The
reactions were stopped by adding 2 mL of 10% (w/v) sodium bicarbonate (NaHCO3),
and the absorbance was read at 410 nm.

The protein content of Cellic CTec 2 was determined using the method
described by Bradford (1976). Accordingly, a volume of properly diluted enzyme
preparation was mixed with the Bradford reagent (Sigma-Aldrich, St. Louis, MO, USA),
and absorbance was measured using a spectrophotometer at 595 nm. A standard
curve was constructed using bovine serum albumin (BSA; Sigma-Aldrich, St. Louis,
MO, USA).

According to Sheldon and Van Pelt (2013), the most used parameters to
determine the success of enzyme immobilization are immobilization yield,
immobilization efficiency, and activity recovery. In this context, we calculated these

parameters using the following equations:

vield = (2=2£) = 100% (1)

i

Efficiency = (AAE' ),., 100% (2)

i—Af

Activity recovery = (i—h) #* 1000%3 ()

i
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where Aj is the total activity of the enzyme cocktail solution before immobilization, Aris
the total activity of the supernatant after immobilization, and As is the total activity of

GO-MNP-Enz.

2.4. Determination of maximum activity temperature and pH
The assays to determine the maximum activity temperature and pH were
conducted as described in Section 2.2. To determine the maximum activity
temperature, the tests were carried out at temperatures between and 30-80 °C, at
intervals of 10 °C. To determine the maximum activity pH, the tests were performed at
pH 3-8 at the previously defined maximum activity temperature. The data were
presented in the form of relative activity, considering 100% of the highest activity

obtained.

2.5. Thermal and pH stabilities

The thermal stabilities of endoglucanase, exoglucanase, B-glucosidase,
xylanase, and B-xylosidase were determined by incubating the enzymes (free and
immobilized) at temperatures of 30, 40, 50, and 60 °C for 72 h. The residual activities
of the enzymes were measured at different time intervals. The stability in various pH
buffers was determined similarly by incubating the enzymes (free or immobilized) at 4
°C in buffers at pH 3-8 and determining the residual activities.

Additionally, the storage stabilities of immobilized endoglucanase,
exoglucanase, B-glucosidase, xylanase, and B-xylosidase were determined by
incubating GO-MNP-Enz at 4 °C in sodium acetate buffer (pH 4.8, 0.05 M) for 45 d
and measuring the residual activities of the enzymes at several intervals of time. The

data are presented as relative activity, considering 100% of the activity observed
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immediately after immobilization. Additionally, the storage stability of the dry GO-MNP-
Enz was evaluated. For this, GO-MNP-Enz was dried under vacuum conditions at a

temperature of 40 °C and then resuspended to measure its enzymatic activity.

2.6. Half-life and enzyme deactivation
For thermal deactivation calculations, it is common to use a first-order kinetic
model to correlate the enzymatic activity with time at a specific temperature (Melo,
2003). Considering this, Equations 4 and 5 were used to calculate the thermal
deactivation kinetic constant (Kq) and half-life time (t12) of each immobilized enzyme at

different temperatures.

Ln (:;D) = —K,t (4)
(= 2 (5).

where A is the final enzymatic activity of the free or immobilized enzyme, Ao is the
initial enzymatic activity, Kq is the thermal deactivation kinetic constant (h), and ti2 is

the half-life time of the free or immobilized enzyme.

2.7. Pretreatment of SB
SB was separately subjected to two different pretreatments (Paz-Cedeno et al.,
2021). For the first pretreatment, 50 g (dry weight) of SB was placed in a 1.5 L reactor
(AU/E-20; Regmed, Osasco-SP, Brazil). Then, 250 mL of 1% (w/v) sodium hydroxide
(NaOH) solution and 250 mL of 2% (w/v) sodium sulfite (Na2SOs3) solution were
added. The reactor was configured to operate at 140 °C for 30 min with a horizontal

rotation of 4 rpm. The obtained material was washed with tap water until the pH was
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neutralized and dried in an oven at 40 °C for 24 h. This material was denoted as
sulfite-pretreated SB (SSB).

For the second pretreatment, 20 g (dry weight) of SB was placed in a beaker
and 640 mL of ultrapure water, 6 g of sodium chlorite, and 2 mL of acetic acid were
added. The reaction was maintained at 70 °C for 4 h. At each hour of the reaction, 6 g
of sodium chlorite and 2 mL of acetic acid were added. After pretreatment, the mixture
was filtered through a porous glass filter # 3 (Schott, Mainz, Germany) and washed
with distilled water until the pH was neutral. The treated SB retained in the filters was
washed with 200 mL of pure acetone after neutralization (Siqueira et al., 2011). The
material was separated and oven-dried for 24 h at 40 °C. This material was named
chlorite-pretreated SB (CSB).

The yield of pretreatments was determined by gravimetry (percentage in

relation to initial mass and mass after pretreatment, dry weight).

2.8. Chemical composition of untreated and pretreated SB

To determine the chemical composition of SB, SSB, and CSB, the samples
were ground using a knife mill and a 20-mesh sieve (0.84 mm screen). Lignin and
carbohydrate content were determined by acid hydrolysis (Masarin et al., 2011). For
this, SBs were mixed with 72% (w/w) H2SOa4 for 1 h at 30 °C, then the H2SO4 was
diluted to a concentration of 4% (w/w), and the reaction was maintained for 1 h at 121
°C. The hydrolysate was filtered through porous glass filters # 3 (Schott, Mainz,
Germany) and the material retained on the filter was washed with ultrapure water,
dried, weighed, and considered insoluble lignin. An aliquot of the filtrate was used to
determine the soluble lignin via spectrophotometry (205 nm). To determine structural

carbohydrates content, the filtrate was injected into a high-performance liquid
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chromatography (HPLC) system equipped with an HPX87H column (Bio-Rad,
Hercules, CA, USA) at 60 °C with 0.005 M H2SOs at a flow rate of 0.6 mL.min2.
Detection was performed using a refractive index detector (model C-R7A; Shimadzu,
Kyoto, Japan) at 60 °C (Masarin et al., 2016; Paz-Cedeno et al., 2021). The cellulose
and hemicellulose contents in the SB were calculated from glucose, xylose, arabinose,

and acetic acid data.

2.9. Structural characterization of untreated and pretreated SB
The SBs were oven-dried, milled, and sieved using a 0.84 mm screen. The

samples were subjected to X-ray diffraction (XRD) using a Kristalloflex diffractometer
(Siemens, Munich, Germany), running at a power output of 40 kV with a current of 30
mA and Ka Cu radiation (A = 1.5406 A) at 25 °C within an angle range of 5-70° 28
(Bragg angle) and a scan speed of 2° min-t. The crystallinity index (Crl) was calculated
from XRD using the deconvolution method (curve fitting). PeaKFit software v.4.12 was
used for peak fitting, assuming Gaussian functions to approximate each peak (Park et
al., 2010; Roldan et al., 2017; Terinte et al., 2011). Crl was calculated using Equation

6, as follows:

crl (96) = ( -

A-+A4A,

)+ 100% (6)

where Ac is the area of the crystalline region and Aa is the area of the amorphous
regions.

Scanning electron microscopy (SEM) images were obtained using a JSM-
7500F field-emission scanning electron microscope (JEOL, Japan). For this purpose,
the samples were thoroughly oven-dried for 24 h at 50 °C, homogenized, and placed

on a conductive carbon adhesive tape.
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The ground and dried samples of SB were used for molecular absorption
spectrophotometry in the UV and visible regions using a Varian Cary 5000 UV- Vis-
NIR spectrophotometer (Crawley, UK) with a Cary Praying Mantis diffuse reflectance
accessory for dried powder samples. The samples were analyzed at wavelengths of
200—700 nm using MgO as the reference substance.

Infrared analysis was performed using attenuated total reflection with a Fourier
transform infrared (ATR-FTIR) spectrometer (Platinum-ATR Alpha; Bruker, Billerica,

MA, USA) with a single reflection diamond module at 25 °C.

2.10. Enzymatic hydrolysis of pretreated SB and recycling

Pretreated SB was hydrolyzed (CSB and SSB) using both free and immobilized
Cellic CTec 2 enzymatic preparation forms. For this purpose, 100 mg (dry weight) of
SB (SSB or CSB) was placed in a beaker and 10 mL of acetate buffer (pH 4.8)
containing the appropriate amount of GO-MNP-Enz to reach an enzyme load of 10
and 20 FPU per gram of SB (dry weight) was added. The reaction was carried out in a
thermal shaker at 45 °C and 150 rpm for 72 h. Aliquots were withdrawn at certain time
intervals and injected into an HPLC system using an HPX87H column (Bio-Rad,
Hercules, CA, USA) at 60 °C in the isocratic mode using 0.005 M H2SOs at a rate of
0.6 mL.min. Detection was performed using a refractive index detector (model C-
R7A; Shimadzu, Kyoto, Japan) at 60 °C. The cellulose and xylan conversions were

determined using Equations 7 and 8, respectively.

Cellulose conversion (%) = (W) *100% 7)
c+Mp
. . _ (M08
Xylan conversion (%) (—Fxh"fs ) 10094 (8)

where Mg is the mass of glucose (mg), 0.9 is the conversion factor of glucose to

cellulose, Fc is the cellulose fraction in the pretreated SB (g - g.g™), Mg is the mass of
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317 pretreated SB at the start of the reaction (mg), Mx is the mass of xylose (mg), 0.88 is
318 the conversion factor of xylose to xylan, and Fx is the xylan fraction in the pretreated
319 SB(g-9.g7).

320 The operational stability of GO-MNP-Enz was assessed in several cycles of

321 hydrolysis of pretreated SB (both SSB and CSB). Hydrolysis was conducted under the
322 same conditions as established above, but only for 24 h. Subsequently, the biocatalyst
323  was retained using an external magnet and the supernatant was removed from the
324 reaction. Then, 100 mg of SB and 10 mL of acetate buffer were added again and

325 placed in a shaker at 45 °C and 150 rpm to start the new hydrolysis cycle. A replicate
326  of the experiment (both SSB and CSB) was carried out separately for the recovery of

327 GO-MNP-Enz to perform SEM, as previously described.

328
329 2.11. Estimation of kinetic parameters
330 A model based on saturation kinetics was used to interpret the glucose and

331  xylose concentrations obtained during the enzymatic hydrolysis assays (Paz-Cedeno
332 etal., 2019). For this purpose, Equation 9 was used:

333 C= Cy(1—e™) 9)
334 where C is the sugar concentration (g.L?), Cmax is the asymptotic maximum sugar
335 concentration (g.L?), k is the kinetic constant of sugar accumulation (h'), and t is the

336  hydrolysis time (h).

337

338 3. RESULTS

339 3.1. Immobilization of Cellic CTec 2 on GO-MNP

340 Following the methodology described above, GO was obtained from graphite

341 and used to form GO-MNP. This nanocomposite was functionalized to serve as an
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immobilization support for the enzymes contained in the commercial enzymatic
preparation Cellic CTec 2. After immobilization, the GO-MNP-Enz obtained showed
activity of exoglucanase, endoglucanase, B-glucosidase, xylanase, and 3-xylosidase
of 763, 300, 4500, 1034, and 33 U.g?, respectively, while the total cellulase activity
was 44 FPU.g. The immobilization yield was used to describe the percentage of total
enzyme activity from the immobilized free enzyme solution (Sheldon and van Pelt,
2013). Most of the enzymes evaluated in this study obtained a high immobilization
yield, ranging between 63% and 97%, with the exception of xylanase, which was 27%.
The immobilization efficiency is described as the percentage of bound enzyme activity
that was verified in GO-MNP-Enz. Most of the time, this value is less than 100%, likely
because of mass transfer limitations, tertiary structure modifications, decreased
accessibility of active sites, and solubility of the specific substrate for each enzyme
assay (Boudrant et al., 2020). In this study, exoglucanase and 3-glucosidase showed
efficiency values greater than 100% (136% and 113%, respectively), indicating that
these enzymes are less sensitive to mass transfer issues, presumably because of the
high solubility of the specific substrates. Lastly, the activity recovery compares the
activity verified in GO-MNP-EnNz to that of the total starting activity of the free enzyme
and shows the potential for success of the immobilization process. The values
presented in Table S1 were published in a previous article by our research group, with

the exception of the values referring to exoglucanase (Paz-Cedeno et al., 2020).

3.2. Magnetic properties and MOssbauer spectroscopy
Figure S1 shows the Mossbauer spectra of GO-MNP and GO-MNP-Enz at
room temperature. The spectra were fitted to a six-line spectrum with a distribution of

hyperfine magnetic fields (Bhf). Both distributions indicated a high spectral contribution



15

367 of Feions in a Bhf of 45 T, which is close to the expected values for either magnetite
368  or maghemite nanoparticles (Cornell and Schwertmann, 2006). At low Bhf, the GO-
369 MNP-Enz sample has a higher spectral contribution, indicating the presence of a

370 larger number of smaller nanoparticles, probably because of the wide distribution of
371  particle sizes. Both spectra indicate the presence of Fe oxide nanoparticles with slow
372 relaxing magnetic moments, that is, within the measurement window time of the

373  Mossbauer technique (=108 s), the nanoparticles were thermally blocked at 300 K.
374 The room-temperature magnetization measurements are shown in Figure S2.
375  These curves show hysteresis behavior with very small remanence magnetization (Mr
376 =3.8-3.9 emu.g?) compared with the saturation magnetization (Ms = 54-64.5 emu.g™)
377 and low values of the coercivity field (Hc = 35-41 Oe). The low values of Mr/Ms (~

378 0.065) and Hc indicate an ensemble of nanoparticles in the superparamagnetic

379 regime. The Ms values were obtained from the law to the approach to saturation by
380 fitting the magnetization data obtained in a magnetic field (H) above 8 kOe to the

381 equation M=Ms(1-A/H), where A is a constant (Chikazumi, 1997). The differences

382 observed in the Méssbauer and magnetometry studies are ascribed to the different
383  values of the measurement window times of the Mossbauer spectroscopy (=102 s)
384 and magnetometry (~ 1-10 s) techniques. That is, at a given temperature, the Fe

385 magnetic moment in a nanoparticle may be frozen in the window time of 10 s, and it
386 may be fast relaxing in the window time of 1 s. The lower value of Ms, compared with
387  bulk magnetite, is attributed to the mass content of graphene and enzyme.

388  Furthermore, small nanoparticles have a very large surface area per gram of sample
389 and usually present many defects at their surface, which may lead to a decrease in
390 their magnetization. Because the nanopatrticles exhibit superparamagnetic behavior at

391 300 K, in the absence of an external magnetic field, their magnetization appears to be
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on average zero, and in the presence of a gradient field, the nanoparticles may be

dragged out.

3.3.  Optimal temperature, pH, and stability

Cellic CTec 2 enzymes in free and immobilized forms were evaluated to
determine the optimal temperature and pH in response to enzyme activity (Figure 1).
Endoglucanase and xylanase activities showed differences in relation to the optimal
temperature in the free and immobilized forms. For these enzymes, the optimal
temperature was 60 °C for the free form, but decreased to 50 °C for the immobilized
form. Changes in the temperature and pH of maximum activity are usually attributed to
alterations in the structure of the enzymes promoted by the immobilization process.
Exoglucanase, B-glucosidase, and B-xylosidase did not show differences between the
free and immobilized forms, with an optimal temperature of 60 °C for exoglucanase,
50-60 °C for B-glucosidase, and 50 °C for B-xylosidase. These results are in
agreement with the literature, as several studies have shown little or no difference in
optimal temperature between immobilized and free cellulases and xylanases
(Poorakbar et al., 2018; Sui et al., 2019; Terrasan et al., 2016; Wang et al., 2018).

The optimum pH of all the enzymes was the same in the free and immobilized
forms, except for endoglucanase, which showed an optimum pH of 4 in free form and
5 in immobilized form. These results agree with those reported by Wang et al. (2018)
using endoglucanase immobilized on magnetic gold mesoporous silica nanoparticles.
However, the literature shows different results in this regard. Huang et al. (2020)
immobilized endoglucanase in magnetic Fe203/FezO4 nanocomposites and reported a
decrease in the optimal pH from 5 to 4, compared with the free form, while Sui et al.

(2019) immobilized endoglucanase in polyurea microspheres and did not observe an
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optimal pH change between free and immobilized enzymes, with an optimal pH of 5. In
the case of xylanase, the relative activity at all pH values was similar in the free and
immobilized forms, with the exception of pH 3, in which the enzyme in the immobilized
form maintains a relative activity close to 100%, while in the free form, relative activity
was approximately 35%.

Figure 1. Optimal temperature and pH of free and immobilized endoglucanase (a-b),
exoglucanase (c-d), B-glucosidase (e-f), xylanase (g-h), and B-xylosidase (i-j). Non-
visible standard deviations indicate that the marker is greater than the deviation itself.

The storage stability of GO-MNP-Enz was also assessed. A suspension of GO-
MNP-Enz (1 mg.mL™?) was refrigerated (4 °C) and the residual activity was measured.
After 45 d, the enzymatic activities remained between 65 and 82% (Figure 2).
Additionally, the GO-MNP-Enz activity was evaluated after being subjected to a
vacuum drying. The dry GO-MNP-Enz immediately showed a great loss of activity,
probably because of the difficulty in forming a dispersion again. In future tests, the
storage stability in a more concentrated dispersion will be evaluated to reduce the
amount of water in storage. The storage stability of the commercial enzyme cocktail
was not altered during the evaluated period.

Figure 2. Storage stabilities of immobilized endoglucanase, exoglucanase, [-
glucosidase, xylanase, and [-xylosidase. Non-visible standard deviations indicate that
the marker is greater than the deviation itself.

The thermal stability of enzymes is a vital parameter from the point of view of
industrial application. In this study, we evaluated the thermal stability of
endoglucanase, exoglucanase, -glucosidase, xylanase, and B-xylosidase in a
temperature range of 30—60 °C for 72 h (Figure 3). It was possible to verify that the
immobilization of the enzymes in GO-MNP played an important role in the

improvement of the thermal stability of the enzymes at temperatures up to 45 °C.
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However, this effect was less evident at temperatures above 50 °C, which was
reflected in the half-life time (Figure 4). Sui et al. (Sui et al., 2019) evaluated the
thermal stability (at 50 °C) of free and immobilized endoglucanase from commercial
preparation (cellulase from Aspergillus niger, Shanghai Macklin Biochemistry
Technology Co. Ltd) on polyurea microspheres and reported that after 3 h, the activity
of the free endoglucanase decreased up to 30% of its initial activity, while the
immobilized enzyme decreased to approximately 85%. Gouda and Abdel-Naby (2002)
evaluated the stability of free and immobilized xylanase (produced by the authors from
Aspergillus tamarii) on a support denominated Duolite A147; after 3 h of incubation at
40, 50, and 60 °C, the activity of the free xylanase decreased to 50, 30, and 10%,
respectively. In the case of immobilized xylanase, a small improvement was observed,
with the activity falling to 70, 40, and 15% after 3 h at 40, 50, and 60 °C, respectively.
The half-life of the enzymes in the free and immobilized forms was calculated at
temperatures between 30 °C and 60 °C (Figure 3). At a low temperature (30 °C), the
free enzyme presented stable activity values; therefore, it was not possible to calculate
the half-life time, with the exception of xylanase, which presented a loss of activity at
30 °C and a half-life of 68 h, and in the immobilized form it was 492 h. We verified that
at 45 °C, the half-life of the immobilized form was longer than that of the free form; in
all cases, with the exception of endoglucanase, where the half-life time in the free form
was greater than 200 h. From an industrial point of view, this result is very interesting
because a longer half-life time is related to the longer operational stability of GO-MNP-
Enz with the associated economic benefits. Additionally, it is possible to verify that the
half-life time decreases dramatically at 50 °C compared to 45 °C, indicating that in an
enzymatic hydrolysis assay, the enzymes will maintain their activity for a longer time at

45 °C.
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Figure 3. Thermal stabilities of free and immobilized endoglucanase,
exoglucanase, B-glucosidase, xylanase, and B-xylosidase. Non-visible standard
deviations indicate that the marker is greater than the deviation itself.

Figure 4. Half-life time of free and immobilized endoglucanase (a), xylanase (b),
exoglucanase (c), B-xylosidase (d), and B-glucosidase (e).

Figure 5. pH stabilities of free and immobilized endoglucanase, exoglucanase, [3-

glucosidase, xylanase, and B-xylosidase. Non-visible standard deviations indicate

that the marker is greater than the deviation itself.

The free and immobilized enzymes were incubated in buffer with a pH between

3 and 8 to evaluate their stability (Figure 5). Free and immobilized exoglucanase
maintained relative activity greater than 70% after 72 h, in all cases, with the exception
of pH 3 and 4 of the free form, where a significant drop was observed. Free and
immobilized endoglucanase maintained a relative activity greater than 80% at all pH
values. The immobilized B-glucosidase presented a better stability than the free £3-
glucosidase at pH values of 5, 6, 7, and 8; however, at pH 3, it lost 60% of its activity.
The xylanase and B-xylosidase enzymes showed a relative activity greater than 60%

at all pH values after 72 h.

3.4. Chemical composition and structural analysis of pretreated SB
The literature shows that enzymatic hydrolysis of untreated SB is inefficient,
and there is a need to subject the biomass to a pretreatment in order to reduce the
recalcitrance presented by these materials (Paz-Cedeno et al., 2021). Untreated SB
contained 34.6% cellulose, 25.3% hemicellulose, 21.9% lignin, 3.7% ash, and 7.8%
extractives, constituting a total of 93.3%. According to the literature (Sluiter et al.,
2010), the hemicellulose chains of grasses often contain methyl glucuronic acid, which

is added to the oxidation products of sugars (hydroxymethylfurfural, furfural, formic,
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and levulinic acid), is part of the indeterminate components that complete the chemical
composition of SB (Table 1).

Table 1. Chemical composition of untreated and pretreated sugarcane bagasse (SB).

SB was subjected to two different pretreatments using sulfite-NaOH and
sodium chlorite. The visual aspect of SB changed, leaving the pretreated samples
clearer than the untreated sample (Figure S3). The SEM images show morphological
differences between the untreated and pretreated SB. Figure S4a shows a mostly
smooth and uniform structure, characteristic of untreated SB, while Figures S4b and
S2c show rough and irregular structures, which are the result of the deconstruction of
the cell wall caused by the pretreatments (SSB and CSB, respectively).

After the pretreatments, the percentages of the components of the SB changed,
with the main result being the removal of lignin, which decreased to approximately
10% (raw material, Table 1). The data presented in Table 1 show that there was no
significant loss of cellulose content after pretreatment. However, there was a
significant loss of hemicellulose in the sulfite-NaOH pretreatment (33%), while
pretreatment with sodium chlorite did not show significant differences. In relation to
lignin, it was verified that the two pretreatments were successful in removing it, as
pretreatment with sulfite-NaOH reduced more (71.3%) than pretreatment with chlorite
(61.0%). Ashes were incorporated into the pretreated samples, as the mass balance
indicates that it was contaminated with inorganics during pretreatment, resulting in a
content of 6.1 and 8.5% for SSB and CSB, respectively. Mendes et al. (2011)
subjected SB to pretreatment with sulfite-NaOH at 120 °C for 1 h and reported a
53.3% removal of lignin. Applying a pretreatment with sodium chlorite in SB, Siqueira
et al. (2013) reported a 70% decrease in lignin content, which is consistent with the

results presented in this study.
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The ATR-FTIR spectra of SB, SSB, and CSB are shown in Figure S5a. The
spectra show characteristic bands of cellulose (bands g, h, j, and k), hemicellulose
(band c), and lignin (bands a, b, d, e, f, i, and l). A detailed description of the bands is
provided in Table S2. In this study, the spectra were compared to confirm their
chemical composition. In this sense, it is possible to verify that the characteristic bands
of cellulose are present in all the spectra, confirming that the pretreatments did not
degrade it. Band c, typical of hemicellulose, is present in the SB and CSB spectra;
however, this band is not found in the SSB spectrum, confirming the decrease in the
hemicellulosic fraction in SSB, as shown in Table 1. Regarding lignin, a decrease in
the intensity of the characteristic bands was observed in the spectra of SSB and CSB
compared to the spectrum of SB, confirming the decrease of this component in the
pretreated SB.

The UV-Vis spectra of the samples are shown in Figure S5b. The bands at 280
and 350 nm correspond to the non-conjugated and conjugated phenolic groups
present in biomass containing lignin, respectively (Arun et al., 2020). SB shows a
maximum absorption peak at approximately 350 nm, which can be attributed to the
coniferyl aldehyde structures, p-coumaric and ferulic acids in lignin (Bu et al., 2011,
Jaaskelainen et al., 2006). The SSB and CSB spectra show a shift in the region of
maximum absorbance from 350 nm to 280-310 nm, compared to SB, indicating that
the characteristic components of the 350 nm region (conjugated phenolic groups)
were partially removed. The SSB and CSB maximum absorbance region (280-310
nm) are related to lignin rich in guaiacyl-syringyl and hydroxycinnamic acids (Yang et
al., 2013). This result indicates a partial decrease in the lignin content, corroborating

the results of the chemical composition (Table 1).
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Figure S5c presents the X-ray diffractogram and crystallinity index (Crl) of SB,
SSB, and SCB. The SB presented a Crl of 45.5%, which is consistent with that
reported in the literature (Paz-Cedeno et al., 2021; Roldan et al., 2017). After the
pretreatments, an increase in Crl was verified, with an SSB of 61.1% and CSB of
54.6%. Lignin and hemicellulose have amorphous structures, and their removal favors
an increase in the Crl of the biomass under study. These results agree with those
reported in Table 1, confirming that lignin and hemicellulose were partially removed in
SSB. In contrast, in CSB, the hemicellulose content remains the same despite the

removal of lignin, which is reflected in a lower Crl in CSB than in SSB.

3.5.  Enzymatic hydrolysis of pretreated SB

Untreated SB can be directly subjected to enzymatic hydrolysis. However, as
has been widely demonstrated in the literature (Mesquita et al., 2016; Paz-Cedeno et
al., 2021; Tavares et al., 2018; Teran Hilares et al., 2018), this biomass exhibits a high
recalcitrance against enzymatic hydrolysis, which generally leads to cellulose and
xylan conversion values of approximately 20% or less. Consequently, SSB and CSB
were subjected to pretreatment to improve the enzymatic hydrolysis performance. The
profile of enzymatic hydrolysis of SSB and CSB using free and immobilized Cellic
CTec 2 is presented in Figure 6.
Figure 6. Hydrolysis of sulfite-NaOH (SSB) (a-b) and chlorite (CSB) (c-d) pretreated
SB using free and immobilized enzymes. Non-visible standard deviations indicate that
the marker is greater than the deviation itself.

The conversion of cellulose and xylan into glucose and xylose was faster in
tests performed with the enzyme in its free form compared to the immobilized form.
This is probably due to the mass-transfer limitation problems faced by immobilized

enzymes (Boudrant et al., 2020). After 72 h of hydrolysis, the cellulose conversion
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reached 100% in both SSB and CSB. In the case of xylan conversion, we verified that
after 72 h of hydrolysis of SSB, it reached 100% conversion, but in the CSB, it reached
approximately 80%.

The results of hydrolysis of SSB using immobilized enzymes show that, despite
the fact that in the first hours, the conversion is lower compared to hydrolysis with free
enzymes form, after 72 h, the cellulose and xylan conversions reached high levels,
being approximately 90 and 100% with loads of 10 and 20 FPU.g%, respectively.
Meanwhile, the results of the hydrolysis of CSB show that although an increase in the
load of immobilized enzymes (from 10 to 20 FPU.g?) increases the cellulose
conversion (from 60 to 87%) and xylan conversion (from 44 to 67%), it is not enough
to reach the levels of conversion achieved by the free enzyme form. These differences
may be due to the fact that the SSB promotes the sulfonation of lignin, which
increases the swelling of the fibers and, in this way, increases the exposure of
cellulose and hemicellulose to the active sites of the enzymes (Mendes et al., 2011;
Paz-Cedeno et al., 2021). Additionally, the sulfonated lignin is more hydrophilic and
presents less unproductive adsorption of the enzymes, which makes the reuse of GO-
MNP-Enz more efficient (Mendes et al., 2013). Siqueira et al. (2011) subjected SB to
pretreatment with chlorite and verified the response to enzymatic hydrolysis with free
enzyme form. The data presented by the authors are lower than those found in this
work, reaching a cellulose conversion of 60% into glucose and 55% conversion of
xylan into xylose after 72 h of hydrolysis.

The kinetic parameters calculated from the experimental data, using a
previously reported mathematical model (Oliveira et al., 2018; Paz-Cedeno et al.,
2019; Solorzano-Chavez et al., 2019), helped us to understand the differences in the

kinetics of free and immobilized enzyme forms (Table 2). In all cases, the maximum
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rate of product formation was higher in the free form than in the immobilized form.
However, it was verified that in the case of SSB hydrolysis, there was no significant
difference in the maximum rate of glucose formation between hydrolysis with an
enzyme load of 10 and 20 FPU.g™}, but there was a difference in the maximum rate of
xylose formation, with 20 FPU.g* higher. On the other hand, there was a significant
difference between the hydrolysis of CSB that used 10 and 20 FPU.g}, as the
hydrolysis with 20 FPU.g* had a higher rate of both glucose and xylose formation.
Table 2. Kinetic parameters of enzymatic hydrolysis of pretreated SB using free and
immobilized enzymes.

3.6. Operational stability of GO-MNP-Enz

The main objective of enzyme immobilization was the reuse of GO-MNP-Enz in
several cycles of hydrolysis. For this reason, enzymatic hydrolysis tests of SSB and
CSB were performed using immobilized enzymes, and after the hydrolysis cycle was
finished, the GO-MNP-Enz was recovered with the aid of an external magnet and
reused in a new hydrolysis cycle (Figure 7).

Figure 7. Recycling hydrolysis of sulfite-NaOH (SSB) (a-b) and chlorite (CSB) (c-d)
pretreated SB.

The hydrolysis of SSB with immobilized enzymes (enzyme load 10 FPU.g?)
resulted in cellulose conversion into glucose of 47% in the first cycle and remained at
a similar level until the fourth cycle when it reached 36% (Figure 7a). Xylan conversion
into xylose in the same test was 45% in the first cycle and 39% in the last cycle.
Although these values are not high, a very low loss of GO-MNP-Enz efficiency was
confirmed between hydrolysis cycles, maintaining an efficiency of 76% and 86% in the
cellulose and xylan conversions, respectively, compared to the first cycle. Carrying out

the same hydrolysis test but with a higher enzymatic load (20 FPU.g-1), it was verified
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that the cellulose conversion was 74% in the first cycle and remained at a similar level
until the fourth cycle, reaching 62% (Figure 7b). In the same test, the xylan conversion
in the first cycle was 74% and 63% in the fourth cycle. This indicates that the efficiency
of GO-MNP-Enz was approximately 84% after four cycles of hydrolysis compared to
the first cycle. From these SSB hydrolysis tests, we can show that the cellulose and
xylan conversions in each hydrolysis cycle increase with the increase in enzymatic
load; however, the catalyst efficiency reached similar levels in the tests with 10 and 20
FPU.g

CSB hydrolysis showed inferior performance compared to SSB hydrolysis.
Using 10 FPU.g%, the cellulose conversion in the first cycle reached 28% and 9% in
the last cycle. The xylan conversion in the first cycle was 23%, and in the fourth cycle
it was 5% (Figure 7c). This indicates that the efficiency of GO-MNP-Enz decreased by
68% for cellulose conversion and 79% for xylan conversion. The increase in the
enzymatic load for 20 FPU.g! led to an increase in the cellulose and xylan
conversions, reaching 54% and 36% in the first cycle, respectively. However, in the
fourth cycle, the cellulose conversion barely reached 13%, and xylan conversion was
11% (Figure 7d). This indicates that there was a loss of catalyst efficiency of 75% in
the case of cellulose conversion and 69% in xylan conversion, compared to the first
cycle.

These differences in bioconversion of SSB and CSB may be due to the fact that
pretreatment with sulfite-NaOH reduces hydrophobic interactions between lignin and
the enzyme, achieving less unproductive adsorption and additionally causing a
swelling between the fibers that facilitates the access of the GO-MNP-Enz and
therefore increases the conversion during the hydrolysis (Mendes et al., 2011).

Moreover, the higher cellulose and xylan conversions facilitated the separation of the
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656 GO-MNP-Enz at the time of finishing one hydrolysis cycle and starting the next, since
657 there is less insoluble matter that can adhere to the GO-MNP-Enz.

658 Finally, the GO-MNP-Enz performance under optimal reaction conditions was
659 compared with previously reported results. Table 3 presents the glucose production
660 values and TOF (h?) obtained in the hydrolysis of lignocellulosic biomass using

661 immobilized biocatalysts. The GO-MNP-Enz used in this work showed superior

662  performance in terms of TOF compared to those previously reported in the literature,
663  showing the high potential of our GO-MNP-Enz for the industrial production of sugars
664  from SB biomass. In a previous article (Paz-Cedeno et al., 2020), we reported the
665  hydrolysis of SSB using GO-MNP-Enz and obtained a TOF of 0.0006 for glucose

666  production. This value was much lower than that obtained now, probably because the
667 hydrolysis conditions were not optimized. Previously, we worked at a temperature of
668 30 °C and an enzymatic load of 660 FPU.g'. The evaluation of half-life time, thermal
669  stability, and optimal temperature in this work allowed us to adjust the conditions so
670 that GO-MNP-Enz can work more efficiently. Table 3 presents the glucose production
671 values and TOF obtained in the hydrolysis of lignocellulosic biomass using

672  immobilized biocatalysts.

673
674 Table 3. Data on glucose production during the enzymatic hydrolysis of different
675 lignocellulosic biomasses.

676
677 4. CONCLUSION
678 The enzymes contained in the commercial Cellic CTec 2 enzymatic preparation

679  immobilized in GO-MNP showed similar behavior in a wide range of pH and
680 temperature conditions compared to the free form. GO-MNP-Enz was stable during
681  cold storage for 45 d. The half-life time at the operational temperature (45 °C) was

682  higher in GO-MNP-Enz than the free form, with the exception of endoglucanase. This
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indicates that immobilization favors the operational stability of the enzymes evaluated.
Regarding the hydrolysis of pretreated SB, we confirmed that the hydrolysis of SSB
was better than that of CSB. This had repercussions in the reuse tests of GO-MNP-
Enz, in which it was found that after several cycles of hydrolysis of SSB, the efficiency
of GO-MNP-Enz remained at levels between 76% and 86%, while in the hydrolysis of
CSB, the efficiency of the catalyst after four cycles of hydrolysis was between 25%
and 32%.

Finally, the immobilization of enzymes in GO-MNP showed an improvement in
the operational stabilities of the evaluated enzymes, maintaining high efficiency after
several cycles of hydrolysis and achieving higher productivity than previously reported
biocatalysts. Therefore, the use of GO-MNP-Enz can be considered as a technically
viable strategy for the hydrolysis of pretreated SB, which could contribute to improving
the efficiency of bioprocesses, for example, the production of cellulosic generation

ethanol, a renewable and environmentally friendly biofuel.

5. DECLARATIONS SECTION
List of abbreviations
(ATR-FTIR) Attenuated total reflection-Fourier Transform Infrared; (CMC) Sodium
carboxymethylcellulose; (Crl) Crystallinity index; (CSB) Chlorite pretreated SB; (EDC)
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; (EDX) Energy-dispersive X-ray;
(FPU) Filter paper units; (GO) Graphene oxide; (GO-MNP) Graphene oxide-magnetite
nanocomposite; (GO-MNP-Enz) Biocatalyst; (NHS) N-hydroxy-succinimide; (SEM)
Scanning electron microscopy; (SB) Sugarcane bagasse untreated; (SSB) Sulfite-
NaOH pretreated SB; (TOF) turnover frequency; (TON) turnover number; (XRD) X-ray

diffractogram.
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Table 1. Chemical composition of untreated and pretreated sugarcane bagasse (SB).

SB components (g/100g of material)

Biomass Yield Cellulose  Hemicellulose Acetyl Lignin Ashes
(9/100g (%) (%) group (%) (%)
of SB) (%)

Untreated - 346+25 25.3+1.8 26+0.2 21.9+0.6 3.7+£07
SSB 64.2 48.4+£29 23.0+2.0 n.d. 9.8+1.0 95+09
CSB 76.7 42.0£0.6 25.1+0.4 3.1+£0.2 10.8+0.8 12.2+2.0

% of components loss
(biomass components as g/100g of untreated SB)
Cellulose  Hemicellulose Lignin Ashes
(%) (%) (%) (%)

Untreated - 34.62 25.32 2.6 21.92 34
SSB 64.2 31.12 16.9P n.d. 6.3¢ 6.1
CSB 76.7 32.22 24.42 2.4 8.2b 8.5

*Values that do not share a letter are significantly different according to Tukey test (Minitab 19).
Extractives in the untreated sample: 7.8 % (grams per 100 grams of SB, dry weight).
SSB: Sulfite-NaOH pretreated SB. CSB: Chlorite pretreated SB. n.d.: not detected

Table 2. Kinetic parameters of enzymatic hydrolysis of pretreated SB using free and
immobilized enzymes.

*Maximum rate

k Chwmax of product

i i 2
Biomass Bioproduct GO-MNP-Enz (hd) (9.LY formation R
(g.Lth?)

SSB Glucose Free (10 FPU.g™) 0.242£0.016  5.238+0.212 1.269 + 0.0842 0.907
Immobilized (10 FPU.g%)  0.025+0.007  5.826 + 1.502 0.137 + 0.004° 0.975

Immobilized (20 FPU.gY)  0.030 £+ 0.008  6.765 + 1.517 0.196 + 0.015° 0.961

Xylose Free (10 FPU.g%) 0.072+0.002  2.890 + 0.087 0.209 * 0.008? 0.973

Immobilized (10 FPU.g)  0.045+0.011  2.393 + 0.463 0.105 + 0.008° 0.986

Immobilized (20 FPU.gY)  0.050 £ 0.010  2.939 + 0.446 0.143 £ 0.013° 0.962

CSB Glucose Free (10 FPU.g™) 0.160 +0.010  4.482 +0.043 0.715 + 0.040° 0.939
Immobilized (10 FPU.g) ~ 0.033 £0.005  3.047 +0.193 0.099 + 0.009° 0.982

Immobilized (20 FPU.gY)  0.042 £ 0.009  4.276 + 0.423 0.177 £ 0.018° 0.984

Xylose Free (10 FPU.g%) 0.085+0.012  2.203 + 0.054 0.187 + 0.0242 0.953

Immobilized (10 FPU.g")  0.034 £0.016  1.447 + 0.370 0.045  0.013° 0.988

Immobilized (20 FPU.g")  0.049 +0.010  1.931 + 0.204 0.094 + 0.009° 0.987

* The values with the same superscripts do not differ among themselves (significance level of 0.05; Tukey

test, Minitab 19). SSB: Sulfite-NaOH pretreated SB. CSB: Chlorite pretreated SB.
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Table 3. Data on glucose production during the enzymatic hydrolysis of different
lignocellulosic biomasses.

Number Mass of
Biocatalyst Biomass of Time per blocatalys_t in Glucose _totf;ll TOR® Ref.
cycle (h) the reaction production
cycles (mg)
GO-MNP-Enz SSB 4 24 22.7 91.3 0.0419 This work
GO-MNP-Enz SSB 4 24 45.4 145.9 0.0335 This work
GO-MNP-Enz CSB 4 24 22.7 29.5 0.0136 This work
GO-MNP-Enz CSB 4 24 454 49.8 0.0114 This work
(Paz-
GO-MNP-Enz SSB 10 24 150.0 21.0 0.0006 Cedeno et
al., 2020)
Agave (Sanchez-
Cel-Ch-MNP f?ber 5 20 122.5 76.3 0.0006 Ramirez et
al., 2017)
CBNP Bagasse 6 72 2027.0 2475 0.0003 (xé‘oeltl‘;‘"'
CBNP Com Stalk 6 72 2027.0 371.3 0.0004 (Xgoeltlf)""

amg of glucose after all hydrolysis cycles (mg);

bmg of glucose per mg of biocatalyst per hour (h™).

GO-MNP-Enz: Cellic CTec2 enzyme cocktail immobilized on magnetic graphene-oxide particles.
Cel-Ch-MNP: Cellulase immobilized on chitosan-coated magnetic nanopatrticles.

CBNP: Cellulase immobilized on magnetic particles.
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Figure 1. Optimal temperature and pH of free and immobilized endoglucanase (a-b),
exoglucanase (c-d), B-glucosidase (e-f), xylanase (g-h), and B-xylosidase (i-j). Non-
visible standard deviations indicate that the marker is greater than the deviation itself.
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Figure 3. Thermal

stabilities of free and immobilized endoglucanase,

exoglucanase, (B-glucosidase, xylanase, and (B-xylosidase. Non-visible standard
deviations indicate that the marker is greater than the deviation itself.
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Figure 5. pH stabilities of free and immobilized endoglucanase, exoglucanase, B-
glucosidase, xylanase, and B-xylosidase. Non-visible standard deviations indicate
that the marker is greater than the deviation itself.
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Figure 6. Hydrolysis of sulfite-NaOH (SSB) (a-b) and chlorite (CSB) (c-d) pretreated
SB using free and immobilized enzymes. Non-visible standard deviations indicate
that the marker is greater than the deviation itself.
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