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ABSTRACT
For producing second-generation ethanol (cellulosic ethanol) and other value-added
bioproducts, magnetic graphene oxide (GO-MNP) was synthesized in this work and
used as the immobilization support for an industrial cellulase and xylanase-containing
preparation. GO-MNP characterization by TEM, SEM and ATR-FTIR spectroscopy
showed that the magnetic nanoparticles are homogeneously distributed onto the GO
sheets surface. The enzymatic preparation was immobilized by means of carbodiimide
cross-linking chemistry using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-
hydroxysuccinimide (NHS). The supported final biocatalyst (GO-MNP-Enz) showed high
activity for the hydrolysis of pretreated sugarcane bagasse (PSB) and presented relative
endoglucanase, xylanase, B-glucosidase, and B-xylosidase activities of 70%, 66%,
88%, and 70%, respectively, after 10 cycles of hydrolysis of their respective substrates.
The biocatalyst also maintained approximately 50% and 80% of its efficiency for
cellulose and xylan hydrolysis, respectively, being the TOF (g.g*.h) the highest
observed when compared with previous results observed in literature. These findings
suggest that GO-MNP-Enz may be a prospective candidate for industrial applications

such as second-generation ethanol production.

Keywords: Enzyme immobilization, graphene oxide, magnetic nanopatrticles,

biocatalyst, sugarcane bagasse hydrolysis, monomeric fermentable sugars

INTRODUCTION

Brazil is the largest exporter and second-largest producer (after the USA) of
ethanol in the world, having produced approximately 33 billion liters in 2019 [1,2]. First-
generation ethanol is mainly obtained from sugarcane and corn, while second-
generation ethanol is derived from lignocellulosic biomass found in plants. An important
step in the production of second-generation ethanol is the biocatalytic process that uses

cellulases and xylanases to hydrolyze lignocellulosic material into fermentable sugars.
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Biocatalytic processes have been applied in several sectors of the biotechnology due to
their high specificity and conservation of the environment. However, the use of enzymes
in industrial applications may be limited depending on their cost, which is a bottleneck in
the production process of second-generation ethanol. In addition, maintaining the
structural stability of some enzymes during any biochemical reaction is a major
challenge [3].

The immobilization of enzymes onto solid supports offers many advantages,
including reuse of the enzyme, relatively easy separation of the product, and increased
enzyme stability [4]. Typically, the supports used for enzyme immobilization are
agarose, sepharose, silica gel, chitosan, silica-based carriers, polysaccharide
derivatives, synthetic polymers, and zeolites [5-12]. Since the support’s surface area is
a major characteristic for effective enzyme immobilization, two-dimensional (2D)
materials, which include graphene and graphene oxide (GO), are exceptionally
interesting for this application [13]. GO is an especially versatile chemical platform due
to the vast availability of functional groups on its immense surface area (as high as
736.6 m?.g! in agueous solutions) [14], making it an excellent support material for
immobilizing enzymes [15,16]. The magnetization of the supports prior to use has
shown great potential for recyclable applications [17—-19]. A key advantage of using
magnetic support for enzyme immobilization is the possibility to recover the supported
biocatalyst using an external magnet, which is more viable in comparison to other
recovery methods, such as filtration and centrifugation [20]. Recently several published
works have developed such types of magnetic composite supports for the

immobilization of enzymes [21,22].
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Cellulases and xylanases immobilization in solid supports had been studied in
the past [23—-28]. However, in spite of various immobilization techniques and supports
reported in the literature, there is still a demand for more efficient methods and easier
recycling of the biocatalyst. This paper aims to add to the literature on the hydrolysis of
lignocellulosic biomass using immobilized enzymes.

Considering the aforementioned, in this study GO-magnetic nanoparticles (GO-
MNP) was synthesized and used as the immobilization support for a commercial
enzymatic preparation containing cellulase and xylanase activities. Considering the
nature of the support GO rich in acids groups, the covalent immobilization was carried
out by activating the acid groups on the GO-MNP surface using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and then reacting with N-hydroxysuccinimide
(NHS), providing a reactive site for enzyme immobilization (see Figure 1) [21,29-31].
The support and biocatalyst were ultrastructurally characterized and assessed for reuse
using both specific substrates and an actual lignocellulosic material (sugarcane

bagasse).

EXPERIMENTAL METHODS
Synthesis of GO and GO-MNP

GO was prepared using a modified version of Hummers’ method [32].
Accordingly, graphite powder (99.99%; < 150 um; Sigma-Aldrich, St. Louis, MO, USA)
was mixed with H2SOa4 (95-97% v/v) and oxidized to graphite oxide using KMnOa. An
aqueous suspension of graphite oxide (1 mg.mL!) was exposed to sonication for 2 h to

exfoliate into GO. GO-MNP was obtained by co-precipitation of iron salts [17]. Briefly,
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FeCl3-6H20 and FeCl2-4H20 (molar ratio 2:1) were added to an acetic acid solution (3%
v/v) under vigorous stirring, and a GO dispersion (5 mg.mL1) was added. Then, the
temperature was raised to 80 °C, and pH was increased by adding ammonia (25% v/v).
Finally, the reaction was stopped, and the solid was collected using an external magnet
and washed with ultrapure water and methanol. The solid was dried and stored. Before
use, the material was exposed to sonication for 2 h in an aqueous suspension to

exfoliate into GO-MNP.

Immobilization of cellulases and xylanases from enzymatic preparation on GO-
MNP

The GO-MNP was functionalized to allow for the covalent immobilization of
enzymes. For this purpose, 20 mL of a GO-MNP dispersion (0.5 mg.mL™) in acetate
buffer (0.05 M; pH 4.8) was sonicated for 2 h. Next, 20 mg of NHS and 24 mg of EDC
were added, and the mixture was stirred for 3 h. The solid was collected using an
external magnet and washed with the same buffer. Subsequently, the solid was
resuspended in acetate buffer (pH 4.8), and a volume (3-120 pL) of enzyme preparation
Cellic CTec 2 (Novozymes, Denmark) was added. The suspension was placed on a
rolling agitator at 120 rpm for 12 h. Finally, the biocatalyst was collected using an
external magnet, washed with acetate buffer (pH 4.8), and resuspended in the same

buffer. This biocatalyst was denoted as GO-MNP-Enz.

Ultrastructural characterization
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Scanning electron microscopy (SEM) images and energy-dispersive X-ray (EDX)
spectra were taken using an AURIGA Focused lon Beam Scanning Electron
Microscope (Zeiss, Germany). For this purpose, the samples were thoroughly dried in a
vacuum oven and placed on a conductive carbon adhesive tape. Transmission electron
microscopy (TEM) images and EDX spectra were recorded on a JEM-2100F
Transmission Electron Microscope (JEOL, Japan). The samples were dispersed (= 0.04
mg.mL?) in ultrapure water (18.2 MQ cm) and transferred to nickel square mesh grids.
EDX spectra analysis provided elemental identification and quantitative compositional
information. Atomic force microscopy (AFM) images were recorded on a MultiMode 8
Atomic Force Microscope under tapping mode (Bruker, USA). The samples were
prepared by dispersing GO-MNP-Enz in agueous solution (= 0.04 mg.mL), placing it
over a mica surface, and allowing the solvent to evaporate. Raman spectroscopy
measurements were recorded using an alpha 300 R confocal microscope spectrometer
(WITec, Germany) using 50x objective lens and grading of 600 g.mm=. A 532 nm
excitation laser was employed to characterize the GO. A silicon oxide substrate was
used to calibrate the spectrometer. The specific surface area of the GO and GO-MNP
were calculated by the Brunauer-Emmet-Teller method (BET) by means of nitrogen
adsorption at -196°C using an ASAP 2420 (V2.09 J). Lastly, the dried samples were
subjected to infrared analysis using attenuated total reflection with a Fourier transform
infrared (ATR-FTIR) spectrometer (Platinum-ATR Alpha; Bruker) with a single reflection

diamond module.

Enzymatic activity assays
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Total cellulase activity was determined according the methodology described by
Ghose[33] with some modifications. Briefly, a filter paper strip (1.0 x 6.0 cm; = 50 mg;
Whatman No. 1) was used as the substrate in 1.2 mL of acetate buffer (pH 4.8) and 0.3
mL of enzymatic preparation Enz or biocatalyst suspension for free- or immobilized-
enzymes, respectively. Endocellulase activity was measured using the methodology
described by Tanaka et al. [34]. Accordingly, 0.9 mL of 0.44% (w/v) sodium
carboxymethylcellulose (CMC) (= 95%; Carbosynth, USA) solution was placed in a
tube, and 0.1 mL of Enz or immobilized biocatalyst suspension was added. For
xylanase activity determination, we followed the methodology described by Bailey et al
[35]. Thus, 0.9 mL of 1% (w/v) xylan (= 90%; Sigma-Aldrich) solution was added to 0.1
mL of Enz or immobilized biocatalyst suspension. The reactions of total cellulase,
endoglucanases and xylanase activities were stopped by adding a volume of 3,5-
Dinitrosalicylic acid (DNS), boiled for 5 min, and cooled before their respective
absorbances were read at 540 nm.

B-glucosidase and B-xylosidase activities were measured according to Tan et al
[36]. Following this method, 0.8 mL of 0.1% (w/v) 4-Nitrophenyl 3-D-glucopyranoside (=
98%; Sigma-Aldrich) or 4-Nitrophenyl B-D-xylopyranoside (= 98%; Sigma-Aldrich)
solution was added to 0.2 mL of Enz or immobilized biocatalyst suspension,
respectively. The reactions were stopped by adding 2 mL of NaHCOs, and the
respective absorbances were read at 410 nm.

Yield, efficiency, and recovery activities of the enzyme immobilization were

determined according to Equations 1, 2, and 3, respectively [37].
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Yield = (“‘;—“‘f) «100% (Equation 1)
Efficiency = (Af_"’Af) % 100% (Equation 2)
Activity recovery = (%) *100% (Equation 3)

where Ai: total activity on the supernatant before immobilization, As: total activity on the

supernatant after immobilization, and Ap: total activity on the biocatalyst.

Reuse of immobilized enzymes

To determine the reusability of the immobilized enzymes, GO-MNP-Enz was
subjected to catalytic activity assays according to the previously described methods
(endoglucanase, xylanase, B-glucosidase, and B-xylosidase). After the activity assay,
GO-MNP-Enz was collected with an external magnet, washed with acetate buffer, and
then reused into a new activity assay. The turnover frequency (TOF), defined as g of
product obtained per g of biocatalyst per h, was calculated for the enzymatic hydrolysis

of the respective substrates.

Hydrolysis of pretreated sugarcane bagasse (PSB)

One hundred grams of original sugarcane bagasse (dry basis) and 1 L of a
Naz2S03 2% (w/v) and NaOH 1% (w/v) solution were added into a 1.5 L reactor (AU/E-
20; Regmed, Brazil), culminating in a 1:10 ratio between the bagasse mass (dry basis)
and solution volume. The reactor was closed and set to 140 °C and 4 rpm of horizontal
rotation for 30 min [38]. Subsequently, the PSB was washed several times with distilled

water and dried at 40 °C for 48 h. For the PSB hydrolysis using GO-MNP-Enz, 10 mg of
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PSB (dry basis) was added to 10 mL of acetate buffer (pH 4.8) in an Erlenmeyer flask.
Then, 150 mg of GO-MNP-Enz (44 FPU.g!) was added, and the reaction was carried
out in a thermal bath at 30 °C and 120 rpm of shaking. After 24 h of hydrolysis, the GO-
MNP-Enz was recovered using an external magnet, washed several times with acetate
buffer (pH 4.8), and reused in a new hydrolysis cycle. The supernatant was recovered
and used to determine sugars. This analysis was performed by high performance liquid
chromatography (HPLC; C-R7A; Shimadzu, Japan) equipped with a HPX87H column
(Bio-Rad, USA) at 60 °C in the isocratic mode using 0.005 M H2S0Oa4 as a mobile phase
at a flow rate of 0.6 mL.min! and detected using a RID-20A Refractive Index Detector
(Shimadzu) at 60 °C [39—-41]. The cellulose and xylan conversions were determined by

Equations 4 and 5, respectively.

Cellulose conversion (%) = (li/lcg*;'g) *100% (Equation 4)
*Mp
Xylan conversion (%) = (1:_1"*058) * 100% (Equation 5)
x*MpB

where Mg: mass of glucose (mg) after a hydrolysis cycle, 0.9: conversion factor of
glucose to cellulose, Fc: cellulose fraction in the dry PSB (g.g'), Mg: mass of PSB at the
start of the reaction (mg), Mx: xylose concentration (mg) after a hydrolysis cycle, 0.88:

conversion factor of xylose to xylan, and Fx: xylan fraction in the dry PSB (g.g™%).

RESULTS AND DISCUSSION
Synthesis and characterization of the biocatalyst (GO-MNP-Enz)

Firstly, GO was obtained from graphite powder, and magnetic nanoparticles were
attached onto the surface by coprecipitation of Fe?* and Fe3*. Then, the support was

functionalized to allow for enzyme immobilization. Figure 1a shows a general scheme of
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the synthesis and functionalization of the support, and Figure 1 and c displays the

magnetic behavior of GO-MNP-Enz.

a .
Graphite Graphene Oxide (GO) Graphene Oxide Magnetite

(GO-MNP)

Q OH H 0

e R =
e Hummers' 5 Fe? and Fe?
. Method Ho2 OH HO—=0 -
%%% OH Coprecipitation
= S ST ==
= —=r =1 =1 = 0-2 o Ho—0
e“ '—e " ‘me OH
= T =r —r —r = roTTERE S T =
o
Biocatalyst

(GO-MNP-Enz)
HO. 10}

OH

Figure 1. (a) Scheme of graphene oxide magnetite (GO-MNP) synthesis,
functionalization and enzyme immobilization. Biocatalyst (GO-MNP-Enz) before (b) and
after (c) apply an external magnetic field.

The ATR-FTIR spectra of GO, GO-MNP, GO-MNP-Enz, and Enz are depicted in
Figure 2. The band at 570 cm™, present in the GO-MNP and GO-MNP-Enz systems,
has been attributed to the elongation of the Fe-O bond within the crystalline network of
Fes0a4 [42—45]. Thus, the presence of this band in GO-MNP indicates its successful
magnetization, hence the absence of this band in GO. The band at 1040 cm in the
GO-MNP-Enz and Enz spectra has been attributed to C-N bond vibration [46,47]. The
band observed at approximately 1540 cm has been associated with C-N stretching
and N-H bending vibrations in the -CONH groups [47]. The absence of these bands
(1040 and 1540 cm?) in the GO-MNP spectrum showed that the enzymes were
successfully immobilized on the support. The bands at 1640 and 3280 cm™ correspond

to deformation and stretching vibrations, respectively, of the O-H type connection in

strongly intercalated water [48]. Additionally, Raman spectra (Figure S1) were collected
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to evaluate the produced GO. According to the average multiple curve of GO (Figure
S1), the D, G, and 2D bands are positioned at 1345, 1591 and 2669 cm™, respectively.
The prominent D band with an intensity comparable to the G band indicates an
important structural disorder because of the presence of oxygenated groups from GO.
The G band is wider than the related to graphite powder, reinforcing structural changes
with the insertion of defects [49]. The weak and broad 2D band is another indication of
disorder. Near 2950 cm*, a defect-activated band denoted as D+G was also visible
[50]. The Ip/lc ratio was found to be 1.22, a value that represents a high quantity of

defects in the formed GO.

/Q-H H-O-H
%
_J_\_ f GO
5 i
8 |
[ |
@ i i i !
o i i !
= i i !
S i i i
= i i !
e i 5 i Y NGO-MNP
2] TRl ! i
cC R | !
© i ! i
I | i
H i : ! |GO-MNP-Enz
! ' |
| |
|
i Enz
i

' I ' I ' 1 ' 1 N 1 ' I ' I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. Total attenuated reflection in the infrared with Fourier transform (ATR-FTIR)
spectrum of graphene oxide (GO), graphene oxide with magnetic nanoparticles (GO-
MNP), biocatalyst (GO-MNP-Enz) and commercial enzymatic cocktail (Enz).

The SEM images show the morphology of the material before ultrasonic

exfoliation, where the surface morphological aspect of the graphite oxide has the shape

of overlapping sheets (Figure 3a) as noted by previous reports in the literature [48,51]. It



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

12

is possible to see the magnetic nanoparticles on the surface of graphite oxide
generating graphite oxide-magnetite (Figure 3b). The elemental EDX analysis
demonstrates that the graphite oxide-magnetite is formed by atoms of C, Fe, and O
(Figure 3d) while the graphite oxide does not contain Fe in its structure (Figures S2a
and b), confirming that the iron nanoparticles have adhered to the GO-MNP surface.
Graphite oxide and graphite oxide-magnetite were further exfoliated to form GO
and GO-MNP, respectively, and were characterized by TEM-EDX analysis. TEM
images of GO (Figure 3c) showed that monolayer and few-layer GO was obtained after
exfoliation, also confirming that the magnetic nanoparticles remained onto the GO
sheets’ surface and were homogeneously distributed (Figure 3d). The EDX spectra
showed that GO (Figure S2c) is composed exclusively of C and O while GO-MNP
(Figure S2d) presents C, Fe, and O in its composition, paralleling the SEM-EDX results
(Figures S2a and S2b). The presence of nickel in the EDX spectrum is attributed to the
interference of the grid that is used as a support for the sample. Moreover, by analyzing
the AFM height profile of GO-MNP-Enz (Figure 3f), it is possible to verify that the
enzymes are immobilized on a single layer of GO since the height of the support is
approximately 1 nm. BET analysis was performed to investigate the specific surface
area of the materials. The surface area of the graphite oxide was 12 m2.g. This low
value is probably due to the fact that nitrogen molecules cannot penetrate the
interlaminar space of the dry graphite oxide. After the magnetization, the surface area
was larger (103 m2.g1), probably because the magnetite particles in the structure
allowed a separation between layers of graphite oxide and the nitrogen could be

absorbed. The both results were consistent with the literature [48,52-55]. The
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Figure 3. SEM images of (a) Graphite oxide and (b) Graphite oxide-magnetite. TEM
images of (c) Graphene oxide and (d) Graphene oxide with magnetic nanopatrticles
(GO-MNP). AFM image of (e) Biocatalyst (GO-MNP-Enz) and (f) height profile obtained
from the indicated line in the AFM image.
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Evaluation of the immobilization process

The enzyme immobilization process, using different initial protein loads and a
constant mass of GO-MNP (mg of protein per g of GO-MNP), was evaluated to
determine the yield of protein immobilization (Figure 4a). Higher yields of protein
immobilization were observed when low protein loads (up to 50 mg) were applied, which
corresponds to approximately 47 mg of protein per g of GO-MNP. When the initial
protein load was greater than 50 mg, the yield decreased, but the total amount of
protein bound to GO-MNP increased, reaching approximately 140 mg of protein per g of
GO-MNP. The amount of protein bounded per g of support using the methodology of
EDC-NHS was higher than values reported by previous immobilization studies using
other synthetic routes, reaching values between 2.5-52.4 mg of protein per g of support
[24,56-58]. Thus, GO-MNP was able to bind a greater amount of protein in its structure
when there is an increase in the initial protein load, but excess protein caused a
decrease in the yield of protein immobilization. However, despite the fact that the
amount of enzyme on GO-MNP increased, the total cellulase activity of the biocatalyst
stayed constant at roughly 44 FPU.g! after an initial protein load of approximately 50
mg per g of GO-MNP. Similar behavior was reported by Alftrén and Hobley [26] using
Cellic CTec 2 immobilized in cyanuric chloride-activated magnetic particles, but the
activity of its biocatalyst stayed stable at approximately 15.5 FPU.g! (almost 3x lower

than reported herein).
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Figure 4. (a) Yield of protein immobilization (%) (o, red), amount of immobilized protein
per gram of support (mg.g') (e, green) and activity of total cellulases per gram of
support (FPU.g1) (<, blue) as a function of the protein load of enzymatic preparation
Cellic CTec 2. (b) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Lane 1: molecular weight standards; Lane 2: supernatant before immobilization;
Lane 3: supernatant after immobilization.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of the
supernatant before and after immobilization is demonstrated in Figure 4b. Using an
initial protein load of about 50 mg per g of GO-MNP did not leave meaningful amounts
of residual supernatant protein after the immobilization process, confirming the
immobilization effectiveness and supporting the protein immobilization yield results.

In summary, starting the immobilization with a protein load of 50 mg of protein
per g of GO-MNP led to a yield of 96.5% (Figure 4a). However, because the commercial
enzymatic preparation Cellic CTec 2 is a blend of several enzymes (predominantly
cellulases and xylanases) and comprises various enzyme activities, it is important to
determine the yield of immobilization according to each enzyme activity under the

condition of 50 mg of protein per g of GO-MNP. For this purpose, assays for the

enzymatic activities of total cellulase, endoglucanase, xylanase, p-glucosidase, and [3-
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xylosidase were performed in the supernatant (before and after immobilization) and
biocatalyst. The assays evaluated the yields of immobilization, efficiency, and activity
recovery, ranking between 27%-97%, 37%-113%, and 15%-110%, respectively (Table
1).
Table 1. Yield, efficiency and activity recovery in the immobilization process of
enzyme preparation Cellic CTec 2 onto graphene oxide with magnetic nanoparticles

(GO-MNP) in the condition with protein load of 50 mg of protein per gram of GO-
MNP. Enzymatic activity of the biocatalyst.

Enzyme Yield of Efficiency Activity Biocatalyst
Immobilization (%) recovery activity
(%) (%) (U.g?)
Total cellulases 711 69.0 49.1 44.1*
Endoglucanase 63.4 37.6 23.8 299.9
Xylanase 27.0 55.2 14.9 1034.0
B-glucosidase 97.2 113.0 109.8 4500.2
B-xylosidase 91.6 86.6 79.3 33.3
*FPU.g!

Xylanase showed the lowest immobilization yield at 27%, indicating that this
enzyme is poorly immobilized onto GO-MNP using the method chosen in the present
study. However, the enzymatic activity assays showed that the other enzymes were
successfully immobilized, presenting immobilization yields of 71%, 63%, 97%, and 92%
for total cellulase, endoglucanase, B-glucosidase, and B-xylosidase, respectively.

The efficiency describes the percentage of bound enzyme activity that is verified
in the biocatalyst (GO-MNP-Enz) [37]. This value is usually below 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. That was the
case for all assessed activities except B-glucosidase, which reached 113% efficiency
and thus showed improvement in its immobilized form. 3-xylosidase also showed a high
efficiency (86.6%), indicating that these enzymes are less sensitive to mass transfer

issues, presumably because of the high solubility of the specific substrates. -
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glucosidase and B-xylosidase are responsible for the hydrolysis of cellobiose into
glucose and xylobiose into xylose, respectively, during the final step of lignocellulose
biomass hydrolysis. Therefore, these results are very important for producing a
hydrolyzate rich in monomeric sugars.

The activity recovery relates to enzyme activity levels of the biocatalyst (GO-
MNP-Enz) compared to the total starting activity of the free enzyme used for
immobilization. This number gives an idea of the success of the total immobilization
process. The commercial preparation Cellic CTec 2 comprises various enzymatic
activities, and the immobilization results of each enzyme were different; 3-glucosidase
and B-xylosidase presented the best results (110% and 78%, respectively) while
xylanase displayed the worst (15%).

The units (umol.mint) of enzyme activity per g of biocatalyst were determined
(Table 1). The total cellulase activity of the biocatalyst was 44.1 FPU.g! while the
activities of endoglucanase, xylanase, 3-glucosidase, and [3-xylosidase were 299, 1034,
4500, and 33 U.g%, respectively. The enzymatic activity assay for exoglucanase was
performed using microcrystalline cellulose as the substrate; however, no activity was
detected. This could be due to the low activity of the exoglucanase present in
commercial enzyme preparation Cellic CTec 2 (0.5 U.mg™ of protein) associated with

the dilution that was used for immobilization.

Evaluation of GO-MNP-Enz recyclability
The main objective of the enzyme immobilization was the possibility of reusing the

biocatalyst. For this reason, the relative activities of endoglucanase, xylanase, B-
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glucosidase, and -xylosidase after ten hydrolysis cycles of GO-MNP-Enz on their
specific substrates were evaluated (Figure 5). GO-MNP-Enz showed relative activities
of endoglucanase and xylanase above 85% until the sixth cycle. Furthermore, the
endoglucanase activity remained stable at approximately 80% until the ninth cycle and
diminished to 70% in the tenth cycle (Figure 5a). The relative enzyme activity of
xylanase diminished gradually after the fifth cycle, reaching 66% in the tenth cycle
(Figure 5b). The relative activity of B-glucosidase showed an excellent trend, remaining
at values above 95% until the ninth cycle and 88% in the last cycle (Figure 5c). The
relative activity of B-xylosidase remained stable above 95% until the fifth cycle but then

gradually diminished to reach 70% in the tenth cycle (Figure 5d).
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Figure 5. Relative enzyme activity of biocatalyst (GO-MNP-Enz) about their substrates
as a function of cycles number of hydrolysis (ten cycles). (a) Endoglucanase, (b)
Xylanase, (c) B-glucosidase and (d) B-xylosidase.

In order to put the obtained results into perspective, they were confronted with

other results recently reported by other authors about the relative activities of

endoglucanase, xylanase, B-glucosidase, and B-xylosidase on reuse assays (Table 2).
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Several studies have reported about the reuse of B-glucosidase and (B-xylosidase
immobilized using different strategies and supports [59-68]. A general conclusion
obtained by many of those studies is that B-glucosidase can be used for 10 consecutive
cycles, conserving between 67%-95% of its initial activity. Also, for B-xylosidase, a
relative activity between 39%-95% after 10 cycles of hydrolysis has been identified.
These data are in accordance with the findings of this study.

In addition, we can highlight the work by Gao et al. [56], who managed to
maintain a relative endoglucanase activity of 80% after 9 cycles while Lim et al. [69]
produced a biocatalyst that maintained a 60% relative xylanase activity after 10 cycles.
However, none of the referred systems presented magnetic properties, and deep
centrifugation is required before reuse in each experiment. On the other hand, Abraham
et al.[70] immobilized cellulases on purely magnetite nanopatrticles using
glutaraldehyde, and the relative activity fell to approximately 30% after 10 cycles of
hydrolysis. Gokhale et al. [24] and Han et al. [71] have used GO-MNP as a support for
cellulase immobilization via different routes, but the relative activity of the biocatalyst
they obtained fell to approximately 50% after 4 and 7 cycles, respectively. Compared to
the results previously reported in the literature for endoglucanase and xylanase reuse,
GO-MNP-Enz proved to be stable for more cycles and maintained a greater relative
activity.

In addition, the calculated TOF (g of sugar per g of biocatalyst per hour) of the
previous reported works are considerably lower than those obtained with our biocatalyst
(see Table 2). As can be seen in Table 2, the biocatalyst presented in this work showed

a TOF several times higher, reaching 0.40, 2.30, 4.94, and 0.11 h* using
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carboxymethylcellulose (CMC), xylan, 4-Nitrophenyl 3-D-glucopyranoside (p-NPG), and
4-Nitrophenyl B-D-xylopyranoside (p-NPG) as substrates, respectively. These values
are especially relevant from the point of view of large-scale production of fermentable
sugars.

The main reasons for the superior performance of the biocatalyst presented
herein, in comparison to other biocatalysts reported in the literature, are the following: i)
the commercial enzyme preparation Cellic CTec 2 is resistant to hydrolysis conditions;
i) the GO kept a high quality (few-layers/high surface area and structural quality)

throughout the process; iii) the immobilization method used in combination with the

highly hydrophilic characteristics of the high quality GO obtained a consistently

supported biocatalyst. Altogether, the resulting GO-MNP-Enz presented not just one but

rather all necessary enzymatic activities for lignocellulosic biomass hydrolysis.

Table 2. Literature survey about the relative activity of endocellulase, xylanase -
glucosidase and B-xylosidase after several reuse cycles.

Relative
Support Immobilization Number Substrate activity at TOF Reference
route of cycles last cycle
(%)
MNP GA 10 CMC 30 0.2586 [70]
GO SESA 9 CMC 80 0.1193 [56]
MNP GA 10 CMC 62 0.0026 [57]
GO-MNP PAA-EDC 4 CMC 55 - [24]
GO-MNP PEG10K-GA 7 CMC 45 - [71]
GO-MNP EDC-NHS 10 CMC 70 0.4020 This work
Mesoporous cellulose foam APTES 10 Xylan 60 0.5885 [69]
Zeolite Adsorption 6 Xylan 56 0.0105 [72]
GO-MNP PEGA 8 Xylan 10 0.0418 [19]
GO-MNP EDC-NHS 10 Xylan 66 2.3070 This work
MNP GA 10 p-NPG 86 0.0201 [59]
MNP APTES-GA 10 p-NPG 67 0.3980 [61]
AMNPs ECH-IDA-Co?* 10 p-NPG 95 0.0858 [62]
APEPMOs Adsorption 10 p-NPG 70 - [63]
GO-MNP EDC-NHS 10 p-NPG 88 4.9450 This work
Chitosan GA 25 p-NPX 94 0.0003 [66]
Agarose Glyoxyl-PEG 10 p-NPX 70 0.0005 [67]
Agarose Glyoxyl 8 p-NPX 40 0.0001 [68]
PAM Adsorption 10 p-NPX 55 - [65]
GO-MNP EDC-NHS 10 p-NPX 70 0.1133 This work
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AMNPs: Agarose coupled to magnetic nanoparticles; APEPMOs: aminopropyl-functionalized ethane-
bridged bifunctional periodic mesoporous organosilicas; APTES: (3-Aminopropyl)triethoxysilane; CMC:
Sodium  carboxymethylcellulose; EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; EDH:
epichlorohydrin; GA: Glutaraldehyde; GO: Graphene oxide; IDA: iminodiacetatic acid; MCC:
Microcrystalline cellulose; MNP: Magnetic nanoparticles; NHS: n-Hydroxysuccinimide; PAA: Polyacrylic
acid; PAM: Polyamide membrane; PEG: Polyethylene glycol; PEG10K: 10K-4-arm-PEG-NH,; PEGA:
Poly(ethylene glycol) bis(amine); p-NPG: 4-Nitropheny! 8-D-glucopyranoside; p-NPX: 4-Nitrophenyl -D-
xylopyranoside; SESA: p-B-sulfuric acid ester ethyl sulfone aniline; TOF: Turnover Frequency; WSN:
Wrinkled silica nanopatrticles; XOs: Xylo-oligosaccharides.

Enzymatic hydrolysis of PSB using GO-MNP-Enz

In order to assess the GO-MNP-Enz performance for a real-life application
(compared to its in vitro activity), this system was applied to the hydrolysis of PSB, and
its conversion was evaluated for 10 reuse cycles (Figure 6). The chemical composition
of PSB was determined and reported in Table S1. The enzymatic hydrolysis of PSB
reached a 72% conversion of cellulose to glucose in the first cycle. However, the
conversion decreased progressively to 56%, 43%, 37%, and 34% in the following four
cycles. From the sixth to the ninth cycles, the cellulose conversion to glucose remained

stable at approximately 27% (Figure 6).

100
Bl cCeliulose

[ xylan
80

60

40

Conversion (%)

20

1 2 3 4 5 6 7 8 9 10
Cycles

Figure 6. Hydrolysis of sugarcane bagasse pretreated with sulfite-alkali (PSB) with the
application of the biocatalyst (GO-MNP-Enz). Cellulose and xylan conversion into
glucose and xylose, respectively.
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Xylan conversion of PSB to xylose presented more promising results, reaching
96% conversion in the first cycle, 91% in the second cycle, and remaining stable at
approximately 78% in the third, fourth, and fifth cycles. From the sixth to the ninth
cycles, the conversion remained between 77%—68%, ultimately declining to 61% in the
tenth cycle (Figure 6). These results suggested that the biocatalyst presented here kept
approximately 50% and 80% of its efficiency for cellulose and xylan hydrolysis,
respectively, after 5 hydrolysis cycles. This efficiency was decreased to approximately
65% after 10 cycles of xylan hydrolysis. In general, the loss in efficiency of an enzyme
biocatalyst is due to degradation by heat. However, in this work the hydrolysis of
sugarcane bagasse was carried out at a moderate temperature (30°C), which probably
does not affect the stability of the biocatalyst. A plausible explanation for the loss in
efficiency could be small biocatalyst losses in each cycle.

In total, 21 mg of glucose and 20 mg of xylose were produced from 100 mg of
PSB after 10 hydrolysis cycles (10 mg of PSB per cycle). Altogether, the biocatalyst
presented a satisfactory efficiency, especially for xylan hydrolysis, and is suitable for a
cost-effective reuse process.

Previous studies have reported on similar approaches to hydrolyze lignocellulosic
biomass; however, some of them applied different pretreatments, such as Ingle et al.
[73] using cellulase immobilized on MNPs (without GO) for acid PSB and finding a
cellulose conversion to glucose of 52%, 47%, and 27% in the first, second, and third
cycles, respectively. This means a loss of biocatalyst efficiency of almost 50% by the
third cycle. Alftrén and Hobley [26] immobilized the commercial enzymatic preparation

Cellic CTec 2 onto MNPs (without GO) activated with cyanuric chloride for hydrolyzing



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

23

hydrothermally-pretreated wheat straw (50 °C for 72 h) and identified a cellulose
conversion to glucose of 82% in the first hydrolysis cycle and 66% in the second cycle.
However, this biocatalyst was only used for two cycles. In another work, cellulases from
Trichoderma reesei were immobilized in chitosan-coated MNPs and used to hydrolyze
Agave atrovirens biomass. This biocatalyst was used for 5 hydrolysis cycles, reaching a
cellulose conversion to glucose of 22.4% in the first cycle and decreasing to 10.1% in
the fifth cycle. This means a loss of biocatalyst efficiency of 55% by the fifth cycle and a
production of 6.1 mg of glucose from 100 mg of biomass [74].

The biocatalyst presented in this work reached higher conversion levels and
maintained an overall better efficiency. Nonetheless, very few studies have been
conducted on biocatalyst reuse in the hydrolysis of real lignocellulosic biomass. Most
studies evaluating biocatalyst reuse only utilize model substrates, such as
carboxymethyl cellulose (CMC) or microcrystalline cellulose (MCC) [24,56—
58,70,71,75-78]. The biocatalyst presented here was capable of being reused for 10
consecutive hydrolysis cycles using real lignocellulosic biomass (PSB). Consequently,
GO-MNP-Enz offers an important advantage in the total conversion per biocatalyst life-
cycle and could be a prospective candidate for application in industries such as

biorefineries.

CONCLUSION
In this study, a commercial enzymatic blend containing cellulases and xylanases
was successfully immobilized onto the surface of a GO-magnetite by covalent

attachment, producing a biocatalyst (GO-MNP-Enz). The yield, efficiency, and relative
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activity of the immobilization process ranked from 27%—-97%, 37%—113%, and 24%—
110%, respectively, for the different enzymatic activities assessed. This biocatalyst
presented a stable behavior when evaluated for the different catalytic activities over
several cycles of use, reaching relative endoglucanase, xylanase, -glucosidase, and [3-
xylosidase activities of 70%, 66%, 88%, and 70%, respectively, after 10 cycles of
hydrolysis. Consequently, the TOF of the GO-MNP-Enz biocatalyst was several times
higher than those of other biocatalysts reported in the literature, meaning that more
product can be obtained per unit of biocatalyst per h. When GO-MNP-Enz was used
multiple times in the hydrolysis of PSB, cellulose conversion to glucose was diminished
in comparison to the initial cycles. On the other hand, xylan conversion to xylose,
despite decreasing progressively, remained high and stable at levels greater than 60%
until the tenth cycle.

Finally, the use of GO-MNP-Enz has been demonstrated as a cost-effective
strategy for more competitive hydrolysis of sugarcane bagasse, potentializing its
application to the production of second-generation ethanol, where the cost of enzymes

is considered the main bottleneck that prevents its economic viability.
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