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In this work, a commercial cellulolytic cocktail was immobilized on glutaraldehyde activated chitosan gel. The
chitosan concentration in the gel preparation, pH, immobilization time and enzymatic loading were evaluated.
Immobilized cellulases showed better hydrolysis performance when an enzyme loading of 134 mg protein/g
carrier was used for immobilization at pH 9.0 for 30 minutes. Hydrolysates with a glucose content of 13.43 and
10.35 g/L were obtained when Avicel and pretreated sugarcane bagasse were used as substrate, respectively.
Immobilized cellulase lost 60% of its hydrolysis performance after 8 cycles using Avicel, and 75% after 6 cycles
for sugarcane bagasse. The hydrolysis performance associated with the reuse of the immobilized cellulases
indicates that an improvement in the immobilization of cellulases, coupled with an improvement in the
pretreatment of lignocellulosic biomass, will allow the development of a continuous hydrolysis system with the
enzyme retained in the reactor.
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INTRODUCTION

The enzymatic hydrolysis of cellulose from pretreated biomass is an established process for the
release of glucose, which can be converted into different chemical compounds, for example, biofuels,
such as bioethanol, bio-butanol, biogas, biohydrogen and bio-methane,” and carboxylic acids,*™* as
well as other valuable products, such as 5-hydroxymethylfurfural — HMF — and 5-methylfurfuryl
alcohol — MFA.™ The main enzymes used in this process are called cellulases (classified into
endoglucanases, exoglucanases and beta-glucosidases), and their cost has a significant impact on the
final cost of the product. In order to reduce the cost of the use of these cellulases, several enzyme
immoll)zilliszation strategies have been studied, which have led to increases in enzyme stability and its
reuse.

Enzyme immobilization consists in transforming a homogeneous biocatalyst into a heterogeneous
one by binding the enzyme to a solid support. The most commonly used immobilization techniques for
cellulase immobilization include: adsorption, covalent attachment, entrapment and cross-linking.***® A
wide variety of polymers, water insoluble polysaccharides, such as chitosan and alginate, and
magnetic nanoparticles have been used as a support matrix for enzyme immobilization.**?? This latter
approach using nanomaterials has become the focus of recent research in this area due to the
characteristics of these materials. However, the application of such nanomaterials is limited because of
the effectiveness of their recovery process.”®

Because the cellulases act on solid substrates, the immobilization techniques to be used should
avoid cellulase confinement techniques, for example, porous particulate immobilization,
encapsulation, and crosslinking, since the enzymes immobilized within a matrix would not have
access to the insoluble substrate.”* Moreover, during the process of hydrolysis of the biomass, the
enzymes can leach, compromising the recycling process. Therefore, the covalent immobilization of
cellulases on the surface of very small and non-porous particles seems to have more advantages.”*®
Other techniques, such as the use of ionic liquids (ILs) for saccharification mediated by cellulases,
leading to the breakdown of cellulose crystallinity and a decrease in lignin content, thus improving
cellulose solubility and cellulase accessibility due to increased hydrolysis surface area, and reducing



the adsorption of non-productive enzymes, have been used for the degradation of lignocellulosic
materials using this type of enzymes.”®? However, most cellulases are partially or completely
inactivated in the presence of ILs. In addition, the difficult separation of the sugars produced, the
relatively high cost of the ionic liquids themselves, lack of knowledge in terms of process
considtzasrg(t)ions for a biorefinery based on these solvents, are the main disadvantages present in the use
of ILs.””

Another promising immobilization strategy involves the use of chitosan gel activated by
glutaraldehyde, which has adequate characteristics for the immobilization of these enzymes, even in
large-scale production processes and biotransformations on an industrial scale. One of the advantages
of using glutaraldehyde is its availability in commercial quantities and its low cost.?*! For this reason,
the use of chitosan gel activated with glutaraldehyde has suitable characteristics to be used as a
support for cellulase immobilization for the enzymatic hydrolysis of lignocellulosic materials.*

In addition to the use of a strategy that allows conditions of repeated use of the enzyme, another
important factor is the type of the enzyme cocktail that will be used during the full hydrolysis of the
cellulose, because of the recalcitrance of the biomass. This makes the development of new enzyme
cocktails a current challenge, considering their determinant role in an efficient degradation of a
lignocellulosic material.*

It is known that several factors influence the activity of a cellulase cocktail, among them, the type
of substrate, mass relationship between the cellulases present in the cocktail, the reaction temperature,
hydrolysis time, substrate concentrations and the final product. Therefore, the optimization of these
variables will make it possible to produce more efficient cocktails, capable of hydrolysing
lignocellulosic biomass in a profitable way at the industrial level >3

The commercial enzyme cocktail used in this study has cellulolytic components in sufficient titers.
This balance must be maintained after immobilization to ensure maximum performance of the
immobilized enzymes. Thus, this study utilized glutaraldehyde activated chitosan gel as the ideal
support for cellulase immaobilization. The main objective was to establish the optimal immobilization
conditions to apply this derivative in pretreated sugarcane bagasse hydrolysis.

EXPERIMENTAL
Materials and methods

Cellic CTec 3 enzymatic cocktail, provided by Novozymes A/S, was used as a model enzymatic complex for
the immobilization of cellulases. Medium molecular weight chitosan from Sigma Aldrich was used as support
for immobilization, and the activating agent employed was 25% (v/v) glutaraldehyde (Vetec).

Whatman n° 1 filter paper, cellobiose, Avicel and carboxymethylcellulose (CMC) were used as substrates for
measuring the hydrolytic activity of the enzymatic cocktail. To evaluate the performance of immobilized
cellulases, the sugarcane bagasse previously treated by organosolv, provided by Embrapa Agroenergia, and
microfibrillated Avicel, obtained by processing a 10% (m/v) solution of Avicel in a Turrax for 30 minutes at
15,000 rpm, were used as substrates.

Preparation of substrates for enzymatic hydrolysis

The sugarcane bagasse was treated using an ethanol-water (50% v/v) solvent system with a liquid-solid ratio
of 6 gg™. The organosolv process was carried out in a batch reactor at 180 °C for 4 h. The solid fraction rich in
cellulose obtained after the pretreatment was separated from the liquid fraction through filtration. Then, the solid
material was exhaustively washed with ethanol solution (70% v/v), dried at 30 °C and stored at room
temperature before being used as substrate in the enzymatic hydrolysis assays. The microfibrillated cellulose
paste was prepared from Avicel and water. A mixture of Avicel and water in a solid:liquid ratio of 1:10 was kept
under shaking in a Turrax at 1200 rpm for 1 h.*

Lignocellulosic biomass composition

The composition of the sugarcane bagasse pretreated by the organosolv process was determined according to
a protocol described by Sluiter® and Gouveia.*’

Analysis of the structural sugars was performed by high performance liquid chromatography, using an
Aminex HPX-87H column (45 °C) and a mobile phase of 5 mM H,SO, at a flow rate of 0.6 mL/min with an RID
detector (40 °C).

Measurement of cellulase activity



The free enzymes activity was determined using the reaction conditions recommended by Ghose,® and
Xiao.*® The total activity of the cellulolytic cocktail was measured using Whatman n°1 filter paper, while the
activities of exoglucanase and endoglucanase were measured substituting the filter paper with 4% (m/v) Avicel
or 2% (w/v) CMC, respectively, following the same procedure recommended by Xiao.** The total reducing
sugars were quantified by means of the 3,5-dinitrosalicyclic acid method.* The activity of beta-glycosidase
(cellobiase, specifically) was carried out as described by Ghose.® The glucose released in the reaction was
quantified using the Bioclin enzymatic glucose dosing kit (Brasil).

Immobilization by covalent attachment on chitosan

Chitosan gel activated with glutaraldehyde was prepared as previously described.** The 1% (m/v) powdered
chitosan was solubilized in 2% (v/v) acetic acid, and it was gently stirred for 40 minutes at 50 °C. Then, 20 mL
of 10 mM KOH solution was added to form a chitosan gel, and this mixture was kept under stirring for another
30 minutes at 50 °C. To the chitosan gel suspension, 1% (v/v) glutaraldehyde was added, and this mixture was
kept under stirring for another 20 minutes at 50 °C. After that, the activated chitosan gel was vacuum filtered and
thoroughly washed with deionized water.

To the activated support, a solution of Cellic CTec 3, prepared in sodium citrate/citric acid buffer 0.1 M, pH
7, was added in the ratio of 1:10. The mixture was kept under stirring for 2 hours.

Immobilization performance
To determine the enzyme immobilization yield, the protein content in the supernatant of the immobilization
solution was analyzed before and after contact with the activated support, according to Equation (1). Protein
quantification was performed using bicinchoninic acid — BCA, according to the Thermo Scientific — Pierce®
BCA Protein Assay kit manual, using bovine serum albumin as standard.
Proteinyq — Proteifs,
Proteing;sia 100 (1)

Immobilization yield =

Analysis of operational parameters for immobilization

Cellulase immobilization was performed following the methodology described above, varying the amount of
chitosan used to prepare the support (0.5 to 2.0%), pH (7 to 10), time immobilization (10 to 120 minutes) and
enzyme loading (40.2 to 1340 mg protein/g support). The experimental conditions are shown in Table 1.

Enzymatic hydrolysis and reuse

In order to study the performance of immobilized cellulase under different operating conditions, the
enzymatic hydrolysis was performed in a 5 mL microtube, in medium containing 0.1M citric acid/sodium citrate
buffer, pH 5.0, with a concentration of 2.5% (m/v) of pretreated sugarcane bagasse. The assays were run in
triplicate using a shaker at 200 rpm, 50 °C for 48 hours. The catalyst concentration in the reaction medium was
1% ml/v. To verify the possibility of reuse of the immobilized cellulase, at the end of each hydrolysis assay, the
reaction medium was centrifuged at 10,000 rpm for 5 minutes to recover the solid (unhydrolyzed biomass +
immobilized cellulase) and this was applied as a catalyst in a new hydrolysis process, under the same conditions
as in the first hydrolysis cycle.

In order to study the reuse of the immobilized cellulase under optimized conditions, the enzymatic hydrolysis
followed the same methodology described above, with the difference of being carried out in jacketed reactors
with a final volume of 50 mL and a mass of catalyst used of 0.75% m/v. The hydrolysis was performed with
both pretreated sugarcane bagasse and microfibrillated Avicel.

Table 1
Experimental conditions of chitosan and enzyme concentration for different time and pH
Chitosan concentration Time H Enzyme loading
(% miv) (min) P (mg protein/g support)

0.5:1.0: 2.0 60 9 134
Optimized chitosan 10: 30: 60; 120 7:8:9: 10 134
concentration
Optimized chitosan

. Optimized time Optimized pH 40.2; 67; 134; 268; 536; 1340
concentration




The glucose released in the hydrolysis assays was determined using a HPLC instrument, equipped with an
Aminex HPX-87H column and a refractive index detector (RID). The mobile phase was 5 mM H,SO, at a flow
rate of 0.6 mL/min. The column oven was maintained at 45 °C.

RESULTS AND DISCUSSION

Sugarcane bagasse pretreated by the organosolv process (SBPO) was used as model biomass in this
study to evaluate the performance of immobilized cellulases in cellulose hydrolysis. The SBPO used
was composed of cellulose (59.6%), hemicelluloses (16.3%) and lignin (18.6%).

The most desirable characteristics for immobilized enzymes are that these enzymes exhibit high
activity and stability, thus enabling their reuse. Data previously reported in the scientific literature
indicate that immobilized cellulases can release up to 38.8 g/L of reducing sugars when pretreated
lignocellulosic biomass is used as a substrate,* and that these can be reused up to 5 cycles maintaining
50% of their initial hydrolysis performance in the case of steam-exploded straw.*

Liang et al.*® and Yu et al.* also performed 5 recycles maintaining the performance at 83.1% and
52% relative to the initial hydrolysis of corn straw and cotton yarn, respectively, while Jiang et al.”
reused for up to 10 cycles maintaining 70% of initial corn stalk hydrolysis performance.

The enzymatic cocktail used in this study was Cellic Ctec 3, which contains protein at a
concentration of 268 g¢/L, and has the following activities: FPase (223.4 FPU/mL),
Carboxymethylcellulase (1155 1U mL), Avicelase (335.4 IU/mL) and Cellobiase (6482 IU/mL). In
order to achieve high yields of cellulose hydrolysis, it is necessary, for both soluble and immobilized
enzymes, that all types of enzyme (endoglucanases, betaglycosidases and exoglucanases, mainly) are
present during the hydrolysis, since the absence of one of these enzymes prevents the complete
conversion of cellulose to glucose.*

Therefore, the method chosen for the immobilization of cellulases shall not be selective; it should
allow the immobilization of all types of enzymes present in the cocktail.

It is noteworthy that before initiating the immobilization tests, the enzymatic extract model (Cellic
Ctec 3) was evaluated for stability against pH variation. No significant loss of biomass hydrolysis
performance was observed after incubation of the enzyme extract for 48 h at room temperature, and
pH values ranging from 5 to 10, as can be seen in Figure 1.

Aiming at the immobilization of cellulases, which consist of a mixture of enzymes of different size
and chemical structure, glutaraldehyde was used as the activating agent of the support. This activating
agent can react with different functional groups of proteins and bind them covalently to the amino
groups on the surface of the immobilization support.*’
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Figure 1: Enzymatic stability at 28 °C for different incubation pH values

The content of glutaraldehyde plays an important role in the overall recovery of activity. According
to Qi et al.”® better immobilized activities are obtained when 1% (v/v) of glutaraldehyde is used, while
lower values cause a lower availability of glutaraldehyde for covalent attachment and higher values
than these significantly decrease activity. The negative effect of high glutaraldehyde concentrations
can be attributed to the fact that glutaraldehyde causes protein denaturation due to conformational
changes. In addition, excess crosslinkages between the enzyme molecules result in increased stiffness
of the enzyme, negatively affecting its catalytic activity. Due to these facts, the glutaraldehyde
concentration was maintained at 1% (v/v) in all experiments.



The chitosan mass used for the preparation of the support, the enzymatic loading, time and pH of
immobilization are important parameters in the optimization of the immobilization methodology for
finding better cost benefits and possible industrial application.

Adjustment of chitosan concentration

A significant variable for the effective immobilization of cellulases is the size of the carrier
particle. It seems unlikely that cellulases immobilized on insoluble particles are capable of acting on
insoluble substrates, however, it is known that large cellulolytic complexes (cellulosomes) bound to
the cell wall, such as Clostridium thermocellum, are able to catalyze the hydrolysis of crystalline
cellulose.* Knowing that the C. thermocellum cell is approximately 0.3-0.4 um wide by 2-4 um
long,™ it is expected that any such particle is also effective for hydrolysis of cellulose. In this work,
solutions with different concentrations of chitosan were prepared, aiming to obtain particles with
different sizes for the immobilization of cellulases.” >

The biomass hydrolysis performance, using the chitosan gel immobilized cellulases with different
particle sizes, was investigated and the results are shown in Figure 2. The immobilization yield and
hydrolysis performance are dramatically reduced when the chitosan concentration during the
preparation of the gel is increased from 0.5 to 2.0% m/v. The increase in particle size hinders the
access of the enzyme and its action during the hydrolysis of cellulose. The existence of particles with
dimensions similar to that of a C. thermocellum cell is one indication that cellulases are acting on the
hydrolysis of cellulose in the immobilized and non-soluble form.

pH adjustment and immaobilization time

The quantity of active enzymes bound to the surface of the support after immobilization depends
on the operating conditions of this process.”*** Mild conditions of temperature and agitation were used
in this study in order to avoid loss of enzymatic activity, while pH and immobilization time were
evaluated, aiming to increase the immobilization efficiency and the performance of immobilized
enzymes in the hydrolysis of pretreated biomass. The immobilization yield at pH 7 and 8 was slightly
higher, when compared to the immobilization performed at pH values 9 and 10 (Fig. 3A). On the other
hand, enzymes immobilized at pH 9 presented higher operational stability, when compared to enzymes
immobilized at pH values 7, 8 and 10. This is evidenced by the lower loss of hydrolysis performance
presented by enzymes immobilized at pH 9, when comparing the second and the first hydrolysis cycles
(orange bar, Fig. 3B).
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Figure 2: A) Immobilization yield and B) Glucose released by mass of catalyst used in the hydrolysis for
different percentages of chitosan in the formation of the support
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Figure 3: A) Immobilization yield and B) Percentage of cellulase conversion at different pH
and immobilization time
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Probably, during immobilization at pH 7 and 8, most of the enzymes were only adsorbed, or
reversibly bound to the support®™ and, as a result, these enzymes were removed from the reaction
medium after the first cycle of hydrolysis, while at pH 9 most of the enzymes were covalently bound
to the support. It was expected that the immobilization procedure performed at pH 10 would result in
higher immobilization yield and higher hydrolysis performance, compared to those at the other pH
values, since the cellulases used are stable at pH 10, however this was not observed. It is possible that
an irreversible immobilization of enzymes at pH 10 occurred very quickly on the surface of the
chitosan gel, preventing better distribution of the enzymes throughout the surface of the support. It is
desired that the immobilization process be slow enough, so that the enzymes are distributed and
accommodated on the surface of the support in order to maintain the catalytic activity, avoiding
problems of steric hindrance.®

Regarding the immobilization time at pH 9, it was observed that 30 minutes is sufficient time to
reach the maximum enzyme binding yield and stabilization, since significant gains were not observed
after this interval. In spite of a slightly higher immobilization yield in 10 minutes, it is likely that some
of these enzymes were only adsorbed or single-bonded (only one bond between the same enzyme and
the support), since there was a strong reduction in hydrolysis performance in the second cycle in
which this catalyst was used. Apparently, after 30 minutes, possible multipoint bonds (two or more
bonds between the same enzyme and the support) had already occurred, and the catalyst maintained
practically the same performance in the second hydrolysis cycle.

Enzyme load adjustment

After adjustment of the variables, such as chitosan concentration, pH and immobilization time, the
enzymatic loading was also established, so that the catalyst reached its maximum hydrolysis
performance. In the case of immobilization of cellulases, a mixture with at least 17 different enzymes,
with molecular weights varying from 10 to 800 kDa, each one of these enzymes having different types
and amounts of functional groups on its surface, it is essential to establish the maximum protein load
permissible value, so that the greatest possible diversity of enzymes is immobilized, since the absence
of one of the enzyme types may prevent cellulose hydrolysis. In this way, the excess of protein offered
for the immobilization could induce a selective immobilization, generally favoring the immobilization
of proteins with low molecular mass. In this study, the protein load investigated for immobilization
ranged from 40.2 to 1340 mg protein/g support. Despite reaching the maximum immobilization yield
for 40.2 mg protein/g support (80%), the maximum hydrolysis performance was only reached when
the protein load was increased to 134 mg protein/g support (Fig. 4). When very low protein loads are
offered, the hydrolysis performance is impaired, probably because some of the enzymes undergo
inactivation, rendering the cellulolytic cocktail unbalanced. On the other hand, the excess may lead to
preferential immobilization, also harming cellulose hydrolysis. For the conditions established in this
study, the optimum load for cellulase immobilization is 134 mg protein/g support.
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After adjustment of the main immobilization parameters, the catalyst obtained was evaluated for its
reuse potential. In addition to the pretreated sugarcane bagasse, the immobilized enzymes were tested
on microfibrillated Avicel. The latter was used to avoid the accumulation of solid during the
hydrolysis cycles, a phenomenon that is observed when pretreated sugarcane bagasse is used, because
of the presence of approximately 20% of lignin in its composition, a component that is not hydrolyzed
and remains insoluble after hydrolysis of cellulose and hemicelluloses. The remaining solid from the
hydrolysis cannot be separated from the catalyst (also solid) because of their similar physical
characteristics, and it is difficult to differentiate the particles. The accumulation of this solid
throughout the hydrolysis cycles hinders the homogenization of the reaction medium and consequently
interferes with the performance of the catalyst, masking its operational stability and leading to low
cellulose conversions.

When pretreated sugarcane bagasse was used, only 6 cycles of hydrolysis were possible, each cycle
of hydrolysis lasting 48 h, totaling 288 h of enzyme use. After this time interval, approximately 75%
of the initial hydrolysis performance had been lost (blue bars in Fig. 5). When microfibrillated Avicel
was used, 8 cycles of hydrolysis were performed, totaling 384 h of enzyme use. In this case, there was
a 60% loss of the initial hydrolysis performance up to the sixth cycle, and in the following cycles the
hydrolysis performance was maintained (Fig. 5), indicating that there is a subpopulation of highly
stable enzymes that would probably remain stable for several cycles.

The results obtained in this study are unprecedented, considering the number of long cycles of
hydrolysis in which immobilized cellulases could be reused when a solid substrate was used. Similar
results were obtained by Jiang et al.” when cellulase immobilized on magnetite
carboxymethylchitosan alginate/calcium alginate — cellulase bioconjugate (MCCCB) was reused 10
times in 24 h cycles, in the hydrolysis of corn stalk, while maintaining the performance of 70%,
totaling 240 hours of enzyme use, which is lower than that obtained in this study.

The results obtained in this work generate some insights in the search for viability in the use of
immobilized cellulases. Firstly, a subpopulation of highly stable enzymes that could be reused several
times has been found. Considering the improvement in the immobilization process to increase the



amount of the highly stabilized enzymes, it would be possible to apply them in the hydrolysis process,
together with a small replacement of soluble enzymes, thus reducing the cost of applying these
enzymes. Another challenge would be the co-immobilization of other enzymes, in addition to the
cellulases, so that there would be complete liquefaction of the pretreated biomass after the enzymatic
hydrolysis. This would make possible the reuse of the catalyst, since there would be no solid
accumulation in the medium. Secondly, it has been proved by the possibility of reuse and by the size
of chitosan particles that cellulases can act in the immobilized form. To increase the hydrolysis
efficiency of immobilized cellulases on chitosan particles, it is still necessary to prepare particles with
a more uniform size distribution and preferably less than 10 um, since the catalyst must have the
particle size large enough to be recovered by centrifugation or filtration and small enough in order to
avoid mass transfer limitations.

CONCLUSION

The immobilized cellulases can catalyze the hydrolysis of cellulose, as long as they are attached to
sufficiently small particles, with dimensions similar to that of a bacterial cell, for example. The
immobilization of cellulases in glutaraldehyde activated chitosan gel allows obtaining a catalyst
containing a subpopulation of highly stable cellulolytic enzymes with potential for use in several
cycles.
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