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Abstract

In the current research, endoglucanase, one of the enzymes of the cellulolytic complex, was immobilized on kaolin by two
different techniques, adsorption, and covalent bonding. A comparative study was conducted between free, adsorbed, and
covalently immobilized endoglucanase. For the covalent bonding, the kaolin particles were functionalized with 3-amino-
propyltriethoxysilane (APTES) and activated with glutaraldehyde. Immobilization by adsorption was performed using
the kaolin without any treatment. Recovered activities after the endoglucanase immobilization by adsorption and covalent
bonding were found to be 60+ 2.5 and 65 +3.5%, respectively. The studies of optima pH and temperature, as well as thermal
stability, showed that the catalytic characteristic of the enzyme was maintained after the immobilization by both adsorption
and covalent bonding. Even after 8 cycles of use, the endoglucanase immobilized by the two techniques retained about 86%
of its initial activity. The results showed that the adsorption was as effective as covalent bonding for the immobilization of
endoglucanase on kaolin. However, the adsorption technique seems to have a greater potential for use in future studies, as it
is simpler, cheaper, and faster than covalent immobilization. Therefore, in this work it was demonstrated that endoglucanases
can be immobilized efficiently on kaolin through a very simple immobilization protocol, offering a promising strategy for
performing repeated enzymatic hydrolysis reactions.
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Introduction

Cellulases are an enzymatic complex of three differ-
ent enzymes (endoglucanases, exoglucanases, and
B-glucosidases) capable to cleave the -1,4-glycosidic bond
of the cellulose molecule. They are considered biomol-
ecules with great economic appeal due to various industrial
applications, like textiles, pulp and paper, detergent, animal
feed, food and beverages, as well as ethanol from biomass
[1-3]. However, their stability and costs are considered as
the barrier to further development of large-scale operations
and applications [4-6]. Hence, researchers and manufac-
turers have investigated different approaches to overcome
the aforementioned problems and offer an opportunity for
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making cellulases application more attractive [7]. Among
them, enzyme immobilization stands out, as it allows the
recovery and reuse of the enzyme and can improve its stor-
age, operational, thermal, and conformational stabilities [8,
9].

The main constituents of an immobilized enzyme are the
enzyme, the support, and the immobilization method [8,
10]. Therefore, the selection of the appropriate support and
immobilization method is a crucial part of the immobiliza-
tion protocol and must consider the characteristics of the
enzyme and the application [8, 11, 12].

For cellulase immobilization, the characteristics of the
substrate is one of the most important factors that must
be considered in the immobilization protocol. Due to the
insoluble characteristics and the large dimensions of the
substrate (cellulose), the support can cause steric restric-
tions that prevent access to the active site of the enzyme
[10, 13]. Therefore, for cellulases, the immobilization pro-
tocols that affect the accessibility of the substrate should
be avoided. In this context, immobilization on non-porous
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materials may be preferable, as they cause minimal diffu-
sion limitation [14, 15].

A variety of supports have been used for immobilizing
enzymes, like carbon nanotubes [16], synthetic and natu-
ral polymers [17-21], magnetic nanoparticles [7, 22—-24],
polymers/clay nanocomposite [25-27], electrospun mem-
branes [28, 29], inorganic materials [30-35], among oth-
ers. Kaolin, a natural clay mineral, has been shown to be
very attractive since it has many characteristics that are
fundamental for a support. Kaolin is an abundant material
in nature, cheap, non-toxic, chemically, and mechanically
stable, resistant to microbial attacks, and easily recover-
able by centrifugation, filtration, or decantation [36]. In
addition, excellent results have been reported using kaolin
as support for immobilizing enzymes, such as lipases, lac-
case, inulinase, peroxidase, and cellulases [33, 37-45].

The immobilization of enzymes on kaolin can be car-
ried out by adsorption or covalent bonding after its surface
functionalization. Both have their advantages and disad-
vantages. Adsorption has greater commercial potential, as
it is usually simple, fast, easy to perform, inexpensive. In
addition, the technique causes little or no conformational
change and allows the support to be regenerated after the
enzyme becomes inactive [8]. However, it has been unrec-
ommended for immobilizing endo and exoglucanases. Due
to the weak interaction with the support and the high affin-
ity for the substrate, these enzymes tend to leach from the
support and remain adsorbed on the substrate when immo-
bilized by adsorption [46, 47]. Sometimes, the enzymes
can be strongly adsorbed on the support or the adsorption
can be stable enough to prevent leaching of the enzyme
under the application conditions [48]. However, for some
applications, such as processes that strictly require the
absence of enzyme in the product, covalent bonding may
be preferable [10, 35, 49-51]. The covalent technique pro-
vides a stable bond between the enzymes and the support.
Nonetheless, the technique often causes partial enzyme
deactivation and, in comparison with adsorption, requires
a longer, more complex, and expensive process [52, 53]. In
this context, the choice of the attachment method to immo-
bilize an enzyme must be based on experimental analyses
and considering all advantages and disadvantages of each
technique.

The use of kaolin as support for cellulases immobiliza-
tion was reported by Karagulyan et al. [54] and Lima et al.
[55]. Karagulyan et al. [54] reported the immobilization of
B-glucosidase by adsorption. Lima et al. [55] reported the
immobilization of endoglucanase on functionalized and
activated kaolin by covalent bonding. Both works used the
same support, however, it is not possible to compare the
effects of the immobilization method because the enzymes
studied were different. Endoglucanases initiate the cellulose
hydrolysis and act only on a large and insoluble substrate. In
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contrast, f-glucosidases act on soluble and small molecules
of cellulose.

In this context, the main objective of the present study
was to compare the suitability of two techniques, adsorp-
tion or covalent bonding, for immobilizing endoglucanase on
kaolin. The immobilized enzymes were compared in terms
of retained activity after immobilization, pH and optimal
temperature, thermal stability and reuse using carboxym-
ethylcellulose as substrate. To the best of our knowledge,
there are no studies that compare the immobilization of cel-
lulases on kaolin using covalent and adsorption techniques.

Materials and methods
Materials

Kaolin (Saca B; Al,0; wt.% 40, SiO, wt.% 46; p=2.58 g/
cm?®) used as support for endoglucanase immobilization was
kindly provided by Imerys (Pard, Brazil). 3-Aminopropyltri-
ethoxysilane (APTES; 99%; p=0.946 g/cm3), and sodium
carboxymethylcellulose (CMC; 90,000 Daltons) were
acquired commercially from Sigma-Aldrich (Sao Paulo, Bra-
zil). Citric acid monohydrate (>99%), monobasic anhydrous
potassium phosphate (>99%), dibasic sodium dihydrogen
phosphate (>98%), monobasic anhydrous sodium phosphate
(>98%), acid 3,5-dinitrosalicylic (DNS; >98%), glutaralde-
hyde (GA, 25 wt.% solution in water), and glucose were all
purchased from Vetec. Potassium and sodium tartrate (99%)
were purchased from Dindmica. All chemicals used in this
study were analytical grade.

Enzyme preparation rich in endoglucanases (Biokey
AKM) was kindly donated by Akmey Brazil (Indaial, Santa
Catarina, Brazil). To remove stabilizers and possible impu-
rities present in the enzyme preparation, a dialysis process
with phosphate buffer solution, pH 6.0, was carried out for
seven days at room temperature and using a collagen mem-
brane with 11.625 m?/g of surface area and 21.752 A of pore
diameter (DEVRO). At the end of the dialysis, the solu-
tion containing the enzyme was frozen at —80 °C (Glacier
Ultralow Temperature Freezer, NuAire, Inc.), lyophilized
(LIOTOP Lyophilizer, Model L101) for 48 h and then stored
under refrigeration (4 °C).

Determination of endoglucanase activity

The activity of endoglucanase (free and immobilized)
was determined by the quantification of reducing sugars
released from hydrolysis of sodium carboxymethylcel-
lulose (CMC). The hydrolysis assays were performed as
described by Lima, et al. [22]: 100 pL of cellulase solution
was incubated with 900 uL of 4% (w/v) CMC solution
(0.15 M citrate—phosphate buffer pH 5.0) for 30 min at
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55 °C. Reducing sugars were estimated by the dinitrosali-
cylic acid (DNS) method [56]. For this, 1.5 mL of DNS
solution was added to each the hydrolysis reaction. Next,
the samples were heated in a boiling water bath for 5 min
and cooled in an ice bath. After they were diluted and cen-
trifuged at 3130xg for 3 min. Finally, the absorbance of
the samples was measured at 540 nm using a UV-vis spec-
trophotometer (Cirrus 80, Femto, resolution of 1 nm). The
absorbance was converted to reducing sugars concentra-
tion through a calibration curve with glucose as standard.
Each assay was done in triplicate and the average values
were reported.

Enzyme immobilization procedure

The immobilization by adsorption was performed using
the kaolin as received (K). For covalent immobilization,
the support was functionalized and activated and named
as Kg,. The functionalization and activation were carried
out according to the methodology previously described
by Lima et al. [55]. For support functionalization, 50 g
of kaolin was dispersed in 500 mL of ethanol/water mix-
ture (96/4). The coupling agent, APTES, was added with a
mass concentration of 10% of the kaolinite mass. The mix-
ture was stirred for 12 h at approximately 80 °C. After the
reaction was over, the solvent was evaporated, the particles
were washed three times with ethanol to remove excess
reagent and then sieved (38 um). For activation, 10% (w/v)
of functionalized kaolin was added to a 2% (v/v) GA solu-
tion (prepared in 0.05 M phosphate buffer pH 7.0). The
mixture was stirred for 1 h at 30 °C and 150 rpm. At the
end of the reaction, the particles were washed three times
with distilled water to remove the excess glutaraldehyde.

The immobilization was performed by adding 10%
(w/v) of natural kaolin (K) or functionalized and acti-
vated kaolin (Kg,) to the cellulase solution (100 mg/mL
in 0.05 M phosphate buffer pH 7.0). The mixture was
continuously mixed at 150 rpm for 24 h, at 25 °C. The
immobilized endoglucanase was then separated by cen-
trifugation (3 min and 3130xg) and exhaustively washed
with buffer solution to remove unbounded enzyme. Immo-
bilized preparations were suspended in buffer solution and
stored at 4 °C until use. The experiments were carried out
in triplicate.

The recovered activities were calculated by Eq. 1:

AER

Y = — x100
AT, (n

where AEy is the activity of endoglucanase immobilized
on kaolin, and AE, is the activity of the supplied enzyme to
immobilization.

Characterization of kaolin

X-ray diffraction (XRD) data were obtained by PanAlyti-
cal Xpert X-ray diffractometer using a Ni-filtered Cu Ka
radiation (A=1.5418 10\, generated with 45 kV, 40 mA)
with a step size of 0.0334° and speed of 15° min~', in
the angular range 10° <20 <80°. Basal spacing (d-spac-
ing) was calculated using Bragg’s Law. The qualitative
interpretation of the diffractograms was based on the PDF
01-089-6538 contained in the International Database of
Crystalline Structures (ICSD).

The particle size distribution of kaolin particles was
determined by the laser diffraction technique on the Mas-
tersizer 3000E (Malvern) equipment. The samples were
automatically diluted by the equipment using water and
the final values were expressed as mean of three measures.
Three diameters were considered for sample analysis: D,
D5y and Dy, which are defined as diameter below which
10, 50 and 90%, respectively, of the overall particles are
contained [57, 58].

The Zeta potential measurements of the free enzyme
and kaolin were made using a Zetasizer Nanosizer instru-
ment (Malvern) using single-point measurements at room
temperature. The samples were diluted according to the
equipment’s turbidity reading limit with 0.05 M phosphate
buffer pH 7.0. For each sample, five zeta potential meas-
urements were made and average values are reported.

The morphology analyze of particles and elemen-
tal identification were carried out by scanning electron
microscopy (SEM) with X-ray energy dispersion spec-
troscopy (EDX) using the JEOL JSM-6390LV equipment.
Before carrying out the analyzes, the samples were coated
with gold using a sputter coater.

Catalytic characterization of free and immobilized
endoglucanase

The effect of pH on the activity of the free and immobi-
lized endoglucanase was investigated in the range from
pH 4 to pH 7 at 55 °C. In the same way, the effect of
temperature on the activity of the free and immobilized
endoglucanase was evaluated at pH 5 and temperatures
between 35 and 75 °C. The thermal stability of the free
and immobilized endoglucanases was also investigated by
measuring the activity of the enzymes incubated at 55 °C
in 0.05 M citrate—phosphate buffer pH 5 for different time
intervals. To determine storage stability, the activity of
the enzymes stored at 4 °C was monitored for 30 days. All
results were converted into relative activities that were cal-
culated using the highest activity recorded for the respec-
tive assessed parameter.
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Reusability of immobilized endoglucanase

To evaluate the reusability of immobilized endoglucanase,
consecutive enzymatic activity assays were conducted at
the optimal pH and temperature. At the end of each cycle,
the immobilized enzyme was recovered by centrifugation
(3130xg for 3 min) and washed with buffer twice to remove
any remaining substrate or product. A new cycle was ini-
tiated by adding the immobilized enzyme recovered in a
fresh CMC solution. The enzymatic activity in the first cycle
was defined as 100%, and for the following cycles, it was
expressed as a percentage of the initial activity.

Statistical analysis

The analytical experiments were carried out at least in trip-
licates and data were reported as the means with the associ-
ated standard deviation. Statistical analysis of the data was
performed using the Tukey test with p <0.05 as the mini-
mum level of significance.

Results and discussion
Enzyme immobilization

Endoglucanase immobilization on kaolin was carried out by
two methods: adsorption and covalent bonding. The immo-
bilization by adsorption was performed using the kaolin as
received (K), i. e., kaolin was used without any type of treat-
ment. For pH 7, which was the pH of the buffer solution
used during the immobilization, the zeta potential of the
kaolin particles was —40+ 1.1 mV and the endoglucanase
was -4.0+0.4 mV. These results indicate the immobilization
by adsorption may be not attributed to electrostatic and ionic
interactions. These facts imply that the effective immobili-
zation of the biocatalyst occurred mainly through hydrogen
bonds and hydrophobic interactions. Hydrogen bonding can
be attributed to hydroxyl groups at broken-edges of tetrahe-
dral and octahedral sheets [59]. Hydrophobic interactions
can occur with siloxane bonds from the tetrahedral sheet
[59].

The immobilization by covalent bonding was performed
by the functionalized and activated kaolin (Kg,). In this
method, the immobilization may be attributed to imine link-
age between the N-terminal a-amino group of the enzyme
and one end of the glutaraldehyde molecule [55].

The recovered activity of endoglucanase immobilized by
adsorption and covalent bonding was 60+2.5 and 65+3.5%,
respectively. The recovered activities obtained by covalent
bonding and adsorption immobilization can be compared
with 58% reported by Lima et al. [55] when endoglucanase
was immobilized on kaolin by covalent bonding, and 70.8%
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reported by Qi et al. [60] for cellulase immobilized on
core—shell structured metal-organic framework compos-
ites. The results are superior compared to 48% reported for
Lima et al. [22] when endoglucanase was immobilized on
magnetic nanoparticles encapsulated in poly(methyl meth-
acrylate) nanospheres. These immobilization yields are,
however, lower compared to 80% yield reported by Yu et al.
[61] and Yu et al. [62] for cellulase immobilized in a com-
mercial copolymer of methyl methacrylate and methacrylic
acid (Eudragit) by covalent bonding and adsorption, respec-
tively. It is observed that the results obtained in the present
study are in agreement with those found in the literature.
However, compared to the supports used in these works
(that are synthetic and expensive), kaolin is more attractive
and has greater potential to be used on an industrial scale.
Kaolin is a naturally occurring material, readily available,
inexpensive, mechanical and heat resistant, with reduced
susceptibility to microbial attack [35, 41, 64].

The kaolin functionalization and activation steps, nec-
essary to establish the covalent immobilization, make this
technique more expensive and time consuming than immo-
bilization by adsorption. However, the immobilization by
adsorption can result in leaching of the enzymes from the
support, affecting the reusability. Thus, to choose the better
method for endoglucanase immobilization on kaolin, other
parameters were evaluated.

Characterization of kaolin

XRD patterns of kaolin (K) and the kaolin containing the
endoglucanase immobilized by adsorption (Kj) and covalent
bonding (Kg,_g) are shown in Fig. 1. According to ICSD
data base file card n° 87771 (PDF-01-089-6538), the high-
est intensity peaks at 20 =12.40 and 24.90° correspond to
kaolinite, indicating that it is the main constituent of the
kaolin used. Kaolin samples containing enzyme immobi-
lized (Kg, and K, g) showed d values (or basal spacing)
similar to kaolin without enzyme. This suggests that there
was no expansion of the kaolin lamellae after immobiliza-
tion of the enzyme. It means that the immobilization of the
enzyme occurred at external surfaces and edges of the kaolin
[63]. Such a result was expected since kaolin has a non-
expandable structure due to its low ion exchange capacity
and the hydrogen bonds between the lamellae [59, 63, 64].
The immobilization of endoglucanases on the surface of
kaolin is an important finding and makes kaolin even more
attractive for immobilizing these enzymes. Industrially, cel-
lulases are used to hydrolyze macromolecular substrates, so
these enzymes must be immobilized on the support surface
to ensure enzyme—substrate contact K.

Particle size distributions obtained by laser diffraction
of Ky, and Ky, i are shown in Fig. 2. All samples had a
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Fig.1 X-ray diffractograms of a kaolin (XK), b kaolin containing
endoglucanase immobilized by adsorption (Kg), and ¢ kaolin con-
taining endoglucanase immobilized by covalent bonding (Kpa p).
Gray bars represent the peak positions of standard of kaolinite (ICSD
87771 and PDF-01-089-6538)

broad size distribution and similar Ds, values, suggesting
that neither of the two immobilization methods had influ-
enced in the particle size. The higher Dy, values of Ky and
Kp,_p samples may be related to the aggregation of particles
caused by the difficulty of redispersion the pellets after the
various centrifugations performed to wash the particles after
immobilization [65, 66].

SEM micrographs of K, K, Ki and Kg, g are shown in
Fig. 3. It was observed that the K sample consisted of lami-
nar particles with different sizes, hexagonal shape and well-
defined edges. EDX analysis detected characteristic elements
that constitute kaolin, silicon, aluminum and oxygen, as well
as carbon. The presence of carbon in this sample can be
attributed to impurities, such as carbonates. The Ky, sample
presented laminar particles with rounded edges, which can
be attributed to the functionalization of the particles with
APTES. The presence of APTES on the surface of the kaolin
could be confirmed by EDX analysis, since it was detected
the presence of nitrogen.

In the SEM micrograph of both kaolin samples contain-
ing endoglucanase, the presence of particles with undefined
shapes and edges was observed. Besides the characteristic
elements that constitute kaolin (silicon, aluminum, and oxy-
gen), EDX analysis also detected nitrogen and carbon. For
K sample, the presence of carbon can be attributed to
functionalization with APTES and enzyme immobilization.
For the K sample, the nitrogen presence can be attributed
only to enzyme. The presence of carbon can be attributed
to impurities, functionalization of kaolin particles and/or
binding of the enzyme to the support. Thus, SEM and EDX

results suggest that endoglucanase was successfully immo-
bilized on the kaolin surface.

Catalytic characterization of free and immobilized
endoglucanase

After any immobilization procedure, the catalytic properties
of the enzyme must be evaluated because the interaction
with the support can modify its three-dimensional conforma-
tion. In addition, the interaction between the immobilized
enzyme and substrate occurs in a microenvironment different
from the bulk solution [10]. Thus, the effects of temperature
and pH on activity, as well as the thermal stability, of the
free and immobilized endoglucanase were studied.

As shown in Fig. 4, the endoglucanase immobilized by
covalent bonding and adsorption showed a pH profile similar
to that of free endoglucanase, with optimal activity between
pH 4 and pH 5. Such similarities suggest that the catalytic
activity of endoglucanase, along the pH range studied, was
not affected after the immobilization. Similar findings have
been reported previously for cellulase immobilized on dif-
ferent supports [18, 22, 47, 55, 67, 68].

The temperature profiles of free and immobilized endo-
glucanase are shown in Fig. 5. The free and immobilized
enzyme by adsorption showed similar temperature profiles
with maximum activities observed around 45 and 55 °C. The
maintenance of the optimum temperature of enzymes immo-
bilized by adsorption is expected since the three-dimensional
structure of the enzyme is almost always preserved because
of its weak interaction with the support. Meanwhile, the
endoglucanase immobilized by covalent bonding showed
higher activities in a wider range of temperatures, which was
from 45 to 75 °C. The increase in the optimal temperature
range for enzymes immobilized by covalent bonding has also
been reported in other papers [22, 55, 69, 70]. This is gener-
ally attributed to the reduction of conformational flexibility
and thermal vibrations caused by the strong bond between
enzyme and support [48, 71]. The increase of optimal tem-
perature range is an important advantage for processes that
require temperatures above the optimum temperature of the
free enzyme. Otherwise, this is irrelevant because industries
always want to operate at the lowest possible temperature to
use less energy.

From the application point of view, the thermal sta-
bility of immobilized enzymes is more important than
the increasing the optimal temperature range. Thermal
denaturation is one of the main factors for the loss of cata-
lytic activity during reuse. Therefore, the enzyme must
be thermally stable or become highly stabilized during
the immobilization process to achieve satisfactory reus-
ability [72]. As presented in Fig. 6, free and immobi-
lized enzymes exhibited a full activity after 24 h at 50 °C.
These results showed that the enzyme used in this work
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Fig. 2 Particle size distributions of a kaolin (K), b functionalized and activated kaolin (Kg,), ¢ kaolin containing endoglucanase immobilized by
adsorption (Kg), and d kaolin containing endoglucanase immobilized by covalent bonding (Kpy g)

is quite stable and the thermal stability was not affected
after the immobilization on kaolin by adsorption or cova-
lent bonding. Although covalently immobilized endoglu-
canase showed a broader optimal temperature range, it
was as stable as the enzyme immobilized by adsorption
when exposed to temperature for a long time.

The activity of free and immobilized enzymes was
monitored for 30 days at 4 °C. All of them exhibited full
activity for the conditions studied, indicating that the
immobilization techniques used did not affect the stor-
age stability of the enzyme. These results are superior to
those reported by Li et al. [73], in which only 71.2% of
the activity of cellulase immobilized on carbon nanotubes
and sodium alginate was retained The results are also
superior to 65% reported for cellulase immobilized on
zirconium-based metal-organic frameworks [74].
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Reusability of the immobilized endoglucanase

One of the most important advantages of enzyme immo-
bilization is the possibility of recovering or separating the
enzymes from the reaction medium and, thus, reusing them
[75]. This feature lowers the enzyme’s costs and increases
its potential use in industrial applications [76, 77]. Endo-
glucanases immobilized by both covalent bonding and
adsorption showed excellent performance in the reuse tests,
retaining around 86% of their initial activity after the eighth
hydrolysis cycle (Fig. 7). The excellent reuse can be associ-
ated with the high thermal stability of the enzyme and the
characteristics of the kaolin that allowed the immobilized
enzyme to be efficiently recovered [55, 72].
Endoglucanase immobilized by both covalent bonding
and adsorption exhibited better reusability (86% of activity
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Fig.4 Activity profiles according to pH for free endoglucanase (black
circle), immobilized endoglucanase by adsorption (light gray circle),
and immobilized endoglucanase by covalent bonding (gray circle)

retained after eight cycles of use) than previous works
[78-81]. Li et al. [73] reported 71.5% of activity retained
after seven cycles for cellulase immobilized on carbon nano-
tubes and sodium alginate. Lima et al. [22] reported 69% of
activity retained after eight cycles for cellulase immobilized
on magnetic nanoparticles encapsulated in polymer nano-
spheres by covalent bonding. Mubarak et al. [82] reported
only 26% of activity retained after eight cycles for cellulase
immobilized on functionalized multi-walled carbon nano-
tubes by adsorption. Yu et al. [62] reported less than 40% of
activity retained after eight cycles for cellulase immobilized
on commercial copolymers of methacrylic acid and methyl
methacrylate (Eudragit) by adsorption.

In contrast to the results obtained in the current work,
previous studies have reported inferior reusability results for
cellulase immobilized by adsorption compared to enzyme
immobilized by covalent bonding using a same support [47,
83-85]. The immobilization of cellulase on kaolin, stud-
ied here, is attributed to hydrogen bonds and hydrophobic
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interactions, while in the previous works the immobiliza-
tion of cellulase had been attributed to hydrogen bonds,
ionic and/or electrostatic interactions. According to Cao
[48], occasionally the interaction forces responsible for the
adsorption of the enzyme on the support are stable enough
to prevent leaching under application conditions, which may
justify the results observed here.

Considering the results of reuse and recovered activ-
ity after immobilization, immobilization of kaolin endo-
glucanases by adsorption has greater potential for use in
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Fig.7 Enzymatic activity of the immobilized endoglucanase by
adsorption (gray) and immobilized endoglucanase by covalent bond-
ing (black) after successive CMC hydrolysis cycles of 30 min, at
55 °C, pH 5.0 and substrate concentration of 4% (m/v)

future studies. The immobilization by adsorption is sim-
pler, cheaper and faster than covalent immobilization. This
work showed that adsorption may be adequate to immobi-
lize endoglucanases, but the choice of the immobilization
method must be based on experimental data. In addition, the
work showed a promising simple protocol for immobilizing
endoglucanases using a cheap, natural and inorganic mate-
rial (kaolin) as a support, along with a simple and inexpen-
sive immobilization method.

Conclusions

Endoglucanase was successfully immobilized on kaolin by
adsorption and covalent bonding techniques, with about 60%
of the recovered activity. The immobilized endoglucanase
exhibited catalytic performance with variations in pH and
temperature, as well as thermal stability, similar to the free
enzyme. The immobilization of endoglucanase on kaolin
can be regarded as a prospective tool for multiple uses of
the enzyme since about 86% of initial activity was retained
after eight consecutive hydrolysis cycles. In summary, the
immobilization of endoglucanase on kaolin by adsorption
presented a greater potential for future industrial applica-
tions. The adsorption was stable enough to prevent the
enzyme leaching from the support during reuse, in addition
to being cheaper, simpler and less time-consuming than the
covalent method.
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