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Abstract

BACKGROUND: Esterases (EC 3.1.1.1), a class of hydrolases, degrade the ester bonds of lipids into alcohol and carboxylic acids
and synthesize carboxylic ester bonds. They are used in a variety of biotechnological, industrial, environmental, and pharma-
ceutical applications due to their many valuable properties. Particularly, extremophilic esterases withmany superior properties
are of great interest for various reactions. Immobilization of enzymes may provide some advantages over free enzymes not
only to improve the properties of enzymes but also to increase the reusability of biocatalyst in industrial applications. There-
fore, many different immobilization applications for enzymes have been reported in various studies. To our knowledge, a ther-
mophilic esterase has not so far been immobilized by entrapment using chitosan/calcium/alginate-blended beads. Here, we
reported the immobilization of thermoalkalophilic recombinant esterase by entrapment using chitosan/calcium/alginate-
blended beads, and then the entrapped esterase was characterized biochemically in details.

RESULTS: In the present study, a thermophilic recombinant esterasewas immobilized by entrapment in chitosan/calcium/alginate-
blended beads for the first time. The 0.5 mg mL−1 purified recombinant esterase was entrapped in 1% chitosan, 2% alginate, and
0.7 M CaCl2 blended beads. The results showed that immobilization yield and entrapment efficiency of the entrapped esterase
were 69.5% and 80.4%, respectively. SEM micrograph showed that the surface of the beads resembled a mesh and very compact
structures. Chitosan/calcium/alginate-blended beads exhibited an 18.8% swelling ratio and had a moderate porous structure. The
entrapment technique highly enhanced the thermostability of the esterase and shifted its optimum temperature from 65 to 80 °C.
The immobilized esterase was very stable in a wide range of pH (8.5–11) displaying maximum activity at pH 9. ZnCl2 slightly
increased the activity of immobilized esterase whereas several metal ions reduced the enzyme activity. When the enzyme was
immobilized in chitosan/calcium/alginate-blended beads, its Km increased about 2 times and Vmax value decreased almost 1.5
times. Immobilization allowed repeated uses of the esterase having good operational stability in a continuous process.

CONCLUSION: The results revealed that the immobilization of a thermophilic recombinant esterase by entrapment in chitosan/
calcium/alginate-blended beads exhibited considerably better compared to other immobilization processes with various
entrapment strategies.
© 2021 Society of Chemical Industry (SCI).
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INTRODUCTION
Enzymes are usually a great tool in a broad range of applications in
biotechnological, biomedical, pharmaceutical, and industrial
fields because they have essential catalytic features. However,
the use of their free forms is not often optimal and convenient
for these processes due to their poor stability, the inhibition effect
of high substrate/product concentrations, and poor selectivity/
activity to unnatural substrates under unconventional conditions.
Immobilization technology of enzymes may be a powerful
approach to improve these properties and to increase the reus-
ability of biocatalyst in various reaction cycles of industrial pro-
cesses. Enzyme immobilization may allow some additional
advantages over free enzymes, such as fast reaction termination,
ease of enzyme recovery from the reaction mixture, controlled
end product generation, and possible continuity of the process.1,2

Different immobilization techniques are present using various
support materials and methods.3–5 Among these, entrapment is
very straightforward for biocatalyst immobilization under moder-
ate conditions relative to other immobilization techniques.6
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Calcium alginate beads are one of the most frequently used car-
riers in the immobilization of enzymes by entrapment because
they have some advantages including cost-effective, favorable
biocompatibility, high stability against microbial attack, and avail-
ability.7 Nevertheless, calcium alginate as a carrier has some obsta-
cles such as enzyme leakage from beads, big pore size, and poor
mechanical strength.8 Additional techniques such as coating the
surface of alginate beads with cross-linked biopolymers have been
suggested to improve entrapment efficiency.9–13

In literature, several studies have reported different immobiliza-
tion applications using chitosan/calcium/alginate beads on bacterial
cell encapsulation, encapsulation of protein-stabilized lipid droplets,
biosorption of phenol and o-chlorophenol, an oil-in-water emulsion
containing allyl isothiocyanate, and insulin encapsulation for oral
delivery.14–18 Among these studies, Huang et al. have shown that
Lactobacillus reuteri encapsulated in chitosan/calcium/alginate
beads had a higher adherence rate than that in calcium alginate.14

Kim et al. have also reported that the chitosan/calcium/alginate
complex had the highest stability, compared to calcium alginate.17

Esterases (EC 3.1.1.1), which fall within a class of hydrolases,
degrade the ester bonds of lipids into alcohol and carboxylic acids
and synthesize carboxylic ester bonds. They are produced by many
different organisms, such as animals, plants, and microorganisms.19

The esterases act an important part in various biotechnological,
industrial, environmental, and pharmaceutical applications due to
their many valuable characteristics.20,21 Particularly, extremophilic
esterases with superior properties are of great interest in different
reactions.22–24 Thermoalkalophilic esterases can work at higher per-
formance in some commercial applications relative to other
enzymes since they have high thermal and alkaline stability.9

Recently, many studies have been reported various practices of
esterase immobilization using different methods in literature.25,26

Among these, Mucor miehei esterase was immobilized on core-shell
magnetic beads by adsorption and covalent binding for ester synthe-
sis.27 Another esterase BioH was immobilized on a hydrophilic-
modified solid support through oriented adsorption.28 In addition,
the esterase BioH from Escherichia coli was immobilized onto
hydrophilic-modified magnetic nanosupport via oriented covalent
immobilization.29 Also, a novel cold-adapted esterase was immobi-
lized onmesoporous silica SBA-15 by the absorptionmethod.30 Also,
it has been immobilized by entrapment method using calcium-
alginate for the first time and calcium-alginate beads were coated
with silicate to overcome any leakage of the entrapped enzyme.9

However, to the best of our knowledge, a thermophilic esterase
has not been immobilized by entrapment using chitosan/calcium/
alginate-blended beads in literature so far. Here, we reported the
immobilization of thermoalkalophilic recombinant esterase by
entrapment using chitosan/calcium/alginate-blended beads, and
then the entrapped esterase was characterized biochemically. Even-
tually, the immobilization method for esterase by entrapment using
chitosan/calcium/alginate-blended beads exhibited considerably
better properties compared to anotherway of entrapment strategies.

MATERIALS AND METHODS
Materials
Unless otherwise stated all chemicals were purchased from
Sigma.

Enzyme preparation
Expression of the recombinant esterase from Geobacillus
sp. previously isolated from reinjection water of Balçova

(Agamemnon) geothermal site in İzmir of Turkey31 was performed
in Escherichia coli BL21 (⊗DE3). The purification of the enzyme by
affinity chromatography was applied as stated in Tekedar and
Şanlı-Mohamed (2011) procedure.32 Then, the recombinant ester-
ase was further purified by size-exclusion chromatography using
a Sephadex G-75 column (Sigma). The purified enzyme was
checked by 15% SDS-PAGE.33 Protein concentration was deter-
mined by the Bradford method, using bovine serum albumin
(BSA) standard solutions.34

Immobilization of recombinant esterase into chitosan/
calcium/alginate-blended beads
Obtaining chitosan-calcium chloride solution
Chitosan was synthesized from chitin using the method of Rigby
and Wolfrom with some modification as described by İlgü et al.
(2011).35 The degree of deacetylation of chitosan was investigated
by a LECO-CHNS-932 elemental analyzer (Monchengladbach, Ger-
many) and it was calculated as about 87.3%. Also, molecular
weight of chitosan was investigated by a viscosimetric method
at the room temperature36 and it was found in the range of middle
molecular weight category. For preparation of chitosan-calcium
chloride solution, 1% (w v−1) chitosan flakes were resuspended
with 2% (v v−1) acetic acid at 50 °C. Then, 0.7 M CaCl2 was supple-
mented into the chitosan solution and the mixture was stirred at
50 °C for 1 h.

Preparation of alginate-esterase solution
2% (w v−1) alginate was resuspended in 10 mL of 0.1 M Tris–HCl
buffer (pH 8.0) at 30 °C for 30 min. 0.5 mg mL−1 esterase enzyme
was supplemented on the alginate solution and then the mixture
was stirred for 1 h.

Formation of chitosan/calcium/alginate-blended beads with
esterase
Alginate-esterase was dripped into 100 mL of chitosan-calcium
chloride solution using a syringe during stirring the solution and
white opaque chitosan/calcium/alginate-blended beads with
esterase were formed. The size of beads was adjusted by syringes
including different needle diameters. Solid beads were isolated
from the solution using vacuum filtration. The beads were washed
twice using dH2O and stored in 0.1 M Tris–HCl buffer (pH 8.0) at 4 °
C for further analyses. Entrapment efficiency (EE) and Immobiliza-
tion yield (IY) of the enzyme was determined using equations
below:

EE=
total esterase– free esterse

total esterase
×100 ð1Þ

IY=
specific activity of immobilized esterase

specific activity of free esterase
×100 ð2Þ

Swelling behavior and porosity of chitosan/calcium/alginate-
blended beads
The swelling behavior of chitosan/calcium/alginate-blended
beads was determined based on the solvent uptake by the beads.
Pre-weighed (Wd) 10 dry chitosan/calcium/alginate-blended
beads were suspended in 100 mL of 0.1 M Tris–HCl buffer
(pH 8.0) at 30 °C for 6 h. Then, the excess buffer of chitosan/cal-
cium/alginate-blended beads was removed by filter paper and
immediately the weights of swollen beads (Ws) were measured.
The ‘weight change’ was calculated and expressed as % swelling
rate calculated by the following equation: % swelling rate = (Ws
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− Wd)/Wd × 100. The measurements were made in triplicate and
average data was used for calculations.
The porosity of chitosan/calcium/alginate-blended beads was

determined according to the liquid displacement method
described by Dorati et al.37 Briefly, the initial weight of 10 dry
beads was measured (W1) and then the beads were immersed
in anhydrous ethanol for 6 h. Then, the excess ethanol was
removed by filter paper and the weight of the absorbing beads
was subsequently determined (W2). The porosity of chitosan/cal-
cium/alginate-blended beads was calculated with the following
equation: Porosity =W2 − W1/ρV, where ρ is the density of anhy-
drous ethanol, which is 0.79 g cm−3; V refers to the volume of the
beads. The measurements were made in triplicate and average
data was used for calculations.

Characterization of the immobilized recombinant esterase
Standard activity assay of the free and immobilized recombinant
esterase
The hydrolytic activity of the free and immobilized recombinant
esterases was spectrophotometrically determined using p-
nitrophenyl acetate (pNPA) substrate, which had one of the most
efficient hydrolytic catalytic activity among different kind of p-
nitrophenyl (p-NP) esters having different acyl chain lengths
(C2-C16).32 For the free enzyme, the assay mixture contained
9.5 μL of 50 mmol L−1 pNPA, 990 μL of Tris-Cl buffer (pH 8.0),
and 0.5 μL of 2.4 mg mL−1 enzyme solution, and enzyme activity
was determined at 55 °C for 5 min by OD420 measurement. For
the immobilized enzyme activity, the reaction mixture had 10 μL
of 50 mmol L−1 pNPA, 980 μL of Tris-Cl buffer (pH 8.0), and
10 beads (0.008 mg) of immobilized enzyme solution, and its
activity was determined at 55 °C for 5 min by OD420 measure-
ment. One unit of esterase activity was defined as the amount
of enzyme releasing 1 nmol of p-nitrophenol per minute.

Temperature and pH effect
The effect of temperature and pH on the free and immobilized
recombinant esterase was observed using p-NPA as a substrate
at 90 rpm. The temperature effect on the free and immobilized
enzyme was analyzed in a wide range of temperatures (35–80 °
C) using 0.1 M Tris-Cl buffer (pH 8.0). The pH effect on the free
and immobilized enzyme was investigated ranging from pH 4 to
11 at 55 °C. Standard activity assay conditions were applied
to determine the relative enzyme activity.

Temperature and pH stability
Temperature analysis for free and immobilized esterase was per-
formed in a range of temperatures (40–80 °C) for 1 h of preincu-
bation using 0.1 M Tris-Cl buffer (pH 8.0). In addition, pH stability
was investigated in a range of pH (4–11) at 55 °C. The standard
activity assay was applied to determine the residual enzyme
activity.

Effect of chemicals
The effect of metal ions (1 mmol L−1 CaCl2, 1 mmol L−1 ZnCl2,
1 mmol L−1 MgCl2, and 1 mmol L−1 CuSO4) and two surfactants
(1% SDS and 1% Triton X-100) was investigated for the free and
immobilized esterase under standard activity assay conditions
and relative activity was determined.

Kinetic studies
Kinetic parameters of free and immobilized thermoalkalophilic
recombinant esterase were determined using Lineweaver–Burk

plots and assuming that the reactions followed a simple
Michaelis–Menten kinetics. Lineweaver–Burk curves were obtained
for p-nitrophenyl acetate (pNPA) at six different substrate concen-
trations (0.05, 0.1, 0.3, 0.5, 0.7 and 1 mmol L−1) using standard
enzyme assay.

Operational stability
Operational stability analysis was performed by the application of
seven sequential standard activity assay of the immobilized
enzyme. Following each assay, the beads were washed three
times using dH2O.

The influence of bead size
Chitosan/calcium/alginate-blended beads were created in three
distinct sizes, using different sizes of a needle. The bead diameters
were calculated, utilizing the formula below and then the stan-
dard activity assay was performed.

increment in volume=4=3×π × bead diameterð Þ3
×number of beads

ð3Þ

Scanning electron micrography (SEM) analysis
The bead qualities of the surface morphology and internal struc-
ture were investigated by scanning electron microscope (Phillips
XL-30S FEG).

Data presentation and statistical analysis
All experiments were performed at least in duplicate. Statistical
errors of the data were determined by GraphPad Prism version
6.00 for Windows (GraphPad Software, La Jolla, CA, USA) (www.
graphpad.com).

RESULTS AND DISCUSSION
In this study, thermoalkalophilic recombinant esterase was immo-
bilized by entrapment in chitosan/calcium/alginate-blended
beads. Heterologous expression of esterase enzyme was carried
out in Escherichia coli BL21 (DE3) and the enzyme was purified
homogeneously before the immobilization. Heterologous expres-
sion and purification of free esterase resulted in 30–40 mg of puri-
fied active protein with high specific activity.32 The purity of the
enzyme was checked by SDS-PAGE (Fig. 1).

Swelling behavior and porosity of chitosan/calcium/
alginate-blended beads
Swelling behavior is an important parameter for hydrogel-type
materials studies. Therefore, chitosan/calcium/alginate-blended
beads as hydrogel were tested for their swelling property as an
immobilization material for thermoalkalophilic recombinant
esterase. The exhibited swelling ratio of the prepared chitosan/
calcium/alginate-blended beads was obtained as 18.8%. The
swelling behavior of the beads was a moderate swelling ratio
and slightly lower than reported hydrogels in the literature.38–40

The results may be ascribed to the formation of the beads and
tested swelling conditions such as pH. It has been previously dem-
onstrated that the percentage swelling of hydrogels in acidic solu-
tion was found to be higher than in alkaline solution.41

The porosity of chitosan /calcium/alginate-blended beads was
evaluated by the liquid displacement method with ethanol which
can penetrate into the pores materials without inducing shrink-
age and swelling. The results displayed that the beads formed
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by alginate and chitosan had a moderate porous structure and
porosity was approximately 75%. The results obtained were also
consistent with the previous studies.39,42 As a result, the porous
nature of the beads and their reasonable and good space may
cause the thermoalkalophilic recombinant esterase to be
entrapped with high loading capacity.

Immobilization of thermoalkalophilic esterase on
chitosan/calcium/alginate-blended beads
The 0.5 mg mL−1 purified recombinant esterase was entrapped in
1% chitosan, 2% alginate, and 0.7 M CaCl2 blended beads. The
results showed that immobilization yield and entrapment effi-
ciency of the entrapped esterase were 69.5% and 80.4%,
respectively.

Characterization of the immobilized thermoalkalophilic
esterase
The immobilized thermoalkalophilic esterase was characterized
by investigation of several parameters including pH effect, tem-
perature effect, thermostability, the effect of various chemicals,
operational stability, and effect of different bead size.

The influence of temperature and pH
The activities of both free and immobilized esterases were investi-
gated in a range of temperatures (35 to 80 °C). Temperature effect
analysis showed that free esterase had maximum activity at 65 °C.
After immobilization of the esterase in chitosan/calcium/alginate-

blended beads, it was found that the optimum temperature for
immobilized esterase was shifted to 80 °C (Fig. 2(a)). Thus, the
immobilized esterase showed its catalytic activity at a higher reac-
tion temperature by 15 °C compared to that of the free enzyme. In
a previous study, the same esterase by entrapped in silicate-
coated Ca-alginate beads and the immobilized enzyme in that
study optimally worked at 70 °C,9 lower than that of in the present
study. This result could be interpreted that the entrapment way by
chitosan/calcium/alginate-blended beads may limit enzyme phys-
ically within micro spaces of the beads to ease substrate diffusion
to the active site at high temperatures. In literature, there have
been many studies on different immobilization approaches of
esterases from various sources. An immobilized esterase from
Zunongwangia sp. in Fe3O4 ∼ cellulose nano-composite had an
optimal temperature of 35 °C, higher 5 °C than free esterase.43

Another esterase from Lactobacillus plantarum possessed maxi-
mum activity at 30 °C for free enzyme and 50 °C for its immobi-
lized form on hydrophobic support polypropylene Accurel
MP1000 by adsorption.44 Also, an esterase from Bacillus altitudinis
(EstBASΔSP) optimally worked at 50 °C, whereas its immobilized
form of the enzyme (Lx-EstBASΔSP) onto an epoxy resin exhibited
maximumactivity at 60 °C.45 A free and immobilizedwheat esterase
using glass fiber film optimally worked at 30 and 40 °C, respec-
tively.46 Additionally, free esterase from Bacillus pumilus and its
immobilized form on silane functionalized superparamagnetic
nanoparticles (SNPs) hadmaximum activity at 37 and 45 °C, respec-
tively.47 The esterase from Lysinibacillus fusiformis AU01 showed
maximum activity at 40 °C for free enzyme and at 45 °C for immo-
bilized enzyme onto celite545 with 3-aminopropyltriethoxysilane
as a linker molecule.48 Besides, free and immobilized Mucor miehei
esterase on core-shell magnetic beads via adsorption and covalent
binding showed an optimal temperature at 40 and 50 °C, respec-
tively.27 A free cold-adapted Pseudomonasmandelii esterase (rEstKp)
and immobilized esterase by cross-linking (GO-rEstKp) showed a
similar optimum temperature.49 A free and immobilized esterase
BioH on hydrophilic-modified solid support via oriented adsorption
possessed optimum temperature at 50 °C.28 The increase of 15 °C
after immobilization in the present study showed that estrease
entrapment by chitosan/calcium/alginate-blended beads resulted
in a superior optimum temperature among the studies available in
the literature. According to the results, we may suggest that the
immobilization matrix obtained by chitosan/calcium/alginate blend
might be able to protect the enzyme against denaturation at higher
temperatures.

Figure 1. SDS-PAGE analysis of the purified recombinant thermoalkalo-
philic esterase from Geobacillus sp. E: purified Esterase, M: the protein
marker.

Figure 2. The influence of temperature (35–80 °C) (a) and pH (4-11) (b) of free esterase (●) and the immobilized esterase (■).
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For pH effect, free and immobilized esterase activities were
investigated in a range of pH 4 to 11. The pH effect results showed
that free esterase exhibited maximum activity at pH 9. After
immobilization of the esterase in chitosan/calcium/alginate-
blended beads, the optimum pH did not change (Fig. 2(b)). The
same esterase by entrapment in silicate-coated Ca-alginate beads
optimally worked at pH 8,9 lower than 1 pH unit, compared to the
present study. Similar to our findings, several studies have shown
that different immobilization techniques did not change the opti-
mal pH values of esterases from various sources.43,45,49 Besides,
immobilization of wheat esterase on glass fiber film decreased
optimum pH by one unit, compared to the free form.46 In contrast,
immobilization of Mucor miehei esterase on core-shell magnetic
beads increased the optimum pH by one unit, compared to its
free form.27

Thermal stability
The thermal stability of free and immobilized esterase was investi-
gated in a range of temperatures (40–80 °C) upon 1 h of incuba-
tion. Thermostability results showed that the immobilized
esterase had the highest residual activity at 60 °C, slightly more
than that in free esterase. However, free esterase activity sharply
dropped at 70 and 80 °C, showing 61% and 6% of residual activity,
respectively. Indeed, the immobilized enzyme maintained high
residual activity as 92% at 70 °C and 80% at 80 °C after 1 h of incu-
bation (Fig. 3). The thermoalkalophilic recombinant esterase in a
previous study immobilized in silicate-coated Ca-alginate beads
had a residual activity of about 60% at 80 °C upon 1 h of incuba-
tion.9 The present study showed that esterase immobilization by
chitosan/calcium/alginate-blended beads displayed superior ther-
mal stability compared to silicate-coated Ca-alginate beads. This
phenomenon could be related to the location of esterase inside
the immobilization support. The conformational movement of
esterase might be restricted inside the immobilization matrix so
that enzyme may be protected against its denaturation at high
temperatures for a while. Comparable results have been reported
in some studies about the thermal stability of immobilized ester-
ases. Accordingly, an immobilized esterase on hydrophobic sup-
port polypropylene Accurel MP1000 by adsorption was highly
stable at 80 °C after 60 min of incubation, exhibiting 100% of
residual activity.44 In addition, an immobilized esterase CLEA-
LpSGNH1 completely conserved almost all its activity at 60 °C
throughout 60 min, whereas free esterase LpSGNH1 completely
lost its activity.50 An immobilized esterase Lx-EstBASΔSP also
showed higher stability than free esterase EstBASΔSP and retained

about 80% of residual activity at 60 °C after 1 h of incubation.45

Furthermore, two immobilizedMucormiehei esterase on core-shell
magnetic beads via adsorption and covalent binding showed 80%
and 90% of residual activity at 60 °C, respectively.27 There have
been reported some studies on the thermal stability of free and
immobilized esterase from various sources, showing much lower
thermal stability, compared to the present study. In line with this,
the activities of free and immobilized esterase in Fe3O4 ∼ cellulose
nano-composite decreased below 20% at 50 °C after 60 min.43

Also, immobilized esterase G on amine-functionalized supports
retained a residual activity of about 70% at 65 °C after 1 h of incu-
bation, whereas free esterase G did not show any activity.51

Besides, the immobilized esterases GO-rEstKp and CPE-SulE
completely lost their residual activities at 60 °C after 60 and
30 min, respectively, although they exhibited higher thermal sta-
bility than their free forms.49,52

The pH stability of immobilized esterase was studied in a variety
of pH (4-11) for 1 h of incubation. The analysis results showed that
immobilized esterase was very stable between pH 8.5–11, retain-
ing almost all its activity after 1 h, whereas it had low stability at
acidic and neutral pH conditions (data not shown).

Effect of chemicals
The effect of different chemicals on free and immobilized ester-
ases was investigated in the presence of each metal ion (CaCl2,
ZnCl2, MgCl2, CuSO4, and MgSO4) at 1 mmol L−1 concentration
and two surfactants (SDS and Triton X-100) at 1% concentration.
This analysis results showed that ZnCl2 slightly increased the
activity of immobilized esterase whereas, CaCl2 did not change.
However, the other metal ions MgCl2, CuSO4, and MgSO4 reduced
the immobilized esterase activity by 25%, 13%, and 4%, respec-
tively (Fig. 4). In literature, the activity of an immobilized esterase
from Neisseria meningitides on hybrid nanoflowers (hNF-
NmSGNH1) was increased by Cu2+ whereas it dramatically
dropped in the presence of Ca2+.53 Besides, immobilized esterase
Lx-EstBASΔSP activity was reduced by 3% in the presence of Zn2+

whereas Mg2+ increased its activity by 8%.45 The surfactant analy-
sis result showed that SDS completely inhibited the immobilized
esterase activity whereas Triton X-100 strongly decreased by
42% (Fig. 4). Similarly, immobilized esterase in Fe3O4 ∼ cellulose
nano-composite lost almost all of its activity in the presence of

Figure 3. Thermal stability of free esterase (●) and immobilized esterase
(■) at the range of 40–80 °C after 60 min of incubation.

Figure 4. The influence of metal ions at 1 mmol L−1 concentrations and
two surfactants (1% SDS and 1% Triton X-100) on the free and immobilized
esterase.
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SDS and dropped by about 70% in the presence of Triton X-100.43

Also, CLEA-estUT1 activity was reduced as much as 70% by Triton
X-100 whereas SDS did not change its activity.54 Additionally, 1%

SDS inhibited almost all of its activity of the immobilized esterase
from Paenibacillus sp. (CLEAs-PsEstA).55 The activity of another
immobilized esterase from Neisseria meningitides on crosslinked
enzyme aggregates (NmSGNH1-CLEAs) was slightly reduced by
Triton X-100; however, it was dramatically dropped by SDS.53 In
another study, SDS and Triton X-100 dramatically reduced immo-
bilized esterase Lx-EstBASΔSP activity by 80% and 62%,
respectively.45

Kinetic studies
The kinetic parameters Km and Vmax for free and immobilized
esterase were determined by using p-nitrophenyl acetate (pNPA)
substrate concentration from 0.05 to 1 mmol L−1 in the reaction
mixture. Both free and immobilized thermoalkalophilic recombi-
nant esterase exhibited a simple Michaelis–Menten kinetics and
Lineweaver–Burk plot showed a linear response over the tested
concentration range. The Km value of immobilized esterase was
estimated to be 0.44 mmol L−1 which was slightly higher than
that of the free enzyme (0.26 mmol L−1). The structural changes
in the enzyme and/or steric limitations introduced by the immobi-
lization may be attributed to this change as the reduction in the
enzyme affinity for its substrate.56,57 The Vmax values of free and
immobilized thermoalkalophilic recombinant esterase were esti-
mated to be 19.02 and 12.85 mmol L−1 mL−1 min−1, respectively.
It has been known that a decrease in the Vmax value during the
immobilization process is commonly observed because of limita-
tions on diffusion.9,58 Similar results were also observed with
other studies of esterases from various sources.29,52

Operational stability
The operational stability of an immobilized enzyme is a very
important parameter for the application of enzyme in large scale
processes in order to reduce the operation cost. Therefore, the
operational stability of immobilized esterase was tested as several
enzymatic reaction cycles performed in 0.1 M Tris–HCl buffer
(pH 8.0) at 55 °C and 90 rpm for 5 min in the presence of p-NPA
as substrate. The specific activity of the immobilized enzyme
was detected following each cycle of the enzymatic reaction
and the residual activity was determined. The results showed that

Figure 5. Operational stability of the immobilized esterase at seven
sequential cycles.

Figure 6. The influence of three different diameters of beads (1.8, 2.6, and
3.9 mm) on immobilized esterase activity.

Figure 7. Surface morphology of the immobilized esterase in SEM micrograph by the magnitude of 2500× (a) and 40× (b).
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the immobilized esterase maintained about 72% of its residual
activity after three sequential cycles, indicating that it has good
operational stability (Fig. 5). Gülay and Şanlı-Mohamed (2012)
have reported that the same esterase by entrapment in silicate-
coated Ca-alginate beads had more than 80% of the enzyme
activity after three subsequent cycles.9 There have been some
recent reports with similar results on immobilized esterases using
different techniques, showing at least 70% of residual activity
after three sequential cycles.45,47,53,55,59,60

The influence of bead size
The effect of bead sizes (1.8, 2.6, and 3.9 mm) was investigated on
the activity of the immobilized enzyme. This analysis results
showed that the highest esterase activity was determined at
1.8 mm diameter beads the smallest size obtained in the present
study (Fig. 6). The same esterase by entrapment in silicate-coated
Ca-alginate beads had maximum activity at 0.5 mm bead size.9

Surface morphology of the immobilized esterase
The surface morphology of dried chitosan/calcium/alginate-
blended beads with esterase wasmonitored by scanning electron
microscopy (SEM) at magnitudes of 2500x and 40x. SEM micro-
graph showed that the surface of the beads resembled a mesh
and very compact structures (Fig. 7(a), (b)).

CONCLUSIONS
To conclude, the immobilization of enzymes may offer some
advantages over free enzymes in industrial applications. In this
study, we immobilized recombinant thermoalkalophilic esterase
enzyme from Balçova geothermal site, because of the great inter-
est of esterase in various biotechnological applications. Thanks to
the present study, a thermophilic esterase was, for the first time,
immobilized by entrapment using chitosan/calcium/alginate-
blended beads. The analysis results revealed that chitosan/cal-
cium/alginate-blended beads resulted in 69.5% of immobilization
yield and 80.4% of entrapment efficiency. SEM micrograph
showed that the surface of the beads resembled a mesh and very
compact structures. Chitosan/calcium/alginate-blended beads
exhibited an 18.8% swelling ratio and had a moderate porous
structure. The entrapment technique highly enhanced the ther-
mostability of the esterase and shifted its optimum temperature
from 65 to 80 °C. The immobilized esterase was very stable in a
wide range of pH (8.5–11) displaying maximum activity at pH 9.
ZnCl2 slightly increased the activity of immobilized esterase
whereas several metal ions reduced the enzyme activity. Immobi-
lized enzyme presented lower Vmax and higher Km than free
enzyme. Additionally, immobilization technique allowed repeated
uses of the esterase having good operational stability in a contin-
uous process.
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