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Abstract
The immobilization of the biocatalysts onto magnetic nanoparticles (MNPs) has been extensively applied
since the external magnetic �eld facilitates the enzyme recovery from the reaction mixture. In the present
study, glutaraldehyde-modi�ed magnetite-cornstarch nanoparticles (MCNs) were successfully
synthesized, elaborately characterized by ZetaSizer and surface-enhanced raman spectroscopy (SERS),
and used for the immobilization of a thermoalkalophilic esterase from Geobacillus sp. The optimal
immobilization conditions were obtained at 65oC, 2:3 molar ratios of Fe2+:Fe3+ and 1 g cornstarch
resulted in approximately 90 nm magnetic particles in size. Also, immobilization yield and entrapment
e�ciency of the esterase were found as 74% and 82%, respectively. Scanning Electron Microscopy (SEM)
micrographs showed that MCNs were uniform, spherical in shape, and well dispersed and esterase
immobilized MCNs displayed similar morphology as free MCNs.  The maximum activity of free and
immobilized esterase was obtained at 80oC and pH 9. Immobilization onto glutaraldehyde-modi�ed
MCNs signi�cantly enhanced the esterase thermostability. Additionally, the immobilized esterase kept its
residual activity of 75% after three sequential cycles, suggesting that it has favorable operational
stability.   

1. Introduction
Biocatalysts (enzymes) have been largely performed in many bioprocess technologies such as
biomedical, biotechnological, and pharmaceutical areas because they possess important catalytic
properties including speci�city, mild reaction e�cacy, and great production yield. Nevertheless, some
di�culties continue in terms of their utilization. For instance, the challenges in reusability and recovery of
the enzymes are present. Additionally, they have weak stability against reaction conditions (e.g.
temperature, pH) and weak activity/selectivity to substrates. To reduce these challenges, an
immobilization technique can be used as a powerful strategy to promote these features in biological
processes. An immobilized enzyme over free enzyme possesses higher thermostability, operational
stability, straightforward enzyme recovery, quick reaction ending, and controlled �nal product synthesis
[1–3].

Various physical and chemical immobilization techniques have been reported using diverse support
materials [4]. Recently, among these techniques, the immobilization of the biocatalysts onto magnetic
nanoparticles (MNPs) has been extensively applied because of their advantageous properties [5–7].
MNPs enable us to quick and straightforward recovery of the enzyme from the reaction mixture through
the external magnetic �eld. Relative to centrifugation or �ltration, the magnetic �eld creates lower
mechanical stress on the immobilized enzyme [8–10]. Immobilization on MNPs also involves several
advantages such as a larger surface area to bind more enzyme, lower mass transfer resistance, minor
diffusion problem, reduced fouling, lesser operation cost, long term storage and reusability [11–15]. So
far, micro- or nano-sized MNPs including chitosan/SiO2 [16], chitosan [17], cellulose [18] and silica [19]
have been applied for enzyme immobilization. Cornstarch could be a good candidate as a support
material to obtain MNPs for the immobilization of an enzyme [20].
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Esterase enzymes (EC 3.1.1.1), which belong to a class of hydrolase, have a bifunctional role. They
convert the lipids into carboxylic acid and alcohol, degrading the ester linkages and produce carboxylic
ester bonds. The esterases are synthesized by a wide range of organisms including animals, plants, and
microorganisms [1]. They act as a substantial part of some applications in biotechnology, industry,
environment, and pharmaceutics since they have many bene�cial properties [21, 22]. Especially
extremozyme esterases possessing exclusive characteristics are of special interest in various reactions
[23–25]. Due to their high alkaline and temperature stability, thermoalkalophilic esterases can function at
greater performance in some commercial operations [26].

In literature, many studies have been reported various practices of enzyme immobilization using MNPs
with various functional groups [27]. Among these, lipases have been immobilized using functionalized
MNPs with different groups such as APTES, 2,3‐epoxypropyltrimethylammoniumchloride, citric acid,
ammonium sülfat, MPTMS, and aniline and ammonium persulfate [28–33]. However, a few reports have
been found on esterase immobilization by MNPs. Regarding this, a novel solvent-stable esterase from
Pseudozyma sp. NII 08165 was immobilized on aminosilane-modi�ed MNPs for biodiesel production
[34]. Also, an esterase from Bacillus pumilus was immobilized on silane functionalized
superparamagnetic iron nanoparticles to synthesize ethyl pyruvate [35]. In addition, another esterase
from Zunongwangia sp. was immobilized onto magnetite ~ cellulose nano-composite [36]. Beside this, a
recombinant esterase from Pseudomonas putida IFO12996 was covalently bound to MNPs through
glutaraldehyde [37] and hexa-arginine-tagged esterase was immobilized on gold-coated magnetic
nanoparticles [38]. Another esterase from Mucor miehei was immobilized on core-shell magnetic beads
through adsorption and covalent binding for the synthesis of esters [39].

Currently, thermoalkalophilic recombinant Geobacillus sp. esterase from Balçova geothermal area has
been comprehensively characterized [40]. In addition, it has been immobilized on silicate-coated Ca-
alginate using the entrapment method [26]. Nevertheless, to the best of our knowledge, a thermophilic
esterase has not been immobilized on glutaraldehyde-modi�ed magnetite-cornstarch nanoparticles
(MCNs) in the literature so far. Here, glutaraldehyde-modi�ed MCNs were successfully obtained,
characterized in detail by ZetaSizer and SERS, and utilized for the immobilization of a thermoalkalophilic
esterase from Geobacillus sp. Then, the immobilized esterase was biochemically characterized.

2. Materials And Methods

2.1. Materials
Unless otherwise stated, all chemicals were purchased from Sigma.

2.2. Preparation and characterization of magnetite-
cornstarch nanoparticles (MCNs)
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2.2.1. Preparation of magnetite-cornstarch nanoparticles
(MCNs)
Preparation of magnetite-cornstarch nanoparticles (MCNs) was performed via the method by Wang et al.
(2013) with some modi�cations [20]. For this purpose, FeCl3 and FeCl2 with 2:3 molar ratio were
dissolved in 90 mL of dH2O. 1 g of cornstarch was also dissolved in 10 mL of dH2O. The cornstarch

solution was poured into the FeCl3/FeCl2 solution and heated in a water bath at 65oC. The mixture was
then adjusted to pH 12–13 by 4 M NaOH and incubated in ultrasonic wave for 20 min. It was stirred at
65oC for 2 h, cooled to room temperature, and neutralized using acetic acid. Then, the formed precipitate
was twice washed using 95% ethanol, gathered via magnetic decantation, and freeze-dried by vacuum
freeze-drier. It was stored at 4oC for further analyses. Co-precipitation of ferrous and ferric ions formed
magnetite (Fe3O4), which gives the magnetic character to the particles [41] (Fig. 1).

2.2.2. Binding of glutaraldehyde on MCNs
10 mL of 5% of glutaraldehyde solution was prepared in 0.01 M Na-P buffer (pH 7) and 1 g MCNs were
supplemented into this solution. The mixture was incubated at 30oC, 300 rpm for 20 min for the cross-
linking process. The precipitate was magnetically collected and washed using 0.01 M Na-P buffer (pH 7).
It was then dried via vacuum freezing and stored at 4oC.

2.2.3. Optimal size distribution of MCNs
The optimal size distribution of MCNs was investigated using DLS (Malvern Zetasizer 3000) by changing
different parameters such as temperature, molar ratios of FeCl3/FeCl2, and quantity of cornstarch. For
this purpose, the synthesis of MCNs was performed at four different temperature points (including room
temperature, 50oC, 65oC, and 80oC), three different molar ratios of FeCl3/FeCl2 (1:1, 2:1, and 2:3), and
three different quantity of cornstarch (0.8 g, 1.0 g, and 1.2 g). 100 µL of the precipitate was mixed with
dH2O and the sample was analyzed.

2.2.4. SERS analysis of glutaraldehyde-modi�ed MCNs
The composition of glutaraldehyde-modi�ed MCNs was investigated by surface-enhanced raman
spectroscopy (SERS) analysis using Raman spectroscopy (Horiba) and the analysis was performed for
cornstarch, magnetite, MCNs, and glutaraldehyde-modi�ed MCNs.

2.3. Enzyme preparation
In this study, thermoalkalophilic Geobacillus sp. esterase (Est2) previously characterized by Tekedar and
Şanlı-Mohamed was utilized [40] was utilized. Heterologous expression of esterase in Escherichia coli
BL21 (λDE3) and its puri�cation by a�nity chromatography were performed as shown in Tekedar and
Şanlı-Mohamed (2011) procedure [40]. The further puri�cation of recombinant esterase was carried out
by size-exclusion chromatography using a Sephadex G-75 column (Sigma). The puri�ed enzyme was
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displayed by 15% SDS-PAGE [42]. Enzyme concentration was quantitatively determined by the Bradford
method, using bovine serum albumin (BSA) solutions [43].

2.4. Immobilization of recombinant esterase on
glutaraldehyde-modi�ed MCNs
1 g glutaraldehyde-modi�ed MCNs were dissolved in 10 mL of 0.01 M sodium phosphate buffer (pH 8.0)
and incubated at 30oC for 30 min. 0.5 mg mL− 1 esterase was gently supplemented into this solution
including MCNs and the mixture was incubated at 30oC, 100 rpm for 4 h. MCNs with esterase were
obtained using magnetic decantation, washed with 0.01 M Na-P buffer (pH 7.0), and stored at 4oC until
further analyses. Entrapment e�ciency (EE) and Immobilization yield (IY) of the enzyme was determined
using equations below:

2.5. Characterization of the immobilized esterase

2.5.1. Determination of the activity of the free and
immobilized esterase
The activity of the free and immobilized esterase was spectrophotometrically detected by p-nitrophenyl
acetate (pNPA) substrate, which was selected among various p-nitrophenyl (p-NP) esters having different
acyl chain lengths (C2-C16) and kept one of the highest activity [40]. For free enzyme, the assay mixture
contained 9 µL of 50 mM pNPA, 990 µL of 0.1 M Tris-Cl buffer (pH 9.0), and 1 µL of 1 mg mL− 1 enzyme.
For immobilized enzyme activity, the reaction mixture possessed 10 µL of 50 mM pNPA, 980 µL of Tris-Cl
buffer (pH 8.0), and 10 µL of 1 mg mL− 1 enzyme. The activity of the free and immobilized esterases was
determined at 55oC, pH 7.2 for 5 min by absorbance measurement at 420 nm. One unit of esterase
activity was de�ned as the amount of enzyme releasing 1 nmol of p-nitrophenol per minute.

2.5.2. The in�uence of pH and temperature
The in�uence of pH and temperature on the free and immobilized recombinant esterase was analyzed at
90 rpm. The pH effect on the free and immobilized enzymes was studied ranging from 4 to pH 12 at
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55oC. The temperature effect on the free and immobilized enzyme was investigated in a range of
temperatures (25-90oC) using 0.1 M Tris-Cl buffer (pH 8.0). Standard activity assay was applied to
determine the relative activity of the free and immobilized enzyme.

2.5.3. Thermal and pH stability
The analysis for thermal stability was carried out, following incubation for 60 min in a range of
temperatures (4-80oC) at pH 8. Also, and pH stability analysis was performed in a range of pH (4–11) at
55oC upon incubation of 60 min. Standard activity assay was applied to determine the residual enzyme
activity.

2.5.4. The in�uence of chemicals
The in�uence of chemicals including various metal ions at 1 mM concentration (CaCl2, ZnCl2, MgCl2,
CuSO4) and two surfactants (1% SDS and 1% Triton X-100) was studied upon incubation of 10
immobilized enzyme beads in 2 mL of 0.1 M Tris-HCl (pH 8.0). Standard activity assay conditions were
applied to determine the relative activity of the immobilized enzyme.

2.5.5. Operating stability analysis
Operating stability assay was carried out by practices of seven subsequent standard activity assays of
the immobilized enzyme. The beads were washed three times by dH2O between two consecutive
analyses.

2.5.6. Scanning electron micrography (SEM) analysis
The surface morphologies and structure of MCNs and esterase immobilized MCNs were examined by
SEM (Philips XL-30S FEG, Eindhoven, The Netherlands).

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

3. Results And Discussion
Support structure predominantly in�uences immobilization performance. Thus, particle size analysis of
magnetite-cornstarch nanoparticles (MCNs) was performed under different conditions, showing the
in�uence of temperature (room temperature, 50oC, 65oC, and 80oC), molar ratios of ferrous and ferric ions
(2:1, 1:1, and 2:3), and cornstarch quantity (0.8 g, 1 g, and 1.2 g) by ZetaSizer. The analysis results
showed that the smallest particle distribution was obtained at 65oC (Fig. 2A). The smallest particle sizes
were obtained at 2:3 molar ratio of iron ions where the size

was less than 100 nm, and also at 1 g cornstarch as 90 nm (Figs. 2B and 2C). The small size of magnetic
nanoparticles resulted in higher surface area in enzyme immobilization [44].

http://www.graphpad.com/
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SERS analysis of glutaraldehyde-modi�ed MCNs was carried out using the surface-enhanced raman
spectroscopy (SERS) technique, determining the interactions among starch, magnetite, and
glutaraldehyde. SERS analysis results showed that the characteristic raman peaks were determined at
478 cm− 1 and 2917 cm− 1 for cornstarch (Fig. 3A), and 668 cm− 1 for magnetite (Fig. 3B). The peaks of
MCNs were determined at the speci�c points of cornstarch and magnetite (Fig. 3C). For glutaraldehyde-
modi�ed MCNs, the number of peaks was increased between 0-1000 cm− 1 of raman shifts, indicating
that glutaraldehyde was bound to the MCN (Fig. 3D).

Free esterase was heterologously expressed in Escherichia coli BL21 (DE3) and puri�ed before its
immobilization. The enzyme purity was displayed by SDS-PAGE (Fig. 4). The immobilization of the
thermoalkalophilic recombinant esterase was performed on glutaraldehyde-modi�ed MCNs. The results
showed that immobilization yield and entrapment e�ciency were found as 74% and 82%, respectively.

The characterization of the immobilized thermoalkalophilic esterase was performed investigating some
parameters such as the in�uence of pH, temperature, various chemicals, thermostability, and operational
stability.

The temperature effect for free and immobilized esterase was studied in a broad range of temperature
(25 to 90oC). This analysis showed that both free and immobilized esterase in glutaraldehyde-modi�ed
MCNs exhibited maximum activity at 65oC (Fig. 5A). Thus, immobilization of the esterase enzyme in
glutaraldehyde-modi�ed MCNs did not change the optimal reaction temperature giving the highest
catalytic activity. In one previous work, it was found that the same esterase immobilized using
entrapment technique in silicate-coated Ca-alginate beads had an optimum working temperature of 70oC,
slightly higher than that of in the present study [26]. There have been several studies on various esterases
immobilized by magnetic nanoparticles (MNPs) in the literature. Accordingly, a free esterase of Bacillus
pumilus exhibited maximum activity at 37oC for free enzyme and 45oC for its immobilized form on silane
functionalized superparamagnetic nanoparticles (SNPs) [35]. Another free and immobilized
Zunongwangia sp. esterase using Fe3O4 ~ cellulose nano-composite optimally worked at 30oC and 35oC,
respectively [36]. Also, a free Mucor miehei esterase and its immobilized form on core-shell magnetic
beads through adsorption and covalent binding showed an optimum temperature at 40oC and 50oC,
respectively [39]. Similar to the present study, one report has shown that Pseudomonas putida IFO12996
esterase immobilization by MNPs exhibited a similar optimal working temperature compared to its free
form [37]. In line with this, having a similar optimum temperature of the immobilized and free esterase
has been also shown in some reports using different support materials [45, 46].

The pH effect for free and immobilized esterase was investigated in the interval of pH 4 and 11. The
analysis showed that both free and immobilized esterase in glutaraldehyde-modi�ed MCNs showed the
highest activity at pH 9, exhibiting a similar pH effect pro�le (Fig. 5B). A previous study demonstrated
that immobilization of the same esterase in silicate-coated Ca-alginate beads reduced the optimal pH by
one unit, exhibiting maximum activity at pH 8 [26]. Most of the esterase immobilization works using
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MNPs did not alter the optimum pH points compared to the free esterases as in the present study [35–
37]. Only one study on Mucor miehei esterase immobilization using core-shell magnetic beads enhanced
the optimal working pH as much as one unit, relative to the free esterase [39].

Thermostability of free and immobilized esterase was studied in a temperature range of 40-80oC for one
hour of incubation. The results showed that the immobilized esterase possessed a maximum residual
activity at 65oC, higher than that in the free form of the enzyme. Also, the residual activity of free esterase
dramatically reduced to 60% and 6% at 70oC and 80oC, respectively. Nevertheless, the immobilized form
of the esterase highly kept its residual activity, showing 90% at 70oC and 65% at 80oC after 1 h of
incubation (Fig. 6). In previous work, the same thermoalkalophilic esterase entrapped by silicate-coated
Ca-alginate beads possessed approximately 60% of residual activity at 80oC upon one hour of incubation
[26], showing slightly lower thermal stability compared to the present study. This situation could be
associated with esterase position in the immobilization support material. The conformational change of
esterase might be constricted by the immobilization matrix without temporarily affecting under
denaturant conditions such as high temperatures. Similar to the present study results, three reports have
shown that esterase immobilization on different MNP supports including core-shell magnetic beads [39],
silane functionalized superparamagnetic nanoparticles (SNPs) [35] and Fe3O4 ~ cellulose nano-
composite [36] improved thermal stability relative to their free esterases. Only one study has reported that
the esterase immobilization process on MNPs did not change the enzyme thermostability [37].

The pH stability was investigated in a range of pH (4–12) upon 1 h of incubation for immobilized
esterase in the present study. The results showed that the residual activity of the immobilized enzyme
was mostly conserved at alkaline pH points (pH 8–12) after 1 h of incubation, whereas it reduced at
acidic pH points (pH 4–6) (data not shown).

The in�uence of various chemicals on free and immobilized esterase was studied under different metal
ion conditions (1 mM CaCl2, 1 mM ZnCl2, 1 mM MgCl2, and 1 mM CuSO4), as well as 1% SDS. This
analysis demonstrated that ZnCl2, to some extent, enhanced the immobilized esterase activity, while the
other metal ions did not change, except CuSO4 reducing its activity by 10% (Fig. 7). In literature, there
have been some reports about the effect of metal ions on esterase immobilized by different support
materials. Regarding this, the activity of immobilized esterase (Lx-EstBASΔSP) was slightly decreased by

Zn2+ and increased by Mg2+ [47]. Also, Cu2+ enhanced and Ca2+ sharply reduced another immobilized
hNF-NmSGNH1 esterase on hybrid nano�owers [48]. The present study demonstrated that SDS
inactivated the immobilized esterase activity (Fig. 7). In literature, there have been several reports
acquiring similar �ndings to the present study [36, 47–49].

The operational stability of an immobilized biocatalyst is a signi�cant factor for the enzyme utilization in
large-scale processes since it declines the operation price. For this reason, the operational stability of the
immobilized esterase was analyzed up to seven biocatalyst reaction cycles in 0.1 M Tris-HCl buffer (pH
8.0) at 90 rpm and 55oC for 5 min using pNPA substrate. The speci�c activity was determined after each
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cycle during the biocatalyst reaction. The analysis demonstrated that the immobilized esterase kept its
residual activity of 75% after three sequential cycles, suggesting that it possesses favorable operational
stability (Fig. 8). In one previous study, the same esterase in silicate-coated Ca-alginate beads kept above
72% of the esterase activity following three subsequent cycles [26]. Similar �ndings have been reported
about immobilized esterases on various support materials including MNPs. They have possessed a
residual activity of above 70% next three sequential cycles [35, 47–51].

The surface morphology of MCNs and also esterase immobilized onto MCNs was monitored by scanning
electron microscopy (SEM) at magnitudes of 2500x and 40x (Fig. 9). Scanning Electron Microscopy
(SEM) micrographs showed that MCNs were spherical shape, uniform, and well dispersed. Esterase
immobilized MCNs were displayed similar morphology as free MCNs having compact structures.

4. Conclusions
The enzyme immobilization may offer some assistance for industrial processes relative to free enzymes.
Among support materials used in enzyme immobilization, magnetic nanoparticles (MNPs) possess the
main advantage such as facilitating the enzyme recovery from the reaction mixture using external
magnetic �eld. In the present study, we immobilized a thermoalkalophilic esterase from Geobacillus sp.
since it is of special interest in different biotechnological processes. Considering this study,
glutaraldehyde-modi�ed magnetite-cornstarch nanoparticles (MCNs) were synthesized, the optimal size
distribution was determined by Zetasizer, and the components of the MCNs were determined by SERS
analysis. The thermoalkalophilic esterase was immobilized onto magnetic nanoparticles as
glutaraldehyde-modi�ed MCNs for the �rst time. The results revealed glutaraldehyde-modi�ed MCNs
resulted in 74% of immobilization yield and at least 82% of immobilization e�ciency. The immobilization
of thermoalkalophilic esterase onto glutaraldehyde-modi�ed MCNs markedly improved the thermal
stability. Beside this, it permitted repetitive practices of the esterase with favorable operational stability in
a continuous process.
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Figure 1

Magnetic aggregation of MCNs by magnets
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Figure 2

The effect of temperature (A), the molar ratio of magnetite components Fe2+/Fe3+ (B), and the quantity
of cornstarch (C) on magnetite-cornstarch particle size distribution. Room temperature was abbreviated
as RT.
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Figure 3

SERS analysis of glutaraldehyde-modi�ed MCNs and their components including cornstarch (A),
magnetite (B), cornstarch-magnetite (C), and cornstarch-magnetite-glutaraldehyde (D).
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Figure 4

SDS-PAGE display of the puri�ed recombinant thermoalkalophilic esterase from Geobacillus sp. E and M
refer to the puri�ed esterase and the protein marker, respectively.
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Figure 5

Optimum working temperature (A) and pH (B) of free esterase (●) and the immobilized esterase (■).

Figure 6

Thermostability of both free and immobilized esterase in the interval of 40-80oC.
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Figure 7

The effect of 1 mM concentration of different metal ions and 1% SDS on the free and immobilized
esterase
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Figure 8

Operational stability of the immobilized esterase during seven sequential cycles.
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Figure 9

Scanning Electron Microscopy (SEM) images of (A) MCNs and esterase immobilized onto MCNs (B)
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