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L-Asparaginase converts L-asparagine to L-aspartic acid and causes cancer cells
to starve. The main idea of the current study was to improve the biochemical
properties of this enzyme using immobilization onto modified magnetic nano-
particles (NPs). To this end, FesO4 NPs were synthesized, coated with an Au shell,
and conjugated with cysteine. The formation of NPs and core-shell structures and
their morphology were confirmed using Fourier Transform Infrared spectroscopy
(FTIR), Energy Dispersive X-Ray (EDX), VU-Vis, Scanning Electron Microscopy
(SEM), and Transmission Electron Microscopy (TEM). Also, Circular Dichroism
(CD) and fluorescence spectroscopy were employed for the analysis of the
secondary and tertiary structures of the immobilized L-ASNase. The alterations in
kinetic parameters of the immobilized enzyme were analyzed using a Lineweaver-
Burk plot. The results of instrumental chemistry analysis confirmed the formation
of NPs and core-shell structure, and cysteine binding with the core-shell. Based on
CD and fluorescence results, no significant changes were observed in the secondary
and tertiary structures of the immabilized enzyme compared to the free one. Kinetic
parameters of the immobilized enzyme improved compared to the free enzyme so
that Km decreased from 4.43+0.05 to 3.75+0.12 mM and Vmax increased from
187.23+11 to 224.78+16 uM min-1mg-1. Also, the stability of the immobilized
enzyme improved with acidic and alkaline pH values compared to the free one at
temperatures higher than 50 °C. In addition, the reusability of the immobilized
enzyme was superior to the free enzyme, with the immobilized enzyme maintaining
72% of its activity after 15 cycles of catalytic reaction. The immobilized enzyme
showed an 86% residual activity after 120 min incubation with trypsin, which was
higher than the free enzyme (37%). According to the results of this study,
immobilization of L-ASNase onto magnetic NPs can be an efficient strategy to
enhance the biochemical properties of this enzyme.

1. Introduction

asparagine to L-aspartate and creates

L-Asparaginase (L-ASNase) is a well-
characterized enzyme that is considered a potent
antineoplastic agent. L-ASNase catalyzes L-
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asparagine deficiency in cancerous cells. Given
the fact that cancer cells are unable to synthesize
this amino acid, they lose their ability for
uncontrolled growth (Batool et al., 2016). The


mailto:hmoghimi@ut.ac.ir

H. Moghimi et al. / Microbiology, Metabolites and Biotechnology 5 (2022) 23-32 24

production of L-ASNase has been reported in
various types of plant, fungal, and bacterial
species. For example, L-ASNase isolated from
Escherichia coli and Erwinia chrysanthemi is
produced on a large scale and applied to treat
lymphoblastic leukemia (Narayana et al., 2008).
The improvement of biological activity and
stability of this therapeutic enzyme has been
interesting to  researchers. For instance,
conjugation of L-ASNase with polyethylene
glycol (PEG) increased its resistance against high
temperatures (65 °C) and made it more active
(Soares et al., 2002). In addition, the conjugation
of L-ASNase with aluminum oxide and titanium
oxide NPs increased the cytotoxic activity of L-
ASNase on MOLT-4 tumor cells and its affinity
to L-asparagine. Also, the shelf life of the
conjugated enzyme was increased compared to
the free one (Agrawal & Kango, 2019).

Enzyme immobilization is a key technique in
biotechnology that improves the physicochemical
properties of enzymes and makes them suitable
for applications in industries. The main idea of
this technology is to increase the enzymes'
catalytic activity, their affinity to the substrate,
and their physical stability against environmental
conditions (Federsel et al., 2021). For example,
studies have shown that the immobilization of a-
amylase on FesOs NPs increased thermal
stability, an affinity for the substrate, and
reusability of this enzyme so that at the end of 6
cycles of reaction, the enzyme sustained 85% of
its native activity (Sohrabi et al., 2014). In
another study, the effect of the immobilization
process on the stability and activity of lipase was
evaluated (Dong et al., 2012). The results of this
study suggested that the stability of the
immobilized enzyme against thermal and
inactivation increased, and it retained 82.5% of
its activity after 6 cycles of reaction. Cross-
linking, ionic and electrostatic bonding, and
encapsulation are methods that are applied to
immobilize enzymes on various matrices like
biological polymers (e.g., chitosan, alginate,
starch, and cellulose), mineral materials (e.g.,
zeolites, ceramics, silica, and activated carbon)
and NPs (e.g., FesOa) (Bilal et al., 2018; Datta et
al., 2013; Lee et al., 2020). Core-shell nano-

materials have attracted interest due to their
bifunctional ~ nature.  Excellent ~ magnetic
sensitivity and biocompatibility are the most
important characteristics of metal-based magnetic
core-shell NPs (Ledn Félix et al., 2017). The
remarkable optical properties of a FesOs@Au
core-shell make it suitable for biomedical
applications (e.g., imaging and photothermal
therapy). However, the solubility of a FesOs@Au
core-shell in water is relatively low. Hydrophilic
thiols can solve this problem (Salihov et al.,
2015). Core-shell NPs are mostly cleared from
the body through the liver, spleen, and kidneys
which prevents their access to target sites. This
process is controlled by the core-shell NPs'
physicochemical properties of (e.g., charge, size,
and shape) (Tamer et al., 2010).

Fe304 NPs show high guidability and
adaptability in different conditions. On the other
hand, normal cell toxicity was observed while
using these NPs as drug carriers. Due to its highly
neutral and biocompatible nature, covering these
NPs with a gold shell resolves this problem to a
great extent. Cysteine is a thiol organic cross-
linker that readily binds to gold. The short length
of carbon chains is expected to result in L-
ASNase strongly binding to NPs surface, which
improves the enzyme's biochemical
characteristics. The major aim of the current
study was first to immobilize L-ASNase onto the
FesOs@Au core-shell and then to examine its
effects on the physicochemical stability of the
enzyme.

2. Materials and Methods

The Escherichia coli L-ASNase with 10000 U
was from Leunase®. All analytical grade
chemicals were obtained from the Merck Co.

2.1 Fe304 NPs synthesis

Synthesis of FesOs NPs was performed
according to the co-precipitation reaction. To this
aim, 0.4 g of FeCls and 0.6 g of FeCl. were added
into 80 ml of ultra-pure water, N2 gas was added,
and the prepared solution was stirred at 50 °C for
30 min. Then, 5 ml of NaOH (2 M) was added,
and after the formation of dark color sediments,



25 H. Moghimi et al. / Microbiology, Metabolites and Biotechnology 5 (2022) 23-32

the temperature was increased to 70 °C and
stirred for 4 h under alkaline conditions (pH 12).
Finally, the solution was allowed to cool to
ambient temperature, and the sediments were
collected with a magnet (Hariani et al., 2013).

2.2 FesO4@Au core-shell NPs synthesis

To synthesize the iron-gold core-shell, the
synthesized FesO4 NPs were added to ultra-pure
water, and the temperature was increased up to
the boiling point. Then, 15 mM of chloroauric
acid was subjoined, and the solution was stirred
for 10 min. After adding NasCsHsO7, the solution
was allowed to boil until the burgundy color
appeared. Finally, the mixture was stirred for 10
min and cooled to room temperature (Yazdani &
Seddigh, 2016).

2.3 Cysteine functionalization of Fe;O.@Au
core-shell NPs

Initially, 50 mg of FesOs@Au NPs was
sonicated for 5 min. Then, 100 pl of cysteine
solution (5 x 10* M) was added into phosphate
buffer (pH 6.8) containing NPs as a cross-linker,
and the solution was kept for 24 h at 4 °C.

2.4 Characterization of NPs

The crystalline structures of FesOs and
FesO4s@Au NPs were assessed using XRD, and
the crystal structures were taken with Cu-La
radiation for the 20 range of 2° to 80°. In addition,
Au binding onto FesOs4 NPs and the elemental
composition of NPs were analyzed using Energy
Dispersive X-Ray Spectroscopy methods (EDX)
(Ronteck Xflash detector analyzer), respectively.
Analysis of NPs morphology and size was done
by Scanning Electron Microscopy (SEM) and
Transition  Electron  Microscopy  (TEM),
respectively. FTIR with KBr disks were used to
investigate the functional groups on the surface of
the NPs after modification and combination with
L-ASNase. FTIR spectra were recorded in the
range 500 - 3000 cm™™.,

2.5 Conjugation of the with
FesOs@Au@cysteine

enzyme

Firstly, the modified NPs were dissolved in 20
ml of ultra-pure water and 4 pl of 1-Ethyl-3-(3-
dimethyl amino propyl) carbodiimide EDC (800
pg/ml) and 4 pl of N-Hydroxysuccinimide (NHS)
(640 pg/ml) were added into this solution and
stirred for 1 h. Next, the enzyme was gently
added to the solution and incubated at 4 °C for 4
h. Finally, NPs containing L-ASNase were
collected with a magnet and kept at 5 °C.

2.6 Determination of enzyme catalytic activity

A method based on ammonia production was
employed to measure the catalytic activity of L-
ASNase. Briefly, 0.2 ml (50 pg) of free and
immobilized enzyme was stirred with 2.75 ml (10
mM) of L-asparagine and 1 M phosphate buffer
(pH 7.3). The prepared solution was incubated at
37 9C for 30 min. The hydrolysis reaction of L-
ASNase was stopped by adding 2 M
trichloroacetic acid (TCA). Next, immobilized L-
ASNase was collected from the solution with a
magnet. Then, the reaction solution was mixed
with 0.5 ml of Nessler reagent and 5 ml of ultra-
pure water. Finally, catalytic activity was
measured by spectrophotometry at 430 nm
(Wriston & Yellin, 1973).

2.7 Enzyme conjugation efficiency

Conjugation efficiency was calculated using
equation 1. Where Eo is the total enzyme
concentration and Ez is the enzyme concentration
in the washing solution. The concentration of the
enzyme was calculated using the Bradford
method.

Conjugation efficiency :[%] X100 (1)
2.8 Biochemical properties of free and
immobilized enzyme

2.8.1 Optimum temperature and pH

Several temperatures (25-75 °C) and pH values
(4-12) were prepared to examine the relative
activity of free and immobilized L-ASNase.
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2.8.2 Free and immobilized enzyme Kinetic
analysis

To this aim, the velocity of the catalytic
reaction was determined by preparing several
levels of L-asparagine. Then, the reciprocal of
velocity (1/v) and substrate concentration (1/s)
were calculated, and the Lineweaver Burk plot
(Michalis—Menten linear plot) was drawn.

Finally, Km and Vmax were calculated as
follows:

1 KEm 1 1

;= (er.zx X ;) + Vmaox (2)

2.9 Far-ultraviolet CD study of the enzyme

Free and conjugated enzyme secondary
structures were analyzed using Circular
Dichroism at (190-260 nm). The reports of the
CD were processed by the CDNN 2.1 algorithm.
All spectra were collected by subtracting sample
spectra from buffer one.

2.10 Enzymes fluorescence spectroscopy

Enzymes fluorescence analysis was performed
using a Shimadzu RF6000
spectrofluorophotometer (Japan). 280 nm was set
as the excitation wavelength, and the results were
recorded from 290 to 500 nm.

2.11 Protease and thermostability of free and
immobilized enzymes

To this aim, a water bath at 52 °C was prepared
to incubate the free and immobilized enzyme for
120 min. The residual activity of both L-ASNase
was recorded in 30 min intervals. Trypsin was
picked for the protease stability evaluation of free
and immobilized enzymes. The catalytic activity
of free and immobilized enzymes was determined
in time periods of 30 to 120 min.

2.12 Reusability

After each enzymatic reaction at optimum
conditions, the immobilized L-ASNase was
collected with a magnet, and the residual activity
was measured to indicate the reusability of the
enzyme.

2.13 Effect of storage on long-term stability

Free and conjugated enzymes were kept in
saline buffer (pH 8) at 4 °C for 30 days. The
remaining activity of L-ASNase was determined
over 4 d intervals under optimum conditions.

3. Results and discussion
3.1 NPs FTIR analysis

FTIR analysis of the FesO4, FesOs@Au core-
shell, Fe30s@Au@Cysteine, and L-ASNase
binding onto FesOs@Au@Cysteine is shown in
Figure 1. Peaks at 560 cm™ and 1630 cm™ are
pursuant to Fe-O, and a peak at 1586 cm
pointing to carboxylic groups of citrate confirmed
the formation of FesO4 NPs. The potency of peaks
at 560 cm® and 1586 cm® was decreased,
confirming the formation of a core-shell (Sedki et
al.,, 2021). Modification with cysteine was
confirmed by characteristic peaks at 2539 cm
(attributed to SH stretching) and 2922 cm
(symmetric stretching vibrations CHz). A peak at
3544 cm* that is evinced to N-H was observed
after the immobilization process by EDC and
NHS (Kamali et al., 2021). After enzyme binding
on the modified NPs, some new peaks were
observed. Peaks at 1636 cm™ and 1544 cm™ are
attributed to amide | bending and amide Il
bending from the polypeptide chain of L-
ASNase. Also, peaks at 2900-2972 cm™ and
3200-3600 cm™ are attributed to N-H stretching
and aromatic C-H stretching vibrations,
respectively (Bahreini et al., 2014).

FeOsgAu-cysteine
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igure 1. FTIR pattern collected for free magnetic, gold capped
magnetic, cysteine functionalized gold capped magnetic, and
enzyme contains cysteine functionalized gold capped magnetic
NPs.
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3.2 Microscopic analysis of NPs

SEM analysis showed that FesOs NPs had
unique morphology, and after the formation of
the Au shell, the diameter of the NPs increased
without any change in their morphology (Figure 2
A). The Au layer has high electron density;
therefore, the comparison of TEM graphs
indicates that FesOs NPs are brighter than
FesOs@Au (Figure 2 B) (Salehizadeh et al.,
2012).

3.2 Microscopic analysis of NPs

SEM analysis showed that FesOs NPs had
unique morphology, and after the formation of
the Au shell, the diameter of the NPs increased
without any change in their morphology (Figure 2
A). The Au layer has high electron density;
therefore, the comparison of TEM graphs
indicates that FesOs NPs are brighter than
FesOs@Au (Figure 2 B) (Salehizadeh et al.,
2012).

Fe;0,

Fe,O,@Au

Figure 2. The surface analysis of NPs specimens. A) SEM images
of free and gold-shell magnetic NPs at a scale of 200 nm; B) TEM
images of free and magnetic NPs capped by gold-shell at a scale
of 100 nm.

3.3 UV-Vis and XRD analysis of NPs

The formation of FesO4 NPs as a core and the
surface coverage of the Au shell to create a
FesOs@Au core-shell were confirmed using UV-
Vis (Figure 3 A). Iron NPs did not show any
characteristic  adsorption peak, and their
adsorption decreased gradually (Kozenkova et al.,
2020). After placing the Au shell on the surface

of the FesOs NPs, a peak was created at about
525-537 nm.

Fe,0,@Au-cysteine
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Figure 3. A) UV-Vis spectra of fabricated NPs, the absorbance of
samples were measured at a wavelength of 300-600 nm. B) XRD
spectrum of  magnetic, gold-shell magnetic, and
cysteinefunctionalized gold-shell NPs.

The results of XRD have been shown in Figure
3 B. Eight characteristic peaks of iron NPs at 20
values of 75.45, 57.45, 53.54, 44.89, 36.87,
31.67, 12.67 and 7.23 corresponding to (311),
(400), (440), (511), (222), (200), and (533) were
observed. New peaks at 20 values 77.78, 63.44,
38.81, and 43.24 corresponding to (222), (311),
(111), and (200) are attributed to the Au layer on
the surface of FesOs NPs. The comparison of
XRD patterns confirmed that Au and cysteine
binding onto the surface of FesO4 NPs decreased
the intensity of peaks of iron NPs. These findings
are in line with other studies. For instance, a
similar study reported no significant change in
the XRD pattern of Fe304@Au after
functionalization with cysteine (Zhang et al.,
2021). Figure 4 shows the elemental analysis of
Fe3O4 NPs before and after combination with Au
and modification of the core-shell with cysteine
and L-ASNase immobilization onto the core-shell
using EDX. Carbon, oxygen, and iron peaks
confirm the formation of FesOs NPs. After the
formation of the core-shell, an Au peak is
observed, and a decrease in the intensity of iron
and oxygen peaks has occurred. An increase in
the intensity of the carbon peak and the
emergence of the sulfur peak is attributed to
cysteine. The presence of a nitrogen peak and the
increase in the intensity of carbon and sulfur
peaks are attributed to amino acids of L-ASNase
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immobilized onto the core-shell (Orhan & Aktas
Uygun, 2020).
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igure 4. Elemental content analysis of NPs.

3.4. Analysis of the secondary structure

CD analysis at the Far-UV range showed that
the free L-ASNase is composed of 41% of a-
helix, 40% [-sheet, and 19% of random-coil
(Figure 5). The relative abundance of secondary
structures was changed after the immobilization
of the enzyme. The abundance of a-helix, B-
sheet, and random-coil in immobilized enzymes
was 44%, 45%, and 11%, respectively.
Adsorption peaks at 208 nm and 222 nm are
attributed to a-helix, and peaks at 217-220 nm are
attributed to f-sheet. There was a slight change in
ellipticity which can be related to lower steric
hindrance between enzyme and matrix because of
the presence of cysteine (Ashrafi et al., 2013).

124
’5‘10' —— Immobilized L-ASNase
E 84// ------ Free L-ASNase
% 6‘ A
£4
3 21
2 04
221
-6 . ; . . v . .
190 200 210 220 230 240 250 260

Wavelength (nm)

Figure 5. Secondary structure analysis of the free and
immobilized enzyme.

3.5 Analysis of the tertiary structure

The three-dimensional conformation shows a
critical performance in the active site function of
an enzyme. Therefore, the structural alterations in
three-dimensional conformation of L-ASNase
were evaluated before and after immobilization
using fluorescence spectroscopy and the spectra
were recorded at 290-600 nm (Figure 6). L-
ASNase has tryptophan in each sub-unit. So, the
highest fluorescence emission of both free and
conjugated enzyme was observed at 340 nm
(Chahardahcherik et al., 2020). The decrease in
fluorescence emission of the immobilized
enzyme can be related to alteration in the
environment of tryptophan amino acids. In
addition, the similarity between emission patterns
of free and immobilized enzymes can be
concluded that the change in the tertiary structure
of the immobilized enzyme was not significant
(Possarle et al., 2020).

Free L-ASNase

Immobilized L-ASNase

Fluorescence intensity (a.u)

300 350 400 450 500
Wavelength (nm)

Figure 6. Analysis of the tertiary structure of the free and
immobilized enzyme.

3.6 Kinetics of free and immobilized L-ASNase

The results showed that the Km value
decreased from 4.43+0.05 to 3.75+0.12 mM after
immobilization (Figure 7). Also, the Vmax
parameter for the immobilized enzyme increased
from 187.23+11 to 224.78+16 pM min-1mg-1
compared to the free enzyme. These results
showed that the affinity of the immobilized
enzyme for L-ASNase was increased (Ates et al.,
2018). Furthermore, the interactions between
substrate and enzyme result in increased Vmax,
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possibly due to the appropriate conformation of
the immobilized enzyme and an increase in the
substrate delivery to the active site (Noma et al.,
2021). These observations confirmed that the
alterations in the secondary and tertiary structure
of L-ASNase were not remarkable.
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Figure 7. Calculation of km and Vmax by Michalis-Menten linear
plot of A) the free enzyme and B) the immobilized enzyme.

3.7 Conjugation efficiency of core-shell NPs

Immobilization of the enzyme on a FesOs@Au
core-shell functionalized by cysteine was carried
out by EDC/NHS reagent. The efficiency of
FesO4@Au-cysteine was determined at 83.27%.

3.8 Optimum pH and temperature

The analysis of the catalytic activity of free
and immobilized enzymes under different pH
values showed that the conjugated enzyme was
more active under alkaline conditions, and the
maximum activity was achieved at pH 5.5. The
highest activity of the free enzyme was achieved
at pH 8.1. Presumably, immobilization of L-
ASNase by cysteine cross-linkers caused
appropriate orientation of the enzyme active site
and improved the affinity between the substrate
and the active site of the enzyme. In addition, the
activity of the conjugated L-ASNase at higher
temperatures was more than the free enzyme. The
L-ASNase's strong binding to the NP's surface
protected the enzyme structure and active site of
the enzyme against thermal variations (Figure 8).

A B
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78 9 10 11 00 o 50 6
pH Temperature (°C)

34 5 6

Figure 8. Free and immobilized enzyme catalytic activity. A)
Relative activity at several pH values and B) Relative activity at
several temperatures.

3.9 Free and immobilized L-ASNase resistance
features examination

The analysis of the resistance of the
immobilized enzyme against trypsin (as a model
protease) suggested that after 120 min incubation,
the conjugated enzyme held about 86% of its
activity. However, the function of the free
enzyme after 120 min incubation with trypsin
was less than 37% (Figure 9 A). Also, the
reusability analysis showed that after 15 cycles of
the enzymatic reaction, the conjugated enzyme
kept about 72% of its activity (Figure 9 B).

The effect of storage was distinguished between
free and immobilized L-ASNase by maintaining
them at 25 °C for a five-day period (Figure 9 C).
After immobilization, the long-time resistance of
the immobilized enzyme was augmented
compared to compared to the free L-ASNase. At
the end of 30 days, the conjugated enzyme
showed more than 88 % of its activity, while the
free enzyme activity fell to less than 40%.

To study the effect of temperature on the free
and immobilized enzymes, their activity was
examined each 30 min at 52 °C, and the outcomes
are indicated in Figure 9 D. After 1 h incubation
at 52 °C, the remaining activity of the free
enzyme was reduced step by step so that after 3 h
the free enzyme lost a large percentage of its
activity. However, the rate of activity loss was
very low for the immobilized enzyme. In the
same conditions, the remaining activity of the
free enzyme was less than 45%, but the
conjugated enzyme maintained more than 86% of

70



H. Moghimi et al. / Microbiology, Metabolites and Biotechnology 5 (2022) 23-32 30

its activity. These findings are in agreement with
previous reports. For example, Verma et al.
(2013) showed that the immobilization of B-
glucosidase onto magnetic NPs enhanced the
thermostability of this enzyme compared to the
free one.

1004

[mmobilized L-ASNase

Tmmobilized L-ASNase
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Free L-ASNase

]
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Tmmobilized L-ASNase . 1

10 Free L-ASNase

Residual activity (Y)

TIASETONN R
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e 9. Resistance characterization of samples. A) comparison
between free and immobilized enzymes toward protease reaction.
B) Enumeration of reusable cycles for the enzymes after
immobilization. C) Effect of immobilization process on the long-
term stability of the enzymes, residual activity reported at
intervals of 30 days. D) Enzyme thermostability, both enzymes
were incubated for 180 min at 52 °C, and their residual activity
was reported.

4. Conclusion

Fe304@Au NPs are considered appropriate
matrices due to the presence of various matrices,
exposed  magnetic  properties,  significant
biocompatibility, and excellent physical and
chemical stability. Fe304@Au NPs containing
short-chained cross-linkers show better efficiency
due to increased NPs surfaces, agglomeration and
denaturation prevention, and lack of matrix-
enzyme steric hindrance. L-ASNase is known as
an important anticancer therapeutic agent.
Therefore, in recent years, much research has
been conducted to improve its catalytic and
biochemical features and its stability under
different physiologic conditions. In the current
study, the immobilization technique using

magnetic NPs was employed to achieve this end.
Magnetic Fe304@Au@cysteine core-shell NPs
were fabricated and characterized using XRD,
TEM, SEM, FTIR and EDX analysis. According
to the results of this study, the immobilized L-
ASNase tendency to its substrate and its stability
and reusability was increased significantly
compared to the free enzyme. Also, the secondary
and tertiary structures of the immobilized
enzymes rarely changed. Therefore, it can be
concluded that the conjugation of L-ASNase on
magnetic iron NPs is an efficient method to
amplify the biochemical properties of this
enzyme. Finally, it is suggested that, i) Other L-
ASNase enzyme sources can be used for the
immobilization process. ii) Other nano-carriers
can be used as a matrix, like silver, platinum NPs,
guantum dots and other supports. iii)
Simultaneous immobilization of anticancer drugs
like glutaminase, paclitaxel and other drugs be
investigated to improve their anticancer
characteristics.
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