
Immobilization of L-Asparaginase on Magnetic
Nanoparticles for Cancer Treatment

Hande Orhan1 & Deniz Aktaş Uygun1,2

Received: 4 November 2019 /Accepted: 13 February 2020/

# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
In this presented work, magnetic poly(HEMA-GMA) nanoparticles were synthesized,
characterized, and used for immobilization of an anti-leukemic enzyme L-asparaginase.
The average particle size of the synthesized magnetic nanoparticles was found to be as
117.5 nm. L-asparaginase was successfully immobilized onto the synthesized magnetic
nanoparticles, and attached amount of L-asparaginase was found to be as 66.43 mg/g
nanoparticle. The effects of the medium pH, temperature, and substrate concentration on
the L-asparaginase activity were also tested. Optimum pH of the free and immobilized L-
asparaginase was found to be as 7.5 and 6.5, respectively. Optimum temperature of the
free L-asparaginase was 45 °C, while optimum temperature was shifted to 55 °C after
immobilization onto the magnetic nanoparticles. Also, kcat value of free L-asparaginase
(47,356 min−1) was calculated to be higher than that of immobilized L-asparaginase
(497 min−1). Thermal stability of both asparaginase preparation was followed for 10 h,
and at the end of the incubation time, free asparaginase almost lost its activity, while
immobilized asparaginase protected 50% of its initial activity. Storage stabilities of free
and immobilized asparaginase were also tested, and at the end of the 40 days storage, free
asparaginase lost all of its activity, while immobilized asparaginase still showed 30%
activity. Operational stability of immobilized asparaginase was tested for 8 successive
usage, and immobilized asparaginase lost only 15% of its initial activity. In present study,
activities of free and immobilized L-asparaginase were tested in artificial human serum
medium, to foresee the in vivo efficiency, and it was demonstrated here that immobilized
L-asparaginase protected its 74.74% of its initial activity in artificial serum medium.
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Introduction

Tumor cells, especially lymphatic tumor cells, require a large amount of asparagine to maintain
rapid malignant proliferation [1]. Healthy cells get asparagine from the diet (blood serum) or
can synthesize asparagine with their own enzyme asparagine synthetase. Leukemic lympho-
blast and some other tumor cells lack of asparagine synthetase enzyme (or enzymatic level is
too low), and therefore cannot synthesize asparagine de novo and thus inevitably need serum
asparagine to survive. Asparaginase reduces the blood asparagine level and so kills tumor cells
by removing the essential factor (asparagine) of protein synthesis. Healthy cells, which have
enough amount of asparagine synthetase enzyme, are not affected by asparaginase, and remain
intact [2]. L-asparaginase is an enzyme, which catalyze the specific hydrolysis of L-asparagine
to L-aspartic acid and ammonia, and used as a chemotherapy agent for the treatment of acute
lymphoblastic leukemia (Fig. 1A) [3]. Despite its high therapeutic effect, L-asparaginase has
some disadvantageous such as causing allergic reactions and having a short half-life, which
necessitates frequent dosing [4]. In order to overcome these disadvantageous, L-asparaginase
has been immobilized onto various carriers such as organic, inorganic, or hybrid materials for
more than 30 years.
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Fig. 1 A. Mechanism of action of L-asparaginase in tumor cells, B. Chemical structures and schematic
presentation of the synthesis of magnetic poly(HEMA-GMA) nanoparticles, C. ESR spectrum of magnetic
poly(HEMA-GMA) nanoparticle, D. SEM, and E. AFM pictures of magnetic poly(HEMA-GMA) nanoparticles
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In order to improve the stability and the sensitivity, the L-asparaginase has been
immobilized onto various support systems, such as homologous albumin [5]; porous
hollow fiber plasma filters [6]; biocompatible poly(ethylene glycol)-albumin hydrogel
[7]; fructose polymer levan [8]; glutaraldehyde activated agarose [9]; silk sericin
protein microparticles [10]; hydrogel-magnetic nanoparticles [11]; poly(glycidyl
methacrylate-co-ethylene glycol dimethacrylate) monolithic column [12]; nanofibers
of polyaniline [13]; glutaraldehyde activated silica gel, agarose, activated carbon,
celite, carboxymethyl cellulose, egg shell, and tricalcium phosphate supports [14];
magnetic nanoparticles functionalized with poly(2-vinyl-4,4-dimethylazlactone) [15];
chitosan-tripolyphosphate nanoparticles [16]; composites of poly(methyl methacrylate-
co-methacrylic acid)-starch [17]; poly(2-hydroxyethyl methacrylate) and poly(2-
hydroxyethyl methacrylate)-starch composites [18]; calcium-alginate beads [19]; Au/
Ni/Au/PEDOT-PPy-COOH segment carrying ultrasound propelled nanowires [20];
graphene oxide nanosheet modified with aspartic acid [21]; glutaraldehyde modified
aluminum oxide pellets [22]; and chloro-modified magnetic Fe3O4@MCM-41 core-
shell nanoparticles [23].

Upon immobilization onto solid support, stability and resistance of the enzyme
develops and increases for the different environmental changes such as medium pH
and temperature. Unlike free counterparts, enzymes show more stability and easy to
handle properties when immobilized onto solid supports. Additionally, because of its
easy to remove capability from reaction medium, reaction products are not contami-
nated with the enzyme molecules. This phenomenon is very useful when applying
enzymes for the food and pharmaceutical industries that are very sensitive for the
contaminations. Moreover, when using protease enzymes for any application, the
autolysis process is dramatically reduced upon immobilization onto solid supports.
Besides, some significant properties of enzymes are improved upon immobilization,
such as stability for organic solvents, pH tolerance, selectivity, heat stability, and
functional durability [24].

One of the intensively preferred solid materials for the immobilization studies is
nanostructured materials, which provide high surface area for the immobilization of an
enzyme. Among nanostructured materials, magnetic nanoparticles have been attracted
great attention due to their unique physical and chemical properties, such as
superparamagnetism, high surface area, and large surface to volume ratio. Also,
magnetic nanoparticles demonstrate easy separation properties under the external
magnetic field [25]. Moreover, because of the ability to synthesize the magnetic
nanoparticles by covering with a polymer, carrying various functional groups on the
surface of the nanoparticle and using for various application areas, magnetic nanopar-
ticles have been frequently preferred nowadays [26].

This work describes the immobilization of L-asparaginase onto magnetic nanopar-
ticles. For this purposes, magnetic nanoparticles were synthesized and then character-
ized by ESR, SEM, and AFM analysis. Synthesized nanoparticles were used for the
immobilization of L-asparaginase. Optimum parameters for the free and the
immobilized form of the L-asparaginase were tested against different medium pHs,
temperature, and substrate concentration. Thermal, operational and storage stability of
the immobilized L-asparaginase were also investigated. Additionally, activities of free
and immobilized L-asparaginase were tested in artificial human serum, and the
efficiencies were compared.
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Materials

Materials

L-asparaginase (from E. coli), L-asparagine, trichloroacetic acid (TCA), Nessler reagent,
2-hydroxyethyl methacrylate (HEMA), glycidyl methacrylate (GMA), and magnetic
powder (Fe3O4; average diameter, 20–50 nm) were obtained from Sigma (St. Louis,
MO, USA). All other reagents were of analytical grade and used without further
purification. All solutions were prepared with deionized Millipore Simplicity® (18.2
mΩ cm) water.

Synthesis and Characterization of L-Asparaginase Immobilized Magnetic
Nanoparticles

Magnetic poly(HEMA-GMA) nanoparticles were prepared according to the previous
work [27]. Basically, in the presence of Fe3O4, HEMA, and GMA, which were the
monomers, were polymerized with emulsion polymerization technique. For covalent
immobilization of L-asparaginase, magnetic poly(HEMA-GMA) nanoparticles were
equilibrated with pH 8.0 phosphate buffer (100 mM). Then appropriate amount of
asparaginase (in pH 8.0, 100 mM of phosphate buffer) was added to magnetic nanopar-
ticles. And the mixture was continuously stirred for 24 h. Covalent attachment between
magnetic nanoparticles and asparaginase molecules was carried out by the help of epoxy
groups of GMA monomer of magnetic nanoparticles. Enzyme attachment was showed
with FTIR (Fourier-Transform Infrared Spectroscopy) and EDX (Energy Dispersive X-
Ray Spectroscopy) analysis. The FTIR spectrum of magnetic poly(HEMA-GMA) nano-
particles was examined by using a FTIR spectrophotometry (BX, Perkin Elmer, USA).
Asparaginase loading on the magnetic nanoparticles was demonstrated by using EDX
instrument (Bruker-125 eV, Germany).

Incorporation of Fe3O4 particles onto nanoparticles was showed by ESR (Electron Spin
Resonance) spectrophotometer (JEOL, JES-FA300, USA). The size and the shape of the
magnetic nanoparticles were examined by SEM (Scanning Electron Microscope) device
(Philips XL-305 FEG, the Netherlands), and surface morphology of the magnetic nanoparti-
cles was investigated by AFM (Atomic Force Microscope) device (Digital Instruments,
MMSPM, Nanoscale IV, USA).

Activity of Free and Immobilized L-Asparaginase

Asparaginase activity was measured by using the method defined by Mashburn and
Wriston [28]. Briefly, 10 μl of the enzyme was mixed with 990 μl of L-asparagine
solution (in 0.05 M pH 8.6 Tris-HCl buffer) and incubated at 37 °C for 30 min. Then the
reaction was stopped by addition of 0.1 ml of 1.5 M TCA, and this solution was
centrifuged for 5 min at 10000 g. 0.5 ml of supernatant was diluted with 1.75 ml of
distilled water and mixed with 0.25 ml of Nessler reagent. After 10 min incubation, the
absorbance of the final solution was read spectrophotometrically at 480 nm. A calibration
curve with ammonium sulfate was prepared to determine the released amount of ammo-
nia. One unit of L-asparaginase activity is defined as the amount of enzyme that liberates
1 μmol of ammonia from L-asparagine per min at 37 °C.
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The effects of pH and temperature on free and immobilized asparaginase were
determined in a batch system. The optimum pH of free and immobilized asparaginase
was defined by using 10 mM L-asparagine substrate in acetate buffer (for 4.5–5.5), in
phosphate buffer (for 6.5), in Tris-HCl buffer (for 7.5–8.5), and carbonate buffer
(pH 9.5) at 37 °C. To observe the effect of temperature, the activity of free and
immobilized asparaginase was examined with increasing temperatures in the range of
15–65 °C. The Lineweaver-Burk plots were used for the determination of the kinetic
parameters. For this, different L-asparagine concentrations (1.0–25.6 mM) were used for
both free an immobilized asparaginase.

Thermal, Storage and Operational Stability of Immobilized L-Asparaginase

Thermal stability of free and immobilized asparaginase was determined by incubating at 55 °C
for 10 h. After incubation, specific activities of the enzymes were determined at different time
intervals by the activity method. To compare the storage stability of the free and immobilized
asparaginase, enzyme preparations were stored in 50 mM Tris-HCl buffer (pH 7.5) at 4 °C for
15 days. Activities of the samples were measured periodically at 37 °C in terms of the L-
asparagine hydrolysis. To determine of operational stability of immobilized L-asparaginase,
immobilized enzyme was used 8 times, and enzyme activities were measured after each use by
using same immobilized L-asparaginase preparations to determine the efficiency of the
enzyme in human serum samples.

Usage of Immobilized L-Asparaginase for L-Asparagine Hydrolysis

The most important point of the presented work is the usability of the asparaginase
immobilized nanoparticles for in vivo cancer treatment. For this purposes, in order to mimic
the complex mixture of the human serum, commercial human serum was chosen. It is
important that the immobilized asparaginase maintains its activity in the serum medium.
Therefore, activity tests of the immobilized L-asparaginase were repeated in the artificial
human serum medium. Because of the fact that commercial serum sample contains no L-
asparagine, a certain amount of L-asparagine was added into the human serum and hydrolysis
of the immobilized and free enzyme was compared.

Results and Discussion

Synthesis and Characterization of L-Asparaginase Immobilized Magnetic
Nanoparticles

In this work, magnetic poly(HEMA-GMA) nanoparticles were synthesized by surfactant-free
emulsion polymerization method. Chemical structure and schematic presentation for the
synthesis of magnetic nanoparticles is demonstrated in Fig. 1B. ESR spectrum was recorded
as an evidence for magnetic properties of magnetic nanoparticles (Fig. 1C). By using the data
from this graph and g = hV/βHr equation, g factor was calculated as 2.14. The g factor for Fe3+

was reported as 1.4–3 (for low spin complex) and 2.0–9.7 (for high spin complex). In this
present work, g value of magnetic nanoparticles was 2.14, and this demonstrated that
nanoparticles have magnetic properties. Surface morphology and size of the synthesized
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magnetic nanoparticles were determined by SEM and AFM analysis and presented in Fig. 1D
and Fig. 1E, respectively. As clearly seen in the Fig. 1D, the synthesized magnetic polymers
were spherical and showed mono size distribution. The average size of the nanoparticles was
calculated as 117.5 nm. As also seen in AFM picture, prepared nanoparticles were nanosized,
and partially aggregated.

Covalent attachment of asparaginase enzyme onto the nano polymeric structure is demon-
strated by FTIR and EDX analysis. Figure 2A shows FTIR spectra of plain nanopolymers and
enzyme attached nanopolymers. As seen here, -OH stretching bands are located around
3500 cm−1, while -CH stretching band is located around 3300 cm−1. Additionally -C=O and
-C-O stretchings are seen at 1750 cm−1 and 1260 cm−1, respectively. Especially amide II band,
which placed 1570 cm−1, was resulted due to the protein structure of asparaginase. EDX
analysis is demonstrated in Fig. 2B and incorporation of asparaginase onto nano polymeric
structure was proved with the presence of N and S atoms. S atoms only come from cysteine
and methionine amino acids of asparaginase, and by this way, attached amount of asparaginase
was calculated as 66.43 mg asparaginase/g particle.

(a)

(b)

Fig. 2 A. FTIR spectra of plain (black line) and enzyme attached (red line) magnetic poly(HEMA-GMA)
nanoparticles, B. EDX spectrum of L-asparaginase immobilized magnetic poly(HEMA-GMA) nanoparticle
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The Activity of Free and Immobilized L-Asparaginase

Although L-Asparaginase is intensively preferred chemotherapy agent, which used for the
treatment of the some malignancies, it demonstrates toxicities for some cases, and causes some
side effects such as allergy and hypersensitivity. In order to overcome these side effects, L-
asparaginase can be immobilized onto solid support materials. However, it is vital to protect
the enzymatic activity of the immobilized enzyme, and to investigate the activity response of
the immobilized enzyme against the ambient conditions. For this purpose, effect of pH on the
activity free and immobilized asparaginase was investigated by using different buffers between
pH 4.5 and pH 9.5, and results are shown in Fig. 3. As clearly seen here optimum pH of free
and immobilized asparaginase was found to be as pH 7.5 and 6.5, respectively. Optimum pH
of E.coli L-asparaginase enzyme was reported as pH 7.0, 8.0, and 8.5 in literature [10, 18, 29].
When comparing with literature, optimum pH of free asparaginase was close to previous
works, and it is demonstrated that the optimum pH of immobilized asparaginase shifted acidic
region.

Effect of temperature on the activity of free and immobilized asparaginase was studied
between 15 and 65 °C, and results are demonstrated in Fig. 4. As seen here, the optimum
temperature of free asparaginase was 45 °C and optimum temperature of immobilized
asparaginase was 55 °C. Zhang et al. [10] were reported that the optimum temperature of free
asparaginase was 50 °C, while the optimum temperature of immobilized asparaginase was
60 °C. Improvement of temperature stability by immobilization is generally expected. Kinetic
constants of free and immobilized asparaginase were determined by using L-asparagine
substrate via Lineweaver-Burk plots (Fig. 5), and findings were summarized in Table 1. Vmax

is the maximum reaction rate at the saturated substrate concentration and highly effected by
diffusional limitations. In this work, the maximum velocity of immobilized asparaginase was
found to be lower than of free asparaginase (approximately 10 times). Km shows the affinity of
an enzyme to its substrate and generally increases with immobilization due to steric hin-
drances. However, in this work, Km decrease by immobilization, in other words, the affinity of
the enzyme toward its substrate increased. Same findings also demonstrated by Ulu et al. [18].
kcat is known as the turnover number and it is very important to comment enzyme behavior by
immobilization. In this work, kcat value of immobilized asparaginase was found as 497 min−1,

Free Asparaginase
Immobilized Asparaginase

pH

%
ytivitcA

Fig. 3 The effect of pH on the activity of free and immobilized asparaginase
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while kcat value of free asparaginase was 47,356 min−1. The decreased activity of the
immobilized asparaginase may be explained by the change in the three-dimensional structure

Free Asparaginase
Immobilized Asparaginase

Temperature (°C)

%
ytivitcA

Fig. 4 The effect of temperature on the activity of free and immobilized asparaginase
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Fig. 5 Lineweaver-Burk plots of free (A) and immobilized (B) asparaginase
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of enzyme as result of the immobilization on the solid polymeric support, reduced diffusion of
the substrate molecules toward to enzyme, which attached the surface of the polymeric matrix,
and steric hindering of the support [21].

Thermal, Storage and Operational Stability of Immobilized L-Asparaginase

Stability of enzyme at high temperatures generally increases with immobilization and this
provides some advantages and economic benefits in the industrial applications. In this work
activity of free and immobilized asparaginase was investigated at 55 °C for 600 min, and at the
end of this time, free enzyme almost lost its activity while immobilized asparaginase protected
50% of its activity. Youssef et al. [30] immobilized L-asparaginase onto calcium-alginate-
gelatin composites and evaluated its thermal stability at 60 °C for 30 min. Researchers reported
that immobilized asparaginase protected 66% of its initial activity. In our study immobilized
asparaginase showed 66.9% of activity at 55 °C and the end of 30 min. Another important
factor for the immobilization process is the storage stability of the immobilized enzyme. In this
work storage stability of free and immobilized asparaginase was followed by 40 days and at
the end of this time free enzyme showed approximately 1% of its initial activity, while
immobilized enzyme showed 30% of its activity (Fig. 6). Ulu et al. [18] immobilized
asparaginase onto pHEMA-starch composites, and the storage stability of immobilized
asparaginase was followed for 15 days. At the end of this time, they reported that immobilized
asparaginase protected 60% of its initial activity. Another important advantage of immobilized
enzyme is their reusability, and the activity of immobilized enzyme should be protected during
each use. In this work, immobilized asparaginase was used for eight successive activity tests,
and it was showed that 60% of activity was protected at the end of 8th reuse (Fig. 7). Zhang
et al. [10] used sericin microparticles for asparaginase immobilization, and the operational

Table 1 Kinetic parameters of free and immobilized asparaginase

Km (mM) Vmax (μmol/min) kcat (min−1)

Free asparaginase 9.23 0.206 47,356
Immobilized asparaginase 6.94 0.0237 497

Time (Days)

%
ytivitcA

Free Asparaginase
Immobilized Asparaginase

Fig. 6 Storage stability of free and immobilized asparaginase
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stability of immobilized enzyme was studied for 5 successive reuse. At the end of the 5th
reuse, the immobilized enzyme showed almost 80% of its initial activity. However, in our
present study after the five reuse immobilized asparaginase demonstrated 85.14% of its initial
activity.

Usage of Immobilized L-Asparaginase for L-Asparagine Hydrolysis at Serum

For the usability of immobilized asparaginase in a biological medium such as serum, 25 mM
asparagine spiked artificial human serum was used for the activity test of immobilized enzyme
and compared with the free enzyme in this same medium. The activity of immobilized
asparaginase in artificial serum was found to be as 74.74% as against free asparaginase activity
and this is a very important value to use the immobilized enzyme in various biological
applications.

Conclusions

In order to develop and increase the enzyme activity and stability in aqueous and non-aqueous
media, enzymes have been immobilized onto various types of support materials. From this
point of view, it is very important to select and design the support material for enzyme
immobilization studies. Recently, magnetic nanoparticles have been attracted great attention
for the immobilization studies due to their small size, extremely high surface area and easy
separation behaviors. In this presented study, L-asparaginase enzyme, which is an anti-cancer
agent, was successfully immobilized onto magnetic nanoparticles, and the thermal, storage,
and operational stabilities of the enzyme increased significantly. Additionally, immobilized L-
asparaginase protects 74.74% of its initial activity in artificial serum samples. These findings
of this present study demonstrated that the immobilization of L-asparaginase onto magnetic
nanoparticles gives promising results. Finally, it can be concluded here that these in vitro
studies will be the driving force of future in vivo investigations for the unique applications of
immobilized form of L-asparaginase.
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