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Abstract: There is a shortage in the experimental research directly comparing the effectiveness
of different nanoparticles in boosting asparaginase (ASNase) activity. This study assessed the
impact of various nanoparticles on enhancing ASNase activity, stability, and anticancer effects
through immobilization. Escherichia coli ASNase was immobilized on different nanoparticles, and its
efficiency was measured. The research included analyzing the enzyme’s secondary structure, stability,
activity at different temperatures, kinetic parameters, shelf life, and activity in blood serum. The
anticancer efficacy was determined by measuring the ICsj. The study also investigated the anticancer
mechanisms by examining the enzyme’s toxicity on cancer cells, focusing on apoptosis indicators like
nuclear intensity, membrane permeability, mitochondrial membrane permeability, and cytochrome
c release. Among the tested nanoparticles, nano chitosan yielded the best improvements. ASNase
immobilized on nano chitosan reached 90% immobilization efficiency fastest among the studied
nanoparticles, achieving this within 72 h, whereas other nanoparticles took 120 h. Immobilization
modified ASNase’s secondary structure by increasing alpha helices and reducing random coils, with
nanochitosan and magnetic iron oxide showing the most pronounced effects. Immobilized ASNase
exhibited enhanced activity, stability across temperature (widest with nanochitosan, 25-65 °C), and
a broader optimal pH range compared to the free enzyme, with a Ky, of 1.227 mM and a Vmax of
454.54 U/mg protein. Notably, the nano-chitosan-immobilized ASNase retained over 85% of its
activity after 9 months of storage and maintained high activity in blood serum. This improved
stability and activity translated into the highest anticancer activity (Lowest IC5p) and was more
effective than doxorubicin in disrupting cancer cell structures.

Keywords: catalytic efficiency; nano-chitosan; Michaelis constants (K ); maximum velocity (Vmax);
secondary structure; specificity constant; nuclear intensity; mitochondrial membrane

1. Introduction

The ongoing challenges in cancer therapy, such as the toxicity and side effects of
chemotherapy, drug resistance, and high costs, highlight the necessity for new and inno-
vative anticancer agents [1,2]. By advancing precision medicine, immunotherapy, nan-

Polymers 2024, 16, 3260. https:/ /doi.org/10.3390/polym16233260

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym16233260
https://doi.org/10.3390/polym16233260
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-8465-6829
https://orcid.org/0000-0001-8762-4999
https://orcid.org/0000-0002-3745-7456
https://orcid.org/0000-0001-7164-7838
https://doi.org/10.3390/polym16233260
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym16233260?type=check_update&version=1

Polymers 2024, 16, 3260

20f21

otechnology, enzyme therapy, and other cutting-edge approaches, the goal is to develop
treatments that are not only more effective but also safer, with fewer side effects, improving
the quality of life for cancer patients worldwide [3-6]. Enzymes have emerged as a promis-
ing tool in cancer therapy due to their ability to catalyze specific biochemical reactions
with high efficiency and specificity. They can be used directly or as part of more complex
therapeutic strategies. There are various enzymes that are used as anticancer agents, such
as asparginase (ASNase, EC 3.5.1.1), arginine deiminase, methionase, lysine oxidase, pheny-
lalanine ammonia lyase, and glutaminase [7-9]. These amino acid-degrading enzymes
represent a unique and promising approach in cancer therapy, targeting the metabolic
dependencies of cancer cells. Many cancer cells are unable to synthesize certain amino
acids due to genetic or metabolic defects. The enzymatic depletion of these amino acids
prevents the synthesis of proteins necessary for cancer cell growth and division, leading to
cell death. Amino acid starvation can induce cell cycle arrest at various checkpoints (e.g.,
G1 phase), preventing cancer cells from proliferating. The deprivation of essential amino
acids triggers apoptotic pathways in cancer cells. This can involve the activation of stress
response pathways and pro-apoptotic factors. Amino acid depletion can affect the tumor
microenvironment, influencing immune cell infiltration and tumor angiogenesis [10-13].

Recent studies try to increase the effectiveness of these amino acid degrading enzymes
through immobilization on different materials. Immobilization techniques enhance enzyme
stability, reusability, and overall efficiency. Nano materials have gained significant attention
for enzyme immobilization due to their unique properties, such as a high surface area,
tunable surface chemistry, and an enhanced mass transfer [14-16]. Many nano materials are
used for immobilization of the therapeutic enzymes. Immobilizing proteolytic enzymes on
mesoporous silica nanoparticles enhances their tumor penetration [17]. Polyamidoamine
dendrimers functionalized with ZnO-chitosan nanoparticles are used for immobilizing
L-ASNase to enhance its anticancer efficacy [18].

ASNase was the first microbial enzyme approved as a monotherapy for treating pedi-
atric acute lymphoblastic leukemia. It catalyzes the conversion of L-asparagine to aspartate,
releasing ammonia [19-21]. L-asparagine is essential for protein synthesis, the bioregula-
tion of certain oncogenic transcription factors, and the proper functioning of the immune
and nervous systems. Normal cells produce L-asparagine using asparagine synthetase,
but some malignant cells, such as leukemic cells, have an inadequate expression of this en-
zyme and depend on external sources of L-asparagine. Therefore, depleting L-asparagine
disrupts cellular signaling pathways and inhibits the expression of various oncogenic
transcription factors, leading to the regression of asparagine-auxotrophic tumors [22-25].
ASNase has been isolated from various microbes, including bacteria, filamentous fungi,
yeast, and algae. Various studies have tried to improve ASNase as an anticancer agent
through its immobilization on different nanoparticles [26]. However, there are no experi-
mental studies comparing the effectiveness of these nanoparticles in improving the ASNase
activity. Therefore, we tried, in this study, to evaluate the differences between different
kinds of nanoparticles in improving ASNase activity and to examine its anticancer activity
through enzyme immobilization.

2. Materials and Methods
2.1. Immobilization of ASNase on Various Nanoparticles
2.1.1. Source of ASNase
The ASNase utilized in this research was obtained from Sigma-Aldrich, Munich,

Germany, specifically, ASNase from Escherichia coli, lyophilized powder, 100-300 U/mg
protein (A3809).

2.1.2. Source of Nanoparticles

The nanoparticles used were acquired from Nanochemazone, including chitosan
nanoparticles (NCZ-MN-116/20), spherical gold nanoparticles (NCZ-ST-192/22), silver
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nanoparticles (NCZ-5T-271/22), magnetic iron(Il) oxide nanoparticles (NCZ-ST-128/23),
and mesoporous silica nanoparticles (NCZ-NP-620/24) (Supplementary data Tables S1-55).

2.1.3. Immobilization Procedure

The immobilization of ASNase onto nanoparticles followed the end-over-end method
described by Naguib and Badawy [27]. Known weights of the studied nanoparticles
(to form stable suspension) were incubated with an ASNase solution (100 mg/mL), a
high-enzyme concentration that, in immobilization, enhances enzyme loading and immobi-
lization efficiency, leading to greater catalytic activity and stability. It also reduces enzyme
leakage and helps overcome mass transfer limitations, ensuring better overall performance
in the immobilized system) at pH 7 and room temperature (for enzyme stability) for varying
incubation periods. Post-incubation, the mixture was centrifuged at 4000 g for 10 min.
The resulting precipitate was dried (nano ASNase) and the supernatant was retained to
assess the immobilization yield. The efficiency of immobilization was calculated using the
relationship proposed by Huang et al. [28].

Initial content of protein — Final content of protein

Immobilization efficiency (%) = x 100 (1)

Initial content of protein

2.2. Physiochemical Characterization of ASNase
2.2.1. Enzyme Assay

ASNase activity was measured as per Shifrin et al. [29]. We prepared a stock solution
(1 mg/mL) through dissolving 0.1 g of the free or prepared nano ASNase powder in 100 mL
potassium phosphate buffer (0.05 M, pH 8.0). The reaction mixture comprised 1 mL of
prepared stock enzyme (1 mg/mL), 2 mL of 20 mM L-asparagine, and 2 mL of potassium
phosphate buffer (0.05 M, pH 8.0). After gentle mixing and incubation at 37 °C for 30 min,
the reaction was stopped with 1 mL of 1.5 M trichloroacetic acid (TCA), followed by
centrifugation at 15,000 rpm for 10 min to remove precipitates. Ammonia concentration
was determined using Nessler’s reagent. We added 1 mL of Nessler’s reagent to 1 mL of the
resulted enzyme reaction supernatant and left it for 10 min at room temperature to develop
the color (yellow to brownish orange). The blank was prepared by adding the enzyme
post-TCA addition, and the resulting color was measured at 436 nm. A calibration curve
(Supplementary data Figure S1) was established by preparing a series of known ammonia
concentrations in the same reaction mixture. One unit of L-ASNase activity was defined as
the amount of enzyme releasing 1 umol of ammonia per minute under these conditions.

2.2.2. Circular Dichroism Spectroscopy (CD)

In this study, CD measurements were performed to assess the secondary structure of
both free and nano-prepared ASNase. The CD spectra were collected to detect any confor-
mational changes or stability differences between the free enzyme and the nanoformulated
version. Measurements were taken using a 0.1 cm path length quartz cuvette containing
1 mg/mL ASNase. The cuvette was filled with a stock solution prepared by dissolving 0.1 g
of either free or nano-prepared ASNase in 100 mL of potassium phosphate buffer (0.05 M,
pH 8.0). The secondary structure analysis focused on identifying and quantifying elements
such as alpha-helices, beta-sheets, and random coils. This was achieved by averaging
eight scans per sample over the wavelength range of 190 to 260 nm using a Jasco J-810
spectropolarimeter (Easton, MD, USA) at 25 °C, followed by computational analysis with
CDNN 2.1 software (ACGT Progenomics AG, Halle, Germany).

2.2.3. Effect of pH and Temperature on ASNase Activity and Stability

The optimum pH for both free and immobilized ASNase activity was determined by
assaying the enzyme at various pH levels at 30 °C (The optimum temperature for the tested
form of ASNase enzyme). Enzyme stability under different storage pH conditions was
assessed after storing the enzyme in various buffers for 24 h. Enzyme activity was then
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measured, with stability expressed as relative activity compared to that of fresh enzyme
(non-stored free or immobilized ASNase was considered as being 100%). The optimum
temperature for both free and immobilized ASNase activity was found by measuring
enzyme activity at different temperatures (15-75 °C) at pH 8.5. Enzyme stability at different
storage temperatures (15-75 °C) was similarly assessed after a 24 h storage period; stability
was, again, expressed as relative activity compared to that of the fresh enzyme (non-stored
free or immobilized ASNase was considered as being 100%).

2.2.4. Kinetic Parameters

Kinetic parameters, including the Michaelis constant (Ky,) and maximum velocity
(Vmax, reaction rate at which the substrate saturates all enzyme sites), were determined
using Lineweaver-Burk plots with L-asparagine as substrate in concentrations ranging
from 2 to 40 mM. Following enzyme assay protocols with 0.5 mg enzyme in the assay
mixture, activity was determined for each substrate concentration. According to Egbune
et al. [30], K, Vmax, and the turnover number (K.ot) were calculated as follows:

Vertical intercept = 1/Vmax 2)
Horizontal intercept = —1/Kpy, 3)
Kcat = Vinax/[Elt (4)

where [E]; is the total molar concentration of enzyme found in the reaction mixture equal
to the amount of used enzyme/enzyme molecular weight.

At the same time, the quantities called enzyme catalytic efficiency and enzyme speci-
ficity constant were defined as follows:

Enzyme catalytic efficiency = Keat/Km (5)

Enzyme specificity constant = Vipax/Km (6)

The ratio Vimax /K serves as an indicator of an enzyme’s apparent specificity for a
substrate under the given reaction conditions, though it does not reflect intrinsic catalytic
efficiency or activity, as it depends on enzyme concentration. In contrast, Keat/Km provides
a more accurate measure of catalytic efficiency, as it represents how effectively an enzyme
converts substrate to product, particularly at low substrate concentrations [31].

2.2.5. Enzyme Shelf Life

The activity of both free and immobilized ASNase was measured after storage at room
temperature for various periods. Activity of the fresh enzyme was set as 100%.

2.2.6. Application of ASNase for L-Asparagine Hydrolysis in Human Serum

To evaluate the feasibility of using immobilized ASNase in vivo as cancer treatment,
activity tests were conducted in a commercial human serum medium, which mimics the
complex mixture of human serum. L-asparagine was added to the serum, as it does not
naturally contain L-asparagine, and the hydrolysis by both immobilized and free enzymes
was compared as described by Orhan and Uygun [32].

2.3. Anticancer Activity of ASNase
2.3.1. Cell Viability Test

The anticancer activity of free and immobilized ASNase was assessed using the
MTT assay. The human cancer cell lines used included lung carcinoma (A549), breast
adenocarcinoma (MCF7), colon carcinoma (HCT 116), and leukemic T-cell lymphoblast
(Jurkat E6.1) obtained from Sigma Aldrich. Anticancer activity was determined based on
the ICs( (half-maximal inhibitory concentration) values of the enzymes [33].



Polymers 2024, 16, 3260

50f21

2.3.2. High-Content Screening Assay

A high-content screening assay evaluated toxicity in various cancer cells, examining
parameters like nuclear intensity, membrane permeability, mitochondrial membrane per-
meability, and cytochrome c release. Cells were seeded at 10° per well in 12-well plates and
incubated at 37 °C with 5% CO, for 24 h. Cells were then treated with IC50 concentrations
of different enzyme preparations, alongside untreated controls and cells treated with 1 mM
doxorubicin (positive control). After another 24 h incubation, MMP dye (MitoTracker™ Or-
ange CMTMRos, Excitation 552 /Emission 572) and cell permeability dye (BioTracker™ 490
Green Cytoplasmic Membrane Dye, Excitation 491 /Emission 509) were added, followed
by a 1 h incubation. Cells were fixed with 4% formaldehyde for 15 min, permeabilized
with 0.1% Triton X-100 in PBS, and blocked with 3% bovine serum albumin. Cytochrome c
was stained using a primary mouse antibody for 1 h, followed by washing and staining
with goat anti-mouse secondary antibodies conjugated with DyLight™ 649. Nuclei were
stained with Hoechst 33258. Visualization and quantification of fluorescence intensity were
performed using the Cellomics ArrayScan high-content screening reader (Thermo Scien-
tific, Waltham, MA, USA) and the Cell Health Profiling Bioapplication module [34]. All
chemicals used are obtained from Sigma Aldrich except MitoTracker™ Orange CMTMRos
and DyLight™ 649 are obtained from Thermo Fisher Scientific

Statistical Analysis

The statistical analysis was performed by SPSS software (version 14). Data were
expressed as mean =+ standard error. A comparison of the mean between different ASNase
was performed using ANOVA test, p < 0.01.

3. Results
3.1. Immobilization Efficiency on Different Types of Nanoparticles

The highest immobilization efficiency recorded in all studied nanoparticles was 90%.
The difference between the studied nanoparticles was in the time at which this maximum
efficiency was recorded. Chitosan nanoparticles were the fastest in reaching the maximum
immobilization efficiency (90%) after 72 h. On the other hand, the other sorts of nanoparticle
used, spherical gold nanoparticles, silver nanoparticles, magnetic iron(lll) oxide nanoparti-
cles, and mesoporous silica nanoparticles, reached the maximum immobilization efficiency
after 120 h (Figure 1).

m24 a72 m120 168

Immobilization Efficiency (%)

Chitosan ticles Gold ticles M: ic Iron(III) Silver ticles Silica ticles
Oxide Nanoparticles

Nano-particles

Figure 1. E. coli ASNase immobilization efficiency on different studied nanoparticles after different
incubation periods (h). Columns values are mean of three replicates. Error bars represent standard
deviations. Columns followed by different letters are significantly different from each other according
to ANOVA test, p < 0.01.
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3.2. Effect of Immobilization on Different Nanoparticles on ASNase Characters
3.2.1. Effect on ASNase Secondary Structure

We used a 72 h incubation period to obtain ASNase immobilized on chitosan. For other
types of nanoparticles, spherical gold nanoparticles, silver nanoparticles, magnetic iron(III)
oxide nanoparticles, and mesoporous silica nanoparticles, a 120 h incubation period was
used for immobilization. The immobilization of ASNase on different types of nanoparticles
caused differences in its secondary structures compared to the free one. Immobilization on
all studied nanoparticles induced a significant decrease in the random coil percentage and
a significant increase in the alpha helix percentage, while there was no significant change
in the beta sheet content. Interestingly, immobilization onto chitosan and magnetic iron(III)
oxide caused a significant increase in the alpha helix percentage and a significant decrease
in the random coils percentage compared to immobilization on the other studied types of
nanoparticles (Figure 2).
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Figure 2. Effect of immobilization on different studied types of nanoparticles on the E. coli ASNase
secondary structures percentages at 25 °C. Columns values are mean of three replicates. Error bars
represent standard deviations. Columns for the same structure followed by different letters are
significantly differ from each other according to ANOVA test, p < 0.01.

3.2.2. Effect of Temperature on Free and Immobilized ASNase Activity and Stability

Immobilization on the five types of nanoparticles improved the storage stability and
the activity of ASNase under different temperature changes. The optimum temperature
range regarding the highest activity of the free ASNase was 35-40 °C, while after the enzyme
immobilization, the optimum temperature range was 30-55 °C in case of immobilization on
nano chitosan and 30-45/50 °C in case of immobilization on the other studied nanoparticles.
Also, immobilization increased the temperature storage stability range at which ASNase
can retain more than 90% of its activity after incubation at different temperature for 24 h.
The widest stability temperature range was recorded in the ASNase immobilized on nano
chitosan (25-65 °C), followed by ASNase immobilized on silver nanoparticles (25-50 °C),
and then ASNase immobilized on the other types of nanoparticles (2545 °C), while it was
from 30 to 35 °C in the free ASNase (Figure 3).
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Figure 3. Effect of temperature on activity and stability (relative activity after enzyme incubation
for 24 h at different temperatures) of free E. coli ASNase (F) and E. coli ASNase immobilized on
different types of nanoparticles: (A) chitosan nanoparticles, (B) gold nanoparticles, (C) silver nanopar-
ticles, (D) silica nanoparticles, and (E) magnetic iron(IIl) oxide nanoparticles. Plotted values taken
individually are an average of three replicates. Error bars represent standard deviations.
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3.2.3. Effect of pH on Free and Immobilized ASNase Activity and Stability

The changes in pH over the optimum pH significantly decreased the ASNase activity.
The optimum pH of the free ASNase was between 8.5 and 9. The optimum pH range
became wider after immobilization on nanoparticles. The widest optimum pH range was
recorded in the ASNase immobilized on chitosan (7.5-10.5), followed by that found in the
enzyme immobilized on nanoparticles of silica (7.5-10), magnetic iron(Ill) oxide (7-9.5),
gold (8-10), and silver (7.5-9.5).

Similarly, the pH storage stability range of E. coli ASNase increased through immobi-
lization on nanoparticles. The free ASNase showed a single pH point (pH 7) at which the
enzyme can be incubated for 24 h and retain more than 90% of its original activity, and away
from this point, the free ASNase substantially lost its activity after incubation. ASNase
immobilization on chitosan led to the widest pH stability range (6.5-9.5), followed by
immobilization on nano magnetic iron (III) oxide (7-9.5). Meanwhile, ASNase immobilized
on silver, silica, and gold had a pH stability range from 7 to 9 (Figure 4).

3.2.4. Kinetics Parameters of Free and Immobilized ASNase Activity and Stability

Enzyme kinetics provides insights into the molecular mechanisms by which enzymes
catalyze reactions by examining the rates of enzyme-catalyzed reactions. The results
in Table 1 and Figure 5 show the kinetics of free and immobilized ASNase on studied
nanoparticles. Generally, ASNase kinetics significantly improved through immobilization
on nanoparticles. The maximum reaction rate (Vmax) was significantly higher in the
immobilized ASNase than in the free ASNase. The Vimax values of ASNase immobilized
on nano chitosan and ASNase immobilized on nano magnetic iron (III) oxidewere non-
significantly different, but they were higher than those of the other studied systems. The
Michaelis-Menten constant (Kr,) was the highest in the free ASNase (6.15 mM asparagine)
and the lowest in the nano-chitosan-immobilized ASNase (1.23 mM asparagine). Nano-
gold ASNase, magnetic-iron(Ill)-oxide-immobilized ASNase, and nano-silica-immobilized
ASNase had displayed ky, values of 4.50, 4.25, and 4.21 mM asparagine, respectively; these
values were non-significantly different from each other, but significantly lower than that
of the free ASNase and significantly higher than that of the nano-chitosan-immobilized
ASNase. In the same line, the other kinetics parameters, namely, the turnover number
(Kcat), enzyme catalytic efficiency (Keat/Km), and enzyme specificity constant = Vipax/Km
were significantly higher in the immobilized ASNase than those for the free enzyme. The
highest values were found in the nano-chitosan-immobilized ASNase, followed by, first, the
nano-magnetic-iron(Ill)-oxide-immobilized ASNase, and then, by nano-gold-immobilized
ASNase, nano-silver-immobilized ASNase, and nano-silica-immobilized ASNase.

Table 1. Free and immobilized ASNase kinetic parameters.

Parameter Kn Vmay Vmax/Km Keat/Kom
(mM Asparagine) (uM/min/mg Keat (s71) (uM/min/mg (mM-1.5-1)
Enzyme Protein) Protein)/mM)

Nano-Chitosan-Immobilized ASNase 1.23 +0.152 a 454.55 + 20.67 a 61960.88 a 369.55 a 50497.86 a
Nano-Gold-Immobilized ASNase 450+ 0.144b 38462+ 1690b 5242844 b 85.47b 11650.76 b
Na“‘}f;i“;‘fﬁi;ﬁ‘j;‘;ﬂ;?ide' 425+009b 41667 +2149a 56797.57 ab 98.04 ¢ 13364.13 ¢
Nano-Silver-Immobilized ASNase 522+0151c 37037+ 19.87b 50486.64 b 70.95 d 9671.77 d
Nano-Silica-Immobilized ASNase 421+0078b  357.14+20.89b 48683.62b 84.83 b 11563.81b
Free ASNase 615+0.137d 24390 = 1578 c 33247.27 39.66 ¢ 5406.06 ¢

Values are mean of three replicates + standard deviation. Values in the same column followed by different letters
are significantly different from each other according to ANOVA test, p > 0.001.
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Figure 5. Lineweaver-Burk plots curve relating to free ASNase (F) and ASNase immobilized on differ-
ent types of nanoparticles: (A) chitosan nanoparticles, (B) gold nanoparticles, (C) silver nanoparticles,
(D) silica nanoparticles, and (E) magnetic iron (III) oxide nanoparticles.
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3.2.5. Free and Immobilized ASNase Shelf Life Time

Figure 6 shows the effect of different incubation times on the activity of free and
immobilized ASNase. The nano-chitosan-immobilized ASNase showed the highest ability
to retain its activity over the time. The enzyme retained more than 90% of its activity after
incubation for 6 months at room temperature and it retained more than 85% of its original
activity after incubation for 9 months at the same temperature, while the other immobilized
ASNase kept more than 65% of its original activity after incubation for 9 months at room
temperature. On the other hand, the free ASNase preserved only 43% of its activity at the
same incubation conditions.

Relative Activity (%)

120

100

80

60

40

20

B A month [3 monthes M6 monthes 9 monthes

Chitosan
nanoparticles

Gold nanoparticles Magnetic Iron(III) Silver nanoparticles Silica nanoparticles Free Aspraginase
Oxide nanoparticles :

Nanoparticles

Figure 6. Effect of storage time on free and immobilized ASNase activity. Columns values are mean
of three replicates. Error bars represent standard deviations. Columns for the same time followed by
different letters are significantly differ from each other according to ANOVA test, p < 0.01.

3.2.6. Application of Free and Immobilized ASNase for L-Asparagine Hydrolysis in
Human Serum

The results in Figure 7 show that the activity of ASNase in the blood serum was
significantly lower than that in the assay buffer, except for ASNase immobilized on chi-
tosan. The activity of the nano-chitosan-immobilized ASNase in the blood serum was non-
significantly different from that in assay buffer. The activity values of other immobilized
ASNase (nano-gold-immobilized ASNase, nano-magnetic-iron(Ill)-oxide-immobilized AS-
Nase, nano-silver-immobilized ASNase, and nano-silica-immobilized ASNase) in the blood
serum were significantly lower than those determined in the assay buffer (19, 16, 39,
and 42%, respectively). The free ASNase activity decreased in the blood serum by 53%
compared to that measured in the assay buffer.
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500 = Activity in blood serum 7 Activity in assay buffer

450

Activity (U/mg protein)
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[—4
<>
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=
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Chitosan Gold nanoparticles Magnetic Iron(III) Silver nanoparticles Silica nanoparticles Free Aspraginase
nanoparticles Oxide nanoparticles
Asparaginase

Figure 7. The feasibility of using free and immobilized ASNase in vivo as cancer treatment assessed
by activity tests conducted in a commercial human serum medium. Columns values are mean of three
replicates. Error bars represent standard deviations. Columns followed by asterisk are significantly
differ from activity in the assay buffer according to paired T test, p < 0.01.

3.3. Anticancer Activity of ASNase
3.3.1. ICsp of Free and Immobilized ASNase

The anticancer activity of free and immobilized ASNase was evaluated through their
ICs5p against different human cancer cell lines. The ASNase immobilized on different
nanoparticles had an ICsj significantly lower than that of the free ASNase. Interestingly,
nano-chitosan-immobilized ASNase had the lowest ICsy and there were non-significant
differences in the IC5p among the ASNase immobilized on the other nanoparticles (Figure 8).

3.3.2. Anticancer Activity Mechanism (High-Content Screening Assay)

For studying the anticancer mechanism by which ASNase can destroy the cancer cells,
we determined the effect of free and different immobilized ASNase treatment on the cancer
cells’ plasma membrane permeability, nuclear intensity, mitochondrial membrane perme-
ability, and cytochrome release in comparison with standard anticancer agent doxorubicin
(positive control). The results show that different free and immobilized ASNase systems
were significantly more effective than doxorubicin in increasing cancer cells’ nuclear in-
tensity (Figure 9), plasma membrane permeability (Figure 10), mitochondrial membrane
permeability (Figure 11), and cytochrome release (Figure 12). Comparatively, free ASNase
was significantly less effective than that immobilized onto the nanoparticles studied, these
systems being non-significantly different from each other in their effect.
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Figure 8. Anticancer activity (ICg) of free and immobilized ASNase. Columns values are mean
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of three replicates. Error bars represent standard deviations. Columns for the same cancer cell
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Figure 9. The effect of free and immobilized ASNase on nuclear intensity release in different cancer
cell lines. Columns values are mean of three replicates. Error bars represent standard deviations.
Columns for the same cancer cell line followed by different letters are significantly differ from each
other according to ANOVA test, p < 0.01.
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Figure 11. The effect of free and immobilized ASNase on mitochondrial membrane permeability in

different cancer cell lines. Columns values are mean of three replicates. Error bars represent standard

deviations. Columns for the same cancer cell line followed by different letters are significantly differ

from each other according to ANOVA test, p < 0.01.
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Figure 12. The effect of free and immobilized ASNase on cytochrome release in different cancer
cell lines. Columns values are mean of three replicates. Error bars represent standard deviations.
Columns for the same cancer cell line followed by different letters are significantly differ from each
other according to ANOVA test, p < 0.01.

4. Discussion

Enzymes are employed in cancer therapy through various innovative strategies, in-
cluding enzyme prodrug therapy, the direct enzymatic degradation of tumor components,
the enhancement of drug delivery, and the modulation of the immune response. These
approaches highlight the versatility and potential of enzymes as powerful tools in the
fight against cancer [16,35]. Therapeutic enzyme immobilization enhances the practicality,
efficiency, and safety of enzyme-based treatments, making it a critical technique in modern
medical and biotechnological applications [36-38]. Choosing materials for efficient enzyme
immobilization is an important point in their applications. The time needed for reaching
the maximum enzyme immobilization under normal conditions is an important factor for
choosing the immobilization materials [39-41]. The present results showed that chitosan
nanoparticles were the fastest to reach the maximum immobilization efficiency of ASNase.
The enzyme immobilization process on nano chitosan is faster than on the other nanopar-
ticles studied in this work due to several factors. Chitosan nanoparticles possess polar
amino and hydroxyl groups active in inducing attractive interactions chitosan enzymes.
This aspect may explain the quicker attachment of the enzymes/proteins to the chitosan
nanoparticles surface compared to that of metal/metal-containing nanoparticles, which
may require additional surface modifications to achieve similar affinity [42—-44]. In acidic
environments (pH < 5.5), the cationic nature of chitosan, due to its protonated amino groups
(-NH?%"), can facilitate strong electrostatic interactions with negatively charged enzyme
molecules, enhancing the rate of enzyme attachment to chitosan nanoparticles. At neutral
and basic pH, however, chitosan’s amino groups are largely unprotonated (-NHj), which
diminishes these interactions. The extent of this attraction also depends on the isoelectric
point of ASNase and the pH of the environment [45,46]. Chitosan nanoparticles often have
a porous structure with a high surface area, providing more binding sites for enzymes. The
porous nature allows enzymes to penetrate and attach quickly, unlike with some metal
nanoparticles, which may have a more compact and less accessible surface [42,44,47].
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Enzyme immobilization on nanoparticles can significantly improve their structure
and characteristics in several ways [48]. The present results showed that immobilization
on nanoparticles improved the secondary structure of ASNase through decreasing the
random coil percent. Decreasing the random coil content in the enzyme structure enhances
its stability and in turn its activity [49]. The nanoparticles provide a scaffold that maintains
the enzymes in a more favorable conformation. The large surface area and high surface
energy of nanoparticles provide extensive binding sites for enzymes, promoting correct
folding and the stabilization of secondary structures such as a-helices and (3-sheets [50].
So, hydrogen bonds, van der Waals forces, and hydrophobic interactions between the
enzyme and the nanoparticle surface can stabilize specific secondary structures, reducing
the tendency of the enzyme to adopt random coil folding [51]. Binding to nanoparticles
restricts the conformational freedom of the enzyme. This restriction can prevent the enzyme
from adopting less stable, random coil conformations, favoring more stable x-helix and
[3-sheet structures. Immobilization often involves multiple attachment points, which help
maintain the enzyme in a more rigid and ordered conformation, minimizing the presence
of random coils [52-54].

Immobilized enzymes often exhibit increased thermal stability compared to their free
counterparts [55]. Similarly, our results indicated that immobilized ASNase on nanoparti-
cles had a significantly higher temperature activity/stability range than free ASNase. This
is related to the attachment to nanoparticles, which restricts the enzyme’s conformational
flexibility, making it less susceptible to denaturation at higher temperatures [56,57]. The
immobilization materials can act as thermal buffers, absorbing and dissipating heat, thereby
protecting the overall enzyme structure from rapid temperature changes [58].

Immobilized enzymes are typically more resistant to changes in pH [59]. Similarly,
our results indicated that immobilized ASNase on different types of nanoparticles had
a wider pH activity/stability range than the free ASNase. Immobilization increases the
resistance of enzymes to the changes in pH, as the immobilization support can create
a microenvironment around the enzyme that buffers against pH changes. This local
environment can help maintain the enzyme’s optimal pH range, even when the external pH
fluctuates [60,61]. Thus, immobilization can limit the diffusion of hydrogen or hydroxide
ions to the enzyme, thereby reducing the impact of pH changes on enzyme activity [59].

Immobilization also improves the enzyme kinetics parameters for more efficient
catalytic performance [62]. The results of the present study revealed the positive role
played by immobilization in improving the kinetics parameters of the ASNase such as
Km (Michaelis constant), Vimax (maximum velocity), and Keat (turnover number). This is
because immobilization can increase the thermal, chemical, and operational stability of
enzymes. Such a stabilization helps maintain the enzyme’s active conformation, leading
to higher catalytic efficiency (Kcat/Km) and maximum velocity (Vmax) [16,59]. Also, the
high surface area of nanoparticles provides a large number of binding sites for enzyme
molecules, which can lead to higher enzyme loading and increased reaction rates [36,63].
Immobilization improves the enzyme configuration that enhances the binding and activity
of the immobilized enzyme, and this improves the catalytic efficiency (Kcat/Km) and
enzyme specificity constant (Vmax/Km) [41,54].

Immobilization extends enzyme shelf life and makes enzymes more suitable for
industrial and biotechnological applications by providing greater stability and activity
under different conditions [36,59]. Similarly, our results indicated that the improvement in
the structure, activity, and stability of ASNase through immobilization resulted in a longer
shelf time for the immobilized ASNase than for the free one.

ASNase is a well-known therapeutic enzyme used in cancer therapy. The activity
of the ASNase in a biological medium such as blood serum is important for its usability.
The immobilization of ASNase on different types of nanoparticles enhanced its activity in
blood serum by comparison with the same property measured in its non-bound/free state.
Similarly, Orhan and Uygun [32] reported the efficiency of immobilization in saving the
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ASNase activity in the blood serum. This is related to the efficiency of immobilization to
form a shield that can protect the enzyme from different unfavorable conditions [51]

The improvement of the structure, stability, and activity of ASNase through immo-
bilization on nanoparticles was noticed in its anticancer activity against different cancer
cell lines used in this study. The ICsy values of the E. coli ASNase immobilized on different
types of nanoparticles were lower than those of the free enzyme, and so the anticancer
activity of the ASNase in the immobilized state was higher than that of the enzyme in
its free state. In line with that, Iraninasab et al. [18] reported the superiority of the im-
mobilized ASNase compared to its free state as an anticancer agent against human acute
lymphoblastic leukemia. Also, the immobilized ASNase was found to be effective against
chronic myeloid leukemia compared to the free enzyme [64]. In this paper, the immobilized
ASNase caused a significantly negative effect on the studied apoptosis markers (cancer
cells nuclear intensity, membrane permeability, mitochondrial membrane permeability, and
cytochrome c release) by comparison with doxorubicin. These markers are considered a
useful set of parameters by which cancer cell apoptosis can be evaluated [65]. The main
action of L-ASNase in catalyzing the conversion of L-asparagine (an important amino acid
synthesized by normal cells but not by cancer cells) leads to the depletion of L-asparagine
in cancer cells, disrupting cellular signaling pathways and, eventually, resulting in cancer
cells apoptosis [22-25].

Our results proved that the ASNase immobilized on nano chitosan was more effective
in improving enzyme stability, activity, specificity, and usability as an anticancer agent
compared to immobilization on the other metal and metal-containing nanoparticles studied
(Supplementary data Table S6). In acidic environments (pH < 5.5), the cationic nature of
chitosan, due to its protonated amino groups (-NH?*), can facilitate strong electrostatic
interactions with negatively charged enzyme molecules, enhancing the rate of enzyme
attachment to chitosan nanoparticles. At neutral and basic pHs, however, chitosan’s
amino groups are largely unprotonated (-NH;), which diminishes these interactions. The
extent of this attraction also depends on the isoelectric point of ASNase and the pH of the
environment [45,46]. The content of amino groups and hydroxyl groups in the structure of
chitosan nanoparticles promotes the formation of ionic interactions and hydrogen bonds
with amino acid side substituents in the enzyme structure [66]. Functionalizing chitosan
with specific groups can orient enzymes favorably for optimal substrate interaction that
is often not achievable with metal nanoparticles. [67]. Also, the porous structure of nano
chitosan helps protect enzymes from environmental stress and enhances the mass transfer
of substrates and products, leading to improved enzyme activity and efficiency [47]. The
hydrophilic nature of nano chitosan can provide a favorable environment for enhancing
enzyme activity, as enzymes typically perform better in aqueous conditions [68,69].

5. Conclusions

In conclusion, enzyme immobilization on nanoparticles, particularly, nano chitosan,
has shown significant promise in enhancing enzyme stability, activity, and therapeutic
potential, especially in cancer therapy. Chitosan nanoparticles, with their abundant func-
tional groups and porous structure, facilitate efficient enzyme attachment and promote
a favorable environment for enzymatic reactions. Compared to other nanoparticles, chi-
tosan nanoparticles provide superior results in terms of enzyme stabilization, improving
ASNase’s structural integrity, thermal and pH stability, and catalytic efficiency. The im-
mobilized ASNase demonstrated enhanced anticancer activity, as reflected in its lower
IC5p and stronger induction of cancer cell apoptosis compared to its free form. These
findings highlight the potential of nano chitosan as a superior immobilization material,
offering a powerful tool for optimizing enzyme-based therapies and expanding their
application in the medical and biotechnological fields. Further studies are needed to eval-
uate the immobilization yield and to conduct additional structural characterization of
enzymes post-immobilization.



Polymers 2024, 16, 3260 18 of 21

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym16233260/s1, Figure S1: Ammonia calibration curve us-
ing Nessler’s reaction; Table S1: Chitosan Nanoparticles Description NCZ-MN-116/20 Description;
Table S2: Spherical Gold Nanoparticles (NCZ-ST-192/22) Description; Table S3: Silver nanoparti-
cles (NCZ-ST-271/22) Description; Table S4: Magnetic Nanoparticles Iron III Oxide Ferrosoferric
Oxide (NCZ- ST-128/23) Description; Table S5: Mesoporous silica nanoparticles (NCZ-NP-620/24)
Description; Table S6: Relative enzyme activity.

Author Contributions: Conceptualization, FA., HA.A,, 1], AAAO,MMA, N.EA.-H,LYAAH.
and D.M.N,; methodology, FA.,, HA.A,, 1], AAAO, MM.A,N.EA.-H, LYAAH. and DM.N,;
software, D.M.N.; validation, FA., HA.A., L].,, AAAO,MM.A, N.EA.-H,, LYA AH. and DM.N,;
formal analysis, EA., HA.A, L], A A AO, MM.A, N.EA.-H, LYA AH. and D.M.N,; investi-
gation, EA., HA.A, L], A AAO, MM.A, NEA.-H, LYAAH. and DM.N,; resources, FA,,
H.AA,LJ, AAAO,MMA., N.EA.-H., L.Y.A.A H. and D.M.N,; data curation, FA., HA.A,, L].,
A AAO,MMA,NEA-H,LYAAH. and D.M.N.; writing—original draft preparation, D.M.N.;
writing—review and editing, FA., HA.A,, L], AAAO, MM.A,N.EA.-H, LYA AH. and DM.N,;
project administration, FA.; funding acquisition, FEA. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Taif University, Saudi Arabia, Project No. (TU-DSPP-2024-227).
Institutional Review Board Statement: Not applicable.
Data Availability Statement: All data generated in this study are found in this manuscript.

Acknowledgments: The authors extend their appreciation to Taif University, Saudi Arabia, for
supporting this work through project number (TU-DSPP-2024-227).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Mao, X.; Wu, S.; Huang, D.; Li, C. Complications and Comorbidities Associated with Antineoplastic Chemotherapy: Rethinking
Drug Design and Delivery for Anticancer Therapy. Acta Pharm. Sin. B 2024, 14, 2901-2926. [CrossRef] [PubMed]

2. Xia, Y,; Sun, M.; Huang, H.; Jin, W.L. Drug Repurposing for Cancer Therapy. Signal Transduct. Target. Ther. 2024, 9, 92. [CrossRef]

3.  Chaudhari, R;; Patel, V.; Kumar, A. Cutting-Edge Approaches for Targeted Drug Delivery in Breast Cancer: Beyond Conventional
Therapies. Nanoscale Adv. 2024, 6, 2270-2286. [CrossRef] [PubMed]

4. Doostmohammadi, A.; Jooya, H.; Ghorbanian, K.; Gohari, S.; Dadashpour, M. Potentials and Future Perspectives of Multi-Target
Drugs in Cancer Treatment: The Next Generation Anti-Cancer Agents. Cell Commun. Signal. 2024, 22, 228. [CrossRef] [PubMed]

5. Luo, X;; Wu, Y;; Zhang, X.; Tang, M.; Ju, E; Qin, Z.; Duns, G.J.; Zhang, W.; Qin, J.; Luan, X. Peptide-Based Strategies for
Overcoming Multidrug-Resistance in Cancer Therapy. Chin. Chem. Lett. 2024, 36, 109724. [CrossRef]

6.  Qureshi, M.A,; Khan, M.Y,; Imran, A.; Magsood, Q.; Hussain, N.; Ali, S.W. Revolutionizing Breast Cancer Care: Cutting-Edge
Breakthroughs and Future Frontiers in Precision Medicine. In Interdisciplinary Cancer Research; Springer: Cham, Switzerland, 2024.
[CrossRef]

7. Gnocchi, D.; Sabba, C.; Massimi, M.; Mazzocca, A. Metabolism as a New Avenue for Hepatocellular Carcinoma Therapy. Int. .
Mol. Sci. 2023, 24, 3710. [CrossRef]

8. Vanauberg, D.; Schulz, C.; Lefebvre, T. Involvement of the Pro-Oncogenic Enzyme Fatty Acid Synthase in the Hallmarks of
Cancer: A Promising Target in Anti-Cancer Therapies. Oncogenesis 2023, 12, 16. [CrossRef]

9.  Albogami, A.; Naguib, D.M. Agricultural Wastes: A New Promising Source for Phenylalanine Ammonia-Lyase as Anticancer
Agent. 3 Biotech 2024, 14, 22. [CrossRef]

10. Liu, D,; Wang, Y;; Li, X.; Wang, Y.; Zhang, Z.; Wang, Z.; Zhang, X. Participation of Protein Metabolism in Cancer Progression and
Its Potential Targeting for the Management of Cancer. Amino Acids 2023, 55, 1223-1246. [CrossRef]

11.  Chen, C.; Zhang, J. Enhancing Leukemia Treatment: The Role of Combined Therapies Based on Amino Acid Starvation. Cancers
2024, 16, 1171. [CrossRef]

12.  Javia, B.M.; Gadhvi, M.S.; Vyas, S.J.; Ghelani, A.; Wirajana, N.; Dudhagara, D.R. A Review on L-Methioninase in Cancer Therapy:
Precision Targeting, Advancements and Diverse Applications for a Promising Future. Int. J. Biol. Macromol. 2024, 265, 130997.
[CrossRef] [PubMed]

13. Tang, X.; Zhang, L.; Huang, M.; Wang, E; Xie, G.; Huo, R.; Gao, R. Selective Enhanced Cytotoxicity of Amino Acid Deprivation
for Cancer Therapy Using Thermozyme Functionalized Nanocatalyst. ]. Nanobiotechnol. 2024, 22, 53. [CrossRef] [PubMed]

14. Elumalai, K.; Srinivasan, S.; Shanmugam, A. Review of the Efficacy of Nanoparticle-Based Drug Delivery Systems for Cancer

Treatment. Biomed. Tech. 2024, 5, 109-122. [CrossRef]


https://www.mdpi.com/article/10.3390/polym16233260/s1
https://www.mdpi.com/article/10.3390/polym16233260/s1
https://doi.org/10.1016/j.apsb.2024.03.006
https://www.ncbi.nlm.nih.gov/pubmed/39027258
https://doi.org/10.1038/s41392-024-01808-1
https://doi.org/10.1039/D4NA00086B
https://www.ncbi.nlm.nih.gov/pubmed/38694472
https://doi.org/10.1186/s12964-024-01607-9
https://www.ncbi.nlm.nih.gov/pubmed/38622735
https://doi.org/10.1016/j.cclet.2024.109724
https://doi.org/10.1007/16833_2024_254
https://doi.org/10.3390/ijms24043710
https://doi.org/10.1038/s41389-023-00460-8
https://doi.org/10.1007/s13205-023-03871-x
https://doi.org/10.1007/s00726-023-03316-y
https://doi.org/10.3390/cancers16061171
https://doi.org/10.1016/j.ijbiomac.2024.130997
https://www.ncbi.nlm.nih.gov/pubmed/38508568
https://doi.org/10.1186/s12951-024-02326-6
https://www.ncbi.nlm.nih.gov/pubmed/38326899
https://doi.org/10.1016/j.bmt.2023.09.001

Polymers 2024, 16, 3260 19 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Manzari-Tavakoli, A.; Babajani, A.; Tavakoli, M.M.; Safaeinejad, F.; Jafari, A. Integrating Natural Compounds and Nanoparticle-
Based Drug Delivery Systems: A Novel Strategy for Enhanced Efficacy and Selectivity in Cancer Therapy. Cancer Med. 2024,
13, €7010. [CrossRef] [PubMed]

Xu, K,; Cui, Y.; Guan, B,; Qin, L.; Feng, D.; Abuduwayiti, A.; Wu, Y.; Li, H.; Cheng, H.; Li, Z. Nanozymes with Biomimetically
Designed Properties for Cancer Treatment. Nanoscale 2024, 16, 7786-7824. [CrossRef]

Qiu, N.; Lv, Q,; Li, C; Song, X.; Wang, Y.; Chen, ].; Cui, H. Optimization and Mechanisms of Proteolytic Enzyme Immobilization
onto Large-Pore Mesoporous Silica Nanoparticles: Enhanced Tumor Penetration. Int. J. Biol. Macromol. 2024, 271, 132626.
[CrossRef]

Iraninasab, S.; Homaei, A.; Mosaddegh, E.; Torkzadeh-Mahani, M. Polyamidoamine Dendrimers Functionalized with ZnO-
Chitosan Nanoparticles as an Efficient Surface for L-Asparaginase Immobilization. Appl. Biochem. Biotechnol. 2024, 196, 971-991.
[CrossRef]

Andrade, K.C.R,; Homem-de-Mello, M.; Motta, ].A.; Borges, M.G.; de Abreu, J.A.C.; de Souza, PM.; Pessoa, A.; Pappas, G.J., Jr,;
de Oliveira Magalhaes, P. A Structural In Silico Analysis of the Immunogenicity of L-Asparaginase from Penicillium cerradense.
Int. ]. Mol. Sci. 2024, 25, 4788. [CrossRef]

Lailaja, V.P,; Hari, V.,; Sumithra, T.G.; Anusree, V.N.; Suresh, G.; Sanil, N.K.; Gopalakrishnan, A. In Vitro and In Silico Analysis
Unravelled Clinically Desirable Attributes of Bacillus altitudinis L.-Asparaginase. ]. Appl. Microbiol. 2024, 135, €062. [CrossRef]
Tripathy, R.K.; Anakha, J.; Pande, A.H. Towards Development of Biobetter: L-Asparaginase a Case Study. Biochim. Biophys. Acta
Gen. Subj. 2024, 1868, 130499. [CrossRef]

Darnal, S.; Raj, R.; Chhimwal, J.; Thakur, S.; Padwad, Y.S.; Singh, D. Apoptosis and Cell Cycle Arrest of Leukemic Cells by a
Robust and Stable L-Asparaginase from Pseudomonas sp. PCH199. Int. . Biol. Macromol. 2024, 258, 128739. [CrossRef]

Lenicek Krleza, J.; Katusic Bojanac, A.; Jakovljevic, G. Determination of L-Asparaginase Activity and Its Therapeutic Monitoring
in Children with Hematological Malignancies in a Single Croatian Center. Diagnostics 2024, 14, 623. [CrossRef] [PubMed]

Rath, G; Prusty, M.; Nivedita, S.; Behera, S.S.; Ojha, P.; Achary, K.G.; Behera, S.K.; Behera, H.T.; Ray, L. Unveiling the Anticancer
Potential of L-Asparaginase (ASNase) from Novel Streptomyces Isolate HB2AG: Purification and Characterization Study. Microbe
2024, 3, 100076. [CrossRef]

Sengupta, S.; Biswas, M.; Gandhi, K.A.; Gupta, S.K; Gera, P.B.; Gota, V.; Sonawane, A. Preclinical Evaluation of Engineered
L-Asparaginase Variants to Improve the Treatment of Acute Lymphoblastic Leukemia. Transl. Oncol. 2024, 43, 101909. [CrossRef]
Villanueva-Flores, F.; Zarate-Romero, A.; Torres, A.G.; Huerta-Saquero, A. Encapsulation of Asparaginase as a Promising Strategy
to Improve In Vivo Drug Performance. Pharmaceutics 2021, 13, 1965. [CrossRef] [PubMed]

Naguib, D.M.; Badawy, N.M. Phenol Removal from Wastewater Using Waste Products. . Environ. Chem. Eng. 2020, 8, 103592.
[CrossRef]

Huang, J.; Xiao, H.; Li, B,; Wang, J.; Jiang, D. Immobilization of Pycnoporus sanguineus Laccase on Copper Tetra-
Aminophthalocyanine-Fe3O4 Nanoparticle Composite. Biotechnol. Appl. Biochem. 2006, 44, 93-100. [CrossRef]

Shifrin, S.; Parrott, C.L.; Luborsky, S.W. Substrate Binding and Intersubunit Interactions in L-Asparaginase. J. Biol. Chem. 1974,
249, 1335-1340. [CrossRef] [PubMed]

Egbune, E.O.; Avwioroko, O.].; Anigboro, A.A.; Aganbi, E.; Amata, A I; Tonukari, N.J. Characterization of a Surfactant-Stable
a-Amylase Produced by Solid-State Fermentation of Cassava (Manihot esculenta Crantz) Tubers Using Rhizopus oligosporus:
Kinetics, Thermal Inactivation Thermodynamics and Potential Application in Laundry Industries. Biocatal. Agric. Biotechnol. 2022,
39, 102290. [CrossRef]

Northrop, D.P. On the Meaning of Km and V/K in Enzyme Kinetics. . Chem. Educ. 1998, 75, 1153. [CrossRef]

Orhan, H.; Uygun, A.D. Immobilization of L-Asparaginase on Magnetic Nanoparticles for Cancer Treatment. Appl. Biochem.
Biotechnol. 2020, 191, 1432-1443. [CrossRef] [PubMed]

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays.
J. Immunol. Methods 1983, 65, 55-63. [CrossRef] [PubMed]

Byrne, E; Prina-Mello, A.; Whelan, A.; Mohamed, B.M.; Davies, A.; Gun’ko, Y.K.; Coey, ] M.D.; Volkov, Y. High Content Analysis
of the Bio-Compatibility of Nickel Nanowires. J. Magn. Magn. Mater. 2009, 321, 1341-1345. [CrossRef]

Zhi, S.; Huang, M.; Cheng, K. Enzyme-Responsive Design Combined with Photodynamic Therapy for Cancer Treatment. Drug
Discov. Today 2024, 29, 103965. [CrossRef]

Gupta, S.; Kumari, M.; Panja, K.; Bajaj, P.; Nagpal, K. Nanobiocatalysts and Nanozymes: Enzyme-Inspired Nanomaterials for
Industrial and Biomedical Applications. Crit. Rev. Ther. Drug Carr. Syst. 2025, 42, 55-88. [CrossRef] [PubMed]

Mishra, M.; Mishra, M.; Dutta, S. Dual Enzyme-Encapsulated Materials for Biological Cascade Chemistry and Synergistic Tumor
Starvation. Chem. Eur. J. 2024, 30, €202400195. [CrossRef]

Patil, P.D.; Karvekar, A.; Salokhe, S.; Tiwari, M.S.; Nadar, S.S. When Nanozymes Meet Enzyme: Unlocking the Dual-Activity
Potential of Integrated Biocomposites. Int. ]. Biol. Macromol. 2024, 271, 132357. [CrossRef]

He, G, Liu, H;; Yang, C.; Hu, K; Zhai, X; Fang, B.; Liu, K,; Li, D. A Comparison of Dual-Enzyme Immobilization by Magnetic
Nanoparticles and Magnetic Enzyme Aggregates for Cascade Enzyme Reactions. Biochem. Eng. J. 2024, 204, 109207. [CrossRef]
Hermida, L.; Joni, A. The Application of Conventional or Magnetic Materials to Support Immobilization of Amylolytic Enzymes
for Batch and Continuous Operation of Starch Hydrolysis Processes. Rev. Chem. Eng. 2024, 40, 1-34. [CrossRef]


https://doi.org/10.1002/cam4.7010
https://www.ncbi.nlm.nih.gov/pubmed/38491817
https://doi.org/10.1039/D4NR00155A
https://doi.org/10.1016/j.ijbiomac.2024.132626
https://doi.org/10.1007/s12010-023-04590-y
https://doi.org/10.3390/ijms25094788
https://doi.org/10.1093/jambio/lxae062
https://doi.org/10.1016/j.bbagen.2023.130499
https://doi.org/10.1016/j.ijbiomac.2023.128739
https://doi.org/10.3390/diagnostics14060623
https://www.ncbi.nlm.nih.gov/pubmed/38535043
https://doi.org/10.1016/j.microb.2024.100076
https://doi.org/10.1016/j.tranon.2024.101909
https://doi.org/10.3390/pharmaceutics13111965
https://www.ncbi.nlm.nih.gov/pubmed/34834379
https://doi.org/10.1016/j.jece.2019.103592
https://doi.org/10.1042/BA20050213
https://doi.org/10.1016/S0021-9258(19)42886-X
https://www.ncbi.nlm.nih.gov/pubmed/4594124
https://doi.org/10.1016/j.bcab.2022.102290
https://doi.org/10.1021/ed075p1153
https://doi.org/10.1007/s12010-020-03276-z
https://www.ncbi.nlm.nih.gov/pubmed/32103470
https://doi.org/10.1016/0022-1759(83)90303-4
https://www.ncbi.nlm.nih.gov/pubmed/6606682
https://doi.org/10.1016/j.jmmm.2009.02.035
https://doi.org/10.1016/j.drudis.2024.103965
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.2024051171
https://www.ncbi.nlm.nih.gov/pubmed/39321332
https://doi.org/10.1002/chem.202400195
https://doi.org/10.1016/j.ijbiomac.2024.132357
https://doi.org/10.1016/j.bej.2023.109207
https://doi.org/10.1515/revce-2022-0033

Polymers 2024, 16, 3260 20 of 21

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Mirsalami, S.M.; Mirsalami, M.; Ghodousian, A. Techniques for Immobilizing Enzymes to Create Durable and Effective Biocata-
lysts. Results Chem. 2024, 7, 101486. [CrossRef]

Khalaf, EM.; Abood, N.A.; Atta, R.Z.; Ramirez-Coronel, A.A.; Alazragi, R.; Parra, RM.R.; Abed, O.H.; Abosaooda, M.;
Jalil, A.T.; Mustafa, Y.F; et al. Recent Progressions in Biomedical and Pharmaceutical Applications of Chitosan Nanoparticles: A
Comprehensive Review. Int. J. Biol. Macromol. 2023, 231, 123354. [CrossRef] [PubMed]

Almajidi, Y.Q.; Ponnusankar, S.; Chaitanya, M.; Marisetti, A.L.; Hsu, C.; Dhiaa, A.M.; Saadh, M.].; Pal, Y.; Thabit, R.; Adhab, A.H,;
et al. Chitosan-Based Nanofibrous Scaffolds for Biomedical and Pharmaceutical Applications: A Comprehensive Review. Int. .
Biol. Macromol. 2024, 264, 130683. [CrossRef] [PubMed]

Guo, Y,; Qiao, D.; Zhao, S,; Liu, P; Xie, F.; Zhang, B. Biofunctional Chitosan—-Biopolymer Composites for Biomedical Applications.
Mater. Sci. Eng. R Rep. 2024, 159, 100775. [CrossRef]

Haider, A.; Khan, S.; Igbal, D.N.; Shrahili, M.; Haider, S.; Mohammad, K.; Mohammad, A.; Rizwan, M.; Kanwal, Q.; Mustafa, G.
Advances in Chitosan-Based Drug Delivery Systems: A Comprehensive Review for Therapeutic Applications. Eur. Polym. |. 2024,
210, 112983. [CrossRef]

Ul-Islam, M.; Alabbosh, K.F.,; Manan, S.; Khan, S.; Ahmad, E,; Ullah, M.W. Chitosan-Based Nanostructured Biomaterials: Synthesis,
Properties, and Biomedical Applications. Adv. Ind. Eng. Polym. Res. 2024, 7, 79-99. [CrossRef]

Hajili, E.; Sugawara, A.; Uyama, H. Application of Hierarchically Porous Chitosan Monolith for Enzyme Immobilization.
Biomacromolecules 2024, 25, 3486-3498. [CrossRef]

Oke, M.A; Ojo, S.A.; Fasiku, S.A.; Adebayo, E.A. Nanotechnology and Enzyme Immobilization: A Review. Nanotechnology 2023,
34,385101. [CrossRef]

Sedenho, G.C.; Nascimento, 5.Q.; Zamani, M.; Crespilho, EN.; Furst, A.L. Secondary Structure in Enzyme-Inspired Polymer
Catalysts Impacts Water Oxidation Efficiency. Adv. Sci. 2024, 11, 2402234. [CrossRef]

Roy, S.; Srinivasan, V.R.; Arunagiri, S.; Mishra, N.; Bhatia, A.; Shejale, K.P.; Prajapati, K.P,; Kar, K.; Anand, B.G. Molecular
Insights into the Phase Transition of Lysozyme into Amyloid Nanostructures: Implications of Therapeutic Strategies in Diverse
Pathological Conditions. Adv. Colloid Interface Sci. 2024, 331, 103205. [CrossRef]

Li, L.; Zhang, Y.; Wu, Y,; Wang, Z.; Cui, W.; Zhang, C.; Wang, J.; Liu, Y.; Yang, P. Protein-Based Controllable Nanoarchitectonics for
Desired Applications. Adv. Funct. Mater. 2024, 34, 2315509. [CrossRef]

Cheng, C; Ali, N.; Liu, J.; Qiao, ].; Wang, M.; Qi, L. Construction of Degradable Liposome-Templated Microporous Metal-Organic
Frameworks with Commodious Space for Enzymes. Chin. Chem. Lett. 2024, 35, 109812. [CrossRef]

Raboni, S.; Fumagalli, F.; Ceccone, G.; La Spina, R.; Ponti, J.; Mehn, D.; Guerrini, G.; Bettati, S.; Mozzarelli, A.; D’Acunto, M.; et al.
Conjugation to Gold Nanoparticles of Methionine Gamma-Lyase, a Cancer-Starving Enzyme. Physicochemical Characterization
of the Nanocomplex for Prospective Nanomedicine Applications. Int. . Pharm. 2024, 653, 123882. [CrossRef] [PubMed]

Wijker, S. Controlling Conformations of Single-Chain Polymeric Nanoparticles. Ph.D. Thesis, Eindhoven University of Technology,
Eindhoven, The Netherlands, 2024. Available online: https:/ /pure.tue.nl/ws/portalfiles /portal /323094676 /20240513_Wijker_hf.
pdf (accessed on 29 September 2024).

Huang, L.; Li, X.; Liv, Z. Immobilization of Enzymes on Polymers with Upper Critical Solution Temperature: Promising
Engineering of Enzymes for Biocatalysis. React. Chem. Eng. 2024, 9, 1605-1628. [CrossRef]

Kaur, P; Jana, A.K.; Jana, M.M. Immobilization of Candida rugosa Lipase on Optimized Polyamidoamine Dendrimer Functionalized
Magnetic Multiwalled Carbon Nanotubes for Green Manufacture of Butyl Butyrate Ester. Mol. Catal. 2024, 553, 113779. [CrossRef]
Sharma, N.; Yadav, D.; Hassan, M.IL; Srivastava, C.M.; Majumder, S. A Review on Exploring the Impact of Graphene Oxide-Based
Nanomaterials on Structures and Bioactivity of Proteins. J. Mol. Lig. 2024, 404, 124980. [CrossRef]

Xu, L.; Geng, X.; Li, Q.; Li, M.; Chen, S,; Liu, X,; Dai, X.; Zhu, X.; Wang, X.; Suo, H. Calcium-Based MOFs as Scaffolds for Shielding
Immobilized Lipase and Enhancing Its Stability. Colloids Surf. B Biointerfaces 2024, 237, 113836. [CrossRef]

Maghraby, Y.R.; El-Shabasy, R.M.; Ibrahim, A.H.; Azzazy, HM.E. Enzyme Immobilization Technologies and Industrial Applica-
tions. ACS Omega 2023, 8, 5184-5196. [CrossRef]

Morales, A.H.; Hero, ].S.; Ledesma, A.E.; Perez, H.A.; Navarro, M.C.; Gémez, M.I.; Romero, C.M. Interfacial Hyperactivation of
Candida rugosa Lipase onto CayFe,Os Nanoparticles: pH and Ionic Strength Fine-Tuning to Modulate Protein-Support Interactions.
Langmuir 2023, 39, 12004-12019. [CrossRef]

Zhang, W.; Zhang, Y.; Lu, Z.; Nian, B.; Yang, S.; Hu, Y. Enhanced Stability and Catalytic Performance of Laccase Immobilized on
Magnetic Graphene Oxide Modified with Ionic Liquids. J. Environ. Manag. 2023, 346, 118975. [CrossRef]

Sahin, B.; Ozbey-Unal, B.; Dizge, N.; Keskinler, B.; Balcik, C. Optimization of Immobilized Urease Enzyme on Porous Polymer for
Enhancing the Stability, Reusability, and Enzymatic Kinetics Using Response Surface Methodology. Colloids Surf. B Biointerfaces
2024, 240, 113986. [CrossRef]

Yang, L.; Xu, X; Song, Y.; Huang, J.; Xu, H. Research Progress of Nanozymes in Colorimetric Biosensing: Classification, Activity,
and Application. Chem. Eng. ]. 2024, 487, 150612. [CrossRef]

Shama, A.N.; Saeed, H.; El-Nikhely, N.; Nematalla, H.; Hassan, M. Enhanced Therapeutic Efficacy of Asparaginase and
Chloroquine Co-Loaded ZIF-8 Nanoparticles for Overcoming L-Asparaginase Resistance in Leukemia Treatment. J. Drug Deliv.
Sci. Technol. 2024, 93, 105415. [CrossRef]

Talib, W.H.; Baban, M.M.; Azzam, A.O; Issa, ].].; Ali, A.Y.; AlSuwais, A.K; Allala, S.; Al Kury, L.T. Allicin and Cancer Hallmarks.
Molecules 2024, 29, 1320. [CrossRef]


https://doi.org/10.1016/j.rechem.2024.101486
https://doi.org/10.1016/j.ijbiomac.2023.123354
https://www.ncbi.nlm.nih.gov/pubmed/36681228
https://doi.org/10.1016/j.ijbiomac.2024.130683
https://www.ncbi.nlm.nih.gov/pubmed/38458289
https://doi.org/10.1016/j.mser.2024.100775
https://doi.org/10.1016/j.eurpolymj.2024.112983
https://doi.org/10.1016/j.aiepr.2023.07.002
https://doi.org/10.1021/acs.biomac.4c00109
https://doi.org/10.1088/1361-6528/acda35
https://doi.org/10.1002/advs.202402234
https://doi.org/10.1016/j.cis.2024.103205
https://doi.org/10.1002/adfm.202315509
https://doi.org/10.1016/j.cclet.2024.109812
https://doi.org/10.1016/j.ijpharm.2024.123882
https://www.ncbi.nlm.nih.gov/pubmed/38342324
https://pure.tue.nl/ws/portalfiles/portal/323094676/20240513_Wijker_hf.pdf
https://pure.tue.nl/ws/portalfiles/portal/323094676/20240513_Wijker_hf.pdf
https://doi.org/10.1039/D3RE00685A
https://doi.org/10.1016/j.mcat.2023.113779
https://doi.org/10.1016/j.molliq.2024.124980
https://doi.org/10.1016/j.colsurfb.2024.113836
https://doi.org/10.1021/acsomega.2c07560
https://doi.org/10.1021/acs.langmuir.3c01040
https://doi.org/10.1016/j.jenvman.2023.118975
https://doi.org/10.1016/j.colsurfb.2024.113986
https://doi.org/10.1016/j.cej.2024.150612
https://doi.org/10.1016/j.jddst.2024.105415
https://doi.org/10.3390/molecules29061320

Polymers 2024, 16, 3260 21 of 21

66. Abbad, S.; Zhang, Z.; Waddad, A.Y.; Munyendo, W.L.; Lv, H.; Zhou, J. Chitosan-modified cationic amino acid nanoparticles as a
novel oral delivery system for insulin. |. Biomed. Nanotechnol. 2015, 11, 486—499. [CrossRef] [PubMed]

67. Baluchi, A.; Homaei, A. Immobilization of L-Asparaginase on Chitosan Nanoparticles for the Purpose of Long-Term Application.
Int. J. Biol. Macromol. 2024, 257, 128655. [CrossRef]

68. Zhang, H.; Feng, M.; Fang, Y.; Wu, Y,; Liu, Y,; Zhao, Y.; Xu, J. Recent Advancements in Encapsulation of Chitosan-Based Enzymes
and Their Applications in Food Industry. Crit. Rev. Food Sci. Nutr. 2023, 63, 11044-11062. [CrossRef]

69. Karthick, V,; Zahir, A.A.; Anbarasan, K.; Rahuman, A.A.; Thamarai, R. Nano-Encapsulation and Characterizations of Glimepiride
Drug with Chitosan Nanoparticles and Its In Vitro Drug Release Kinetics and Antidiabetic Activity. Mater. Today Commun. 2024,
39, 109333. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1166/jbn.2015.1924
https://www.ncbi.nlm.nih.gov/pubmed/26307831
https://doi.org/10.1016/j.ijbiomac.2023.128655
https://doi.org/10.1080/10408398.2022.2086851
https://doi.org/10.1016/j.mtcomm.2024.109333

	Introduction 
	Materials and Methods 
	Immobilization of ASNase on Various Nanoparticles 
	Source of ASNase 
	Source of Nanoparticles 
	Immobilization Procedure 

	Physiochemical Characterization of ASNase 
	Enzyme Assay 
	Circular Dichroism Spectroscopy (CD) 
	Effect of pH and Temperature on ASNase Activity and Stability 
	Kinetic Parameters 
	Enzyme Shelf Life 
	Application of ASNase for L-Asparagine Hydrolysis in Human Serum 

	Anticancer Activity of ASNase 
	Cell Viability Test 
	High-Content Screening Assay 


	Results 
	Immobilization Efficiency on Different Types of Nanoparticles 
	Effect of Immobilization on Different Nanoparticles on ASNase Characters 
	Effect on ASNase Secondary Structure 
	Effect of Temperature on Free and Immobilized ASNase Activity and Stability 
	Effect of pH on Free and Immobilized ASNase Activity and Stability 
	Kinetics Parameters of Free and Immobilized ASNase Activity and Stability 
	Free and Immobilized ASNase Shelf Life Time 
	Application of Free and Immobilized ASNase for L-Asparagine Hydrolysis in Human Serum 

	Anticancer Activity of ASNase 
	IC50 of Free and Immobilized ASNase 
	Anticancer Activity Mechanism (High-Content Screening Assay) 


	Discussion 
	Conclusions 
	References

