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Abstract

Background. Immobilizing enzymes onto magnetic iron oxide nanoparticles provides a robust alternative to
traditional methods, addressing challenges like high enzyme costs and environmental sensitivity. These three-
dimensional matrices offer superior structural stability, extended storage longevity, and easy magnetic separation from
reaction solutions. Aim. This study aims to characterize and utilize gum arabic-coated magnetic iron oxide
nanoparticles for the efficient immobilization of protease and lipase enzymes. Methods. Nanoparticles were
characterized using FE-SEM, AFM, FTIR, and XRD, both before and after coating with gum arabic (0.05 mg/L). The
coated nanoparticles were then activated with glutaraldehyde. Subsequently, 10 mL of enzyme solutions were added
in a 2:1 ratio to 0.5 mg of the activated support matrices to facilitate immobilization. The effects of time intervals,
enzyme weight, pH, and temperature on the process were systematically evaluated. Results. Advanced
characterization successfully confirmed both the gum arabic encapsulation and the subsequent enzyme
immobilization. The experimental immobilization efficiencies ranged broadly from 25% to 80%. Notably, the process
resulted in exceptional activity recoveries, reaching up to 120% for protease and 130% for lipase. Furthermore, the
data showed that enzyme weight, pH variations (4 to 8), and temperature ranges (30 to 50 °C) significantly influenced
both the immobilization efficiency and the final recovery of enzyme activity. Conclusion. Magnetic iron oxide
nanoparticles serve as highly effective support matrices for enzyme immobilization. This approach successfully
enhances enzyme stability, activity, and reusability, offering a highly viable solution to critical challenges in
biochemical applications

Keywords: Iron oxide nanoparticles, lipase enzyme, protease enzyme, immobilization efficiency, gum arabic,
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biocatalytic applications. (1). Studies have
demonstrated that the use of these materials
can enhance immobilization efficiency and
increase enzyme stability under various
conditions. Multiple factors, such as
temperature, enzyme quantity, pH, and
immobilization time, can significantly
influence the efficiency of immobilization
and the recovery rate of enzyme activity (2).

Research indicates that wvariations in
temperature can have a substantial impact on
enzyme activity. For instance, studies have
shown that increasing temperature can
enhance enzyme activity up to a certain point,
after which activity begins to decline due to
the denaturation of the enzyme's protein
structure (3). Conversely, changes in pH can
affect the electric charges on the enzyme's
surface, thereby influencing the
immobilization interactions. Furthermore,
the amount of enzyme used in the experiment
plays a critical role in immobilization
efficiency (4). Studies have indicated that
increasing the enzyme quantity leads to a rise
in immobilization percentage until a
saturation point is reached, beyond which no
additional increase in activity occurs (5).
Additionally, immobilization time 1is an
important factor; research has shown that
extending the time leads to an increase in
immobilization percentage until equilibrium
is reached, at which point no significant
change in activity is observed (6).

Therefore, the objective of this research is
to investigate the potential of encapsulating
nanoparticles and the feasibility of
immobilizing enzymes onto them, while also
examining the effects of various
immobilization factors on the efficiency of
immobilization and the recovery rate of
enzyme activity (7).

Materials and methods
Materials

Protease and lipase enzymes were
obtained from Solarbio (China), isolated
from the mold Aspergillus niger.Magnetic
iron oxide nanoparticles, with a size of 30
nm, were sourced from SkySpring
Nanomaterials (USA). Acacia gum (Gum
Arabic) was procured from Thomas Baker
(India), and sodium hydroxide was obtained
from Riedel-de Haén (Germany). Potassium
phosphate dibasic and monobasic were
acquired from CDH (India) and HIMEDIA
(India), respectively. Olive oil was purchased
from ZER (Turkey), while acetone and casein
were sourced from BDH (England). Ethanol
was procured from Cristalco (France), and
Coomassie Blue G250 was obtained from the
UK. Potassium bromide was sourced from
AVONCHEM (UK). Additionally, Bovine
Serum Albumin (BSA), tyrosine, and
glutaraldehyde were acquired from DIREVO
(Germany), and phosphoric acid was
obtained from Riedel-de Haén (Germany).
Trichloroacetic acid was procured from CDH
(India).

Methods
Characterization of MNPs

Magnetic nanoparticles (MNPs) are
characterized using a range of analytical tools
to assess their physicochemical properties.
The dimensions of nanoparticles
significantly  influence  their  various
physicochemical characteristics, and even
minor variations in their nanoscale size can
lead to substantial changes in these
properties. Among the instruments employed
for the characterization of MNPs are Atomic
Force = Microscopy  (AFM),  Energy
Dispersive X-ray Diffraction (EDXD), Field-
Emission Scanning Electron Microscopy
(FE-SEM), and Fourier Transform Infrared
Spectroscopy (FT-IR) (8; 9;10;11;12; 13).
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Surface Modification of MNPs with Gum
Arabic (GA)

The surface of the Fe304 nanoparticles
was coated with gum arabic through the
process of mixing 0.5 g of the nanoparticles
with 50 ml of a gum arabic solution at a
concentration of 5 mg/L. The resulting
mixture was subjected to sonication for a
duration of 30 minutes at room temperature
to ensure thorough dispersion and coating.
Following sonication, the gum arabic-coated
magnetic nanoparticles were separated from
the reaction solution by placing a magnet
beneath the container, which facilitated their
recovery. The magnetic nanoparticles were
then washed multiple times with distilled
water to remove any unbound gum arabic.
Finally, the loaded nanoparticles were dried
in an oven at a temperature of 40°C for a
period of 24 hours prior to their application
in subsequent experiments (14).

Enzyme Immobilization:

Magnetic nano-iron oxides were loaded
with gum arabic as per the established
protocol. Subsequently, 0.25 g of the loaded
particles was dispersed in 10 ml of a 5%
glutaraldehyde solution (15; 16). Following
this, 10 ml of a solution containing 0.09 g of
protease and lipase enzymes, mixed in a ratio
of 1:2, was prepared, and the enzyme activity
was determined according to the specified
method (17).

Activity Assay of Enzymes

Lipase activity was estimated according
to the method mentioned by (18;19).and
protease enzyme activity was estimated
based on the method mentioned by (20).

Activity recovery and Specific activity were
calculated using the following equations (21)

Specific activity (U/g protein) =  initial
activity / protein content of immobilized
enzyme.

Activity recovery (%) = (activity of
immobilized enzyme /total activity of free
enzyme) x 100

Results

Characterization of Magnetic Nano-
particles

1. Determination of the Shape and Size of
Magnetic Iron Oxide Nanoparticles Using
Scanning Electron Microscopy

Scanning electron microscopy (SEM)
analysis revealed that the magnetic iron oxide
nanoparticles exhibit a homogeneous,
spherical morphology (Figure 1). The
micrographs demonstrated a highly porous
surface  structure, alongside  visible
agglomeration of the nanoparticles into larger
clusters. Furthermore, dimensional analysis
confirmed an average particle size of 35 nm.

Scanning electron microscopy (SEM)
analysis at a 50 nm scale revealed distinct
morphological and dimensional changes in the
magnetic iron oxide nanoparticles following their
coating with gum arabic (GA) (Figure 2). The
micrographs demonstrated that the uncoated
Fe304 nanoparticles possessed a spherical shape
characterized by a rough surface and significant
particle agglomeration. In contrast, the GA-
coated nanoparticles (GA@MNPs) exhibited a
noticeable increase in their average diameter, a
smoother surface morphology, and a marked
reduction in agglomeration compared to the
uncoated particles.
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Figure (1) Shape and Size of Magnetic Iron Oxide Nanoparticles (MNPs) Using Field-Emission
Scanning Electron Microscopy (FE-SEM).
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Figure (2) Shape and Size of Gum Arabic Loaded Magnetic Iron Oxide Nanoparticles (GA@MNP)
Using Field-Emission Scanning Electron Microscopy (FE-SEM).

Scanning electron microscopy (SEM)
analysis of the gum arabic-coated magnetic
nanoparticles following the immobilization
of protease and lipase  enzymes
(GA@MNP@Enzyme) revealed distinct
morphological alterations (Figure 3). The
micrographs demonstrated that the surface of
the enzyme-immobilized nanoparticles was

more homogeneous compared to the bare
nanoparticles and those coated solely with
gum arabic. Additionally, the analysis
indicated the presence of particle aggregates
of varying sizes across the sample.
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Figure (3) Shape and Size of Gum Arabic Loaded Magnetic Iron Oxide Nanoparticles After Enzyme Immobilization
(GA@MNP@Enzyme) Using Field-Emission Scanning Electron Microscopy (FE-SEM).

2- Determining the shape of magnetic iron
ox ide nanoparticles before and after
coating with gum arabic using atomic force
microscopy.

Atomic Force Microscopy (AFM) was
employed to analyze the surface topography of
the uncoated magnetic iron  oxide
nanoparticles. As depicted in the two-
dimensional micrographs (Figure 4), the

sample exhibited a homogeneous surface
characterized by a uniform distribution of
predominantly spherical particles.
Furthermore, the corresponding three-

dimensional topographical images revealed an
interwoven structural arrangement of the
nanoparticles. Quantitative analysis of the
surface profile indicated that the average
height of the particles was approximately 10
nm.

Figure (4) shows the morphology of magnetic iron oxide nanoparticles before being loaded with gum arabic, as
observed using Atomic Force Microscopy (two-dimensional and three-dimensional images).
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Atomic Force Microscopy (AFM)
analysis of the gum arabic-coated magnetic
nanoparticles (GA@MNPs) revealed distinct

topographical features in both two-
dimensional and three-dimensional
micrographs  (Figure 5). The two-

dimensional images displayed a highly
homogeneous surface characterized by the
presence of distinct bright spots.

Furthermore, the corresponding three-
dimensional images demonstrated a more
interwoven structural arrangement compared
to the uncoated nanoparticles (Figure 4).
Quantitative topographical measurements
indicated that the root mean square (RMS)
surface roughness of the GA@MNPs was
1.11 nm, compared to an RMS value of 1.045
nm for the uncoated particles.

fast

Figure (5) illustrates the magnetic iron oxide nanoparticles after being loaded with gum arabic, as observed
using Atomic Force Microscopy (two-dimensional and three-dimensional images

Atomic Force Microscopy (AFM) was
utilized to evaluate the topographical changes
following the immobilization of the protease
and lipase enzyme mixture onto the gum
arabic-coated nanoparticles
(GA@MNP@Enzyme). As illustrated in

Figure 6, the AFM  measurements
demonstrated a significant increase in the
surface height of the particles, measuring 30
nm for the GA@MNP@Enzyme sample,
compared to 12 nm for the precursor
GA@MNP particles.
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Figure (6) illustrates the magnetic iron oxide nanoparticles after being loaded with gum arabic and the
immobilization of enzymes onto them, as observed using Atomic Force Microscopy (two-dimensional and
three-dimensional images).

Atomic Force Microscopy (AFM) analysis
revealed a significant increase in particle
surface height following the immobilization of
the enzyme mixture (Figure 6). Specifically,
the surface height measured 12 nm for the
precursor GA@MNP particles and increased
to 30 nm for the resulting
GA@MNP@Enzyme sample.

3- Identification of functional groups in
magnetic nanoparticles before coating with
gum arabic, after coating, and after enzyme
immobilization using Fourier Transform
Infrared Spectroscopy (FTIR).

The use of Fourier-transform infrared
spectroscopy (FTIR) analysis is an appropriate
method for identifying the functional groups
present in organic compounds in the magnetic
Fe304 nanoparticles sample. For this purpose,
FTIR spectra of the nanoparticles were
obtained using the KBr-Pellet method (28).
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Figure (7-A, B) shows the infrared spectrum using Fourier-transform infrared spectroscopy (FTIR) for

Fourier-transform  infrared  (FTIR)
spectroscopy was performed within the 500—
4000 cm™ range to identify the functional
groups of the samples. The FTIR spectrum of
the uncoated magnetic nanoparticles (MNPs)
(Figure 7) exhibited a broad absorption band
between 490 and 594 cm™, with a prominent
peak at 590 cm™ corresponding to Fe-O
stretching vibrations. The spectrum of pure
gum arabic revealed a strong peak at 1610
cm' associated with the asymmetric
stretching of C=0, and a band near 3417 cm™"
corresponding to O-H stretching vibrations.
Additional absorption bands were recorded at
2922 cm™! and 1030 cm™, assigned to C-H
and carboxylate (COO) stretching vibrations,

respectively.For the gum arabic-coated
magnetic  nanoparticles  (GA@MNPs)
(Figure A-7), the FTIR spectrum

demonstrated broad bands at 590 cm™' and
3437 cm™!, attributed to Fe-O bonds and O-H
stretching vibrations, respectively.
Furthermore, distinct peaks corresponding to
carboxyl groups were observed at 1104 cm™
and 2216 cm'.Finally, the FTIR spectrum of
the enzymes (Figure B-7) displayed
absorption bands at 1640-1625 cm™ and
3547-3323 cm™'. These peaks correspond to

MNPs.

the amide I (C=O stretching) and amide II
(N-H stretching) bands, respectively.

4- Determination of the crystalline
structure of magnetic iron oxide
nanoparticles using X-ray diffraction.

X-ray diffraction (XRD) analysis was
conducted to evaluate the crystalline
structure of the samples. For the gum arabic-
coated magnetic nanoparticles
(GA@MNPs), the characteristic diffraction
peaks of FesO4 were observed at the same 20
values as the uncoated nanoparticles.

Specifically, diffraction peaks
corresponding to the (220), (311), (400),
(511), and (422) crystalline planes were
identified. However, the intensity of these
sharp crystalline peaks was reduced,
accompanied by the appearance of broad
peaks associated with the amorphous gum
arabic. Following the immobilization of the
enzymes onto the coated nanoparticles
(GA@MNPs@ENZYME), the XRD pattern
(Figure 8) demonstrated no significant shift
in the positions of the crystalline peaks.
Nevertheless, a further decrease in the overall
peak intensity was recorded for the
GA@MNPs@ENZYME sample compared
to the precursor GA@MNPs.
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Figure (8): XRD analysis patterns for FesOs MNPs, GA@MNPs, GA@MNPs@Enzyme.
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Enzyme activity and immobilization
efficiency Enzyme activity

The catalytic activity of both the free and
immobilized enzymes was quantitatively
evaluated based on their rates of fat and
protein hydrolysis. The enzymes
immobilized onto the gum arabic-coated
magnetic nanoparticles
(GA@MNPs@ENZYME) demonstrated a
fat hydrolysis rate of 3494.6 units/mg and a
protein hydrolysis rate of 2450.53 units/mg.
In comparison, the hydrolysis rates for the
free, non-immobilized enzymes were
recorded at 2688 units/mg for fats and
2250.92 units/mg for proteins.

Effect of different immobilization
conditions on immobilization efficiency
and activity recovery

Studying the effect of different
immobilization conditions on enzyme
performance is crucial for enhancing enzyme
activity in various applications.

The presence of stabilizing agents during
immobilization enhances the specific
activity, as  optimal  immobilization
conditions lead to higher specific activities,
indicating that the enzyme retains its
functional conformation and activity (39).

1-Effect of immobilization time

The impact of immobilization time on
both immobilization efficiency and enzyme

activity recovery was evaluated (Table 1).
The results indicated a direct correlation
between the duration of the immobilization
process and the density of enzyme loading;
extending the immobilization time resulted in
an increased density of immobilized
enzymes. However, as illustrated in Figure 9,
prolonging the immobilization period
negatively affected the percentage of activity
recovery. Based on the documented data, the
optimal immobilization time was determined
to be 2.5 hours, which yielded a maximum
immobilization efficiency of 70%. This
duration allows sufficient time for the
enzyme to interact with the support, thereby
increasing the number of enzymes that
become covalently bound to the gum arabic-
loaded magnetic iron oxide nanoparticles
(40).
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Table (1) Effect of Time on the Immobilization Process.

immobilization activity recovery activity recovery temperature
efficiency (%) lipase (%) proteas (%) P
25 45 50 1
45 50 70 1.5
65 90 90 2
70 130 108 2.5
80 110 120 3
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Figure (9) Effect of Immobilization Time on Immobilization Efficiency and Enzyme Activity Recovery.

At the optimal immobilization time, the
maximum activity recovery (130.108%) was
achieved for the protease and lipase enzymes,
respectively (41). In his research, it was
mentioned that extending the immobilization
time increases activity recovery to a higher
percentage. It is noted that extending the
immobilization time leads to a decrease in the
activity recovery of lipase, as shown in Figure

(9).

Nevertheless, increasing the immobilization
time results in higher immobilization
efficiency for the target enzymes in this study
on magnetic iron oxide nanoparticles.

2-Effect of immobilization temperature

The temperature of immobilization critically
affects the efficiency and effectiveness of
enzyme immobilization.

Table (2) Effect of Different Temperatures on Immobilization Efficiency, Specific

Activity, and Activity Recovery

immobilization activity recovery activity recovery temperature
efficiency (%) lipase (%) proteas (%) P

60 120 80 30

86 125 104 35

70 130 108 40

65 120 95 45

64 115 86 50
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From Table (2), the effect of various
temperatures on immobilization efficiency,
specific activity, and activity recovery is
observed, along with the study of improving
the immobilization efficiency of enzymes on
gum arabic-loaded magnetic nanoparticles. It
is noted that the immobilization efficiency
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decreases with lower temperatures, as shown
in Figure (10). While low temperatures can
facilitate the immobilization of enzymes and
reduce the degradation rate, they also decrease
the rate of enzyme binding to the support due
to the slowing of reaction kinetics (42).
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Figure (10) Effect of Different Temperatures on Immobilization Efficiency, Specific Activity, and Activity Recovery.

Figure (10) shows that each enzyme has an
optimal temperature range that enhances its
activity and stability. Reactions within this
range during immobilization can promote
enzyme binding and maintain activity, thereby
reflecting an improvement in immobilization
efficiency and specific activity. Enzyme
immobilization was conducted over a
temperature range of 30 to 50 degrees Celsius,
where a continuous improvement in
immobilization efficiency was observed.

Despite the increase in temperature, activity
recovery significantly increased, peaking at 40
degrees Celsius with values of (108.130) % for
lipase and protease enzymes, respectively.
After this point, activity recovery began to
decline due to the effects of high temperature
on the enzymes, as shown in Figure (10).
Based on these results, 40 degrees Celsius was
determined to be the optimal temperature for
immobilization (36;38).

These results can be interpreted as low
temperatures enhancing enzyme properties,
such as stability and conformation, which
reduces protein degradation in the buffer
solution, as mentioned by Kumar et al. (42).
The decrease in immobilization capacity after
the optimal temperature may be due to the
enzymes gaining higher energy, leading to
destructive collisions that result in enzyme
degradation and affect enzyme immobilization
on carrier matrices (27). In general, the rate of

enzyme reaction increases with rising
temperature up to a certain level, after which
higher temperatures lead to protein

degradation and thus a decrease in reaction
rate. From this, we conclude that extreme
temperatures (both low and high) can reduce
immobilization efficiency and specific
activity, either through insufficient binding or
structural changes (40).
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3- Effect of pH value

The pH value during the immobilization
process is crucial for determining the
performance of immobilized enzymes.
Selecting a pH value that maximizes enzyme
stability and binding interactions is essential
for achieving optimal immobilization
efficiency (43). Table (3) shows the effect of
pH values on immobilization efficiency,
specific activity, and activity recovery. These
different values were also studied in Table (3)

to improve the efficiency of enzyme
immobilization on gum  arabic-loaded
magnetic nanoparticles. Table (3) indicates
that immobilization efficiency decreases with
decreasing pH, as illustrated in Figure (11).
Although the enzymes were immobilized on
the targeted nanoparticle supports in this study
at low pH values, this reduces the rate of
enzyme binding to the support. This leads to
insufficient binding efficiency, resulting in a
decrease in overall enzyme loading (44).

Table (3) Effect of Different pH Levels on Immobilization Efficiency, Specific Activity, and Activity Recovery.

immobilization efficiency (%)

lipase (%)
38 20
45 60
50 90
70 130
80 125
40 70

activity recovery

activity recovery
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Figure (11) Effect of Different pH Levels on Immobilization Efficiency, Specific Activity, and

Activity Recovery.

Despite  the widespread use of
glutaraldehyde for enzyme immobilization
due to its ability to form stable covalent
bonds with amino groups on the enzyme
surface (27), the pH of the immobilization

medium can significantly affect the
availability of these amino groups and,
consequently, the efficiency of
immobilization. Figure (11) shows that as the
pH increases to 9, both activity recovery and
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protein loading of the enzyme on the
magnetic nanoparticles significantly
decrease, indicating that higher pH levels
may hinder effective interactions between the
enzyme and the nanoparticles (1;7). This
suggests that maintaining a neutral to slightly
alkaline pH during the immobilization
process enhances the efficiency of enzyme

binding to the magnetic nanoparticles.
Furthermore, the concentration of
glutaraldehyde used in the enzyme
immobilization process plays an important
role in the interaction with pH.
Glutaraldehyde reacts with the amino groups
in the enzyme, contributing to the formation
of covalent bonds that lead to its
immobilization on the support. As the pH
changes, the charge of the functional groups
in the enzyme also changes, affecting its
interactions with glutaraldehyde.
Additionally, pH can influence enzyme
stability and, consequently, its efficiency in
the reaction (4).

4-Effect of enzyme Amount

Table (4) illustrates that the effect of
different enzyme amounts used during the
immobilization process significantly impacts
immobilization efficiency and activity

recovery. It shows that increasing the enzyme
quantity improves immobilization efficiency
until the magnetic nanoparticles reach a
saturation point, where all available binding
sites on the support material are utilized (3).
Table (4) also indicates that when large
amounts are used, there may be a loss of
unbound enzymes, which affects the overall
efficiency of immobilization and activity
recovery. Additionally, increasing enzyme
quantities may lead to aggregation, reducing
the binding effectiveness with the

nanoparticles and consequently decreasing
the available surface area for interaction (16).
High enzyme loading concentrations can lead
to multilayer associations on the structure of
gum arabic-loaded magnetic nanoparticles,
reducing the surface area and also limiting
the dispersed increase. @ While we
hypothesized that high enzyme concentration
results in a higher reaction rate from a
reaction Kkinetics perspective, a similar
increase in viscosity at high enzyme
concentrations may reduce the mixing
efficiency of the enzyme reaction mixture
with the gum arabic-loaded magnetic iron
oxide nanoparticles (6).

Table (4) Effect of Different Enzyme Amounts on Immobilization Efficiency, Specific Activity,

and Activity Recovery.
Amount of Number of | Activity Recovery
Lipase (mg) = proteas (mg) Lipase (%0)
31 31 264
62 31 130
62 62 144
120 62 35
120 120 12
250 120 15

Activity Recovery = Immobilization

proteas (%) Efficiency (%)
26 60
108 70
24 65
24 50
10 45
15 20
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Figure (12) Effect of Different Enzyme Amounts on Immobilization
Efficiency, Specific Activity, and Activity Recovery.

Figure (12) illustrates the balance between
enzyme amount, immobilization efficiency,
and high activity recovery percentage, with
the highest immobilization efficiency (70%)
achieved at enzyme amounts of 31 mg and 62
mg for lipase and protease, respectively.
Therefore, it is important to consider the
appropriate amount of enzyme to ensure
optimal immobilization efficiency without
negatively affecting activity. It appears that if
the enzyme loading is high, the kinetic
benefit of a higher enzyme concentration
diminishes due to poor mass transfer
efficiency, leading to decreased enzyme
activity (45). Consequently, immobilization
efficiency showed a consistent decline as
loading increased; a large amount of enzyme
loading can reduce activity recovery, as
enzyme molecules hinder each other from
accessing the substrate or being accessed by
the substrate (44).

Discussion

1-Morphological and Structural

Modifications

The morphological analysis revealed
significant agglomeration in the uncoated
Fe;O, nanoparticles, a phenomenon
primarily attributed to their inherently high
surface energy, magnetic dipole-dipole

interactions, and the effects of the sintering
process (22, 23). The application of the gum
arabic (GA) coating effectively mitigated this
agglomeration, yielding a smoother and more
homogeneous surface. This improvement is
driven by the structural nature of GA; as a
highly branched polysaccharide with
hydrophilic properties, it provides excellent
steric stabilization and prevents particle
clustering (31, 32). The successful
functionalization was corroborated by FTIR
and AFM analyses, which showed increased
surface height and distinct functional group
interactions. Furthermore, the reduction in
the intensity of sharp XRD peaks post-
coating and post-immobilization confirms
the successful incorporation of the
amorphous GA polymer and the subsequent
formation of an enzyme monolayer, which
slightly masks the crystalline structure of the
magnetic core without destroying its
fundamental framework (24, 35).

2- Enhanced Catalytic Activity and
Thermal Behavior

The immobilized lipase and protease
exhibited superior hydrolytic activity
compared to their free counterparts. This
enhancement strongly suggests that the
GA@MNPs support matrix provides a robust
microenvironment ~ that  restricts  the
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conformational unfolding of the enzymes,
thereby reducing steric hindrance and
conferring higher structural stability (38, 39).
Regarding thermal stability, while lower
temperatures  preserve  the  structural
conformation and minimize  protein
degradation in the buffer solution, they
inherently slow down the reaction kinetics
and reduce the rate of enzyme binding to the
support (42). Conversely, when temperatures
exceed the optimal point (40 °C), the enzyme
molecules acquire excessive kinetic energy.
This leads to destructive collisions that
disrupt the non-covalent interactions
maintaining the enzyme's three-dimensional
structure, ultimately resulting in thermal
denaturation and a sharp decline in activity
recovery (27, 40).

3- Optimization of Immobilization
Parameters and Mass Transfer
Limitations

The immobilization efficiency is strictly
governed by the availability of binding sites
and the efficiency of mass transfer. The use
of glutaraldehyde facilitates stable covalent
cross-linking between the support and the
amino groups of the enzymes (27). However,
this interaction is highly pH-dependent;
extreme alkaline conditions alter the
ionization state and charges of the functional
groups, thereby hindering the cross-linking
efficacy and reducing overall protein loading
(1, 4, 7). Moreover, prolonged
immobilization times and excessive enzyme
concentrations proved counterproductive.
High enzyme loading leads to nonspecific
binding, aggregation, and the formation of
multilayer associations on the nanoparticle
surface. This aggregation not only increases
the local viscosity—which impairs the
mixing efficiency and mass transfer—but
also causes severe steric hindrance, where
densely packed enzyme molecules physically
block one another from accessing the
substrate molecules (3, 6, 16, 44, 45).

Conclusion

In this study, the successful coating of
magnetic iron oxide nanoparticles and the
immobilization of lipase and protease
enzymes on gum arabic-loaded iron oxide
nanoparticles were demonstrated.
Additionally, the magnetic iron oxide
nanoparticles were characterized using FE-
SEM, AFM, XRD, and FT-IR techniques.
FE-SEM showed that the magnetic iron oxide
nanoparticles had an average size ranging
from 30-35 nanometers, which increased to
40 nanometers after coating with gum arabic.
After enzyme immobilization, the size
reached approximately 150 nanometers.
Meanwhile, AFM revealed changes in the
morphological shape of the magnetic
nanoparticles before coating, after coating,
and after enzyme immobilization, along with
variations in the average roughness (RMS)
values: 1.045 nm before coating, 1.11 nm
after coating, and 3.551 nm after enzyme
immobilization. Furthermore, XRD indicated
that the crystallinity of the magnetic
nanoparticles was unaffected by the coating
and immobilization processes. Changes in
immobilization efficiency were observed
with varying immobilization factors such as
immobilization time, enzyme amount,
temperature, and pH. The best results were
achieved at an immobilization time of 2.5
hours and enzyme amounts of 31 mg and 62
mg for protease and lipase, respectively, at a
temperature of 40°C and a pH of 7, with an
immobilization efficiency of 70% and
activity recovery percentages of (108.130) %
for lipase and protease, respectively.
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