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ABSTRACT

This study investigates the immobilization of peroxidase (POD) concentrated from celery root onto
multi-walled carbon nanotubes (MWCNTs), focusing on its effects on enzymatic activity, stability,
and reusability. POD was extracted using phosphate buffer, followed by ammonium sulfate
precipitation and dialysis. Immobilization conditions were optimized based on contact time and
support amount. The immobilized enzyme showed maximum activity after 300 minutes, whereas
increasing MWCNT content led to reduced activity due to diffusion limitations. Kinetic analysis
revealed that immobilized POD retained a similar V,,,, compared to the free enzyme, but exhibited
significantly higher K, values. Comprehensive characterization using BET, FTIR, SEM/EDX, TGA, and
TEM confirmed successful immobilization and enzyme-nanotube interactions. BET analysis showed
a decrease in surface area from 275 to 197 m?/g. FTIR spectra confirmed the appearance of
protein-specific bands post-immobilization, and EDX data revealed increased nitrogen and oxygen
levels, along with Fe as a cofactor marker. Thermal degradation profiles also changed, while SEM
and TEM images demonstrated morphological alterations on the nanotube surfaces. Immobilized
POD preserved activity at pH 4.0-6.0 and optimum temperature (30°C), and retained functionality
over multiple cycles and storage periods. These findings highlight the potential of MWCNT-supported
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POD systems in environmentally relevant and industrial biocatalytic applications.

Introduction

Enzymes are protein-based molecules that act as biocatalysts,
accelerating various biochemical reactions. However, free
enzymes are very sensitive to environmental conditions and
their lifespan may be limited. To enable the economic and
sustainable use of enzymes in industrial applications, enzyme
immobilization has been developed as a key method.!'?
Enzyme immobilization, while offering substantial benefits,
also presents certain limitations that may affect its practical
implementation. Specifically, the complexity and high cost of
immobilization processes can pose economic challenges for
industrial-scale applications. Structural alterations in the
enzyme’s active site during immobilization and incompatibil-
ity with support materials may lead to decreased catalytic
activity.?# Purthermore, immobilization conditions and the
nature of the enzyme-support interactions can influence
performance, while environmental parameters such as pH
shifts may exacerbate activity losses.*5! Traditional methods
often suffer from enzyme leakage, restricted molecular
mobility, and low activity retention, prompting the develop-
ment of advanced strategies such as “immobilized but not
rigid” approaches.l In nanoscale systems like enzyme@MOF
particles, recovery difficulties and activity losses upon reuse

have also been reported, leading to suggestions for using
micron-sized  alternatives to  improve  reusability.l”)
Additionally, some nanostructured supports may exhibit
limited mechanical strength and adversely affect enzyme sta-
bility, posing challenges to long-term sustainability."’
Nevertheless, despite these drawbacks, enzyme immobiliza-
tion remains a valuable strategy due to its ability to enhance
catalytic efficiency, extend enzyme lifespan, and enable
repeated use in industrial settings. Enzyme immobilization
refers to the stabilization of enzymes by anchoring them
onto a solid support matrix instead of allowing them to
remain freely in solution. This approach enhances the reus-
ability of enzymes, improves their thermal and chemical sta-
bility, and reduces the overall cost of industrial processes.!?!
Owing to these advantages, enzyme immobilization has
found extensive applications across various sectors including
food, pharmaceuticals, biofuels, environmental technologies,
and textiles. Immobilized enzymes play a crucial role in pro-
cesses such as lactose hydrolysis in the food industry, the
use of stereoselective biocatalysts in pharmaceutical produc-
tion, the degradation of lignocellulosic biomass in biofuel
generation, and the removal of toxic compounds from
wastewater in environmental biotechnology. They are also of
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critical importance in fields such as antioxidant activity
determination and biosensor development. Among the
numerous industrially relevant enzyme classes, peroxidases
(POD), which belong to the oxidoreductase group, have
attracted significant attention. PODs are enzymes capable of
oxidizing a variety of organic and inorganic compounds by
using peroxides such as hydrogen peroxide (H,O,) as sub-
strates. These enzymes can be derived from diverse biologi-
cal sources including plants, animals, and microorganisms.
The catalytic activity of PODs makes them suitable for var-
ious applications in environmental, food, and health-related
sectors.®! In environmental applications, PODs are effectively
used in the degradation of phenolic compounds, aromatic
pollutants, dyes, and pesticides. Their utilization has become
widespread in the oxidative degradation of toxic phenolic
waste in wastewater treatment, quality control in the food
industry, and detection of target molecules in biosensors.
The broad applicability of PODs has drawn growing interest
in recent years, particularly due to their contributions to
environmental sustainability and green chemistry approaches.

Various organic, inorganic, polymeric, and nanostructured
supports have been employed for the immobilization of
PODs in the literature, including nylon-6,") magnetite-
modified polyaniline (PANImG),['"! polyaniline (PANTI),!!
aminopropyl glass beads,!'>!3 polyvinyl alcohol (PVA),[4
polystyrene microplates (MaxiSorp™),!"") natural carriers and
binders,['! natural support materials,!'”! chitosan nanoparti-
cles,[81 activated wool,l'! Fe,O, magnetic nanoparticles,?"
modified chitosan beads,?!! titanate nanowires,”?! cinnamic
carbohydrate esters,”) the metal-organic framework
Hf-DBA,?% and lysine-functionalized gum arabic-coated iron
oxide nanoparticles.””! These supports have significantly
improved the activity, stability, and reusability potential of
the enzyme. In recent years, carbon-based nanomaterials,
particularly multi-walled carbon nanotubes (MWCNTSs),
have been introduced for enzyme immobilization, though
studies in this area remain limited. MWCNTs are tubular
structures formed by rolling graphene sheets into single- or
multi-walled cylindrical shapes.’*?”! Jun et al.?8) immobi-
lized Jicama peroxidase onto a composite membrane made
of MWCNTs and polyvinyl alcohol (PVA) through covalent
bonding using glutaraldehyde and developed an optimized
model for this process. The results indicated that the immo-
bilized enzyme achieved a high loading capacity with an
efficiency of 81.74% and exhibited significantly improved
stability under varying pH, temperature, and storage condi-
tions compared to the free enzyme.?® Kim et al.l'>! immo-
bilized horseradish POD onto MWCNTs and evaluated the
protein binding capacity of the matrix and the enzyme activ-
ity under various pH and high-temperature conditions. Their
findings showed that the activity of horseradish POD immo-
bilized on MWCNTs was preserved and increased propor-
tionally with its initial concentration, and that MWCNTs
exhibited a higher protein binding capacity than polystyrene
microplates.!'”! Lee et al.?! optimized the immobilization of
horseradish POD onto carboxylated MWCNTs and exam-
ined changes in enzyme activity. It was found that the
immobilized horseradish POD displayed a broader activity
range between pH 4-9 compared to its free counterpart.[?’)

Li et alB% developed a novel composite support using
MWCNTs and cordierite matrix to enhance the efficiency of
horseradish POD in wastewater treatment. Experimentally,
the immobilized enzymes showed higher activity than the
free enzymes, and horseradish POD activity increased with
the MWCNT content. Moreover, the immobilization process
conferred greater stability against temperature and pH vari-
ations, thereby improving the overall performance.’® These
studies demonstrate that immobilized enzymes can be
employed more reliably and durably in industrial applications.

In the literature, PODs have been isolated from celery root
and their kinetic properties have been investigated. However,
to ensure wider and more stable industrial use of this enzyme,
immobilization is necessary. To date, there is no reported
study on the immobilization of POD extracted from celery
root. Within this context, the present study aimed to immo-
bilize POD enzyme, concentrated from celery root using
phosphate buffer extraction, ammonium sulfate precipitation,
and dialysis, onto the surface of MWCNTs. The primary
objective of this study is to investigate the effects of immobi-
lization on the catalytic activity, stability, and reusability of
peroxidase. Furthermore, MWCNT and POD-immobilized
MWCNT samples were characterized using Brunauer-
Emmett-Teller (BET) surface area analysis, Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy/
energy-dispersive X-ray spectroscopy (SEM/EDX), thermo-
gravimetric analysis (TGA), and transmission electron micros-
copy (TEM). The ultimate aim of this study is to enhance the
applicability of the immobilized enzyme system in potential
environmental and biotechnological applications. The findings
are expected to contribute to the advancement of immobilized
enzyme technologies, particularly those based on nanomaterial-
supported biocatalyst systems.

Materials and methods
Materials

All chemicals used in this study were of analytical grade and
used without further purification. MWCNTs (purity 96%,
outside diameter 8-18nm, inside diameter 5-10nm, speci-
fice surface area 220m?/g) were purchased from Nanografi
(Ankara, Tiirkiye). Celery root, which served as the source
of POD enzyme, was obtained from a local market in
Balikesir, Tiirkiye.

Preparation of MWCNTs

A mixture of 10g MWCNT and 200mL of 5M HCI solution
(IsoLab Chemicals, 37%) was placed in a 500mL
round-bottom flask and sonicated at 30°C for 2hours. The
mixture was then refluxed at 70°C for 48 hours. After reflux-
ing, the mixture was again sonicated for 1hour. Subsequently,
500mL of deionized water was added to dilute the mixture.
The diluted suspension was filtered using a vacuum filtra-
tion apparatus and washed with plenty of water until neutral
pH (pH 7) was achieved. The purified MWCNTs were dried
in an oven at 60°C for 24 hours, followed by vacuum drying
at the same temperature.l!



Extraction and concentration of peroxidase enzyme

The extraction and experimental procedures for POD were
adapted from the method described by Sakharov et al.(*?
Prior to extraction, celery roots were treated with liquid
nitrogen to disrupt cellulose fibers. For enzyme extraction,
20g of nitrogen-treated celery root tissue was homogenized
in a Waring Blender with 50mL of 0.1M phosphate buffer
(pH 6.5) containing 28 mM ascorbic acid, 5mM EDTA, and
5% NaCl for 2minutes. The extract was filtered through
cheesecloth, and the filtrate was centrifuged at 15,000 x g for
10minutes at 4°C.

The crude plant extract was brought to 70% saturation
with ammonium sulfate using the following formula, and
the precipitated POD was collected by centrifugation at
15,000 x g for 30 minutes:

1.77V(S,-$,)
3.54-8,

[(NH,),50,1=
where V is the volume of the upper phase, S, is the initial
ammonium sulfate saturation, and S, is the desired satura-
tion level.>*!

The solid precipitate obtained from ammonium sulfate
precipitation was dissolved in 0.1M phosphate buffer (pH
6.5), then dialyzed against 0.05M phosphate buffer (pH 6.5)
for 2days with three buffer changes.!*!]

Determination of enzyme activity

The peroxidase activity was determined spectrophotometri-
cally wusing 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) as the chromogenic substrate, based on the
method described by Gallati®! with slight modifications. The
assay mixture contained 2.2mL of 0.1M acetate-phosphate
buffer (pH 4.5), 0.6mL of 0.01M ABTS, 0.1mL of hydrogen
peroxide (H,0,), and 0.ImL of enzyme solution (free or
immobilized). The reaction was carried out at in a quartz
cuvette with a path length of 1cm. The increase in absorbance
at 414nm was monitored every 5seconds for 2minutes using
a PerkinElmer Lambda 25 UV-Vis spectrophotometer. One
unit of peroxidase activity (EU) was defined as the amount of
enzyme that causes a change in absorbance of 1.0 per minute
at 414nm under the assay conditions. All activity measure-
ments were performed in triplicate, and results were expressed
as EU/mL-min.

Characterization of free enzyme

The optimum pH for celery root POD activity was deter-
mined at 25°C using 0.1 M acetate buffer (pH 2.0-6.0) and
0.1 M phosphate buffer (pH 6.0-9.0). The pH values of buf-
fer solutions were adjusted with 0.1M NaOH or 0.1M HCL
Enzyme activity was measured at 414nm using a PerkinElmer
Lambda 25 UV-Vis spectrophotometer with ABTS (0.01 M)
as the substrate. The reaction was monitored by taking read-
ings every 5seconds for 2minutes. The cuvette contained
22mL buffer, 0.1mL H,0,, 0.1mL enzyme solution, and
0.6 mL substrate solution.34
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The effect of temperature on enzyme activity was evalu-
ated between 10-60°C at the optimum pH using ABTS as
the substrate. Reaction mixtures (buffer, H,0,, and substrate)
were preheated to the desired temperatures using a Beckmann
Peltier temperature controller integrated with the spectro-
photometer’s cell holder. Once thermal equilibrium was
achieved, enzyme was added and the reaction was moni-
tored spectrophotometrically at fixed time intervals. The
reaction mixture consisted of 0.6mL of 0.01M substrate,
22mL of 0.1M buffer, 0.1mL H,O,, and 0.1mL enzyme
solution. 3!

Enzyme kinetics were studied at optimum pH and tem-
perature using varying substrate concentrations (0.00033-
0.003 M) with a fixed amount of enzyme (0.1mL).
Michaelis-Menten constants (K, and V) for ABTS were
calculated from the Lineweaver-Burk plot of 1/V ver-
sus 1/[S].

Immobilization of POD onto MWCNTs

To determine the optimal contact time for immobilization,
10mL of phosphate extraction buffer was added to test tubes
containing 0.05g of MWCNT. The tubes were incubated at
25°C and shaken at 200rpm. At predetermined time inter-
vals (0-450min), tubes were centrifuged, and the superna-
tants were collected for activity measurement. The residual
solid was washed twice with 10mL phosphate buffer, and
the washed supernatants were also centrifuged. Then, 0.05g
of the washed solid residue was taken from each sample to
determine enzyme activity. ABTS was used as the
substrate.[”!

Various amounts of MWCNT (0.05, 0.1, 0.15, 0.2, 0.25,
and 0.3 g) were weighed into separate test tubes, each con-
taining 5mL phosphate extraction buffer. The mixtures
were shaken at 25°C and 200rpm for 2hours. After the
optimized contact time, the mixtures were centrifuged and
the supernatant was filtered using a syringe filter (0.45um
pore size) for enzyme activity analysis. The activity of the
immobilized enzyme on the solid phase was determined
after washing.®”) ABTS was used as the substrate in all
activity assays.

Optimum pH, temperature, and kinetic experiments for
immobilized POD were performed using the same proce-
dures as for the free enzyme, with ABTS as the substrate.

Characterization of pristine and POD-immobilized
MWCNTs

BET surface area and pore volume analyses of MWCNT and
POD-immobilized MWCNT were conducted using a
Quantochrome Nova2200e gas analyzer. Samples were
degassed at 100°C for 24hours prior to analysis.

FTIR-ATR spectra of MWCNT and POD-immobilized
MWCNT were obtained using a PerkinElmer Spectrum 100
spectrometer.

DTA/TG thermograms of MWCNT and POD-immobilized
MWCNT were recorded under a nitrogen atmosphere at a
heating rate of 20°C/min from 30°C to 1000°C.
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TEM images of MWCNT were obtained using a Hitachi
HT7800 microscope operated at an acceleration voltage
of 100kV.

SEM images of MWCNT and POD-immobilized MWCNT
samples were acquired using a Zeiss EVO LS 10 microscope,
and EDX analysis was performed using a Bruker EDX detec-
tor at 20kV acceleration voltage.

The flow diagram presented in Figure 1 illustrates the
purification steps, kinetic properties, and characterization
processes of free and immobilized enzymes.

Figure 1. Flow diagram of the study.

Figure 2. The changing of cumulative pore volumes of MWCNTs and
POD-immobilized MWCNTs versus pore diameters.

Results and discussion

Characterization of pristine and POD-immobilized
MWCNTs

BET surface area is a measurement used to determine the
surface area of a material and is particularly significant in
applications involving porous materials, activated carbon,
immobilization processes, and catalysts. Immobilization
involves the binding of biomolecules (e.g., enzymes, antibod-
ies) or other active components onto a support material. A
high BET surface area indicates a greater available active
surface, thereby allowing more biomolecules to be immobi-
lized. This enhances the functional efficiency of the immo-
bilized components. Figure 2 presents the pore diameter
versus cumulative pore volume plots for both MWCNT and
POD-immobilized MWCNT samples. Additionally, the pore
volumes and BET surface areas calculated using the DFT
(Density Functional Theory) method are provided in Table 1.
The BET surface area of pristine MWCNT was measured as
275m?/g, which decreased to 197m?/g following POD
immobilization. This reduction indicates a decrease in sur-
face area due to the immobilization process. The observed
decrease may be attributed to the coverage of the tube ends
and surfaces of MWCNTs by the POD enzyme.5®
Furthermore, Table 1 displays the pore volume values for
both MWCNT and enzyme-immobilized samples. The data
suggest that the samples predominantly consist of meso-
pores, with negligible presence of micropores. In this case, it
can be said that the pore diameters of MWCNTs vary in the
range of 2-15nm and they create a suitable immobilization
environment for enzymes.?

The FTIR spectra of MWCNT and POD-immobilized
MWCNTs are presented in Figure 3. Significant spectral
changes were observed in the FTIR spectrum of MWCNT
after the immobilization process. The spectrum of pristine
MWCNT exhibits no characteristic bands corresponding to
functional groups, except for a band at 1565cm™, which is
attributed to the C=C stretching vibrations indicative of the
graphene structure. In contrast, the FTIR spectrum of the
POD-immobilized MWCNT displays several new bands. The
broad band at 3401cm™ corresponds to O-H stretching
vibrations, indicating the presence of hydroxyl groups asso-
ciated with hydrogen bonding. The bands at 2927 and
2855cm™! are attributed to the stretching vibrations of C-H
bonds, typically arising from aliphatic groups. The band
observed at 1701cm™ is characteristic of carbonyl (C=0)
groups, suggesting the presence of peptide bonds or other
carbonyl-containing compounds. The band at 1523cm™ is
associated with secondary amide groups and is considered
an indicator of the secondary structure of proteins. This
band results from N-H bending and C-N stretching vibra-
tions and provides insight into the stability of the protein

Table 1. BET surface area and pore volume data of MWCNT and POD-immobilized MWCNTs.

SBET Vt Vmicro Vmeso Vma(ro
Samples (m?/qg) (cc/g) (cc/g) (cc/g) (cc/g)
MWCNT 275 0.410 - 0.360 0.050
POD-immobilized MWCNT 197 1.139 - 0.877 0.262




Figure 3. FTIR spectra of MWCNT and POD immobilized MWCNTs.

Figure 4. Thermograms of MWCNT and POD immobilized MWCNTs.

Table 2. Thermal stability data of MWCNT and POD immobilized MWCNTs.

Toaa Delta¥, T, Delta¥, T, Delta¥; Residue
Samples (°Q) (%) (°Q) (%) (°C) (%) (%)
MWCNT 64 1.0 - - 863  10.2 86.9
POD 65 1.2 319 49 658 2.8 88.3
immobilized
MWCNT

structure in the enzyme. The band at 1421cm™ is generally

related to CH, groups, indicating the presence of aliphatic
side chains within the protein structure. The band at
1338cm™! corresponds to C-N stretching vibrations and sig-
nifies the presence of amide groups in the protein structure.
Finally, the band at 1070cm™ is assigned to C-O stretching
vibrations and is commonly associated with carbohydrates or
glycosidic components. These FTIR bands collectively
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confirm the successful immobilization of the POD enzyme
onto the surface of MWCNTs. 4!

DTA/TG is an analytical method used to study the ther-
mal properties of materials. This method provides important
information to understand the behavior of materials against
heat and their physical or chemical changes. Figure 4 pres-
ents the thermograms of MWCNT and POD-immobilized
MWCNTs. The thermal stability parameters derived from
these thermograms are summarized in Table 2. In the ther-
mogram of MWCNT, mass losses are observed at 64°C and
863°C. The 1% mass loss at 64°C is likely due to the evap-
oration of moisture within the MWCNT structure. The
10.2% mass loss at 863°C is attributed to the decomposition
of the carbon nanotube framework.[*142l These results indi-
cate that MWCNT undergoes single-step degradation with a
total mass loss of 13.1%. In contrast, the thermogram of
POD-immobilized MWCNT exhibits three distinct stages of
mass loss. The first, a 1.1% mass loss at 65°C, is likely due
to the removal of moisture and minor impurities. The sec-
ond, 4.9% mass loss at 319°C, is due to the removal of
functional groups from the structure of POD immobilized
MWCNT. The third, 2.8% mass loss at 658°C, is due to the
degradation of the structure of MWCNT. From the thermo-
grams, it can be inferred that while MWCNT undergoes
degradation in a single step, the immobilized sample
degrades in two distinct stages. Furthermore, it is observed
that the thermal stability of MWCNT decreases with immo-
bilization. A similar thermal degradation behavior has been
reported for the immobilization of L-asparaginase enzyme
onto the surface of MWCNTs.[*3) According to thermogravi-
metric analysis (TGA) data, pristine MWCNT exhibited a
single-step degradation profile around 800°C due to the
absence of moisture and organic impurities. In contrast, the
L-asparaginase/MWCNT composite showed a two-step mass
loss pattern. The first degradation stage occurred at approx-
imately 250°C, corresponding to the thermal decomposition
of the L-asparaginase enzyme. The second stage, observed
around 700°C, was attributed to the breakdown of the car-
bon nanotube matrix. The shift of the MWCNT degradation
temperature from 800°C to 700°C upon enzyme immobili-
zation indicates a noticeable reduction in the thermal stabil-
ity of the nanotube structure. This two-step degradation
behavior clearly demonstrates the influence of enzyme
immobilization on the thermal properties of the composite
material.

SEM/EDX is a technique employed to examine the struc-
tural and surface characteristics of carbon nanotubes (CNTs)
and enzyme-immobilized CNTs. It also provides insights
into their functional properties, elemental composition, and,
notably, the presence of cofactor metals that indicate suc-
cessful enzyme immobilization. Figure 5 presents the SEM
images of MWCNT and POD-immobilized MWCNTs. It is
evident that enzyme immobilization induces significant mor-
phological changes in the MWCNT structure. SEM images
of MWCNTs display an agglomerated structure composed of
overlapping carbon nanotubes with distinct intertubular
spacing. This agglomeration is attributed to van der Waals
interactions between individual nanotubes. In contrast, after
immobilization, the surface of MWCNTs appears to be
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Figure 5. SEM images of (a) MWCNT and (b) POD immobilized MWCNTs.

coated with enzyme molecules, and the agglomerated
domains are more delineated by defined interfacial boundar-
ies. These morphological changes suggest that the enzyme
molecules are physically adsorbed onto the surfaces of the
carbon nanotubes. Furthermore, while the typical cylindrical
morphology of CNTs is preserved, slight bulges or denser
regions are observed at sites where enzymes are bound.
The EDX spectra and elemental mapping images of the
samples are shown in Figure 6, and their corresponding ele-
mental compositions are listed in Table 3. The EDX analysis
of MWCNT indicates a composition of 91.12% carbon,
4.13% oxygen, and a total of 4.75% of other elements includ-
ing Na, AL, N, Cl, P, and Fe. SEM images of both MWCNT
and POD-immobilized MWCNTs were acquired under iden-
tical conditions. Since the immobilization was conducted in
phosphate buffer, MWCNT was also incubated in the same
buffer, then dried prior to analysis. The presence of
non-carbon elements in the EDX spectrum of MWCNT can
be attributed to this treatment. Following POD immobiliza-
tion, the carbon content of MWCNT decreases, while oxy-
gen and nitrogen contents increase, consistent with the
presence of protein molecules. Moreover, the EDX spectrum
of the POD-immobilized sample confirms the presence of
Fe, which serves as a cofactor of the POD enzyme.[*¥
Elemental mapping further reveals that this cofactor metal is
homogeneously distributed across the sample surface. These
results collectively indicate that enzyme immobilization alters

both the morphology and the elemental composition
of MWCNTs.

TEM images of MWCNT samples at various magnifica-
tion ratios are presented in Figure 7. In particular, Figure 7b
clearly reveals the cylindrical structures of MWCNTs com-
posed of 5-10 concentric layers. This figure demonstrates
that each nanotube is formed by the orderly stacking of con-
centric graphene sheets, highlighting the atomic-level inter-
nal structure of the nanotubes. When both images are
examined, the outer layers are more pronounced, while the
inner layers appear less distinct; nevertheless, the interlayer
spaces are visible. In the TEM image shown in Figure 7b,
the outer diameter of the MWCNTs is observed to range
around 14.6 £2.6nm, while the inner diameter ranges around
7.3+1.2nm. The tube lengths, as previously described based
on SEM images, are in the micrometer scale. Figure 7a fur-
ther indicates that the diameters of the MWCNTs are differ-
ent from each other. Both images confirm the multilayered
and tubular structure of MWCNTs. Additionally, the
MWCNTs appear to be somewhat separated from each other
and distributed at a certain distance, indicating reduced
aggregation.

Effect of immobilization time and solid content on POD
activity

The following section presents the findings related to the
activity of POD immobilized on the surface of MWCNTs,
including its variation with time and solid content. It then
compares the optimal pH, temperature, and kinetic parame-
ters for both free and immobilized enzyme forms.
Immobilization refers to the process of attaching an enzyme
to a solid surface or embedding it within a matrix. This
approach often enhances enzyme stability and facilitates its
reuse. However, the activity of immobilized enzymes may
vary with time. Figure 8 illustrates the change in immobilized
POD activity with time at a constant solid content. Initially,
the enzyme activity increases with time, reaching a maximum
rate at 300 minutes, followed by a gradual decrease. There are
several possible explanations for the initial increase in immo-
bilized enzyme activity. Immobilized enzyme activity generally
increases after immobilization due to factors such as improve
of the active site, more efficient substrate interaction, and sur-
face restructuring.*>#? Structural or configurational adjust-
ments at the active site may occur upon immobilization due
to physical or chemical interactions, potentially increasing cat-
alytic efficiency. In some cases, these rearrangements allow
the enzyme’s active sites to interact more effectively with sub-
strates. Furthermore, when enzymes are bound to a matrix or
surface, they may initially struggle to interact with substrates
until they reach an optimal conformation. As enzymes grad-
ually attain favorable orientations, their activity increases.
Over time, the immobilized enzymes may establish more
effective interactions with the substrates, transitioning from
initially low activity to a higher and more stable state. This
improvement stems from the enzyme’s ability to adapt to the
immobilization environment and optimize its active confor-
mation and binding orientation. As seen in the figure, enzyme
activity peaks at 300 minutes and subsequently declines, with
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Figure 6. EDX spectra and mapping images of (a) MWCNT and (b) POD immobilized MWCNTs.

Table 3. Elemental composition of MWCNT and POD-immobilized MWCNTs.

Samples C 0 Na Al N a P Fe Cu
MWCNT 9112 413 108 150 036 105 067 009 -
POD 8852 511 084 252 178 049 059 014 -
immobilized
MWCNT

no significant change observed beyond 330minutes. The
reduction in activity following the peak is often attributed to
structural and chemical alterations occurring over time.
Initially, the enzyme’s active regions are more accessible; how-
ever, prolonged binding to the matrix or conformational

changes at the active site may hinder substrate access.
Moreover, active sites on immobilized enzymes may become
blocked or obstructed with time, reducing catalytic effi-
ciency.””] In summary, the observed trend of increasing and
then decreasing activity of immobilized enzymes can be
explained by the adaptation and optimization of the enzyme
structure in the early stages, followed by structural degrada-
tion, reduced surface accessibility, inhibition effects, or prod-
uct accumulation. The initial increase reflects the enzyme’s
adaptation to its immobilized state, while the subsequent
decrease is likely due to structural destabilization and envi-
ronmental constraints around the enzyme.[*>]
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Figure 7. TEM images of MWCNT at different magnification ratios.

Figure 8. Effect of time to POD immobilization on the MWCNT surface.

Figure 9. Effect of time to POD immobilization on the MWCNT surface.

Figure 9 illustrates the change in POD activity immobi-
lized on the surface of MWCNTs with varying amounts of
solid material. It is observed that the activity of the immo-
bilized enzyme decreases as the amount of MWOCNT

increases. There are several potential reasons for this decline
in immobilized enzyme activity with increasing solid con-
tent. This phenomenon is commonly observed in systems
where enzymes are immobilized by binding to a solid sup-
port. Since immobilized enzymes are typically attached to
the surface of a matrix or filler material, substrate molecules
must diffuse through the surrounding medium to reach the
enzyme on the support surface. As the quantity of solid sup-
port increases, the diffusion path for substrates becomes lon-
ger, thereby reducing the possibility of enzyme-substrate
interactions. In other words, a higher amount of carrier sur-
face may hinder substrate access to the enzyme, potentially
limiting the reaction rate and leading to decreased enzy-
matic activity.*” Additionally, enzymes may undergo confor-
mational changes upon binding to the carrier surface. An
increased amount of support can affect how the enzyme
attaches to the surface, possibly leading to a loss in catalytic
activity. In particular, an increase in carrier surface area may
restrict access to the enzyme’s active site, further inhibiting
its interaction with substrates. In conclusion, the primary
reason for the reduction in immobilized enzyme activity
with increasing solid content includes diffusion limitations
faced by the substrate in reaching the enzyme. This factor
hinder efficient substrate binding and catalysis, ultimately
reducing overall enzymatic activity and limiting the effective
use of the support material.

pH and temperature profiles of free and immobilized POD

pH is a critical parameter that directly affects the kinetics of
enzymatic reactions. Changes in pH modulate enzyme-
substrate interactions by altering the ionization states of
amino acid side chains and the ionic form of the sub-
strate.’). The optimum pH range for an enzyme is crucial
for both catalytic efficiency and structural stability. In this
study, the pH-dependent activity changes of free and immo-
bilized enzyme, purified using different methods (phosphate



Figure 10. The changing of (a) free and (b) immobilized POD activity with pH.

extraction, ammonium sulfate precipitation, and dialysis),
were extensively examined (Figure 10). For the free POD
enzyme, the optimum pH after phosphate extraction was
determined to be approximately 4.0. Following ammonium
sulfate precipitation and dialysis, a slight shift toward more
basic values (between 4.5 and 5.0) was observed. This shift
may be attributed to changes in the enzyme’s microenviron-
ment, alterations in ionic strength, and removal of protein
impurities during the purification process, which can affect
the local environment of the active site.’®) The studies in
literature show that the optimum pH values of free POD
enzymes purified from various plant sources vary widely.
These include sources such as corn steep liquor,P! sweet
potato tubers,®? royal palm tree,®) African oil palm tree,’?
Salvia species, and horseradish,”**) with reported optimum
pH values generally ranging from 3.0 to 5.0. These values
are largely consistent with the findings of the present study.
For the POD enzymes immobilized on the MWCNT surface,
the optimum pH was preserved within the 4.0-5.0 range. A
notable feature of the pH-activity profiles following immo-
bilization was the sharper peak in activity and reduced tol-
erance to pH variations around the optimum. This suggests
that while immobilization helps maintain the structural
integrity of the enzyme, it may also narrow its pH stability
range. Similarly, studies by Kim et al.’® and Jun et al.l?*!
reported that PODs immobilized on carbon nanotube or
composite supports exhibited enhanced pH tolerance but
showed sharper activity transitions around the optimum
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pH.I'5281 A glight reduction in enzymatic activity was
observed for the immobilized form compared to the free
enzyme. This decline may be explained by restricted diffu-
sion of the substrate to the enzyme’s active site, steric hin-
drance caused by the carrier matrix, and possible
conformational changes.® Studies by Alatawi et al.l’! and
Monier et al.,?!) and Mohammed et al.?%! also reported min-
imal shifts in the optimum pH of immobilized enzymes,
with preserved catalytic performance and significantly
enhanced enzyme lifetimes.”?%2!l In conclusion, the opti-
mum pH values for both free and immobilized POD
enzymes were found to be consistent with those reported in
the literature. While enzyme activity increased after purifica-
tion, slight activity losses were observed upon immobiliza-
tion. Nevertheless, the immobilization process largely
preserved the catalytic properties, offering significant advan-
tages for industrial applications.

It should be noted that the immobilization experiments
in this study were performed using POD enzyme samples
that underwent three-step partial purification, including
phosphate buffer extraction, ammonium sulfate precipitation,
and dialysis. Each purification step significantly influenced
the enzyme’s optimum pH. While the crude extract showed
an optimum pH of ~4.0, a slight shift toward higher pH
values (4.5-5.0) was observed after ammonium sulfate pre-
cipitation and dialysis, likely due to removal of interfering
compounds and changes in the enzyme’s microenvironment.
Despite these shifts, the immobilized enzyme preserved a
similar optimum pH (4.0-5.0) range, indicating that the
immobilization process did not cause any significant alter-
ations in the enzyme’s acid-base profile. The changes in
optimum pH are consistent with the known sensitivity of
peroxidases to purification and immobilization conditions.

The optimum temperature of an enzyme refers to the
temperature range at which it exhibits its highest catalytic
efficiency. This temperature corresponds to the point where
the enzyme’s three-dimensional structure and active site
interact most effectively with the substrate. Generally,
increasing temperature enhances molecular kinetic energy,
thereby accelerating enzyme-substrate interactions. However,
excessively high temperatures can disrupt the native confor-
mation of proteins (denaturation), leading to a sharp decline
in enzymatic activity."® Figure 1la)b illustrate the
temperature-dependent activity changes of free and immobi-
lized POD enzymes, respectively, following different purifica-
tion steps (phosphate extraction, ammonium sulfate
precipitation, and dialysis). In both graphs, the optimum
temperature for free and immobilized enzymes across all
purification methods was observed to be approximately
30°C. This finding aligns with the optimum temperature
(25°C) previously reported by Gallati®! for horseradish
POD using the ABTS substrate. In both systems, free and
immobilizedenzyme activity initially increased with tempera-
ture, followed by a decline beyond a certain point. This
trend is consistent with the Arrhenius law: at low tempera-
tures, reaction rates are limited, but as the temperature
increases, the activation energy barrier is more easily over-
come, accelerating the reaction rate. However, at high tem-
peratures, the enzyme structure begins to denature, resulting
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Figure 11. The changing of (a) free and (b) immobilized POD activity with
temperature.

in reduced activity.®® It is known that in immobilized
enzyme systems, the covalent or physical attachment of
enzyme molecules to a support can provide slightly enhanced
thermal tolerance. However, in this study, the optimum tem-
perature of the immobilized enzymes did not differ signifi-
cantly from that of the free form, suggesting that the
immobilization method using MWCNTs did not markedly
alter the enzymes thermal stability. Previous studies have
reported the optimum temperatures for PODs isolated from
S. tomentosa Miller, S. virgata Jacq., and S. viridis L. as 40°C,
60°C, and 50°C, respectively.®" These values are notably
higher than the optimum temperature determined for celery
root POD in the present study. This discrepancy may be
attributed to differences in enzyme source, structural charac-
teristics, and environmental factors. Enzymes with low opti-
mum temperatures offer several advantages for industrial
applications. Primarily, enzymes that function efficiently at
lower temperatures contribute to reduced energy consump-
tion and lower production costs.?! Additionally, reactions
carried out at lower temperatures tend to result in slower
thermal denaturation. This feature is especially important for
immobilized enzymes, as their reusability is a key advantage.
Moreover, elevated temperatures in many industrial pro-
cesses can lead to degradation of products and the forma-
tion of undesirable by-products, which can be minimized at
lower temperatures.’”) In conclusion, the observation that
both free and immobilized POD enzymes purified by

Figure 12. The plots of 1/V versus 1/[S] for (a) free and (b) immobilized POD
enzyme.

phosphate extraction, ammonium sulfate precipitation, and
dialysis exhibit an optimum temperature around 30°C high-
lights their suitability for industrial biotechnology applica-
tions. Their high activity at relatively low temperatures offers
significant operational and economic advantages.

Kinetic parameters of free and immobilized POD

The kinetic parameters of enzymes, V., K, and the

V.ox/ Ky ratio, provide essential insights into their catalytic
performance. V,_, represents the maximum reaction rate
achieved by the enzyme under saturated substrate condi-
tions, while K, reflects the enzyme’s affinity for its substrate.
The V. /K, ratio serves as an indicator of catalytic effi-
ciency. Lineweaver-Burk plots (1/[S] vs. 1/V,) for free and
immobilized POD enzymes, obtained after different purifica-
tion steps (phosphate extraction, ammonium sulfate precipi-
tation, and dialysis), are presented in Figure 12. The kinetic
parameters calculated from the slope and intercepts of these
plots are summarized in Table 4. For the free POD enzymes,
phosphate extraction resulted in a V,  of 1.25x10* EU/
mL-min and a K,; of 5x10~* M. Following ammonium sul-
fate precipitation, V_,  increased to 2.00x10* EU/mL-min,
while K,; decreased to 4x107 M, indicating both an
enhancement in the maximum catalytic rate and an improve-
ment in substrate binding affinity. After dialysis, V.

remained constant (2.00x 10* EU/mL-min), whereas K,; rose



Table 4. Kinetic parameters of free and immobilized PODs.

Vi (EU/ML
Enzymes Purification steps min) Ky (M) Vinad K
Free POD Phosphate 1.25x10* 5x1073 2,500,000
extraction
Ammonium 2.00x 10% 4x1073 5,000,000
sulfate
Dialysis 2.00%x10* 6x1073 3,333,333
Immobilized  Phosphate 1.11x10* 2.22x1072 500,000
POD extraction
Ammonium 3.33x10% 6.67 %1072 499,250
sulfate
Dialysis 1.00x10° 2.00x107" 500,000

Figure 13. Time-dependent stability of free and immobilized POD enzyme.

to 6x10° M, suggesting a slight decrease in substrate
affinity. Among the free enzyme preparations, ammonium
sulfate precipitation yielded the highest catalytic efficiency
(Vo K= 5,000,000), implying more effective substrate
interaction and accelerated reaction rates. For immobilized
POD enzymes, phosphate extraction led to a V. of
1.11x10* EU/mL-min and a K,; of 2.22x10* M. This K,
value is approximately 4-5 times higher than those observed
for the free enzymes, suggesting that immobilization reduced
substrate affinity. After ammonium sulfate precipitation, V,
increased to 3.33x10* EU/mL-min, while K, also rose to
6.67x107* M. Post-dialysis, the highest V. was recorded
(1.00x 10° EU/mL-min), but with a substantial increase in
Ky, to 2.00x 107! M. This trend indicates that while immo-
bilization and purification increased the reaction rate, they
simultaneously decreased the enzymes binding affinity
toward the substrate. The V,, /K, ratios for the immobilized
enzymes were approximately 500,000, which is about 5-10
times lower than those of the free enzymes. This suggests
that immobilization reduced catalytic efficiency, likely due to
partial inaccessibility of the enzyme’s active site upon attach-
ment to the support matrix, or potential conformational
changes. In summary, purification, particularly ammonium
sulfate precipitation, significantly improved the catalytic per-
formance of free enzymes. Although immobilization
increased the reaction rate (V ), it resulted in reduced sub-
strate affinity (as evidenced by higher K, values) and overall
catalytic efficiency. Despite reaching the highest V,  after

dialysis, immobilized enzymes exhibited limited efficiency
due to elevated K,;. These findings underscore that enzyme
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Figure 14. The reusability stability of immobilized-POD.

immobilization can substantially alter kinetic behavior and
highlight the critical role of purification strategies, especially
for optimizing the catalytic performance of free enzymes.

Stability and reusability of immobilized POD

Figure 13 illustrates the change in enzymatic activity of both
free and immobilized POD over a 38-day period. Initially,
both enzyme forms exhibit high catalytic activity. However,
while the free POD shows a marked decline after day 20
and nearly loses all activity by day 35, the immobilized
enzyme maintains a relatively stable profile. Notably, the
immobilized POD retains a significant level of activity
(~7000 EU/mL-min) even at day 38. This finding suggests
that immobilization confers increased resistance to environ-
mental stressors and helps preserve the structural integrity
of the enzyme. Consistent with the literature, enzyme immo-
bilization enhances conformational stability and improves
resistance against denaturation, proteolytic degradation, and
pH fluctuations."?  Furthermore, immobilized enzymes
exhibit improved storage and operational stability, leading to
extended shelf life and reduced activity loss during transpor-
tation and handling. These results indicate that immobilized
enzyme systems offer superior stability, reliability, and lon-
gevity compared to free enzymes, and thus present a consid-
erable advantage for industrial and biotechnological
applications.

Figure 14 illustrates the reusability stability of immobilized
POD over seven consecutive cycles. The enzyme initially
exhibited an activity of approximately 14,600 EU/mL-min,
which gradually decreased to around 11,600 EU/mL-min by
the seventh cycle. The relatively low loss of activity during the
first five cycles indicates a certain degree of structural stability
and operational durability, suggesting that the immobilization
method effectively enables the enzyme for multiple reuses.
This is a promising feature for industrial applications, where
reusability is crucial for cost-effectiveness and sustainability.
The observed decline in activity may be attributed to potential
enzyme leaching from the support matrix, substrate diffusion
limitations, or partial structural denaturation. Notably, a more
pronounced decrease in activity was observed in the sixth and
seventh cycles, implying that prolonged reuse might
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Figure 15. Immobilization of POD on the surface, intertubular regions and
pores of MWCNT.

necessitate re-immobilization. Overall, the immobilized enzyme
demonstrates acceptable reusability, highlighting its potential
for repeated applications in biocatalytic processes.

Comparison with literature and proposed mechanism of
immobilization

The reusability profile of immobilized POD in this work
aligns closely with trends reported across various studies. For
instance, Aldhahri et al.®® found that HRP immobilized on
modified chitosan beads retained ~65% activity after 5 cycles,
which is comparable to the ~90% activity retained after 5
cycles in the present study. Azevedo et al.*! reported 4.5-fold
increased storage stability for peroxidase on surface-oxidized
MWCNTs compared to free enzyme, reinforcing our observa-
tion of enhanced operational durability attributable to
hydrogen-bond mediated immobilization. In the work by Jun
et al,®®! immobilized jicama peroxidase on BP/PVA-MWCNT
membranes exhibited improved operational and storage stabil-
ity, along with high enzyme loading (~217 mg/g) and ~80%
residual activity after repeated uses, consistent with strength-
ening of enzyme-support interactions in our system. Bila
et all%! and Lee et al.””! demonstrated that immobilized HRP
on carboxylated MWCNTs maintained oxidative activity
across a wide pH range (4-9), similar to our enzyme which
retained >70% activity under varied pH conditions. Bilal
et all® showed HRP on MWCNT-chitosan-magnetic hybrids
preserved around 80% activity after 10 cycles and 20days of
storage, emphasizing that extended reusability and stability are
achievable with composite supports. In line with this, a
Fe,O,-MWCNT peroxidase-mimicking catalyst maintained
“no obvious loss” of activity over multiple uses in dye
removal,l®" echoing our findings of a plateau in activity loss
during early reuse cycles. A covalent immobilization study on
reduced graphene oxide by Vineh et al.®?l reported 70%
retained activity after 10 cycles and ~97% storage activity after
35-day which mirrors our results in demonstrating both
operational and long-term stability. Similarly, Fe;O,~-MWCNT
catalysts in Fenton-like reactions showed broad pH tolerance

(1-10) and rapid magnetic recovery with negligible activity
loss over reuses,!®! supporting the robust performance exhib-
ited by the POD-MWCNT system here. Finally, results align
with broader conclusions in reviews on enzyme-CNT com-
posites, which highlight that carbon nanomaterials enhance
enzyme stability and reusability through strong physical and
chemical interactions.

In line with the above explanations, Figure 15 illustrates
the immobilization of POD on the surface of MWCNTs, in
the intertubular regions, and within the mesoporous interi-
ors of the tubes. The interactions here are physical, espe-
cially van der Waals type interactions.

Conclusions

In this study, POD was successfully extracted and concen-
trated from celery root and immobilized onto MWCNTs.
The immobilization conditions were optimized in terms of
time and support amount, with optimal activity observed at
300 minutes. Characterization analyses (BET, FTIR, SEM/
EDX, TGA, TEM) confirmed the successful attachment of
the enzyme to the MWCNT surface. BET analysis demon-
strated a reduction in surface area from 275 to 197 m?/g,
indicating effective enzyme coating. FTIR spectra revealed
distinct protein-related functional groups, while SEM/EDX
and TEM analyses showed morphological changes and ele-
mental compositions consistent with enzyme presence,
including Fe as a POD cofactor. Thermal analysis demon-
strated altered degradation patterns, supporting the integra-
tion of the enzyme into the nanotube structure. Kinetic
studies showed that although V. values were retained or
increased, K, values rose significantly, indicating reduced
substrate affinity likely due to diffusional or steric hin-
drances. Despite this, the immobilized enzyme maintained
high catalytic activity under optimal pH (4.0-5.0) and tem-
perature (30°C) conditions, and exhibited enhanced storage
and reusability profiles, retaining activity over 38days and
multiple usage cycles. These findings underscore the poten-
tial of POD-MWCNT systems as robust and reusable biocat-
alysts for environmental and industrial applications,
combining the advantages of nanomaterials with enzyme
functionality.
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