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Abstract: The immobilization of lysozyme onto a novel
synthetic metal chelator composite based on chitosan/
PAA-PMA (chitosan/acrylamide-maleic acid) and its ef-
fect on antimicrobial activity were the aim of the current
study. The plain composite and the lysozyme immobilized
composite were characterized according to scanning
electron microscopy (SEM), Ultraviolet spectroscopy (UV),
Fourier transform infrared (FT-IR), and X-ray diffraction
(XRD) analysis. Furthermore, the activities of lysozyme and
immobilized lysozyme were investigated, as well as their
antimicrobial activity against Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Enterococcus
faecalis, and Staphylococcus aureus, as well as their
cytotoxic effects, which were both approximately greater
than those of free lysozyme. The last step was cytotoxic
studies on lysozyme, chitosan composite, and lysozyme-
immobilized chitosan composite, which showed no
cytotoxic effect. Several investigations have shown that
metal chelators improve lysozyme’s antibacterial action.
Two carboxylic acids containing maleic acid were used as a
metal chelator in this study. Lysozyme was immobilized
from a side other than carboxylic acids, so that carboxylic
acid groups, which are metal chelating groups, do not
prevent synergy by competing with metal binding at
neutral pH. This enhanced antimicrobial activity.
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1 Introduction

Eating nutritious meals is a requirement for staying healthy
throughout life. Food shelf life is shortened due to improper
processing and microbial contamination, which increases
the risk of foodborne illness. Antimicrobial compounds
can be used to inhibit the development of bacteria on food
surfaces by immersing, spraying, or brushing them on.
However, implementing these strategies is complex and
necessitates large concentrations of antimicrobial agents
in meals. Loading natural antibacterial compounds into
packagingmaterials, known as “active packaging,” is a novel
approach to preserving food safety and extending shelf life.
Lysozyme is one of the most essential natural preservatives
and a natural antimicrobial protein generated from egg
white proteins. It is found in a wide range of animals, plants,
and microbes and is a strong contender for antibacterial
applications in the food and healthcare industries. Food
packing and preservation with lysozyme offer greater
protection against germs and enhance customer pleasure.
Lysozyme, on the other hand, is far more costly than
conventional synthetic preservatives, restricting its use.
Furthermore, Gram-positive bacteria are extremely suscep-
tible to lysozyme, which has no discernible bacteriostatic
impact on Gram-negative bacteria. Several methods have
been explored to increase the activity of enzyme molecules
and transform lysozyme into aGram-negative bacteria-killing
agent [1]. One of the useful methods is that the attachment of
enzymes to nanoparticles is substantially quicker and more
practical than the previously discussed approaches,while also
lowering uncertainty. Adsorption of enzymes is the most
straightforward technique of immobilization. On the other
hand, lysozyme is amonomeric protein thatmay be employed
inmedicine [2,3] and the food business, but its practical utility
is restricted due to its limited antibacterial range, instability,
and ease of inactivation [4].

There are a lot of natural polysaccharide studies about
lysozyme adsorption, immobilization, or conjugation [5],
and one of them is chitosan [6–8].

Chitosan is a biocompatible and environmentally
friendly polymer with inherent antibacterial qualities [9].
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It is widely utilized in biomedicine, food packaging, and
environmental conservation [10]. Rapid dissolution in acidic
solutions and poor mechanical properties necessitate
improving chitosan packaging properties by modification of
chitosan [11–16].

A synthetic metal chelator, ethylenediaminetetraacetic
acid (EDTA), is commonly used in food to prevent oxidative
deterioration and boost the effectiveness of antimicrobials
like lysozyme. By removing membrane-stabilizing cat-
ions and/or securing significant nutrients (like iron), metal
chelators may improve food antibacterial action
(e.g., magnesium, calcium). The antimicrobial synergy of
lysozyme and EDTA against Escherichia coli and Listeria
monocytogenes has been widely investigated, and it is
generally known that lysozyme and EDTA have a high
antimicrobial synergy [17–23]. There is also a lot of research
about improving antimicrobial activity of lysozyme and
synthetic materials [24–31]. Non-migratory metal chelating
active packaging has recently been created as a potential
replacement for synthetic metal chelators. Due to covalent
attachment to the packaging, notification of food interac-
tion as opposed to immediate clearing of additives would
be required for this sort of packaging, which might make
it safe for use with both organic and natural goods.
Polyacrylic acid, which contains carboxylic acid groups,
has been used as a chelator in the literature [32–34]. In the
same manner, maleic acid contains dicarboxylic acid
groups and is used for heavy metal binding [35,36].

The goal of this study was to look into the influence of
antimicrobial activity on chitosan composites by introducing
metal chelating properties (increasing carboxylic acid
groups by maleic acid incorporation) and using them in
combination with lysozyme immobilization.

2 Materials and methods

2.1 Materials

Chitosan (Mw 150000 Da 85 % deacetylated). Lysozyme enzyme pow-
der obtained from the protein of chicken egg whites with specific
activity of 40000 U/mg and Micrococcus lysodeikticus in the form
liofilized powder were purchased from Sigma Aldrich (Germany).
An N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride,
(EDAC, EDC, EDC hydrochloride), 1-Hydroxy-2,5-pyrrolidinedione,
N-Hydroxysuccinimide (NHS) and all other reagents (analytical grade)
were obtained from Merck (Darmstadt, Germany).

2.2 Composite experimental design

2.2.1 Chitosan composite synthesis: A synthesis of composite studies
was performed by Akkaya et al. in a previous study [37].

2.2.2 Lysozyme immobilization: Adsorption is commonly regarded as
themost appealing and successfulmethod of enzyme immobilization. In
actual applications, this immobilization approach cannot prevent
enzyme aggregation on the support. Protein-polysaccharide conjugates
are produced as a result of the covalent attachment of polysaccharides
to lysozyme by condensation between the carbonyl groups at the
reducing end of polysaccharides and the unprotonated amino groups in
lysozyme. Covalent cross-linking chemicals (EDC, EDAC) can immobilize
enzymes on supports, resulting in more stable contacts between
enzymes and carriers [38]. In the current study, EDAC was used to
activate lysozyme and couple chitosan amino groups. For the prepara-
tion of lysozyme-immobilized chitosan composite, carbodiimide chem-
istry was applied as follows: lysozyme (10 mg/mL) was mixed with 0.1 M
EDAC and 0.1 M NHS. To obtain the lysozyme-immobilized chitosan
composite, the activated lysozyme was mixed with chitosan composite
after forming the activated ester [8]. The reaction mixture was then
sonicated in an ultrasonic environment. After discarding the superna-
tant to eliminate nonspecifically bound lysozyme, the chitosan
composite was washed once with deionized water. All of the steps, the
washing solutions, and the supernatant were collected, and the enzyme
concentration was measured at 280 nm using a UV/Vis spectrophotom-
eter (Shimadzu, Model 1601, Japan). The following formulas were used
to determine the lysozyme loading capacity (LC) and encapsulation
efficiency (EE) [39].

LC% = (loaded amount of lysozyme / amount of chitosan composite) x 100 (1)
EE% = [(total lysozyme − unloaded lysozyme)

3 /total lysozyme]x 100 (2)

2.2.3 Composite characterization
2.2.3.1 SEM: Scanning electron microscopy (SEM) was used to investi-
gate the composite’s surface morphology. SEM was achieved using the
TESCANMIRA3 XMUmodel. SEM photos of the composite material were
taken after it was coated with a thin layer of gold under reduced
pressure.

2.2.3.2 ATR FTIR: FTIR spectroscopy was used to characterize the
produced chitosan/PAA-PMA composite hydrogels. A spectrophotom-
eter (Bruker Mode: Tensor II) with an attenuated total reflection
accessory was used to make the measurements.

2.2.3.3 XRD: The chitosan/PAA-PMA composite hydrogels were analyzed
using Cu radiation at 0.1546 nm at 40 kV and 40mA in Panalytical
Empyrean equipment. Scanswere taken at temperatures ranging from 2
to 30 °C.

2.3 Assay of lysozyme and immobilized lysozyme activity

2.3.1 Assay of lysozyme activity: The spectrophotometric activities of
free lysozyme and lysozyme-immobilized chitosan composite were
investigated as follows: spectrophotometric analysis was used to mea-
sure the lysozyme activity at 620 nm. After addition of lysozyme, a cul-
ture of M. lysodeikticus cells suspended in phosphate buffer (0.1 M, pH
7.0) was observed for 5 min to determine the rate at which the optical
density decreased. One enzyme unit (U) of lysozyme is defined as the
quantity of enzyme that generates a 0.001 absorbance unit per minute
change in OD 620 (at pH 7.0, 25 °C) [31]. All the experiments were carried
out in triplicate.
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2.3.2 Characterization of free and immobilized enzymes: Optimal
temperature and pH were determined by individually changing the
conditions of the lysozyme activity assay. An acetate buffer has a pH of
4.0–6.0, a phosphate buffer has a pH of 6.0–8.0, and a glycine-NaOH
buffer has a pH of 8.0–9.0. Temperature effects on lysozyme and
immobilized lysozyme were studied from 20 to 80 °C. The activities of
lysozyme and immobilized lysozyme in various media were calculated
as relative activity versus those seen under ideal reaction conditions.

2.4 Spectrophotometric determination of the chitosan
composite–lysozyme interaction

In the absence and presence of various concentrations of chitosan and
PAA-PMA (chitosan/acrylamide-maleic acid), the UV spectra of lysozyme
in the region of 240–3420 nm were obtained using a UV–Vis spectro-
photometer. After a sodium phosphate buffer baseline, lysozyme
spectra were obtained after titration of chitosan/PAA-PMA. The changes
in absorbance at 280 nm that resulted were recorded. All experiments
were carried out in quartz cells with 0.1 mg/ml lysozyme and varied
doses of chitosan/PAA-PMA suspension (0, 0.1, and 0.01 g) in 3 mL lyso-
zyme solution [40].

2.5 Reusability of immobilized lysozyme

The reusability studies were performed in the lysozyme activity
medium. The M. lysodeikticus cell suspension was removed from the
chitosan composite after each activity measurement, and the cells
were thoroughly washed before being re-suspended for the subsequent
measurement. The same technique described above was used to
measure the immobilized enzyme’s activity.

2.6 Antimicrobial activity of free and immobilized
lysozyme

The antimicrobial activity of chitosan/PAA-PMA (chitosan/acrylamide-
maleicacid (K3)), Lys, and K3-Lys was investigated using the Kirby–
Bauer disc diffusion assay against Gram-positive methicillin-resistant
Staphylococcus aureus (MRSA) (ATCC 43300), Enterococcus faecalis
(ATCC 29212), and Gram-negative Pseudomonas aeruginosa (ATCC) The
test was performed according to the Clinical and Laboratory Standards
Institute (CLSI) [41]. First, 100 µl of 107 CFU/mL bacterial suspension was
spread on MHA and allowed to dry for about 10 min before the disks
were placed on the plate. On the sterile blank disc, 20 µl of test solutions
(10 mg/mL, dissolved in dimethyl sulfoxide solvent, DMSO) were
dropped. At certain intervals, discswere placed onMHA inoculatedwith
a bacteria isolate. The negative control was DMSO, while the positive
controls were ciprofoxacin and linezolid antibiotics. All cultures were
incubated at 37 °C for 24 h. After the incubation, the inhibition zone
diameters were measured in terms of millimeters (mm) in diameter
and evaluated. The diameter of the inhibition zone was classified as
6–10 mm (weak), 11–16 mm (moderate), and 17–25 mm (strong) [42].

2.7 Cytotoxicity assay

To evaluate cell viability, the XTT test was performed (Roche Diagnostic,
Germany).

In 100 μL of DMEM culture fluid, cells were cultured at a density of
104 cells per well in 96-well plates and left to stick overnight. After 24 h,
increasing concentrations of the drug (1000 μg/ml) were added to the
two cell lines while maintaining the same final dose of the released
composite, and the plates were incubated for another 24 h. The cells in
the control groups were not given any treatment. 50 µl of XTT labeling
solution was added to wells to identify living cells, and the plates were
incubated at 37 °C for 4 h. After mixing, the absorbance of each well was
measured at 450 nm and compared to the control using a microplate
reader (Thermo, Germany). The viability of the cells was calculated as a
percentage of the control (100 %) [43].

2.8 Statistical analysis

The experiments were performed at least three times, and the datawere
depicted as mean ± standard deviation (SD). Differences were consid-
ered statistically significant at a value of p < 0.05.

3 Results

The synthesized molecule includes maleic acid, which has
carboxylic acid groups and needs to be used as a chelator.
That is why this group is not used for lysozyme immobili-
zation. Figure 1 shows the conjugation of chitosan composite
to lysozyme between the activated carboxyl group of lyso-
zyme and the amino groups of chitosan. Themain advantage
of this combination for enhanced antibacterial performance
is due to the charge of lysozyme immobilized composite. At
the last structure, there are carboxylate groups for metal
binding, so these groups are occupied by metal ions, in
addition lysozyme binding is via carboxyl group of lysoyzme,
and so amino groups are functional.

3.1 SEM

SEM images of the synthesized chitosan composite were
taken (Figure 2). The figure clearly shows that the chitosan
composite has numerous pores for lysozyme adsorption.

3.2 FT-IR ATR

The FT-IR study was carried out to establish the existence of
chitosan composite (K3) and lysozyme, as well as to look into
potential interactions (Figure 3). In the previous work [37],
we investigated the typical infrared absorption peaks of
chitosan composite in depth. N–H stretching of free amino
groups is responsible for the big peak at 3295 cm−1, while C–H
stretching is responsible for the absorption at 2961 cm−1.
Three separate mid-infrared zones are also included: amide
I (1700–1600 cm−1), amide II (1600–1500 cm−1), and amide III
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(1320–1230 cm−1), where amide I was thought to have sec-
ondary structure interactions and the amide III signal was
overlooked due to its weakness [44]. Thus, vibrations of the
-helix’s C=O stretching were assigned to the one centered at
1653 cm−1, while N–H bending and C– N stretching were
assigned to the one centered at 1538 cm−1 [45]. The FT-IR
structure (Figure 3’s blue line at the bottom) demonstrates
lysozyme incorporation into the chitosan composite struc-
ture. Lysozyme is clearly seen to have adsorbed onto the
chitosan composite. The lysozymemolecules are shown to be
quite stable through secondary structures like the α-helical
and β-sheets of the immobilized enzyme by the intensity
ratio of the amide bands in both the purely lysozyme and the
lysozyme immobilized onto the composite [46]. Additionally,
these peaks do not differ from those of lysozyme, indicating
that the lysozyme secondary structure has not changed af-
ter immobilization. The absorbance intensity of the amide II
band is changed, but it is not so important to the confor-
mation of the lysozyme [47].

3.3 Spectrophotometry determination of
the chitosan composite–lysozyme
interaction

Chitosan composites without lysozyme exhibited no
absorption at the measured wavelengths of 240–340 nm,
while after lysozyme loading they exhibited an obvious peak
centered about 280 nm. This was designated as the typical
absorption for lysozyme at various absorbance values (Fig-
ures 4a and b). The data showed that when lysozyme was
added to the chitosan composite (K3), there was a slight
hypsochromic shift due to lysozyme immobilization, as
reported in the literature [7,48].

3.4 Lysozyme and immobilized lysozyme
activity

For the next experiments for the immobilized enzyme
research, at 50 °C temperature a lysozyme concentration of
1 mg/ml was selected. For immobilized enzyme, the ideal pH
and temperature were found to be 7 and 50 °C, respectively.
Free lysozyme exhibited activity at pH 6.5 and 50 °C. The
enzyme, both in free and bound forms, was stored in 50 mM
Tris buffer (pH 7.0) at 4 °C. The free enzyme samples retained
their activity for 40 days, but the immobilized samples
retained 80 % lysozyme activity on the 80th day. In terms

Figure 1: Schematic presentation of conjugation between chitosan
composite and activated lysozyme.

Figure 2: SEM image of freeze-dried chitosan composite (top),
non-freeze-dried chitosan composite (bottom).
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of thermostability, immobilization seems to improve the
enzyme’s shelf life (Figure 5). To summarize, the immobili-
zation procedure for enzymes has little influence on the
settings that can optimize their activity. It could be because
of the conjugate coupling of chitosan amino groups on
activated lysozyme (carboxyl groups) [49].

3.5 Resuability studies

The reusability results show that the covalently coupled
lysozyme maintained approximately 86 % of its initial
activity after 10 cycles (Figure 6).

3.6 Antimicrobial activity

According to the results of the disk diffusion method, it was
determined that the K3 and K3- Lys compounds had a weak
to moderate antibacterial activity on other microorganisms
except MRSA (Table 1). Additionally, the inhibition zone
diameters of K3-Lys remarkably increased to 120% for E. coli
and Klebsiella pneumoniae, 118 % for P. aeruginosa, and
113 % for E. faecalis of the initial level in the presence of Lys.
Thus, K3-Lys had higher antimicrobial activities against
bacteria than Lys based on inhibition zone diameters
(Table 2) [5,48,50–52]. The compounds which were used for
composite preparation (chitin, chitosan, carboxylic acid
containing monomers) had antimicrobial activity [1,53–55].

Commonly employed in food, synthetic metal chelators
increase the potency of antimicrobials such as lysozyme
and prevent oxidative degradation. Metal chelators may
enhance the antibacterial effect of food by reserving vital
nutrients (such as iron) and/or removing cations that stabi-
lize membranes (e.g., magnesium, calcium). Researchers
reported that lysozyme and EDTA worked together to
combat E. coli [33].

Metal-chelating substances (other than EDTA) showed
synergy with lysozyme against a variety of bacteria;
however, this synergy was not as strong as the synergy
between EDTA and lysozyme. Multivalent cations, notably
Fe2+ and Fe3+, have been shown to exhibit a preference
for EDTA. Because carboxylic acid-containing materials,
such as poly (acrylic acid), chelate metal ions through
electrostatic interactions rather than high affinity metals
attaching to specific ligands. There was a theory that the

Figure 3: ATR FT-IR of chitosan composite,
lysozyme and lysozyme immobilized chitosan
composite (top to bottom).

Figure 4: UV spectra (240–340 nm) of (a) lysozyme+0.01 g K3,
(b) lysozyme + 0.05 g K3, (c) phosphate buffer + K3.
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Figure 5: Assesment of free and immobilized lysozyme. (A) Influence of pH on the activities of free and immobilized lysozyme. (B) Optimal temperature
for free and immobilized lysozyme. (C) Effect of storage. (D) Thermal stability of free lysozyme and immobilized lysozyme.
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reduced synergistic effect of lysozyme with metal chelating
materials resulted from the competitive binding of large,
positively charged molecules, such as lysozyme, by nega-
tively charged metal chelating materials [33].

Apart from carboxylic groups, immobilization of
lysozyme increased synergistic effects in the current
study. So immobilized lysozyme and metal-chelating
carboxylic groups both show synergistic antimicrobial
activity. At pH 7.0, carboxylic acid groups are deproto-
nated and should bind to metal ions. At the same pH
conditions, immobilized lysozyme shows enhanced anti-
microbial activity [57].

Along with calcium, magnesium helps Gram-negative
bacteria bind polysaccharides on their surfaces by cross-
linking negatively charged groups to form salt bridges.
Magnesium and calcium can create metal complexes that
can cause cell solute leakage and viability loss. The growth,
replication, respiration, and DNA synthesis processes in
bacterial cells all require iron. Such crucial cations being
chelated from the lipopolysaccharides (LPS) layer may
compromise its structural or functional integrity, allowing
lysozyme to enter the cell wall [17,18].

With this study, we succeeded in effectively coexisting
lysozyme and metal chelating groups together in the same

Table : Antibacterial activity of synthesized compounds.

Treatment group Inhibition zone (mm)

Escherichia coli Klebsiella pneumoniae Pseudomonas aeruginosa Enterococcus faecalis Staphylococcus aureus

K  ± .  ± .  ± .  ± . R
Lys R R R R R
K-Lys  ± .  ± .  ± .  ± . R

K-Lys (lysozyme concentration: mg/mL) suspension against pathogen ATCC strains in DMSO K and K-Lys are at a concentration of mg/mL. R,
resistant. DMSO was used as a negative control.

Table : Literature comparison with zone diameter of some microorganisms and immobilized lysozyme.

Treatment group Inhibition zone (mm) antibacterial properties

Escherichia
coli

Klebsiella
pneumoniae

Pseudomonas
aeruginosa

Enterococcus
faecalis

Staphylococcus
aureus

References

CS R []
CS-NPs . ± .
CS-Lys-NPs . ± .
CS/ALG – –    []
β-CS . ± . []
Lys . ± .
Lys loaded LMW β-CS NPs . ± .
CNCs stabilized Lys loaded LMW
β-CS NPs

. ± .

Lys . []
LQC NPs .
HQC NPs .
CNC stabilized LQC NPs .
CNC stabilized HQC NPs .
CNC stabilized Lys loaded LQC NPs .
CNC stabilized Lys loaded HQC NPs .
Surface-grafted chitosan with
immobilized lysozyme

High antimicrobial
activity

[]

N-succinyl chitosan immobilized
lysozyme

. []

K  ± .  ± .  ± .  ± . R This study
Lys R R R R R
K-Lys  ± .  ± .  ± .  ± . R
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composite by preventing lysozyme binding to carboxylate
groups of maleic acid which is necessary for metal binding.
Metal binding and shielding of carboxylate groups by metal
binding, lysozyme immobilization, all of these properties
make the lysozyme immobilized composite efficient.

Chitosan take important place in this composite.
The electrostatic interactions between the polycationic
structure of chitosan and the anionic groups on the bacterial
cell surface, which result in the alteration of the cell wall
(Gram-positive) or outer membrane (Gram-negative),
appear to play a key role in the antibacterial activity of
chitosan and its derivatives. Charge, molecular weight
and the physical state of chitosan, environment and kind
of microorganisms also affect the antimicrobial activity of
material. So the synergistic effect of chitosan on lysozyme
antimicrobial activity is obvious [58].

Antibacterial activity of chitosan-lysozyme conjugation
is studied by other researchers. In contrast, lysozyme
selectively targets particular sites of the glycosidic linkages
between theN-acetylhexosamines of the peptidoglycan layer
in bacterial cell walls. Lysozyme generally has a difficult
time attacking thewalls of Gram-positive bacteria. Due to the
outer membrane’s exclusion of lysozyme and impediment
to its entry to the site of action on the peptidoglycan
in cell walls, Gram-negative bacteria are less vulnerable to
such an attack [59].

In contrast to poisonous capping agents like
cetyltrimethylammonium bromide (CTAB) and hexadecyl-
trimethylammonium chloride (CTAC), chitosan (CS), which is

green and nontoxic, plays a key function as a shape-directing
agent [60]. This property of chitosan is also important for
gaining antimicrobial activity.

3.7 Cell viability test

Using the mouse fibroblast cell line L929, the cytotoxicity of
chitosan composite (K3) and lysozyme immobilized chitosan
composite (K3-lys) was investigated. The vitality of cell lines
was determined after 12 and 24 h of treatment with both
composites. After 24 h, the chitosan composite and lysozyme
immobilized chitosan composite demonstrated.

98.42 and 101.03 %, respectively. These findings indicate
that the chitosan composite and lysozyme immobilized
chitosan composite are not cytotoxic (Figure 7).

4 Conclusions

Evaluating the antimicrobial activity of the active compo-
nents was done using especially E. coli and S. aureus as
examples of Gram-positive and Gram-negative bacteria,
respectively [61–63]. Synthetic metal chelator chitosan
composites were successfully prepared, and lysozyme
immobilization was achieved by the covalent crosslinking
(EDAC) process. Lysozyme and immobilized lysozyme had
higher antimicrobial activity against E. coli, K. pneumoniae,
P. aeruginosa, E. faecalis, and S. aureus than free lysozyme.
The cytotoxic effects of both of them were investigated, but
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there was no cytotoxic effect. This work demonstrated an
improved antibacterial method that makes use of synthetic
metal chelators and lysozyme immobilization, gaining
both properties and providing a novel idea for the creation
of superior antibacterial composite materials used in the
food and medicine industries in future studies such as
food packaging and tissue engineering, respectively.

Author contributions: All the authors have accepted respon-
sibility for the entire content of this submitted manuscript
and approved submission.
Research funding: This article was supported by CUBAP
(project number F-2022-656).
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