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ARTICLE INFO ABSTRACT

Keywords: In this study, poly(2-(3,5-dichloroanilino)-2-oxoethyl 2-methylprop-2-enoate) (PDCOEMA), a new synthetic

Chitosan polymer based on methacrylate, was synthesized and characterized. The blend of PDCOEMA with chitosan (CS)

glelthacry;zlated was prepared by the hydrothermal method and the DSC technique confirmed its formation. It was observed that
olymer blen

PDCOEMA increased the thermal stability and glass transition temperature (Tg) of CS. The Tg value of the PD-
COEMA-CS blend was increased at about 7 °C with the highest ZnO NPs contribution rate. PDCOEMA-CS/ZnO
nanocomposites were prepared by adding ZnO NPs produced by biosynthesis at different weight ratios to the PD-
COEMA-CS blend by hydrothermal method. When the thermal stability of nanocomposites determined by TGA
was examined, it was observed that it increased significantly compared to CS. While the initial decomposition
temperature of CS was 270 °C, this value increased to 293 °C after blending with DCOEMA, and to 317 °C with
the addition of 7 % ZnO NPs. Antimicrobial, anticancer, cytotoxic, antioxidant, and wound healing properties of
PDCOEMA, CS, PDCOEMA-CS blend, and nanocomposites were determined. According to the obtained results, it
was observed that nanocomposites containing 5 % and 7 % ZnO NPs showed good anticancer activity against
A549 cells at a dose of 10 pg/mL. The results show that the produced nanocomposites can contribute to develop-

Biological properties
Thermal properties

ing CS-based materials.

1. Introduction

In recent years, low-cost and biodegradable materials with im-
proved properties have become the focus of intense interest due to their
environmental and health effects. Chitosan (CS) is a biodegradable, en-
vironmentally friendly semi-synthetic polysaccharide found abundant
in nature after cellulose. CS has been the focus of biomedical and phar-
maceutical research due to its biodegradability, non-toxicity, biocom-
patibility, and superior biological properties [1-3]. Thanks to amino
and hydroxyl groups in its backbone, CS can undergo structural trans-
formations and physical interactions with other molecules. Functional
group transformations and blending performed on CS can improve the
solubility of CS, provide desired properties and gain new application ar-
eas [4-6].

It has been reported in recent studies that methacrylate-based poly-
mers containing halogen in the side branch have superior thermal and
biological properties [7-9]. Due to their highly electronegative proper-
ties, halogen atoms such as fluorine and chlorine cause their molecules

to interact physically with other suitable molecules and gain different
properties [10-12].

Numerous studies have been reported on poly(methyl methacrylate)
(PMMA)-based biocompatible biomedical materials [13-15]. PMMA-
based polymeric materials are used as carriers of many drugs, such as
antibiotics and antioxidants, as an adjuvant to vaccines, and in orthope-
dics [16]. PMMA has been used as a dental prosthesis material for many
years due to its excellent biocompatibility and superior mechanical
properties [17].

Nanotechnology has become a technology in which many new ma-
terials are produced, and new areas of use are created in the food,
chemical, pharmaceutical, mechanical, electronic, and food industries
[18,19]. Ensuring continuity in nanotechnology depends on the wide-
spread use of environmentally friendly and rapid synthesis protocols,
avoiding the high cost, lengthy procedures, and especially the use of
toxic compounds. In this context, green synthesis of nanoparticles, es-
pecially using different plant extracts, has become a simple, inexpen-
sive, and non-toxic trend method [20-22]. Prunus spinosa is one of the

« Corresponding author at: Afyon Kocatepe University, Faculty of Science and Arts, Department of Chemistry, 03200 Afyonkarahisar, Tiirkiye.

E-mail address: ierol@aku.edu.tr (I. Erol).

https://doi.org/10.1016/j.ijbiomac.2023.124753

Received 1 December 2022; Received in revised form 30 April 2023; Accepted 2 May 2023

0141-8130/© 20XX

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.



https://doi.org/10.1016/j.ijbiomac.2023.124753
https://doi.org/10.1016/j.ijbiomac.2023.124753
https://doi.org/10.1016/j.ijbiomac.2023.124753
https://doi.org/10.1016/j.ijbiomac.2023.124753
https://doi.org/10.1016/j.ijbiomac.2023.124753
https://doi.org/10.1016/j.ijbiomac.2023.124753
https://doi.org/10.1016/j.ijbiomac.2023.124753
https://doi.org/10.1016/j.ijbiomac.2023.124753
https://www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
mailto:ierol@aku.edu.tr
https://doi.org/10.1016/j.ijbiomac.2023.124753
https://doi.org/10.1016/j.ijbiomac.2023.124753

H. Artun et al.

plants used to obtain nanoparticles by green synthesis. Prunus spinosa; is
a type of plum tree that grows naturally in Europe, West Asia, North-
west Africa, and Anatolia. It is a 3-4 m tall, thorny, shrub-shaped plant.
In the presented study, the fruits of the Prunus Spinosa species used in
nanoparticle synthesis have antioxidant, antimicrobial, anti-
inflammatory, and anticarcinogenic effects [23-26].

Intensive studies have been made on nano metal oxides such as ZnO
in recent years due to their versatile applications in many technical
fields [27]. ZnO nanoparticles (NPs) can be used in various industries
such as textile, electronics, healthcare, catalysis, cosmetics, electronics,
and biomedical. ZnO NPs are non-toxic and used in innovative drug de-
livery, wound healing, and bioimaging [28]. It also has excellent prop-
erties such as anticancer, anti-inflammatory, and antimicrobial [29].

This study aims to improve the thermal and biological properties
(antimicrobial, antioxidant, anticarcinogenic) of CS. For this, it was
aimed to blend CS with PDCOEMA, a new synthetic polymer based on
methacrylate, and to prepare nanocomposites by adding ZnO NPs. It is
seen in the literature that CS blends are mostly made with biopolymers
[4-6]. PDCOEMA was synthesized for the first time in this study, and its
mixtures with CS were prepared for the first time in this study. It is pre-
dicted that the chlorine atoms, arylamide, and ester groups in the side
branch of PDCOEMA can interact with the amine and hydroxyl groups
of the CS, increasing the biological and thermal properties. ZnO NPs
produced from Prunus spinosa extract were added to the PDCOEMA/CS
blend at different rates to contribute to the expected improvements in
thermal and biological properties and create a synergistic effect. The
synthesis of ZnO NPs from Prunus spinosa plant extract by the hy-
drothermal method was performed for the first time in this study. It has
been reported that ZnO NPs positively affect the biological and thermal
properties of the nanocomposites of which they are components [28,
29].

The determined antimicrobial, cytotoxicity, antioxidant, and
wound-healing properties of the produced PDCOEMA /CS-ZnO
nanocomposites showed that nanocomposites can be used as biomateri-
als and wound healing creams in the health sector. Moreover, the ther-
mal properties of PDCOEMA/CS-ZnO nanocomposites were observed to
improve significantly compared to pure PDCOEMA and CS.

2. Materials and methods
2.1. Materials

CS (highly viscous, and deacetylation degree 80 %), sodium
methacrylate, zinc nitrate hexahydrate, 3,5-dichloro aniline, chloro
acetyl chloride and potassium carbonate were obtained from Merck
(Germany). Dichloromethane, 1,4-dioxane and acetonitrile solvents
were used without any preliminary purification.

2.2. Preparation of ZnO NPs from Prunus spinosa fruit extract

ZnO NPs were synthesized using an aqueous extract of Prunus spin-
osa fruits. For this purpose, firstly, the aqueous extract of Prunus spinosa
fruits was prepared by combining decoction and maceration methods
[30]. First, the fruits of Prunus spinosa were washed and dried, and then
the seeds were removed and dried in the shade. The dried parts were
ground into powder in a blender (Waring 32BL80, Connecticut, USA).
10 g of powdered Prunus spinosa fruits. It was weighed and placed in a
borosilicate glass bottle, 100 mL of distilled water (1:10 w/v) was
added, and the bottle was closed. The resulting suspension was incu-
bated for 1 h in an ultrasonic water bath (Bandelin) at 50 °C. The solu-
tions removed from the water bath were kept in the dark for 24 h at
room temperature. The prepared extracts were collected in a separate
bottle by filtering through filter paper (Whatman, Grade 589/1) to pu-
rify the plant parts. Thus, an aqueous extract of Prunus spinosa fruits
was prepared.
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The synthesis of ZnO NPs was synthesized by combining green syn-
thesis and hydrothermal methods [31] using an aqueous extract from
Prunus spinosa fruits and Zn(NO3), 6H,0 (Sigma). 50 ml of the aqueous
plant extract prepared for this purpose was taken, and 5 g Zn(NOs),
6H,0 was added. It was mixed vigorously (600 rpm) on a magnetic stir-
rer and incubated in the dark at room temperature for 24 h. It was de-
termined that the color of the mixture, which was maroon at the begin-
ning of the incubation, turned khaki green at the end. The mixture was
then passed to a 100 mL Teflon vessel in the Fytronix hydrothermal sys-
tem, and held at 120 °C for 12 h. The obtained ZnO NPs were filtered,
washed with distilled water, and dried to constant weight in a vacuum
oven at 250 °C for 12 h. Synthesis summary of ZnO NPs is demonstrated
in Scheme 1.

2.3. Synthesis of 2-(3,5-dichloroanilino)-2-oxoethyl-2-methylprop-2-
enoate (DCOEMA)

According to the methods available in the literature, two steps were
followed to synthesize the DCOEMA monomer [32]. In the first step, the
intermediate product (IP), 2-chloro-N-(3,5-chlorophenyl)acetamide,
was synthesized by reacting 3,5-dichloroaniline with chloroacetyl chlo-
ride in the basic medium. Then to synthesize DCOEMA in a reaction
flask, 5.38 g (0.022 mol) of IP and 2.70 g (0.025 mol) of sodium
methacrylate were stirred in 50 mL of acetonitrile at 80 °C for 24 h. The
DCOEMA formed after the reaction was extracted three times with
ether and crystallized from ethanol for purification. The yield was
80 %. All synthesis steps are presented in Scheme 2.

2.4. Synthesis of poly(2-(3,5-dichloroanilino)-2-oxoethyl 2-methylprop-2-
enoate) (PDCOEMA)

PDCOEMA polymer was synthesized by the free radical polymeriza-
tion method [32]. The typical polymerization method follows; 1 g of
DCOEMA, 0.02 g of azobisisobutyronitrile (AIBN) as the initiator
(2 wt% of monomer), and 5 mL 1,4 dioxane solvent were added to a
polymerization ampoule. The mixture was then exposed to nitrogen gas
for 10 min and polymerized in an oil bath at 65 °C for 24 h. The ob-
tained polymer was precipitated in n-hexane.

2.5. Preparation of PDCOEMA-CS blend

1 g of CS was stirred for 3 h with a magnetic stirrer to dissolve in
10 mL of 2 % acetic acid solution. The dissolved CS was taken into a
Teflon container, and powdered 1 g of PDCOEMA polymer was slowly
added and mixed vigorously with a mechanical mixer for 1 h. Then the
mixture was homogenized for another 30 min with the help of an ultra-
sonic probe. The mixture was incubated in the Fytronix nanomaterial
production device at 120 °C for 12 h. The resulting mixture was filtered
and washed three times with water. It was then poured into a petri dish
and dried in a vacuum oven at 80 °C for 12 h.

2.6. Preparation of PDCOEMA-CS/ZnO nanocomposites

The PDCOEMA-CS/ZnO nanocomposites were produced by adding
biosynthesized ZnO nanoparticles in three different weight ratios (3 %,
5 %, and 7 %) to the PDCOEMA-CS blend by hydrothermal method
[33]. The typical synthesis process for nanocomposite containing 3 %
ZnO is as follows; 0.5 g of PDCOEMA-CS blend and 10 mL of water
were placed in a Teflon container and mixed with a mechanical mixer
for 15 min. Then, 15 mg of ZnO NPs were added to the mixture. Then
the mixture was homogenized for 30 min with the help of a mechanical
mixer and an ultrasonicator. Finally, the mixture was incubated in the
Fytronix nanomaterial production device at 120 °C for 12 h. The
nanocomposite formed at the end of the period was filtered, washed
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Scheme 1. Synthesis of ZnO NPs from Prunus spinosa fruit extract.
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Scheme 2. Synthesis of DCOEMA monomer

with water and poured into a petri dish, and dried in a vacuum oven at
80 °C for 12 h.

2.7. Thermal properties of the nanocomposites

The effects of the prepared nanocomposites on the thermal stability
of pure CS, PDCOEMA and PDCOEMA-CS mixture were investigated by
the thermogravimetric analysis (TGA) method. Tg values of the PD-
COEMA-CS blend and nanocomposites were estimated via the differen-
tial scanning calorimetry (DCS) method. In addition, thermal degrada-
tion activation energies (Ea) of PDCOEMA-CS blend and nanocompos-
ites were determined by Flynn-Wall-Ozawa (FWO), one of the non-
isothermal kinetic analysis methods.

2.8. Biological properties of the materials

2.8.1. Antimicrobial assay
The antimicrobial activity of the materials used in the study was de-
termined according to the microdilution method, following the meth-
ods described by the Clinical and Laboratory Standards Institute. Es-
cherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Candida al-
bicans (C. albicans) were used in the antimicrobial analyses. Disperse
mixtures of each material used in the study, prepared in the range of
10-1000 pg/mL in cation-adjusted Miiller Hilton Broth 2 (Sigma), were
tested. 1 % (v/v) of 107 CFU/mL bacterial solutions were added to each
prepared mixture and incubated at 37 °C for 24 h. Then, MIC values
(the lowest concentrations of substances to inhibit bacterial growth)
were evaluated by both measurements at 450 nm and inoculation into
the medium. Analyzes were performed in triplicate.
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2.8.2. Analysis of total antioxidant capacity (TAC), total oxidant capacity
(TOC), and oxidative stress index (OSI) levels

TAC and TOC levels were measured using commercial spectrophoto-
metric kits (Rell Assay, Gaziantep, Turkey). For this purpose, aqueous
dispersed mixtures of the samples were prepared at a concentration of
10 mg/mL. Pure water was used as blank. Analyzes were performed
with at least three replicates. TAC levels in the samples were measured
at 630 nm following the steps per the kit protocol. While determining
TAC levels, torolox aqueous solution of vitamin E was preferred as stan-
dard. A calibration curve was created using standards prepared at dif-
ferent concentrations (2 mmolTrolox/L, 1.5 mmolTrolox/L, 1
mmolTrolox/L, 0.5 mmolTrolox/L, 0.25 mmolTrolox/L). Thus, the to-
tal antioxidant amount in the samples was determined as torolox equiv-
alent. TAC levels of each sample were determined with the help of the
obtained line equation and expressed as mmolTrolox Equivalent/L. In
addition, the high TOC levels of a synthesized material mean that the
antioxidative benefit of the material will decrease. In this context, the
TOC levels of the synthesized nanocomposites were analyzed in the pre-
sented study. While determining TOC levels, hydrogen peroxide (H,0)
was used as a standard. TOC levels of each sample were determined as
H,0, equivalent with the help of the calibration curve drawn using
H,0, at different (5-100 pmol/L) concentrations. The TOC results
found were expressed as hydrogen peroxide equivalent liters (umol
H,0, equivalent/L). The TOC levels in the samples were determined
based on the optical densities obtained due to the spectrophotometric
reading (540 nm) made after adding the reagents by the kit protocol on
the dispersed mixtures of each sample prepared in water at a concentra-
tion of 10 mg/mL. The OSI was calculated using the obtained TAC and
TOC data by dividing the TOC levels by the TAC levels (OSI = TOC/
TAC) [34]. With the help of other analyzes performed with OSI levels,
the relationship between the toxicity and biocompatibility levels of the
materials was interpreted.

2.8.3. Cytotoxicity and anticarcinogenic activity

In the study, the cytotoxicity levels of the materials were deter-
mined using mouse fibroblast (1L929) cells, a healthy cell line, and the
anticarcinogenic activity was determined using human non-small cell
lung cancer (A549) cells. The same medium was used for both cell lines.
In studies, high glucose DMEM medium containing 10 % fetal bovine
serum (Sigma), 1 % penicillin-streptomycin (Sigma), and Glutamine
(Sigma) were used [35]. All the studies were made in an incubator
(Niive, EC 160) that met 37 °C and 5 % CO, conditions. The 3-[4,5-
dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide (MTT) test was
used to determine the effect of the materials used in the study on cell vi-
ability.

2.8.4. MTT analysis

Cell (A549 and L929) lines to be used in cytotoxicity analysis were
grown sufficiently in flasks and then inoculated into 96 well plates with
104 cells in each well. It was incubated for one day so the cells adhered
to the bottom of their container. At the end of the incubation, each ma-
terial used in the study (ZnO, PDCOEMA, CS, PDCOEMA-CS, and
nanocomposites containing 3-7 % ZnO) was pre-prepared with differ-
ent (10 pg/mL, 50 pg/mL, 100 pg/mL, 250 pg/mL, 500 pg/ mlL,
1000 pg/mL) concentrations of aqueous disperse mixtures were applied
to the cells in the wells in at least three repetitions [32]. The same vol-
ume of distilled water was added to the wells considered as the control
group and removed from the incubator for 24 h. MTT solution was pre-
pared at a concentration of 5 mg/mL by dissolving 25 mg of MTT salt in
5 mL of phosphate buffer (pH: 7.4). After 24 h of incubation, 10 % of
the well volume (22 pL) of MTT solution was added to the wells. The
well plate was kept in the incubator for 4 h. At the end of the incuba-
tion, the medium in the well was aspirated with a pipette. 200 pL of
DMSO was added to the well to dissolve the Formosan crystals formed
at the base of the well. The absorbance of the samples in the wells was
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determined at 540 nm (Biotek, ELx800). The average cell viability of
the control wells was accepted as 100 %, and the cell viability of the
other experimental groups was calculated. The formula used in the cal-
culation is presented below [36].

100 * Absorbance

Absorbance

sample

Cell viability (%) = (@)

control

2.8.5. Scratch wound healing assay

Fibroblast cells actively form the extracellular matrix in tissues, col-
lagen synthesis, and wound healing processes. Fibroblast cells are the
most common cells of human and animal connective tissue. Therefore,
the study used L929 mouse fibroblast cells, a fibroblast cell type, to ana-
lyze wound healing activity. The effect of the materials used in the
study on wound healing was evaluated using the in-vitro cell scratch
wound healing test [37]. For this purpose, cells grown sufficiently were
seeded in 24 well tissue culture dishes at a concentration of 2 x 10*
cells/mL in a growth medium. Cells were cultured until they were con-
fluent (the cells multiply in a monolayer with almost no voids) at the
bottom of the culture dish. Then, a wound model was created by mak-
ing linear scratches on the cell layer at the bottom of each well with a
200-pL sterile-plastic pipette tip. The medium in the wells was re-
moved. And then, the medium containing the active substance at a con-
centration of 10 pg/mL of each material was added to the wells in
1000 pL volume. The same volume of medium was added to the control
wells, and the cells were incubated. Each well image was recorded at
the beginning, 24th- and 48th hours. Studies were carried out with at
least three repetitions. The images obtained at the end of the incuba-
tions were contoured using image J software to contour the edges of the
cells forming the wound model (demarcating the non-cell area). Then
the cell-free area (wound) in between was calculated as % based on pix-
els [37]. The wound healing effect of each material applied to the cells
in the study, the cell-free area % of the control group, was determined
by comparing the cell-free area % of the other groups.

2.9. Statistical analyzes

The biological (cytotoxicity, anticancer, oxidant/antioxidant and
wound healing activities) properties of the materials used in the study
were determined at least three times. Data from their analyzes were
first defined as mean * standard deviation using the SPSS 20 statistical
program. Afterward, statistical differences between the experimental
groups were determined. One-way analysis of variance (ANOVA) was
used to determine the presence of statistical differences between groups
(p < 0.05), and Duncan posttest was utilized to evaluate differences be-
tween groups.

2.10. Characterization techniques

FTIR spectra of the materials were obtained with Thermo Scientific
Nicolet iS5 FTIR Spectrometer (Thermo Sci., USA). The spectra were
recorded with KBr disc in the 400-4000 cm~1. Morphologies of ZnO
NPs, blends, and composites were recorded by SEM (NanoSEM 650, de-
tector: TLC), and X-ray diffraction (XRD) analyses were recorded with a
Bruker D8 Advance diffraction meter with Cu K « radiation. Transmis-
sion electron microscopy (TEM) was used for the dimensional analysis
of ZnO NPs. TEM images were recorded using a Hitachi HT7800 trans-
mission microscope at 100 kV voltage. Thermogravimetric analyses of
materials were determined by a TGA device (TGA-60H, Shimadzu,
Japan). Tg values of the nanocomposites were determined using a DSC
device, (DCS60H, Shimadzu, Japan) device in a nitrogen atmosphere
using an average of 5-7 mg of substance in aluminum containers. The
weight average molecular weight (Mw) and the number average molec-
ular weight (Mn) values of the PDCOEMA were determined by the GPC
system calibrated with polystyrene in tetrahydrofuran.
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3. Results and discussion
3.1. The miscibility of PDCOEMA and CS
The chemical structures of PDCOEMA and CS are shown in Scheme

There is polarization caused by the NH, and OH groups in the CS
structure. H atoms attached to electronegative N and O atoms acquire
strong electrophilic properties. Ester, amide and especially electronega-
tive chlorine atoms in the PDCOEMA side branch can form strong di-
pole-dipole interactions with electropositive hydrogen atoms in the CS
structure. This interaction provides a strong basis for the miscibility of
both polymers. H bond formation between CS and PDCOEMA is shown
in Scheme 4.

3.2. Characterization of the DCOEMA and PDCOEMA

The structure of DCOEMA and PDCOEMA was elucidated by FTIR
and NMR spectroscopic methods. In the FTIR spectrum of DCOEMA
(Fig. 1), the stretching vibration bands of the ester and amide carbonyl
groups were observed at 1724 cm~! and 1691 cm-1, respectively. The
peaks observed at 3100 cm~! and 2900 cm~! are attributed to aromatic
and aliphatic C—H stretching vibrations, respectively. The vinyl dou-
ble bond stretching vibration peaks observed at 1633 cm~! in the FTIR
spectrum of DCOEMA disappeared with polymerization. In addition,
the stretched vibrational bands of the methacrylate ester carbonyl
shifted to the higher energy region (1741 cm~!) with the removal of
conjugation due to polymerization. The 'H and 13C NMR spectra of
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DCOEMA and PDCOEMA are presented in Fig. 2. Characteristic signals
of vinyl protons were observed at 5.6 and 6.2 ppm in the 'H NMR spec-
trum of DCOEMA. In addition, peaks of ester and amide carbonyls ap-
peared at 167 and 169 ppm in the 13C NMR spectrum of DCOEMA. In
the T™H NMR spectrum of PDCOEMA, vinyl proton signals disappeared
with polymerization. Detailed evaluations of the NMR spectra of
DCOEMA and PDCOEMA are shown in Fig. 2. The Mw and Mn values of
PDCOEMA with the GPC system were determined as 61.250 and
39.400, respectively.

3.3. Characterization of the ZnO NPs

Morphological characterization of ZnO NPs prepared by hydrother-
mal method from the aqueous extract of Prunus spinosa was performed
by SEM and TEM analysis. In the TEM image of the ZnO particles in Fig.
3A, it is seen that the particles are spherical and hexagonal in size,
about 20 nm. SEM image of ZnO nanoparticles is given in Fig. 3B. The
SEM image shows that ZnO nanoparticles appear spongy and form
spherical structures that are interconnected by creating porous struc-
tures of small sizes. According to the SEM image, the size of the spheri-
cal ZnO nanoparticles was detected to be between 15 and 19 nm on av-
erage. It has also been observed that ZnO NPs combine to form aggre-
gates of different sizes. Traces of zinc, carbon, silicon, and oxygen were
found in the EDX spectrum of ZnO NPs, which is shown in Fig. 3C. XRD
analysis was used to detect the crystal structures of ZnO NPs, and dif-
fraction patterns are presented in Fig. 5. The peaks observed in the XRD
analysis indicate that the ZnO NPs have a hexagonal wurtzite structure.
Generally, seven peaks originating from (100), (002), (101), (102),
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s CHy
s CHztl:—C}(z—(lz—s\\w.
(I:—-O C=0
0 0
|
CH, ¢
0 / '.\‘z
0o=C C=0
OH \] ’ /
NH2 - "\
' f \
PDCOEMA

Scheme 3. Chemical Structure of the CS and the PDCOEMA.

PDCOEMA

T AR e i) ik te N
MO @ 0\.1.‘\0 + et é{.n, @
@ o
cs

Dipole-Dipole interactions

Dipole-Dipole interactions

Dipole-Dipole interactions

Scheme 4. Dipole-dipole interactions between CS and PDCOEMA



H. Artun et al.

DCOEMA

| é ‘l
. 235
2 | 55& /
g $1/\ % 1o\
g § \/ AliphC-H - ~1§ N
g | ArcH “0C=0— g_ s
£ | =
[}
§
= |

/ 2980(AliphC-H)

3106(ArC-H)

| 3184(ArC-H 1741(-0¢=0)
3312(-NH) 1687(NHC=0) — |
1692(ArC=C)
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cni')

Fig. 1. FTIR spectrum of DCOEMA and PDCOEMA.

(110), (103) and (200) planes were observed in powder diffraction pat-
terns. The diffraction peaks (100), (002), (101) correspond to confirm-
ing the formation of the hexagonal wurtzite structure of ZnO nanoparti-
cles. The mean crystal size of ZnO NPs was calculated by Scherrer's for-
mula considering the fundamental diffraction peaks (100), (002), and
(101), and the values were found as ~ 15 nm, ~ 12 nm, and ~ 13 nm,
respectively [38]. There are no pollution and peaks with broad peaks.
When we look at the results of the literature studies, it is seen that ZnO
NPs are in hexagonal wurtzite structure, and highly pure and nanocrys-
talline structures are formed [39]. Our data align with the dust diffrac-
tion standards joint committee (JCPDS NO 36-1451) [40].

3.4. Characterization of the PDCOEMA-CS/ZnO nanocomposites

3.4.1. FTIR analyses

FTIR analyses in Fig. 4 obtained in the range of 500-4000 cm—!
were applied to detect the functional groups of the PDCOEMA-CS
blend, biosynthesized ZnO NPs, and nanocomposites. The FTIR spec-
trum of the PDCOEMA-CS blend represents the functional groups of
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both compounds. The broad peak observed, especially at 3500 cm~1, is
attributed to the -OH, -NH, and -NH, groups common to both struc-
tures. The amide and ester carbonyl stretching vibration bands in the
structure of PDCOEMA peaked at 1690 and 1740 cm~1, respectively.

Shifts were observed in some peaks of both components in the FTIR
spectrum of PDCOEMA-CS. The stretching vibration bands observed at
1690 and 1740 cm~! for the amide and ester carbonyls of PPDCOEMA
shifted to 1685 and 1734 cm~! by blending. It was also observed at
3475 cm~! with broad peak blending attributed to the OH and NH,
groups at 3500 cm~!. The main reason for these changes may be the di-
pole-dipole interactions between the OH and NH, groups in the back-
bone of CS and the amide, ester, and chlorine atoms in the side branch
of PDCOEMA. Similar results have been reported for different polymer
blends [41]. Minor changes in the FTIR spectrum were observed with
adding ZnO NPs to the PDCOEMA-CS blend. While OH and NH, stretch-
ing vibration bands were observed at 3480 cm~l, amide, and ester
stretching vibration bands shifted to 1681 and 1732 cm~1, respectively.
These changes may be due to weak intermolecular interactions between
ZnO NPs and the PDCOEMA-CS blend.

The FTIR spectrum of ZnO NPs shows the binding of secondary
metabolites from Prunus spinosa. In particular, the peak observed at
1640 cm™! is attributed to the aromatic C=C stretching vibration of
phenolics, which is responsible for the reduction and stabilization (clos-
ing) actions of ZnO NPs [42]. Electrostatic interactions between posi-
tively charged Zn ions and polar biomolecules play a role in the adhe-
sion of these molecules at the interface of ZnO [42]. In addition, the
C—O and C—H stretching vibration bands observed at 1315 and
1040 cm1! are also related to the presence of these molecules. In addi-
tion to the absorption bands of secondary metabolites in the IR spec-
trum of ZnO NPs, the peaks observed at 680 and 475 cm~! are assigned
to Zn—O [43].

It was observed that the peaks of both PDCOEMA-CS blend and ZnO
NPs appeared in the FTIR spectra of the nanocomposites. The presence
of ZnO NPs in nanocomposites was confirmed by the Zn—0 vibration
peaks observed at 680 and 475 cm~1. The intensity of these peaks be-
came more pronounced with the ZnO concentration in the nanocom-
posite.
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3.4.2. XRD analyses

Fig. 5 shows the XRD models of biosynthesized ZnO NPs, PD-
COEMA-CS blend, and PDCOEMA-CS/ZnO nanocomposites. In the XRD
model of PDCOEMA-CS, a maximum peak observed at 20.9 is attrib-
uted to scattering from PDCOEMA chains in the interplanar space [44].
In the profile of XRD of PDCOEMA-CS/ZnO nanocomposites,
20 = 31.7°,34.2°,36.4°,47.6°,56.2°,62.6°, and 68.3° scattering angle in
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Fig. 5. XRD patterns of the materials.

the main peaks, respectively (100), (002), (101), (102), (110), (103)
and (200) correspond to the lattice planes. In addition, ZnO NPs exhib-
ited characteristic peaks corresponding to the expected scattering an-
gles at different intensities depending on their concentration in the PD-
COEMA-CS blend.
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3.4.3. SEM and EDX analyses

SEM and EDX images of the PDCOEMA-CS blend and ZnO-
containing nanocomposites are presented in Fig. 6. The surface of PD-
COEMA-CS consists of different sections to represent both structures.
Surface changes occurred as ZnO NPs were added to PDCOEMA-CS. As
the ZnO concentration in the nanocomposite increased, images in the
form of air bubbles were observed on the surface. The probable cause of
these images may be the physical interactions between the hydroxyl
groups on the surface of ZnO NPs and the chlorine atoms in the PD-
COEMA chains and the interfacial interactions that can act as intermol-
ecular crosslinkers [45]. SEM images show that ZnO NPs do not cluster
and show good dispersion. Even at 7 % ZnO NPs loadings, it is seen that
there is no aggregation. In addition, the EDX analyses of the nanocom-
posites seen in Fig. 6 overlap with the elemental composition of the
ZnO NPs and PDCOEMA-CS molecules that make up the composite.

International Journal of Biological Macromolecules xxx (xxxx) 124753

3.5. Thermal properties of the materials

3.5.1. TGA analyses

The thermal stability of PDCOEMA, CS, PDCOEMA-CS, and PD-
COEMA-CS/Zn0O nanocomposites was determined by the TGA method.
Thermograms of the samples were obtained from room temperature to
600 °C at a heating rate of 20 °C/min in a nitrogen atmosphere with ap-
proximately 8 mg of sample. TGA graphics of the materials are shown
in Fig. 7.

The thermal stability of PDCOEMA is better than all samples, and its
initial decomposition temperature (IDT) value is 307 °C. PDCOEMA ex-
hibited a two-step degradation behavior. The first decomposition step
was observed between 310 and 370 °C, and the second decomposition
step was followed in the range of 380-470 °C. The temperature at
which 50 % mass loss of the polymer occurred was 370 °C, and the
residual amount at 600 °C was found to be 8 %. The thermal behavior

CcK s TIgs

Oement Weight % Atomic %
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Fig. 6. SEM and EDX images of the materials.



H. Artun et al. International Journal of Biological Macromolecules xxx (xxxx) 124753
100} -
E PDCOEMA 1/“ ®
80 - s3’c N
S K —
s B | ppcoemacs 92 %
F 3 y
® = 3%2no 95 %
& — rocomn ™ \//
= 40 —— Pocoemacs g 8§ % Zno 07 %
— 3 % Zno _\//
ol | 7m0 T
0 20 40 60 80 100 120 140 160 180
100 200 300 400 500 600 (]
Temperature (C) Temperature( C)

Fig. 7. TGA curve of the materials.

of PDCOEMA is similar to that of methacrylate polymers of similar
structure [46].

The thermal degradation of CS in TGA occurred in three steps. The
first decomposition stage is attributed to removing hydrated water in
the range of 66-100 °C. The second degradation step occurs at
270-345 °C and is more related to dehydration, deacetylation, and de-
polymerization. The final degradation stage of CS takes place in the
range of 370-480 °C. In the thermal decomposition of CS, the tempera-
ture value at which 50 % mass loss occurs is 380 °C, and the residual
amount at 600 °C was 32 %.

The thermal stability of the PDCOEMA-CS blend is between the ther-
mal stability of PDCO EMA and CS, with an initial degradation tempera-
ture of 293 °C. It was observed that the PDCOEMA synthetic polymer
increased the thermal stability of the CS. PDCOEMA-CS showed a two-
step thermal degradation behavior. The first decomposition took place
at 300-380 °C, and the second at 400-482 °C. The residual amount at
600 °C was found to be 23 %.

The thermal behavior of PDCOEMA-CS/ZnO nanocomposites is sim-
ilar to that of the PDCOEMA-CS blend. It is seen that thermal stability
increases as ZnO NPs are added to the matrix. The possible reason for
this situation may be that ZnO nanoparticles act as a crosslinker and
form a barrier for gaseous products. While the initial decomposition
temperature of the nanocomposite containing 3 % ZnO NPs by weight
was 298 °C, this value increased to 317 °C for the nanocomposite con-
taining 7 % ZnO NPs. In addition, the amount of residue left by
nanocomposites at 600 °C is compatible with the ZnO NPs concentra-
tion they contain. Similar results have been reported in recent publica-
tions. Detailed information about the thermal behavior of all materials
is presented in Table 1.

3.5.2. DSC analyses

The DSC technique estimated Tg values of PDCOEMA, CS, PD-
COEMA-CS, and PDCOEMA-CS /ZnO nanocomposites. The resulting
DSC curves are shown in Fig. 8. For measurements, 8-10 mg samples
were taken and heated in a nitrogen atmosphere from room tempera-

Table 1
The Ea values from the thermal degradation of materials.

Activation energy (kJ/mol) at the Conversion (a)*

Sample 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50 0.60 Aver.
Cs 90 107 126 143 159 168 177 189 221 153
PDCOEMA 99 123 135 158 166 191 214 243 268 177
PDCOEMA-CS 94 117 123 144 154 180 201 212 224 161
3 % ZnO 9 118 126 149 157 183 207 217 229 165
5 % ZnO 98 121 131 154 160 187 211 223 236 169
7 % ZnO 101 129 137 157 165 192 217 227 241 174

Fig. 8. DSC curve of the materials.

ture to 200 °C. Tg values of PDCOEMA and CS were determined as 113
and 83 °C, respectively.

The Tg value of the PDCOEMA-CS blend was between the values of
PDCOEMA and CS and was found to be 92 °C. The most important evi-
dence that PDCOEMA and CS show a good mixture is that they gave a
single Tg value. The single Tg value is one of the most critical indicators
of miscibility for binary polymer blends. As a general rule, the presence
of a single glass transition zone is used to ensure full miscibility (single-
phase mixing). The Tg value as a function of composition reflects misci-
bility and is responsible for many properties of polymer-based materials
[471.

The Tg values of the nanocomposites caused an increase in the Tg
value of the PDCOEMA-CS blend used as the matrix. The Tg value was
increased at about 7 °C with the highest ZnO NPs contribution rate. The
increase in Tg value may be due to the strong dipole-dipole interactions
between atoms/groups such as Cl, NH,, OH in the PDCOEMA-CS struc-
ture and OH groups on the ZnO NPs surface. In addition, it can be said
that the nanoparticles dispersed between the polymer chains limit the
chain mobility and cause the Tg value to decrease. Similar results were
found in other polymer nanocomposite studies [48].

3.5.3. Kinetic analyses

Thermal kinetic analysis of PDCOEMA and nanocomposites were in-
vestigated with thermograms obtained by heating up to 600 °C at dif-
ferent heating rates (5, 10, 15 and 20 °C/min) in a nitrogen atmosphere
using the thermogravimetric analysis method (TGA). The thermal
degradation activation energies (Ea) of the PDCOEMA-CS blend and
nanocomposites were determined by the Flaynn-Wall-Ozawa (FWO)
method, which is one of the non-isothermal kinetic analysis methods
[49].

The E, values were calculated according to the equation of FWO as
given below:

Ea

RT @

In (f) = constant — 1.052

In the equation, (do/dt) is the heating rate $ (°C/min), Ea activation
energy, T temperature, and R (8,314 Jmol-! K-1). According to the
FWO method, Ea values were obtained by plotting 1/T values versus
logp values.

In Fig. 9, thermograms of PDCOEMA obtained at different heating
rates and the corresponding FWO graph are shown. Ea values deter-
mined in the 5 %-60 % conversion range with similar graphics in other
materials are presented in Table 1. The Ea values calculated for CS and
PDCOEMA were 153 and 177 kJ/mol, respectively. The Ea value of the
PDCOEMA-CS blend was 161 kJ/mol, which increased with the addi-
tion of ZnO NPs. While the Ea value for the composite containing 3 %
ZnO NPs was 165 kJ/mol, the Ea value for the composite containing
7 % ZnO NPs increased to 174 kJ/mol.
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3.6. Antimicrobial activity of the materials

Studies have shown that the antifungal activity of CS on C. albicans
is generally in the range of 0.8 mg/mL-10 mg/mL [50-52]. In the pre-
sented study, it was determined that the antifungal activity of CS was
above 1 mg/mL. A recent study reported that the MIC value of CS was
above 1 mg/mL [53].

The determined MIC values of the materials are presented in Table
2. Within the scope of the study, the MIC value of CS was found to be
250 pg/mL for E. coli and 500 pg/mL for S. aureus. It is seen that the
data obtained are in parallel with the literature. Because studies in the
literature show that MIC levels can be in the range of 62.5-1300 pg/mL
for E. coli [54] and 10-2048 pg/mL for S. aureus [55].

Materials with high oxidative properties (TOC and OSI) can stimu-
late the formation of free radicals and oxidant substances in their envi-
ronment and thus exhibit antimicrobial activity.

It is seen that the material with the highest oxidant activity among
the materials used in the presented study is ZnO NPs (Fig. 10). This data

Table 2
Minimal Inhibitory Concentrations of materials used in the study.

Materials MIC value of E. coli MIC value of S. MIC value of C. albicans
(pg/mL) aures (pg/mL) (pg/mL)
ZnO 10 10 100
PDCOEMA 50 10 50
CS 250 500 >1000
PDCOEMA- 100 250 250
Ccs
3 % ZnO 100 100 100
5 % ZnO 100 50 100
7 % ZnO 50 50 50
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shows that the source of antimicrobial activity of the prepared
nanocomposites is ZnO NPs. ZnO NPs may show antimicrobial activity
by different mechanisms. ZnO NPs directly interact with the cell mem-
brane of microorganisms, increasing the production of reactive oxygen
species (ROS) and causing oxidative membrane damage. As a result of
the damage, ZnO NPs can enter the cell and increase the oxidative stress
in the cell. ZnO NPs directly interact with the cell membrane of mi-
croorganisms, increasing the production of ROS, and causing oxidative
membrane damage [56].

Recent studies have shown that when ZnO NPs are added to CS, they
can provide biological activities such as antibacterial, antifungal, and
anticarcinogenic to CS [57,58]. For this reason, it can be predicted that
ZnO NPs and PDCOEMA have the potential to impart antimicrobial and
anticarcinogenic properties to the substances they contain. It was also
observed that the antimicrobial activity of the obtained nanocompos-
ites increased when ZnO NPs were added to the PDCOEMA-CS blend at
different rates (3 %, 5 % and 7 %). In particular, it was determined that
the MIC values of the nanocomposite with 7 % ZnO NPs were low and
showed a strong antimicrobial effect. A range of products with antimi-
crobial properties can be designed by incorporating biosynthesized ZnO
NPs with known antimicrobial properties into materials. Depending on
the production process, specific nanoparticles such as ZnO containing
antimicrobial activity can be added to a polymeric matrix surface as a
concentrated powder, liquid suspension, or masterbatch pellet.

3.7. Evaluation of TAC, TOC and OSI levels

The total antioxidant capacities of the materials are shown in Fig.
10A. The data seen in Fig. 10A show that ZnO NPs had the highest an-
tioxidant activity and PDCOEMA the lowest. In the literature, it has
been reported that ZnO NPs produced by green synthesis can show an-
tioxidant activity [59]. The antioxidant activity of CS was found to be
low, as stated in the literature [60]. It was found that the antioxidant
activity of nanocomposites formed by adding ZnO NPs to the PD-
COEMA-CS blend, which is used as a matrix in nanocomposite produc-
tion, is close to CS.

Antioxidant agents can show antioxidative properties by increasing
antioxidant enzyme activities in living systems and/or reducing free
radical species in the environment. Substances that show antioxidant
activity in extracellular systems, as in the methods we used in our
study, reduce them by transferring electrons to free radicals and thus
exert an antioxidant effect. It has been reported in previous studies that
ZnO NPs and CS show antioxidant activity by reducing DPPH and ABTS
radicals [61,62].

In the present study, a method based on ABTS radical reduction was
used to determine the antioxidant activity of both ZnONPs and other
materials. ABTS test detects antioxidant activity by using the free radi-
cal scavenging properties of antioxidant compounds. In this analysis, it
is accepted that the antioxidant activity of substances interacting with
ABTS radical increases as the concentration of ABTS radical in the
medium decreases.

Fig. 10B shows the total oxidant capacities of the materials. Accord-
ing to the obtained data, the oxidant capacity of ZnO NPs is the high-
est, and that of CS is the lowest. In the literature reported that ZnO NPs
can increase the formation of reactive oxygen radicals by showing
prooxidant activity [60]. In particular, Zn2* ions, formed due to oxy-
gen reduction in the environment through photocatalysis, play a role
in shaping the environmental oxidant effects [57,58]. The study deter-
mined that the total oxidant capacity of PDCOEMA, which was used as
a component of the matrix with CS, was higher than CS. Therefore, PD-
COEMA appears to have imparted oxidant activity to the matrix. When
ZnO NPs were added at different rates to PDCOEMA-CS blend, which is
used as a matrix in nanocomposites, it was observed that the total oxi-
dant activity of the obtained nanocomposites increased.
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Fig. 10. The total antioxidant capacities (A), total oxidant capacities (B), the oxidative stress index levels (C) of the materials.

Fig. 10C shows the oxidative stress index levels of the materials.
When the TAC and TOC properties of all materials are evaluated, it is
seen that the OSI index value of PDCOEMA is the highest. This data
shows that PDCOEMA and ZnO can potentially improve the biological
properties of nanocomposites. Because materials with high OSI index
can stimulate the formation of free radicals and oxidant substances in
their environment. Such compounds can impart properties such as an-
timicrobial and anticarcinogen to the materials they are substituted for
[57,58]. For this reason, in the presented study, it can be said that PD-
COEMA and ZnO NPs improve the bioactivity properties of CS.

The antioxidant defense system is activated to reduce the oxidative
stress created by oxidant molecules, which are endogenous or exoge-
nous under normal conditions. Transferrin, ceruloplasmin, sulfhydryl
groups of proteins, vitamins C and E, uric acid, and bilirubin constitute
the total antioxidant. In general, because they interact and work syner-
gistically, the effect of antioxidants alone is less than the effect they will
show together. In addition, when serum concentrations of antioxidants
are measured separately, it requires more time and cost.

3.8. Cytotoxicity and anticarcinogenic activity of the materials

Fig. 11A shows the cytotoxicity levels of the materials in mouse fi-
broblast (1929) cells. It was observed that the cytotoxicity of the ma-
terials other than CS in L929 cells increased as the concentration in-
creased compared to the control groups. It was determined that only
the lowest dose (10 pg/mL) of CS and PDCOEMA-CS was not cyto-
toxic, but when ZnO NPs were added to the structure, it gained cyto-
toxic properties. In parallel with the study presented in the literature,
it is reported that CS has cytotoxicity at high doses [63] and ZnO NPs
at low doses [59] in L929 cells. In a recently reported study, it has
been reported that CS-ZnO nanocomposites produced by adding ZnO
NPs to CS do not show toxic effects in healthy cells (HUVEC; Human
Umbilical Vein Endothelial Cells) [64]. In the presented study, it can
be said that PDCOEMA-CS/ZnO nanocomposites are cytotoxic even if
they contain the lowest rate of ZnO NPs. ZnO-NPs included in the
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composites showed different effects in healthy cells may be related to
using different cell lines in the studies.

Fig. 11B shows the anticarcinogenic effects of the materials on hu-
man non-small lung cancer (A549) cells. It was determined that all ma-
terials used in the study were cytotoxic at all doses except 10 pg/mL in
A549 cells. It was observed that this effect increased as the dose ap-
plied to the cells increased. It has been reported that cytotoxicity due to
ZnO NPs in A549 cells is shaped by the increase of reactive oxygen
species in the cell, deterioration of membrane permeability, and the de-
velopment of mitochondrial dysfunction [32,59]. As a result, the re-
sulting Zn?* jons increase in the intracellular space. When the materi-
als used in the study are applied to A549 cells at the lowest dose
(10 pg/mL), it can be said that ZnO NPs added to the synthesized
nanocomposites at rates of 5 % and 7 % can impart anticancer activity.

Cytotoxicity tests provide basic information about the behavior of a
substance likely to be a drug or whose toxic effect is unknown and form
a source for future animal or clinical trials. Therefore, the accuracy and
reliability of the data to be obtained from related studies are important.
The success of the test results requires that the variables be considered
together. It is thought that in the future, with the more detailed elucida-
tion of cellular mechanisms and cellular structures, different vitality
markers will be discovered, and a much more sensitive detection can be
made. Among the anticancer drugs, cytotoxic chemotherapeutics are
chemicals that damage cells at a certain or any stage of the cell cycle
through mechanisms such as inhibiting certain cellular functions and
thus cell division or induction of apoptotic or necrotic cell death.

3.9. Wound healing properties of materials

It is understood from the initial data in Table 3 that the wound
model was formed in the experimental groups formed within the scope
of the study at close ratios to each other. Images of the scratch wound
test are presented in Fig. 12. When the 24th-hour data were examined,
it was observed that the % wound areas of the control, CS, and PD-
COEMA-CS groups were less than the other and no statistical difference
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Fig. 11. The cytotoxicity levels (A), and the anticarcinogenic effects (B) of the materials.

Table 3
Wound healing effect of materials.

Experimental groups Cell-free area (wound) amounts (%)

0. hours 24. hours 48. hours

Control 57.37 = 3.73 40.29 + 4.39 31.59 * 4.04
ZnoO 53.56 = 4.43 44.26 + 8.65 45.31 = 0.84°
PDCOEMA 54.26 + 2.84 47.71 = 4.17 47.89 + 4.21°
CS 55.97 = 6.17 36.87 = 3.51 18.20 * 3.37°
PDCOEMA-CS 51.83 * 6.93 39.80 * 2.99 22.51 + 2.63%
3 % ZnO 53.76 = 8.19 44.56 + 3.89 39.51 + 2.19°
5 % ZnO 54.50 *+ 6.83 49.17 + 3.72 40.82 + 2.62°
7 % ZnO 52.92 = 6.16 47.69 = 3.68 39.23 + 3.61°
P 0.962 0.50 0.000

Data are given as mean = standard deviation (n > 3).

a It represents the groups with better wound healing levels compared to the
control group (p = 0.05).

b It represents the groups with less wound healing levels compared to the
control group (p = 0.05).

was observed between the groups. When the 48th hour data were eval-
uated, it was determined that the % wound areas of the ZnO NPs, PD-
COEMA, and nanocomposite applied groups were statistically different
and higher. These data indicate that ZnO NPs do not contribute posi-
tively to nanocomposites in terms of wound-healing activity. However,
it is reported that ZnO NPs can be very effective in improving experi-
mentally created wound models in experimental animals [65,66]. This
activity of ZnO NPs can be associated with its antimicrobial activity,
which develops due to its oxidant activity. Because as stated before,
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ZnO NPs may provide wound healing activity by increasing the forma-
tion of free oxygen radicals in the environment where it is present and
preventing the reproduction of microorganisms that are formed or
likely to occur on the wound in experimental animals. In the presented
study, since it is made in sterile environments, ZnO NPs only affect
1929 fibroblast cells in the environment. In studies conducted in cell
culture, it is stated that the effects of materials produced by adding ZnO
NPs on wound healing are limited compared to studies with experimen-
tal animals [67].

In many studies, the wound-healing effect of CS has been demon-
strated in both in-vivo and in-vitro experimental models [68,69]. In the
present study, the percentage of the cell-free area (wound) in cells
treated with CS (18.20 + 3.37) was lower than the control group data
(31.59 + 4.04). The data obtained show that the wound-healing effi-
ciency of CS is high, as stated in the literature. In the presented study,
PDCOEMA, a unique synthetic polymer, interacted with CS to produce
the PDCOEMA-CS blend. While PDCOEMA had no wound healing activ-
ity alone, it was determined that when combined with CS, it was deter-
mined that 1L.929 cells significantly reduced wound areas compared to
the control group. As a result, it can be said that the PDCOEMA-CS
blend formed when PDCOEMA interacts with CS gains antimicrobial ac-
tivity and can play a more active role in wound healing under in-vivo
conditions.

Wound healing is not only limited to the wound area but is the
whole of cellular, physiological, and biochemical events that includes
all systems. All tissues in our body heal with the same basic principles.

Following the injury, the destroyed blood vessels in the wound area
immediately narrow. When the vessel wall is damaged, platelets (in-
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Fig. 12. Images of the scratch wound test of the materials.
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volved in bleeding from blood cells and tissue repair) are activated by
contacting the collagen in the opened vessel wall. Thus, they adhere
both to the vessel wall and to each other. Tissue products are released
from platelets to damaged tissue. The most important process in skin
healing is the transition of skin epithelial cells to epithelial-
mesenchymal tissue. The skin consists of epithelial and mesenchymal
cells. Skin epithelial cells pass into the mesenchymal tissue and differ-
entiate into mesenchymal cells such as fibroblasts, smooth muscle cells
of blood vessels, and pericytes. As a result, the wound is completely
covered by the epidermis.

4. Conclusions

PDCOEMA polymer containing chloroarylamide group in the side
branch was synthesized by radical solution polymerization. CS blending
of PDCOEMA was prepared by hydrothermal method. The formation of
the PDCOEMA-CS blend was confirmed by the DCS technique. PD-
COEMA-CS/Zn0O nanocomposites were produced by adding ZnO NPs
prepared by green synthesis to the PDCOEMA-CS blend at three differ-
ent weight ratios by hydrothermal method. Structural characterization
of PDCOEMA was performed by FTIR and NMR techniques. Morpholog-
ical analyzes of nanocomposites were performed by SEM, XRD, and
FTIR. SEM, XRD, and FTIR analyses confirmed the presence and distrib-
ution of ZnO NPs in PDCOEMA-CS. TGA analyses of nanocomposites
clearly showed that ZnO NPs improved the thermal stability of the PD-
COEMA-CS blending. The Ea values for the thermal degradation of ma-
terials were determined by the Flynn-Wall-Ozawa(FWO) method using
non-isothermal TGA experiments. The Tg value of the PDCOEMA-CS
blend and nanocomposites increased from 92 °C to 99 °C thanks to ZnO
NPs. The study showed that the PDCOEMA-CS blend, obtained by the
interaction of PDCOEMA synthetic polymer with CS, gained oxidant
properties, and thus, antimicrobial activity increased. When biosynthe-
sized ZnO-NPs were added to the PDCOEMA-CS composite, it was de-
termined that the antimicrobial activities of the produced nanocompos-
ites increased 2-5 times compared to the PDCOEMA-CS composite. It
was also determined that nanocomposites could show anticarcinogenic
activity in lung adenocarcinoma (A549) cells. The obtained data indi-
cate that PDCOEMA, a side branch chlorine-containing methacrylate
polymer synthesized within the scope of this study, and ZnO-NPs pro-
duced by green synthesis can improve the biological properties of CS,
thus increasing its effectiveness in current usage areas. Studies to posi-
tively increase the bioactive properties of CS without impairing its bio-
compatibility may contribute to the development of innovative new
products.
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