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Abstract
In this study, firstly, (2-oxo-2-(3,4,5-trifluoroanilino)-ethyl-2-methylprop-2-enoate) FAOEME, a methacrylate monomer 
with arylamide side group containing three fluorine atoms in the side branch, was synthesized. Poly(HEMA-co-FAOEME) 
was obtained due to radical copolymerization of FAOEME with 2-hydroxyethyl methacrylate (HEMA). Structural char-
acterization of its copolymer with FAOEME and HEMA was performed by spectroscopy methods such as FTIR, 1H, and 
13C-NMR. Biosynthesis of ZnO nanoparticles was carried out using Mentha Plegium L. extract. Three nanocomposites 
of poly(HEMA-co-FAOEME) containing biosynthesized ZnO nanoparticles were produced by hydrothermal technique, 
which is an environmentally friendly method. The formation of Poly(HEMA-co-FAOEME)/ZnO nanocomposites and the 
structural changes of the components was elucidated by SEM, XRD, and FTIR techniques. The effect of ZnO nanoparticles 
on the thermal properties of Poly(HEMA-co-FAOEME) was investigated by TGA and DSC techniques. The results showed 
that ZnO nanoparticles significantly increased the thermal stability and glass transition temperature (Tg) of the matrix 
(poly(HEMA-co-FAOEME). The antimicrobial properties of the materials were determined by the disk diffusion method 
using five different bacteria and one yeast cell. It was observed that the nanocomposites showed activity against all pathogens 
except one bacterial species, and the source of the activity was ZnO nanoparticles.
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Introduction

The pandemic process we are currently experiencing has 
clearly shown that more effective protection methods against 
viruses and bacteria should be developed. In addition to 
effective protection tools such as vaccines and drugs against 
pathogens, it has become essential to provide antibacterial 
and antiviral properties to many materials we use in our daily 
lives and to reduce infection rates [1–3]. By using appropriate 

chemical methods, biological agents can be added to plastics, 
food packaging, and biomedical materials that we frequently 
use in our daily lives to gain biological properties [4, 5]. 
Material hybridization has been a frequently used approach 
to produce polymer materials with improved properties and 
functionality. In recent years, nanomaterials have attracted 
attention with their prominent biological activities and their 
use in different medical applications. Different metal oxide 
nanoparticles are seen as promising materials with wide use 
in medical and biomedical fields [6, 7].

Poly(2-hydroxyethyl methacrylate) (PHEMA) is a biocom-
patible polymer used in biomedical applications [8–10]. Recent 
studies have shown that HEMA-based nanocomposites are 
highly effective against S. aures and E. coli bacteria [11, 12].

It has been reported that some polymers containing fluo-
rine atoms in the side branch are widely used especially in 
construction, automotive, aerospace, optics and microelec-
tronic technologies due to their superior properties [13, 14]. 
In recent studies, it has been observed that methacrylate-
based fluorine-containing copolymers and nanocomposites 
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are quite effective against some pathogens [15, 16]. Due 
to their low economic cost and toxicity, ZnO nanoparticles 
(NPs) are used as preservatives and packaging in the food 
industry [17]. It has been stated in various studies [18, 19] 
that ZnO NPs can show antibacterial activity even at low 
concentrations. Due to these properties, ZnO NPs are widely 
used as drug carriers [20], cosmetic products, nutritional 
preservatives [21], plasters, and filling medical materials. In 
addition to these features, the fact that ZnO NPs have anti-
viral activity [22] suggests that they can be used to develop 
valuable products against SARS-CoV 2 virus.

Mentha pulegium L., a member of the Labiatae fam-
ily, grows in Africa, Temperate Asia and Europe [23]. It 
is a perennial herb with an underground root system and a 
10–40 cm high stem with a pungent odor that spreads rap-
idly throughout the ground. Mentha pulegium L. essential 
oils, which are colorless, pale yellow or pale greenish yel-
low, liquid and have a characteristic odor, contain menthol, 
menthyl acetate, carvone and pulegon/piperitone [24]. The 
flavonoid compounds contained in Mentha pulegium L. spe-
cies are hesperidin, apigenin, luteolin and rutin [25]. It has 
been reported in the literature that Mentha pulegium L. has 
anti-inflammatory and anti-oxidative [26], antigenotoxic 
[27] and antibacterial [28, 29] effects.

As can be seen from the literature studies, it is impor-
tant to produce different materials such as copolymer and 
composite that will improve the biological and thermal 
properties of HEMA commercial polymer. Such properties 
can be imparted by incorporating functional structures into 
commercial polymers through chemical modification. It can 
be expected that the strong interactions between fluorine 
atoms and the hydroxyl groups in the HEMA structure will  
create synergistic effects with ZnO NPs, giving the copoly-
mer structure the expected superior properties. In addition, 
choosing the hydrothermal method, which is an environ-
mentally friendly application, is an example of a good green 
synthesis application in the production of nanocomposites.

In this study, 2-oxo-2-(3,4,5-trifluoroanilino)ethyl-
2-methylprop-2-enoate (FAOEME), a new methacrylate 
monomer containing fluoroarylamide in the side branch, 
was synthesized and then copolymerized with a commer-
cial monomer, HEMA. Then, three different nanocomposites 
of the obtained copolymer were produced by hydrothermal 
method using ZnO nanoparticles obtained from Mentha 
pulegium L. The effect of biosynthetic ZnO nanoparticles 
on the antimicrobial and thermal properties of the obtained 
nanocomposites was investigated in detail. The results 
showed that the newly synthesized nanocomposites have 
high resistance to gram-negative, gram-positive, and yeast 
microorganisms and can show biomaterial properties. It has 
been reported in the literature that polymeric nanomaterials 
with superior properties can be obtained by the hydrother-
mal method [30, 31].

Materials and methods

Materials

2-Hydroxyethyl methacrylate (HEMA), 3,4,5-trifluoroaniline, 
chloroacetyl chloride and sodium methacrylate were obtained 
from Merck (Germany) and used without any purification. 
Azobisisobutyronitrile (AIBN) (Aldrich, Germany) was 
recrystallized from a chloroform-methanol mixture. HEMA 
was used purified according to the reliable method described 
in the literature [32]. Since the solvents used in the studies 
were of high purity (≥ 98%), they were used as supplied with-
out any purification.

Synthesis of 2‑oxo‑2‑(3,4,5‑trifluoroanilino)
ethyl‑2‑methylprop‑2‑enoate (FAOEME)

FAOEME monomer was synthesized in two steps as indi-
cated in the literature [33]. First, the intermediate 2-Chloro-
N-(3,4,5-trifluorophenyl)acetamide (I) was obtained as 
follows; 10 g (68 mmol) of 3,4,5-trifluoroaniline, 9 g potas-
sium carbonate and 30 mL dichloromethane were placed in a 
reaction flask and 5.90 mL (75 mmol) chloroacetyl chloride 
was added dropwise at 0 oC, and the reaction was continued 
for 12 h. When the time was up, the product was filtered 
and crystallized from ethanol. Product yield was recorded 
as 75%. For the synthesis of FAOEME monomer, 11.8 g 
(53 mmol) of 2-Chloro-N-(3,4,5-trifluorophenyl)acetamide 
was reacted with 6.34 g (58 mmol) sodium methacrylate 
in acetonitrile solvent (60 mL) in a reaction flask at 80 °C 
for 24 h. After the reaction was complete, the product was 
extracted three times with diethyl ether, dried over MgSO4, 
and crystallized from n-hexane. The reaction yield was 80%. 
Monomer synthesis steps are shown in Scheme 1.

Synthesis of poly(HEMA‑co‑FAOEME)

Poly(HEMA-co-FAOEME) was prepared according to the 
following procedure; 1 g of FAOEME, 0.44 mL of HEMA, 
AIBN (0.028 g) as initiator and 4 mL 1,4-dioxane solvent 
were placed in a polymers tube. Nitrogen gas was then passed 
through the mixture for 10 min and copolymerized in an oil 
bath at 65 oC for 24 h. The resulting copolymer was filtered 
by precipitation in ethanol and dried in a vacuum oven at 
70 °C for 4 h. Copolymer synthesis is shown in Scheme 2.

Biosynthesis of ZnO nanoparticles from  
Mentha pulegium L.

Biosynthesis of zinc nanoparticles was carried out with the 
aerial parts of Mentha pulegium L. taken commercially. 5 g of 
Mentha pulegium L. in powder form was mixed with 100 mL 
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of  dH2O in a beaker and boiled on a heat shaker at 60 oC for 
15 min. Then it was filtered into a glass bottle with Whatman 
no:1 paper. 20 mL of the extract from the filtrate was placed 
in a beaker, and 100 mL of 0.1 M zinc acetate solution was 
added to it and mixed with a mechanical mixer at room tem-
perature for one hour. At the end of the period, the mixture 
was centrifuged at 3000 rpm for 10 min. The resulting ZnO 
nanoparticles were dried in an oven at 60 oC for 4 h.

Preparation of poly(HEMA‑co‑FAOEME)/ 
ZnO nanocomposites

Nanocomposites containing poly(HEMA-co-FAOEME) as 
a matrix and biosynthetic ZnO nanoparticles in different 
weight ratios (3%, 5%, 7%) were produced by the hydro-
thermal method. Detailed information on the preparation of 
nanocomposites is presented in Table 1.

A typical method used to obtain nanocomposites is as 
follows; The copolymer matrix and ZnO nanoparticles, the 
amounts of which were determined, were placed in a Teflon 
container, and 30 mL of water was added to them. Then, 
to ensure the mixture’s homogeneous distribution, the first 
half an hour with a mechanical mixer and then 20 min with 

an ultrasonic probe were mixed. The homogenized mixture 
was placed in the hydrothermal synthesis device and incu-
bated at 150 °C for 24 h. The resulting nanocomposites 
were filtered, washed with water, and dried in a vacuum 
oven at 70 °C for 6 h.

Antimicrobial properties of ZnO nanoparticles 
and nanocomposites

The antibacterial activity analysis of the ZnO and nanocom-
posites was performed using Kirby-Bauer Disk Diffusion 
Susceptibility Test [34] against different microorganisms 
and yeasts. In this study, a yeast Candida krusei (ATCC  
6258) and five different bacterial strains; Escherichia coli 
culture (ATCC) 25922), Staphylaccocus aureus (ATCC 
29213) and Pseudomonas aeruginosa, Enterecoccus fae-
calis (ATCC 29212), Klebsiella pneumoniae were studied 
and microorganisms were obtained from Akdeniz Univer-
sity and Afyon Health Sciences University, Department of 
Microbiology. Disk diffusion method was carried out in 
Afyon Kocatepe University Molecular Biology Department 
and Genetics laboratory. Bacterial suspensions prepared as 
1.5 ×  108 CFU/mL from 24 h cultures of microorganisms 

Scheme 1  FAOEME synthesis 
steps

Scheme 2  Synthesis of of 
poly(HEMA-co-FAOEME)

Page 3 of 18    103Journal of Polymer Research (2023) 30:103



1 3

were spread homogeneously on Mueller Hinton Agar 
(MHA) (Merck, Almanya) using a steril swab. Ciprofloxa-
cin against bacterial strains and Ketoconazole against yeasts 
were used as positive control, sterile distilled water was used 
as negative control and experiments were carried out in three 
parallels. Sterile empty antibiotic discs were placed on this 
agar and 10 µl of each dose were loaded onto it. Sterile blank 
antibiotic discs were placed on this agar and 10 µL of each 
dose were loaded on it and incubated at 37 °C for 72 h. The 
inhibition zones were measured at 24, 48 and 72 h.

Scratch wound assay

In this study, the effect of test substances on cell migra-
tion in wound healing in cell culture was investigated by the 
scratch wound test using human umbilical vein endothelial 
cells (HUVECs) [35]. The cells used in the study were cul-
tured to a cell density of 35 mm (106 cells/mL) by add-
ing 10% fetal bovine serum (HyClone, Logan, UT, USA) 
to RPMI 1640 (GIBCO, Uxbridge, UK) medium in each 
flask. 100 U/mL penicillin and 100 mg/mL streptomycin 
(Sigma, St. Louis, MO, USA) were added to the inactivated 
cell medium at 45 °C for 1 h and incubated at 37 °C in an 
incubator containing 5%  CO2 and the surface of the cells was 
100% coating is allowed. In the wound healing experiment, a 
scratch-shaped cavity was created on a single cell layer that 
covered the entire floor %100. During this procedure, the 
medium was changed several times in order to remove the 
cells floating in the medium. At the end of the incubation 
period, it was determined whether the cells at the wound 
borders filled the wound.

Characterization techniques

The synthesis of nanocomposites was produced using the 
Fytronix 8000 fully automated nanomaterial fabrication 
system. X-ray diffraction (XRD) patterns of the prepared 
composites were recorded by a D8 Advance diffractometer 
Bruker (NanoSEM 650 model, detector: TLC) by using 
 CuKα radiation and a 2θ scan rate of 1.281o/min, in the 2θ 
range of 20°-80° by coating with gold film. NMR spectra 
of FAOEME and poly(HEMA-co-FAOEME) were recorded 
in DMSO-d6 solvent with a 400 MHz AVANCE III NMR 
spectrometer (Bruker Corp, Germany). Functional group 
analyzes of poly(HEMA-co-FAOEME) and nanocomposites 

were performed by FT-IR spectroscopy (Thermo Sci. Nico-
let iS5, USA). TGA curves of the samples were obtained by 
using Shimadzu TG-60 (Japan) thermal analyzer in nitrogen 
atmosphere and approximately 7 mg samples in aluminum 
containers and heating up to 600 oC at a heating rate of 20 
oC  min− 1 with the analyzer. The glass transition tempera-
tures (Tg) of samples were determined using the DSC device 
(Shimadzu DSC-60, Japan) with a scanning speed of 10 °C 
min-1 in aluminum containers with approximately 8–10 mg 
of sample in a nitrogen environment up to 200 °C.

Results and discussion

Characterization of FAOEME

The FTIR spectrum of the FAOEME monomer is shown 
in Fig.  1. Characteristic amide and ester carbonyl car-
bonyl stretching vibrations of FAOEME were observed 
at 1677   cm− 1 and 1724   cm− 1, respectively. The peaks 
observed at 2992  cm− 1 are attributed to aliphatic C-H, and 
peaks observed at 3140  cm− 1 are attributed to aromatic C-H 
stretching vibration bands. NH stretching vibration bands 
belonging to the amide group were observed at 3270  cm− 1.

The 1H- and 13C- NMR spectra of the FAOEME mono-
mer are shown in Fig. 2 with the peak evaluations. Sig-
nals of vinyl protons characterizing the monomer appeared 
at 5.62 and 6.25 ppm. Signals of these protons were 
observed in the 13C-NMR spectrum at 122 and 136 ppm, 

Table 1  Hydrothermal synthesis 
nanocomposites

Sample poly(HEMA-co-
FAOEME) (g)

ZnO (mg) H2O (mL) T(oC) Time (h)

3 w% ZnO 1 30
5 w% ZnO 1 50 30 150 24
7 w% ZnO 1 70

Fig. 1  The FTIR spectrum of the FAOEME monomer
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respectively. In addition, the signals of ester and amide 
carbonyls appeared at 168 and 170 ppm, respectively. In 
conclusion, the 1H- and 13C- NMR spectra appear to agree 
with the structure of FAOEME.

Characterization of poly(HEMA‑co‑FAOEME)

The FTIR spectrum of poly(HEMA-co-FAOEME) is shown 
in Fig. 1. In the FT-IR spectrum, the ester carbonyl vibra-
tion band of HEMA at 1720  cm− 1 and the bands of ester 

and amide carbonyl peaks at 1677  cm− 1 and 1724  cm− 1 in 
FAOEME units turned into a broad peak at 1730  cm− 1 with 
copolymerization. In addition, the tension vibration bands 
observed in the range of 3200–3500  cm− 1 belonging to the 
 NH2 and OH groups, both of which are found in two mono-
meric structures, became flattened around 3500  cm− 1 with 
the copolymerization. The 1H- and 13C-NMR spectrum and 
evaluation of Poly(HEMA-co-FAOEME) are presented in 
Fig. 3. The characteristic peaks in the 1H-NMR spectrum 
are the NH protons peaks at 10.15 pm and the OH groups 

Fig. 2  The 1H a and 13C b - NMR spectra of the FAOEME
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signals at 3.92 ppm. In addition, the absence of any signal 
between the vinyl proton region of 5.50 and 6.50 ppm indi-
cates that the copolymer was successfully synthesized. In the 
13C-NMR spectrum of the copolymer, the amide and ester 
carbonyl peaks gave signals between 158 and 165 ppm. Aro-
matic carbons in FAOEME units were seen at 120–145 ppm. 
As can be seen from the 1H- and 13C-NMR spectrum data, 
the spectra are compatible with the copolymer structure.

Determination of poly(HEMA‑co‑FAOEME) composition

The copolymer composition was determined from the ratio 
of the integral height of the -NH units characteristic for 
FAOEME and signaling at 10.15 ppm to the integral height 
of the -OH units signaling at 3.92 ppm in HEMA units. From 
the calculations made, it was determined that there was 39% 
mole of FAOEME in the copolymer composition. The same 

Fig. 3  The 1H a and 13C b -NMR spectrum and evaluation of Poly(HEMA-co-FAOEME)
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result was confirmed in the determination of the nitrogen 
ratio in the copolymer composition by elemental analysis.

Characterization of the nanocomposites

XRD analyses

The X-ray diffraction patterns of poly(HEMA-co-FAOEME) 
and nanocomposites in the 20-80o range compared to ZnO 
nanoparticles are shown in Fig. 4. Since poly(HEMA-co-
FAOEME) is an amorphous structure, it does not have any 
diffraction pattern. When the XRD patterns of nanocompos-
ites are examined, it is seen that they mainly have Bragg 
peaks corresponding to (100), (002), (101), (102), (110), 
and 103 planes, and the diffraction patterns are 2θ = 31.85°, 
34.75°, 36.72°, 46.75° 57.73° and 63.12°. The characteristic 
set of diffraction peaks detected in the XRD pattern confirms 
the hexagonal wurtzite structure of ZnO. It can be said that 
the diffraction peaks of ZnO are compatible with the 36-1451 
numbered JCPDS data [36]. The mean crystal size of ZnO 
nanoparticles was found to be 34.17 nm by the Scherrer equa-
tion [37]. From the XRD patterns of the nanocomposites, the 
presence of ZnO nanoparticles in the copolymer matrix was 
confirmed by the characteristic peaks of ZnO. As the ZnO 
concentration in the copolymer matrix increases, the increase 
in the intensity of the ZnO peaks supports the proportional 
distribution of the nanoparticles in the matrix.

SEM and EDX analysis

SEM images of ZnO nanoparticles, poly(HEMA-co-FAOEME) 
and nanocomposites are shown in Fig.  5. SEM image of 
poly(HEMA-co-FAOEME) presents a characteristic surface 

image for random copolymer. While the copolymer surface gen-
erally consists of rough areas, there are slight pits in some areas. 
The main reason for the difference in the morphology of these 
polymers can be attributed to the changes in the growth pattern 
of the polymer chain and the degree of polymerization. SEM 
images of biosynthesized ZnO nanoparticles appear to retain 
a number of major active molecules originating from Mentha 
pulegium L. These regions are shown in red circles in the SEM 
image. In the SEM images of the nanocomposites, it is seen 
that ZnO nanoparticles are mostly located on the copolymer 
matrix surface and are homogeneously dispersed without any 
aggregation. The dispersion in the nanocomposite containing 
5% ZnO is remarkably better than the others. It can be said that 
a good distribution is achieved due to the strong hydrogen bonds 
between functional groups such as ketone contained in the main 
active groups carried by the ZnO nanoparticles from the Mentha 
pulegium L. ( pulegone and mentone), and the -F, -OH, -HN, 
and ester groups contained in poly(HEMA-co-FAOEME). In 
addition, the probability of formation of strong H bonds between 
the hydroxyl groups on the ZnO surface and the fluorine atoms 
is quite high. Also, the effect of high temperature and pressure 
in the hydrothermal method caused ZnO nanoparticles to show 
a more regular distribution on the matrix surface. Similar results 
have been seen in some recent studies [38–40].

SEM-EDX analyzes of poly(HEMA-co-FAOEME) and 
nanocomposites are presented in Fig. 6. The EDX analysis 
of Poly(HEMA-co-FAOEME) shows the presence of carbon, 
oxygen, nitrogen and fluorine atoms in the selected region. 
EDX analysis of the nanocomposites confirms the presence 
and proportional distribution of the ZnO in the composite. 
While the wt% content of the Zn in the selected region in the 
nanocomposite containing 3% ZnO was 3.28, the same value 
increased to 82.85 in the nanocomposite containing 7% ZnO.

FT‑IR analyses

The FTIR spectra of the poly(HEMA-co-FAOEME), ZnO, 
and nanocomposites are shown in Fig. 7 with their evalua-
tion. The wide peak observed around 3500  cm− 1 in the FTIR 
spectrum of ZnO nanoparticles belongs to the O-H stretching 
vibrations formed on the ZnO surface during the synthesis 
phase. The absorption band representing the spherical Zn-O 
stretching vibration was observed at 520  cm–1 [41]. The peak 
observed at 1720  cm− 1 is probably attributed to the stretch 
vibration bands of ketone groups in pulegone and Mentone 
molecules, which are active components of Mentha pulegium 
L. Aromatic C = C vibrations bands peaked at 1630  cm− 1.

With the addition of the ZnO nanoparticles to the copoly-
mer matrix, changes in the intensity of some peaks were 
observed. The presence of the ZnO in the nanocomposite 
was confirmed by the presence of the peak at 520  cm− 1, 
and the peaks in the carbonyl region of 1650–1730  cm− 1 
were broadened. This is due to the overlap of the amide and 

Fig. 4  The X-ray diffraction patterns of poly(HEMA-co-FAOEME) 
and nanocomposites
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Fig. 5  SEM images of ZnO nanoparticles, poly(HEMA-co-FAOEME) and nanocomposites
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Fig. 6  SEM-EDX analyzes of poly(HEMA-co-FAOEME) and nanocomposites
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ester carbonyls in the copolymer structure and the ketone 
groups held by the ZnO in the same region. The same situ-
ation was observed around 3600  cm− 1, the region of the 
tension vibration bands of -NH and -OH groups. As the ZnO 
concentration in poly(HEMA-co-FAOEME) increased, an 
increase was observed in the Zn-O stretching vibration band 
at 520  cm− 1. The results from FTIR show that ZnO nano-
particles are successfully dispersed in the copolymer matrix.

DSC analyses

Figure 8 shows the change in glass transition temperature 
(Tg) of poly(HEMA-co-FAOEME) and nanocomposites. 
Tg values were obtained from the DSC thermograms. The 
Tg value of the poly(HEMA-co-FAOEME) was measured 
as 127 oC. The Tg value of the poly(HEMA-co-FAOEME) 
was increased by the addition of ZnO nanoparticles. The 
Tg value, which was 98 °C with the addition of 3 w % ZnO 
nanoparticles, increased to 112 °C with an increase of 17 °C 
with the addition of 7 w % ZnO. In the literature, it has been 
reported that metal oxides added to polymers generally cause 
an increase in the Tg value of the pure polymer [42].

One of the reasons for this situation is the immobilization 
of ZnO nanoparticles on the surface of the Poly(HEMA-co-
FAOEME). Immobilized ZnO nanoparticles limit the chain 
mobility of the copolymer matrix, causing a decrease in free 
volume and an increase in Tg value [43]. In the literature, 

it has been reported that fillers such as ZnO act as cross-
linking agents, inhibiting the movement of polymer chains, 
thus causing an increase in the energy required to reach the 
glass transition region and an increase in Tg value [44].

In addition, another reason for the increase in Tg values 
of nanocomposites is the strong hydrogen bonds formed 
between Poly(HEMA-co-FAOEME) and ZnO nanoparticles. 
In particular, strong hydrogen bonds can form between the 
three fluorine atoms in the side branch of Poly(HEMA-co-
FAOEME) and the hydroxyl groups on the surface of ZnO. 

Fig. 7  The FTIR spectra of the 
copolymer, ZnO, and nanocom-
posites

Fig. 8  DSC curve of poly(HEMA-co-FAOEME) and nanocomposites
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There are many studies showing that the Tg values of nano-
composites increase due to the H bond [38–40, 45].

TGA analyses

The thermal behaviors of poly(HEMA-co-FAOEME), ZnO, 
and nanocomposites were determined by heating them to 
600 oC in a nitrogen atmosphere with TGA. The obtained 
thermograms are shown in Fig. 9. In addition, some thermal 
data of the samples are presented in Table 2. It was observed 
that poly(HEMA-co-FAOEME) decomposed in one step 
from the TGA curve, and the initial thermal decomposition 
temperature was 285 oC. In addition, the % residue left at 
600 oC was 2.1. Heat treatment of polymers can affect either 
the bonds of the main chain (usual carbon to carbon bonds) 
or the side chains. Cleavage of the main chain usually yields 
free radicals, and either random or weak bond breaks are 
observed in the chain. Chain ends are also generally unstable 
structures suitable for initiating thermal degradation.

In the literature, the degradation mechanism of poly-
mers with similar structures has been studied in detail. It 
has been determined that the thermal decomposition of 
poly(methacrylate esters) containing amide in the side branch 
begins with depolymerization and then continues with the 
formation of cyclic anhydride structures [46].

It was observed that the thermal stability of Poly(HEMA-
co-FAOEME) increased as the weight ratio of ZnO nanopar-
ticles in the composite increased. While the initial decom-
position temperature of the nanocomposite containing 3% 
by weight of ZnO was 291 oC, this value increased to 304 
oC for the nanocomposite containing 7% by weight of ZnO.

The temperature value at which 50% mass loss occurs and 
the amount of residue also varies according to the amount of 
ZnO in the nanocomposite. While the temperature at which 
50% mass loss occurs for pure poly(HEMA-co-FAOEME) 
was 380 oC, the same value increased to 433 oC with an 
increase of approximately 50 oC for nanocomposite contain-
ing 7% by weight ZnO filler.

Changes are observed in the physical and chemical prop-
erties of polymer nanocomposites obtained by adding nano-
particles to the polymer matrix, such as fire resistance and 
gas barrier properties [47]. In the literature has reported 
that metal oxide-based fillers act as a superior insulator 
and a sound mass transport barrier against volatile prod-
ucts formed during the thermal decomposition of matrices 
and act as a delayed “crosslinking agent” for the movement 
of matrix chains [48]. However, opposite results have been 
obtained in the literature. In the prepared Polystyrene/ZnO 
nanocomposites, it was observed that ZnO nanoparticles 
decreased the thermal decomposition initial temperature of 
the matrix. The reason for this result was attributed to the 
fact that ZnO NPs penetrated between the polymer chains 
and disrupted the chain interactions [49]. Another factor 
that increases the thermal stability can be strong hydrogen 
bonds between the three electronegative fluorine atoms in 
the structure of Poly(HEMA-co-FAOEME) and the -OH 
groups on the surface of ZnO nanoparticles [49].

Thermal degradation kinetics

The thermal decomposition activation energies of poly(HEMA-
co-FAOEME) and nanocomposites were calculated using a 
TGA device with the Flynn-Fall-Ozowa method [50], which 
is one of the non-isothermal methods. For this purpose, TG 
curves of the samples were obtained at different heating rates 
(5, 10, 15 and 20 °C  min− 1) in nitrogen atmosphere and the data 
obtained from these were used.

The TGA plot of poly(HEMA-co-FAOEME) at different 
heating rates is shown in Fig. 10. The  Ea values were found 
according to the equation of FWO as given below:

In Eq. (1), R represents the gas constant, β represents the 
heating rate (oC  min− 1), α the degree of transformation, and 
Ea the activation energy. According to the FWO method, 
Ea values are determined from the slope of the relationship 

(1)ln(�) = ln(−
AR

R ln(1 − �)
) − 5.331 − 1.052

E
a

R T

Fig. 9  TGA plot of poly(HEMA-co-FAOEME), ZnO, and nanocomposites

Table 2  TGA results of poly(HEMA-co-FAOEME) and nanocomposities

a: Initial decomposition temperature
b: Temperature of final decomposition
c: Temperatures at %50 weight losses

Sample aTi/ oC bTf/ oC cT%50/ oC Residue (%)

Poli(HEMA-co-
FAOEME)

285 487 380 2.1

3 w % ZnO 291 491 405 4.9
5 w % ZnO 299 495 422 7.1
7 w % ZnO 304 500 433 9.2
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between log β and 1/T. The obtained FWO graph for 
Poly(HEMA-co-FAOEME) is as in Fig. 10.

The calculated Ea values of poly(HEMA-co-FAOEME) 
and nanocomposites at different conversion(α) are also 
presented in Table  3. The determined average Ea of 
poly(HEMA-co-FAOEME) is 132 kJ/mol. The calculated 
Ea values of the nanocomposites were higher than the value 
of Poly(HEMA-co-FAOEME) and increased with the ZnO 
concentration in the nanocomposite. As seen in Table 3, it 
was observed that the determined Ea values of the nano-
composites increased in parallel with the ZnO content they 
contained according to poly(HEMA-co-FAOEME). This 
result is probably due to the strong H bonds between the 
OH groups on the ZnO surface and the three F atoms in the 
Poly(HEMA-co-FAOEME) side branch.

Biological properties

The antimicrobial activity results of all the materials used 
in the study against some bacterial strains and C. albicans 
as a function of time are shown in Table 4. According to 
the antimicrobial activity results, it was observed that ZnO 
nanoparticles had a high antimicrobial effect in all micro-
organisms, except for P. aeruginosa, compared to other 
substances. In addition, it is observed that the antimicrobial 
effect increases more over time. For example, the diameter 
of the zone formed against S. aureus in 24 h increased from 
15 to 19 mm at the end of 72 h. The same result is seen in 
other pathogens. The images of the zones formed by the 
materials are shown in Fig. 11.

Fig. 10  The TGA thermograms 
of poly(HEMA-co-FAOEME) 
at different heating rates (a) and 
FWO plot (b)
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Recent studies reveal that green synthesis ZnO NPs are 
a very useful and effective agent for the control of bacterial 
pathogens. It is also shown that this is a more specific and 
cost-effective method [51]. Today, antibiotics are the “gold 
standard” for the treatment of many bacterial infections 
[52, 53]. However, with the unconscious use of antibiotics, 
bacterial strains are highly likely to develop resistance to 
known antibiotics. This situation, which can pose a great 
problem in the treatment of diseases today, can only be 
eliminated by the synthesis of new antimicrobial substances 
[54]. For this reason, determination of the biological activi-
ties of nanomaterials is very important as it will also form 
the basis for drug design.

Another reason that increases the antimicrobial activity 
of ZnO NPs may be its biosynthesis from Mentha pulegium 
L. In recent years, a large number of investigations have 
been performed on antimicrobial activities of Mentha spe-
cies [55–57]. Rad et al. [58] investigated the antimicrobial 

activity of nanoparticles obtained from Mentha pulegium L. 
by green synthesis in two strains (E.coli and S. aureus) and 
reported that they showed a significant antimicrobial effect 
on these microorganisms. In our study, 6 different strains 
were used. In parallel with the work of E.coli and S. aereus, 
antimicrobial activity was also detected. In addition, ZnO 
NP has antimicrobial activity in E. faecalis, K. pneumoniae 
and C. albicans microorganisms. Compared to this study, 
antimicrobial efficacy was found in our study, preferring a 
lower dose range of ZnO NP.

Antimicrobial activities of ZnO NPs against microor-
ganisms vary depending on particle size, concentration, 
morphology, specific surface area, and characteristics of 
the microorganism. With the reduction of the fillers to nano 
size, the surface area of the filler increases and the spe-
cific properties of the filler are exhibited more efficiently 
in the composite material. This facilitates the interaction 
of bacteria and nanocomposites. The presence of a zone of 

Table 3  Ea values of 
poly(HEMA-co-FAOEME) and 
nanocomposites obtained by 
FWO method

Activation Energy (kJ/mol) at the Conversion (α)

Sample 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Average

poly(HEMA-co-
FAOEME) 

111 115 121 126 130 136 143 149 154 132

3 w % ZnO 115 121 129 136 140 144 150 155 160 139
5 w % ZnO 121 127 133 139 143 151 155 160 166 144
7 w % ZnO 127 132 136 143 150 155 161 164 172 149

Table 4  The Antimicrobial Activities of ZnO, poly(HEMA-co-FAOEME) and nanocomposites

(-) Control: distilled water, (+) control: strain-appropriate antibiotic

Strains Time (h) 3 w % ZnO 5 w % ZnO 7 w % ZnO ZnO Poli(HEMA-co-
FAOEME

(-) Control (+) Control

E. coli 24 6 7 9 10 6 - 32
48 7 8 9 11 7 - 33
72 7 9 11 12 6 - 33

S. aureus 24 7 8 10 15 6 - 33
48 8 9 10 19 7 - 34
72 7 9 11 19 6 - 34

P. aeruginosa 24 - - - 6 - - 40
48 - - - 6 - - 42
72 - - - 6 - - 45

E. faecalis 24 - 7 8 14 6 - 34
48 - 7 9 15 6 - 36
72 - 8 9 15 7 - 36

K. pneumoniae 24 6 7 8 13 6 - 44
48 6 7 8 13 6 - 45
72 6 8 9 13 6 - 45

C. albicans 24 6 7 8 9 6 - 37
48 7 9 10 10 6 - 37
72 7 8 9 11 6 - 37
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inhibition indicates that these particles drive pathogens to 
death through a mechanism that includes disruption of the 
microorganism’s cell membrane. In order to overcome the 
problem of antimicrobial drug resistance, there is a need for 
new synthesized and reliable antibiotic substances. Evalua-
tion of the biological activities of new synthesized nanopar-
ticles to be obtained from different plants will form the basis 
of many studies in overcoming this problem.

The diameters of the zone formed by poly(HEMA-co-
FAOEME), which is used as a matrix against pathogens, 
are generally between the diameters of ZnO NPs and nano-
composites. This shows that the antimicrobial effects of 
nanocomposites depend on the ZnO NPs concentration they 
contain. In general, it was observed that all nanocomposites 
did not show any effect against P. aeruginosa pathogen, as in 
ZnO NPs. Antimicrobial activity against other bacteria and 
C. albicans increases with time and with the proportion of 
ZnO NPs in the nanocomposite. From the results obtained, it 
can be said that the antimicrobial effects of nanocomposites 
depend on biosynthesized ZnO NPs.

There are findings in the literature that are in line with our 
results. It has been determined that composites containing 
ZnO NPs of polymers such as polyethylene [59], chitosan 
[60], polylactic acid [61], and polypropylene [62], which 
are especially used as food packaging materials, can prevent 
the growth of microorganisms that cause deterioration and 

prolong their shelf life. It has also been found that different 
ZnO polymeric nanocomposites have promising effects for 
wound healing and marine antifouling applications [63].

Wound healing properties of the materials

In this study, the curative properties of the test substances 
used in the experiment on HUVECs were investigated. 
Wound healing for Huvecs has been observed with the 
live cell imaging system and it has been determined that 
the cell lines contribute to wound closure by showing 
migration movements over time in this system. As seen 
in Fig. 12, although the effect of nanocomposites on cell 
migration is better than pure nanoparticles, it can be said 
that it is lower than the control group.

The most important process in skin healing is the transi-
tion 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. In this differ-
entiation, a mesenchymal phenotype develops with molecu-
lar changes in skin epithelial cells. This change gives these 
cells the capacity to migrate to mesenchymal tissue, resist 
apoptosis, and produce a mesenchymal intercellular matrix.

Fig. 11  The images of the zones formed by the materials
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Covering the skin, i.e. epithelialization is important in 
wound healing. This is associated with the proliferation and 
migration of epithelial cells adjacent to the wound towards the 
wound center. The epidermis at the wound edge thickens on 
the first day of injury. The marginal basal cells at the wound 
margin lose their attachment to the underlying dermis, enlarge 
and move to the surface of the temporary matrix. Cells at 
the wound edge proliferate rapidly and move over each other 
(toward the wound area) to close the wound defect. This 
period is completed in 48 h in mild wounds, but this period 
is extended in wounds with more significant shortcomings. 
It is known that this process is controlled by loss of contact 
inhibition and by cytokines released from fibronectin and 
monomolecular immune cells. Images of the scratch wound 

test are presented in Fig. 13. The in vitro scratch test is an 
easy, economical, and well-developed method often preferred 
to study in vitro cell migration [51]. The method is based on 
creating a new artificial gap, called a scratch, on a single cell 
line. Cells at the edge of the formed gap move towards the 
opening to close this gap, and this movement continues until 
new cell-cell connections are re-established [64].

ZnO NPs are among the chemicals used in wound treat-
ment. The scratch assay, which examines the migration 
capacity and speed of cells by measuring the spread of the 
cell population to a given area to test wound healing activity 
in vitro, relies on the formation of scars (scratches) in mon-
olayer cells. When the effect of ZnO NPs and nanocompos-
ites on wound healing was evaluated with the scratch test, it 

Fig. 12  Strach wound assay of 
ZnO and nanocomposites

Fig. 13  Images of the scratch wound test of nanoparticles
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was observed that the wound closure rate was slower in the 
group treated with the low-concentration mixture (3% and 
5%). The wound closure rate was 7% and higher in ZnO NP 
groups. This situation reveals that ZnO NPs have an impor-
tant effect on accelerating wound healing.

Conclusion

A copolymer of FAOEME monomer containing fluoroaryla-
mide group in the side branch with HEMA was synthesized. 
Three nanocomposites of poly(HEMA-co-FAOEME) con-
taining ZnO NP prepared by green synthesis were obtained 
by hydrothermal method. Structural characterization of 
FAOEME and Poly(HEMA-co-FAOEME) was performed 
by FTIR and NMR techniques. SEM, XRD, and FTIR ana-
lyzes of nanocomposites confirmed the presence and dis-
tribution of ZnO NPs in Poly(HEMA-co-FAOEME). TGA 
analyzes of nanocomposites clearly showed that the ZnO 
NPs improve the thermal stability of the Poly(HEMA-co-
FAOEME). The thermal decomposition activation energies 
(Ea) of the nanocomposites were estimated by Flynn-Wall-
Ozawa(FWO) method using non-isothermal TGA experi-
ments. The glass transition temperature of poly(HEMA-
co-FAOEME) increased from 95 oC to 112 oC thanks to 
ZnO NPs. It was observed that the antimicrobial effects of 
nanocomposites depend on the amount of ZnO NPs they 
contain. In addition, it was determined that nanocomposites 
have wound healing properties, and this property is due to 
ZnO NPs. The data showed that Poly(HEMA-co-FAOEME)/
ZnO nanocomposites could be used as biomaterials.
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