
ORIGINAL PAPER

Synthesis, characterization, and in vitro drug release properties
of AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogels

Seçil Durmuş1 & Betul Yilmaz1 & Mehmet Rıza Kıvanç2 & Alper Onder3 & Pinar Ilgin4
& Hava Ozay5 & Ozgur Ozay5,6

Received: 30 December 2020 /Accepted: 7 April 2021
# The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract
In this study, the cationic monomer [2-(acryloyloxy)ethyl]trimethylammonium chloride solution (AETAC) and vinyl
imidazole (VI) were used with the free radical polymerization technique, which is a simple and rapid synthesis
method, to synthesize p(AETAC-co-VI) hydrogels. To increase the density of cationic charge on the hydrogel, it
underwent the protonation process with HCl. The obtained p(AETAC-co-VI)/Q hydrogel was modified with Au
nanoparticles to increase bactericidal effect to obtain the AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogel. The
morphology and chemical structure of the hydrogels were characterized with SEM and FTIR. Additionally, the
swelling capabilities were tested in different pH media. XRD and TEM confirmed the formation of the nanocom-
posite hydrogel. The antibacterial activity of the hydrogels was tested against E. coli and S. aureus, and controlled
release implementations were completed with sodium diclofenac (NaDc) drug. The NaDc drug release profiles of the
hydrogels were researched using the Korsmeyer–Peppas model at 37 °C in different simulated buffer (pH 6.0, 7.2,
and 8.0) solutions. It was found that both the hydrogel and nanocomposite hydrogel followed non-Fickian diffusion
mechanisms as free release mechanism. Here, the maximum drug release efficacy was found to be 97%, and drug
release was more rapid in basic media when release media were compared. The AuNPs/p(AETAC-co-VI)/Q nano-
composite hydrogels produced in this study with advanced antibacterial features were suitable for recommendation as
good carriers for in vitro release of NaDc drugs in areas like the biomedical and pharmaceutical industries.
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Introduction

Hydrogels are three-dimensional polymeric networks contain-
ing crosslinks. These hydrogels are highly porous and flexible
structures. They may trap high amounts of water/biological
fluids within their structure and provide a structure mimicking
natural tissue. Hydrogels are frequently and commonly used
in the biomedical field as biosensors, for controlled drug re-
lease systems, tissue engineering, and wound cover studies
[1–3]. To ensure effective and correct wound healing, there
is a need to develop new-generation wound covers which
release drugs. The ideal wound cover material should keep
the wound moist. Additionally, it should protect the wound
from external mechanical effects and pathogenic vectors. It
should also have biocompatible, nontoxic properties [4, 5].
In recent times, hydrogels have been commonly used as anti-
microbial polymeric material for wound healing and to pre-
vent scars [6, 7]. During the wound healing process, hydrogels
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assist in removing infectious fluid from the wound, do not
cause infection, provide a suitable environment for tissue
regeneration and a moist environment for the wound site,
and were seen to function as ideal wound coverings [4, 8].
In spite of all the advantageous features provided by
hydrogels, hydrogel-based materials may cause microbial
infections in the wound site due to the moist environment.
As a result, the main focus of wound bandages is to pro-
vide a moist and sterile environment for a longer time at
the wound site. In recent times, a variety of studies devel-
oped many polymeric materials with antimicrobial activi-
ty to apply as wound dressings [9–11]. Cationic polymers
carrying quaternized nitrogen atoms are one of these [12,
13]. Cationic-based polymers display antibacterial and
anti-inflammatory effects during wound healing processes
when used as dressings and treatments. They have begun
to be frequently used as wound cover materials in recent
times as they are biologically adhesive and biocompatible
and ensure more rapid healing of the wound [14–16]. Due
to concerns related to the development of microorganism
resistance to antibiotics used to provide sterility at the
wound site, along with polymers and hydrogels, nanopar-
ticles have begun to be commonly used as a wound cov-
ering material with the implementation of nanotechnology
to speed up the healing process [17, 18].

Gold has been mined from ancient times to the present
and was one of the first metals used for medical purposes
for the treatment of a variety of diseases like syphilis,
leprosy, plague, epilepsy, and diarrhea [19, 20]. It is also
extensively used in materials science as an effective cata-
lyst for many reactions [21, 22]. Gold nanoparticles are
chemically inert structures with easy and adjustable syn-
thesis and extraordinary advantages like stability, high
distribution, nontoxic features, and higher biological bio-
compatibility which has led to increasing interest in the
use of gold nanoparticles (AuNP) in recent times [23, 24].
Gold has both bacteriostatic and bactericidal activities and
so is used as an antimicrobial agent [25–27]. In addition
to antimicrobial activity, gold nanoparticles accelerate the
healing process and encourage wound healing [28]. The
inclusion of Au nanoparticles, an increasing trend at pres-
ent, within multifunctional polymeric networks especially
is a promising implementation with a broad range of bio-
medical applications such as biosensor [29], biomedical
imaging [30, 31], antimicrobial applications [32], and
targeted drug delivery [33, 34].

Both cationic polymers and AuNPs have antimicrobi-
al potential, so a composite structure created using both
materials may assist in the development of microbial
performance. These nanoparticles ensure maximization
of strong bonds with the drug molecules in the polymer,
drug release efficacy in the desired area, lowest side
effects, and lower dosing frequency.

As a result, in this study, hydrogels were synthesized by the
free radical polymerization technique, which is a simple and fast
syn the s i s me thod , us ing ca t ion i c monomer o f
[2-(acryloyloxy)ethyl] trimethylammonium chloride solution
(AETAC) and neutral monomer of vinyl imidazole (VI). Due
to the possibility that the surfaces of the synthesized hydrogels
may display toxic or antiallergic effects, they were modified with
the Au nanoparticles as an antimicrobial agent in order to make
them suitable as a wound cover. We designed a wound cover
material with controlled drug release system showing antibacte-
rial features. In this way, the efficacy of wound treatments and
dressings will be an increased providing accelerated wound
healing. The aim of this study is to observe the sustainable drug
release and antimicrobial efficacy of the AuNPs/p(AETAC-co-
VI)/Q hydrogel, considered to be an alternative wound cover, for
sodium diclofenac (NaDc) model drug. The release of NaDc
drug from the nanocomposite p(AETAC-co-VI)/Q hydrogels
with the contribution of Au nanoparticles is new in the literature.
The present study is expected to provide an ideal method for the
synthesis of hydrogels with sufficient antimicrobial potential for
controlled release of diclofenac.

Experimental

Materials

F o r t h e p o l y m e r s y n t h e s i s ,
[2-(acryloyloxy)ethyl]trimethylammonium chloride solution
(AETAC, 80 wt.% in H2O), 1-vinylimidazole (VI, 99%), ammo-
n i um p e r s u l f a t e ( A P S , 9 9 . 9% ) , N ,N ,N ′ , N ′ -
tetramethylethylenediamine (TEMED, 99%), and N,N′-
methylenebisacrylamide (MBA, 99%) were purchased from
Sigma-Aldrich. For the AuNP preparation, potassium gold (III)
chloride (99.9%) was purchased from Sigma-Aldrich, and
trisodium citrate (99%) was received from Isolab chemicals. For
the drug loading and release studies, sodium diclofenac (NaDc,
98%) was purchased as a model drug from Acros. For the antimi-
crobial studies, tryptic soy agar (TSA) and tryptic soy broth (TSB)
were purchased from Merck. All chemicals were used without
further purification. Distilled water (DW) was used in all stages
of the experimental studies.

Swelling and drug release studies were determined in pH
6.0 buffer (phosphate buffer, PB), pH 7.2 buffer (phosphate
buffer saline, PBS), and pH 8.0 buffer (simulated wound fluid,
SWF). The pH 6.0 buffer was prepared with 0.1MKH2PO4 in
100 mL of DW. PBS was prepared by mixing 0.806 g of
NaCl, 0.027 g of KH2PO4, 0.178 g of Na2HPO4·H2O, and
0.020 g of KCl in a volumetric flask to reach a volume of
100 mL with DW. SWF was prepared by taking 0.68 g of
NaCl, 0.22 g of KCl, 2.5 g of NaHCO3, and 0.35 g of
NaH2PO4 in 100 mL of DW. The pH of all solutions were
adjusted with 0.1 M NaOH [35, 36].
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Preparation of hydrogels

Firstly, similar to our previous studies, cationic-based
hydrogels with various feed components were synthesized
with the free radical copolymerization technique [37, 38].
For this, the neutral monomer of VI and the cationic monomer
of AETAC were used. Hydrogels contained 3 different molar
ratios of AETAC and VI monomers of 1:1, 2:1, and 1:2. As
crosslinker, 1% MBA (of total monomer ratio) was weighed
and dissolved in 500 μl distilled water. The molar ratios of
AETAC and VI monomers given in Table 1 were dissolved in
each other, and the crosslinker was added to this solution. The
obtained homogeneous solution had 500 μl 1% APS (of total
monomer ratio) and 50 μl TEMED added to begin the reac-
tion. Polymerization of the prepared solution was completed
in straws with an internal diameter of 5 mm. After gelation is
completed, the cylindrical gels were cut to 5 mm size. The
synthesized p(AETAC-co-VI) hydrogels were washed with
distilled water 3 times during 1 day and then dried in an oven
at 40 °C for 24 h. The yield of the obtained hydrogels was
calculated according to Eq. 1 [39]. The dried gels were
quaternized and called p(AETAC-co-VI) /Q. The
quaternization procedure was completed by leaving the
hydrogels in 2% hydrochloric acid (HCl) aqueous solution
for 24 h. After the quaternization procedure, the quaternized
hydrogels were washed with distilled water to remove excess
acid and dried again in an oven.

Later, 40 mg of quaternized hydrogels prepared at 1:1 ratio
of AETAC to VI were left for 1 day in potassium gold (III)
chloride solution (1.45 mM, 40 ml) in a dark environment.
After this procedure, the hydrogels were reduced with
trisodium citrate (10 mM, 40mL), washed again with distilled
water, and dried in an oven. The gold-loaded hydrogels were
named AuNPs/p(AETAC-co-VI)/Q:

Yield% ¼ Wc

Wi
x100 ð1Þ

where Wi is the total weight of the monomers (VI, AETAC,
and MBA) and Wc is the dry weight after synthesis.

Swelling studies of hydrogels

The swelling behavior of the hydrogels in distilled water or
buffer solution was investigated. Equilibrium swelling rates
were investigated with the gravimetric method. Firstly, dry
hydrogel with a known initial mass (Mi) was dipped in a
swelling solution at room temperature, and the mass was mea-
sured at certain time intervals (Mt) until equilibrium
swelling was reached. During measurements, the hydro-
gel was removed from water, and excess water on the
hydrogel surface was removed with filter paper. The
swelling ratio (SR) at equilibrium was determined using
the following equation [40]:

SR% ¼ Mt−Mið Þ=Mix100 ð2Þ

Drug loading and release from hydrogels

Dry p(AETAC-co-VI)/Q(1:1) hydrogel and AuNPs/
p(AETAC-co-VI)/Q(1:1), each weighing 0.1 g, were
transferred to 100-mL diclofenac sodium aqueous solu-
tion (50 mg/L). They were stored at room temperature
for 2 days to ensure the hydrogel reached equilibrium
drug loading status. Before loading, the drug concentra-
tion within the supernatant was measured at 276 nm
w i t h UV -V i s s p e c t r o s c o p y ( T 8 0 + UV /V I S
Spectrometer, PG Ins. Ltd.), and the loading amount
was calculated using Eq. 3 [41]. The drug-loaded
hydrogels were dried at room temperature. For in vitro
release studies, 0.1 g dry gels were placed in 25 mL of
different buffer pH solutions at 37 °C, and release
amount was measured until release equilibrium was
reached. The release amount was calculated using Eq.
4 [40]. The response to pH variations was examined by
using pH 6.0 (PB), pH 7.2 (PBS), and pH 8.0 (SWF)
buffer solutions as release media.

qe ¼ Ci−Ceð Þ*V=M ð3Þ

Table 1 The synthesis
compositions and diffusion
parameters of hydrogels

Hydrogels AETAC
(mmol)

VI
(mmol)

SR% Yield% n kp Diffusion
type

p(AETAC-co-VI)(1:1) 5 5 842 75.3 0.62 0.046 Non-Fickian

p(AETAC-co-VI)/Q(1:1) 5 5 993 - 0.53 0.063 Non-Fickian

p(AETAC-co-VI) (2:1) 6.6 3.3 1110 76.9 0.59 0.050 Non-Fickian

p(AETAC-co-VI)/Q(2:1) 6.6 3.3 1350 - 0.74 0.042 Non-Fickian

p(AETAC-co-VI) (1:2) 3.3 6.6 1032 72.1 0.58 0.026 Non-Fickian

p(AETAC-co-VI)/Q(1:2) 3.3 6.6 1285 - 0.49 0.088 Non-Fickian

-, non-calculated
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Drug release percent %ð Þ

¼ Released drug from hydrogel

Total drug in the hydrogel
x100 ð4Þ

where Ci and Ce are the concentrations of drug solution at the
initial time and equilibrium time, respectively, V is the volume
of the drug solution (L), and M is the amount of the dry
hydrogel (g).

Korsmeyer–Peppas model for swelling and drug
release studies

Diffusion mechanisms for swelling and drug release from the
polymer matrix were evaluated using the Korsmeyer and
Peppas equation, Eq. 5:

log
Mt

M∞
¼ logkp þ nlogt ð5Þ

where Mt is the swelling/drug release at time t, M∞ is the
swelling/drug release at equilibrium, kp is the gel characteristic
constant, and n is the diffusion exponent describing the swell-
ing or release mechanism. The plots of logMt /M∞, versus log
twere plotted using 60% of the experimental data. Values of n
and k were calculated from the slopes and intercepts of these
plots. A value of n = 0.45 indicates Fickian diffusion mecha-
nism; 0.45 ˂ n ˂ 0.89 indicates non-Fickian diffusion (com-
bination of diffusion and relaxation); n = 0.89 indicates a case
2 transport (relaxation-controlled), and n ˃ 0.89 is super case 2
transport [41, 42].

Antimicrobial studies

Escherichia coli (E. coli) (gram-negative) ATCC 8739 and
Staphylococcus aureus (S. Aureus) (gram-positive) ATCC
6538 bacteria were used for the disk diffusion test. To obtain
overnight culture, initially colonies were suspended in 15-mL
TSB medium and mixed at 100 rpm overnight at 37 °C. Later
50-μl bacterial suspension was spread in one direction on the
petri dishes prepared with TSA using a sterile rod. Later, all
swollen hydrogel disks with 8.0 mm diameter and 3.0 mm
thickness were placed on the surface of medium inoculated
with bacteria. The petri dishes were incubated overnight at 37
°C, and the diameter of inhibition regions was measured (in-
cluding the area covered by hydrogel) with the aid of a ruler.

Characterization

The surface morphology of p(AETAC-co-VI)/Q(1:1) hydro-
gel was researched with a scanning electron microscope
(SEM) JEOL 7100-EDX device. A thin section was obtained
from the swollen hydrogen, and trapped water was removed

with a lyophilizer while preserving the porous structure.
Samples were coated in Au/Pd to 80:20 ratio before
measurements.

Fourier transform infrared (FTIR) analysis with ATR ap-
paratus was used to determine the characteristic functional
groups and chemical structure of the hydrogel and monomer
samples at 650–4000 cm−1 wavelength (4 cm−1 resolution)
with an FTIR spectrometer ((Perkin Elmer 100 spectrometer).

A Perkin Elmer TGA 8000 device was used in order to
determine the thermal properties of the p(AETAC-co-VI)/
Q(1:1) hydrogel. Analysis conditions used the interval 30 to
900 °C, nitrogen gas flow, and 10 °C/min heating rate.

X-ray diffraction (XRD) analyses were completed in order
to determine the crystallinity of the p(AETAC-co-VI)/Q(1:1)
hydrogel and AuNPs/p(AETAC-co-VI)/Q(1:1) nanocompos-
ite hydrogel and to analyze AuNPs within the hydrogel. Using
a PANalytical Empyrean device, operating parameters were λ
= 1.54056 Å at 45 kV and 40 mA.

A transmission electron microscope (TEM, Hitachi
High-Tech HT7700) was used in order to determine
the dimens ions of AuNPs wi th in the AuNPs/
p(AETAC-co-VI)/Q(1:1) nanocomposite hydrogel and
to take micrographs of the AuNP particles.

Results and discussion

P(AETAC-co-VI)-derived hydrogels were synthesized by free
radical cross-linked copolymerization in an aqueous solution
using AETAC cationic monomer, VI neutral monomer, MBA
crosslinker, and APS redox initiator. The estimated synthesis
reaction for the hydrogel is shown in Fig. 1a. The co-
monomer ratios used for the new hydrogels were changed
during synthesis, and the feed content for all monomers and
synthesis compounds are given in Table 1. All polymers were
obtained in a cylindrical form and the macroscopic structure
was preserved after removing unreacted compounds. The dry
sample of p(AETAC-co-VI) hydrogel is a cationic structure
due to the AETAC monomer in the structure; however, when
contacted with an acid solution, imidazole ring groups may be
protonated as the imidazole ring groups on p(AETAC-co-VI)
hydrogel are basic (Im + H+ = ImH+) [38]. Thus, increases
were provided in the positive charge density of the hydrogels.
This reaction is shown in Fig. 1b.

The FTIR spectrum of AETAC monomer, VI monomer,
p(AETAC-co-VI) hydrogel, and quaternized p(AETAC-co-
VI)(1:1) are shown in Fig. 2. The main peaks of AETAC
groups in the hydrogel spectrum are assigned to the C=O of
ester group at 1730 cm−1, C–N stretching vibration at 951
cm−1 of quaternary ammonium groups, and symmetric and
asymmetric stretching vibrations of C–H of the methylene
groups at 2938 and 3029 cm−1 [37]. In addition to the above
bands, the main peaks of VI groups in the hydrogel spectrum
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are assigned to the C=C ring stretching at 1645 cm−1, C=N
ring stretching at 1487 cm−1, and C–H ring stretching at 3100
cm−1 [43]. Additionally, the characteristic absorption bands
observed at 1645 and 1583 cm−1 correspond to the
stretching of amide groups in MBA in the hydrogels. These
results show that the hydrogels were successfully created by
copolymerization of AETAC, VI, and MBA compounds.

To prove the quaternization of p(AETAC-co-VI)(1:1) hy-
drogel, the FTIR spectra in Fig. 2d for p(AETAC-co-VI)(1:1)
and p(AETAC-co-VI)/Q(1:1) were compared. While new ad-
sorption bands occurred, some bands were lost or weakened.
The adsorption band at 1085 cm−1 flattened, and a new ab-
sorption band obtained at 1542 cm−1 was assigned to the vi-
bration mode of the –N+–H structure produced during the

Fig. 1 Schematic synthesis mechanism of a p(AETAC-co-VI) hydrogel and b p(AETAC-co-VI)/Q hydrogel
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protonation process confirming the quaternized imidazole
ring. After the quaternization procedure, the sharp ab-
sorption bands equivalent to C–N stretching of the im-
idazole ring at 1227 and 916 cmv1 were very much
reduced. These changes show successful quaternization
of the N atom on the imidazole ring [44].

The water absorption or water absorption rate of a hydrogel
polymer is linked to the network porosity of the hydrogel. As a
result, it is important to assess the microstructure of the hy-
drogen morphologically. Network structure morphology of
the p(AETAC-co-VI)/Q(1:1) hydrogel was examined with
SEM. A thin disk was cut from the swollen hydrogel and
frozen to −80 °C and then lyophilized to remove water from
the network structure. Thus, the porous structure of the hydro-
gel was preserved. Images of SEM micrographs of the hydro-
gel are shown in Fig. 3. The figure clearly shows the cross-
linked and very porous internal structure of the hydrogel.
Most pores are created by linked channels. Additionally, the
porous structure contains well-defined macropores with 0.2–
12 μm size. These pores may be said to be effective water-
permeable regions for drug release applications [34, 39].

The TGA-DTA thermograms for p(AETAC-co-VI)/Q(1:1) are
presented in Fig. 4. Changes in the thermal properties of the hy-
drogel were researched using a thermogravimetric analyzer from
30 to 900 °C under nitrogen atmosphere. The hydrogel showed
degradation behavior in 4 main stages. In the first stage, 11.3%
weight loss occurred from 30 to 220 °C, and water remaining in
the structure was removed. The second stage with rapid and large
mass reduction due to breaking of the polymer chains was identi-
fied between 238 and 377 °C. The main degradation of the syn-
thesized hydrogel may be linked to depolymerization of the net-
work structure by breaking of C–C bonds and degradation of the
cross-linked polymeric structure. The hydrogel lost 55.2% of
weight in this degradation. The third stage was identified from
377 to 490 °C and 10.1% weight loss occurred. The final stage
was identified between 490 and 900 °C, and 21.2% weight loss
occurred. The final two degradation stages may be attributed to a
complicated process dominated by the degradation of AETAC
and VI/Q structures. During degradation up to 900 °C, 97.7% of
the total mass was lost. All four steps are consistent with the main
peaks of the DTG curves. From the DTA curves, an endothermic
peak point was identified as equivalent to 318 °Cwith depolymer-
ization causingmainmass loss. It was concluded that the inclusion
ofmonomers in the network structure resulted in the formation of a
thermally stable hydrogel from the above results.

Hydrogels have the ability to swell by absorbing water or
biological fluids with the aid of a variety of functional groups
found in the network structure. This swelling behavior is an
important property that determines the applications for hydro-
gel material. Absorption and holding of wound fluids are nec-
essary for wound debridement and preservation of moist
wound environment for better wound healing. Figure 5a
shows the equilibrium water contents for distilled water at
20 °C for hydrogels with a variety of feed monomer contents.
As the monomer feed content increased, the swelling behavior
increased due to the development of additional osmotic pres-
sure in the expanding gel network. Accordingly, swelling per-
centages according to feed content of p(AETAC-co-VI)
hydrogels were 1110 for 2:1, 1032 for 1:2 and 842 for 1:1 at
the end of 420 min. After protonation of the hydrogels, the

Fig. 2 FTIR spectrum of the a VI monomer, b AETAC monomer, c
p(AETAC-co-VI) hydrogel, and d p(AETAC-co-VI)/Q hydrogel

Fig. 3 SEM images of the p(AETAC-co-VI)/Q hydrogel for different magnifications a ×750 and b ×1500
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positive charge intensity of the network structure increased
due to easy protonation of amino groups. Thus, the swelling
behavior of quaternized hydrogels increased. The reason for
this is that positive charges in the network structure repel each
other, so the network structure expands, and more water can
penetrate the network structure [45]. Accordingly, the swell-
ing percentages for p(AETAC-co-VI)/Q(1:1) hydrogels ac-
cording to feed content were 1350 for 2:1, 1285 for 1:2, and
993 for 1:1 at the end of 420 min.

The swelling behavior of p(AETAC-co-VI)/Q(1:1)
hydrogels was examined at 20 °C in distilled water, pH 6.0
(PB), pH 7.2 (PBS), and pH 8.0 (SWF) buffer solution media,

and Fig. 5b shows the equilibrium fluid content according to
time at 20 °C. Hydrogels had maximum osmotic pressure in
distilled water which ensured the gel easily absorbed water
from the medium and held it at high rates. In pH 6.0 (PB),
pH 7.2 (PBS), and pH 8.0 (SWF) buffer solution media, the
percentage swelling values for hydrogels were as follows:
799, 655, and 594, respectively. Here, the swelling rates of
hydrogels were reduced compared to distilled water. Swelling
of hydrogels was affected by the pH of the swelling medium.
In the situation with simulated wound fluid (pH 8.0), the per-
centage swelling ratio was observed to reduce compared to pH
6.0 buffer. The reason for this may be due to the protonated VI
groups within the hydrogel network structure being
deprotonated as the medium pH increased, causing a reduc-
tion in ionic repulsion between functional sections.
Additionally, the presence of a variety of ions in the pH 6.0
(PB), pH 7.2 (PBS), and pH 8.0 (SWF) buffer solution media
may have increased ionic power of the medium causing
a reduction in osmotic pressure difference between the
network structure and surrounding solution [46]. In con-
clusion, there is compatibility between swelling values
at different pH values. Hydrogels may be designed ac-
cording to application because wound pH may vary
with the time and stage of wound healing.

In Fig. 5a and b, the Korsmeyer–Peppas model was applied
to swelling tests in order to determine the control mechanism
for the swelling process of the hydrogel and the nature of

Fig. 4 TGA curve of the p(AETAC-co-VI)/Q hydrogel

Fig. 5 Comparative swelling
curve of a p(AETAC-co-VI)
hydrogels with different feed
ratios in distilled water and b
p(AETAC-co-VI)/Q(1:1)
hydrogels in various pH buffer
solution. Swelling kinetics curves
of c p(AETAC-co-VI) hydrogels
with different feed ratios in
distilled water and d p(AETAC-
co-VI)/Q hydrogels in various pH
buffer solution
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diffusion of liquid into the gel. This study is also a beneficial
preliminary test for determining the diffusion of a drug from
the distribution media into the hydrogel. When the dry hydro-
gel is contacted with an aqueous medium, firstly water mole-
cules spread into the polymer network, and the polymer chain
begins to loosen. Thus, the polymer network expands towards
the medium and swelling occurs. The parameter values calcu-
lated from the slope and intersection points on the graphs in
Fig. 5c and d are listed in Table 2. There were perfect corre-
lation coefficients for all media. As can be seen from Table 2,
the n values were between 0.45 and 0.89 at 20 °C for swelling
studies in all three media. From these results, the swelling
mechanism in all media was dominantly non-Fickian diffu-
sion. Accordingly, the penetration mechanism for water is
diffusion and is controlled by loosening of the polymer chain
[47]. Hydrogels containing gold nanoparticles have become
an active research area due to their amazing potential in a
variety of applications. In this study, with the aim of increas-
ing the antibacterial efficacy of the obtained hydrogels, gold
nanoparticles (AuNPs) were included in the hydrogels. The
negative-charge gold nanoparticles (AuCl4

−) require positive
charge on the hydrogel particle surfaces to bind to the surface.
It is necessary to discuss the important role of VI in this study.
The imidazole ring may be protonated as a result of treatment
with acid. Thus, the positive charge density on the hydrogel
surface is increased. The p(AETAC-co-VI)/Q hydrogels may
attract the negative-charge AuCl4

− ions via electrostatic inter-
actions with the quaternized ammonium (-N+) groups [48]. In
practice, the hydrogel was dipped in a Au3+ solution in a dark
environment for 24 h; thus, diffusion of the gold solution was
ensured into the pores in the hydrogel network. Later, the

Au3+ ions were reduced to AuNP using sodium citrate. This
reduction reaction caused a color change showing the produc-
tion of Au nanoparticles, and the yellow-colored hydrogel
turned brown. In this way, an alternative green strategy pro-
vides advantages for the production of AuNPs without creat-
ing probable toxic by-products [49]. Figure 6 shows the pro-
duction of gold nanocomposite hydrogels. Networks around
the gold nanocomposite hydrogel may effectively absorb
drugs containing nitrogen and oxygen and later release the
absorbed drug in the required release environment [50].

The natures of the p(AETAC-co-VI)/Q hydrogel and
AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogel were
determined with X-ray diffraction as in Fig. 7. The X-ray
diffraction pattern of the p(AETAC-co-VI)/Q hydrogel shows
a broad XRD peak at 2θ around 23.25°. This may be due to
the amorphous nature of the crystal forms in the hydrogel.
However, the semi-crystalline peak density of the
p(AETAC-co-VI)/Q reduces with an increase in the broadness
of the peak after the addition of gold nanoparticles to the
hydrogel. This is linked to the interaction of gold nanoparti-
cles with the p(AETAC-co-VI)/Q hydrogels. The Bragg re-
flection patterns of 2θ = 38.38° (111), 44.47° (200), and
64.81° (220) confirm the face central cubic (FCC) geometry
of the gold nanoparticles (JCPDS NO, 4–0784) [20, 51].
Thus, the results revealed that gold nanoparticles were suc-
cessfully synthesized within the polymeric structure of the
p(AETAC-co-VI)/Q hydrogel. The synthesized gold nanopar-
ticles increase the anisotropy of the material and cause a more
crystalline form [20]. These results are consistent with previ-
ous studies [52, 53].

TEM analysis was completed to confirm the successful
synthesis of gold nanoparticles within the hydrogel network
structure. Figure 8 shows the appearance of gold nanoparticles
synthesized within the p(AETAC-co-VI)/Q hydrogel. The
TEM images of the AuNP/p(AETAC-co-VI)/Q nanocompos-
ite show that the spherical-shaped gold nanoparticles with a
mean diameter 7.06 ± 1.76 nm were successfully synthesized
within the hydrogel network structure. Most have a spherical
shape, with narrow size distribution, and uniform distribution
in the suspension medium.

Table 2 The diffusion parameters of p(AETAC-co-VI)/Q(1:1)
hydrogels in buffer solutions

Swelling media n kp Diffusion type

pH 6.0 0.547 0.058 Non-Fickian

pH 7.2 0.609 0.043 Non-Fickian

pH 8.0 0.624 0.048 Non-Fickian

Fig. 6 Schematic diagram for the
formation of AuNPs/p(AETAC-
co-VI)/Q nanocomposite
hydrogels
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Gold nanoparticles are accepted as a nontoxic, environmen-
tally friendly antibacterial material. Recent developments
targeted the discovery of promising materials displaying antimi-
crobial activity by the inclusion of antimicrobial agents like
AuNP within polymeric gel networks for biomedical applica-
tions like skin infection treatment, coatings for medical implants,
and wound healing [49, 52]. The disk diffusion test was used to
research the antibacterial activity of p(AETAC-co-VI) hydrogel
derivatives onE. coli and S. aureus. After overnight incubation at
37 °C, each of the samples was observed to have an inhibition
region. Figure 9 shows the results of the disk diffusion experi-
ments for E. coli and S. aureus. The unprotonated partially

positively charged hydrogels only showed inhibition within the
area of their own diameter (8 mm) concluding that the hydrogels
have no harmful effect. The open inhibition region around the
hydrogel disks containing AuNP shows increasingly enhanced
antibacterial activity. For these hydrogels, the inhibition
region for S. aureus was 18 mm, while it was 11 mm
for E. coli. As can be seen from the dimensions of the
inhibition regions, the addition of AuNP significantly de-
veloped antibacterial capabilities compared to the antibac-
terial effect of hydrogels not containing gold. Based on
the obtained bacterial inhibition data, the p(AETAC-co-
VI) hydrogel containing AuNP may be said to offer valu-
able new opportunities for wound infection treatment.

To observe the controlled release effect for the model drug
NaDc from gold nanoparticles within the polymer network,
both p(AETAC-co-VI)/Q (without AuNP) hydrogel and
AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogel were
used as drug carriers. The drug loading amounts in the
p(AETAC-co-VI)/Q and AuNPs/p(AETAC-co-VI)/Q
hydrogels were 21.2 mg/g and 26.6 mg/g, respectively. As
shown in Fig. 10a and b, higher amounts of drug were loaded
into the AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogel
compared to the p(AETAC-co-VI)/Q hydrogel. The reason for
this increase may be attributed to the free adsorption regions
within the network having strong affinity for NaDcmolecules,
allowing more diffusion of drug molecules. In addition to
AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogel con-
taining quaternized amine groups, it contains carboxylate
groups and -NH groups acting as binders for NaDc among
interaction regions for AuNPs. As a result, NaDc drug enters

Fig. 8 a and bTEM images of the
AuNPs/p(AETAC-co-VI)/Q
nanocomposite hydrogel and c
particle size distribution of
synthesized AuNP nanoparticle in
hydrogel

Fig. 7 XRD spectra of a AuNPs/p(AETAC-co-VI)/Q nanocomposite
hydrogel and b p(AETAC-co-VI)/Q hydrogel
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interaction with AuNP-hydrogels through physical binding
like hydrogen bonds/electrostatic interactions. Release tests
from the hydrogel samples loaded with NaDc identified the

percentage drug content was a function of time with drug
release completed at 37 °C in a variety of media with different
pH values (pH 6.0 (PB), pH 7.2 (PBS), pH 8.0 (SWF) buffer

Fig. 10 NaDc delivery using a
p(AETAC-co-VI)/Q(1:1)
hydrogel and b AuNPs/
p(AETAC-co-VI)/Q
nanocomposite hydrogel as drugs
carrier; drug release Korsmeyer–
Peppas plots c p(AETAC-co-VI)/
Q and d AuNPs/p(AETAC-co-
VI)/Q

Fig. 9 Antimicrobial activity test
of a p(AETAC-co-VI) hydrogel
and b AuNPs/p(AETAC-co-VI)/
Q nanocomposite hydrogel
against (A) E. coli and (B)
S. aureus
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solutions). The effect of pH on the controlled release of NaDc
using AuNPs/p(AETAC-co-VI)/Q and p(AETAC-co-VI)/Q
hydrogels is presented in Fig. 10. It is clear that the absorbed ratio
dramatically increased at the start of the test and later reduced in
steps to reach a final plateau. As seen in the figure, the release
mechanism forNaDc is directly related to themedium pH, and the
medium pH was very effective on the amount of release of the
loaded drug. An important reality concluded from this data is that
both AuNPs/p(AETAC-co-VI)/Q and p(AETAC-co-VI)/Q
hydrogels released drugs held in the structure more rapidly as the
medium pH increased. As the medium pH value increased, the
release of drugmolecules into themediumwas eased as a result of
deprotonation of the quaternized imidazole ring in the hydrogel
network structure. In pH 8.0 (SWF) solution, the p(AETAC-co-
VI)/Q hydrogel released nearly 80%within 5 h, while the AuNPs/
p(AETAC-co-VI)/Q nanocomposite hydrogel released nearly
50% in 5 h. The release duration of NaDc in buffer solution from
AuNPs/p(AETAC-co-VI)/Q is different because the presence of
gold nanoparticles makes drug migration more difficult compared
to p(AETAC-co-VI)/Q [54]. Additionally, the AuNPs/p(AETAC-
co-VI)/Q hydrogel had higher loading capacity, as it displayed
more drug release.

The Korsmeyer–Peppas model was applied to determine the
mechanism of NaDc release and kinetic release parameters for
p(AETAC-co-VI)/Q hydrogel and AuNPs/p(AETAC-co-VI)/Q
nanocomposite, and the results are listed in Table 3. The slope
and intersection points on the graphs in Fig. 10c and d were used
to calculate the diffusion exponent and characteristic constant
values for both situations. The value calculated for diffusion expo-
nent revealed that the diffusion type in all release media was non-
Fickian for both p(AETAC-co-VI)/Q and AuNPs/p(AETAC-co-
VI)/Q. Accordingly, the drug release mechanism is controlled by
diffusion and loosening of the polymer chain [55].

Conclusion

Themain purpose of this studywas to prepare AuNPs/p(AETAC-
co-VI)/Q nanocomposite and p(AETAC-co-VI)/Q hydrogels as
wound dressing material using the free radical polymerization
technique, which is a simple and fast synthesis method, and ex-
amine their use for continuous release of the non-steroidal anti-
inflammatory sodium diclofenac (NaDc) model drug. The struc-
ture and morphology of p(AETAC-co-VI)/Q hydrogels were

examined by FTIR and SEM, respectively. XRD and TEM con-
firmed that gold nanoparticles were included in the p(AETAC-co-
VI)/Q hydrogel matrix. In addition to characterization studies,
swelling capabilities in distilled water, pH 6.0 (PB), pH 7.2
(PBS), and pH 8.0 (SWF) buffer solutions were investigated and
found to reach swelling equilibrium within 7 h. A lower ratio of
swelling was exhibited in the SWF medium because deproton-
ation of the protonated VI ring occurs in the simulated intestinal
fluid. It was observed that p(AETAC-co-VI)/Q hydrogels follow
the non-Fickian diffusion mechanism in all media. As the pH
increased, the swelling value decreased, this is due to the depro-
tonation of the VI ring of the p(AETAC-co-VI)/Q hydrogels.
Hydrogels with gold ion nanospheres showed activity against
E. coli and S. aureus. The drug loading mechanism between
AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogels and
NaDc occurred through electrostatic interaction. NaDc release
was gradual in pH 6.0 (PB), pH 7.2 (PBS), and pH 8.0 (SWF)
media and showed a 93% continuous and controlled drug release
behavior for 12 h in SWFmedium. In the simulated wound fluid,
deprotonation of VI groups occurs, and the drug molecules detach
from the AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogels,
resulting in faster release. In addition, the release mechanism from
AuNPs/p(AETAC-co-VI)/Q nanocomposite hydrogels was ob-
served to follow the non-Fickian diffusion mechanism. AuNPs/
p(AETAC-co-VI)/Q nanocomposite hydrogels have a double ef-
fect on drug release and bacterial control of nanocomposite
hydrogels. Therefore, considering sodium diclofenac as a model
drug, low-cost nontoxic AuNPs/p(AETAC-co-VI)/Q nanocom-
posite hydrogels can be used as promising drug delivery systems.
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