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Abstract
In this study, amphoteric hydroxyethyl starch/p([2(acryloyloxy)ethyl]trimethylammonium chloride-co-itaconic acid 
(HES/p(AETAC-co-IA) hydrogels containing both cationic and anionic groups in their structure were synthesized by the 
redox polymerization method. The synthesized hydrogels were modified with gold nanoparticles, and nanocomposite hydro-
gels were obtained. The characterizations of the nanocomposite HES/p(AETAC-co-IA)@Au hydrogels prepared for bio-
medical applications were carried out by SEM, TEM, FT-IR, TGA, and XRD techniques and swelling tests in simulated 
biological environments. Hydrogels designed as drug carrier cargo materials were loaded with sodium diclofenac (NaDcF) 
and ibuprofen drugs, and their release properties were studied. The release mechanisms and release kinetics of the two 
drugs were studied. The release kinetics determined for the drug NaDcF is consistent with the Higuchi model, while the 
release kinetics determined for ibuprofen is consistent with the first-order model. In addition, the antibacterial and antifungal 
properties of the hydrogels were tested. It was found that the HES/p(AETAC-co-IA)@Au hydrogel was effective against 
gram-positive Staphylococcus aureus, gram-negative Pseudomonas aeruginosa, and the fungal species Candida albicans.
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Introduction

Medicines at the right time and in the right dose play an 
important role in curing diseases. Traditional methods 
involve the use of high doses of drugs and a repetitive cycle. 
In controlled drug release systems, the drug is given at the 
required dose and at the specified rate [1]. The main advan-
tage of controlled drug release systems is that the drug can 
be delivered to the target region at the right dose and at the 
right rate. This increases the efficacy of the treatment by 
avoiding toxicity of the drug [2]. For these reasons, there 
has been a recent increase in interest in controlled drug 
delivery systems. With this increasing interest, the research 
and development of biomaterials that can be used as drug 

delivery systems are coming to the forefront. Hydrogels are 
the main class of materials that have recently been used in 
the literature as controlled drug delivery systems. In addition 
to hydrogels, materials such as dendrimers [3], nanoparticles 
[4], metallic nanoparticles [5], nanospheres [6], and micro-
gels [7, 8] are also used for drug delivery in drug delivery 
systems.

Hydrogels are hydrophilic, covalently bonded polymers 
with a cross-linked network structure. Due to hydrogen 
bonds and van der Waals interactions between their main 
chains, they are insoluble in water. In this way, they can 
adsorb large amounts of water. Moreover, they have a high 
storage capacity for adsorbed molecules [9]. These proper-
ties are the result of swelling behavior due to the interaction 
of the macromolecular chains with the solvent molecules. 
Hydrogels, which are also called superabsorbent materials, 
can reach a weight several hundred times their own weight 
due to the action of water molecules [10].

Synthetic hydrogels are usually not biodegradable. 
The natural polymer added to the structure transforms the 
hydrogel into a biodegradable and biocompatible material 
[11]. The natural polymer hydroxyethyl starch (HES) has 
many properties such as cost efficiency, biocompatibility, 
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biodegradability, high absorption capacity, and non-toxicity. 
Thanks to the interaction of hydroxyl groups in its struc-
ture with different functional groups, new properties can be 
imparted to the hydrogel by changing the chemical proper-
ties of its surface. This fact expands the fields of application 
of HEPP [12]. [2-(Acryloyloxy)ethyl]trimethylammonium 
chloride (AETAC) is an important cationic monomer con-
taining the quaternary ammonium salt group. It is a unique 
monomer for adsorption of molecules with anionic groups 
due to its cationic property [13]. Itaconic acid (IA) is an 
anionic monomer derived from biomass. Therefore, it can 
adsorb cationic molecules through electrostatic interactions. 
Itaconic acid is produced by fermentation of carbohydrates 
such as glucose and molasses with fungi such as Aspergil-
lus terreus and Aspergillus itaconicus. It is a monomer with 
excellent properties for hydrogels that can be used in bio-
medical applications due to its biodegradability [14].

Cationic hydrogels, which are to be used to transport 
ionic drugs to tissues in the body, have unique properties for 
biomedical applications. These hydrogels can adsorb large 
amounts of water and have a flexible structure [1]. Basic 
cationic hydrogels with a positive charge exhibit swelling 
behavior at low pH due to ionization and electrostatic repul-
sion. These hydrogels can respond to external factors and 
exhibit antibacterial properties [15]. Antibacterial hydrogels 
attack and destroy the cell membrane of microorganisms. 
In this way, they do not cause any possible side effects or 
toxicity. Due to these advantages, they can be used instead 
of antibiotic drugs that harm the human body [16]. The 
swelling behavior of negatively charged anionic hydrogels 
depends on the pH of the external environment. Amphoteric 
hydrogels contain both cationic and anionic groups in their 
structure. The swelling behavior of these hydrogels varies 
depending on the content of anionic and cationic groups 
[17].

Hydrogels can be prepared as composites with different 
inorganic materials, making them more mechanically dura-
ble. In addition, new functional groups and properties can 
be added to the structure [18]. By combining hydrogels and 
metal materials, hydrogel-metal composite structures have 
emerged. These structures have attracted a lot of attention 
in recent years. This is because metals provide advantages 
such as antibacterial properties, biocompatibility, and bio-
degradability to the synthesized hydrogel due to their large 
surface areas [19].

In this study, a HES/p(AETAC-co-IA) hydrogel system 
with amphoteric and hydrophilic properties was synthesized 
using the cationic monomer AETAC, the anionic monomer 
IA, and the natural polymer HES. A biocomposite material 
was prepared by modifying the network structures of the 
synthesized hydrogel with gold nanoparticles. The result-
ing amphoteric hydrogel composites were used for the 
controlled release of NaDcF and ibuprofen drugs used to 

reduce the inflammatory process and pain. The resulting 
percent drug release of HES/p(AETAC-co-IA) hydrogels 
released 98% and 100% of the active ingredients NaDcF 
and ibuprofen, respectively. For HES/p(AETAC-co-IA)@
Au hydrogels, the cumulative release values for NaDcF and 
ibuprofen were found to be 33.85% and 95%, respectively. 
In addition, the hydrogels showed antibacterial properties 
against Pseudomonas aeruginosa, Staphylococcus aureus, 
and Candida albicans bacteria and fungi.

Material and methods

Materials

The used monomers for the synthesis of hydrogels, [2(acry-
loyloxy)ethyl]trimethylammonium chloride (AETAC, 80 
wt. % in  H2O), itaconic acid (IA, 99%) ve hydroxyethyl 
starch (HES), N,N′-methylenebis(acrylamide) (MBA, 99%) 
used as cross-linker, N,N,N′,N′-tetramethylethylenediamine 
(TEMED, 99%) used as catalyst, and ammonium persulfate 
(APS, 99.9%) used as initiator were purchased from Sigma-
Aldrich chemical company. Potassium gold (III) chloride 
(99%) used for the preparation of hydrogel composites, 
sodium diclofenac (99%), and ibuprofen (98%) used in con-
trolled-release studies were obtained from Sigma-Aldrich. 
Tryptic soy agar (TSA) and tryptic soy broth (TSB) were 
purchased from Merck for antimicrobial studies. Deionized 
water, simulated body fluid (SBF pH = 7.4), simulated sali-
vary fluid (SSF, pH = 7.4), simulated intestinal fluid (PBS, 
pH = 7.0), isotonic NaCl (0.9%, pH = 7.0), and simulated 
gastric juice (SGF, pH = 2.2) buffer solutions used for swell-
ing characterizations of hydrogels were prepared according 
to literature, and deionized water was used in the all solu-
tions [20, 21]. All experiments conducted were performed 
triplicate in the study.

Synthesis of HES/p(AETAC‑co‑IA) hydrogels 
and composites

Hydrogels were synthesized by the cross-linking reaction 
of polymer chains and redox polymerization methods [1, 
20, 21]. For the synthesis of hydrogel HES/p(AETAC-co-
IA), 95% mol of AETAC and 5% IA monomers were used. 
For the synthesis, AETAC (4.75 mmol) and IA (0.25 mmol) 
were taken and homogeneously mixed, and 0.5 mL of HES 
solution with a concentration of 25 mg/mL was added to 
the monomer mixture. Cross-linker (MBA) (0.059 mmol) 
was added to the homogeneously mixed monomer mixture 
at a ratio of 0.5% according to the total number of monomer 
mole. Then, 40 μL of TEMED was added to the reaction 
medium as an accelerator. The reaction was started by add-
ing 0.5 mL of APS (1% (0.05 mmol) of the total amount of 
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monomer by mole) dissolved in 0.5 mL of ultra-deionized 
water to the resulting mixture. The resulting reaction mix-
ture was transferred to plastic pipettes with a diameter of 
0.3 cm to bring it into shape, and it waited for 12 h for the 
polymerization reaction to complete. After this time, the 
hydrogels were removed from the pipette and cut to an aver-
age size of 0.3 cm × 0.5 cm. The resulting hydrogels were 
washed with 6 × 50 mL of deionized water for 1 day to 
remove unreacted reagents and dried in a vacuum oven at 50 
°C. They were then stored in a desiccator for characteriza-
tion and drug release studies.

The synthesis yield (Eq. 1) for hydrogels, the gel fraction 
(Eq. 2) known as the amount of cross-linked polymer, and 
the sol–gel fraction as the amount of uncross-linked polymer 
were calculated by gravimetric method (Eq. 3) [22].

Here, Wc is the dry weight after synthesis; Wi is the total 
weight of the monomers, and Wd is the mass of the hydrogel 
that has been washed and dried after the synthesis, with the 
impurities removed.

For the synthesis of gold nanoparticles stabilized in 
hydrogel network structures of HES/p(AETAC-co-IA), 50 
mg of dried hydrogel was added to the gold ion solution 
at a concentration of 250 mg/L (25 mL). It was expected 

(1)Yield % = [Wc∕Wi] × 100

(2)Gel fraction = [Wd∕Wc] × 100

(3)Sol − gel fraction = 100 − gel fraction

with a period of 24 h for the completion of the adsorption 
of  [AuCl4]− ions. After this period, the hydrogels, which 
were removed from the gold (III) solution and washed with 
deionized water, were transferred to 0.5 M ascorbic acid 
solution (100 mL) for the reduction process, and the reduc-
tion process was waited for 6 h. The hydrogels that exhib-
ited black coloration were removed from the solution at the 
end of the time (Fig. 1). Then, the hydrogels washed with 
deionized water were used for controlled drug release and 
antibacterial testing.

Characterization of hydrogels

The chemical constituents of the hydrogels were ana-
lyzed using FT-IR analysis (Perkin Elmer, Spectrum 
100 instrument with ATR apparatus in the wavelength 
range of 650–4000  cm−1). The surface morphology of 
HES/p(AETAC-co-IA) hydrogel was studied using the 
scanning electron microscope (SEM) QUANTA FEG 250 
model instrument. Transmission electron microscopy (TEM) 
(JEOL JEM -1400 PLUS (Tokyo, Japan)) and XRD (PANa-
lytical Empyrean) were used to characterize the Au nanopar-
ticles synthesized in the hydrogels. Thermogravimetric ana-
lyzes of hydrogel and hydrogel-metal composite structures 
were performed using TGA (Perkin ELMER TGA 8000 
(USA)) at a heating rate of 10 °C/min. For controlled drug 
release, a PG instruments T80+ UV-Vis spectrophotometer 
(UK) (NaDcF: λmax = 276 nm, ibuprofen λmax = 264 nm) 
was used to determine drug concentrations.

Fig. 1  Schematic repre-
sentation of the synthesis 
of HES/p(AETAC-co-IA) 
hydrogels
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The swelling of HES/p(AETAC-co-IA) hydrogels was 
characterized in 50 mL of PBS, SGF, SSF, SBF, isotonic 
liquid, and deionized water. Equilibrium swelling amounts 
were determined gravimetrically by recording the masses of 
the hydrogels at specific times [23]. The formula for calcu-
lating the equilibrium swelling was given in Eq. 4, where M0 
is the dry mass of the hydrogels, Mt is the swollen mass of 
hydrogels, and St % is the percentage of swelling [24–26]. 
The swelling amounts of hydrogels containing ionizable 
groups in their structure were determined in different pH 
environments for pH = 2, 4, 6, 8, 10, and 12. For this pur-
pose, the hydrogel with known dry mass was added to the 
solution and waited for 24 h. Then, the maximum swell-
ing value (Eq. 4) was calculated for the hydrogel that had 
reached the equilibrium swelling value.

Drug loading and release studies from HES/
p(AETAC‑co‑IA) hydrogels

In the drug loading and release studies to hydrogel and 
hydrogel@Au composite, NaDcF and ibuprofen were used 
as model drugs. The drugs were dissolved in deionized 
water, and a drug solution was prepared at a concentration of 
250 mg/L (50 mL). A hydrogel or hydrogel@Au composite 
with an average mass of 50 mg was added to the prepared 
solution. It took 18 h for the hydrogels to complete drug 
loaded. The drug-loaded hydrogels were then transferred 
to PBS release medium (30 mL). At specific time intervals 
until the release process was completed, the absorbance val-
ues of the environment were measured using a UV-Vis spec-
trophotometer, and the amount of release was calculated. 

(4)St % = [(Mt −M
0
)∕M

0
] × 100

Each drug release was repeated three times, and the results 
were averaged.

Antimicrobial activity tests

Disk diffusion method was used in antibacterial tests using 
fungi, gram-negative, and gram-positive bacteria in order 
to examine the antibacterial activity of HES/p(AETAC-co-
IA) and HES/p(AETAC-co-IA)@Au composite hydrogels 
[27]. For this purpose, Pseudomonas aeruginosa (ATCC 
27853) was selected as gram-negative bacteria, Staphylo-
coccus aureus (ATCC 29213) as gram-positive bacteria, 
and Candida albicans (ATCC 90028) as fungus. Colonies 
in the culture medium were suspended in TSB medium to 
propagate the bacteria. The medium was stirred at 37 °C 
at 100 rpm for 15 h; 25 μL of the bacterial suspension was 
homogeneously distributed into Petri dishes prepared with 
tryptic soy agar using a sterile swab. The drug-free, NaDcF-
loaded ibuprofen-loaded forms of hydrogels and composites 
were cut into slices 10 mm in diameter and 0.5-cm wide. The 
slices were placed opposite to each other on the surface of 
the medium containing the bacterial suspension. The pre-
pared Petri dishes were incubated at 37 °C for 15 h. At the 
end of the 15 h, the inhibition diameters were measured to 
determine the antibacterial activities of the hydrogels.

Results and discussion

Hydrogels are cross-linked polymers consisting of linear 
polymer chains connected by cross-links. Thanks to the 
hydrophilic groups in their structure, they can absorb large 
amounts of water. Therefore, they have a physical similarity 
to human tissue, which has a high percentage of water in 

Fig. 2  Digital camera images of the synthesis of HES/p(AETAC-co-IA)@Au nanocomposite hydrogels
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its structure [28]. In addition, hydrogels are biocompatible 
and have a high drug absorption capacity. Thanks to the 
cross-linked polymer network, the hardness of the hydro-
gel can also be adjusted. This gives the hydrogel numer-
ous mechanical properties [29]. The functional groups of 
the monomers in the hydrogel structure can impart anionic 
or cationic properties to the hydrogels. Thanks to the ani-
onic or cationic groups in their structure, hydrogels can be 
designed for different applications. In this study, an ampho-
teric HES/p(AETAC-co-IA) hydrogel with both anionic and 
cationic groups in its structure was synthesized by redox 
polymerization. The scheme of hydrogel synthesis is shown 
in Fig. 1. IA in the structure of the hydrogel designed for 
biomedical applications was used to impart an anionic 
character to the hydrogel, and AETAC was used to impart a 

cationic character to the hydrogel network structure. MBA 
was used as a cross-linker, and APS was used as initiator in 
the synthesis of hydrogels. HES which is used for the bio-
compatible and biodegradable properties of the structure is a 
natural polymer. The hydrogels were prepared in the form of 
cylindrical disks to investigate the potential for drug deliv-
ery. The values for the yield, gel, and sol-gel in the synthesis 
of hydrogels containing cross-linker at a ratio of 2% based 
on the total moles of monomer were 89.99%, 82.03%, and 
17.97%, respectively.

Gold is a metal that is frequently preferred for biomedi-
cal applications with its biocompatible and biodegradable 
properties, as well as effective against bacteria and viruses 
[30]. At the same time, it is known that metallic nano-
particles prepared in nanoscale are more active thanks to 
their high surface areas. However, the biggest challenge 
in preparing nanosized metals is the high surface energies 
of nanometals. Therefore, nanometallic particles tend to 
agglomerate [31]. In this study, hydrogel Au nanoparticles 
were prepared in combination with an amphoteric hydro-
gel network by in situ reduction method. Thanks to the 
hydrogel network structures, the gold nanoparticles were 
stabilized while the hydrogel gained additional biocom-
patibility and antibacterial properties [32]. The synthe-
sis scheme of Au nanoparticles synthesized in hydrogel 
network structures was shown in Fig. 2. According to 
Fig. 2, the hydrogel was added to the gold (III) solution. 
Thanks to the cationic groups in the hydrogel structure, 
the  [AuCl4]− ions in the network structures of the hydro-
gels, which hold the  [AuCl4]− ions with electrostatic 
interactions, were reduced with ascorbic acid. In this way, 
HES/p(AETAC-co-IA)@Au composites were obtained. 
The Au nanoparticles in the obtained network structure 

Fig. 3  FT-IR spectra of HES/p(AETAC-co-IA) hydrogels

Fig. 4  SEM images of HES/p(AETAC-co-IA) hydrogels
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of the hydrogel composite remained stable thanks to the 
cross-links and had no tendency to agglomerate.

The FT-IR analysis performed to determine the pres-
ence of HES, IA, and AETAC molecules in the hydrogel 
network is shown in Fig. 3. Examining the FT-IR spectra of 
the hydrogel and the individual components, the 952  cm−1 
peak shows the C–N stretching vibrations of the ammo-
nium groups of the AETAC monomer; the 1720  cm−1 peak 
shows the C=O stretching of the ester group, and the 2960 
and 3025  cm−1 peaks show the symmetric and asymmetric 

C–H stretching vibrations of the methylene groups [33]. 
The peak at 1683  cm−1 observed in the FT-IR spectrum 
of IA shows the C=O stretching, while 1154  cm−1 repre-
sents the peak of the C–O stretching vibration [34]. In the 
spectrum of HES, the O–H stretching vibration signal of 
hydroxyl groups in the broad peak structure at 3294  cm−1 
and the signal at 1645  cm−1 indicates the C–H bending 
vibration signal of methylene groups  (CH2) [24]. In the 
FT-IR spectrum of HES/p(AETAC-co-IA) hydrogels, the 
O–H stretching of the hydroxyl and carboxylic acid groups 

Fig. 5  a Digital camera images of dry and swollen hydrogels, b pH dependence c in various environments swelling isotherms of the hydrogels
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shows a broad signal structure centered at 3371  cm–1. The 
signal from the carboxylic acid and ester functional groups 
of IA and AETAC was observed as a single coincident 
intensity peak at 1727  cm–1. The fact that all the charac-
teristic peaks of the components in the structure of the 
hydrogel were observed in the spectrum of FT-IR indicates 
that the hydrogel was successfully synthesized.

The high absorption capacity of a hydrogel is directly 
related to the hydrophilicity of its functional groups and the 
porosity of the network structure. Thanks to these pores, 
water and drug molecules dissolved in water can easily dif-
fuse into the hydrogel. Solvent molecules that penetrate 
into the network structure of the hydrogel in the release 
medium can easily transport the drug into the tissue [35]. 
To study the morphological structure of HES/p(AETAC-
co-IA) hydrogels, they were kept in deionized water until 
the swelling equilibrium value was reached at maximum 
capacity. Then, the structure of the hydrogel network was 
prevented from collapse by removing the adsorbed water 
with the hydrogel lyophilized and freezing the hydrogel at 
−20 °C. The hydrogels were analyzed by SEM after coating 
with Au. SEM images of the hydrogel are shown in Fig. 4. 
By examining Fig. 4, the network structure and porous struc-
ture of the hydrogel can be seen. The pores are on average 
1–5 μm in size. The porous structure of the hydrogel surface 
provides additional advantages for solvent diffusion and thus 
for drug loading and release phases.

Hydrogels exhibit different swelling behaviors in bio-
logical environments due to dissolved molecules in differ-
ent solution environments. The swelling behavior is also 
closely related to the ratio of cross-linkers, pore size, and 
chemical structure. In order to desorb the drug molecules, 
which are held by electrostatic interaction mainly thanks to 
the functional groups in the hydrogels, the biological fluids 
must penetrate the hydrogel. This is possible by filling the 
hydrogel with liquid as a result of osmotic pressure. Thus, 
the applications of hydrogels can be diversified depending 
on the swelling behavior [33–37]. Figure 5a shows digital 
camera photographs of the HES/p(AETAC-co-IA) hydro-
gels in the dry and maximum swollen states. The maximum 
water holding capacity of HES/p(AETAC-co-IA) hydrogel 
containing biopolymer in its structure and synthesized as 
pH sensitive smart material was determined at different pH 

values. For this purpose, 6 different solutions with pH = 2, 
4, 6, 8, 10, and 12 were used. The pH values of the solutions 
were adjusted with 0.1 M HCl and 0.1 M NaOH solutions. 
The maximum swelling values are shown in Fig. 5b. The 
maximum swelling values of the hydrogels in the range pH 
= 2–12 were determined to be 930.7%, 833.3%, 795.2%, 
714.5%, 646.7%, and 644.2%, respectively. The higher water 
retention in acidic media is compatible with the hydrogels 
containing 95% AETAC and 5% by mol IA. In this case, the 
highest swelling rate is obtained because the more concen-
trated positive charges in the hydrogel structure repel each 
other. At the same time, the formation of sodium salts of the 
acid groups of itaconic acid in basic medium explains the 

Table 1  Diffusion parameters 
of HES/p(AETAC-co-IA) 
hydrogels

Swelling media Smax k0 r0 n k D

Deionized water 1250 1.9 ×  10−7 3.3 0.434 0.2902 2.670
PBS 666.6 4.5 ×  10−3 2.0 0.682 0.0599 602.5
SBF 769.2 3.4 ×  10−3 2.0 0.608 0.1385 0.003
SSF 833.3 4.8 ×  10−3 3.3 0.615 0.1269 349.1
SGF 1250 3.2 ×  10−3 5.0 0.479 0.1297 1620
Isotonic fluid 714.3 3.9 ×  10−3 2.0 0.430 0.2513 797.9

Fig. 6  a XRD spectrum and b TGA microgram of HES/p(AETAC-
co-IA)@Au nanocomposite hydrogels
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swelling of the hydrogel with a minimum rate of 644.2% 
by mass.

Swelling of HES/p(AETAC-co-IA) hydrogels in poten-
tial drug release environments was performed in six differ-
ent environments. These media were selected to study the 
swelling properties of hydrogels in liquid media in the living 
body. Intestinal medium (PBS), salivary medium (SSF), gas-
tric (SGF), body fluid (SBF), and isotonic have the same pH 

as serum fluid. Thus, the properties of drug release in organs 
or fluids in the living body have been studied.

HES/p(AETAC-co-IA) hydrogel was stored in deion-
ized water, PBS, SBF, SSF, SGF, and isotonic liquid 
media for approximately 420 min. The mass of the hydro-
gel was measured at specific time intervals over 420 min. 
The swelling values obtained are shown in Fig. 5c. The 
maximum swelling ratios in mass percent for the hydrogel 

Fig. 7  a, b TEM images of HES/p(AETAC-co-IA)@Au nanocomposite hydrogels at different magnifications and c particle size distribution 
graph of gold nanoparticles in the HES/p(AETAC-co-IA)@Au hydrogel



91Gold Bulletin (2023) 56:83–96 

1 3

HES/p(AETAC-co-IA) are 1161.9% in deionized water, 
633.1% in PBS, 741.4% in SBF, 806.6% in SSF, 1162.2% 
in SGF, and 678.5% in isotonic medium. It is observed 
that the hydrogel swells more in deionized water and SGF 
environments than in other media. The reason for the high 
swelling behavior in deionized water is that it does not con-
tain ions. The reason for the high swelling behavior in the 
SGF environment is the electrostatic interactions between 
the positively charged ammonium groups (C–N) in the 
HES/p(AETAC-co-IA) hydrogel and the  H+ ions in the SGF 
environment. As a result, the hydrogel exhibits high swelling 
behavior [38].

The Korsmeyer-Peppas model was used for the swelling 
kinetics of the hydrogel HES/p(AETAC-co-IA). The kinetic 
parameter values obtained for the hydrogel are given in 
Table 1. The r0 given in Table 1 represents the initial swell-
ing rate; k0 represents the swelling rate that determines the 
rate constant, and Smax represents the equilibrium swelling 
rate. These data were obtained by plotting t/s against t. The 
n values indicate whether the swells in the environments 
are of Fick’s diffusion type. Values of n greater than 0.45 
are referred to as non-Fickian diffusion type, while values 
less than 0.45 are referred to as Fickian diffusion type. The 
n values were found to be 0.434, 0.682, 0.608, 0.615, 0.479, 
and 0.430 for deionized water, PBS, SBF, SSF, SGF, and 
isotonic liquids, respectively. From these data, it can be seen 
that they are suitable for Fick’s diffusion type for deionized 
water and isotonic liquids. For the media PBS, SBF, SSF, 
and SGF, they seem to correspond to the non-Fickian dif-
fusion type [39].

Metallic nanoparticles such as Ag and Au stabilized by 
any matrix can generally be prepared in the crystalline phase 
because they do not clump together. The XRD diffraction 
pattern of the synthesized HES/p(AETAC-co-IA)@Au 
composites, which impart additional antibacterial proper-
ties to the structure of the hydrogels, is shown in Fig. 6a. 
According to Fig. 6a, the hydrogel of HES/p(AETAC-co-
IA) has an amorphous structure. This can be seen from the 
broad peak with an angle of 2θ, which occurs in the range of 
10–30°. The peak in the XRD pattern of the HES/p(AETAC-
co-IA)@Au composite hydrogel, which occurs in the same 
region, is from the hydrogel. However, in addition to this 
peak in the XRD spectrum of the HES/p(AETAC-co-IA)@
Au composite hydrogel, the peaks of 38.5°, 44.9°, 65.1°, and 
77.9° observed in the face-centered cubic (FCC) gold (111), 
(200) , (220), and (311) correspond to the crystal planes [36, 
37]. These results demonstrate the existence of crystalline 
gold nanoparticles, known for their biocompatibility, in the 
network structure of the HES/p(AETAC-co-IA) hydrogel.

Nanocomposite hydrogels containing metallic nanopar-
ticles show a different degradation profile curve than non-
composite hydrogels. Hydrogels with Au nanoparticles in 
their structure are more temperature resistant than empty 

hydrogels. The TGA spectra of the hydrogels and hydrogel@
Au composites are shown in Fig. 6b. The thermal proper-
ties of HES/p(AETAC-co-IA) and HES/p(AETAC-co-IA)@
Au hydrogels were investigated under nitrogen atmosphere 
in the temperature range from 30 to 900 °C (10 °C/min). 
Examination of the TGA curve for the HES/p(AETAC-co-
IA) hydrogel shows that it exhibits 4 different decomposi-
tion temperatures. The initial decomposition occurred due 
to free and bound moisture in the range of 0–250 °C with a 
mass loss of 13%. In the second decomposition step, a mass 
loss of 48% was observed in the range of 250–325 °C, and 
in the third decomposition step, a mass loss of 29% was 
observed in the range of 325–500 °C. In the fourth degrada-
tion phase of the HES/p(AETAC-co-IA) hydrogel, a mass 
loss of 10% is observed in the range 500–800 °C. However, 
when the TGA curve for the HES/p(AETAC-co-IA)@Au 
hydrogel, we find that it exhibits four different decompo-
sition temperatures. The first decomposition step occurred 
in the range of 0–200 °C due to free and bound moisture, 
with a mass loss of 13%. The second decomposition step 

Fig. 8  Release of NaDcF and İbuprofen from the hydrogels a 
HES/p(AETAC-co-IA) and b HES/p(AETAC-co-IA)@Au
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showed an 18% mass degradation in the narrower tempera-
ture range of 200–260 °C compared to the non-composite 
hydrogel. The third degradation step caused a 37% mass 
loss in the 260–500 °C range. The last degradation step of 
the HES/p(AETAC-co-IA)@Au composite hydrogel shows 
a 32% mass degradation in the range of 500–800 °C. The 
difference of 27.3% by mass between the two spectra is the 
amount of Au synthesized in the hydrogel network structure.

TEM images of Au nanoparticles synthesized in a hydro-
gel network structure are given in Fig. 7. According to these 
images, the hydrogel network structures acted as a good sta-
bilizing barrier. As shown in Fig. 7, the Au nanoparticles are 
almost homogeneously distributed in the HES/p(AETAC-co-
IA)@Au nanocomposite hydrogel. This image also proves 
that the AETAC monomer, which adsorbs  [AuCl4]− ions by 
electrostatic interactions, is homogeneously distributed in 
the hydrogel. The particle size distribution diagram of the 
nanoparticles shown in Fig. 7c was again obtained using the 
Image J program. Here, it can be seen that the Au nanopar-
ticles also have a nearly monodisperse size distribution and 
an average diameter of 7 nm.

Characterization of the hydrogels HES/p(AETAC-co-IA) 
and hydrogel@Au composites showed that the hydrogels 
were suitable for controlled drug release studies. NaDcF 
and ibuprofen drugs were loaded into HES/p(AETAC-co-
IA) hydrogel and hydrogel@Au composites for controlled 

drug release studies. Controlled release studies were then 
performed in PBS medium. The release graphs for the 
HES/p(AETAC-co-IA) hydrogel are shown in Fig.  8a, 
and the release graphs for the HES/p(AETAC-co-IA)@Au 
hydrogel are shown in Fig. 8b. The time-dependent release 
values of the NaDcF hydrogel were measured with a UV-
Vis spectrophotometer over a period of approximately 700 
min to ensure controlled release of the drug release. The 
maximum adsorption amount for the NaDcF drug of the 
HES/p(AETAC-co-IA) hydrogel was determined to be 91.13 
 mgdrug/ggel (cumulative release 98%). In contrast, the hydro-
gel containing the ibuprofen drug released 52.07  mgdrug/ggel 
(cumulative release 100%), which it held for 200 min.

The HES/p(AETAC-co-IA)@Au nanocomposite hydro-
gel adsorbed the NaDcF and ibuprofen drugs 31.95  mgdrug/
ggel and 16.85  mgdrug/ggel, respectively. The reason why com-
posite hydrogels adsorb less drug than empty hydrogels is 
because the Au nanoparticles in their structure reduce the 
number of active groups adsorbing drugs in the hydrogel. 
Composite hydrogels contain 27.3% by mass of Au nano-
particles. The cumulative release value obtained as a result 
of the release experiments performed in PBS medium is 
33.85% at the end of 730 min for the NaDcF drug, while it 
is 95% at the end of 200 min for the ibuprofen drug.

In order to determine the parameters related to the release 
kinetics and to determine with which model the drug release 

Table 2  NaDcF and ibuprofen 
release kinetic parameters of 
HES/p(AETAC-co-IA) and 
HES/p(AETAC-co-IA)@Au 
hydrogels

Hydrogel Drug Model name k r2

HES/p(AETAC-co-IA) NaDcF Korsmeyer-Peppas 0.7158 0.9804
Zero-order 8.9118 0.9482
Higuchi model 0.2335 0.9926
First-order −0.1488 0.9486
Hixson-Crowell 0.3109 0.9903

Ibuprofen Korsmeyer-Peppas 0.8896 0.9632
Zero-order 15.912 0.8719
Higuchi model 0.1772 0.9858
First-order −0.2493 0.9869
Hixson-Crowell 0.5409 0.9840

HES/p(AETAC-co-IA)@Au NaDcF Korsmeyer-Peppas 0.6056 0.9735
Zero-order 2.7224 0.8727
Higuchi model 0.7078 0.9810
First-order −0.015 0.9030
Hixson-Crowell 0.0493 0.8934

Ibuprofen Korsmeyer-Peppas 1.1699 0.9897
Zero-order 35.021 0.8496
Higuchi model 0.1169 0.9751
First-order −0.5419 0.9960
Hixson-Crowell 1.1883 0.9754
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is compatible, the models for each drug carrier hydrogel 
were studied separately [40, 41]. The equation of the Higu-
chi model, with which the hydrogels are compatible, was 
applied to determine the release kinetics parameters of 
the NaDcF drug. Again, the compatible first-order model 
equation for the release of ibuprofen from the hydrogels 
HES/p(AETAC-co-IA) and HES/p(AETAC-co-IA)@Au 
was applied. The release rate constant (k) and regression 
(r2) values obtained from the equations are shown in Table 2. 
It was found that the release kinetics of the NaDcF drug 
conformed to the Higuchi model for both hydrogels, whereas 

the release kinetics of the ibuprofen drug conformed to the 
first-order model.

Many bacteria have started to become resistant and are 
getting stronger day by day. Given the danger to human 
health, much research is being done to prevent resistance. 
These researches are generally related to natural biomol-
ecules and synthetic antibacterial agents, antimicrobial 
peptides, chitosan, antibacterial enzymes, graphene, silver, 
carbon-based materials, and polymers [42]. In the antibacte-
rial mechanisms of cationic compounds, cationic moieties 
adsorb to phosphate groups of bacterial cell membranes 
via electrostatic interactions, while hydrophobic segments 

Fig. 9  Digital camera images 
of antibacterial activity tests of 
hydrogels and hydrogel@Au 
nanocomposites for Staphylo-
coccus aureus, Pseudomonas 
aeruginosa, and Candida 
albicans (a) bare hydrogel, (b) 
hydrogel@Au nanocomposite, 
(c) NaDcF loaded hydrogel, and 
(d) ibuprofen loaded hydrogel

Table 3  The inhibition zone 
radius (cm) of HES/p(AETAC-
co-IA) hydrogels and 
hydrogel@Au nanocomposites

Bare hydrogel NaDcF loaded 
hydrogel

Ibuprofen loaded 
hydrogel

Hydrogel@Au 
composite

S. aureus 1.1 ± 0.06 1.1 ± 0.05 1.1 ± 0.05 1.2 ± 0.09
P. aeruginosa 1.1 ± 0.08 1.1 ± 0.08 1.1 ± 0.09 1.2 ± 0.12
C. albicans 1.1 ± 0.09 1.1 ± 0.07 1.1 ± 0.07 1.2 ± 0.08
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penetrate into hydrophobic regions of cell membranes and 
cause the release of cytoplasmic components (RNA, DNA, 
K+, etc.) and death of bacterial cells. Compared to low 
molecular weight biocides based on cationic compounds, 
cationic polymers are attracting more and more attention due 
to their lower toxicity and better antibacterial properties [43, 
44]. The antibacterial activities of the HES/p(AETAC-co-
IA) hydrogel against gram-positive Staphylococcus aureus, 
gram-negative Pseudomonas aeruginosa, and Candida 
albicans bacteria are shown in Fig. 9. The diameter of the 
hydrogels used to test antibacterial activity is 1 cm. The zone 
diameters of the HES/p(AETAC-co-IA) hydrogel, which is 
drug-free, drug-loaded, and made of a gold nanocompos-
ite, against bacteria are shown in Table 3. By examining 
Table 3, it was found that the HES/p(AETAC-co-IA) hydro-
gel showed antibacterial activity for each condition. How-
ever, the zone diameter of the drug-free hydrogel containing 
ibuprofen and NaDcF was 1.1 cm, while the zone diameter 
of the gold nanocomposite hydrogel was 1.2 cm. As a result 
of these results, the hydrogel HES/p(AETAC-co-IA) shows 
antibacterial activity under all conditions. However, the fact 
that the hydrogels containing Au nanoparticles have higher 
antibacterial activity than the empty hydrogels shows that 
the antibacterial properties can be improved by synthesizing 
the hydrogel structures as Au composites [45].

Conclusions

In this study, an amphoteric HES/p(AETAC-co-IA) hydro-
gel containing both anionic and cationic monomers was 
synthesized. The synthesized amphoteric hydrogel was then 
assembled with Au nanoparticles. The swelling kinetics of 
the synthesized hydrogel and hydrogel@Au composites was 
determined, and their structural characterization was carried 
out by the methods FT-IR, SEM, XRD, TGA, and TEM. The 
synthesized and characterized hydrogel structures were tested 
as cargo materials for the model drugs NaDcF and ibuprofen. 
NaDcF and ibuprofen were released from hydrogel networks 
for about 700 min and 200 min, respectively. Moreover, the 
release of NaDcF in hydrogels with the determined release 
kinetics is consistent with the Higuchi model, while the release 
of ibuprofen is consistent with the first-order model. As a 
result of the antibacterial tests conducted for the drug-loaded 
and non-drug-loaded forms of hydrogel and hydrogel@Au 
composites, it was found that the hydrogels exhibited anti-
bacterial activity against S. aureus, P. aeruginosa, and Can-
dida albicans. It was found that Au nanoparticles synthesized 
into the hydrogel network structure increased the antibacterial 
property of the hydrogel.
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