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Abstract: In this study, a new silica-based crosslinker was successfully synthesized with the reaction
between silica nanoparticles modified with amino groups and glycidyl methacrylate (GMA). Using the
synthesized silica-based crosslinker, p(HEMA) and p(HEMA-co-APTMACI) hydrogels were
synthesized for use as drug carrier systems with the free radical polymerization method. The synthesized
silica-based crosslinker and hydrogels were characterized using scanning electron microscopy (SEM)
and Fourier transform-infrared spectroscopy (FTIR) devices. The swelling behavior of hydrogels cross-
linked with silica was investigated in different physiological media. The hydrogels were loaded with
sodium diclofenac (NaDc) as a model drug. Drug release studies from the obtained drug-loaded
hydrogels were performed at 37°C in PBS (pH 7.0) media. Additionally, the antibacterial properties of
the hydrogels synthesized in the study were investigated against E. coli (gram-negative), B. subtilis, and
S. aureus (gram-positive) bacteria using the disk diffusion method. At the end of the study, p(HEMA-
co-APTMACI) hydrogels were determined to display a better drug release profile than p(HEMA)
hydrogels.

Keywords: (3-acrylamidopropyl) trimethylammonium chloride; 2-hydroxyethyl methacrylate; silica-
based crosslinker; drug release; hydrogel.
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1. Introduction

Medications administered by traditional routes like oral or subdermal injection do not
provide full drug concentration equilibrium within the plasma. This situation causes a reduction
in the efficacy of these drugs [1]. Additionally, high drug concentrations consumed by the oral
route may lead to the emergence of various problems like cytotoxic effects and drug side
effects. Studies about controlled drug release systems continue in the literature to minimize or
resolve these problems involved in medications administered with traditional routes [2]. With
controlled drug release systems that can direct the drugs to the target, the dosage amount of the
drugs can be adjusted. Additionally, they may reduce toxic effects and ensure continuous and
targeted release [3]. In recent years, various hydrogels [4], liposomes, nanoparticles, and
dendrimers have been developed as drug carrier materials in the literature [5].
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Hydrogels are cross-linked three-dimensional hydrophilic polymer networks. They can
trap thousands of times their weight of fluid within their structure [6]. The crosslinker binding
the linear polymeric chains within the hydrogel structure may be chemical or physical (ionic
interactions, hydrogen bonds, or hydrophobic interactions [7]. Due to these cross-links, the
polymeric structure can swell in fluid without dissolving [8]. Additionally, hydrogels are
flexible, biodegradable, biocompatible, and have a similar soft structure to biological tissue,
making them conveniently appropriate for use in internal applications [9]. Hydrogels are used
in biomedical areas like tissue engineering, biosensor applications, implants, regenerative
medicine, and drug release systems [10]. Hydrogels, offering many possibilities for use in the
biomedical field, can be classified in many ways according to crosslinker type, environmental
sensitivity, synthesis sources, and electrical charge. Hydrogels may be anionic, cationic, or
neutral charge electrically according to the functional groups they contain [11]. Anionic
monomers include 2-acrylamido-2-methyl-1-propanesulfonic acid, acrylic acid, itaconic acid,
maleic acid, methacrylic acid, and vinyl phosphonic acid [12]. Additionally, the chain
backbone of cationic monomers used for hydrogel production contains a positive charge.
Examples of cationic monomers include 4-vinylpyridine (4-VP), [2-(Methacryloyloxy)ethyl]
trimethylammonium  chloride,  3-acrylamidopropyl)  trimethylammonium  chloride
(APTMACI), and 2-(dimethylaminoethyl) methacrylate (DMAEMA) [13]. APTMACI is an
ammonium chloride salt-containing positive charge in the structure. Due to the positive charge
may form complexes with anionic biomolecules, nucleic acids, and proteins [14]. It is used as
a drug carrier or in gene therapies [15]. It displays antibacterial features due to the positive
charge [16]. 2-Hydroxyethyl methacrylate (HEMA) contains an —OH group in the structure
and is non-toxic, biocompatible, and hydrophilic with similar physicochemical features to
living tissues [17]. Due to these features, it is commonly used for contact lenses, drug release,
artificial leather production [18], and as the skeleton for tissue engineering [19].

Hydrogels are synthesized using a variety of crosslinkers. These crosslinkers generally
contain more than one vinyl group. Due to the vinyl groups in the structure, they bind linear
polymeric chains together, ensuring the creation of a network structure. In the literature,
generally N,N'-metylenbisacrylamide (MBA) [20], ethylene glycol dimethacrylate (EGDMA)
[21], divinylbenzene [22], di(ethylene glycol) dimethacrylate (DEGDMA), bis(2-
methacryloyl)oxyethyl disulfide [23], and tripropyleneglycol diacrylate [24] are used as
crosslinkers.

Silica nanoparticles can be easily modified to gain the desired features due to their
surface's silanol (Si—OH) groups. Due to these features, silica nanoparticles are frequently used
as catalyst support material, sensors, and controlled drug release systems in the literature. In
this study, silica nanoparticles which can be easily synthesized in monodispersed form and
modified in a single step were designed as crosslinkers. Thus, biocompatible silica
nanoparticles, easily synthesized and low toxicity, were used as crosslinkers [25]. With this
aim, silica nanoparticles containing —NH2 groups on their surface were reacted with glycidyl
methacrylate to synthesize inorganic/organic hybrid crosslinker nanoparticles containing many
vinyl groups on the surface. Then the obtained vinyl functional silica nanoparticles were
structurally characterized. This new type of silica-derived crosslinker was used to cross-link
APTMACI and HEMA. The hydrogels obtained were characterized by scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and investigating
swelling features. The synthesized and characterized hydrogels were used to release sodium
diclofenac (NaDc) drug at 37 °C in phosphate buffer solution (PBS). Finally, the antibacterial
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activities of the hydrogels synthesized with this new type of crosslinker were investigated
against Staphylococcus aureus, Bacillus subtilis, and Escherichia coli.

2. Materials and Methods

2.1. Materials.

Tetraethyl orthosilicate (TEOS) used as a monomer for silica nanoparticle synthesis
was purchased from Sigma-Aldrich, and APTMACI (75% wt.% in H20) and HEMA (97%)
used as monomers for hydrogel synthesis were obtained from Sigma-Aldrich and Acros
Organics, respectively. The (3-Aminopropyl)triethoxysilane (APTES) and glycidyl
methacrylate (GMA) (97%) used for modification processes for silica nanoparticles,
ammonium  persulfate (APS) used as initiator for polymerization, N,N,N,N’-
tetramethylethylenediamine (TEMED) (Sigma Aldrich) used as accelerator, and sodium
diclofenac used as a model drug were purchased from Acros Organics. Dimethyl sulfoxide
(DMSOQ), toluene, ethanol, and ammonium hydroxide solution were obtained from Sigma
Aldrich; dichloromethane, tryptic soy broth (TSB), and tryptic soy agar (TSA) were obtained
from Merck. All solvents and chemicals used in experiments were used without purification.
Additionally, distilled water was used for all hydrogel synthesis, swelling, and drug release
studies.

2.2. Synthesis and Modification of silica nanoparticles.

Nanoparticle synthesis was carried out with the Stober method [26]. For this, within a
reaction flask at room temperature, 30 mL distilled water, 4 mL ammonium hydroxide, and 50
mL ethyl alcohol were added in order and mixed at 1000 rpm. Then, 1 mL TEOS dissolved in
25 mL ethyl alcohol was added to the reaction flask, and the reaction began. The reaction was
continued for 24 hours under the same conditions. The mixture obtained at the end of the
reaction duration was centrifuged at 6000 rpm. The product obtained was washed a few times
in distilled water and then ethyl alcohol. Then it was dried in an oven at 110°C for 6 h.

To modify the synthesized silica nanoparticles, 0.2 g pure silica nanoparticles were
added to 5 mL toluene. Then, 0.25 mL 3-(triethoxysilyl-propylamine (APTES) was added to
the reaction medium. The reaction mixture was refluxed for 2 days, stirring at 700 rpm under
an argon atmosphere [27]. At the end of the duration, the modified nanoparticles in the mixture
were precipitated with a centrifuge (6000 rpm, 25 min). The nanoparticles washed with 2 x 50
mL dichloromethane and precipitated (amine-SiNP) were dried and stored for characterization
and crosslinker synthesis.

2.3. Synthesis of SiNP-based crosslinker.

Crosslinker silica nanoparticles were synthesized due to the reaction of silica
nanoparticles (amine-SiNP) whose surfaces contain amine groups with GMA in DMSO. For
this purpose, 100 mg amine-SiNP were suspended within DMSO (10 mL). Then, 1.5 mL GMA
was added to the reaction medium. The reaction was continued at room temperature with a 750
rpm mixing rate for 24 h. At the end of this duration, the reaction mixture was precipitated with
the aid of a centrifuge (6000 rpm, 25 min) and washed with 2 x 10 mL DMSO firstly and then
with 10 mL ethanol to remove impurities. After washing, the synthesized crosslinker
nanoparticles were dried in a vacuum oven at 45 °C.
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2.4. Synthesis of p(HEMA) and p(HEMA-co-APTMACI) cross-linked with silica
nanoparticles.

The redox polymerization method synthesized hydrogels cross-linked with silica
nanoparticles containing vinyl groups on their surface. To synthesize p(HEMA) hydrogels, 2
mg silica nanoparticles as crosslinkers were suspended within 16.45 mmol HEMA. Then,
TEMED (40 pL) as an accelerator was added to the mixture. APS as initiator at 1-mole percent
of monomer was dissolved in 100 pL distilled water in a separate vial. The APS solution was
added to the reaction mixture, and the polymerization reaction began. With the aim of giving
the mixture a cylindrical shape, the reaction mixture was rapidly transferred into a straw with
an injector. The mixture was left at room temperature for 2 h to complete the reaction.
Additionally, the synthesis of p(HEMA-co-APTMACI) copolymeric hydrogels was carried out
with a monomer mole ratio of 1:1. For synthesis, 20 mg silica nanoparticles as crosslinkers
were added to a vial. Then 16.45 mmol HEMA and 16.45 mmol APTMACI were added to the
crosslinker and mixed until homogeneous distribution was obtained. Then 100 uL TEMED
was added to the reaction mixture. Finally, APS (in 100 pL distilled water) was added to the
reaction mixture as molar 1% of total monomers, and the reaction began. After 2h, all hydrogels
were washed in distilled water for one day (5 x 100 mL) to remove unreacted reactive from the
hydrogel network structure. At the end of washing, the cleaned hydrogels were cut to sizes of
about 0.5 cm and dried in a vacuum oven at 45 °C.

2.5. Swelling characterization of p(HEMA) and p(HEMA-co-APTMACI) hydrogels.

It is important that hydrogels to be used for biomedical purposes can swell in various
fluid media. With this aim, swelling studies for hydrogels were performed in distilled water,
phosphate buffer solution, and simulated stomach fluid. Within 500 mL distilled water,
phosphate buffer solution (PBS, pH 7.0) was prepared using 2.5 g KH2PO4. H20 and 4.29 g
Na2HPO4.2H20 and simulated gastric fluid (SGF, pH 1.2) was prepared using 1.0 g NaCl and
2 mL HCI (37%). Solutions of 0.1 M HCI and NaOH were used to set the pH of the solutions.
To prepared solutions, were added hydrogels with known dry weight, and the mass increase at
specific times was plotted as a function of time. The swelling amounts for hydrogels in distilled
water, PBS, and SBF were calculated using the following equation (Eqg. 1) [28].

m, — My

t (Eq. 1)

£ =
T

Here, S is the swelling ratio of hydrogels (Qwater/gger); and mtand mo are the gel mass
(g) at time t and initial dry mass of gel (g).

To determine the swelling profiles of hydrogels, a variety of mathematical models are
used. One of the most commonly used kinetic models is the pseudo-second-order kinetic model
which is determined according to Eq. 2.

t
Here, A (1/Sma.ks) is the initial swelling rate for the hydrogel; and B (1/Smax)

represents the inverse of the maximum swelling rate achieved by the hydrogel [29].
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The diffusion exponential (n) and the diffusion rate constant (k) determining the
diffusion mechanism for swelling kinetics are other important parameters. These values are
determined according to Eq. 3 and Eq. 4.

Mt
F=—=t"
M. (Eq. 3)
Dn _ k (T’ET"E:]H
4 (Eq. 4)

In Eq. 3, known as Fick’s diffusion law, M is the amount (g) of water adsorbed by the
hydrogels at time t; M« is the amount (g) of water adsorbed by the hydrogel at equilibrium, and
F is the swelling fraction. If the ‘n’ value included in Fick’s law is less than 0.45, the
mechanism is less-Fickian diffusion. If n=0.45, the mechanism is Fickian, while if
0.45<n<0.89, the mechanism is non-Fickian. If the n value is equal to 0.89, it is Case Il
diffusion, while if it is larger than 0.89, it is supercase-11 diffusion [30][31]. In Eq. 4, D is the
diffusion coefficient, and r is the radius of the hydrogel (cm) [29].

2.6. Drug loading and release of p(HEMA) and p(HEMA-co-APTMACI) hydrogels.

For drug release studies from hydrogels, 200 mg/L (50 mL) concentration NaDc drug
prepared in distilled water was used. For drug loading into hydrogels, nearly 0.1-0.3 g of
hydrogel was added to the drug solution. The hydrogels were left for nearly 48 h in the drug
solution for drug adsorption. At the end of this duration, the amount of drug absorbed by the
hydrogel was determined using a UV-Vis spectrophotometer. In vitro drug release studies of
the drug-loaded hydrogels were performed in PBS (pH 7.0) medium. At certain time intervals,
3 mL of solution was taken from the release medium, and the amount of drug released was
determined from the absorbance value at Amax = 276 nm using a UV-Vis spectrophotometer.
To calculate drug adsorption and drug release amounts, Eq. 5 and Eg. 6 were used [32].

(CI} - Caqjv

LA (Eq. 5)

(€

1 (Eq. 6)

Here, Co is the initial drug concentration; Ceq is the equilibrium drug concentration
remaining in the drug solution; V is the volume (L) of the solution; m is the dry mass (g) of the
hydrogel, and Ct is the drug concentration released by the hydrogel at time t.

To investigate the release parameters for drugs released from hydrogels, Eq. 7
(Korsmeyer-Peppas power-law) was used [33].

log C,

= logK + nlogt
Con (Eq. 7)

In Eq. 7, Ct is the drug concentration released at time t; C is the drug concentration at
equilibrium; K is the drug release rate constant, and n is the drug release exponential linked to
time t.
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2.7. Antibacterial activity.

Hydrogels with positive load due to monomers in the structure are expected to have
antibacterial activity. With this aim, the antibacterial properties of the hydrogels were
investigated using the disk diffusion method. The gram-negative bacteria E. coli and gram-
positive bacteria B. subtilis and S. aureus were used for antibacterial tests. Bacteria were
cultured on broth agar at 37 °C. From bacterial suspensions, 30 UL was taken and spread on
agar plates. All samples were sterilized with UV light before use. Then hydrogels (unloaded
and drug-loaded hydrogels) were placed on the Petri dishes and incubated overnight at 37 °C.
At the end of this time, inhibition diameters were measured.

3. Results and Discussion

3.1. Synthesis and characterization.

Researchers in the biomedical field frequently use silica nanoparticles due to being
biocompatible, easily synthesized, having low cytotoxicity, broad surface area, and high
modification possibilities [34]. Due to the silanol groups in the structure, they may easily gain
—NHz2 functions. These amine groups in the structure of silica nanoparticles make them suitable
for reactions with GMA. Thus, a crosslinker was obtained containing many vinyl groups on
the exterior surface with silica nanoparticles in the core. In this way, an alternative crosslinker
for the synthesis of hydrogel structures was obtained, which generally use organic molecules.
Within the scope of the study, all these features of silica nanoparticles were used, and a new
type of silica-based crosslinker was synthesized. This synthesized crosslinker was used for the
production of hydrogels with a network structure and antimicrobial features.

The synthesis of the silica-based crosslinker has occurred in 3 steps. The synthesis
schema is given in Figure 1(a). Accordingly, in the first step, silica nanoparticles were
synthesized with the Stober method. The Stdber method is a sol-gel reaction involving
hydrolysis and condensation steps. The synthesized silica nanoparticles contained countless
amounts of —OH groups on the surface. These —OH groups allow easy modification of the
nanoparticles [35]. In the second step, using the —OH groups on the surface of the silica
nanoparticles, they were modified with APTES, and silica nanoparticles containing amine
groups on the surface were obtained. The final step was the synthesis of a crosslinker containing
vinyl groups. The GMA molecules have an epoxy ring at the tip and contain vinyl groups.
During the reaction, the epoxy ring opens and binds with a covalent bond to amine groups
found on the surface of the silica nanoparticles [36]. Thus, silica nanoparticles containing
countless vinyl groups on the surface were obtained as a silica-based crosslinker. Due to these
vinyl groups on the silica surface, they may be used as inorganic/organic hybrid crosslinkers
for hydrogel synthesis. The synthesized crosslinker was used to synthesize biocompatible
hydrogels of p(HEMA) with no load on the surface and p(HEMA-co-APTMACI) with cationic
features with 96.8% and 94.9% yield, respectively (Figure 2(a)).
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Figure 1. (a) Schematic representation of the synthesis of crosslinker silica nanoparticles; (b) FT-IR spectra of
crosslinker silica nanoparticles.

As the first step of characterization for the nanoparticles, the FTIR spectra of silica
nanoparticles and crosslinker were recorded and given in Figure 1(b). According to the
spectrum, the characteristic peaks at 1063 cm™ and 791 cm™ are related to the asymmetric and
symmetric stretching of Si—-O-Si bonds. The peak at 951 cm™ is asymmetric stretching of the
Si-O bond [37]. The —OH stretching vibrations were observed as the broadband in the 3000-
3500 cm™ [38]. Additionally, the peaks at 1570 cm™, 693 cm™, and 1633 cm are related to N-
H bending vibrations of amine-SiNP [39]. However, N-H stretching vibrations were observed
as overlapped with OH- stretching vibrations in the interval 3000-3500 cm™. The peaks at 1720
cm? and 1631 cm™ in the spectrum are related to C=0O carbonyl group stretching C=C
stretching, respectively [40]. These results show the crosslinker was synthesized successfully.
Additionally, N-H and —OH stretching vibrations of crosslinker silica nanoparticles were
observed as overlapped in the interval 3000-3500 cm* after GMA modification.
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Figure 2. (a) Schematic representation of cross-linked hydrogels; (b) FT-IR spectra of p(HEMA) and p(HEMA-
co-APTMACI) hydrogels.

The FTIR spectra for hydrogels synthesized using the silica-based crosslinker created
by modification of silica spheres are given in Figure 2(b). Firstly, hydrogels were successfully
cross-linked and did not dissolve in aqueous media after synthesis, proving that both
crosslinker silica nanoparticles were successfully synthesized and that the silica-based
nanoparticles easily cross-linked hydrogels. Additionally, as shown in Figure 2(b), for the
HEMA monomer, the characteristic peak value at 1715 cm™ is related to C=0 ester stretching
vibrations [41]. For the APTMACI monomer, the characteristic peak at 1480 cm™ is attributed
to N-H bending in the ammonium group [42]. Additionally, the sharp peak value obtained at
1717 cm! for p(HEMA-co-APTMACI) hydrogels is related to C=0 stretching vibration from
the ester group in HEMA, while values at 1153 cm™ and 1075 cm™ are attributed to C-O
stretching vibrations [43]. Again, the peak values at 1552 cm™ and 1646 cm™ in the p(HEMA-
co-APTMACI) hydrogel spectrum are related to N-H and C=0 stretching vibrations from
secondary amide groups [44]. With the assessment of the spectra obtained as a result of FTIR
analysis, it can be said that both novel crosslinkers and hydrogels were successfully
synthesized.

https://biointerfaceresearch.com/ 3671


https://doi.org/10.33263/BRIAC123.36643680
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.36643680

Figure 3. SEM images of silica nanoparticles (a) pure silica nanoparticles; (b) amine-modified silica
nanoparticles; (c) GMA-modified silica nanoparticles (crosslinker).

SEM analysis was performed to investigate the surface morphology and pore structure
of silica nanoparticles and hydrogels. The SEM images of silica nanoparticles can be seen in
Figure 3. Figure 3(a) shows the silica nanoparticles synthesized with the Stéber method. As
seen from the figure, the nanoparticles successfully synthesized are monodispersed and
spherical form [45]. Their dimensions are nearly 100 nm. Figure 3(b) and Figure 3(c) show the
SEM images for the amine-modified and GMA-modified silica nanoparticles, respectively.
After the modifications, the nanoparticles preserved their spherical and monodispersed
features, and their dimensions did not change. SEM analyses of hydrogels were performed after
following freeze-drying swelling in water to the maximum rates in distilled water. Thus, the
pores in the hydrogels expand in water, and the pore structure of the hydrogels is preserved
without disruption by drying with the freeze-drying process. The SEM images for p(HEMA)
and p(HEMA-co-APTMACI) hydrogels are given in Figure 4. The p(HEMA) hydrogels have
low amounts of very small pores in the structure (Figure 4(b)). Apart from these, there is an
almost smooth surface [46]. From the SEM image of p(HEMA-co-APTMACI) hydrogels, they
appear to have larger pores (Figure 4(a)). This broad porous structure is due to the electrostatic
repulsion force between cationic groups in the APTMACI monomer and ions in water. Large
porous structures increase the surface area of hydrogels. Increasing surface area ensures more
adsorption of compounds such as drug-active materials and dye agents by the hydrogels.
Cationic monomers are observed to cause more rigidity in the hydrogel network and increase
the pore dimensions and amounts in the hydrogel. This situation highly increases the water-
holding capacity of the hydrogel. When images of both hydrogels are examined, spherical
shapes are observed in the structure. This confirms the presence of the newly synthesized silica-
based crosslinker.
https://biointerfaceresearch.com/ 3672
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3.2. Swelling studies.

Swelling studies provide important data about the characteristic structures of hydrogels.
Swelling begins with the diffusion of the solvent media into the hydrogel network structure.
After a certain duration, the entry rate of the solvent into the network structure and the release
rate from the hydrogel equilibrate and swelling stop. This shows that hydrogels reach
maximum swelling values at equilibrium [47]. Swelling rates are an important parameter for
hydrogel material to be used for drug release systems to set the drug release amounts.
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Figure 5. Swelling kinetics of (a) p(HEMA) and (b) p(HEMA-co-APTMACI) hydrogels.

Time-linked swelling experiments were performed in a variety of biological media to
investigate the swelling behavior of hydrogels. The swelling profiles of hydrogels and digital
camera images of hydrogels swollen in distilled water were given in Figure 5 and Figure 6,
respectively. The p(HEMA) hydrogels have a non-ionic, neutral structure. For this reason, they
are not sensitive to pH. The swelling ratio for hydrogels in distilled water, SGF, and PBS were
0.59, 0.51, and 0.52 gwater/ggel, respectively.

8

swollen

Figure 6. Digital camera images of dry and swollen hydrogels (a) p(HEMA-co-APTMACI); (b) p(HEMA).
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The swelling ratio for p(HEMA-co-APTMACI) hydrogels in distilled water, SGF, and
PBS media were 79.30. 15.84 and 13.75 gwater/ggel, respectively. The hydrogel was observed to
adsorb more water in distilled water compared to SGF and PBS media. The reason for this is
due to the increasing concentration difference between mobile ions in the hydrogel structure
and the medium linked to the amount of salt present in the simulated biological media [7].
When SGF and PBS media are compared, the hydrogels appear to have more swelling capacity
within SGF. The reason for this is the presence of increasing H* ions in lower pH media (SGF).
This provides electrostatic repulsion between ammonium ions included in the APTMACI
structure and the H* ions. The network structure of the hydrogel expands. Due to the expanding
network structure, the water absorption capacity of the hydrogels increases [48]. The presence
of APTMACI monomer with cationic features in the copolymer hydrogel appears to increase
the swelling ratio of the hydrogel.

Kinetic mathematical models are used to understand and interpret the water absorption
kinetics of hydrogels. Most swelling processes in hydrogels are modeled with the pseudo-
second-order kinetic model.

Table 1. Diffusion parameters of the p(HEMA-co-APTMACI) and p(HEMA) hydrogels.

p(HEMA-co-APTMACI) Smax ks ro n K D
Distilled water 104,16 3,126x10° 0,339 1,0038 0,00317 1,038x10
SGF 14,79 4,086x10" 0,089 0,6138 0,0177 1,84x10°
PBS 12,44 5,06%10 0,078 0,6346 0,016 2,09x10°
p(HEMA)
Distilled water 0,597 0,0132 4,69x10°3 0,387 0,0659 4,85%10°
SGF 0,516 0,0143 3,8x107 0,4098 0,056 5,87x10°
PBS 0,517 0,0164 4,38x10" 0,3939 0,0642 5,46x10°

The swelling rate constant determining swelling rate ks, initial swelling rate ro and
theoretical equilibrium swelling rate Smax are obtained by drawing the graph of t/S against t.
When Table 1 is examined, the initial swelling rates for the copolymeric hydrogel are much
higher than the initial swelling rate for p(HEMA) hydrogel. With the calculated regression
values, it was concluded that it abided by the pseudo-second-order kinetic model. The n values
for p(HEMA) hydrogel in distilled water, SGF, and PBS media were 0.39, 0.41, and 0.39,
respectively. This abides by the Fick diffusion type. For p(HEMA-co-APTMACI) hydrogel,
the diffusion exponential ‘n’ in SGF and PBS media were 0.61 and 0.64. The n values
determining diffusion type appear to be larger than 0.45 for both media. This shows the
diffusion type has a non-Fickian profile. For the distilled water medium, the n value is 1.00,
which shows supercase Il diffusion mechanism.

3.3. Drug loading and release studies.

Within this scope, the usage of the p(HEMA) and p(HEMA-co-APTMACI) polymer
hydrogels synthesized using silica-based crosslinker as potential drug carrier systems were
investigated. The non-steroidal anti-inflammatory drug (NSAID) sodium diclofenac was used
as a model drug [49]. Sodium diclofenac was loaded into hydrogels at room temperature in
distilled water. The drug amounts loaded into hydrogels and released by them were analyzed
using a UV-Vis spectrophotometer from the absorbance values related to sodium diclofenac at
A=276 nm. The loaded drug amount to p(HEMA) hydrogels was 2.3 mgdrug/gget, While the
loaded drug amount to p(HEMA-co-APTMACI) hydrogels was 34 mgadrug/ggel. This difference
in the amount of drug-loaded hydrogels can be explained by the interactions between the drug
and the hydrogel matrix. Sodium diclofenac may be adsorbed by p(HEMA) hydrogel thanks to
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hydrogen bond interactions. However, the anionic groups (COQO") in the sodium diclofenac
structure have a high affinity for the quaternized ammonium groups present in p(HEMA-co-
APTMACI) hydrogels, and drug molecules are loaded into this hydrogel with electrostatic
interactions. For this reason, the drug-loading efficiency was much higher for cationic
hydrogels compared to p(HEMA) hydrogels. This result shows that p(HEMA-co-APTMACI)
hydrogels are perfect candidates for carrying anionic drugs or molecules [50].
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Figure 7. In vitro drug release behavior of (a) p(HEMA); (b) p(HEMA-co-APTMACI) for NaDc at PBS.

In vitro release studies of drug-loaded hydrogels were performed at a physiological
temperature of 37 °C in PBS media. The amount of drugs released from hydrogels (mgdrug/Qget)
is given in Figure 7. When maximum amounts of drug released are examined, only 0.43
MQdrug/Qgel (18%) was released at the end of 17 hours from p(HEMA) hydrogels (Figure 7(a)).
For p(HEMA-co-APTMACI) hydrogels, 22.5 mgadrug/gget (62%) was released at the end of 30
hours (Figure 7(b)).

The pKa value of sodium diclofenac is 4 [51]. Solubility increases with the pH increase
in weakly acidic material (pKa: 2-14). A study by Rodriguez et al. proved this [52]. The
increase in the ions found in the PBS medium (pH=7.0) and the degree of ionization of the drug
removes interactions between drug-hydrogel. This makes it possible for cationic hydrogels to
have higher amounts of drug release compared to p(HEMA) hydrogel and allows for

continuous release.
Table 2. Drug release parameters of hydrogels for sodium diclofenac.

n K R2
p(HEMA) 0,84 4,99x10°3 0,991
p(HEMA-co-APTMACI) 0,76 6,02x103 0,987

The Korsmeyer-Peppas power law equation was used to understand the release
mechanism of drugs from hydrogels. The diffusion constant (n), regression values (R?) and
drug release rate constant (K) were calculated from the graph of In t against In QvQoo. The
values can be seen in Table 2. The regression values were 0.99 and 0.987 for p(HEMA) and
p(HEMA-co-APTMACI) hydrogels, respectively, and showed good linearity. The n values
given in Table 2 were 0.84 for p(HEMA) hydrogel and 0.76 for p(HEMA-co-APTMACI)
hydrogel. This situation shows the drug release mechanism for both hydrogels was non-
Fickian.

3.4. Antibacterial activity.

Currently, the interest in easily synthesized cationic hydrogels with suitable cost and
antibacterial features is increasing. Cationic hydrogels contain cation groups like quaternized
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ammonium and phosphonium [53]. Cationic groups bind to negative-load phospholipids in the
cell membrane of bacteria, disrupt membrane viscosity and cause the death of bacteria [54]. In
antibacterial activity studies, p(HEMA) and p(HEMA-co-APTMACI) hydrogels both
synthesized with the novel silica-based crosslinker were investigated for antibacterial activity
against B. subtilis, E. coli and S. aureus. The disk diffusion method was used for antibacterial
activity. Table 3 shows the inhibition effects of the hydrogels against bacteria. When the data
is examined, the drug-loaded and non-loaded p(HEMA) hydrogels did not display any
antibacterial features against the bacteria. When the inhibition zones created by p(HEMA-co-
APTMACI) hydrogels containing cationic quaternized ammonium groups, loaded and not
loaded with sodium diclofenac, are examined, large inhibition zones were observed for all
bacteria. However, the largest zone was found for S. aureus (Figure 8).

Figure 8. Digital camera images of antibacterial activity tests againts S.areus of drug-loaded and unloaded
hydrogels (a) unloaded p(HEMA-co-APTMACI) hydrogels; (b) drug-loaded p(HEMA-co-APTMACI); (c)
unloaded p(HEMA) hydrogels; (d) drug-loaded p(HEMA) hydrogels.

Based on the data in Table 3, the non-drug loaded p(HEMA-co-APTMACI) hydrogels
appear to have antibacterial properties. The drug-loaded hydrogels appear to have an increase
in antibacterial features. This indirectly confirms the release of drug molecules included within
the hydrogels.

Table 3. The inhibition zone diameter (mm) of hydrogels and drug-loaded hydrogels.

P(HEMA) P(HEMA-co-APTMACI)
Hydrogels Drug-loaded Hydrogels Drug-loaded
hydrogels hydrogels
S. aerus - - 21 38
B. subtilis - - 19 23
E. coli - - 17 18

4. Conclusions

In this study, a new type of silica-based crosslinker containing vinyl groups was
successfully synthesized. Using the novel crosslinker, p(HEMA) and cationic p(HEMA-co-
APTMACI) hydrogels were synthesized. Sodium diclofenac was loaded into hydrogels as a
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model drug for drug release studies. The amounts of the drug held by p(HEMA) and p(HEMA-
co-APTMACI) hydrogels were 2.3 mgdrug/ggel and 34 mgdrug/Jgel, respectively. As a result of
drug release studies in PBS media, p(HEMA) hydrogels released 0.43 mgadrug/ggel (18%) at the
end of 17 hours, while p(HEMA-co-APTMACI) hydrogels released 22.5 mgdrug/ggel (62%) at
the end of 30 hours with a long-term release profile. Additionally, the antibacterial properties
of hydrogels against E. coli, S. aureus, and B. subtilis bacteria were investigated. As a result of
investigations, p(HEMA) hydrogels did not have antibacterial properties against investigated
bacteria. However, p(HEMA-co-APTMACI) hydrogels displayed the highest effect against S.
aureus bacteria but had antibacterial properties against all bacteria. With the study results, the
synthesis of an inorganic/organic hybrid crosslinker was successfully carried out as an
alternative to organic-derived crosslinkers used for hydrogel synthesis in the literature.
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