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ABSTRACT

Semi-interpenetrating polymer network (semi-IPN) hydrogel of sodium 2-acrylamido-2-
methylpropane sulfonate (Na-AMPS) and poly(e-caprolactone) (PCL) diol for drug delivery
applications was synthesized via free radical UV-photopolymerization technique using
2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone as an initiator and poly(ethylene
glycol) diacrylate (PEGDA) as a crosslinker. The hydrogels' chemical structure and internal
morphology have been explored using Fourier-transform infrared spectroscopy and scanning
electron microscopy. The influence of PCL diol and PEGDA concentrations on the synthesized
semi-IPN hydrogel properties was investigated. The semi-IPN hydrogel can increase the
elasticity of the hydrogel while simultaneously providing enough water uptake and water
retention. Furthermore, the semi-IPN hydrogel was non-cytotoxic to mouse fibroblasts 1.929
cells. Finally, ciprofloxacin (CIP) was used as a model drug and was efficiently encapsulated
into the semi-IPN hydrogels. Drug loading capacity was enhanced with increasing PCL diol
and CIP content. It was also observed that the PCL diol and CIP contents had a marked
influence on the release profiles. Thus, the rate of release could be designed by changing the
Na-AMPS to PCL diol ratio and CIP content. Drug release was found to be both diffusion and
swelling-controlled in accordance with the Fickian and non-Fickian transport mechanisms. In

the light of the results obtained, their easy formability, their appropriate mechanical and



physical properties make P(Na-AMPS)/PCL diol semi-IPN hydrogels are the potential

candidates for use as drug carrier and controlled drug release materials in the biomedical field.
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P(Na-AMPS)/PCL diol semi-IPN hydrogels

1. Introduction

Hydrogels are known as either physically or chemically crosslinked polymers with
three-dimensional network structures that can keep water or biological fluids nearly 10 - 20
times greater than their original weight but do not dissolve [1]. This enables them to resemble
soft tissues. They have been utilized in a wide range of biomedical applications, such as tissue
engineering scaffolds, wound healing, subcutaneous cell delivery, drug delivery, sustained
release of a bioactive agent, and so forth [2,3]. As drug delivery systems, hydrogels have been
extensively studied for use in the biomedical and pharmaceutical area in recent years due to
interesting properties of controlled release mechanisms, offering an advantage over common
dosage forms. However, the low swelling ratio and fast release of loaded drugs from a
conventional hydrogel often limits its application. Thus, the multi-polymer-based hydrogels
synthesis is favored due to enhanced properties of tunability and effective drug release

compared to a single component hydrogel [4].

Semi-interpenetrating (semi-IPN) polymerization is an efficient technique in which two
polymers are blended and properties can be tuned by the feed compositions. Semi-IPN

hydrogels are usually prepared by the “diffusion” of a linear polymer chain into a preformed



crosslinked polymer network. The two polymers are independent of each other but are
physically interlinked. The linear polymer is physically bonded with crosslinked polymer
network via electrostatic interactions, hydrogen bonding, Van der Waals forces, hydrophobic
interactions or a combination of these [5]. The structures of semi-IPN hydrogels have
interconnected porous network structures, which exhibit enhanced drug entrapment and
controlled release profile compared to conventional hydrogels [6]. Furthermore, an
interpenetration of linear polymers can lead to higher mechanical strength due to physical
entanglements of linear polymers and the interactions between of the network and linear
polymers [7,8]. Hydrophobic polymers can be combined with hydrophilic polymers by semi-
IPNs to widen the range of the application of the hydrogel properties [9]. For example, the
semi-IPN hydrogel fabrication by a combination of poly(e-caprolactone), a hydrophobic
polymer, with poly(acrylic acid), a hydrophilic polymer, for use as artificial cartilages [10] and
controlled drug delivery [11].

Sodium 2-acrylamide-2-methylpropanesulfonate (Na-AMPS) is a hydrophilic ionic
monomer extensively used in the synthesis of hydrogels. Na-AMPS has strongly ionizable
sulfonic (-SO3H) groups which have the ability to dissociate over the entire pH range and thus
part pH-independent swelling characteristic [6]. However, the tensile strength of P(Na-AMPS)
hydrogels is not high enough for some applications, and it has low strength and toughness due
to the lack of an effective energy dissipation mechanism [12]. To overcome this weak point,
P(Na-AMPS) could be combined with a polymer that has higher mechanical properties. In this
work, poly(e-caprolactone) (PCL) was chosen to form a blend with P(Na-AMPS) hydrogel.
PCL is a hydrophobic polymer prepared by ring-opening polymerization of the g-caprolactone
monomer. This monomer contains one relatively polar ester and five non-polar methylene
groups, enabling PCL to have high-molecular-chain flexibility and great utilization. The US
Food and Drug Administration (FDA) describes PCL as a biodegradable polymer that exhibits
non-toxic behavior and has shown to be biocompatible in several medical applications. Thus,
PCL has been used in applications such as artificial permeation of membranes, food packaging,

and applications related to the biomedical field [13].

Among the antibiotics drugs, ciprofloxacin (CIP) is one of the most widely used. It is
effectively used to treat various diseases like osteomyelitis, diverticulitis, gonococcal
infections, respiratory infections, urinary treat infections, and a variety of gram-negative and
gram-positive bacterial infections. CIP belongs to the class of systemic fluoroquinolones and

is thus a sparingly water-soluble drug [14,15]. Currently, there is a need to improve the
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pharmacodynamics and pharmacokinetic profiles of the controlled drug-release systems. In
order to improve bioavailability, many researchers have investigated various carriers for
sustained CIP delivery. Basu, S. et al. designed green synthesis of Ag-nanocomposite semi-IPN
hydrogels to deliver CIP antibiotic drugs and then also studied the swelling behavior. Its
percentage release of CIP was 95% after 350 min [16]. Kajjari, P. B. et al. synthesized an
acrylamide-graft-guar gum blend with a chitosan interpenetrating polymer network hydrogel
for delivery of CIP. This released approximately 60% within 12 h [17]. Alshhab, A. et al.
prepared polyelectrolyte multilayer films from sodium alginate and poly(4-vinylpyridine) for
CIP release. They found that the percentage of drug release was 65% within 24 h [18].
Similarly, Garcia,M. C. et al. prepared a hydrogel composed of an ionic complex from a

dendronized polymer for CIP delivery that released 47% within 24 h [19].

Based on the above, the aim of this study is to understand the effect of hydrogel
structure and morphological properties on controlled release of antibiotic drugs. Therefore, the
semi-IPN hydrogel was designed in such a way as to improve the mechanical properties, drug
entrapment and control drug release profiles. Na-AMPS and PCL diol were combined to
produce a semi-IPN hydrogel for sustained delivery of CIP. Nevertheless, the combination of
hydrophilic Na-AMPS with a hydrophobic polymer, in this case PCL diol, is very challenging.
The semi-IPN hydrogels were fabricated by free radical UV-photopolymerization crosslinked
with poly(ethylene glycol) diacrylate (PEGDA). The effect of PCL diol and PEGDA
crosslinker concentrations on parameters such as crosslinking density, water uptake, water
retention and mechanical properties were studied in detail. The capacity of water uptake and
water retention were measured as a time function. The mechanical properties were examined
by tensile test. Cytocompatibility was determined under in vitro conditions with mouse
fibroblasts L929 cells. In addition, CIP was incorporated into the hydrogel to study its
controlled release. In this research, the drug release in a medium at 37 °C and pH 7.4, which
mimics the normal physiological environment, was studied. The effect of Na-AMPS/PCL diol
ratios shed light on their release profile. Hydrolytic degradation analysis was also undertaken
to confirm the stability of the hydrogel as well as the drug release mechanism. This research
therefore describes the development of a new type of hydrogel as a controlled drug delivery

system for use in the biomedical field, such as in antibacterial wound dressings.



2. Experimental

2.1. Materials

Poly(e-caprolactone) diol (PCL diol, M » ~530), 2-acrylamido-2-methylpropane
sulfonic acid (AMPS) monomer, poly(ethylene glycol) diacrylate (PEGDA, M, ~575) and
2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) were all purchased
from Sigma-Aldrich and used as received without further purification. HPLC grade dimethyl
sulfoxide (DMSO), a solvent for hydrogel synthesis, was purchased from Sigma-Aldrich.
Ciprofloxacin antibiotic model drug was purchased from Sigma Aldrich. The water employed

in all experiments was distilled water.
2.2 Preparation of P(Na-AMPS)/PCL diol semi-IPN hydrogels

Na-AMPS was prepared by neutralizing the AMPS monomer with sodium hydroxide
in an aqueous solution to pH 7.4. The Na-AMPS solution was then dried at 40.0 = 1.0 °C for 5
days until Na-AMPS powder was obtained for further polymerization. The P(Na-AMPS)/PCL
diol semi-IPN hydrogel was prepared by dissolving prepared Na-AMPS powder (50 %w/v)
with PCL diol at different concentrations (0, 10, 30, and 50 %wt of Na-AMPS) in DMSO 10
ml. The mixture was stirred with a mechanical stirrer at room temperature for 3 h to produce a
homogeneous mix. The PEGDA concentrations ranging from 0.50 to 2.00 %wt of Na-AMPS
was then added as a crosslinking agent. Irgacure 2959 photoinitiator at 0.10 %wt of Na-AMPS
was then added to the solution and stirred vigorously at room temperature for 1 h to completely
dissolve. Subsequently, the mixture solution was transferred into a mold. The mold comprised
of two glass plates covered by a Teflon® sheet on one side, with thickness controlled by a
spacer. The prepared mold which contained the mixture solution was placed in an aluminium
cabinet with a commercially available UV lamp (Philips Solarium Model MD 1-15 UV lamp).
The lamp comprised four parallel Cleo 15 W fluorescent tubes that emitted UV light in the 315
- 400 nm wavelength range [20]. The hydrogel was synthesized at room temperature for 15
min. Once polymerization was complete, the hydrogel samples were carefully removed from
the mold and kept in a plastic bag before further characterization. For purification, the prepared
hydrogels were cut into the square piece (1.0 x 1.0 cm?) and then washed with an excess of
distilled water for 3 days. The water was refreshed twice daily to remove residual unreacted
monomers and other impurities. Finally, the hydrogels were dried at a temperature of 45.0 +

1.0 °C for 3 days to constant weight and stored in a desiccator for further use.



2.3 Fourier transform infrared spectroscopy (FTIR)

Hydrogel samples were analyzed using a Fourier transform infrared spectroscope
(Bruker-Tensor 27, German) in the region of 4000 to 400 cm™. The hydrogel samples were
prepared with a KBr pellet technique. Before the analysis, they were dried under vacuum oven
until a reached constant weight. The hydrogels were then ground and mixed with KBr powder
and pressed into pellets under pressure, while PCL diol was measured by the NaCl discs
method. OPUS 7.2 analytical software was used in conjunction with the FTIR to process the

data.
2.4 Swelling properties measurements

Pre-weighed dry hydrogels were immersed directly in distilled water and kept in an
incubator at a temperature of 35.0 + 1.0 °C. The swollen hydrogels were taken out and weighed
after wiping off the surface water with absorbent paper at the determined time intervals. Each
sample were continually measured until reaching a constant weight. The water uptake (WU)

was determined according to the following equation:

oy i Wa
WU (%) = 100 (1)

where W;: is the weight of the swollen hydrogel at time t, and W is the weight of the dried

hydrogel. Averaging from three measurements of all results are obtained.
2.5 Water retention measurements

Dried hydrogel samples were immersed in distilled water at room temperature until an
equilibrium was reached. The swollen hydrogel samples were then swiftly transferred into an
incubator at a temperature of 35.0 £ 1.0 °C and 55 - 60 % of relative humidity. The hydrogels
weight changes were recorded during the water evaporation of hydrated hydrogels at various

time intervals. Water retention (WR) in the hydrogel was defined as:

We-Wg
WR (%) =7~ x 100 )
eq-"d

where W; is the weight of hydrogel at time t during the shrinking process, Weq is the weight of
the equilibrium swollen hydrogel and Wi is the weight of the dried hydrogel. The analyses were

carried out in triplicates to obtain averaged values.



2.6 Mechanical properties by tensile testing

Tensile testing of hydrogel samples was performed on a universal mechanical testing
machine (LRX, LLOYD) with a preload of 0.01 N at room temperature. The synthesized
hydrogels (after polymerization) were kept in a plastic bag and allowed to reach equilibrium at
room temperature for 24 h before tensile testing. Rectangular hydrogel samples (10 x 70 mm?)
were tested at a constant speed rate of 10 mm/min. The hydrogel specimen was fixed between
the two clamps and a tensile force applied in order to vertically stretch the hydrogel to a gauge
length of 50 mm. The stress-strain curves were recorded, and the tensile modulus obtained
from the linear slope. Five samples per measurement were performed and the obtained values

were averaged.
2.7 Scanning electron microscopy (SEM)

SEM micrographs of the hydrogels were observed on a JSM-IT300. The hydrogels were
swollen in distilled water to equilibrium (for at least 24 h) and then freeze-dried. The freeze-
dried hydrogels were coated with gold. The photographed microstructural of the hydrogels was

observed by SEM which is operated at an acceleration of 15 kV and X100 magnification.
2.8 Crosslink density

Flory-Rehner theory was used for calculating crosslink density (XD) of hydrogels using

the following equation:

XD = 3)

where M, is molar masses of the repeat units that make up the hydrogel and is calculated from

the following equation:

2, — JNa-AMPS Mng-amps + mpcr diot MpcL diol + MPEGDA MPEGDA @)
=
MNa-AMPS + MPCL diol + MPEGDA

where mna-amps, mpcr giot and mpegpa are the masses of the monomer (Na-AMPS), polymer
(PCL diol), and crosslinker (PEGDA), while Mna-amps, Mpcr diot, and Mpecpa are the molar
masses of Na-AMPS, PCL diol and PEGDA, respectively.

According to Flory-Rehner theory, M. is the average molecular weight between

crosslinks, representing the degree of crosslinking of the hydrogel network between two



adjacent crosslinks. The average molecular weight between adjacent crosslinks was calculated

using:

13 V2,
dp Vs (VZ,S - TS)

= 2
In(1 - VZ,S) + Vo +XV2,S

)

where Vs is the molar volume of solvent (water = 18.0 ml/mol) and V2 is the volume fraction
of swollen hydrogel in an equilibrium state. The Vs indicates the capacity of hydrogel to allow

the diffusion of the solvent into the network structure, which can be calculated by using:

Vas = 1/[1+ Z—”(ﬁ - 1)] 6)

s \Mg

where d, and d; are densities (g/ml) of the hydrogel and solvent (water = 0.99904 g/cm? at 35.0
+ 1.0 °C), respectively. ms and mq are the masses (g) of the swollen and dried hydrogel,
respectively. While y indicates the Flory-Huggins polymer (hydrogel)-solvent interaction

parameter.

To investigate the compatibility between the monomer and polymer in the hydrogels,
the solvent interaction parameter (y) was measured according to Flory-Huggins theory as

follows:

B In(1-V55)+ Vs

(7
VZZ,S
The dy of each hydrogel was determined from:
m W x L
&= =m/(=7") ®)

where W, L and H are width, length and height (cm) of the swollen hydrogel in an equilibrium
state, respectively. m is the mass (g) of the dried hydrogel.

Thus, to calculate the XD of the hydrogels, the values of m;s and d, are obtained by
measuring the swollen hydrogel. This enables V2, of each semi-IPN hydrogel to be obtained

first. Then consequently y and M. can be calculated.
2.9 Evaluation of cytotoxicity

The cytotoxicity assay of the hydrogels produced was performed by the MTT
colorimetric technique based on the ISO 10993-5 standard test method. Before the assay, the



hydrogels were sterilized by autoclaving at 121 °C for 15 min. The sterilized hydrogels (0.25
cm?) were immersed in 1.2 ml MEM at 37.0 + 1.0 °C for 24 + 2 h prior to acquiring an extract.
At the same time, 1 x 10° cell/ml mouse fibroblasts 1929 cells were suspended in MEM
complete medium and seeded into a 96-well plate. The 96-well culture plate was incubated for
24+2hat37.0+1.0°C,5£0.1 % COz2and 95 £+ 5 % relative humidity to obtain a confluent
monolayer of cells prior to testing. The MEM medium was completely removed from the wells,
replaced with the extract obtained from the hydrogel and incubated for another 24 + 2 h. After
incubation, MTT solution was added to each well, and the cells were incubated at 37.0 £ 1.0 °C
for a further 2 h. MTT was then removed and DMSO added to each well to dissolve the MTT
formazan purple crystals. The optical density of the formazan solution was determined by a
Microplate reader at 570 nm. A ‘Thermanox’ (Nunc) coverslip with the surface area to volume

extraction ratio of 6 cm?/ml was used as a negative control.
2.10 Drug loading and entrapment efficiency

Ciprofloxacin (CIP) was chosen as the drug model and loaded into the semi-IPN
hydrogels by the swelling-diffusion technique. Dried hydrogels were placed in an aqueous
solution of the drug with various CIP concentrations ranging from 0.05 to 0.25 mg/ml followed
by refrigerated (~ 4 °C) for 24 h. After 24 h, the remaining drug solution was decanted off and
analyzed using a UV spectrophotometer (Drawell) at 275 nm to determine the amount of
unloaded CIP. This value was used to determine the CIP entrapment efficiency of hydrogels.
The swollen hydrogels were dried at 40 °C for 24 h to obtain drug-loaded hydrogels and used
for experiments of release. The drug loading (DL) and entrapment efficiency (EE) of the

hydrogels were calculated using the following equations:

DL (%) = weight of the drug in hydrogel / weight of hydrogel x 100 9)
EE (%) = content of drug in hydrogel / theoretical content of drug x 100 (10)
2.11 In vitro controlled drug release study

The in vitro drug-release was completed using experimental conditions mimicking the
tissue medium, such as pH 7.4 phosphate buffer (PBS) at 37.0 + 1.0 °C. The experimental
procedure involved the dried drug-loaded hydrogels being dipped into vials containing 5 ml of
PBS solution. At specific time intervals, the solution was completely removed. In order to
maintain the release medium volume, the same time, an equal volume (5 ml) of PBS solution

replenished the solution that was completely removed. The amount of CIP released was



calculated using previously determined calibration curves. The cumulative percent of drug
released from the hydrogels was plotted against time. Each measurement was performed in
triplicate and averaged. In order to evaluate the mechanism of CIP release from the hydrogels,
the data were fitted on a series of equations of mathematical models, such as Zero-order, First-
order, Higuchi, Korsmeyer-Peppas and Hixson-Crowell. The kinetic models were expressed as

the following equation:

Zero-order model : L =kot (11)
Qo
First-order model : lo L =log @ - L/A% (12)
T8, T BT 303
Higuchi order : Q= ku t'? (13)
Qr
Korsmeyer-Peppas model : log Q_ =log kxkp +nlogt (14)
o
Hixson-Crowell : Qo' - Q'3 =knuc't (15)

where Q: represents the amount of drug release at time t, Qo is the initial drug amount, £ is the

rate constant, and # is the release exponent indicative the drug transport mechanism.
2.12 In vitro hydrolysis degradation analysis

The weight of dried hydrogels was recorded, immersed in 5 ml of PBS solution (pH
7.4) and placed in an incubator at a temperature of 37.0 = 1.0 °C. At selected time points, the
hydrogels were taken out, dried and weighed again for weight loss analysis. The medium was
changed and replenished with fresh medium every week. The degradation of each hydrogel

was calculated using the following equation:
Degradation (%) = ((Initial weight-Weight after degradation)/Initial weight) x 100 (16)
2.13 Statistical analysis

Figures were generated with software of Graph Pad Prism version 6.00 used for
statistical analysis. Primary statistical analysis of data was performed by one-way analysis of
variance (ANOVA) with Tukey’s post hoc method to multiple comparisons and the differences
determined in every tested group. All the analyses were carried out in three or five repetitions
to find mean and standard deviation values. The statistical significance was considered at p <

0.05.



3. Results and discussion

3.1 Probable mechanism and physical properties of P(Na-AMPS)/PCL diol semi-IPN hydrogel

formation

In this study, various compositions of semi-interpenetrating polymer network (semi-
IPN) hydrogels were synthesized from Na-AMPS and PCL diol, using various concentrations
of poly(ethylene glycol) diacrylate (PEGDA) as a crosslinker and 1-[4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propanone (Irgacure 2959) as a photoinitiator. Semi-IPN
hydrogels were synthesized by the photoinitiation method using UV light. This method was
found to be the most accessible and productive for controlling the polymerization reactions in
a short period. In addition, Irgacure 2959 is one of the most widely used photoinitiators for
hydrogel synthesis through the free-radical species created during UV irradiation due to its
high availability and easily controlled the physical and mechanical properties of the hydrogel
[21].

The polymerization mechanism of semi-IPN hydrogels composed of Na-AMPS and
PCL diol is described in Fig.1. First, the Irgacure 2959 molecule is cleaved to produce free-
radical molecules by UV decomposition. These photoinitiator radicals are then attracted to a
Na-AMPS monomer molecule, which opens its double bond and produces a new radical center
on the Na-AMPS monomer molecule resulting in the point of polymerization. The propagation
stage then follows, with the latter continuously adding on more Na-AMPS monomer and
growing into a chain. As the chain propagation reactions proceed, the polymer chains are
reacted with the end vinyl groups of PEGDA to form a crosslinked structure. During this
process, linear PCL diol chains can also interpenetrate into the network. The formation process
of semi-IPN hydrogel and its structure can be inferred according to the FTIR and SEM analysis

results, as explained below.
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The physical properties of the hydrogels polymerized with different compositions of
Na-AMPS and PCL diol at constant PEGDA 0.75 %w/w~a-amps are shown in Fig. 2. It can be
seen that these differ according to the formulation. The physical appearance of the hydrogel
without PCL diol was transparent, but the hydrogel formulations containing PCL diol became
increasingly turbid with PCL diol concentration. This was occurred from phase separation
between the P(Na-AMPS) network matrix and the dispersed PCL diol domains. However, the
hydrogels with PCL diol also demonstrated that the properties of physical and mechanical were
improved (tear strength), with flexibility also increasing with PCL diol.

Moreover, the PEGDA crosslinker concentration also influenced the physical
properties of the hydrogel. The tensile test results (Section 3.5) indicated that increasing the

crosslinker concentration resulted in brittle hydrogels with low tear strength.

Fig. 2. Comparison of the physical appearances of hydrogels at constant PEGDA
0.75 %w/wna-amps with varying PCL diol concentration of (a) 0, (b)10, (¢) 30 and
(d) 50 %w/WNa-amps.

13



3.2 FTIR spectral analysis

FTIR spectroscopy was used to confirm the synthesized semi-IPN hydrogel structure
with different compositions of Na-AMPS and PCL diol at constant PEGDA 0.75 %W/WNa-Amps.
The FTIR spectrum of P(Na-AMPS)/PCL diol semi-IPN is reported in Fig. 3 and compared
with those of PCL diol and a pure P(Na-AMPS) hydrogel. For PCL diol, the absorption bands
at 2943 cm™! correspond to C-H vibrations of the -CHz group, the peak at 1732 cm™! corresponds
to C=0 vibrations and the absorption bands at 1167 cm™! corresponds to the C-O-C vibrations.
The absorption broads relating to the terminated hydroxyl groups (-OH) appear at 3080 - 3700
cm’! [10]. For single P(Na-AMPS) hydrogel, the spectrum was characterized with absorption
bands at 1047 cm™ and 1190 cm™ correspond to symmetric and asymmetric stretching of S=O
respectively. The absorption bands represented at 2980 cm™! was assigned to C-H stretching of
CH2 groups, and absorption bands at 1655 cm™ and 1559 cm™! were assigned to C=0 stretching
of amide-I and N-H bending of amide-II, respectively [6]. Analysis of P(Na-AMPS)/PCL diol
semi-IPN hydrogel, indicated the appearance of new absorption bands with the characteristic
peaks for both PCL diol and Na-AMPS present with a bit of position shifting. Compared to the
IR spectrum of single P(Na-AMPS) hydrogel, a semi-IPN hydrogel with PCL diol at 50
%w/WNa-amps showed new absorption bands at approximately 1169 cm™ and 1732 cm’!
correspond to the C-O-C and C=0 vibration of PCL diol, respectively. In addition, the C-O-C
and C=0 characteristic stretching of PCL diol strengthened with increasing PCL diol content
in semi-IPN hydrogels. These further confirmed the presence of PCL diol within semi-IPN
hydrogel structures after purification. The intensity ratio of 1732 cm™ (C=0 of PCL diol) to
1047 cm! (S=O of Na-AMPS) is plotted in Fig. 4. With increasing PCL diol content, the
intensity ratio gradually increases. From the FTIR results, it can be concluded that PCL diol
was incorporated within the hydrogel structure and the structure of semi-IPN was formed,

similar to that already presented in the case of other semi-IPN hydrogels [22,23].
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3.3 Swelling properties test

Commonly, swelling properties under in vitro tests play an important role for the
prospective evaluation of biomaterials. Highly water-swollen hydrogels are considered
promising materials for controlled drug release. The swelling behavior of hydrogels depends
on the composition of hydrogels, the crosslinking density, the overall hydrophilicity of
material, the characteristics of the external solution, such as the environment temperature, the
ionic strength and pH of the aqueous media [24]. The dynamics of the water sorption process
were studied gravimetrically. All hydrogels were immersed in water at 35.0 = 1.0 °C, and their
water uptake was measured overtime at different time intervals. The water uptake was
calculated and the water uptake-time profile of the semi-IPN hydrogel for each composition of
Na-AMPS and PCL diol (PCL diol 0 - 50 %wt of Na-AMPS), with various concentrations of
PEGDA crosslinker (0.50 - 2.00 %wt of Na-AMPS), are shown in Fig. 5. The water uptake of
all semi-IPN hydrogels increased sharply during the initial period (t < 60 min) and then

plateaued.

Fig. 6(a) shows the influence of the crosslinker and PCL diol concentration on the water
uptake at equilibrium (EWU) of semi-IPN hydrogels. The equilibrium swelling data showed
that the EWU values of hydrogel are very high, these were found to be between 5,400 to 35,800
%. It was found that the WU for hydrogels decreased with increasing the PEGDA crosslinker
content due to an increase in crosslinking density and thus a tighter three-dimensional network.
This leads to limited extensibility of the network chain preventing the ingress of water
molecules into the hydrogel network leading to a reduced water uptake of the hydrogels. It is a
known fact that the water uptake can be decreased by increasing the amount of crosslinking
density [25-27]. In the case of PCL diol, the incorporation of PCL diol at 10 %w/WNa-amps
appeared to increase the water uptake of the semi-IPN compared to the pure P(Na-AMPS)
hydrogel (PCL diol at 0 %w/wna-amps). A possible explanation is that an increase in the PCL
diol content helps bring about a higher water uptake and a looser network. This causes free
volume resulting in easier diffusion of the water molecules into the hydrogel network. Similar
results can also be observed for the semi-IPN hydrogel based on Salecan and poly(N,N-
dimethylacrylamide-co-2-hydroxyethylmethacrylate) hydrogel system [8]. Increasing the PCL
diol content above 10 %w/wna-amps, the hydrogel network becomes more hydrophobic and
consequently absorbs lower water. It is known that the hydrophobic groups (-CH2CH2) in the
PCL diol structure, correspond to polymer-polymer hydrophobic interactions, resulting in a

remarkable reduction in water adsorption [28]. The second possible reason that the water

16



uptake of the hydrogel decreased with incorporation of PCL diol above 10 %w/wnNa-amps is
related to network structure. Higher amounts of PCL diol lead to the formation of a very high
number of polymer chains that penetrate the network structure, reduce free volume between
network chains therefore limiting the ingress of water molecules into the network which results

in lower water adsorption.
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Fig. 5. The water uptake-time profile of hydrogel in different concentration of PEGDA
crosslinker (0.50 - 2.00 %w/wna-amps) With various concentrations of PCL diol at (a) 0, (b)10,

(¢) 30 and (d) 50 %w/WnNa-AmPsS.
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Fig. 6. The water uptake (a) and water retention (b) at equilibrium of the hydrogels in
different compositions of Na-AMPS and PCL diol at various concentrations of PEGDA
crosslinker (* p <0.05).

3.4 Water retention test

The crucial factors affecting water retention are the crosslink density (ratio of monomer
to crosslinker) and the hydrophilic group associated to the hydrogel backbone. Thus, the effects
of the Na-AMPS and PCL diol composition with various PEGDA crosslinker concentrations

was studied in terms of their influence on water retention of the hydrogel.

The water within the hydrogel can be described as a spectrum of non-freezing water (or
non-freezing-bound water), freezing-bound water (or intermediate water), and free water (or
freezing water). When the water shell that is on contact to the ions on the polymer backbone,
non-freezing water occurs in the first layer. It is tightly interaction to the surface of polymer.
Then, the next layers will deposit in the following by the water molecules moderately interacted
with the polymer surface, called the intermediate water. This water type involves water-surface
and water-water interaction. The non-freezing and intermediate waters are influenced by the
hydrophilic groups of the polymer, but non-freezing water is stronger than intermediate water.
However, the intermediate water can be accumulated like a shell and observed as tightness
layers around hydrophilic groups of the polymer. This association is due to the natural
phenomenon of (ion) solvation. Finally, the excess water molecules are surrounded the
hydration shell and can be defined as free water which is almost surplus to the requirement of
solvation [29-31]. The free water is related to the three-dimensional structure and pore volume
of the hydrogel as it is physically entrapped within the hydrogel networks. It has a very high

degree of freedom (does not take part in interaction with polymer chains), leading to easy
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mobility and dehydration. Consequently, the water retention with different time presented
water evaporation after the hydrogels have been fully swollen and occurred by losing the free
water molecules. The water retention as a function of time, for each Na-AMPS and PCL diol
hydrogel composition with various concentrations of PEGDA crosslinker, is shown in Fig. 7.
The evaporation rates reached equilibrium over 48 h, however the profiles varied according to
concentration of the PEGDA crosslinker and ratio of Na-AMPS to PCL diol. The equilibrium
water retention (EWR) is shown in Fig. 6b, demonstrating that at equilibrium some free water

is retained along with bound water.

From Fig. 7, the water retention-time profile for the different ratios of Na-AMPS and
PCL diol with varying PEGDA crosslinker concentrations shows that the water evaporation
rate slows and reaches equilibrium at different times. The results show that the higher PEGDA
content shows a faster rate of water evaporation. A lower crosslinking degree enables a higher
water-uptake capacity, resulting in increased free water content thus a slower rate of water loss.
Furthermore, an increase in PEGDA content leads to a significant increase in EWR (Fig. 6b).
This is because PEGDA is a hydrophilic polymer and an increase in PEGDA contributes to an
increase in the overall hydrophilicity of the hydrogel. There is thus an increased interaction
between hydrophilic groups on polymer chains with water molecules via hydrogen bonding.
The increase in bound water within the network structure, leads to a higher EWR and in turn

improves the ability hydrogel of the to retain moisture.

The effect of varying Na-AMPS and PCL diol composition, on water evaporation at
different time intervals, demonstrated that the hydrogels consisting of both Na-AMPS and PCL
diol exhibit a slightly slower rate of water evaporation compared to pure P(Na-AMPS)
hydrogel. This can be explained in terms of an outer “skin” layer forming on the outermost
region of the hydrogel. Hydrophobic interactions amongst the hydrophobic groups in the
outermost region become stronger with evaporation. This results in rapid shrinkage of the
outermost surface and the formation of a dense layer of hydrogel skin. Once this skin layer is
formed, the free water molecules in the hydrogel structure are prevented from moving out, and
this results in a slow evaporation response rate [7]. It can be seen in Fig. 6b that at equilibrium,
the semi-IPN hydrogel containing PCL diol at 10 %w/wna-amps has lower EWR values
compared to pure P(Na-AMPS) hydrogel (PCL diol at 0 %w/wna-amps). This result can be
explained in terms of PCL diol preventing network structure creation within the hydrogel,
resulting in larger pore sizes and an apparent reduction in crosslink density, so free water

molecules evaporate easily. An increasing amount of PCL diol (> 10 %w/wna-amps) slightly
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increased EWR as shown in Fig. 6b. The PCL diol is considered as a hydrophobic layer in the
outermost of hydrogel surface to hamper the water escaping from the hydrogel. With an

increase of the content of PCL diol over 10 %w/wna-amps in the hydrogels, the hydrophobic

layers in the network increased, the hydrogel became harder to lose water.
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Fig. 7. The water retention-time profile of hydrogel in different concentration of PEGDA
crosslinker (0.50 - 2.00 %w/w~a-amps) With various concentrations of PCL diol at (a) 0, (b)10,

(¢) 30 and (d) 50 %w/WNa-Amps.

3.5 Mechanical properties by tensile testing

In this series of experiments, the mechanical property was investigated as a function of
the ratio of Na-AMPS and PCL diol with various concentrations of PEGDA crosslinker, as
shown in Fig. 8. The mechanical property of hydrogel was studied in terms of tensile strength,
elongation at break and Young’s modulus, which were found to range between 9.8 - 70.1 kPa,

116.1 - 517.6 % and 0.02 - 0.66 kPa respectively.

The results shown in Fig. 8 show that Young’s modulus and tensile strength of
hydrogels increased as PEGDA crosslinker content increased. In contrast, the elongation at
break decreased with increasing crosslinker concentration. This behavior can be explained in

terms of an increased network crosslinking density. This increase restricts the motion of the
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chains, generally resulting in a decrease in the flexibility and toughness of the hydrogel

enhancing its rigidity, stiffness and brittleness.

The incorporation of PCL diol into the Na-AMPS network significantly influenced the
mechanical properties of the resulting hydrogels. With increasing PCL diol content, Young’s
modulus and tensile strength of the synthesized hydrogels decreased, similar to other work [32].
Na-AMPS is a hydrophilic polymer whilst PCL diol consists of a hydrophobic microcrystalline
core. This data suggested that the increased concentrations of PCL diol lead to hydrophobic
aggregation within the Na-AMPS network. In turn, such aggregates delay or completely
prevent Na-AMPS crosslinking, which could result a weakened microstructure and obtained
the low elastic modulus. However, a unit of PCL diol molecule has five methylenes that bestow
good flexibility. Compared to the hydrogel without PCL diol, the elongation at break of the
hydrogels containing PCL diol tends to increase with increasing PCL diol content. The
hydrogel without PCL diol exhibits typical brittle fracture failure. With increasing PCL diol
percentage to 50 %w/wna-amps, the hydrogel is transformed from brittle to flexible. This result
agrees well with the previously reported work and confirms that incorporating PCL diol can

improve the flexibility of the semi-IPN hydrogels [33].
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Fig. 8. The mechanical properties of the hydrogels for different compositions of Na-AMPS
and PCL diol at various PEGDA crosslinker content (* p < 0.05).

In summary, so far, the results indicated that an increasing of crosslinker concentration
resulting a decrease in water uptake of hydrogels, increased stiffness and reduced elasticity.
This is due to hydrogels with a higher crosslinker concentration display greater resistance to
expansion of hydrogel matrix, decreasing the free volume within the hydrogel and therefore
resulting in reduced water absorption and elasticity. Thus, the different of crosslinker
concentrations are an effective way of controlling the properties of water transport and
mechanical of the hydrogel. For balanced water transport and mechanical properties, PEGDA
crosslinker at 0.75 %wt of Na-AMPS was deemed an appropriate crosslinker concentration

with different Na-AMPS and PCL diol ratios. These findings demonstrate the importance of
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finding the suitable balance between monomer composition and crosslinker concentration

when designing a hydrogel to be employed as a drug delivery material.
3.6 SEM analysis

The presence of pores plays an essential role in the properties of hydrogels, such as
swelling [34], nutrient diffusion [35], cell adhesion [36] and compressibility [37]. Pores are
physical structures in the hydrogel network through which water molecules can easily diffuse.
Consequently, porous hydrogels have efficiency applications in the controlling of drug-release
due to the porous network may provide enough space for the loading and release of drugs and
it also enables fluid absorption when used as an absorbent [7]. The pores were a result of ice
crystal formation during the freeze-dried process to prepare hydrogels before SEM analysis [38].
Consequently, the water molecules in the hydrogel structure which is the equilibrium swollen
state were frozen into smaller ice crystal and then, these ice crystals were eventually

represented by smaller pores.

The surface and cross-section morphologies of freeze-dried swollen hydrogels were
observed using SEM as illustrated in Fig. 9. The surface morphology of hydrogels with
different ratios of Na-AMPS and PCL diol showed a homogeneously porous morphology and
exhibited no phase separation on the hydrogel surface. The surface of the semi-IPN hydrogel
containing PCL diol at 50 %w/wn~a-amps Was presented rough and also showed smaller pore
size than that of the single P(Na-AMPS) hydrogel, but the porosity distribution became
regularly and more thickly.

In addition, the microphotographs of the cross-section for all hydrogels show evidence
of the porous three-dimension structure which confirms the interconnection between the pores
as a result of the crosslinking semi-IPN formation within the hydrogels. However, it also
indicated that the Na-AMPS and PCL diol did not parent any physical incompatibility within
the hydrogel network. The images clearly illustrated the internal morphology is dependent on
the composition ratio of PCL diol to Na-AMPS. The hydrogel without PCL diol has the largest
pore size, while hydrogel containing PCL diol at 50 %w/w~a-amps has the smallest. This trend
may explain the water uptake of the hydrogels discussed above. An increasing of the PCL diol
content, the hydrophilicity of the hydrogel network decreases, and the crosslink density
increased (Section 3.7), which resulted in the decrease in water uptake (Section 3.3) and limited
water transport. A similar trend was observed for prepared hydrogel from PCL and acrylic acid

in the previously reported study. They reported porosity was decreased on increasing PCL
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concentration [11]. Furthermore, the SEM images of the hydrogels containing PCL diol was
illustrated ductile fractures, indicating a flexible network. This observation is in tandem with
the tensile testing of the hydrogels discussed in Section 3.5. This result also indicates that the
flexibility of the hydrogels can be tailored by changing the composition ratio of PCL diol to
Na-AMPS.

w100 pm
(a) ) © @

Fig. 9. SEM images at magnification X100 of the surface (upper row) and the cross-section
(lower row) of hydrogels at constant PEGDA 0.75 %w/wna-amps with varying PCL diol
concentration of (a) 0, (b)10, (¢) 30 and (d) 50 %W/WNa-AMPS.

3.7 Crosslink density

The approaches used to determine the crosslinking degree of polymer networks, include
the evaluation of stress-strain data or tensile measurements (Section 3.5) and use of equilibrium
water uptake experiments (Section 3.3). Tensile experiment fails to consider the effect of
physical crosslinks, i.e., chain entanglements, due to these may be disentangle during extension
by tensile force. This destroy of physical entanglement process does not occur with experiment
of water uptake. Generally, the water uptake is influenced by the crosslinking density and the
overall hydrophilicity of the resulting hydrogel. So, experiment of water uptake was evaluated
the crosslink density of hydrogels more accurately due to including the effects of the physical

entanglement present [39].
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The crosslink density (XD) of P(Na-AMPS)/PCL diol semi-IPN hydrogels were
evaluated using the Flory-Rhener theory [40,41] and presented in Fig. 10. It was found that
the semi-IPN hydrogel containing different concentrations of PCL diol (0, 10, 30, and 50
%w/Wna-amps) with PEGDA 0.75 %w/wna-amps were calculated between the range of 5.6 x 107
to 11.8 x 107°. The PCL diol content influenced the XD. The single P(Na-AMPS) hydrogel
showed greater crosslink density compared to the semi-IPN hydrogel, this is due to PCL diol
aggregation preventing complete crosslinking of Na-AMPS, thus leading to a looser network.
However, increasing PCL diol from 10 - 50 %w/wna-amps ensued in an increased, this could
mainly be due to the evidenced increase hydrophobic interaction of PCL diol resulting high

physical crosslinking point in hydrogel network as agree with Danafar, H. et al. [28].

The XD values were influenced by PCL diol content and the same trend coincided with
the calculated values of tensile strength. Consequently, the remarkable decrease in tensile
strength of the semi-IPN hydrogels is due to the dramatic decrease in crosslink density
compared to the single component hydrogel. This characteristic, together with the
comparatively lower tensile strength properties of semi-IPN hydrogels, could be highly

advantageous in developing drug delivery systems for biomedical applications [32].
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Fig. 10. The crosslinking density of hydrogel at constant PEGDA 0.75 %w/WNa-amps with
different PCL diol contents.

3.8 Evaluation of cytotoxicity

Cytotoxicity assays are used to investigate in vitro biocompatibility and serve as a

preliminary cytotoxicity evaluation of new medical devise and biomaterials for possible
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biomedical applications. In this study, the cell viability of the hydrogels on L929 mouse
fibroblast cells was measured by the MTT method. This method is widely accepted as a short
time and accurate test for cell proliferation rate and conversely the cellular viability reduction
when metabolic events resulting apoptosis or necrosis. The average percentage of cell viability
of all hydrogels is shown in Fig. 11. The negative control was ‘Thermanox’ (Nunc) coverslip.
The cell viability of all hydrogels was higher than 85% after incubation for 24 h. According to
ISO 10993-5 for MTT cytotoxicity assay, a material stimuluses cytotoxic effects when it causes
reduction in cell viability greater than 30% [42]. The results indicated that the hydrogel in this
research with various compositions was considered non-cytotoxic to L929 cells. Therefore, all
samples were non-toxic and are deemed to have good biocompatibility for biomedical

applications such as drug delivery, tissue engineering, and biomedical implantations [43].
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Fig. 11. Cytotoxicity test of hydrogels at constant PEGDA 0.75 %w/WNa-AMps
with different PCL diol contents (p > 0.05).

3.9 Drug loading and entrapment efficiency

Drug can be incorporated into hydrogel networks in two methods: 1) post-loading and
2) in-situ loading during synthesis. The post-loading diffusion method was chosen to load
ciprofloxacin (CIP) in hydrogels. This was to minimize potential changes to the structure and
properties of CIP that may occur if incorporated during synthesis. In addition, the loading
method has an impact on the release of CIP. Based on experience, the diffusion method is
preferred [44]. In this study, dried hydrogels with varying ratios of Na-AMPS and PCL diol

were immersed into aqueous solutions of CIP at 0.05, 0.15 and 0.25 mg/ml.
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The effect of the ratio of Na-AMPS and PCL diol with different CIP concentrations
on entrapment efficiency (EE) and drug loading (DL) were studied, and the results are
tabulated in Table 1. The values of EE and DL were calculated according to the CIP standard
curve (A = 100.33C + 0.0242, r* = 0.9992, linear range, where A is Absorbance and C is
concentration). As shown in Table 1, EE of these hydrogels is > 99% (not significantly
different, p > 0.05) with DL values varying in the range of 1.04 to 6.36 % (w/w to hydrogel).
Compared with single P(Na-AMPS) hydrogel, the DL of all semi-IPN hydrogels is higher and
the maximum was obtained with PCL diol at 50 %w/w~a-amps. The amount of CIP loaded by
hydrogels increased with the increase of PCL diol content. Interactions by hydrogen bond
between the semi-IPN hydrogel functional groups and CIP encapsulate more drug as a result
of greater binding affinity, resulting in higher drug loading [45]. Furthermore, at higher initial
CIP concentration, the drug loading level of hydrogels was greater than that of the lower CIP

concentration.
3.10 In vitro drug release study

The ultimate aim of this research was to investigate the ability of the P(Na-AMPS)/PCL
diol semi-IPN hydrogels to act as a matrix for drug release systems. The in vitro drug release
profile (CIP as a model drug) was studied for the semi-IPN hydrogel containing different
concentrations of PCL diol (0, 10, 30, and 50 %w/wnNa-amps) with PEGDA 0.75 %w/WNa-amps,
which demonstrated the most appropriate properties (Section 3.5). The CIP release from P(Na-
AMPS)/PCL diol semi-IPN hydrogels was investigated in PBS of pH 7.4 at 37.0 = 1.0 °C,
which mimicked the environment of healthy tissues. Meanwhile, the hydrogen bonds between
the semi-IPN hydrogels and the CIP molecules were weakened at 37 °C, so that the CIP
molecule, which is encapsulated in the hydrogel's interior, can diffuse more easily into the
release medium [46]. Figure 12 shows the drug release profile of the CIP-loaded hydrogels at
37.0 £ 1.0 °C in PBS (pH 7.4). It was found that the hydrogel was shown rapid in the initial
release and then reach equilibrium with different times. The maximum percentage cumulative
drug release and time at equilibrium were summarized in Fig. 13, which are depended on PCL

diol and CIP concentration.

An increase in the concentration of PCL diol decreased the maximum percentage
release. Due to the release of drugs and water uptake of hydrogels are directly proportional to
each other. The high water uptake resulted in more drug diffusion from the hydrogel [47].

These depended on the mesh size of the polymer network, which commonly decrease water
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uptake and drug release with the increasing crosslinking network. In this case, PCL diol can be
presented the physical crosslinking by forming of the polymer-polymer hydrophobic
interaction. In addition, the hydrogen bonds between CIP and hydrogels are still capable of
retaining much-loaded drugs lead to low drug releasing. As illustrated Fig. 14, these results are
the hydrogen bonding between the carboxylic group in the CIP and the amide-II group on the
Na-AMPS structure. In particular, the presence of the hydroxyl end-groups and carbonyl
groups of repeating units on the PCL diol structure suggests strong hydrogen bonding with the
carboxylic group in the CIP. The results were lead to the restraining effect on drug releasing

which confirmed that the high PCL diol resulting low values of percentage release.

For hydrogels soaked in different CIP concentrations, an increasing the CIP
concentration with the maximum percentage release was decreased. Consequently, the higher
the drug loading, the lower the rate of release and the lower the rate of drug utilization. Most
of the drug molecules concentrate near the hydrogel surface were released by diffusion along
with the medium. At the hydrogel-release medium interface, the different concentrations drive
occurred. The drug molecules at the hydrogel surface favor the release medium. This causes
an “imbalance” at the hydrogel surface and thus drug molecules are drawn to the hydrogel
surface. This process is slow when the concentrations within the hydrogel and at the surface

reaches an equilibrium.
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Fig. 12. Comparison of in vitro drug release of CIP from hydrogels with different PCL diol
contents by loading CIP at (a) 0.05, (b) 0.15 and (c¢) 0.25 mg/ml.
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3.11 Analysis of the drug transport mechanism

In a hydrogel system, the water absorption from the surrounding media was resulted to
change the dimensions and physical-chemical characteristics of the hydrogel. Such changes
promote drug release from a hydrogel substrate. Generally, drug release occurs due to
enlargement of the mesh and network loosening as a result from the degradation and swelling
of the hydrogel matrix. Rezk, A. L. et al. [48] reported that the process of drug release can be
explained as a three-step process. First, hydrated hydrogel occurs through absorption of the
dissolution media into the hydrogel structure. Second, polymer relaxation or erosion occurs.
During this process, the hydrogel changes from a glassy state to a rubbery state due to mobility
polymer chains. This case is called relaxation of the hydrogel. At equilibrium swelling state,
the elasticity forces of the chain crosslinks are balanced with the osmotic forces of the solvent.
However, the osmotic forces are more than the elasticity forces, resulting in the degradation of
the hydrogel and leading to the dissolving of small fractions. This process is called the erosion
of the hydrogel [49]. In the third step, the dissolved drug transfers either through from the
hydrated hydrogel or the eroded part of hydrogel to the surrounding dissolution medium.
Moreover, Ghasemiyeh, P. et al. reported that the controlled mechanism of drug release from
hydrogel can be divided into three categories: diffusion-controlled, swelling-controlled and
polymer-degraded release [50]. However, these mechanisms are described by the n values from
the Korsmeyer-Peppas model. If n < 0.5 the drug release mechanism is pseudo Fickian
diffusion (diffusion-controlled release); » = 0.5 the mechanism is Fickian diffusion; 0.5 <n <
1 the drug release mechanism is non-Fickian diffusion or anomalous diffusion coupled with
relaxation or swelling of hydrogel matrix (swelling-controlled release). Once the n value
reaches 1 and above, the release can be characterized by non-Fickian diffusion, this is

essentially drug release by erosion of hydrogel matrix (polymer-degraded controlled) [51,52].

Consequently, drug release kinetics and mechanism were studied for the prepared
hydrogels in this research. To evaluate the kinetics of drug release, five different mathematical
models (e.g., zero-order, first-order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell) were
applied to drug release data. Drug release data plotted to various kinetic models show in Fig
15, S1 and S2, and kinetic parameters are expressed in Table 1. These values provide an
indication of the drug transport mechanism. The suitable kinetic model for each hydrogel was
considered by determining the highest degree of correlation coefficient (r?) to symbolize drug
release behavior. It was found that the CIP release from hydrogels revealed a very high r* with

the Higuchi and Korsmeyer-Peppas model. Therefore, it could be said that the drug release
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mechanism can be explained with both of two mathematical model and details was described

below.

The Higuchi model is used to describe the release of water-soluble or low solubility of
drug. It is distributed within the porous matrix which is insoluble and swellable in the medium.
It is based on the hypothesis that the drug initial concentration in the hydrogel matrix is higher
than the drug solubility. The drug is dissolved and diffused evenly exit to solvent medium. At
the same time, the matrix is negligible swelling occur [53]. Furthermore, the n values
calculated with the Korsmeyer-Peppas model to determine the CIP release mechanisms of
hydrogels are provided in Table 1. The n values of CIP release from hydrogel indicate that
excluding the hydrogels containing PCL diol at 0 and 10 %w/wna-amps loaded with 0.15 and
0.25 mg/ml CIP was released according to Fickian diffusion law. With the Fickian diffusion
mechanism, » values are less than 0.50, and release is controlled by the diffusion rate of water
into the hydrogel. For hydrogel containing PCL diol at 0 and 10 %w/wna-amps loaded with 0.15
and 0.25 mg/ml CIP, the drug release behavior followed non-Fickian anomalous transport
with n values in the 0.5 - 1.0 range. This suggests that drug diffusion through the matrix
occurred simultaneously with matrix relaxation or swelling. Thus, the drug release mechanism
of hydrogel in PBS solution was performed according to diffusion and swelling of hydrogel
matrix (Fig. 16) when n diffusion exponent was examined, dependent on PCL diol and CIP

concentration.
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Fig. 15 The Higuchi (left) and Korsmeyer-Peppas (right) model for hydrogel with different PCL
diol contents by loading CIP of 0.05, 0.15 and 0.25 mg/ml.
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Fig. 16. Mechanism of drug release from hydrogels.

Table 1 shows that the First-order kinetic model presented low values of 12 in the range
of 0.738 to 0.924, suggesting that this model did not suitably describe the CIP transport in
hydrogels. This is due to this model is used to describe the characteristic of porous matrix
containing good water-soluble drugs. However, CIP is a sparingly water-soluble drug which is
reported to be 0.086 - 0.22 mg/ml [53,54]. According to the zero-order kinetics and Hixson-
Crowell models, it can be explained that the drug release mechanism of the hydrogel caused
by surface erosion [55]. It was also found that the drug release mechanism of the hydrogel in
this research did not follow zero-order (r* = 0.764 - 0.978) and Hixson-Crowell (r* = 0.607 -
0.777) model. So, it can confirmed that the drug release mechanism was more consistent with

a diffusion and relaxation mechanism than a matrix erosion mechanism.
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Table 1 Release kinetic and mechanism of CIP release from hydrogels (* p > 0.05).

C1p PCL diol Zero-order first-order Higuchi Korsmeyer-Peppas Hixson-Crowell
concentration o EE (%) * DL (%)
(mg/ml) (YoW/WNa-amps) r’ ko r? ki r’ kn r? kkp n r? knc
0.05 0 100.00+0.00  1.04+0.05 0.869 0.177 0.865 -0.204 0.990 0.383 0.969 0.406 0.464 0.659 -0.109
10 100.00+0.00  1.07+0.04 0.798 0.169 0.828 -0.150 0.968 0.377 0.949 0.469 0.346 0.619 -0.107
30 99.96+0.02  1.41+0.04 0.841 0.166 0.804 -0.191 0.978 0.362 0.933 0.397 0.442 0.647 -0.107
50 99.46+0.07  1.48+0.13 0.764 0.142 0.738 -0.136 0.950 0.321 0.886 0.414 0.320 0.607 -0.100
0.15 0 99.95+0.05  2.59+0.16 0.943 0.149 0.892 -0.294 0.986 0.309 0.997 0.253 0.600 0.721 -0.141
10 99.94+0.03  2.65+0.10 0.921 0.145 0.846 -0.280 0.983 0.304 0.989 0.257 0.570 0.708 -0.139
30 99.76+0.17  3.59+0.12 0.907 0.140 0.890 -0.240 0.994 0.296 0.997 0.283 0.502 0.685 -0.137
50 99.85+£0.31  3.75+0.05 0.805 0.115 0.851 -0.152 0.972 0.256 0.979 0.317 0.314 0.621 -0.126
0.25 0 99.95+0.04  4.01+0.06 0.978 0.137 0.900 -0.387 0.957 0.274 0.997 0.171 0.622 0.777 -0.165
10 99.88+0.07  4.10+0.02 0.954 0.130 0.895 -0.314 0.983 0.267 0.999 0.206 0.538 0.733 -0.160
30 99.56+0.08  6.00+0.45 0.889 0.116 0.844 -0.235 0.988 0.246 0.983 0.238 0.413 0.679 -0.152
50 99.85+£0.06  6.36+0.49 0.933 0.108 0.924 -0.261 0.996 0.226 0.998 0.204 0.407 0.701 -0.149
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3.12 In vitro hydrolysis degradation analysis

One of the critical factors contributing to the wide use of hydrogels in different
applications, for example medical applications complementary to tissue engineering, such as
wound dressing, scaffolds and dentistry, is its degradability. As far as drug delivery materials

are concerned, the degradation of hydrogels is essential.

The in vitro degradation of hydrogel with different Na-AMPS and PCL diol
compositions was studied, and the result is shown in Fig. 17. A degradation behavior study was
performed by immersing the hydrogels in PBS solution (pH 7.4) at 37.0 = 1.0 °C for 168 days.
It was noted that the hydrogel containing PCL diol has a higher percentage degradation
compared to that of the hydrogel without PCL diol. The result may be explained in terms of
the degradation of hydrogels occurring due to hydrolysis of the PCL diol ester bonds, which
allow the release of PCL microparticles from the hydrogels into the surrounding media.
Moreover, it can be explained by the mechanical properties. The hydrogel containing PCL diol
has a lower tensile strength and higher elongation at break than the hydrogel without PCL diol,
resulting in low stability. This result can be interpreted in terms of increased network chain
extensibility which allows water molecules to diffuse more easily into the network. This
increased the probability of catching a water molecule with a PCL diol polymer chain, resulting
in the formation of PCL diol microparticles and falling out. However, increasing a large amount
of PCL diol resulted in the hydrogel water uptake decreasing slightly, but with no significant
difference in degradation. The water uptake and mechanical properties of Na-AMPS/PCL diol

hydrogel are shown in sections 3.3 and 3.5 respectively.

The percentage degradation of the hydrogels is in the range of 4.1 x 10 to 12.1 x 10 %,
which is less than 0.1 %. This suggests that the hydrogel was very stable when immersed in
PBS (pH 7.4) at 37 = 1.0 °C. The degradation mechanisms of hydrogels are relevant in drug
release applications, as they strongly affect the kinetics of the release (refer to the results of the

above-mentioned kinetic studies in Section 3.11).
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Fig. 17. The percentage degradation-time profile of hydrogels at constant PEGDA
0.75 %w/wna-amps with different PCL diol contents.

4. Conclusion

The primary intention of the present work was to synthesize semi-IPN hydrogel from
Na-AMPS and PCL diol with PEGDA as a crosslinker for sustained release of antibiotic
ciprofloxacin (CIP) as a model drug. The hydrogel structure was studied by FTIR and SEM
techniques. To investigate the effect of PEGDA concentration on the hydrogel properties, the
(Na-AMPS)/PCL diol semi-IPN hydrogels were synthesized with various crosslinker
concentrations (ranging from 0.50 to 2.00 %wt of Na-AMPS). By adjusting the concentration
of PEGDA crosslinker, the properties of the synthesized hydrogels were controlled precisely:
including, swelling, water retention, and mechanical properties. It was shown that the PEGDA
crosslinker at 0.75 %wt of Na-AMPS is an appropriate concentration for the semi-IPN
hydrogel, as it provided balanced water transport properties and mechanical properties desired
by hydrogels for use in drug delivery applications. The effect of PCL diol content (ranging
from 0 to 50 %wt of Na-AMPS) on various hydrogel properties was also evaluated. It was
found that the hydrogel containing PCL diol at 10 %w/wna-amps had a high water uptake at
equilibrium but a lower equilibrium water retention. Increasing the amount of PCL diol above
10 %w/wna-amps slightly decreased the water uptake at equilibrium, but increased the
equilibrium water retention. Thus, PCL diol is seen to play an influential role in enhancing
hydrogel elasticity and adjusting the biodegradation rate. These results are considered to be

advantageous for a semi-IPN hydrogel.
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For the preparation of a semi-IPN hydrogel incorporating CIP, the CIP was
incorporated into the semi-IPN hydrogel by a swelling-diffusion approach. The influence of
PCL diol and CIP content was studied. CIP loading efficiency was significantly enhanced by
the presence of PCL diol, which confirms that a semi-IPN hydrogel can improve drug loading.
Furthermore, loading efficiency was affected by the initial concentration of CIP which
increased loading efficiency with increasing initial concentration of CIP. Five kinetic models
were calculated to evaluate the drug transport mechanism of the semi-IPN hydrogel. It was
found that the drug-release profile could be fitted to the Higuchi and Korsmeyer-Peppas
models. The drug release mechanism followed Fickian and non-Fickian diffusion which is
diffusion- and swelling-controlled releases, depending on the PCL diol and CIP concentration.
The overview of properties relationships in function of hydrogel composition was
demonstrated in Fig. 18. In addition, the prepared hydrogels were shown to be non-cytotoxic
as confirmed by MTT assay studies. This demonstrated the potential for these hydrogels to be
used as an efficient biomaterial for the drug delivery. Consequently, this study will be served
as a platform in the design and development of novel controlled drug delivery system with

improved drug loading capacity and sustained release.

EWU PCL diol 0% wW/Wy,_s\ps
(%, / 300)
PCL diol 10% wW/Wy,_a\wps
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Fig. 18. The summary of properties relationships in function of hydrogel composition

(with constant PEGDA crosslinker 0.75 %Ww/WNa-AMps).
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