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Abstract

Hydrogels are applied in biomedical fields, especially in sustained drug release studies. However, improvements in their
material properties are always needed to make them suitable for their potential biomedical use. Herein, a core—shell parti-
cles latex (CS) made of poly(2-acrylamido-2-methylpropane sulfonic acid) @butyl methacrylate anchored into polyethylene
glycol diacrylate (PEGDA) matrix-based composite hydrogel (PEG-CS) was prepared through multiple steps free radical
polymerization. The fabricated PEG-CS hydrogel was used for the loading and controlled release of ciprofloxacin as a model
drug at various experimental conditions. An optimum drug concentration of 30 ppm at a loading efficiency of up to 660 mg/g
for PEG-CS hydrogel was obtained after 8 h of adsorption, which was much higher than using only PEGDA-based hydrogel
(control). The kinetic models and equilibrium isotherms of adsorption showed that the drug loading followed pseudo-second-
order kinetics and the Langmuir adsorption isotherm, respectively. The drug demonstrated a sustained release at 37 °C and
pH 7.4, at which 80% of the drug was released after 24 h. The Peppas equation gave “n” values of 0.50-0.60, indicating the
drug release mechanism was governed by diffusion and erosion processes. The findings of this study show that the fabricated
PEG-CS could be an efficient potential material for sustained drug release.
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nasrullah@awkum.edu.pk Hydrogels are materials that hold a significant amount of

water owing to the presence of water-retaining groups in
their chain ends [1, 2]. These find applications in tissue
engineering, contact lenses, wound dressing, and artificial
tendons, and the most prominent one is the drug delivery
system. The high degree of swelling makes the hydrogel an
efficient substance for the controlled release of drugs, and
hence, it is a good material to deliver the drug to the specific
targeted site [3, 4]. The effective use of a hydrogel for a spe-
cific application requires its combination with different other
molecules, such as the core—shell particles. For instance, the
incorporation of polyethylene glycol (PEG) with core—shell
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reported the synthesis of core—shell nanoparticles compris-
ing poly(caprolactone), poly(lactic acid), and poly(lactide-
co-glycolide) that were used for the loading and targeted
delivery of an active molecule coumarin-6 [7]. Core shell
of polyaniline nanocomposite with graphene, carbon fiber,
carbon tube, and carbon black were further investigated for
use in magnetic sensors or information storage devices [8].
Pothen synthesized hybrid core—shell particles comprised of
dextran and stearic acid, which were applied for the loading
and release of the antiviral drug zidovudine [9]. Al-Kinani
et al. also synthesized chitosan-coated core—shell nanocar-
rier based on magnetic iron oxide nanoparticles and gold
nanoparticles, which were applied for the encapsulation and
release of curcumin as an anticancer agent with negligible
adverse effects on normal cells [10].

It has also been reported that PEG-based core—shell parti-
cles can easily cross the blood-brain barrier and deliver the
drug, which most drugs cannot pass [11]. Denaturation of a
small quantity of proteins has been observed by linking them
with PEG, and due to its increased size, the composite can
easily pass the blood—brain barrier. Because of such kind of
properties, the PEG-based composite is applied as an effi-
cient drug delivery system [12]. All these studies show that
PEG incorporated with core—shell particles or PEG-based
core—shell particles could be useful for various biomedical
applications, especially for developing drug delivery systems.

It has been shown that 2-acrylamido-2-methyl propane
sulfonic acid (AMPS) can support the introduction of a
large number of molecules due to its high water absorb-
ing and swelling capacity and thus can be useful for bio-
medical applications [13]. Furthermore, the presence of
sulfonate groups like heparin, tissue-like modulus, and
high water content make AMPS a suitable biocompat-
ible material [14]. Poly(2-acrylamido-2-methyl propane
sulfonic acid) (polyAMPS) has electrostatic repulsion
between the ions of similar nature, which causes expan-
sion in the polymeric network structure over a series of
pH range from 2 to 12 [15]. A copolymer of polyAMPS
with other polymers has been applied for in vitro release of
folic acid, insulin, amoxicillin, and doxorubicin [16—-19].
Many biodegradable polymers, such as poly(lactic acid),
poly(glycolic acid), and poly(lactic-co-glycolic acid), have
been used in the synthesis of core—shell materials for the
delivery of drugs due to their biocompatible nature. These
materials have been used for the incorporation of proteins,
antibiotics, anti-cancer drugs, and DNA [20-22]. These
core—shell materials have the ability to penetrate hydro-
philic molecules through polymeric shells, due to which
the release of the drug occurs through the degradation
kinetics of biodegradable polymers. However, the drug
release is adjusted through variations in the polymeric
shell composition as well as the molecular weight [23, 24].
In many cases, the release of the incorporated drug takes
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from a few hours to several days when some kind of small-
sized molecules are incorporated [25-27]. To solve this
problem of a faster drug release rate with no side effects
of the core-shells, we herein prepared core—shell particles
and incorporated them with PEG to make them biocompat-
ible for a longer extended drug release.

Poly(AMPS) has been shown to prevent the formation
of blood vessels when analyzed with human umbilical
vein endothelial cells. Herein, the incorporation of pro-
angiogenic growth factors into the sulfonate groups of
poly(AMPS) causes nutrient deficiency and leads to cell
death [28, 29]. The structure of poly(AMPS) provides a
favorable environment for the loading of a high amount
of drug; however, its aqueous soluble nature causes the
retention of the drug for a longer period than required and
hence hinders the sustained drug release. Moreover, its
water-soluble nature may also lead to its release from the
body with water. To cope with the issue, we incorporated
the poly(AMPS) shell with an emulsion polymerized core
of butyl methacrylate (BMA) having hydrophobic nature.
It is assumed that the core of BMA would entangle the
poly(AMPS) with itself, and as a result, it could retain the
drug more effectively without compromising the integrity
of the water-soluble poly(AMPS) shell. In the drug deliv-
ery systems, the development of advanced pharmaceuti-
cal techniques and excipients is improving drug delivery
knowledge and applications. The drug can be delivered
through different controlled fashions, e.g., immediate
release [30], sustained release [31], and biphasic release
[32], in terms of controlled release rate, targeted release,
topical release, and colon release in terms of controlled
release [33]. A wide variety of drug delivery systems
(DDSs) made of polymers, lipids, and hydrogels have
been developed to meet such requirements. These DDSs
typically include polymeric nanoparticles, nanocapsules,
liposomes, micelles, nanoemulsions, and nanofibers [34,
35]. Among them, hydrogels are popular for fabricating
advanced DDSs, thanks to their capability of manipulating
drug loading and release [36].

The use of core—shell particles may sometime have a
limitation of non-biocompatibility and clearance rate. PEG
is one of the most widely used biocompatible polymers
that can be anchored with most polymers and has a good
clearance rate. Therefore, in the present study, core—shell
particles made of BMA core and of polyAMPS shell have
been synthesized as reported in our previous study [37]. To
transform the latex form into a hydrogel-based composite
material, the core—shell latex was incorporated into the
PEGDA matrix to obtain the core—shell particles incorpo-
rated-PEGDA-based hydrogel composite (PEG-CS) through
a photo-initiation reaction. The as-prepared PEG-CS com-
posite was then characterized and applied for loading and
sustained release of ciprofloxacin as the model drug.
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2 Experimental
2.1 Synthesis of PEG-based hydrogel composite

The synthesized CS latex in various amounts of 1 to 7 mL
was taken in a beaker, followed by the addition of PEGDA-
700 in various amounts (1 to 3 mL), and sonicated for
15 min. The photo-initiator 2,2-dimethoxy-2-phenyl aceto-
phenone (0.015 g) was dissolved in 1.5 mL distilled water
was added to it, and the mixture was sonicated again. The
mixture was then transferred to a petri dish and kept under
the 500-W light in the N, atmosphere for 30 min, convert-
ing the mixture to composite hydrogels. The details of the
mixing ratios of the mentioned components in the proce-
dure are given in Table S1.

2.2 Swelling behavior of PEGDA and PEG-CS

The synthesized composite hydrogels were weighed and
kept in distilled water for 24 h for determining their swell-
ing behavior. The swelled composite hydrogels were taken
out of the water, and the surface water was wiped off with
filter paper. The percent swelling was determined by using
Eq. (1) [38].

_<W2—W1

— ) x 100 )

where W, is the weight of wet/swollen hydrogel/PEG-CS
and W, is the weight of dry hydrogel/PEG-CS.

2.3 Loading and controlled release studies
of ciprofloxacin

The fabricated PEG-CS hydrogel was used for loading cip-
rofloxacin as a model drug. Briefly, 100 ppm of the stock
solution of the drug was prepared [39, 40] and diluted to
20 ppm. Each hydrogel (0.1 g) was added to a separate
20 ppm solution of the drug at 278 K temperature. The
flasks containing the mixtures were kept in a shaker for
24 h. The amount of the drug was calculated by determin-
ing the absorbance via a UV—-vis spectrophotometer. The
loading of the drug was optimized at various pHs, times,
and amounts of hydrogel.

The drug-loaded hydrogel composites were further inves-
tigated for the release of incorporated drug at 37 °C in the
presence of phosphate buffer saline (PBS) of pH 7.4. For this
purpose, the pre-weighted PEG-CS, after loading with the
drug, was put into 20 mL of buffer for 24 h, and the release
of the drug was measured by taking 2 mL from the desorp-
tion solution at an interval of 0.5, 1, 2, 3, 4, 8, and 24 h.
The absorbance of collected samples was determined via a

UV-vis spectrophotometer to determine the concentration
of the solution after the specified intervals.

2.4 Kinetic study of adsorption and intra-particle
diffusion study

The data obtained from the results were interpreted by using
a pseudo-first-order kinetic model according to Egs. (2) and

3).

K1t

L —g)=L -
0g (ge — qt) = Logge 3303 )
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n

where V is the solution (25 mL) of the drug used, m is the
mass of the hydrogel (0.1 g) taken, Ce is the final drug con-
centration, Ci is the drug concentration initially used, K1
is the rate constant in the equation for first order, gt is the
quantity of the drug loaded at any time, and ge is the quan-
tity of the drug loaded at the time of equilibrium (8 h).

Similarly, the obtained adsorption data was further inter-
preted by using the second-order kinetic model according
to Eq. (4).

Vot —'/ae /e 4)

where ge is the quantity of drug loaded at equilibrium, gt is
the quantity of the loaded drug at any time, and k2 is the rate
constant for second-order.

The resistance of intra-particle diffusion, which affects
adsorption, can be explained with the help of the intra-particle
diffusion model, as stated below in Eq. (5).

gt = Kint t'? + C 6)

where C is the intercept that is associated with the width of
the border layer, i.e., the higher the value of C, the further
its boundary layer outcome.

2.5 Equilibrium isotherm studies

Two isotherms, namely Langmuir and Freundlich, were
applied. The Langmuir model was used based on monolayer
adsorption of the drug in the hydrogel/PEG-CS composites
due to many sites for attachment of the drug. The Lang-
muir and Freundlich equations are given as Eqs. (6) and (7),
respectively.

Ce/qe ='/Kl +al("e/Kl (6)

where K; shows the equilibrium adsorption constant while
ge is the monolayer loading ability of the drug.
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Log ge = Log Kf 4/ logCe @)

The values for the constants (Kf and N) of Freundlich and
Langmuir (Q and K] ), as well as regression coefficient R?,
were calculated.

2.6 Drug release mechanism investigation using
Korsmeyer—Peppas equation

The Korsmeyer—Peppas equation was applied to evaluate the
release of the drug from the prepared hydrogels (PEG-CS).

Fig. 1 The chemical reac-
tions process is involved in the

3 Results and discussion

3.1 PEG-based core-shell hydrogel composites
(PEG-CS) and their scanning electron
microscopy (SEM)

The whole preparation mechanism was completed in three
main steps: starting from the synthesis of polyAMPs, then
polyAMPs@BMA CS, and finally, the encapsulation of CS
into the PEGDA matrix by the photo-initiation reaction that
resulted in the formation of PEG-CS composite. The entire
chemical reaction process is represented in Fig. 1.
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The PEG-CS formed in disc shapes had a milky-white
color, as shown in Fig. 2A. The drying of these hydrogel
composites caused them to lose their flexibility and become
crystalline and brittle, as evident in Fig. 2B. The brittleness
of the hydrogel after drying is due to the loss of water con-
tent stored during cross-linking of the core—shell that had
provided the slight flexible nature to it. The lowest amounts
of PEG and CS needed to produce a composite hydrogel
were determined to be 3 and 2 mL, respectively, after the
component amounts were optimized. The amount of ini-
tiator needed was 0.015 g dissolved in 2 mL of deionized
water. In order to evaluate the morphological, topographic,
and internal structural characteristics of the as-prepared
PEG-CS, SEM analysis was performed. The SEM images
shown in Fig. 2C-F reveal that the PEG-CS is porous in
nature, where the pores provide sites for the attachment of
the loaded drug [41]. Moreover, the images also show that
the cross-linking of the CS inside the hydrogels was not
uniform, whether these were of the CS itself or even that
of PEGDA molecules. Due to this irregular cross-linking
of the polymers, the surfaces do not look uniform. Both the
virgin PEGDA and PEG-CS hydrogels had rigid surfaces,

Fig. 2 Digital photographs of
the PEG-CS; A wet form of
PEG-CS and B dried PEG-CS,
whereas C-F are the SEM
images of PEG-CS where C
PEG5:CS0, D PEG3:CS3, E
PEG3:CS5, and F PEG3:CS7,
G SEM images of prepared CS

Aa)

which is due to the random cross-linking process. Moreover,
there is also some debris shown on the surfaces of PEGDA
and PEG-CS that might be due to the accumulation of some
of the CS latexes on the surface of prepared PEG-CS. The
synthesis of the core—shell structure was confirmed by the
SEM analysis, as indicated in Fig. 2G. The magnified SEM
images in Fig. 2G further confirm the formation of a spheri-
cal structure. From the surface structure, it can be concluded
that the highly porous nature of the prepared hydrogel makes
it a suitable candidate for the loading of a large number of
drug molecules. Thus, these hydrogels can be efficient mate-
rials in the biomedical field.

3.2 Fourier transform infrared (FTIR) spectroscopy
of the PEG-CS

Figure 3A represents the FTIR spectra of the as-prepared
PEG-CS. All the PEG-CS have almost similar peaks with
very slight variations in the wavelength ranges. This is
because all the PEG-CS have a similar composition, with
only a difference in the amounts of PEGDA and CS in each
PEG-CS. From the obtained spectra, it can be interpreted
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Fig.3 FTIR spectra of the fabricated PEG-CS prepared by the encapsulation of polyAMPS @BMA into the PEGDA matrix by the photo-initia-
tion polymerization reaction (A), TGA of PEG-CS (B), XRD of PEG-CS (C), pHzpc of PEG-CS (D), and the swelling ratio of PEG-CS (E)

that the functional groups of the components of the PEG-
CS showed their appearance. The peaks at 3352 cm™' rep-
resent OH, 2923 cm™! stands for CH, 1721 cm™! shows
C=0, 1190 and 1351 are for NH, 1039 cm~! is for SO,,
and 1082 cm™! shows the C-S bond of polyAMPS while the
peaks at 1726 cm™! show C=0 and 1240 cm™! indicates
the presence of BMA [41]. The peak at 2919 cm™! shows
CH,, 1638 cm~! indicates C=C, and 850 cm™! confirms
the presence of the CO functional group from the PEG [41].

3.3 Thermogravimetric analysis (TGA) of the PEG-CS

It is clear from Fig. 3B that three degradation stages were
observed in the TGA analysis for almost all the fabricated
PEG-CS. In the first stage, weight loss occurs at 40 to
150 °C, which is due to the loss of traces of water and other
volatile molecules from the PEG-CS. The second degrada-
tion stage occurs at 150 to 370 °C, which is due to the loss
and or degradation of sulphonic acid groups and PEG chain
in the form of SO,, SO; CO, and CO, from both control
PEG and PEG-CS hydrogels [42]. The third degradation
stage happens at 370 to 500 °C that is due to the depolym-
erization, de-esterification, and denaturation of the poly-
meric shell of polyAMPs and BMA cores of the PEG-CS
and PEGDA hydrogels [42]. Virgin PEGDA hydrogel shows
slightly lower thermal stability as it losses water moieties
earlier at 130 °C, followed by 50% degradation at 350 °C
and then at 450 °C; almost 95% of weight loss occurs that
is due to the presence of control PEGDA molecules are
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cross-linked with each other and break at a lower tempera-
ture due to lack of CS as support [43]. From Fig. 3B, it can
be observed that the thermal stability of the PEG-CS hydro-
gels for all composite hydrogels is high, which is due to the
possible hydrogen bonds present between the PEG and poly-
AMPS molecules at the surface of CS as well as between
sulfate groups and double bond of PEGDA [44]. From all the
data of TGA analysis, it can be said that the incorporation of
PEGDA with CS latex of polyAMPS @BMA makes the net
composite hydrogel (PEG-CS) thermally more stable, which
shows their strength of bonding with each other. Among
the various types of PEG-CS prepared, the one containing
the larger amount of CS latex had slightly higher thermal
stability. The high thermal stability of the CS-incorporated
hydrogel suggests that these cannot be degraded easily even
at a higher temperature.

3.4 X-ray diffraction analysis of the PEG-CS

The XRD patterns of all the synthesized composite hydro-
gels (PEG-CS) were evaluated for structural elucidation
(Fig. 3C). The peaks at 5.42°, 12.1°, 18.14°, and 20.64°
clearly show the amorphous nature of the fabricated hydro-
gels [45, 46]. There are also very small peaks in the range
of 30 to 43° that indicate the crystalline nature to a very
smaller extent. There is a significant difference between the
peak intensities of the virgin PEGDA hydrogel and PEG-CS
hydrogels. PEGDA hydrogel has peaked at 19 to 21° with
high intensity, showing a highly crystalline nature. As the
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CS was incorporated, the intensity of these peaks decreased,
which shifted the PEGDA hydrogel to more amorphous
nature; however, the peak positions at 20 remained the same,
showing the cross-linking of PEG with CS. The crystallite
size for the prepared hydrogels was calculated through the
Scherer equation (Eq. 8).

_ Ki
B p cos O @)

where T is the mean particle size of crystallite, A is the wave-
length of the X-ray used, p is the full width at half maximum
(FWHM), 6 is the angle, and K is a dimensionless shape
factor.

After applying Eq. (8), it was found that the mean crystal-
lite size of the control PEGDA hydrogels was 30 nm, while
for the rest of the fabricated composite hydrogels, PEG-CS,
the mean crystallite size was found to be less than 25 nm.
From the calculations, it can be said that the control PEGDA
hydrogels have a slightly larger particle size, while PEGDA
hydrogels having the CS latex incorporated have a smaller
particle size, which makes them suitable candidates for high
amounts of drug loading. This decrease in crystal size made
available the hydrophilic groups in the polyAMPS chain of
the hydrogels. Due to this reason, the drug loading in PEG-
CS can be achieved at a higher value than control PEGDA
hydrogels.

3.5 Zero-point charge (pHzpc) and swelling ratio
of the PEG-CS

The pHzpc result of the hydrogel is given in Fig. 3D. The
CS latex is composed of polyAMPS, and its shell contains
BMA as its core part. The surface of this composite con-
tains many sulphonate groups containing oxygen on all
sides. Oxygen being an electron-rich species, can easily
provide it to any of the electron-deficient atom and shifts
to cationic form. However, after pH 9 loses those species in
the basic media and becomes a negative ion. The pHzpc of
the hydrogel was found to be 9. At a pH lower than 9, the
hydrogel exists in its cationic form, while at a pH above 9,
it exists in anionic form.

The swelling behavior of all the synthesized hydrogels
is given in Fig. 3E. The swelling ability of the PEG-CS has
improved much compared to the virgin PEGDA hydrogel.
This improvement is due to the incorporated CS, which
increases the surface area and provides more hydrophilicity
to the PEG-CS compared to PEGDA hydrogel. Furthermore,
the lower swelling ability of virgin PEGDA hydrogels is due
to the regular and packed arrangement of molecules that
causes less surface area and the least number of hydrophilic
sites for the water to be attached to it [47, 48]. As the CS
latex is introduced into the PEGDA, it creates an opportunity

for water to adjust and bond with water due to the presence
of many sulfate groups of the polyAMPS of CS; hence, the
swelling increases to a greater extent. Moreover, increasing
the content of core—shell latex has a significant effect on the
swelling ability of CS latex with a higher swelling percent-
age [41, 49]. Along with chemical interactions, this high
swelling ability of the fabricated PEG-CS is responsible for
the loading and release of the drug.

3.6 Drug (ciprofloxacin) loading on the PEG-CS
and its controlled release studies

The loading percent of the drug ciprofloxacin onto the PEG-
CS at different times, pHs, and concentrations is given in
Fig. 4A-C, while the controlled release pattern of the loaded
drug is shown in Fig. 4D. It can be observed that control
PEGDA hydrogel has very low loading capacity, which is
due to lesser space available for the drug to accommodate
inside the hydrogel. It is due to the regular arrangement
of PEGDA molecules inside the hydrogels and the lower
number of sites available for the attachment of the drug.
However, as the PEGDA was incorporated with CS, the sul-
fate groups of the CS created the opportunity for the drug
to be attached to it through hydrogen bonding. The PEG-
CS hydrogels with a lower quantity of CS latex contain a
smaller number of active sites available for the attachment
of the drug than those containing a higher ratio of CS latex.
Figure 4A indicates that the loading efficiency for all the
PEG-CS hydrogels reached the maximum value of 172 to
261 mg/g until 8 h, and after that, there was no significant
increase in the loading of the drug, which is due to the
achievement of equilibration.

The pHzpc data of hydrogels (Fig. 3E) show that these
are in cationic form at pH less than 9, while these exist in
the anionic form above 9. According to Taghavi et al. [50],
ciprofloxacin has pka of 6.1 and 8.7, which shows that it
exists as a zwitterion in this range. The loading amount of
313 mg/g for control PEGDA hydrogel and 417 mg/g for
PEG-CS hydrogel at pH 8 is due to the interaction of positive
hydrogel molecules and zwitterion ciprofloxacin molecules.
Below pH 9, both the hydrogels and drug have a negative
charge, and above pH 9, both show a positive charge. This
similar charge causes repulsion between both components
in the solution, and hence a low amount of loading takes
place. The data of the drug loading at different pH is shown
in Fig. 4B and is in agreement with pHzpc data.

The amount of drug loading was also studied based on the
concentration of the drug solution used. It is evident from
the obtained data shown in Fig. 4C that the increase in the
concentration of the drug causes an increase in the loading
of the drug. As the concentration of the drug is increased,
the amount of drug loaded reaches a maximum value of
439 mg/g for pure PEGDA hydrogel and 660 mg/g for
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Fig.4 Loading and release study of ciprofloxacin using the fabricated
PEG-CS prepared by the encapsulation of polyAMPS@BMA into
the PEGDA matrix by the photo-initiation polymerization reaction.
Whereas A—C are at different times, pHs, and concentrations of the

PEG-CS hydrogel. This increase is possibly due to a large
number of drug molecules available for attachment with the
hydrogel particles. The PEG-CS contains a large number
of hydrophilic chain ends, which trap the drug molecules
with it and thus increase the chances of loading. Moreover,
it can be seen from Fig. 4C that the drug loading is slightly
increased when the drug concentration reaches 30 ppm, and
after the increase is almost negligible, which gives a clue of
the equilibrium between the drug and hydrogels.

The virgin PEGDA and all the fabricated PEG-CS hydro-
gels were studied for the controlled release of the drug at
37 °C in the presence of a phosphate-saline buffer of pH
7.4. Figure 4D shows that all the PEGDA hydrogels had
similar drug release patterns with minor differences due to
their basic structural resemblance. In all the cases, the drug
release reached 80% after 24 h. The slight differences in
the release of the drug for each composite hydrogel are due
to the higher content of loading in the composite hydro-
gels, having a higher content of CS latex incorporated. A
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ciprofloxacin solution, respectively, and D represents the controlled
release pattern of the loaded drug from the PEG-CS in the phosphate-
saline buffer at 37 °C

similar pattern of controlled release of the drug has also
been reported previously [51, 52].

3.7 Evaluation of equilibrium isotherms
for adsorption on PEG-CS

The data of adsorption of ciprofloxacin on the as-prepared
PEG-CS was further used to analyze the Langmuir and Fre-
undlich isotherms, as shown in Table S2. The data for equi-
librium isotherms and their values for loading of ciprofloxa-
cin on PEG and PEG-CS hydrogels is shown in Table S3.
Isotherms normally show us the interaction between drug
and hydrogel composite. Langmuir adsorption involves mon-
olayer loading of the drug on the homogenous surface of the
hydrogel. This model suggests that the surface of PEG-CS
has a uniform and a finite number of active sites for the
attachment of the drug. The loading of the drug is a favora-
ble process ensured by the value of R?, which is equal to 1
[53]. Moreover, the value of » in the Freundlich is less than
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1, which shows that the loading of the drug does not follow
the Freundlich isotherm and satisfactorily follows the Lang-
muir isotherm [54].

3.8 Evaluation of drug release study by applying
the Korsmeyer—Peppas equation

The Korsmeyer—Peppas equation (Eq. 9) was applied to the
data obtained for drug release investigation.

_ <

0

D = Ktn 9)

where P is the accumulative drug release percentage, Q, and
Q, are the amounts of drug released into the dissolution
medium at time (¢) and time (0), respectively, and K and n
are the two constants. The values of “n” describe the char-
acteristic of the drug release mechanism [55].

As we know from previous knowledge, the value of “n”
gives us information about the drug release mechanism.
According to the previous knowledge, the value of “n” less
than 0.45 indicates that drug release follows the diffusion
mechanism, while higher than 0.90 indicates that drug
release follows the erosion mechanism. However, a value in
the range of 0.45 to 0.90 shows that drug release is the com-
bination of both diffusion and erosion mechanisms [36, 56].
According to the results in Table S4, the value of “n” is in
the range of 0.5 to 0.6, showing that the release of the drug
followed a complex mechanism in which both the erosion
and diffusion processes are involved. In a more conclusive
form, we can say that the release of the drug was due to the
irregular and nonuniform cross-linking of the core shell with
each other through PEG and the highly swelling capability
of the network formed in the hydrogel. These results suggest
that the prepared composite hydrogel PEG-CS can be used
for the effective sustained release of the drugs.

4 Conclusions

In the present study, we successfully fabricated the hydro-
gels of virgin PEGDA and PEG-CS through free radical
polymerization. The fabrication was confirmed by differ-
ent analytical techniques, including SEM, FTIR, and XRD
analyses. The thermal stability and swelling ratios of the
PEG-CS hydrogels were higher than virgin PEGDA hydro-
gels. The swelling ratio was found to be 130% for virgin
PEGDA hydrogel, while for PEG-CS composite hydrogel
was 225%. Furthermore, ciprofloxacin was used as a model
drug to investigate the loading efficiency of PEG-CS at dif-
ferent pHs, times, and concentrations. Maximum loading
was found at pH 8 and a time of 8 h, while it increased with
an increase in the concentration of the drug in the solution.

The drug-loaded hydrogels were further studied for a con-
trolled release study of the loaded drug at pH 7.4 and 37 °C,
and it was found that the release occurs slowly, up to 80% in
24 h. From all the data, it can be said the PEG-CS composite
hydrogel, having a high amount of CS latex, is an efficient
drug delivery system that can be applied to control the load-
ing and release of the drug.
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