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Abstract
As pharmaceutical carrier materials having antibacterial and pH-sensitive properties, hydrogels have great potential for clinical
applications. Alginate based hydrogels were designed as an oral drug carrier and investigated for the drug release study in
biomedical fields especially the colon-targeted system. Structural changes of synthesized hydrogel have been characterized using
Fourier transform-infrared spectroscopy (FT-IR), scanning electron microscopy (SEM) and thermogravimetric analysis (TGA)
devices. Hydrogels have been studied for their water absorption behavior under the influence of various monomer compositions
and changing ambient conditions such as salt, pH and temperature. In this study, diclofenac sodium was used as a model drug to
investigate the in vitro release behavior at simulated intestinal (pH 7.0) and gastric fluid (pH 1.2). Lastly, the antibacterial effect of
hydrogels and drug-loaded hydrogels was characterized using a disc diffusion method against Gram-positive and Gram-negative
bacteria. The suitability of controlled drug release for the use of these new hydrogels in the pharmaceutical and biomedical field
has been investigated and our results have shown that the produced hydrogels are promising materials for developing pH-
controlled drug delivery devices like capsules for oral use.
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Introduction

Hydrogels are crosslinked network structures that have the
ability to hold water by swelling in aqueous media due to
the presence of hydrophilic groups like carboxyl groups, sul-
fonic acid groups and hydroxyl groups while preserving their
three-dimensional structure. Their flexible and soft structures
can mimic extracellular matrices which explains the large bio-
medical interest in hydrogels. In addition to chemical
crosslinking of hydrogels, physical crosslinks may form with
noncovalent interactions (like hydrophobic or ionic interac-
tions, hydrogen bonds) between polymeric chains [1–5].

Additionally, hydrogels can contain groups in their structure
with sensor properties. Due to these groups in the structure,
they respond to a variety of changes occurring in the environ-
mental conditions like pH, temperature, ionic power, light,
electrical andmagnetic fields with adjustable physicochemical
properties like swelling/shrinking, degradation and permeabil-
ity in short periods of time. These types of polymers are called
‘smart polymers’ or ‘stimuli-responsive polymers’ [6–8].

If one of the polymers with different properties contains
crosslinks, while the other does not, these are called semi-
interpenetrating polymer networks (semi-IPN). Here, with
the aim of changing the features of polysaccharide-based
hydrogels playing a primary role due to biocompatibility and
overcoming the disadvantages of single polymer networks, it
is possible to obtain multicomponent polymer materials with a
variety of developed features. Thus, hydrogels gain properties
increasing gel strength like better thermal stability, mechani-
cal features and chemical resistance, in addition to including
structures that can increase the water absorption and salt re-
sistance of the hydrogel, ensuring the materials obtained
meet all requirements for performance in humans [9–11]. In
recent times studies have beenwidely performed about the use
of semi-IPN polysaccharide hydrogels in many important bio-
medical and pharmaceutical fields especially as drug/protein
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delivery systems, in addition to as scaffolds for skin, cartilage,
bone and cartilage tissues in tissue engineering [12–19].

Controlled drug delivery systems were developed to over-
come the limitations of regular medication formulations. The
perfect features of semi-IPN hydrogels for controlled and
targeted drug administration applications have led them to
be the perfect choice due to providing important advantages.
Due to porous structures, hydrogels are very permeable for
different drug types and as a result can be easily loaded with
these drugs. In appropriate conditions, drug release occurs
with the desired kinetics in a certain active region with phys-
ical stimuli like pH and temperature [20–25].

Among polysaccharides, alginate is obtained as polymer in
nature in brown marine algae and some bacteria. It has flat
chain molecular structure and the structure contains an anionic
natural macromolecule comprising (1→ 4) linked β-D
mannuronic acid and α-L-guluronic acid units. Due to advan-
tages like the relatively low cost of creation, and its nontoxic,
biologically compatible and biologically degradable nature,
Na-alg is one of the polysaccharides most commonly chosen
for hydrogel design. As a result, many studies have been per-
formed with Na-alg-based hydrogels especially in pharmacol-
ogy as drug delivery devices [26–29]. Dadfar et al. prepared
semi-IPN of sodium alginate, N-isopropylacrylamide and N-
ethylmaleamic acid and used this hydrogel for controlled re-
lease of doxorubicin hydrochloride as a model anticancer drug
in a drug delivery system [30]. Zhang et al. synthesized one
IPNwith polyvinyl alcohol and sodium alginate, adopting two
physical crosslinking methods of Ca2+ crosslinking and freez-
ing thawing, and used composite hydrogels for controlled re-
lease of bovine serum albumin and salicylic acid [31]. Khalid
et al. obtained crosslinked sodium alginate-graft-poly(acrylic
acid) pH sensitive hydrogels for controlled delivery of
loxoprofen sodium hydrate in release studies. Maximum
swelling, drug loading and release profiles for these hydrogels
were observed at pH 7.4 [32].

PVA is a water-soluble synthetic polymer which includes
high chemical and mechanical strength, transparency, good
biocompatibility, biodegradability and good film-forming
ability among its unrivalled features [33]. The cationic mono-
mer of 3-[(methacryloylamino) propyl trimethylammonium
chloride] (MAPTAC) and anionic monomer of methacrylic
acid (MA) are commonly chosen for preparation of polymers
responsive to pH stimuli [34, 35]. Again, hydrogels based on
2-hydroxyethyl methacrylate (HEMA) copolymers are com-
monly used in biomedical applications [36].

The main theme of this study is to develop and characterize
semi-interpenetrating polymer network hydrogels by
adjusting the physical and biological properties of the biode-
gradable and biocompatible alginate with surface
functionalization with the aid of monomers containing a vari-
ety of functional groups like HEMA, MAPTAC andMA. Na-
alg and derivatives are among promising candidates for the

preparation of networks ensuring continuous drug release.
These new systems were researched for suitability to con-
trolled drug release for use in pharmaceutical and biomedical
fields.

Materials and methods

Materials

Important materials used during synthesis of the hydrogel of
this study are as follows: [3-(methacryloylamino)propyl]
trimethylammonium chloride (here MAPTAC) (50 wt.% in
H2O) as a major monomer, methacrylic acid (here MA)
(99%) as a major monomer, 2-hydroxyethyl methacrylate
(HEMA) ( 9 7% ) a s a m i n o r mon ome r , N ,N ′ -
methylenebisacrylamide (here, MBA) (99%) as a crosslinker,
ammonium persulfate (APS) (98%) as a initiator, and N,N,N
′,N′-tetramethylethylenediamine (TEMED) (99%) as an accel-
erator obtained from Sigma-Aldrich (Steinheim, Germany).
Polyvinyl alcohol (PVA) with molecular weight
31,000 g/mol as a stabilizer was obtained from Carl Roth.
Alginic acid sodium salt (Na-alg) from brown algae was a
white to light beige powder and was obtained from Carl
Roth (Karlsruhe, Germany). Amoxicillin (here AMX,
˃90%), trimethoprim (here TMP, 99%), scolapamine
hydrobromide trihydrate (here Sco, 99%), and diclofenac
sodium (here Dc, 98%) as model drugs were purchased
from Sigma-Aldrich and Acros Organics. Tryptic soy broth
(TSB) and tryptic soy agar (TSA) were purchased from
Merck. All other materials were of analytical grade and
were used without additional purification. Distilled water
was used all experimental studies.

Synthesis of semi-IPN hydrogels

The natural polymer of 2.0% (w/w) aqueous Na-alg solution
was mixed for 1 day with a magnetic stirrer at 25 °C. With the
aim of chemical stability, 5.0% (w/w) aqueous polyvinyl al-
cohol (PVA) solution was stirred for 2 h with a magnetic
stirrer at 95 °C.

For the synthesis of H1 hydrogel, in brief; 0.024 g (0.8%
wMBA/wmonomer) MBA as a crosslinker were added to the
prepared polymer solution containing 1.0 g HEMAmonomer,
1.0 g MAPTAC monomer, 1.0 g MA monomer, 5.0 g Na-alg
solution, 1.0 g PVA solution and 2.0 g distilled water, and the
resulting polymer mixture was stored between 30 and 40 °C.
Nitrogen gas was used to remove any dissolved oxygen by
cleaning the polymer mixture for about 10 min. Finally, to
initiate polymerization, 0.5 mL (0.8% wAPS/wmonomer) initia-
tor and 100 μl TEMED added to the continuously mixed
mixture. The prepared solution was placed in cylindrical plas-
tic straws with diameter 0.8 cm and left in a water bath for 4 h
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at 60 °C for crosslinking. Later, the polymer samples with
crosslinking completed were cut to cylinders with 5.0 mm
length and washed with water for two days to remove water
soluble oligomers, uncrosslinked polymer and unreacted
monomers in the hydrogel. After completing the washing pro-
cedure, hydrogels were dried in air. The polymeric samples
were stored for later use. Table 1 summarizes the composition
of the other synthesized hydrogels.

Swelling capacity studies

The swelling behavior of the stimulus sensitive hydrogel is
very important as it can predict the release pattern of the hy-
drogel discs. Hydrogel pieces in the shape of a cylinder with a
mass of about 45 mg, with lenght of 4 mm and diameter of
5 mm, were used for swelling studies. The swelling capacity
of the obtained semi-IPN hydrogels in different media was
investigated with gravimetric analysis and swelling capacity
(S) was calculated as gwater/ggel using Eq. (1). When measur-
ing swelling capacity, excess water was removed from the
hydrogel surface with filter paper and then measured at certain
time intervals.

Md and Mt represent the dry mass of the hydrogel before
swelling and the mass of the hydrogel measured at certain
times after swelling, respectively.

S ¼ Mt−Mdð Þ=Md ð1Þ

pH 1.2 solution (SGF): 0.034 M NaCl, 3.3 ml of HCl
(37%) in 500 mL of deionized water.

Phosphate buffer saline (PBS) solution (SIF, pH 7.0):
0.034 M NaCl, 2.5 g of KH2PO4. H2O, 4.29 g of
Na2HPO4.2H2O in 500 ml deionized water.

Yield, gel fraction and sol-gel fraction of the hydrogel

Yield of hydrogel, amount of crosslinked polymer known as
gel fraction and amount of uncrosslinked polymer known as
sol-gel fraction were investigated with gravimetric analysis
and calculated using Eq. (2).

Yield% ¼ Mc=Mix100 ð2aÞ

Gel fraction% ¼ Md=Mcx100 ð2bÞ

Sol−gel fraction% ¼ 100−gel fraction% ð2cÞ

Mi, Mc and Md are the total mass of all the compounds
added during hydrogel synthesis, the mass of dried hydrogel
without any pretreatment after synthesis, and mass of the dried
hydrogel after removal of components not involved in the
synthesis by washing, respectively [37].

Drug loading and drug release behavior studies

Dry semi-IPN hydrogels with 45 mg weight were submerged
in 45 ml 100 ppm aqueous diclofenac sodium (Dc) solution to
load the hydrogels with the drug. The concentration of drug
loaded was determined using a UV-Vis spectrophotometer
(T80+ UV/VIS Spectrometer, PG Ins. Ltd.). The following
equation was used to analyze the efficiency of drug loading
[38]:

drug load %ð Þ ¼ Total drug−free drug

Total drug
x100 ð3aÞ

Drug release from semi-IPN hydrogels was investigated at
physiologic temperature (37 °C) in media with different pHs
(pH 1.2 and pH 7.0). After drug loading into dry semi-IPN
hydrogels of 45 mg weight, they were left in 5 mL buffer
solutions. Once every hour the buffer solution was exchanged
with fresh solution and the drug concentration released from
hydrogels was measured using a UV spectrophotometer at
276 nm. The percentage drug release was calculated using
the following equation [38]:

drug release %ð Þ ¼ Released drug from hydrogel

Total drug in the hydrogel
x100 ð3bÞ

Antimicrobial activity studies

The antibacterial effect of semi-IPN hydrogels both loaded
with drugs and without was tested against the gram negative
bacterial strain of Escherichia coli (E. coli, ATCC 8739) and
gram positive bacterial strains of Bacillus subtilus (B. subtilus,
DSM 347) and Staphylococcus aureus (S. aureus, ATCC

Table 1 The synthesis compositions of hydrogels of Na-alg/PVA/p(MAPTAC-co-HEMA-co-MA)

Hydrogel Code Na-alg (%2 w/w) (g) PVA (%5 w/w) (g) MAPTAC (g) MA (g) HEMA (g) MBA (g) H2O (mL) Temed μL

H1 5 1 1 1 1 0.024 2 100

H2 5 1 2 1 1 0.032 2 100

H3 5 1 1 2 1 0.032 3 100
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6538) with the agar-disk diffusion experiment. In this method,
bacteria are seeded on 15 mL TSB agar and incubated over-
night at 37 °C. The bacterial culture (100 μL) is poured on the
center of TSA plates and evenly spread with the aid of sterile
beads. Before hydrogel disks cut into equal sizes are placed on
the agar plates, the hydrogels were sterilized for 15 min with a
UV lamp. Later the petri dishes were incubated overnight at
37 °C. The next day, the radius (= (total diameter-hydrogel
diameter)/2) of the inhibition zone around samples after incu-
bation was measured with a ruler in cm.

Instrumental characterization

In order to obtain information about the surface features of
samples, they were analyzed with a 15 kV JEOL 7100-EDX
scanning electron microscope (SEM). For SEM analysis,
swollen hydrogels were cut into a thin film and then films
were freeze-dried. Finally, then samples were coated with
gold/palladium (80/20).

Structural characterization of the prepared hydrogels was
completed with Fourier transform-infrared spectroscopy (FT-
IR). Measurements were made with a Perkin Elmer 100

spectrometer with ATR device with 16 scans, 4 cm−1 resolu-
tion and 4000 to 650 cm−1 screening intervals.

The thermal characteristics of the hydrogels were deter-
mined with a Perkin Elmer TGA 8000 device. For this, TG
curves were measured in N2 environment, 30–1000 °C tem-
perature intervals at 10 °C/min heating rate.

Results and discussion

Synthesis and characterization studies

In the synthesis process of the novel semi-IPN hydrogel, free-
radical copolymerization of MA, HEMA and MAPTAC
monomers in the presence of Na-alg using MBA as a cross-
linker under a nitrogen atmosphere and penetration of PVA
chains into the hydrogel network occurred simultaneously in
an aqueous solution. The plausible reaction mechanism is
shown in Fig. 1. The penetration of PVA chains into the poly-
meric matrix can significantly increase the chemical resistance
and mechanical strength of the network due to the additional
hydrogen bonding interactions [33]. A digital photograph of
the synthesized hydrogels (Na-alg/PVA/p(MAPTAC-co-

Fig. 1 Schematic representation
of the formation of semi-IPN
hydrogels and chemical structures
of components forming hydrogels
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HEMA-co-MA)) in their dry and water-swollen form is given
in Fig. 2. Here, H1 is soft and opaque, H2 is soft, brittle and
transparent, and H3 is hard and opaque. The structure of the
semi-IPN hydrogel was characterized by SEM, FT-IR and
TGA devices, and swelling studies. The effect of various pa-
rameters such as temperature, time and pH of the medium on
swelling ability was studied.

The gel fraction %, sol-gel fraction % and yield % were also
calculated and the results are presented in Fig. 3 for obtained
hydrogels. Determining the amount of crosslinked and
uncrosslinked polymer in the hydrogel is one of its precursors
for hydrogel synthesis. For this, gel and sol-gel fraction analyses
were done. It was found that hydrogels were obtained with high
yield and gel fraction. The results were calculated as about 84, 80
and 76% in the gel fraction of hydrogels at the highest H3, the
second-highest H1 and at least H2, respectively. Figure shows
that as the amount of MA in the composition of the hydrogel
increases the gel fraction also increases. This may be due to the
intermolecular H-bond. For the synthesis process, it can be said
that the reactants in the feed polymer mixture provide effective
active sites for the free radical polymerization reaction and the
crosslinking reaction is highly effective.

The internal morphology of freeze-dried swollen semi-IPN
hydrogels is shown in SEM photographs in Fig. 4(a-c). As
seen in the figure, all semi-IPN displays linked porous struc-
tures. The mean pore size in semi-IPN hydrogels appeared to
be larger in H2 and H1, and smaller in H3. This tendency may
be related to the swelling capacities of semi-IPN hydrogels
discussed below. The increase in MA ratio in the H3 hydrogel
increased the carboxylic acid groups acting as the source of H-
bonds in the network structure. Thus, the hydrophilicity of the
hydrogel network reduced and this caused a reduction in water
content and limited the migration of water into the network
structure. This result also shows the pore sizes in the obtained
semi-IPN hydrogels can be adjusted by changing the mono-
mer composition ratios. Hydrogels with adjustable pore struc-
tures allow drug-holding efficacy and settable drug release

rates. Additionally, large pores ease solvent intake and make
spread of the content easier.

Figure 5 shows the FT-IR spectra for semi-IPN hydrogel, Na-
alg and other components forming the network structure. The
band positions of a variety of functional groups in Na-alg,
PVA, MAPTAC, HEMA andMA display displacements occur-
ring linked to electrostatic interactions in the FT-IR spectrum of
the semi-IPN hydrogel. The peaks at 1482 cm−1 and 965 cm−1

are attributed C-H symmetric bending of the methyl groups of
quaternary ammonium in MAPTAC and the C-N stretching vi-
bration of MAPTAC [34]. The peak around 1707 cm−1 was
assigned to the C=O stretching vibration of HEMA, MAPTAC
and MA. A characteristic peak of Na-alg was represented at
1169 cm−1 which indicates glycosidic linkage in its polysaccha-
ride structure [39]. Polymerization was also proven by the pres-
ence of strong bands at 2930 cm−1 corresponding to the -OH
stretching of PVA. Due to the obtained results, the prepared
alginate-based semi-interpenetrating polymeric network structure
hydrogel was shown to have been successfully obtained.

The TGA curves for Na-alg and semi-IPN hydrogels are
given in Fig. 6. The TGA curves for Na-alg and semi-IPN
hydrogels display three main degradation stages. The water
content of Na-alg and semi-IPN hydrogels (16.3% and 9.7%,
respectively) was identified in the weight loss between 30 and
172 °C. Here, humidity is considered to be the total of water
remaining in the sample structures in spite of drying before the
procedure and water taken from the environment due to the
hydrophilic property of the structures. From the TGA thermo-
grams in the interval from 172 to 620 °C, the formation of
main products of degradation of Na-alg was due to depoly-
merization of Na-alg. For semi-IPN hydrogels, 22% weight
loss occurred in the interval 175–364 °C while 68% weight
loss occurred from 365 to 500 °C. These are considered to be
due to depolymerization of Na-alg and degradation of copol-
ymers in the structure, respectively. It was observed that no
notable weight loss occurred after 500 °C. When the

Fig. 3 Effect of hydrogel compositions (H1, H2, H3) on the yield % or
gel fraction % and sol- gel fraction %

Fig. 2 Digital photograph of dry and swollen semi-IPN hydrogels (a) H1
(b) H2 (c) H3

Page 5 of 11     251J Polym Res (2020) 27: 251



temperature reached 800 °C, the hydrogel had lost 99.7% of
its initial weight. For natural Na-alg, the curve from 620 to
800 °C may be linked to mild mass loss and partial degrada-
tion of interval sodium carbonate which led to formation of
carbon dioxide and sodium oxide [40]. The TGA results show
the formation of semi-IPN between Na-alg and other com-
pounds. The thermal stability of semi-IPN samples was ob-
served to increase.

Figure 7 shows the effect of different crosslinker ratio on
swelling capacity of semi-IPN containing MBA crosslinker.
The results show that increasing crosslinker density caused re-
duced swelling capacity of H1 hydrogel. The reason for this is

Fig. 4 SEM photograph of
freeze-dried swollen semi-IPN
hydrogels (a) H1 (b) H2 (c) H3

Fig. 5 FT-IR spectra of semi-IPN hydrogel and hydrogel-forming
components Fig. 6 TGA curves of (a) Na-alg and (b) semi-IPN hydrogel (H1)
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that as the amount of crosslinker increases, the interval between
polymer chains reduces; thus, the hydrogel structure forms a
denser network and absorbs water less [41]. Additionally, for
similar crosslinking situations, H1, H2 and H3 hydrogels were
prepared with fixed amounts ofMBA. For this theMBA amount
(according to monomer ratio) was chosen as 0.8%.

According to Fig. 8, all hydrogels were observed to have
significant differences in swelling capacities. Semi-IPN
hydrogels containing MAPTAC, which is more hydrophilic
than MA, are expected to have increased swelling capacity

due to increased MAPTAC amounts. As a result, as the num-
ber of hydrophilic groups increases, the swelling capacity in-
creases. In Fig. 8, the H2 gel with highest MAPTAC ratio has
highest swelling capacity, while H3 gel with higher MA ratio
has lowest swelling capacity due to strong hydrogen bond
formation between carboxylic acid groups and hydroxyl
groups in the network structure. With the increase in
MAPTAC concentration, looser hydrogel networks with
higher swelling values were obtained.

There is benefit to knowing the swelling behavior in solutions
to more clearly understand the drug loading and releasing behav-
ior and to investigate the swelling ability of hydrogels in difficult
environments like the stomach and intestines. As a result, the
swelling behavior of H1, H2 and H3 semi-IPN hydrogels were
investigated in distilled water, simulated gastric fluid (SGF:
pH 1.2) and simulated intestinal fluid (SIF: pH 7.0). The addition
of NaCl (0.034 M) is to preserve the fixed ionic strength of the
buffer solutions. In accordance with controlled drug release,
swelling media were studied at 37 °C.

Figure 8 shows the swelling capacity of crosslinked
hydrogels in pH 1.2 and pH 7.0 media reduced compared to
distilled water with the addition of salt to the solution media.
The reason for this is due to the increase in concentration
difference between mobile ions in the polymer gel and exter-
nal medium. The quaternary ammonium groups belonging to
the cationic monomer of MAPTAC in the H1 hydrogel net-
work form electrostatic repulsion in pH 1.2 media, and elec-
trostatic repulsion between the anionic Na-alg and ionized

Fig. 7 Swelling capacity of the semi-IPN hydrogel (H1) against the vary-
ing crosslinker ratio

Fig. 8 Swelling capacity of the
semi-IPN hydrogel (a) H1, (b)
H2, (c) H3 against the time at
different media (□ = pH 1.2; Δ =
pH 7.0; ◊ = distilled water)
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carboxylic groups due to MA occurs in the pH 7.0 medium
and thus, the network structures swell (Fig. 8). In pH 1.2 me-
dium with the increase in MAPTAC content in the hydrogel,
the H2 gel swells more compared to the pH 7.0 medium (Fig.
8). This is because at pH 1.2 the increase in quaternary am-
monium groups in the hydrogel increases electrostatic repul-
sion between polymer chains and expands the hydrogel struc-
ture causing increased swelling. In the pH 7.0 medium, with
the increase in MA content in the hydrogel the H3 hydrogel
swells more than in the pH 1.2 medium (Fig. 8). In MA car-
boxylate ions in the carboxylic acid group ionize at pH values
higher than the pKa (4.83) value [42]. Thus, with the increase
in carboxylic groups due to Na-alg and MA in the hydrogel,
the electrostatic repulsion causing expansion of the network
structure increases. This increases the swelling of the gels.

Figure 8 shows that initially water absorption of dry semi-
IPN hydrogels increases with time. At the end of 24 h, the
equilibrated hydrogels have maximum swelling capacity (g-

water/ggel) of 38 for H1, 140 for H2, and 1.86 for H3.
The effect of temperature on capacity of swelling is shown

in Fig. 9. The swelling capacity at 25 and 37 °C is nearly the
same. This may be due to the complicated behavior of com-
pounds contained in semi-IPN hydrogels.

Accordingly based on the best mechanical resistance and
swelling capacity evaluations for behavior displayed by
hydrogels in swelling media, H1 was chosen for drug loading
and drug release studies.

Drug loading and release studies

Diclofenac sodium (Dc) is a nonsteroidal anti-inflammatory drug
used for treatment of mild-moderate pain. Here, semi-IPN
hydrogels with different functional groups were designed to
check the efficacy of drug loading and release of the drug in
media. For this strategy, the quaternized ammonium groups from
MAPTAC monomer in the semi-IPN hydrogel (H1) network
structure form electrostatic interactions between drug and net-
work structure. Together with physical interactions between
functional groups in the network structure of semi-IPN hydrogels
and drug molecules, hydrogen bond interactions especially con-
tribute to encapsulation [43]. Thus, high affinity interactions are

obtained increasing the efficiency of drug loading. Using the
swelling-diffusion approach, drugswere loaded into the hydrogel
matrix from aqueous solutions at neutral pH. The drug loading
capacity for semi-IPN hydrogels was calculated as 22.8%.

Figure 10 shows the cumulative drug release profiles for
semi-IPN hydrogel (H1). In vitro release experiments were
completed in simulated intestinal fluid (SIF, pH 7.0) and sim-
ulated gastric fluid (SGF, pH 1.2) at 37 °C. As described in the
figure, there was 4.5% release of diclofenac sodium from
semi-IPN hydrogels at pH 1.2 in the first three hours and
95% release at pH 7.0 at the end of twenty hours. In acidic
medium the drug release from the hydrogel was limited. This
limitation may be linked to low swelling due to lack of ioni-
zation of carboxyl groups in the H1 hydrogel network struc-
ture in acidic media, and to low solubility of the drug in acidic
media (pKa 4.6) [44, 45].

When the medium pH is 7.0, the drug release from semi-
IPN hydrogels was clearly observed. The reason for this is that
as pH value increases, the swelling due to ionization of car-
boxyl groups in the network structure benefits release of the
loaded drug. In this situation, drug molecules are easily re-
leased and spread through the medium and rapid release may
occur. At pH 7.0 an initial release effect was observed. This

Fig. 9 Semi-IPN hydrogels
swelling capacity against distilled
water, pH 1.2 and pH 7.0 at (a)
25 °C and (b) 37 °C

Fig. 10 Time dependent percentage drug release curve for semi-IPN
hydrogels (H1) at pH 1.2 and pH 7.0 at 37 °C
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may be linked to the diffusion of the drug resulting from rapid
swelling of the surface of the gel matrix and additionally, rapid
dissolution of drug directly adsorbed towards the surface of
the gel matrix in the medium [45].

The results show this carrier displays ideal features for
release of negligible amounts of Dc in the stomach and release
of effective dose amounts in the intestinal environment when
administered by the oral route. Semi-IPN hydrogels with 1/1/1
monomer ratio offer a suitable controlled release profile and
we identified that Dc release can be controlled by simply
adjusting the pH value.

Antibacterial studies of semi-IPN hydrogels

Materials displaying antibacterial properties are important in
biomedical research due to effective inhibition of bacterial
infections. The antibacterial efficacy of semi-IPN hydrogels
containing different MAPTAC/HEMA/MA ratios with con-
trolled release profile and drug-loaded semi-IPN hydrogels
were tested against select microorganisms (E. coli, B. subtilus,
S. aureus) with the disk diffusion method. Antimicrobial ac-
tivities of all samples reported and the digital photographs are
shown in Fig. 11 with zone radii presented in Table 2. For all
tested microorganisms, the semi-IPN hydrogel not including
any antimicrobial agent used as control had no obvious inhi-
bition zone around the disk. The effect of the hydrogel

Fig. 11 Digital photographs of
antimicrobial activity tests of
drug-loaded and unloaded semi-
IPN hydrogels (a) Schematic
representation of the test applica-
tion for control disc, H1, H2 and
H3 hydrogels (top to bottom), for
the bacteria applied (b) E. coli. (c)
B. subtilus (d) S. aureus

Table 2 The inhibition zone radius (cm) of hydrogels and drug-loaded
hydrogels

Sample E. coli B. subtilus S. aureus

H1 – 0.5 –

H1/AMX 1.0 1.3 2.4

H1/TMP 1.6 1.3 1.1

H1/Sco 0.5 0.6 –

H2 – 0.5 –

H2/ AMX 0.9 2.5 2.0

H2/TMP 2.3 1.3 1.5

H2/Sco 1.8 0.6 0.6

H3 – – –

H3/ AMX – 1.0 1.1

H3/TMP 1.1 0.9 0.9

H3/Sco – – –
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remained limited to the area of contact of the disk with the
surface and it was found to have its own antimicrobial activity.
This may be considered as proof that the obtained semi-IPN
hydrogels do not have harmful effects. The antibacterial ac-
tivity may be linked to the potential cationic MAPTAC
groups. Material containing quaternized ammonium was pre-
viously reported to have antimicrobial activity [46]. When
drugs enter the hydrogel composition, there is a very signifi-
cant effect on antibacterial activity. Three model drugs were
chosen for drug loading with different efficacy; the
antimuscarinic scopolamine, and the antibiotics trimethoprim
and amoxicillin. Addition of different drugs to the semi-IPN
promoted antimicrobial activity against all microorganisms.
The inhibition zones around the drug-loaded hydrogels were
observed to have high diameters independent of the mixture
components for all bacteria. As seen in the figure, it was con-
firmed that the majority of the three different bacterial types
were killed. The data is given in the table. Drugs released from
drug-loaded gels entered interactions with the active bacterial
nuclei preventing growth and finally causing death. As a re-
sult, the strong antimicrobial results for the newly-produced
semi-IPN samples show this material can be recommended for
potential use in the field of antimicrobial biomaterials.

Conclusion

In this study, pH-responsive semi-interpenetrating polymer
network hydrogels by adjusting the physical and biological
properties of the biodegradable and biocompatible alginate
with surface functionalization with the aid of monomers con-
taining a variety of functional groups like HEMA, MAPTAC
and MA were developed and characterized. The addition of
PVA and HEMA improved mechanical features and biocom-
patibility, targeting the provision of new polymers with better
physical and chemical properties. As a result of these changes
materials with new physicochemical features were obtained.
After comparison with different polymeric systems, these
new hydrogels formed new material with completely differ-
ent properties compared to the initial polymer of Na-alg.
These newly-obtained materials have thermal and chemical
resistance, can be stored in environmental temperatures and
additionally have low toxicity. Na-alg and derivatives are
among promising candidates for the preparation of networks
ensuring continuous drug release. We can suggest that these
new hydrogels can be well evaluated as an intelligent drug
release platform for pH controlled drug release, especially in
oral use.
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