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The present study aimed to prepare hydrogel based on polyvinyl alcohol (PVA) and gelatin (Ge) and 
characterization of PVA/Ge hydrogel for their potential use as a sustained drug delivery system. Polyvinyl 
Alcohol (PVA) and-Gelatin (Ge) were cross-linked using glutaraldehyde (GA) as a crosslinking agent and 
hydrochloric acid (HCl) as a catalyst. Different feed polymer ratio and crosslinking agent concentration 
were used to prepare a series of PVA/Ge hydrogels. The obtained PVA/Ge hydrogels were investigated 
for dynamic and equilibrium swelling studies. The effect of polymers ratio, degree of crosslinking and 
pH of the medium on swelling of PVA/Ge hydrogels was investigated. Furthermore, the values of diffu-
sion coeffi cient (D), volume fraction, polymer-solvent interaction parameter, molecular weight between 
crosslink and crosslink density were calculated. For swelling studies, 0.05M USP phosphate buffer solu-
tions of different pH (1.2, 5.5, 6.5 and 7.5) were used. For the drug release study, ciprofl oxacin HCl was 
loaded into selected samples as a model drug. The release of drug from these samples was performed 
for 12 hours in USP phosphate buffers of pH 1.2, 5.5 and 7.5. The release data from these samples were 
fi tted into various kinetic models like zero order, fi rst order, Higuchi and Peppas models to investigate 
the release mechanism. It was found that by varying the composition of PVA/Ge hydrogel and GA con-
centration, a signifi cant difference was observed in drug release kinetics. FTIR spectroscopy and X-ray 
diffraction were used for the characterization of hydrogels. PVA/Ge hydrogel showed sustained release 
of the model drug at various pH values suggesting its potential use as a sustained drug delivery system.
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INTRODUCTION

      Researchers from the fi eld of Pharmacy and pharmaco-
logy are keen to study biomaterials that have the potential 
for medical uses including pharmaceutical manufacturing, 
bioengineering, vaccines, and in preparation of different 
implantable drug devices. These biomaterials should 
be biocompatible, non-carcinogenic, non-immunogenic, 
nontoxic and should not cause any injury to tissue1–2. 
Since biomaterials are foreign in nature, the investigation 
of host response is important after administration for 
the estimation of biocompatibility. Among biomaterials 
studied, hydrogels are found highly biocompatible3.

Hydrogels may be defi ned as three-dimensional cros-
slinked network of copolymers or homo-polymers that 
when comes in contact with the aqueous environment 
result in water uptake and swelling. Due to their hydro-
philic nature, swelling in water, biocompatibility, and 
non-toxicity, they have been extensively used in various 
medical applications4. These hydrogels absorb water be-
cause of functional groups such as -CONH, -OH, –SO3H 
and -CONH2. These hydrogels can absorb huge amount 
of water (sometimes more than 90%) without being 
dissolved due to the crosslinks present in hydrogels5.

Different types of methods have been developed for 
hydrogel crosslinking. Glutaraldehyde (GA) can be used 
for crosslinking polymers with –OH functional group (e.g., 
polyvinyl alcohol)6. For hydrogel crosslinking, extreme 
conditions need to be applied i.e., acidic pH, increased 
temperature, use of methanol as a suppressor. On the 
other side, amine containing polymers can be crosslinked 
with the aldehyde (glutaraldehyde) under mild condi-
tions. This has been investigated for the preparation of 
crosslinked proteins e.g., albumin, gelatin and amine 
containing polysaccharides7.

Different types of hydrophilic polymers have been 
used in hydrogel formulation and Gelatin (Ge) is one 
of them. Ge is widely used in hydrogels as a natural 
polymer due to its low price, biodegradation, compati-
bility, and natural origin8. Ge is obtained by hydrolysis 
of collagen, which is found in nature and obtained from 
bones, animal skins and tissue. Ge is composed of dif-
ferent amino acids. Ge characteristic features include 
high amino acids content such as proline, glycine and 
hydroxyproline9. Polyvinyl alcohol (PVA) is a water-solu-
ble polymer obtained by hydrolysis of polyvinyl acetate10. 
As PVA has no carcinogenic or toxic effects, it is widely 
used in different fi elds of research since 1924. PVA is 
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Swelling study of the Prepared Hydrogels 

Dynamic and equilibrium swelling studies
Swelling study was conducted in 250 ml of 0.05M USP 

phosphate buffer solution of pH 1.2, pH 5.5, pH 6.5 
and pH 7.5 to investigate the dynamic and equilibrium 
swelling ratio of the prepared gels. Washed, dried, and 
weighed hydrogel was left to swell at desired pH at 
a temperature of 37 oC. At regular intervals, hydrogels 
were withdrawn from the buffer solution, the fi rst fi lter 
paper was dried and then its weight was taken and 
again kept in the same buffer16. Swellings of the gels 
were taken at time t. The formula used to estimate the 
dynamic swelling ratio of each hydrogel is as follows:
q = Wh/Wd (1)

Wh and Wd represent the swollen weight of gel and the 
initial weight of the gel at time t. The process remains 
continuous till the equilibrium weight was reached. The 
following formula was used to determine equilibrium 
swelling.
S (Eq) = Wh/Wd (2)

Wh and Wd represent the weight of gel at equilibrium 
swelling and the initial weight of dry gel respectively17.

Water diffusion coeffi cient 
Diffusion coeffi cient (D) of the swelled gels was deter-

mined by slowly drying swelled gels at room temperature 
and weight after 15 minutes until constant weight was 
obtained. The following equation was used to calculate 
D values of hydrogels.

currently extensively used for a variety of applications 
like artifi cial manufacturing of vessels, intestine, kidney, 
and lenses. PVA made hydrogel are currently under 
research for drug delivery system11. On the other hand, 
gelatin has a unique property of swelling in acidic and 
alkaline medium. It contains ionizable groups that help 
in swelling at a wide range of pH. These ionizable gro-
ups include –NH3 and –COOH. This property of gelatin 
can be very helpful in sustained release of drug. PVA 
and Ge are both hydrophilic polymers. The properties 
of both polymers can be combined to design hydrogel 
for sustained drug delivery. 

PVA/Ge blends12, hydrogel fi lms13, spongy cryogels14, 
nanofi bers15 and wound dressing membranes16 have been 
prepared so far by physical crosslinking using freeze-
-thaw method and esterifi cation method. The present 
work aimed to prepare disc of PVA/Ge hydrogel using 
glutaraldehyde as a crosslinker for sustained release 
of drug. Ciprofl oxacin HCl was used as a model drug. 
Hydrogels were characterized by performing dynamic 
and equilibrium swelling studies, studying the effect of 
polymer ratio and crosslinked density on swelling, po-
rosity, sol-gel fraction, analysis of drug release pattern, 
FTIR spectroscopy and X-ray diffraction.

Materials and Methods

Materials 
To prepare chemica lly crosslinked polyvinyl alcohol/

gelatin hydrogel, polyvinyl alcohol (PVA) and gelatin 
(Ge) (Merck, Germany) were used as polymers. Glu-
taraldehyde (GTA) (Merck, Germany) was used as 
a crosslinking agent. Acetic acid glacial 100% (Merck, 
Germany) and distilled water were used as solvents. HCl 
(Fluka, Switzerland) was used as a catalyst. Potassium 
bromide (KBr) (Fisher Scientifi c UK) was used in FTIR. 
Analytical-grade chemicals were used in the study.

Preparation of PVA/Ge hydrogels
Chemically crosslinked PVA/Ge hydrogels with dif-

ferent ratios of polymers and crosslinking agent were 
prepared as given in Table 5. PVA solution was prepared 
by dissolving weighed amount of PVA in distilled water 
at temperature of 60 oC using refl ux condenser. The 
solution was left to cool down at room temperature. Ge 
solution was prepared by dissolving weighed amount of 
Ge in 3% acetic acid solution at 37 oC using a refl ux 
condenser until completely dissolved. Ge solution was 
left to cool down at room temperature and then added 
to PVA solution and mixed. Varying amounts of GA 
and HCl were added gradually to the stirred mixture. 
Distilled water was used for volume makeup. Then after 
thorough stirring, the mixture was introduced into several 
glass tubes. The tubes were then kept at 45 oC for 1 h, 
50 oC for 2 h, 55 oC for 3 h, 60 oC for 4 h and 65 oC 
for 12 h in water bath for crosslinking. After cooling 
the tubes at room temperature, the hydrogels obtained 
were sliced into disc of 7 mm and immersed in distilled 
water for total removal of water-soluble moieties and 
then dried in vacuum to constant weight15. Figure 1 
shows the presumptive structure of PVA/Ge hydrogel.

Figure 1. Presumptive structure of PVA/Ge hydrogel

Table 1. Sample designation and polymer ratio in the preparation 
of hydrogels
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equilibrium state and χ is the Flory-Huggins polymer 
solvent interaction parameters.

Solvent interaction parameters (χ)
Solvent interaction parameters were measured to inve-

stigate the compatibility of polymer with the molecules 
of surrounding fl uid. Polymer volume fraction in the 
swollen state is the amount of fl uid imbibed and reta-
ined by the hydrogel. The values of (χ) are calculated 
by Flory-Huggin’s theory. The following equation was 
used to calculate χ values23.

 (9)

V2,s represents volume fraction of the swelled gel at 
equilibrium and χ is the Flory-Huggins polymer solvent 
interaction parameters.

Density of crosslinks (q)
Crosslinking density is used for characterization of 

crosslinked hydrogels. The following equation was applied 
for determination of density of crosslinks21, 24.

 (10)

Where Mr is molar mass of the repeating unit and is 
calculated as:

 (11)

mGe, mP VA and mGA represent masses of Ge, PVA and 
GA respectively used in hydrogel preparation. While 
MGe, MPVA and MGA represent the molar masses of Ge, 
PVA and GA respectively.

Ciprofl oxacin HCl loading and release of PVA/Ge hydrogel
For the calculation of the percent drug loading of 

hydrogels, three different methods were used. The fol-
lowing equations were used to calculate % drug loading 
by the fi rst method. 
Total drug = WD – Wd (12)
Percent drug loaded = [(WD – Wd)/Wd] x 100 (13)

Wd and WD are masses of dried gels before and after 
placing in drug solution. In another method, drug loaded 
in hydrogels was determined by repeatedly extracting 
the drug from gels in distilled water. Each time 25 ml 
fresh deionize water was used until the whole drug was 
extracted from the gel. Drug concentration was measured 
using spectrophotometer. The sum of drug from all the 
extracts was considered the actual amount of loaded drug.

In the last method to calculate the drug loading in 
hydrogel, weighed gel disc was dipped in drug solution 
till equilibrium swelling. The swollen gel was weighed 
after removing the excess solution from the surface with 
fi lter paper. The difference in weight before and after 
swelling is the weight of the drug solution. The volume of 
drug solution absorbed by the gel disc can be calculated 
by knowing the density and weight of the drug solution. 
After calculating the volume of the drug solution, amount 
of drug absorbed by gel disc was calculated. 

Drug release was studied by measuring the amount 
of drug released in dissolution apparatus (Pharmatest, 

 (3) 

D represents the diffusion coeffi cient of the gels, Qeq 
is the swelled hydrogel at equilibrium, θ represents the 
slop of the swelling curves and h is the original width 
of the dry hydrogel disc prior to swelling18.

Sol-gel analysis
PVA/Ge hydrogel discs of 3–4 mm size were dried 

for 7 days at room temperature and then at 45 oC in 
a vacuum oven to attain constant weight and subjected 
to Soxhelt extraction with deionized water as a solvent 
at boiling temperature for 4 hrs. Uncross linked polymer 
was removed from the hydrogel with this extraction 
process. The resultant hydrogels were oven dried at 
45 oC till constant weight. Sol fraction and gel fraction 
were then calculated by using the following equations19.

  (4)

Gel fraction (%) = 100 – Sol fraction (5)

W0 denotes the dry weight of the hydrogel before the 
extraction process and W1 represents the weight of the 
hydrogel which is dried after the extraction process.

Porosity measurement
For the porosity study, hydrogels dried and weighed 

were placed in absolute ethanol for one night and then 
re-weighed after surplus ethanol on the surface was 
removed with fi lter paper. The equation used for esti-
mation of percent porosity is given below20.

 (6)

M1 denotes mass of gel before dipping and M2 denotes 
mass of gel following dipping in pure ethanol. P repre-
sents the density of absolute ethanol and V represents 
the volume of hydrogel disc.

Analyzing network parameters of PVA/GE Gels

Molecular weight between crosslinks (Mc)
The theory of Flory-Rehner was applied to determine 

Mc value of PVA/Ge hydrogel. According to this theory, 
Mc value tends to increase with the increase in the 
swelling ratio of gels. The following equation is used to 
calculate Mc value21–22.

 (7)

Volume fraction of the polymer V2, s was calculated 
by the following equation: 

 (8)

dp and ds are the densities (g/ml) of the hydrogel and 
solvent respectively. Ma and Mb are the masses (g) of 
the swollen and dry hydrogels respectively. V2, s repre-
sents volume fraction of the swollen hydrogel in the 
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PT-Dt 7, Germany) with the help of UV-visible spectro-
photometer. The pre-weighed hydrogel disc was placed 
in 500 ml buffer at a temperature of 37 oC and the 
buffer was stirred at a rate of 100 rpm. 0.05 M USP 
phosphate buffer solutions of pH 1.2, 5.5 and 7.5 were 
used as dissolution medium. Ciprofl oxacin HCl release 
study was conducted at λmax 278 nm up to 12 hours 
after regular intervals. Each time 5 ml sample was taken 
for UV analysis and replaced by fresh buffer solution25.

Release pattern of ciprofl oxacin HCl 
For the analysis of release of ciprofl oxacin HCl, zero-

-order26, fi rst-order27, higuchi28, and korsmeyer-peppas 
models29 were applied. To understand drug release 
mechanism, the release behavior was analyzed using 
semi empirical power equation proposed by peppas. 
The following models are used for release calculations.
Zero-order kinetics: Ft = Kot (14)

Where F represents the fraction of drug release in time 
‘t’ and Ko is the zero-order release constant. 
First-order kinetics: In (1-F) = –K1t (15)

Where F represents the fraction of drug release in 
time ‘t’ and K1 is the fi rst order release constant.
Higuchi model: F = K2t½ (16)

Where F represents the fraction of drug release in 
time ‘t’ and K2 is the Higuchi constant.

 (17)
Mt is the mass of water absorbed at any time t, M is 

the amount of water at equilibrium and K3 is the kinetic 
constant and n is the exponent describing the swelling 
mechanism. When n equal to 0.45 means Fickian diffu-
sion, but when the value of n is greater than 0.45 and 
less than 1 means non-Fickian diffusion30.

FTIR spectroscopic analysis
For FTIR spectroscopic analysis, hydrogel samples 

(drug-loaded and unloaded) were crushed to powder 
with pestle in an agate mortar. Hydrogel powder was 
mixed with potassium bromide in 1:100 ratios and dried 
at 40 oC. The mixture was compressed to a 12 mm semi-
-transparent disk by applying a pressure of 55 kN for 
2 min. The FTIR spectrums over the wavelength range 
4,500 - 400 cm–1 were recorded using FTIR spectrometer.

X-ray diffraction (XRD) study
X-ray diffraction (XRD) for pure drug, drug-loaded 

and unloaded hydrogel was performed using Bruker 
D8 Discover (Germany) apparatus. Measurement con-
ditions included target (CuKα), voltage (35 KV), and 

current (35 mA). A system of diverging, receiving, and 
anti-scattering slits of 1o, 0.2o and 2o respectively, was 
used. Eva software was used for the data processing 
(Evaluation Package Bruker, Germany). Patterns were 
obtained using scan speed of 4 degree/minute with 2θ 
between 5o and 80o.  

RESULTS AND DISCUSSION

Effect of pH on swelling and on drug release of PVA/
Ge hydrogels

The effect of pH on swelling was investigated in buf-
fer solutions of pH 1.2, 5.5, 6.5 and 7.5. The dynamic 
and equilibrium swelling ratios were found high in 
buffer solution of pH 1.2, 5.5, 6.5 and 7.5 as shown in 
Table 2. In PVA/Ge hydrogel, the swelling at different 
pH values is mainly controlled by Gelatin as PVA has 
no ionizable groups in its structure. Similar results were 
found by Sundaram Gunasekaran et al.31, who observed 
that in chitosan-PVA hydrogel, PVA has no effect on 
the time needed to reach swelling equilibrium. Gelatin 
contains ionizable groups such as – NH3+ and -COOH. 
It was found that at low pH, gelatin acts as base and 
takes up H+ ions from the medium forming – NH3+ 
and -COOH and gelatin become positively charged. 
In alkaline medium, gelatin acts as an acid gives H+, 
forming – COO- and – NH2 groups and gelatin become 
negatively charged. In an acidic environment, the swel-
ling is controlled mainly by the – NH3+ and in basic 
medium by COO-. 

Table 2 shows that in basic medium, the swelling is 
higher. This behavior is due to the presence of the 
hydrophobic functional groups (mainly – COO-) in the 
gelatin structure. These results correlate to the fi nding of 
Deyi Zhu et al.32, who prepared gelatin-based hydrogel 
crosslinked with microbial transglutaminase. They found 
that gelatin-based hydrogel swelling is pH dependent and 
shows high swelling ratio at pH <2 and pH >7. The 
effect of pH on drug release was investigated in buffer 
solutions of pH 1.2, 5.5 and 7.5. For drug release study, 
ciprofl oxacin HCl was used as a model drug due to its 
hydrophilic nature. Effect of pH on ciprofl oxacin HCl 
release was studied by immersing the ciprofl oxacin HCl 
loaded samples in buffer solutions of different pH (1.2, 
5.5 and 7.5). Figure 2 shows the effect of pH on drug 
release from PVA/Ge hydrogel. It was observed that drug 
release was high in the medium of pH 1.2 and pH 7.5 
as compared to pH 5.5. 

Table 2. Effect of polymers and crosslinker concentration on dynamic and equilibrium swelling ratio of PVA/Ge hydrogels
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Effect of PVA contents on swelling and on drug release 
of PVA/Ge hydrogels

The concentration of polyvinyl alcohol (PVA) used 
in PVA/Ge hydrogel was varied from 7 g to 7.5 g and 
8 g per 100 g of solution using glutaraldehyde as cros-
slinking agent (0.608 wt%) to investigate the effect of 
PVA contents on the swelling and drug release. It was 
observed from Figure 3 and Figure 4, that drug release 
and swelling of hydrogel increases with an increase in 
PVA concentration due to the availability of more free 
hydroxyl groups of PVA33. Increasing PVA contents 
results in greater hydration of its chains because of the 
hydrophilic nature of the PVA. Drug release studies 
were carried out for 12 hrs in 0.05 M USP phosphate 
buffer solutions of different pH. As shown in Figure 4, 
drug release was observed 70.26%, 83.3% and 84.34% 
at pH 7.5, 40.8, 52.3 and 54.67 at pH 5.5, and 57.9%, 
70.5% and 72.2% at pH 1.2 with respect to composition 
of 30/70, 28.5/71.5 and 27.2/72.8 respectively.

different concentrations of Ge varied from 1 g to 2 g 
and 3 g keeping PVA and GA concentration constant 
were synthesized and subjected to swelling studies in 
solutions of different pH values. It was observed that 
at pH 1.2, 5.5, 6.5 and 7.5, swelling ratio with incre-
ased Ge concentration was not signifi cant as compared 
to swelling ratio with decreased Ge concentration as 
shown in Figure 5. The swelling ratio was observed to 
decrease with increase in Ge concentration. This is be-
cause of increase in density of crosslinks with increase 
in Ge concentration. The higher the Ge concentration, 
higher will be the density of crosslinks. Ge network is 
a triple-helix which acts as a crosslink and exhibit higher 
swelling at low concentration because of loose structure 
of network while swelling decreases as the concentration 
of Ge increases. These results are consistent with those 
reported by Bajpai et al.34, Congde Qiao et al35 and 
Xiaohong Hu et al36. They all suggested a decrease in 
swelling ratio by increasing gelatin concentration.

Figure 2. Effect of pH on drug release from PVA/Ge hydrogel 
(70:30) using GA as a crosslinking agent (0.608%) in 
0.05 M USP phosphate buffer solutions

Figure 3. Dynamic swelling ratio (q) of PVA/Ge hydrogels with 
different concentrations of PVA (7, 7.5 and 8 g) using 
glutaraldehyde as crosslinking agent (0.608 wt%) in 
solutions of different pH in 0.05 M USP phosphate 
buffer

Figure 4. Release of ciprofl oxacin hydrochloride from PVA/Ge 
hydrogels using different concentrations of PVA (7, 
7.5, 8 g) and GA as crosslinking agent (0.608 wt%) 
at various pH values in 0.05 M USP phosphate buffer 
solutions

Figure 5. Dynamic swelling ratios (q) of PVA/Ge hydrogels with 
different concentrations of Ge (1, 2 and 3 g) using 
glutaraldehyde as crosslinking agent (0.608 wt%) in 
solutions of different pH in 0.05 M USP phosphate 
buffer

Effect of Gelatin concentration on swelling of PVA/Ge 
hydrogels

To study the effect of gelatin (Ge) concentration on 
swelling, three formulations of PVA/Ge hydrogels with 

Effect of Glutaraldehyde on swelling and on drug release 
of PVA/Ge hydrogels

A series of three PVA/Ge hydrogels with different 
concentrations of crosslinking agent (0.57%, 0.64%, and 
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0.704%) were prepared to investigate the effect of gluta-
raldehyde (GA) on swelling and release behavior of drug 
from hydrogels. It was observed that swelling of hydrogel 
decreases with increase in GA concentration as shown in 
Figure 6. This may be due to the increased crosslinked 
density and as the crosslinking of PVA increases, the 
number of free hydroxyl groups decreases, as a result 
water uptake decreases with increasing crosslinking den-
sity. A similar decrease in swelling ratio was reported by 
Parka et al37, who prepared PVA/methylcellulose (MC) 
blend hydrogel and suggested that by increasing GA con-
centration swelling ratio decreases signifi cantly. Figure 6 
and Figure 7 show that increase in GA concentration 
from 0.57% to 0.64% and 0.704% results in decrease 
in swelling ratio and decrease in percent drug release. 
As shown in Figure 7, drug release was observed 85.6%, 
76.61% and 62.98% at pH 7.5, 58.2%, 48.8% and 40.3% 
at pH 5.5 and 71.9%, 69.4% and 54.9% at pH 1.2 with 
respect to feed crosslinker concentration of 0.57, 0.64 
and 0.704 g respectively. Molecular weight between crosslinks (Mc) and solvent 

interaction parameters (χ)
An increase in values of molecular weight between 

crosslinks (Mc) was observed by increasing the concen-
tration of polyvinyl alcohol (PVA). Higher swelling of 
polymer was reported due to PVA hydroxyl group into 
polymer chain. Crosslinked density (q) is also related 
to the values of PVA and average molecular weight 
between crosslinks as shown in Table 3. Solvent interac-
tion parameters (χ) were studied to check the effect of 
solvent interaction between polymer and solvent. It was 
reported that greater the values χ weaker the values of 
interaction between polymer and solvent24, 39.

Gel fraction analysis
It was observed that gel-fraction of hydrogels increased 

with increased concentration of polyvinyl alcohol (PVA) 
and crosslinker glutaraldehyde (GA). Sol- fraction of 
hydrogels was observed to decrease with the increased 
concentrations of PVA and GA. By increasing gelatin 
concentration, gel-fraction decreased as shown in Table 4. 
Figure 8 shows the effect of polymers concentration and 
crosslinker concentration on gel-fraction of hydrogel.

Porosity measurement
Table 3 shows that the porosity of PVA/Ge hydrogel 

increases by increasing the concentration of polyvinyl 
alcohol due to increasing viscosity of the hydrogel solu-
tion. Viscous solution effi ciently prevents escaping of the 
bubbles from hydrogel solution that results in increased 
porosity due to formation of interconnected channels. 

Figure 6. Dynamic swelling ratios (q) of PVA/Ge hydrogels 
with different concentrations of GA (0.57, 0.64 and 
0.7 wt%) in solutions of different pH in 0.05 M USP 
phosphate buffer

Figure 7. Release of ciprofl oxacin hydrochloride from PVA/
Ge hydrogels using different concentrations of GA 
as crosslinking agent (0.57, 0.64, 0.7 g) at various pH 
values in 0.05 M USP phosphate buffer solutions

Table 3. Flory-Huggins network parameters of PVA/Ge hydrogels

Diffusion coeffi cient of polymers (D)
To measure solute diffusion into hydrogel, diffusion 

coeffi cient (D) is applied indirectly. Fick’s law of diffu-
sion was used during membrane permeation method or 
sorption and desorption phenomenon. It was found that 
diffusion coeffi cient decreased with the increasing PVA 
concentration because swelling of polymer increases as 
the concentration of PVA increases. Diffusion coeffi cient 
increased with increasing gelatin and crosslinking agent 
concentration. Table 3 shows the increase and decrease 
in diffusion coeffi cient38–39.
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By increasing gelatin and glutaraldehyde concentration, 
porosity decreases as shown in Figure 8. Increase in 
glutaraldehyde concentration results in increased in 
entanglement between polymers which result in decre-
ased porosity.

Drug release mechanism
The drug release constant (k) and (r) values were 

obtained for zero order, fi rst order, Higuchi model and 
Peppas. Table 4 shows values of (r) for zero order and 
fi rst order obtained from drug loaded PVA/Ge hydrogels 
using different concentrations of PVA and crosslinking 
agent. It was found that the values of (r) obtained for 
fi rst-order release constants were higher than (r) values 
of zero order. From the results, it is clear. 

That most samples showed drug release from PVA/
Ge hydrogel following fi rst-order release. The values of 

(r) from Higuchi model showed that the drug release 
mechanism is diffusion controlled. As the plot of drug 
released versus the square root of time is linear, which 
indicates diffusion-controlled system40. The effects of 
PVA and GA on release exponent “n” values are given 
in Table 5. The value of ‘n’ for the release of ciprofl o-
xacin HCl at different pH (1.2, 5.5 and 7.5) has been 
evaluated from the slope and intercept of the plot ln 
Mt/M∞ versus ln t and the results showed that the 
values of ‘n’ are between 0.45 and 1.0 which indicates 
a non-Fickian or anomalous diffusion mechanism, and 
the swelling and relaxation of polymer are involved in 
drug release mechanism41–46.

Fourier Transform infrared spectroscopy (FTIR)
PVA/Ge hydrogels were analyzed by FTIR for confi r-

mation. Figure 9 shows spectra of pure PVA, Ge, PVA/

Table 4. Gel fraction and porosity of different formulations of PVA/Ge hydrogels

Table 5. Effect of different concentrations of PVA and GA on drug release kinetics and release exponent of PVA/Ge hydrogel in a 
buffer of different pH
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Ge hydrogel and PVA/Ge drug loaded hydrogel. The 
FTIR of pure PVA showed a broad peak at 3440 cm–1 
because of -OH groups stretching. Peak at 2911 cm–1 
indicates –C-H stretching vibration and at 1145 cm–1, 
the peak indicates C-O stretching. FTIR of Ge showed 
peak of -NH stretching of secondary amide at 3446 cm–1, 
the peak at 1655 cm–1 is due to C =O stretching and at 
2922 cm–1, the peak indicates C-H stretching. The spectra 
of PVA/Ge hydrogel indicated the main changes in the 
region of 1200–1800 cm–1 and 2900–3500 cm–1 which is 
evidence of interaction between them. Figure 8 shows 
FTIR spectra of PVA/Ge hydrogel where the intensity of 
the broad peak at 3450 cm-1 is decreased as compared 

to the peak of pure PVA, which indicates the presence 
of gelatin in hydrogel. The peak at 1605 cm–1 is due to 
the formation of amine bond –C=N by amino group of 
Ge and aldehyde group of GA.

X-ray diffraction (XRD) study
Figure 10 shows XRD patterns of pure drug ciprofl o-

xacin HCl, drug loaded PVA/Ge hydrogel and PVA/Ge 
hydrogel. XRD of the pure drug revealed several sharp 
peaks but after loading ciprofl oxacin HCl into PVA/Ge 
hydrogel, the sharpness of the drug peaks decreased 
which indicates that ciprofl oxacin HCl was dispersed at 
molecular level in the PVA/Ge hydrogel and decreased 
the crystalline form of drug.

Figure 9. FTIR spectra of (a) PVA, (b) Ge, (c) PVA/Ge hy-
drogel, (d) drug loaded PVA/Ge hydrogel and (e) 
ciprofl oxacin HCl

Figure 8. Gel fraction and % porosity of PVA/Ge hydrogel with 
different concentration of Ge, PVA and GA

Figure 10. XRD patterns of a) ciprofl oxacin HCl, b) ciprofl oxacin 
HCl loaded PVA/Ge hydrogel and c) PVA/Ge hydrogel

to the spectra of pure PVA and Ge, which indicates 
the consumption of these groups in hydrogel formation. 
Figure 8 also showed that the peak intensity at 2911 
cm–1 in PVA/Ge hydrogel spectra is low as compared 

CON CLUSIONS

In the present work, hydrogel based on polyvinyl 
alcohol (PVA) and gelatin (Ge) were prepared using 
glutaraldehyde (GA) as a crosslinking agent. The pre-
pared hydrogels were characterized by FTIR and XRD 
to investigate the structure and crystallinity of hydrogel 
respectively. Furthermore, dynamic and equilibrium 
swelling studies and drug release from the prepared 
hydrogel was investigated. It was observed that swel-
ling increases by increasing PVA concentration while 
swelling decreases with increased concentration of Ge 
and glutaraldehyde. High swelling ratio was observed 
at pH 1.2, 6.5 and 7.5 as compared to pH 5.5. Water 
diffusion coeffi cient, solvent interaction parameters, 
molecular weight between crosslinks and crosslinked 
density were measured to study the swelling behavior of 
the hydrogel. It was also observed that the porosity and 
gel fraction of PVA/Ge hydrogel increased with increase 
in PVA concentration while decreased with increase in 
Ge concentration. Increasing the concentration of GA 
resulted in increased gel fraction and decreased porosity. 
The results also showed that drug release from PVA/Ge 
hydrogel increased with increase in PVA concentration 
and drug release decreased with increased concentration 
of Ge and GA. Drug release from the hydrogel follo-
wed fi rst-order release. The results suggest that PVA/
Ge hydrogel has the potential to be used as a sustained 
drug delivery system for hydrophilic drugs.



64 Pol. J. Chem. Tech., Vol. 25, No. 2, 2023

Funding: Acknowledgements: The authors greatly ack-
nowledge and express their gratitude to the Researchers 
Supporting Project number (RSP2023R462), King Saud 
University, Riyadh, Saudi Arabia.

Acknowledgments: We are grateful to Prof Dr Bashir 
Ahmad Chaudhry, Chairman Faculty of Pharmacy Ba-
hauddin Zakariya University Multan, Pakistan for his 
encouragement throughout this work.

Confl icts of Interest: The authors declare no confl ict 
of interest.

LITERATURE CITED

1.  Naveed, M., Bukhari, B., Aziz, T., Zaib, S., Mansoor, 
M.A., Khan, A.A., Shahzad, M., Dablool, A.S., Alruways, M.W., 
Almalki, A.A., Alamri, A.S. & Alhomrani, M. (2022). Green 
Synthesis of Silver Nanoparticles Using the Plant Extract of 
Acer oblongifolium and Study of Its Antibacterial and Anti-
proliferative Activity via Mathematical Approaches. Molecules, 
27(13), 4226. DOI: 10.3390/molecules27134226. 

2. Naveed, M., Batool, H., Rehman, S.U., Javed, A., Makh-
doom, S.I., Aziz, T., Mohamed, A.A., Sameeh, M.Y., Alruways, 
M.W., Dablool, A.S., Almalki, A.A., Alamri, A.S., Alhomrani, 
M. (2022). Characterization and Evaluation of the Antioxidant, 
Antidiabetic, Anti-Infl ammatory, and Cytotoxic Activities of 
Silver Nanoparticles Synthesized Using Brachychiton populneus 
Leaf Extract. Processes, 10(8), 1521. DOI: 10.3390/pr10081521 

3. Burugapalli, K., Koul, V. & Dinda, A.K. (2004). Effect 
of composition of interpenetrating polymer network hydrogels 
based on poly (acrylic acid) and gelatin on tissue response: A 
quantitative in vivo study. Biomed. Mater. Res., 68, 210–218. 
DOI: 10.1002/jbm.a.10117. 

4. Ranjha, N.M., Ayub, G., Naseem, S. & Ansari, M.T. 
(2010). Preparation, and characterization of hybrid pH-sensi-
tive hydrogels of chitosan-co-acrylic acid for controlled release 
of verapamil. J. Mater. Med., 21, 2805–2816. DOI: 10.1007/
s10856-010-4134-1. 

5. Hamidi, M., Azadi, A. & Rafi ei, P. (2008). Hydrogel na-
noparticles in drug delivery. Adv. Drug. Del. Rev., 60, 1638–1649. 
DOI: 10.1016/j.addr.2008.08.002. 

6. Dai, W.S. & Barbari, T.A. (1999). Hydrogel membranes 
with mesh size asymmetry based on the gradient crosslinking of 
poly (vinyl alcohol). J. Membr. Sci., 156, 67–79. DOI: 10.1016/
S0376-7388(98)00330-5.

7. Hennink, W.E. & Nostrum, C.F.V. (2002). Noval cros-
slinking methods to design hydrogels. Adv. Drug. Del. Rev., 54, 
13–36. DOI: 10.1016/S0169-409X(01)00240-X.

8. Bigi, A., Cojazzi, G., Panzavolta, S., Roveri, N. & Ru-
bini, K. (2002). Stabilization of gelatin fi lms by crosslinking 
with genipin. Biomaterials, 23, (24), 4827–432. DOI: 10.1016/
s0142-9612(02)00235-1. 

9. William, J.R. (2006). Pharmaceutical Necessities. Re-
mington the Science and Practice of Pharmacy vol.1, 21sted, 
chap. 55, p 1074. 

10. Kunal, P. & Banthia, A.K. (2007). Biomedical evaluation 
of polyvinyl alcohol-gelatin esterifi ed hydrogel for wound 
dressing. Mater. Sci., 18, 1889–1894. DOI: 10.1007/s10856-
007-3061-2. 

11. Sanlı, O., Ay, N. & Isıklan, N. (2007). Release characte-
ristics of diclofenac sodium from poly (vinyl alcohol)/sodium 
alginate and poly (vinyl alcohol)-grafted-poly(acrylamide)/
sodium alginate blend beads. Eur. J. Pharm. Biopharm., 65, 
204–214. DOI: 10.1016/j.ejpb.2006.08.004. 

12. Pawde, S.M. & Deshmukh, K. (2008). Characterization 
of polyvinyl alcohol/gelatin blend hydrogel fi lms for biome-
dical applications. J. Appl. Polym. Sci., 109, 3431–3437. DOI: 
10.1002/app.28454.

13. Yurong, L. & Luke, M.G. (2010). Thermal behavior, and 
mechanical properties of physically crosslinked PVA/Gelatin 

hydrogels. J. Mech. Behav. Biomed. Mater., 3, 203–209. DOI: 
10.1016/j.jmbbm.2009.07.001. 

14. Bajpai, A.K. & Rajesh, S. (2005). Preparation and cha-
racterization of biocompatible spongy cryogels of polyvinyl 
alcohol–gelatin and study of water sorption behavior. Polym. 
Int., 54, 1233–1242.  DOI: 10.1002/pi.1813.

15. Young, K.M. & Byong, T.L. Fabrication of polyvinyl 
alcohol/gelatin nanofi bers composites and evaluation of their 
material properties. J. Nanomater., (2011), 8, 213–218. DOI: 
10.1002/jbm.b.31701. 

16. Kunal, P. & Banthia, A.K. (2007). Preparation and cha-
racterization of polyvinyl alcohol–gelatin hydrogel membranes 
for biomedical applications. AAPS Pharm. Sci. Tech., 8, 21–24. 
DOI: 10.1208/pt080121. 

17. Ranjha, N.M., Mudassir, J. & Sheikh, Z.Z. (2011). 
Synthesis and characterization of pH-sensitive pectin/acrylic 
acid hydrogels for verapamil release study. Iranian Polym. J. 
20, 147–159. https://www.magiran.com/paper/829950?lang=en 

18. Ranjha, N.M., Ayub, G. Naseem, S. & Ansari, M.T. 
(2010). Preparation, and characterization of hybrid pH-sensi-
tive hydrogels of chitosan-co-acrylic acid for controlled release 
of verapamil. J. Mater. Sci. Mater. Med., 21, 2805–2816. DOI: 
10.1007/s10856-010-4134-1. 

19. Jeong, J.C., Lee, J. & Cho, K. (2003). Effects of crystalline 
microstructure on drug release behavior of poly (q-caprolac-
tone) microspheres. J. Cont. Rel., 92, 249– 258. DOI: 10.1016/
S0168-3659(03)00367-5.

20. Leea,. S.C., Kang, S.W., Kima, C., Kwonb, I.C. & Jeongb, 
S.Y. (2000). Synthesis and characterization of amphiphilic poly 
(2-ethyl-2-oxazoline)/poly (1-caprolactone) alternating multi-
block copolymers. Polym. Sci., 41, 7091–7097. DOI: 10.1016/
s0168-3659(03)00367-5.

21. Yin, L., Fei, L., Cui, F., Tang, C. & Yin, C. (2007). 
Superporous hydrogels containing poly (acrylic acid-co-acry-
lamide)/O-carboxymethyl chitosan interpenetrating polymer 
networks. Biomaterials, 28, 1258–1266. DOI: 10.1016/j.bioma-
terials.2006.11.008.

22. Line, W.J. & Lu, CH. (2002). Characterization and per-
meation of microporous poly (caprolactone) fi lms. J. Memb. 
Sci., 198, 109–118. DOI: 10.1016/S0376-7388(01)00652-4. 

23. Jabbari, E. & Nozari, S. (2000). Swelling behaviour of 
acrylic acid hydrogels prepared gamma radiation crosslinking 
of polyacrylic acid in aqueous solution. Polym. J. 36, 2685–2692. 
DOI: 10.1016/S0014-3057(00)00044-6. 

24. Britton, L.N., Ashman, R.B., Aminabhavi, T.M. & 
Cassidy, P.E. (1988). Prediction of Transport Properties of 
Permeants through Polymer Films. J. Chem. Educ., 365– 368. 
DOI:10.1021/ed065p368.

25. Peppas, N.A., Huang, Y., Torres-Lugo, M., Ward, J.H. & 
Zhang, J. (2000). Physicochemical, foundations and structural 
design of hydrogels in medicine and biology. Annu Rev. Biomed. 
Eng., 2, 9–29.  DOI: 10.1146/annurev.bioeng.2.1.9. 

26. Pourjavadi, A. & Barzegar, S. (2009). Smart Pectin based 
Superabsorbent Hydrogel as a Matrix for Ibubrofen as an Oral 
Non-steroidal Anti-infl ammatory Drug Delivery. Starch/Strake, 
61, 173–187.  DOI: 10.1016/S0014-3057(00)00044-6.

27. Serraa, L., Nechc, J.D. & Peppas, N. (2006). Drug trans-
port mechanisms and release kinetics from molecularly designed 
poly (acrylic acid-g-ethylene glycol) hydrogels. Biomaterials 27, 
5440–5451.  DOI: 10.1016/j.biomaterials.2006.06.011. 

28. Najib, N. & Suleiman, M. (1985). The kinatics of drug 
release from ethyle cellulose solid dispersion. Drug. Del. Ind. 
Pharm., 11, 2169–2189. DOI: 10.3109/03639048509087779.

29. Desai, S.J., Singh, P., Simonelli, A.P. & Higuci, W.I. 
(1966). Investigation of factors infl uencing release of solid 
drug dispersed in wax matrics. Quantitative studies involving 
polyethylene plastic matrix. J. Pharm. Sci., 55, 1230–1234. DOI: 
10.1002/jps.2600551113. 

30. Higuchi, T. (1963). Mechanism of sustained action me-
dication: Theoretical analysis of rate of release of solid drugs 



  Pol. J. Chem. Tech., Vol. 25, No. 2, 2023 65

dispersed in solid matrices. J. Pharm. Sci., 50, 1145–1149. DOI: 
10.1002/jps.2600521210. 

31. Peppas, N.A. (1985). Analysis of Fickian and non-Fickian 
drug release from polymers. Pharm. Acta Helv., 60, 110–111. 

32. Korsmeyer, R.W., Gurny, R., Doelker, E.M., Buri, 
P., Peppas, N.A. (1983). Mechanism of solute release from 
porous hydrophilic polymers. Int. J. Pharm., 15, 25–35. DOI: 
10.1016/0378-5173(83)90064-9. 

33. Gunasekaran, S., Wang, T. & Chai, C. (2006). Swelling 
of pH-Sensitive Chitosan–Poly (vinyl alcohol) Hydrogels. J. 
Appl. Polym. Sci., 102, 4665–4671. DOI: 10.1002/app.24825.

34. Zhu, D., Jin, L., Wang, Y. & Ren, H. (2012). Swelling 
behavior of gelatin-based hydrogel cross-linked with microbial 
transglutaminase. J. aqeic. 63, 12–23. 

35. Byun, H., Hong, B., Nam, S.Y. Ji W.R., Sang, B.L. 
& Go, Y.M. (2008). Swelling behavior and drug release of 
poly (vinyl alcohol) hydrogel cross-linked with poly (acrylic 
acid). Macromol. Res. 16, 189–193. DOI: 10.1007/BF03218851.

36. Bajpai, A.K. & Saini, R. (2005). Preparation and cha-
racterization of biocompatible spongy cryogels of poly(vinyl 
alcohol)–gelatin and study of water sorption behaviour. Polym. 
Int. 54, 1233–1242. DOI: 10.1007/s10856-006-6329-z. 

37. Qiao, C., Cao, X. & Wang, F. (2012). Swelling Behavior 
Study of Physically Crosslinked Gelatin Hydrogels. Polym & Po-
lym Composites. 20, 11 – 21. DOI: 10.1177/0967391112020001-
210.

38. Hu, X., Ma, L., Wang, C. & Gao, C. (2009). Gelatin 
Hydrogel Prepared by Photo-initiated Polymerization and Lo-
aded with TGF-b1 for Cartilage Tissue Engineering. Macromol. 
Biosci., 9, 1194–1201. DOI: 10.1002/mabi.200900275. 

39. Parka, J.S., Parkb, J.W. & Ruckensteinc, E. (2001). 
Thermal and dynamic mechanical analysis of PVA/MC 
blend hydrogels. Polym., 42, 4271–4280. DOI: 10.1016/S0032-
3861(00)00768-0. 

40. Crank, J. In the mathematics of diffusion, 2nd edn. 
Oxford, clarendon press. (1975), p 244.

41. Aziz, T., Nadeem, A.A., Sarwar, A., Perveen, I., Hussa-
in, N., Khan, A.A., Daudzai, Z., Cui, H. & Lin, L. (2023). Par-
ticle Nanoarchitectonics for Nanomedicine and Nanotherapeutic 
Drugs with Special Emphasis on Nasal Drugs and Aging. Bio-
medicines 11, 354. DOI: 10.3390/biomedicines11020354.

42. Aziz, T., Naveed, M., Makhdoom, S.I., Ali, U., Mughal, 
M.S., Sarwar, A., Khan, A.A., Zhennai, Y., Sameeh, M.Y., 
Dablool, A.S., Alharbi, A.A., Shahzad, M., Alamri, A.S. & 
Alhomrani, M. (2023). Genome Investigation and Functional 
Annotation of Lactiplantibacillus plantarum YW11 Revealing 
Streptin and Ruminococcin-A as Potent Nutritive Bacteriocins 
against Gut Symbiotic Pathogens. Molecules 28, 491.  DOI: 
10.3390/molecules28020491. 

43. Britton, L.N., Ashman, R.B., Aminabhavi, T.M. & Cas-
sidy, P.E. (1989). Permeation and diffusion of environmental 
pollutants through fl exible polymers. J. Appl. Polym. Sci., 38, 
227–236. DOI: 10.1002/app.1989.070380203.

44. Pourjavadi, A. & Barzegar, S. (2009). Smart Pectin based 
Superabsorbent Hydrogel as a Matrix for Ibubrofen as an Oral 
Non-steroidal Anti-infl ammatory Drug Delivery. Starch/Strake. 
61, 173–187.  DOI: 10.1002/star.200800032.

45. Aziz, T., Naveed, M., Sarwar, A., Makhdoom, S.I., Mu-
ghal, M.S., Ali, U., Yang, Z., Shahzad, M., Sameeh, M.Y. & 
Alruways, M.W., et al. 2022. Functional Annotation of Lacti-
plantibacillus plantarum 13-3 as a Potential Starter Probiotic 
Involved in the Food Safety of Fermented Products. Molecules, 
27, 5399. DOI: 10.3390/molecules27175399. 

46. Naveed, M., Makhdoom, S.I., Rehman, S.U., Aziz, T., 
Bashir, F., Ali, U., Alharbi, M., Alshammari, A. & Alasmari, 
A.F. (2023). Biosynthesis and Mathematical Interpretation of 
Zero-Valent Iron NPs Using Nigella sativa Seed Tincture for 
Indemnifi cation of Carcinogenic Metals Present in Industrial 
Effl uents. Molecules, 28, 3299. DOI: 10.3390/molecules28083299. 


