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ABSTRACT: The present work highlights the synthesis and characterization of conducting polymer (CP)-based composite
hydrogels with gelatin (GL-B) for their application as drug delivery vehicles. The spectral, morphological, and rheological properties
of the synthesized hydrogels were explored, and morphological studies confirmed formation of an intense interpenetrating network.
Rheological measurements showed variation in the flow behavior with the type of conducting polymer. The hydrogels showed a slow
drug release rate of about 10 h due to the presence of the conducting polymer. The release kinetics were fitted in various
mathematical models and were best fit in first order for PNA-, POPD-, and PANI-based GL-B hydrogels, and the PVDF/GL-B
hydrogel was best fit in the zero-order models. The drug release was found to follow the order: POPD/GL-B > PANI/GL-B >
PVDF/GL-B.

■ INTRODUCTION
Hydrogels have great appeal for a broad range of medical
applications, including the release of therapeutic substances
such as drugs, proteins etc., due to their soft structure, water
absorption, biocompatibility, low surface tension causing low
adsorption of proteins, and similarity to the structure of
gelatins and biodegradeable polymers.1−6 Hydrogels make
attractive scaffold materials as they have structural resemblance
to the extracellular matrix found in many tissues, the ease with
which they may be manufactured, and the possibility of
minimally invasive delivery.7

Conducting polymers (CPs) are organic materials that share
traits of metals, along with exceptional qualities of traditional
polymers, such as processing flexibility, lightweight, and ease of
synthesis.8−15 For electrically responsive drug delivery, CPs are
viewed as potential candidates because they enable distribution
in response to electrochemical and/or electrical stimuli as they
possess a conjugated system, which enables electron transport
through a delocalized pathway.16,17 Redox processes allow for
the control of the charge along the polymer backbone.18 The
reduction−oxidation (redox) state of CPs can be used to
control their ability to bind and release charged molecules
from their backbones through electrostatic interactions. CPs

can therefore be used to deliver the drug at targeted sites
through activation of polymer carriers to promote volumetric
changes, charge-mediated regulation of drug transport, leading
to drug extraction/formation of ionic concentration gra-
dients.19 As a result, numerous CP-based systems have been
developed for the active regulation of drug release.

Enabling both temporally and spatially regulated medication
releases using CPs is a significant step toward expanding the
clinical impact of implanted drug delivery platforms as these
materials exhibit changes in response to factors like solvent,
electric field, temperature, pH, light, ionic strength, and
external stress.20−23 Currently, CP-based hydrogels have been
used to deliver ketoprofen,24 anticancer drug,25−27 and
proteins,28 in gene delivery,29 and in wearable biosensors.30

Gelatin (GL) that contains a higher concentration of
pyrrolidines produces gels that are more robust. GL can be

Received: July 14, 2023
Revised: August 27, 2023
Accepted: January 10, 2024
Published: April 16, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

18766
https://doi.org/10.1021/acsomega.3c05067

ACS Omega 2024, 9, 18766−18776

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleena+Mir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wilbert+J.+Fletcher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Darlene+K.+Taylor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javed+Alam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ufana+Riaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05067&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/17?ref=pdf
https://pubs.acs.org/toc/acsodf/9/17?ref=pdf
https://pubs.acs.org/toc/acsodf/9/17?ref=pdf
https://pubs.acs.org/toc/acsodf/9/17?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


of type A, which is obtained upon acid treatment, while type B
is formed upon treatment with base. GL-B has an isoelectric
point (pI) that ranges between 4.8−5.4, and that of GL-A is
between 8−9.31−33 GL is biodegradable and biocompatible,
exhibits nonimmunogenic and low antigenicity with harmless
product formation on degradation, and shows superior
biological performance as compared to other biopoly-
mers.34−37

To study the effect of conducting polymers as cross-linkers
in enhancing the gelation characteristics of GL-B with a view to
improve its drug delivery efficiency, we have synthesized
composite hydrogels of GL-B with polyaniline (PANI), poly(o-
phenylenediamine) (POPD), poly(1-naphthylamine) (PNA),
and poly(vinylidene fluoride) (PVDF). The polymers were
chosen based on their redox characteristics, which have shown
to effectively deliver drugs to the targeted site.16−19 To the best
of our knowledge, there have been no reports on the design of
GL-B with CPs for drug release studies.18 Metformin
hydrochloride (MFH) was chosen as a model antidiabetic
drug as it is widely utilized to treat diabetes through
accelerated peripheral glucose elimination that does not result
in hypoglycaemia and therefore makes it popular antidiabetic
medication.38−40 However, with a comparatively short plasma
half-life of 1.5−4.5 h, the drug has an absolute bioavailability of
50−60%, and therefore, patient compliance requires frequent
administration when higher doses are needed.41,42 For a once-
daily administration of MFH, a formulation that would keep
plasma concentration of the drug stable for 10−16 h is
desirable.41 The synthesized composite hydrogels were
investigated for their spectral, morphological, and rheological
properties via FTIR, UV−visible, SEM, and rheometric
techniques. The release kinetics were fitted in various
mathematical models to explore the best suited release profiles.

■ EXPERIMENTAL SECTION
Materials and Methods. o-Phenylenediamine (SD Fine

Chem. Pvt. Ltd., India), aniline (Merck, India), polyvinylidene
fluoride (PVDF), 1-naphthylamine (Merck, India), DMSO
(Merck, India), potassium dihydrogen phosphate (Merck,
India), ferric chloride (Merck, India), gelatin-B (GL-B)
(Sigma-Aldrich), glutaraldehyde (Merk, India), and metformin
hydrochloride (MFH) were purchased from Franco-Indian
Pharmaceutical Pvt. Ltd., India.

Synthesis of the POPD/GL-B Hydrogel via In Situ
Polymerization. Gelatin-B (GL-B) (100 mg) was dissolved
in water/methanol (1:1 ratio, 25/25 mL) in a 50 mL beaker
and stirred on a magnetic stirrer equipped with N2 and a
thermometer. The monomer o-phenylenediamine (3.2 × 10−2

M, 0.35 g) was added to the GL-B solution followed by the
addition of ferric chloride (3.2 × 10−2, 0.52 g) and kept on
stirring for 3 h. The color changed from brown to dark red,
confirming the polymerization of o-phenylenediamine mono-
mers. The synthesized hydrogel was washed several times with
distilled water so as to remove any unreacted monomer and
also to remove any unreacted Fe3+ ions. The precipitates were
then collected, centrifuged, and dried at 65 °C in a vacuum
oven for 72 h. A similar procedure was adopted to synthesize
PNA-, PANI-, and PVDF-based gelatin hydrogels. The
hydrogel films were prepared by taking 10 mg/mL of the
composite hydrogel dispersed in water (10 mL) followed by
the addition of glutaraldehyde (0.2M, 5 μL) that resulted in
gelation in about 5 min. The synthesized hydrogel films were

denoted as POPD/GL-B, PANI/GL-B, PNA/GL-B, and
PVDF/GL-B.

Preparation of MFH Drug-Loaded Hydrogels. For the
preparation of MFH drug-loaded hydrogels, 10 mg/mL of the
composite hydrogel was dispersed in water (100 mL) and
subjected to sonication for 30 min followed by the addition of
MFH drug (50, 30, 10 mg). Glutaraldehyde (0.2M, 5 μL) was
then added to the solution and stirred for 30 s. The hydrogels
loaded with drug were then spread on a Petri dish and left
overnight at 25 °C. The synthesized hydrogels were
thoroughly rinsed with water to remove any unreacted polymer
or drug the system. The hydrogel with different concentrations
of drugs were denoted as POPD/GL-B-50, POPD/GL-B-30,
POPD/GL-B-10, PANI/GL-B-50, PANI/GL-B-30, PANI/GL-
B-10, PNA/GL-B-50, PNA/GL-B-30, PNA/GL-B-10, PVDF/
GL-B-50, PVDF/GL-B-30, and PVDF/GL-B-10 as per drug
loading.

■ CHARACTERIZATION
Swelling Studies. To optimize the delivering conditions

for a controlled drug release of drug molecules, it is helpful to
know how much the composites swell. The dry hydrogels were
allowed to swell in phosphate buffer (pH 7.4) at 37 °C. The
weight of the dehydrated hydrogels was taken as Wo. To
measure the hydrated hydrogel, the gels were removed from
the receptacle at set intervals. The excess water was removed
from the gel surfaces using Whatman filter paper until an
equilibrium swelling ratio was obtained. The experiments were
performed in triplicate.

= ×W W
W

Swelling ratio
( )

100s d

d

where Ps = percentage swelling, Ws = weight of hydrogel after
swelling, and Wd = weight of hydrogel before swelling.

Spectral Studies. The IR spectra of the hydrogel films
were recorded using an FTIR spectrophotometer (Shimadzu,
Model IRA, Affinity-1) within the range of 450−4000 cm−1.

Morphological Studies. The internal morphology of
hydrogels was determined using scanning electron microscopy
using a Zeiss 1450EP scanning electron microscope (Carl Zeiss
Micro Imaging, Inc., NY).

Rheological Measurements. The prepared hydrogels
were examined for their rheological properties using a
rheometer (MCR102, Anton Paar, Austria) having a Peltier
temperature control system and an accuracy of ±0.01 °C. All
the tests were performed at 37 °C. To study the flow
properties and viscoelastic behavior of the hydrogels, steady
shear tests (γ = 0.001−1000 s−1), amplitude sweep tests (γ =
0.1−100%) at a constant frequency of 5 rad/s, and frequency
sweep tests (0.1−100 Hz) at a constant strain of 0.5 were
performed.

In Vitro Drug Release Studies. The in vitro drug release
studies of MFH-loaded hydrogels were carried out in a USP
type II dissolution instrument (LABINDIA) at a rotational
speed of 50 rpm.43−45 A pH of 7.4 was employed in the
dissolution media. The dissolution media were prepared by
mixing NaOH (9.38 g) and KH2PO4 (40 g) in deionized
water, respectively, in 1.95 and 2.5 L. The pH was measured
using digital pH meters (a pH instructor from EUTECH
instrument). The dissolving media were maintained at a
temperature of 37.5 °C, and the dissolution media compart-
ment was sealed to eliminate media loss due to evaporation.
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To preserve the sink condition, 5 mL of the solution was taken
out of the dissolving device every hour and replaced with a
fresh medium. Upon sample collection, each sample was
filtered and the drug concentration of each sample was
calculated by measuring its absorbance at 225 nm with a UV
spectrophotometer model SHIMADZU UV-1800. The follow-
ing equations were used to evaluate the drug concentration and
cumulative drug release:

Concentration of drug (μg/mL) = (slope × absorbance ±
intercept)45

= × ×
amount of drug release

concentration dissolution bath volume dilution factors
1000

where the amount of drug release is calculated in mg/mL

=
× +p t P

cumulative percent release %
volume of sample withdrawn (mL) ( 1)

bath volume
t

where pt = percentage release at time t
where p (t−1) = percentage release previous time t46

The drug release kinetic was calculated by employing various
drug re lease model s : firs t -order re lease model

= +C Clog log kt
0 2.303

, zero-order release model Qt = K0t,
Higuchi’s model Qt = Kht1/2, and Korsmeyer−Peppas model

= K t
Q

Q p
nt , where C0 and C are the concentrations of drug

initially and at time t, while Qt and Qα are the amounts of drug
dissolved at time t and at time infinite.

■ RESULTS AND DISCUSSION
Spectral Studies. All of the hydrogels showed a prominent

peak around 3500−2300 cm−1, which confirmed the coupling
of NH stretching with free OH and hydrogen bonding (given
in the Supporting Information as Figure S1). The peaks
between 1600−1700 cm−1 were related to C�O stretching
vibration. Bending and stretching vibrations of NH and CN
were noticed in the region of 1560−1335 cm−1, while the
1240−670 cm−1 bands were related to the vibration of the C−
N and N−H planes of bound amide. All of the peaks correlated
well with the literature values.47,48 The composite hydrogel of
PANI/GL-B revealed a peak at 3037 cm−1, which was the
characteristic peak of the C−H vibration of the aromatic
benzene of PANI. The vibration of the C�C stretching peak
was noticed at 1619 cm−1, whereas the vibration of the
symmetric ring stretching band was found at 1402 cm−1. The
stretching of the C−N bonds was observed at 1266 cm−1. The
presence of electron-delocalized PANI was confirmed by the
presence of a strong peak at 1141 cm−1.49 Furthermore, the
C−H stretching in plane bending was found at 1021 cm−1,
while the C−H out of plane bending was noticed at 804 cm−1.
Major of the characteristic peaks at 710, 1121, 1216, 1330,
1522, and 1598 cm−1 and a broad peak around 3000−3500
confirmed the presence of PANI as reported in the literature.18

In the case of the POPD/GL-B composite hydrogel,
characteristic peaks of primary and secondary amine were
found between 3200−3500 cm−1. The strong absorption peak
at 1519 cm−1 was attributed to the C�C stretching vibrations
in the benzene ring, and the peak at 1624 cm−1 was correlated
with the C�N stretching vibration. The peaks at 1340 and
1216 cm−1 were attributed to the C−N stretching vibration of
the benzene ring. The peaks at 877, 842, and 686 cm−1 were

Figure 1. SEM images of (a) POPD/GL-B, (b) PNA/GL-B, (c) PVDF/GL-B, and (d) PANI/GL-B composite hydrogels.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05067
ACS Omega 2024, 9, 18766−18776

18768

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05067/suppl_file/ao3c05067_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05067?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


correlated with the benzene nuclei in the phenazine skeleton.
The quinonoid and benzenoid peaks were found at 1519 and
1492 cm−1, respectively, while the CN stretching peak of the
quinonoid and benzenoid units was located at 1216 and 1390
cm−1, respectively. The presence of the NH imine group was
confirmed by the presence of a peak at 1624 cm−1. The C�C
stretching vibrations in the benzene ring were noticed at 1534
cm−1. In the case of the PNA/GL-B composite hydrogel, the
NH-stretching vibration peak was centered at 3481 cm−1 for

the secondary amine. The imine stretching mode was found at
1641 cm−1, whereas the peak at 1599 cm−1 was attributed to
the N = Q = N, quinonoid ring skeletal vibrations. The N−B−
N benzenoid ring skeletal vibrations appeared at 1529 cm−1,
while the CN vibration peaks were noticed at 1401 and 1266
cm−1. The peak at 1151 cm−1 was correlated at BNH+ = Q and
B−NH−B vibrations. The peak at 771 cm−1 was compatible
with NPA polymerization via N−C (4) links, according to the
literature, while the peak at 788 cm−1 exhibited N−C (5)

Figure 2. (a) Viscosity as a function of shear rate; (b) log−log plot of the viscosity vs shear rate.

Figure 3. (a) Storage modulus, (b) loss modulus, (c) storage modulus/loss modulus as a function of angular frequency, and (d) flow curve of the
shear stress vs shear rate for GL-B-based conducting hydrogels.
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coupling between neighboring PNA rings.48 The baseline’s
steepness between 2000 and 3000 cm−1 confirmed polymer-
ization.49 The peak at 1630 cm−1 in PVDF/GL-B was
indicative of the N−N stretching vibration, while the peaks
at 1630, 1529, and 841 cm−1 were caused by deformation of
the N−H vibration. The peak at 1079 cm−1 was attributed to
the C−H stretching vibration, while the characteristic peaks for
the β-phase of PVDF were observed at 510 and 841 cm−1,
respectively.18

Scanning Electron Microscopy (SEM) Analysis. The
SEM image of POPD/GL-B, Figure 1a, showed a swollen gel
film with embedded agglomerates, while the SEM image of
PNA/GL-B, Figure 1b, exhibited a sheet-like structure showing
uniform distribution of PNA in the hydrogel. The SEM image
of PVDF/GL-B, Figure 1c, revealed an interwoven layered
structure confirming the formation of an interpenetrating
network between GL and PVDF.18 The SEM image of PANI/
GL-B, Figure 1d, also showed a uniformly cross-linked
network-like morphology having the appearance of stacked
sheets. The morphologies showed variation with the type of
CP used, which could be utilized to design hydrogels with
desired morphologies.

Rheological Studies. Through flow curves of versus shear
rate of various conducting hydrogels, the rheological behavior
was investigated, Figure 2a,b. The highest viscosity was
observed for PVDF/GL-B. As the conducting polymer was
varied, the viscosity was also found to be affected. The viscosity
of the hydrogels followed the trend PVDF/GL-B > PANI/GL-
B> POPD/GL-B > PNA/GL-B. There was a 101 fold increase
in the viscosity trend with variation of the conducting polymer.
Stronger gelation was seen in all cases when the shear rate
approached zero, proving that the fluid was not in a state of
equilibrium. The hydrogels were discovered to have low, shear-
independent viscosities at low shear rates (γ ≈ 0.01−0.1 s−1),
demonstrating yield stress characteristics and conventional
Newtonian behavior. The Newtonian behavior and high
viscosity may be associated with stabilized hydrogels. However,
with an increase in shear rates (γ ≈ 10−200 s−1), a sharp

decline in viscosity was observed, exhibiting a shear thinning
region. The decrease in the viscosity was about 4 orders of
magnitude, reaching a value of around 10 Pa·s at 10 s−1. This
suggested a relatively robust and rigid network structure that
prevented gelatin chains from becoming entangled by sliding
over one another by forming longer segments from multihelix
structures.17,18 The shear thinning behavior is governed by a
number of factors, all of which are related to the structural
reorganization of the fluid molecules due to flow. All hydrogels
in the Newtonian region exhibited a smaller plateau. The
smallest plateau was observed for the POPD/GL-B hydrogel,
Figure 2a, while the highest plateau was noticed for PVDF/
GL-B. Also, the zero-shear viscosity of all the hydrogels was
greater than 103 Pa.s. Among all of the hydrogels formed, the
POPD/GL-B showed the shortest Newtonian plateau region
characterizing liquid-like character of the hydrogel formed.
PVDF/GL-B showed an extended plateau region exhibiting
solid character of the hydrogel formed. The PANI/GL-B and
PNA/GL-B exhibited characteristics similar to that of a solid-
like hydrogel. The presence or absence of a Newtonian region
indicated the morphology of the gel/air interface, while a
flatter interface indicated the presence of a Newtonian region,
Figure 2b.

■ OSCILLATORY FREQUENCY SWEEP
MEASUREMENTS

The gels were subjected to an increasing oscillating strain
(strain sweep) at a constant frequency. G′ (the storage
modulus) indicated solid or elastic characters, while G″ (the
loss modulus) showed liquid-like/viscous behavior. The
oscillatory rheology was measured in the range of angular
frequency of 0.01 to 100 rad/s and was plotted for all of the
samples. The variation of G′ and G′′ vs angular frequency for
different hydrogels is shown in Figure 3a−c. In the entire
region under consideration, the G′ > G″ showed an increase
with an increase in frequency, confirming the stability of
composite gel. The hydrogel’s nearly independent frequency
dependence even at 100 rad/s confirmed that the hydrogels

Figure 4. Swelling studies of PNA/GL-B, POPD/GL-B, PANI/GL-B, and PVDF/GL-B composite hydrogels.
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had a solid network-like arrangement. PVDF/GL-B formed the
strongest gel, whereas PNA/GL-B formed the weakest gel. The
strength of the hydrogel of PVDF/GL-B (G′ > 103) increases
one-fold as compared to that of PNA/GL-B (G′ > 102). Due to
the fact that conducting polymers have chains that were
positively charged compared to GL-B, which is negatively
charged at pH above 5, it can be anticipated that the
interaction of these two materials resulted in the formation of
electrostatic binding of the conducting polymers to the GL-B
chains. The hydrogen bonds also facilitated binding of GL-B
with conducting polymers. Among all of the hydrogels formed,
PVDF/GL-B showed more solid-like properties and had higher
viscosity and G′ values indicating a strongly cross-linked
network resulting in the highest mechanical strength. The data
also demonstrated that the order of zero shear viscosity and
value of G′ were similar and followed the order PVDF/GL-B >
PANI/GL-B > POPD/GL-B > PNA/GL-B. The frequency
sweep measurements confirmed that the mechanical stability of
the synthesized hydrogels was quite improved as compared to
conventional hydrogels, making them an ideal material for drug
delivery. The shear stress vs shear rate showed shear thinning
behavior for all of the synthesized hydrogels, Figure 3d.

Swelling Studies. Swelling progressed with prolonged
immersion exposure and achieved equilibrium after around 12
h, Figure 4. Swelling percent revealed that the highest value
was observed for the POPD/GL-B hydrogel at 382%, while the
least was observed for PVDF/GL-B at 98%. The highest
swelling for the POPD/GL-B hydrogel can be explained by the

water loving characteristic of the POPD polymer. The least
value for the PVDF/GL-B hydrogel was attributed due to an
increase in the cross-link density of the hydrogel. As the cross-
linking increased, the ability of the water to penetrate into the
hydrogel was significantly decreased, resulting in poor swelling
ability for the PVDF/GL-B hydrogel. The reason for swelling
of the hydrogel may be due to the polar ionic interaction of the
water molecule with the carboxylate group, acidic hydrogen,
and conducting polymer. The swelling of the hydrogels
followed the order POPD/GL-B > PNA/GL-B > PANI/GL-
B > PVDF/GL-B.

In Vitro Release Kinetics of MFH Drug from
Composite Hydrogels. The release studies of the MFH
drug from composite hydrogels showed a decrease in the
absorbance peak corresponding to MFH with time (given in
the Supporting Information as Figures S2−S5). The release
kinetics of MFH drug from the conducting hydrogels followed
zero-order kinetics for PVDF/GL-B, while for PNA/GL-B,
POPD/GL-B, and PANI/GL-B composite hydrogels, the
release kinetics followed first-order kinetics, Figure 5a−d.
The release kinetic studies revealed that as the loading of drug
in the hydrogel increased, the concentration of the drug
released also increased. PVDF/GL-B showed constant drug
release from the matrix. POPD/GL-B revealed the highest
drug release, while the PVDF/GL-B exhibited the lowest
release, Figure 5d. The highest rate constant for the first-order
model was found in the case of POPD/GB-10−50, while the
lowest was found in the case of PVDF/GL-B-10.

Figure 5. First-order kinetics for (a) PANI/GL-B, (b) PNA/GL-B, and (c) POPD/GL-B and zero order for (d) PVDF/GL-B composite hydrogel.
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Table 1. Kinetics Rate Constants and Correlation Coefficient Obtained for the Release of Metformin Hydrochloride Drug
Fitted in the Zero-Order Model, First-Order Model, Higuchi Model, and Korsmeyer-Peppas Model

correlation coefficient (R2)
zero-order model

correlation coefficient (R2) first-
order model

correlation coefficient (R2)
Higuchi model

correlation coefficient (R2)
Korsmeyer-Peppas model

sample R2 ko R2 k1 R2 kh R2 km
POPD/GL-B

POPD/GL-B -50 0.8766 9.2275 0.9955 0.1026 0.9538 41.1314 0.9251 0.9035
POPD/GL-B-30 0.8384 8.6617 0.9950 0.0570 0.9264 38.9087 0.7285 2.2685
POPD/GL-B-10 0.9204 6.5539 0.9940 0.03561 0.9605 28.612 0.7398 2.218

PNA/GL-B
PNA/GL-B-50 0.7998 8.5973 0.9915 0.1391 0.8783 38.5014 0.6746 1.4523
PNA/GL-B-30 0.6024 7.0532 0.9959 0.1477 0.7126 32.7834 0.8569 1.8217
PNA/GL-B-10 0.8907 4.9731 0.9950 0.1486 0.88273 21.1565 0.7902 0.8758

PVDF/GL-B
PVDF/GL-B-50 0.9911 8.3085 0.9581 0.0465 0.9750 35.1988 0.8972 1.7718
PVDF/GL-B-30 0.9966 7.3890 0.9533 0.0466 0.9753 31.2304 0.8045 2.7081
PVDF/GL-B-10 0.9953 6.3502 0.9186 0.0026 0.9728 26.8212 0.8341 2.5967

PANI/GL-B
PANI/GL-B-50 0.9141 9.7106 0.9881 0.08157 0.82314 39.6377 0.9129 3.6189
PANI/GL-B-30 0.9227 9.1535 0.9952 0.06324 0.9416 39.4663 0.8232 2.823
PANI/GL-B-10 0.8936 6.9746 0.9902 0.0469 0.8019 28.4306 0.8693 3.9648

Figure 6. Percent release profiles of conducting polymer/GL-B hydrogels upon loading of (a) 50 mg of MFH drug, (b) 30 mg of MFH drug, and
(c) 10 mg MFH drug (pH = 7.4).
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The rate constant value for zero-order models was the
highest in the case of PVDF/GL-B-50 and lowest for PNA/
GL-B-10.

Table 1 reveals that, for first-order kinetics, the R2 value
ranged between 0.9881−0.9959 for POPD/GL-B, PNA/GL-B,
and PANI/GL-B hydrogels, while for the PVDF/GL-B
hydrogel, the value of R2 ranged between 0.9911−0.996 for
zero-order kinetics. The highest rate constant for the first-order
model was k1 = 0.1485 observed for POPD/GL-B -50, while k1
= 0.0356 was observed for PNA/GL-B-10. For PVDF/GL-B,
k0 = 9.716 for 50 mg of drug loading and k0 = 6.3502 for 10 mg
of drug loading. The release plot in all of the systems
demonstrated sustained release behavior. Over the period of 12
h, the % release kinetics of MFH drug via conducting
hydrogels were evaluated, Figure 6a−c. The release profile
showed that POPD/GL-B-50 released a maximum amount of
drug (98.28%), followed by PANI/GL-B-50 (92.58%), Figure
6a.

The hydrogel PVDF/GL-B-10 showed the least drug release
(50%) up to 10 h. The drug release percentages for PNA/GL-
B-50 and PVDF/GL-B-50 were respectively 85.33 and 75.95%,
and for POPD/GL-B-30, the drug release was seen to be the
highest, Figure 6b. Drug release from POPD/GL-B-30 and
PANI/GL-B-30 was 95.06 and 77.45%, respectively, Figure 6b.
For PNA/GL-B-30 and PVDF/GL-B-30 hydrogels, the drug

release was found to be 68.605 and 62.98%, respectively.
POPD/GL-B-10 showed a drug release of about 66.36%, and
PANI/GL-B-10, PNA/GL-B-10, and PVDF/GL-B-10 showed
60.99, 50, and 44.95% release, respectively, Figure 6c.
According to the cumulative drug release profile of conducting
polymer-based hydrogels, POPD/GL-B-50 released about
100%, whereas PANI/GL-B-50, PNA/GL-B-50, and PVDF/
GL-B-50 released 92, 84, and 76%, respectively. The
cumulative drug release was at its highest for POPD/GL-B-
50, Figure 7a, and at its lowest for PVDF/GL-B-10, Figure 7c.
For a 30 mg drug release, Figure 7b, POPD/GL-B-30, PANI/
GL-B-30, PNA/GL-B-30, and PVDF/GL-B-30 showed 94, 80,
77, and 63% drug release, respectively, Figure 7b. The drug
loading of 10 mg in the same medium showed 65% release for
POPD/GL-B-10 and roughly 59% for PANI/GL-B-10, Figure
7c.

Shehata et al.50 formulated nanoparticles of gelatin/sodium
alginate as novel drug administration routes and sustained
release qualities. By adjusting the preformulation studies such
as flow rate, polymer viscosity, and surface tension,
postformulation properties such as particle size, surface scan,
and dissolution profiles were evaluated. The studies demon-
strated a considerable decrease in blood glucose over the
course of 24 h in vivo as well as in vitro tests. Films made of a
chitosan-gelatin hydrogel that contained metformin using

Figure 7. Cumulative drug release profiles of conducting polymer/GL-B hydrogels upon loading of (a) 50 mg of MFH drug, (b) 30 mg of MFH
drug, and (c) 10 mg of MFH drug (pH = 7.4).
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varying genipin concentrations as a cross-linker was synthe-
sized by Ubaid et al.51 In the first two h of the hydrogel’s
dissolution in a gastric-simulation environment, burst release
was noticed. It was determined that the metformin release rate
could be altered by varying the polymer to cross-linker ratio.
The release rate was also impacted by the cross-linker; as its
concentration increased, it gradually decreased. In ferric
chloride solution, sodium alginate (NaAlg)/sodium carbox-
ymethyl cellulose (NaCMC) blend hydrogel beads were
synthesized by Swami et al.52 The hydrogel beads that were
created showed pH sensitivity during the delivery of metformin
hydrochloride. Studies on the in vitro release of drug-loaded
beads at pH 7.4 and pH 1.2 revealed different release
characteristics. Our recent work on release of metformin
drug using Na-alginate-based conducting polymer hydrogels
showed that 99% drug release was attained for POPD/Na-
ALG at 37 °C over a period of 12 h.18 Pourjalilia et al.53

studied the creation of a novel gellan-based magnetic double
network hydrogel nanocomposite (MDNH). To examine their
drug delivery and mechanical characteristics, samples of
Gellan/PAMPS/PAAm DN hydrogels with various concen-
trations of Fe2+/Fe3+ and N,N′-methylenebis acrylamide
(MBA) components were used to create the cross-linking
agents. In vitro release of the drug-loaded hydrogel was
investigated at pH 5.4 and pH 7.4. According to the data,
lowering the medium pH from 7.4 to 5.4 after 1500 min
caused the drug release to increase from 50% at pH = 7.4 to
84% at pH = 5.4. For the immobilization of metformin HCl
(MH) at a dose range of 0−30 mg, Hariyanti et al.54 employed
a poly(vinyl alcohol) (PVA)−gelatin-based hydrogel produced
by X-ray irradiation with varied gelatin concentrations ranging
from 0.5−2% w/v. The total amount of medication released
decreased with increasing gelatin concentration and dosage. An
in vitro and in vivo toxicity research study of pectin-
acrylamide-fabricated hydrogels was used to assess the
generated hydrogel by Saramas et al.,55 which was done
using cross-linked N,N-methylene bisacrylamide. The propor-
tions of drug release, permeation, and diffusion coefficients
were increased with shorter times in comparison to no
electrical potential for the drug release permeation of the C
0.8% v/v cryogel via the pig skin. It was demonstrated that the
C 0.8% v/v matrix showed the potential to be utilized as a
metformin transdermal controlled administration patch for
abdominal obesity and diabetes. In our case, the type of
conducting polymer greatly influenced the release of the MFH
drug from the hydrogel matrix. For the PVDF/GL-B hydrogel,
there was a strong interaction observed for fluoride ions of the
PVDF polymer and the acidic proton of MFH drug, resulting
in very strong interaction of the hydrogel and the drug. This
ultimately slowed the release of the drug from the hydrogel
matrix. However, in the case of the POPD/GL-B hydrogel, the
NH group of the POPD polymer and the NH group of the
drug experience strong repulsive forces. This repulsion led to
the fast removal of the drug from the POPD-based hydrogel. In
the case of the PNA/GL-B hydrogel, the overall attractive
forces between the PNA moiety and that of the MFH drug
dominated over the repulsive forces, resulting in slower release.
The MFH drug loading and various conducting polymers have
an impact on the drug release rate. Therefore, by employing a
hydrogel based on conducting polymers, the release of drugs
from the hydrogel matrix could be appropriately adjusted and
controlled for greater performance.

■ CONCLUSIONS
Conducting hydrogels were successfully synthesized using
different conducting polymers blended with gelatin confirmed
by FTIR and rheological studies. Incorporation of conducting
polymers prolonged the drug release up to 8 h, while gelation
provided mechanical and better swelling ability to the
hydrogel. Drug release capability of the synthesized hydrogels
was examined by loading of metformin hydrochloride at pH =
7.4. The release kinetics of metformin hydrochloride best fit
the first-order model. The release data suggested that the drug
release from hydrogels depended on the type of conducting
polymer and the concentration of drug used. With optimum
conducting polymer and drug concentrations, the prolonged
release of drug could be achieved, which makes the conducting
hydrogels a potential candidate for sustained drug release drug
delivery. The in vivo and biocompatibility studies are required
for these systems to explore their commercial viability.
Moreover, the optimum loading at which the composite
could be biodegradable also needs to be investigated. These
studies are underway in our laboratory and will be published
soon.
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