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g-cl-poly(NIPAm-co-AA)/-o-
MWCNT based hydrogel for combined drug
delivery system of metformin and sodium
diclofenac: in vitro studies

Pragnesh N. Dave, *a Pradip M. Macwanb and Bhagvan Kamaliyaa

In the present study Gg-cl-poly(NIPA-co-AA) and Gg-cl-poly(NIPA-co-AA)/-o-MWCNT hydrogels were

synthesized using free radical polymerization. We looked into whether combining metformin with

diclofenac, a nonsteroidal anti-inflammatory drug (NSAID), would be effective in examining complex

formation and analysing the types and intensities of complexes that could result from metformin–

diclofenac interactions. The interaction of metformin and diclofenac was studied in vitro at various pH

levels and body temperatures. The structure and morphology of the produced hydrogel were

characterised using FTIR spectra, SEM analysis, and drug loading tests. As a model drug, the hydrogel

was loaded with metformin hydrochloride and sodium diclofenac (DS), and the medicines were released

pH-dependently. To explore the drug release kinetics and mechanism, the zero order and first order

kinetic models, the Korsemeyar–Peppas model, the Higuchi model, and the Hixson-Crowell model have

all been employed. Drug release studies revealed notable characteristics in connection to physiologically

predicted pH values, with a high release rate at pH = 9.2. At pH = 9.2, however, both metformin and

sodium diclofenac exhibited a Fickian mechanism. Combination treatment may reduce the effective

dose of a single drug and hinder metabolic rescue mechanisms. More study is needed to detect any

negative effects on individuals.
1. Introduction

Hydrogels are copolymeric networks that can expand and retain
water inside their polymeric network while not dissolving in
water.1 Gra copolymers provide advantages over natural poly-
mers, particularly stimuli-responsive polymers, such as greater
acid base and heat resistance and decreased crystallinity. Gra
copolymers are made by rst generating free radicals on the
biopolymer backbone and then allowing these radicals to act as
macroinitiators.2 Hydrogels have a longer and more persistent
effect than traditional drug delivery techniques. They are
biocompatible and biodegradable, and they administer drugs to
particular locations. As a result of the reduced frequency of dose
and adverse effects, patient compliance improves.

Natural polymers have been widely used as drug entrapment
and delivery vehicles.3,4 Natural polymers outperform synthetic
polymers in terms of biocompatibility, biodegradability, and
ease of access.3,5 Additionally, the presence of reactive groups on
native natural polymers allows for interaction with other
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functional groups.6 This modication bestows amazing func-
tionalities on the newly acquired polymer and/or affects its
physical and chemical characteristics.7,8 Gra copolymerization
methods have attracted a lot of interest for their ability to
modify natural polymers.9–11 This approach allows for the
graing of one or more homopolymer blocks with a variety of
functional groups onto the main chain's backbone, modifying
the physical and chemical characteristics of the original graed
polymer.10 Gra polymerization may be accomplished in three
ways: graing to, graing from, and graing through. The
“graing to” method involves the coupling of a pre-formed
polymer to a surface by using the functional groups of both
the surface and the pre-formed polymer.6

The principle behind the drugs delivery technology is based on
the premise that every pharmaceutical dosage form should be
designed to deliver therapeutic amounts of drugs to the site of
action and maintain them during therapy.12 Because of their
efficacy as anti-inammatory, anti-thrombotic, anti-pyretic, and
analgesic agents, nonsteroidal anti-inammatory medicines
(NSAIDs) are among the most regularly prescribed pharmaceuti-
cals in the world. Numerous adverse drug responses, case-control,
and post-marketing monitoring studies, however, have demon-
strated that NSAIDs are linked with a wide range of side effects,
the most common of which are gastrointestinal (GI) problems.
RSC Adv., 2023, 13, 22875–22885 | 22875
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Diclofenac is a well-tolerated nonsteroidal anti-
inammatory drug (NSAID) that is commonly used in the
long-term treatment of degenerative disorders such as rheu-
matoid arthritis and osteoarthritis.13 The drug also has anal-
gesic and antipyretic properties. However, due of its short
biological half-life (1–2 h), it must be administered oen to
maintain therapeutic efficacy. The use of drug-delivery devices
is one possible approach to discovering a successful therapy
employing sodium diclofenac. More precisely, drug delivery is
a new research path in precision medicine that aims to improve
the therapeutic benets of drugs in people or animals.14 Met-
formin hydrochloride (C4H12ClN5), also known as 1,1-dime-
thylbuguanide hydrochloride, is a small and very hydrophilic
molecule that is commonly employed in the treatment of type 2
diabetes. This drug is usually given to people whose glucose
levels cannot be managed via diet and exercise.15 It has three
basic functions: reducing sugar absorption in the small intes-
tine, stopping the liver from excreting more glucose into the
blood, and eventually supporting the body in using natural
insulin properly. As a result, it reduces endogenous glucose
synthesis while causing no obvious hypoglycemia. However,
because it is hydrophilic, it is only partly and slowly absorbed by
the gastrointestinal system, resulting in a relatively poor
bioavailability (50–60%). Furthermore, because metformin HCl
has a very short half-life (2–4 h), frequent medication admin-
istration is required for successful management.6

Because both stimuli are created in the mammal's body,
temperature and/or pH sensitive gels are the most studied for
drug delivery applications.16–18 N-isopropylacrylamide (NIPAm)
is the most studied thermos-responsive gel polymer. Poly(N-
isopropylacrylamide) [poly(NIPAm)] hydrogels have an enlarged
network structure below 32 °C, the lower critical swelling
temperature (LCST),19 whereas these networks collapse above
this temperature. Cross-linked and poly(acrylic acid) [poly(AAc)]
hydrogels, on the other hand, are the most pH sensitive mate-
rials studied because they can exhibit much more expanded
networks at pH values above the pKa of acrylic acid (pKa = 4.35)
and the changes in network expansion are in the range close to
the body's pH. Because of established features such as excellent
mucoadhesion, ionic drug load possibility, high swelling, and
biocompatibility, certain materials based only on acrylic acid
(as carbopol derivatives) are frequently employed to construct
Fig. 1 Chemical structures of (a) metformin hydrochloride and (b) sodiu

22876 | RSC Adv., 2023, 13, 22875–22885
pharmaceutical drug delivery formulations. However, the use of
this monomer in combination with NIPAm can provide
polymer-drug based formulations with additional benets such
as (a) slower rate of drug release at body temperatures
compared to polymers completely based on AAc due to their
partially collapsed state at body temperature and (b) improve-
ment of mechanical properties of the formulations due to major
polymer–polymer interactions.20

To address these issues, an effort was made to develop
hydrogel composites based on gum ghatti with an inter-
penetrating network using free radical copolymerization and
a cross linker-initiator system consisting of N,N′-methylene-bis-
acrylamide (MBA) and ammonium peroxydisulfate (APS), N-
isopropylacrylamide, and tetramethylethylenediamine
(TEMED) as an initiator. The current study's major purpose was
to investigate complex formation and analyse the types and
severity of complexes that might occur from metformin and
diclofenac interactions.

2. Materials and methods
2.1. Materials

Gum ghatti (Gg), acrylic acid (AA), ammonium persulfate (APS),
tetramethyl ethylenediamine (TEMED) and N,N′-methyl-
enebisacrylamide (MBA) were purchased from Lobachemie
(Mumbai, India). N-isopropylacrylamide (NIPAm) was
purchased from TCI. -o-MWCNT was directly used as per our
previous work.21 Metformin hydrochloride (CAS number: 1115-
70-4) was purchased from Himedia and Sodium diclofenac (SD)
(CAS number: 15307-79-6) was purchased from Sigma Aldrich.
The structure of the model drugs are given below as Fig. 1. All
reagents used were of analytical grade. For all the experiments,
deionized (DI) water was used.

2.2. Synthesis of gum ghatti-cl-poly(N-isopropylacrylamide-
co-acrylic acid)/-o-MWCNT

Gg-cl-poly(NIPA-co-AA)/-o-MWCNT hydrogels were synthesized
by adding 0.5 g Gg to 10 ml of distilled water in a 100 ml beaker
and kept in rest for 24 h for better dissolution of the biopolymer
in water. The composition was sonicated for 40 minutes and
aer that -o-MWCNT (0–50 mg) solution was added to
biopolymer. To the beaker 0.2 gm of NIPAm was added and the
m diclofenac drug.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental conditions to yield hydrogels

S. no.
Gum ghatti
(g) NIPAm (g) AA (ml) APS (g) MBA (g)

TEMED
(ml)

-o-MWCNT
(mg)

H2O
(ml)

GNACNT-0 0.5 0.2 1 0.05 0.05 0.05 0.0 10
GNACNT-1 0.5 0.2 1 0.05 0.05 0.05 10 10
GNACNT-2 0.5 0.2 1 0.05 0.05 0.05 20 10
GNACNT-3 0.5 0.2 1 0.05 0.05 0.05 30 10
GNACNT-4 0.5 0.2 1 0.05 0.05 0.05 40 10
GNACNT-5 0.5 0.2 1 0.05 0.05 0.05 50 10
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required amounts of APS, TEMED and MBA was added as
shown in the Table 1. In the nal phase, 1 ml of AA was added
with constant stirring. The beaker was le undisturbed at 50 °C
for 3 h. Aer 3 h, the beaker was allowed to cool at room
temperature. The formed homo-polymer was extracted using
repeated acetone extractions. The hydrogel was allowed to dry
gradually at 50 °C for 48 h and grounded into powder with
a mortar and pestle.

2.3. Characterization of gum ghatti graed hydrogel

2.3.1. Fourier transform infrared spectroscopy (FTIR).
Fourier transform infrared (FT-IR) spectra of materials were
recorded on PerkinElmer instrument using KBr plate method in
the range of 400–4000 cm−1.

2.3.2. Surface morphological study (SEM). Themorphology
of particles was studied utilising SEM studies, which make use
of a scanning electron microscope. In this method, a sample is
scanned using a high-intensity electron beam. A Field Emission
Gun Nano Nova Scanning Electron Microscope (FEG-SEM) 450
with EDAX was used to analyse hydrogels. For sample analysis,
magnication levels ranged from ×25 to ×10 000.

2.4. Drug loading study

2.4.1. Loading of metformin and sodium diclofenac onto
the hydrogel. The model drugs sodium diclofenac and water-
soluble metformin were introduced into hydrogel using
a swelling-diffusion method.22 A 100 ml solution of metformin
(1.0 mg ml−1) and sodium diclofenac (1.0 mg ml−1) was trans-
ferred to the dried hydrogels (1.0 g), and they were then incu-
bated at 37 °C for 24 hours. Aer being taken out of the
solutions, the combined hydrogels were washed with deionized
water and dried in an oven at 50 °C to a constant weight. Using
a UV-visible spectrophotometer, the quantities of metformin
and sodium diclofenac were determined (Shimadzu-1800). The
drug entrapment efficiency (EE) of the hydrogel was determined
using the eqn (1) shown below.23

DL ð%Þ ¼
�
WD

W0

�
� 100 (1)

where WD is the total amount of drug in solution aer loading
and W0 is the total amount of drug in solution before loading.

2.4.2. In vitro drug release study. The release behaviour of
model drugs from the drug loaded hydrogel (powder type)
were investigated in distilled water, at pH 1.2 buffer (simu-
lated stomach uid), pH 7.4 buffer (simulated intestinal
© 2023 The Author(s). Published by the Royal Society of Chemistry
uid), and pH 9.2 (borate). The calibration curves for the
drugs were generated in distilled water, pH 1.2 buffer, pH 7.4
buffer, and pH 9.2 buffer solutions at 232 nm for metformin
and 276 nm for sodium diclofenac using a UV-visible spec-
trophotometer (Shimadzu-1800). The drug-loaded hydrogels
were immersed in 100 ml of PBS buffer (pH = 7.4), HCl (pH =

1.2), and borax (pH = 9.2) solutions for the release studies.
The experiments were carried out in an incubator at 100 rpm
at a working temperature of 37 °C. At predetermined time
intervals, a small volume of the release medium (5.0 ml) was
taken to determine the drug concentration using a UV-visible
spectrophotometer, and an identical volume of new medium
was added.

2.4.3. Mechanism of drug release. The release data was
tted in the well-known Korsmeyer–Peppas equation shown
below to dene the drug release process24,25

Mt

MN

¼ ktn (2)

where ‘k’ is a release rate constant characteristic of the structure
and geometry of the drug delivery device, ‘n’ is the diffusion
exponent characteristic of the release mechanism, andMt/MN is
the proportion of the drug released at time ‘t’.26–28 The values of
‘n’ and ‘k’ are obtained from the slope and intercept of the log
Mt/MN plot and the log t plot, respectively. Dependent on the
comparative rates of water diffusion into the polymer matrix
and rate of polymer chain relaxation, there are three different
ways that drugs can be released from drug-loaded polymers. For
the sample, n = 0.89 relates to case II diffusion (the release
mechanism is relaxation controlled), n = 0.45 relates to Fickian
diffusion (the release mechanism is diffusion controlled), and n
between 0.45–0.89 relates to non-Fickian diffusion (a mixture of
Fickian diffusion and polymer chain relaxation).29

2.4.4. Kinetics of drug release. The best t of the curves to
several kinetic models, including the zero order model (eqn (3)),
the rst order model (eqn (4)), the Higuchi model (eqn (5)), the
Korsmeyer–Peppas model (eqn (6)) and the Hixson-Crowell
model (eqn (7)) was used to determine the kinetics of drug
release from the hydrogel.30

Mt

MN

¼ k0t (3)

log

�
Mt

MN

�
¼ k1t (4)
RSC Adv., 2023, 13, 22875–22885 | 22877
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�
Mt

MN

�
¼ k2t

1
2 (5)

�
Mt

MN

�
¼ k3t

n (6)

ffiffiffiffiffiffiffi
M0

3
p

�
ffiffiffiffiffiffiffi
Mt

3
p

¼ k4t (7)

In the above stated models Mt/MN is the cumulative fraction of
drug release, ‘t’ is the release time, ‘n’ is the release exponent,
M0 is the amount of drug loaded in hydrogel, Mt is amount of
drug release at time ‘t’ and k0, k1, k2, k3 and k4 are the release rate
constants.31
3. Results and discussion
3.1. Fourier transform infrared spectroscopy (FTIR
spectroscopy)

Fig. 2 displays the FTIR spectra for gum ghatti-cl-poly(N-iso-
propylacrylamide-co-acrylic acid)/-o-MWCNT hydrogel. Gum
ghatti showed a wide absorption band at 3419.61 cm−1 because
of the presence of –OH in galactopyranose and glucopyranose
rings, a peak at 2925.26 cm−1 arises because of the C–H
stretching mode of the –CH2 group, and peak at 1628.66 cm−1 is
because of the C]O stretching vibrations. It was determined
that the pyranose rings of polysaccharides C–O and C–C
stretching vibrations were responsible for the absorption peaks
between 1033.08 cm−1 and 1421.97 cm−1. The peaks at
1311.47 cm−1 and 1234.70 cm−1 were caused by stretching
vibrations of the C–O–C.32 The bands due to the C]O stretch
are very prominently seen in the range 1710.48 cm−1 for the
carboxylated MWCNT, which can be assigned to the acid
carbonyl-stretching mode.33 Apart from this, other bands seen
in this o-MWCNT are a small one at 2824.03 cm−1 and another
at 3331.87 cm−1, that are characteristic of C–H and O–H,
stretches respectively.34 The bands at 1287.84 cm−1 and
Fig. 2 FT-IR spectra for (a) pure gum ghatti (Gg), (b) pure -o-MWCNT,
(c) GNACNT-0 hydrogel, (d) GNACNT-3 drug loaded hydrogel.

22878 | RSC Adv., 2023, 13, 22875–22885
1404.26 cm−1 are representative of C]C.35 It can also be
observed that, the intensity of this O–H peak is relatively lower
and shows that a lesser amount of amorphous carbon formed
during growth.33 It is well known than an acid treatment with
HNO3 allowed the introduction of carboxyl groups onto the
surfaces of the MWCNTs.

The O–H stretching from the carboxylic group is responsible
for the noticeable peak at 3444.07 cm−1. The peak at
3004.55 cm−1 is caused by N–H bending vibration from the
NIPAm-CONH2 group. Furthermore, the distinctive peak at
1673.37 cm−1 is due to C]O stretching of the carboxylic acid
group of PAA, and the peak at 1580.57 cm−1 is due to NIPAm
C]O stretching. The aromatic C]C stretching vibration causes
the peak at 1432.94 cm−1, whereas the C–N stretching vibration
causes the peak at 1208.55 cm−1. Chen et al.36 labelled the
stretching vibration of –CH2 and –CH in the range of 2973–
2975 cm−1, but no peak in this region was found for Gg-cl-pol-
y(NIPAm-co-AA), but two peaks emerged at 2706 and a small
peak at 2848.49 cm−1 that could be designated to stretching
vibration of –CH2 and –CH respectively present in the Gg-cl-
poly(NIPAm-co-AA). The results show that a gum ghatti-cl-pol-
y(NIPAm-co-AA) hydrogel was formed. A pure sodium diclofenac
drug molecule also exhibits a doublet of amine groups. Similar
to the band at 1579.73 cm−1 ascribed to the carbonyl group, this
wide bandmay be the result of the interaction of the –NH group
with the –OH group.37,38 The bands at 1579.73, 1497.90, 1263.38,
1048.27 and 663.59 cm−1 corresponding to the C]C group of
aromatic ring, C–N stretching and C–Cl group.39 All of the bands
found in the drug molecule as well as the newly formed func-
tional groups C–O–C and hydrogen connected –NHmay be seen
in the FTIR spectra of a drug-loaded hydrogel.40
3.2. Scanning electron microscopy (SEM)

Fig. 3a demonstrates the SEM examination of pure gum ghatti
(Fig. 3a). SEM of the pure gum ghatti indicated the presence of
polyhedral akes with a rough surface morphology. Fig. 3
displays SEM images of hydrogels made from gum ghatti-cl-
poly(NIPA-co-AA), -o-MWCNT, and gum ghatti-cl-poly(NIPA-co-
AA)/-o-MWCNT. Due to abrasion and disassembly, the -o-
MWCNT has a multi-layered, disordered structure and the
surface of the oxidized MWCNTs looks rough because of the
defected regions created by oxidation, as shown in Fig. 3b. The
surface morphology of the hydrogel without -o-MWCNT seems
rough, but it gets smooth with -o-MWCNT. The -o-MWCNT
particles may operate as a nucleating centre over which the
polymer develops at a constant rate. The agglomerated struc-
tures were formed because of the addition of -o-MWCNT. The
surface of the oxidized MWCNTs looks rough because of the
defected regions created by oxidation (Fig. 3b). In comparison
to the neat gum ghatti (Fig. 3b), surface morphology of both the
hydrogel and its nanocomposite exhibits almost peeled smooth
combined with rough irregular surface morphology shown in
(Fig. 3b). Impregnation of -o-MWCNTs within the from gum
ghatti-cl-poly(NIPA-co-AA) hydrogel polymer matrix leads to the
appearance of the white layer on the peeled smooth (Fig. 3c).
While, it can be clear from SEM images that the -o-MWCNT
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images for (a) pure gum ghatti, (b) -o-MWCNT and (c) GNACNT-0 hydrogel and (d) GNACNT-1 hydrogel.
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loaded hydrogel (Fig. 3d), morphology is entirely different from
unloaded hydrogel (Fig. 3c) and show packing of -o-MWCNT on
to hydrogel surface. Similar observation can also be observed
between -o-MWCNT loaded hydrogel nanocomposite and
unloaded hydrogel nanocomposite (Fig. 3d). This suggested
that -o-MWCNT was responsible for causing the scattered phase
to agglomerate.
3.3. Drug loading efficiency

The model drug of metformin and sodium diclofenac loaded
onto hydrogel (GNACNT-0, GNACNT-1 and GNAGO-3) is depic-
ted in Table 2 below.
Table 2 Percentage drug loading of GNACNT-0, GNACNT-1 and
GNAGO-3 hydrogels at fixed temperature and fixed pH values

Sample code Temp. (°C) pH
Metformin drug
loaded (%)

Sodium diclofenac
drug loaded (%)

GNACNT-0 30 6.8 98.28 99.40
GNACNT-1 30 6.8 98.22 99.42
GNACNT-3 30 6.8 98.33 99.30

© 2023 The Author(s). Published by the Royal Society of Chemistry
From the above table (Table 2) it can be seen that the drug
loading efficiency of the synthesized GNACNT-0, GNACNT-1
and GNACNT-3 hydrogel is 98.28%, 98.22% and 98.33% for
metformin while for sodium diclofenac drug for the same
hydrogel is 99.40%, 99.42% and 99.30% at 30 °C temperature
and pH of 6.8.

Hydrophilic chains were found in the synthesized GNACNT
hydrogels. These chains help in the easy sliding of the drug
molecules in the synthesised GNACNT matrix, resulting in easy
drug loading into the matrix. These groups are also helpful in
the simple dissolution and diffusion of the drug through the
matrix. Because the synthesised GNACNT hydrogel swelled
continuously as a function of time, it has been found to be an
appropriate approach for controlled drug release. As releasing
medium, pH solutions of 1.2, 7.4, and 9.2 were utilised. The
drug release behaviour was investigated at various pH levels.
3.4. In vitro drug release study

3.4.1. Effect of pH on metformin HCl and sodium diclo-
fenac drug release. The release prole of metformin and
sodium diclofenac model drugs was investigated using
RSC Adv., 2023, 13, 22875–22885 | 22879
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Fig. 4 Cumulative drug release versus time plot for (a) metformin HCl
and (b) sodium diclofenac drug loaded GNACNT-0, GNACNT-1 and
GNACNT-3 hydrogels at pH = 1.2, pH = 7.4 and pH = 9.2 at 37 °C.
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synthesized hydrogels at different pH values. Fig. 4a shows the
release prole of model drug through Gg-cl-poly(NIPA-co-AA)
and Gg-cl-poly(NIPA-co-AA)/-o-MWCNT, respectively. The effect
of pH on metformin HCl release behaviour through Gg-cl-pol-
y(NIPA -co-AA) and Gg-cl-poly(NIPA-co-AA)/-o-MWCNT (30 mg-
GNACNT-3) has been studied as maximum drug release was
observed for these hydrogel sample. From Fig. 4a it is evident
that for the hydrogels GNACNT-0, GNACNT-1 and GNACNT-3
the cumulative drug release for metformin HCl was found to
be about 5.22%, 47.54% and 58.07% at a pH of 1.2. While for
the similar hydrogel samples the drug release was found to be
4.34%, 51.02% and 61.93% in additional basic media at pH =

7.4 while the release extended the value of 7.49%, 61.46% and
63.07% at pH = 9.2 aer 24 h. The drug release was also
discovered to be time dependent. Initially, the drug release was
slow, but it increased over time, and aer reaching the
maximum, equilibrium was achieved with a steady ow of
metformin HCl. As shown in Fig. 4a, small drug release was
22880 | RSC Adv., 2023, 13, 22875–22885
observed at the initial 2 h in 0.1 N HCl solution (pH 1.2), at the
end of 2 h. On the other hand, the drug was readily released at
higher pH of the loaded drug was released at the end of 24 h.
The pH-dependent release of metformin HCl from Gg-cl-poly(-
NIPA-co-AA)/-o-MWCNT (GNACNNT) based hydrogels might be
attributed to the fact that, at acidic pH, the carboxyl groups of
gra copolymer (GNACNT), used for the hydrogel formation,
remain unionized and favour the formation of hydrogen
bonding between carboxyl groups of GNACNT in acidic solu-
tion. This makes the polymer sections inexible, which in turn,
hinders water absorption, decreases swelling and hinders drug
release. On the other hand, at alkaline pH (pH = 9.2), the
carboxyl groups of GNACNT become ionized, and thereby,
increase the repulsion between resultant carboxylate ions
(COO−), resulting in relaxation of copolymer chains with
successive hydrogel swelling and signicant drug release. The
fractions of glucuronic acid, galacturonic acid and uronic acid
present in virgin GG contribute towards carboxyl groups in
graed copolymer.

The release prole of sodium diclofenac model drug was
investigated using synthesized hydrogels at different pH values.
Fig. 4b shows the release prole of model drug through Gg-cl-
poly(NIPA-co-AA) and Gg-cl-poly(NIPA-co-AA)/-o-MWCNT,
respectively. The percentage drug release for sodium diclofenac
was found to be about 0.92%, 0.95% and 3.59% at a pH of 1.2.
While for the similar hydrogel samples the drug release was
found to be 94.87%, 98.28% and 99.22% in additional basic
media at pH = 7.4 while the release extended the value of
99.65%, 99.91% and 99.97% at pH = 9.2 aer 24 h. Because –

COOH groups on the polymeric chain are unionised at lower
pH, resulting in the collapsed condition of the GNACNT
hydrogel matrix, drug release was observed to increase with pH
increase. Because these groups are largely ionised to –COO−,
the drug release rate was somewhat greater at higher pH. These
ionic charges oppose one another, resulting in more drug
diffusion from the hydrogel.25 The drug release was greater at
higher pH levels due to the ionisation of –COOH groups, and
the strongest repulsions between distinct hydrogel chains
occurred. As a consequence, the hydrogel's water absorbency
increased, resulting in increased water absorption and, as
a result, increased drug diffusion.41 The drug release was also
discovered to be time dependent. Initially, the drug release was
slow, but it increased over time, and aer reaching the
maximum, equilibrium was achieved with a steady ow of
metformin HCl. However, because of protonation at pH 1.2,
functional groups of monomers formed conjugates with coun-
terions, strengthening the polymeric structure of the hydrogel
with strong hydrogen bonding. Because of the strong hydrogen
bonding, there was little swelling and consequently little drug
release.42 Finally, we can show that at the low pH of 1.2, the
hydrogel remained protonated/un-ionized due to the pKa values
of its reagents, resulting in little swelling and drug release. As
the pH varied between 1.2, 7.4, and 9.2, deprotonation/
ionization of the polymer and monomer functional groups
began, and hydrogel networks extended, causing swelling and
drug release to rise.43 Evidently, the copolymerization of NIPA
with small amounts of AAc was extremely interesting since it
© 2023 The Author(s). Published by the Royal Society of Chemistry
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provided a novel material that can modulate drug release
according to medium pH, acquiring a potential utility for
administration of oral matrix systems. As is well known, it is
occasionally important to protect the gastric pH (pH= 1.2) from
particularly labile medications, permitting their release once
they have passed through the stomach and into the gastro
intestinal tract, where the pH rises dramatically. As a result, the
NIPA:AAc material has potential biopharmaceutical features
since it can load a high proportion of medication and adjust the
release in simulated gastric uid (SGF) or phosphate buffered
Fig. 5 Dispersed plots of metformin drug release data in different models
and (e) Hixson-Crowell model.

© 2023 The Author(s). Published by the Royal Society of Chemistry
saline (PBS) for the construction of oral delayed drug delivery
systems.20 As a result, the synthesised hydrogels can be
employed in the building of controlled drug delivery systems
where fast drug release is the objective initially and sustained
release is desired aerwards.

3.4.2. Mathematical model for drug release study (metfor-
min). The kinetics release mechanism of the metformin HCl
drug from GNACNT-0, GNACNT-1 and GNACNT-3 hydrogel
samples was assessed by tting the in vitro release data on the
mathematical equations of the Korsmeyer–Peppas, zero order,
(a) zero order, (b) first order, (c) Higuchi model, (d) Korsmeyer–Peppas

RSC Adv., 2023, 13, 22875–22885 | 22881
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Table 3 Korsmeyer–Peppas model drug release mechanism

Exponent (n) Drug release mechanism

n # 0.45 Fickian diffusion (case I diffusional)
0.45 < n < 0.89 Anomalous (non-ckian) diffusion
n = 0.89 Zero order release (case II transport)
n > 0.89 Super case II transport

Fig. 6 Dispersed plots of sodium diclofenac drug release data in different
Peppas and (e) Hixson-Crowell model.

22882 | RSC Adv., 2023, 13, 22875–22885
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rst order, Higuchi and Hixson-Crowell, (Fig. 5, Table 3). By
determining the diffusional constant ‘n’ it is possible to gain
information about the mechanism controlling water uptake or
drug release from hydrogel. From the kinetic modeling data,
drug release from hydrogel was found to follow Korsmeyer–
Peppas model with R2 value for metformin HCl was found to be
in the range of 0.8432–0.9686. The Higuchi and zero-order
models are mutually exclusive. Higuchi's model is consistent
with Fick's law-based mass transport and is precisely applicable
models (a) zero order, (b) first order, (c) Higuchi model, (d) Korsmeyer–

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to polymer systems that do not exhibit swelling. The zero-order
model, on the other hand, applies to systems in which swelling
happens due to erosion or relaxation of the polymer matrix. The
semi-empirical model of Korsmeyer and Peppas, on the other
hand, may be used in conjunction with the zero-order model to
explain the releasing processes. To nd the best t model,
release proles of the drug-loaded hydrogels produced were
examined (gure) by utilizing various kinetic models and the
values of the release constant and the correlation coefficient (R2)
were discovered. The ideal R2 value for a best t model is one
that is closer to 1. For metformin HCl the R2 value for the
Higuchi model ranged from 0.75951 to 0.99246. For Korsmeyer–
Peppas model the GNACNT-0 hydrogel sample the diffusion
constant ‘n’ has a value of 1.08914 (n > 0.89) indicating super
case II transport whereas for GNACNT-1 hydrogel the ‘n’ value is
0.30823 (n # 0.45) indicating Fickian diffusion (case I diffu-
sional) and for GNACNT-3 hydrogel sample the ‘n’ value is
found to be 0.63371 (0.45 < n < 0.89) indicating the anomalous
(non-Fickian) diffusion at a pH of 1.2. While for the same
hydrogel samples at a pH of 7.4 and 9.2 all the hydrogel samples
have ‘n’ value (n # 0.45) indicating Fickian diffusion (case I
diffusional).

3.4.3. Mathematical model for drug release study (sodium
diclofenac). The kinetics release mechanism of the sodium
diclofenac drug from GNACNT-0, GNACNT-1 and GNACNT-3
hydrogel samples was assessed by tting the in vitro release
data on the mathematical equations of the Korsmeyer–Peppas,
zero order, rst order, Higuchi and Hixson-Crowell, (Fig. 6 and
Table 3). By determining the diffusional constant ‘n’ it is
Table 4 Metformin HCl and sodium diclofenac drug release kinetics of G
pH = 7.4 and pH = 9.2)

Kinetic models linear t pH

Zero-order First-order Hig

Mt vs. t logMt vs. t Mt/

R2 R2 R2

Metformin HCl
GNACNT-0 (pH-1.2) 0.9397 0.75248 0.9

(pH-7.4) 0.94104 0.52906 0.7
(pH-9.2) 0.93238 0.72454 0.7

GNACNT-1 (pH-1.2) 0.98052 0.50381 0.8
(pH-7.4) 0.96705 0.53619 0.7
(pH-9.2) 0.97942 0.54547 0.8

GNACNT-3 (pH-1.2) 0.92305 0.71252 0.9
(pH-7.4) 0.91155 0.51406 0.7
(pH-9.2) 0.99439 0.53037 0.7

Sodium diclofenac
GNACNT-0 (pH-1.2) 0.40601 0.44615 0.7

(pH-7.4) 0.97062 0.66383 0.9
(pH-9.2) 0.8501 0.50654 0.7

GNACNT-1 (pH-1.2) 0.96537 0.75248 0.9
(pH-7.4) 0.93618 0.63829 0.8
(pH-9.2) 0.89615 0.54272 0.8

GNACNT-3 (pH-1.2) 0.91632 0.75346 0.9
(pH-7.4) 0.9372 0.5545 0.8
(pH-9.2) 0.977 0.44371 0.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
possible to gain information about the mechanism controlling
water uptake or drug release from hydrogel. From the kinetic
modeling data, drug release from hydrogel was found to follow
Korsmeyer–Peppas model with R2 value for sodium diclofenac
was found to be in the range of 0.79793–0.97837. The Higuchi
and zero-order models are mutually exclusive. Higuchi's model
is consistent with Fick's law-based mass transport and is
precisely applicable to polymer systems that do not exhibit
swelling. The zero-order model, on the other hand, applies to
systems in which swelling happens due to erosion or relaxation
of the polymer matrix. The semi-empirical model of Korsmeyer
and Peppas, on the other hand, may be used in conjunction
with the zero-order model to explain the releasing processes. To
nd the best t model, release proles of the drug-loaded
hydrogels produced were examined (gure) by utilizing
various kinetic models and the values of the release constant
and the correlation coefficient (R2) were discovered. The ideal R2

value for a best t model is one that is closer to 1. For sodium
diclofenac the R2 value for the Higuchi model ranged from
0.75951 to 0.99246. For Korsmeyer–Peppas model the GNACNT-
0 hydrogel sample the diffusion constant ‘n’ has a value of
0.91023 (n > 0.89) whereas for GNACNT-1 hydrogel the ‘n’ value
is 1.17309 (n > 0.89) where both the hydrogel samples indicating
the super case II transport and for GNACNT-3 hydrogel sample
the ‘n’ value is found to be 0.68977 (0.45 < n < 0.89) indicating
the anomalous (non-Fickian) diffusion at a pH of 1.2. While for
the same hydrogel samples at a pH of 7.4 and 9.2 all the
hydrogel samples have ‘n’ value (n # 0.45) indicating Fickian
diffusion (case I diffusional).
NACNT-0, GNACNT-1 and GNACNT-3 at different pH values (pH= 1.2,

uchi Korsmeyer–Peppa's Hixson-Crowell model

MN vs. t1/2 log(Mt/MN) vs. log t
ffiffiffiffiffiffi
Q0

3
p � ffiffiffiffiffiffi

Qt
3
p

vs: t

R2 n R2

9246 0.96868 1.08914 � 0.0691 0.82392
8919 0.86006 0.31306 � 0.0442 0.93164
5951 0.8432 0.29598 � 0.04461 0.92736
3045 0.88754 0.31653 � 0.03952 0.97794
9474 0.86479 0.30823 � 0.04267 0.96214
0421 0.86965 0.30449 � 0.04129 0.97781
7364 0.96363 0.63371 � 0.04343 0.86129
7038 0.85091 0.30105 � 0.04407 0.90627
8795 0.85846 0.29768 � 0.0423 0.99539

999 0.80307 0.91026 � 0.15698 0.33967
1654 0.94013 0.39464 � 0.03507 0.95797
647 0.8457 0.31073 � 0.0464 0.83965
9024 0.97837 1.17309 � 0.06159 0.85815
9828 0.9272 0.38973 � 0.03842 0.92143
0352 0.87037 0.32905 � 0.04448 0.88407
8029 0.97738 0.68977 � 0.03704 0.86026
1402 0.8776 0.32347 � 0.04234 0.9292
9039 0.79793 0.26566 � 0.04654 0.97649
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Although R2 is a goodness-of-t measure for linear regres-
sion models, it sometimes is not enough to evaluate the
difference if the R2 values give close results. In the present study
for GNACNT-3 hydrogel sample (pH = 9.2), zero order ([0.9944
for metformin HCl] and [0.977 for sodium diclofenac]) and
Hixson-Crowell kinetics R2 ([0.9954 for metformin HCl] and
[0.9765 for sodium diclofenac]) values were also found so close
to each other. According to the results, the metformin hydro-
chloride (R2 = 0.99439) and sodium diclofenac (R2 = 0.977)
presented a high correspondence to the zero-order model for
GNACNT-3 hydrogel sample (pH = 9.2), which means that the
crystals were immediately eroded and dissolved. This behavior
is a concern of the high hydrophilicity of the drug.15

Various kinetic models are tted using the release data.
These models working equations are listed in Table 3. The
effectiveness of thesemodels in tting the kinetic data is seen in
Fig. 5 and 6. Table 3 presents relatable regression values and
release exponents Table 4.

4. Conclusions

In the current study, the -o-MWCNT was graed onto Gg-cl-
poly(NIPAm-co-AA) chains and copolymerized utilising N,N′-
methylene-bis-acrylamide (MBA), ammonium persulfate (APS)
and TEMED as a crosslinker, initiator system in an aqueous
solution to generate the Gg-cl-poly(NIPAm-co-AA)/-o-MWCNT
hydrogel. In this study, a novel Gg-cl-poly(NIPAm-co-AA)/-o-
MWCNT (GNACNT) hydrogel was fabricated and challenged for
its efficacy as a pH sensitive drug delivery system. GNACNT
hydrogel was produced by free radical polymerization tech-
nique. The fabricated hydrogels were characterized chemically,
morphologically. In conclusion, it can be stated that -o-MWCNT
have successfully increased the hydrophobicity of all the acrylic
acid graed hydrogels through interaction with the matrix. The
results of the metformin hydrochloride and sodium diclofenac
drug release study showed that drug release was more favour-
able at pH 9.2, as the gra copolymer (hydrogel) used to make
the drug-loaded hydrogel maintains the homogeneity of its
carboxyl groups at basic pH and facilitates the formation of
hydrogen bonds between them in basic solution. Both sodium
diclofenac and metformin-loaded hydrogel conformed to Fick-
ian diffusion. The hydrogel was found to be a good drug delivery
device for both drugs in alkaline pH. The results showed that
the synthesized hydrogels combinations could be employed as
potential agents for controlled drug delivery vehicles where the
fast release of the drug is compulsory at early stages and
controlled release at later stages.

In conclusion, the present study successfully demonstrated
the synthesis and in vitro evaluation of a novel biodegradable
Gg-cl-poly(NIPAm-co-AA)/-o-MWCNT hydrogel for the combined
delivery of metformin and sodium diclofenac. The developed
hydrogel exhibited promising physicochemical properties and
sustained release proles of both drugs, indicating its potential
as an effective drug delivery system.

However, the current study is just the initial step towards
harnessing the full potential of this drug delivery platform.
Several avenues for future research and development exist to
22884 | RSC Adv., 2023, 13, 22875–22885
enhance the understanding and applicability of the hydrogel-
based system such as in vivo studies; optimization of drug
release kinetics; biocompatibility and toxicity studies; combi-
nation with other therapeutic agents; incorporation of targeting
strategies; scale-up and manufacturing considerations and
long-term stability studies.
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