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Abstract
This study includes the synthesis of amino acid graft copolymer from N- Acryloyl-L-phenylalanine amino acid and Guar gum
polymer through free radical polymerization. Then the dual responsive (pH & temperature) hydrogels are synthesized by
employing free radical cross linking polymerization using graft copolymer, N-isopropyl acrylamide and 2-(dimethylamine)
ethylmethacrylate using N,N′-methylenebisacrylamide as a cross-linker and ammonium per sulfate as initiator. The structural
properties of the hydrogels are evaluated by the determination of various network properties such as mesh size, crosslink density,
Flory-Huggins interaction parameter, volume fraction in the swollen state and the average molecular weight of the polymer chain
between two neighboring cross links. Dynamic and equilibrium swelling studies of hydrogels are performed in distilled water,
pH 1.20 and pH 7.40 solutions at 25 °C and 37o ± 5 °C, swelling capacity in various salt solutions and corresponding swelling
kinetic parameters are also calculated. Grafting, cross linking and structural changes are studied by fourier transform infrared and
scanning electron microscope, distribution of imatinib mesylate drug in hydrogel is confirmed by X-ray diffraction, differential
scanning calorimetry, thermo gravimetric analysis. Drug loading and encapsulation efficiency of Imatinib mesylate in various
formulations of the hydrogels are also studied. The in-vitro drug release studies are performed in pH 1.20 and 7.40 phosphate
buffer solutions at different amounts of cross linker, monomer and graft copolymer and temperature. The mode of drug release
mechanism is analyzed by various kinetic models such as zero order, First order, Higuchi Square root, Hixson-Crowell cube root
and Koresmeyer-Peppas equations.
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Introduction

In recent years, researchers have been paid more attention on
development of potential Controlled Drug Delivery System
(CDDS) for sustained drug delivery applications. The CDDS
delivers the drug safely and effectively into the body while

maintaining the optimum level of dosage in the blood for a
long period of time. Dosage of drug released through CDDS is
sufficient for delivering optimum therapeutic concentration of
drug. The efficacy of CDDS can be seen in its ability to deliver
the drug molecule to the targeted cell and stimulate the local-
ized action [1]. The CDDS overcomes patient compliances,
reduce the side effects of drug, and minimize the unwanted
side effects while lowering drug concentration accumulated
by chronic dosing. Thus, the CDDS offers effective treatment
by balancing the drug levels in the blood. The development of
the stimuli responsive drug delivery networks under physio-
logical conditions is essential for controlled drug delivery
applications.

Hydrogels are three dimensional interpenetrated networks
of physical or chemical cross-linked polymers. They have the
hydrophilic behavior and the networks absorb huge amount of
solvents or water or other cellular fluids resulting in swelling
behavior, due to which they resemble the natural tissues and

* K.V.N. Suresh Reddy
soorikachi@gmail.com

1 Department of Chemistry, S.C.I.M. Government Degree College,
Tanuku, Andhra Pradesh -534211, India

2 Polymer Biomaterial Design and Synthesis Laboratory, Department
of Chemistry, Yogi Vemana University, Kadapa, Andhra
Pradesh 516003, India

3 Department of Chemistry, GITAM Institute of Science, GITAM
(Deemed to be University), Visakhapatnam, Andhra
Pradesh -530045, India

https://doi.org/10.1007/s10965-020-02061-0

/ Published online: 6 March 2020

Journal of Polymer Research (2020) 27: 83

http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-020-02061-0&domain=pdf
https://orcid.org/0000-0001-8673-474X
mailto:soorikachi@gmail.com


also have numerous additional features like biocompatibility,
non-toxicity and biodegradability [2]. Hydrogels have the
functional groups that can able to change structural properties
in response to environmental stimuli such as pH [3], temper-
ature [4]. Carbohydrates are widely used in the synthesis of
pH responsive hydrogels due to presence of both acidic and
basic responsive functional groups [5]. Among these, pH
stimuli hydrogels are effective drug delivery carriers due to
pH modulated swelling and release behavior in stomach
(pH = 1.20) and intestinal (pH = 7.40) conditions.

Hydrogel’s thermo-responsive behavior is caused by the
existence of hydrophobic or a combination of hydrophilic
and hydrophobic groups in them. The familiar thermo-
responsive polymers are poly (N-isopropyl acrylamide)
(PIPAM) [Lower Critical Solution Temperature (LCST) =
32 °C], [poly(N-vinyl caprolactum) (PNVCL) (LCST = 32–
34 °C)] and [poly (2-dimethylamino) ethylmethacrylate
(PDMAEMA) (LCST = 38 °C)]. The majority of LCST hav-
ing thermo-sensitive polymers are used in biomedical appli-
cations [6]. As both these pH and thermo-responsive
hydrogels factors are easily controllable and can be used to
perform both in-vitro and in-vivo calculations, they find their
extensive usefulness in CDDS [7]. Imatinib mesylate (IMS) is
used as an anti-Cancer drug, which is a specific site drug that
has been used for the treatment of mainly chronic myeloid
leukemia (CML), gastrointestinal stromal tumors (GISTs),
chronic myelomonocytic leukemia [8]. Imatinib mesylate re-
tards the growth of the Cancer cells by inhibiting enzymatic
action of tyrosine kinase, along with inhibiting and damaging
any other non-specific quickly dividing cells without harming
the healthy cells [9].

Thermo and pH responsive three dimensional GG-g-
PNPA-cl-(PIPAM-co-PDMAEMA) [GGND] hydrogel net-
works are prepared from GG-g-PNPA graft copolymer, N-
isopropyl Acryiamide (IPAM) and 2-(dimethylamine)
e t h y lm e t h a c r y l a t e ( DMAEMA ) u s i n g N ,N ′ -
methylenebisacrylamide (MBA) as a cross-linker through sin-
gle pot-free radical polymerization reaction. The structural
and drug delivery properties of GGND hydrogels are evaluat-
ed by determining various network properties such as mesh
size (ξ), cross-link density (ve), Flory-Huggins interaction pa-
rameter (χ), volume fraction (ɸ) and the average molecular
weight between two neighboring cross-links (M̅c) with effect
of cross-linker, graft copolymer and monomer. The structure
of newly synthesized GGND hydrogels is characterized by
FTIR spectroscopy, X-RD, DSC, and SEM studies.

To determine swelling kinetic parameters of pH-responsive
GGND hydrogels, the swelling experiments are conducted
with distilled water, pH 1.20 and pH 7.40 solutions at 25 °C
and 37 °C ± 5 °C. The swelling and deswelling capacity of
GGND hydrogels in various salt solutions are also estimated.
Surface charge of the GGND hydrogels is determined by point
of zero charge (PZC) analysis. Drug loading, encapsulation of

IMS molecules into GGND hydrogels and in-vitro drug deliv-
ery studies are performed in pH 1.20 and pH 7.40 solutions at
25 °C and 37 °C ± 5 °C. To understand the drug delivery
profile of the GGND hydrogels, drug release data is applied
to different kinetic models.

Materials and methods

Materials

Guar gum (GG), acryloyl chloride, ammonium persulfate
(APS) and sodium hydroxide are purchased from Merck lim-
ited Mumbai (India). IPAM, DMAEAM and L-phenylalanine
are purchased from Aldrich Chemicals (USA). MBA and
N,N,N’N′ tetramethylethylenediamine (TEMED) are pur-
chased from s.d fine chem limited Mumbai (India). IMS is
received from Suven Life Sciences, Hyderabad as a gift sam-
ple. All chemicals are used as it is without any purification.
Double distilled water (DDW) is used throughout the
experiment.

Synthesis of N-Acryloyl -L- phenyl alanine (NPA)
monomer and guar gum –g- poly (N-Acryloyl – L -
phenyl alanine) [GG-g-PNPA] graft copolymer

The new monomer N-Acryloyl-L-Phenyl Alanine (NPA),
which is prepared by the reaction between acryloyl chloride
and L-Phenyl Alanine (essential amino acid) according to the
method previously reported [10]. The graft copolymerization
reaction is carried out between guar gum (GG) polymer and
NPA monomer by free radical polymerization reaction in the
presence of APS initiator as per the method reported in the
literature [11].

Synthesis of GGND hydrogels

GGND hydrogels are synthesized through the free radical po-
lymerization reaction using definite concentrations of GG-g-
PNPA, IPAM, DMAEMA, cross-linker (MBA), initiator
(APS) and TEMED as an accelerator [Table −1].

The reactants are taken into a vessel and stirred continu-
ously for two hours at 25 °C to get homogeneous mixture. A
steam of pure N2 gas is purged into reaction mixture for one
hour to create deoxygenated atmosphere. The polymerization
is carried out under a continuous flow of pure nitrogen gas.
The polymerization reaction is commenced by rising reaction
mixture temperature and allowing the propagation process to
perform at 60 °C for another three hours to get hydrogel net-
works. The synthesis of GGND hydrogels is presented in
scheme −1. After the reaction, hydrogels are allowed to cool
up to the room temperature and are cut into disks. The
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photographic images of fresh, swollen and dry GGND
hydrogels are presented in the Figure −1.

Characterisation

The FTIR spectra of GGND plain hydrogel, IMS loaded
GGND (IMS-GGND) hydrogels and pristine IMS are ob-
tained using Perkin Elmer Spectrometer (Spectrum two

model, UK). XRD diffractograms of placebo and IMS
loaded GGND hydrogels and pristine IMS are recorded
using X- ray diffactometer (D8 advance BRUKER
Germany). Thermographs of placebo and IMS loaded
GGND hydrogels and pristine IMS are obtained using a
differential scanning calorimeter (SDT Q600 V20.9, Build
20). Images of GGND hydrogels are obtained using
Scanning Electron microscope (JEOL model JSM-6390
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representation of GGND
hydrogels preparation

Table 1 Feed composition of different formulations of GGND hydrogels

Formulation
code

GG-g-PNPA
(2% w/v) mL

IPAM (gm) DEAEMA (mL) MBA (mol/L) × 10−2 APS (mL)
0.4382 mol/dm3

TEMED
(2%) (mL)

GGND-1 1 0.5 0.5 4.32 1 1

GGND-2 2 0.5 0.5 4.32 1 1

GGND-3 3 0.5 0.5 4.32 1 1

GGND-4 2 0.25 0.5 4.32 1 1

GGND-5 2 1.0 0.5 4.32 1 1

GGND-6 2 0.5 0.5 2.16 1 1

GGND-7 2 0.5 0.5 8.64 1 1
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LV). SEM photographs of placebo GGND hydrogels sur-
face at different magnifications recorded.

Swelling studies of GGAH hydrogels

The dynamic swelling studies are performed in distilled water
as well as in different pH conditions (1.20, 7.40) and at differ-
ent thermal conditions (at 25 °C and 37 °C). The amount of
fluid imbibed with respect to time is calculated gravimetrical-
ly. Then, a predetermined amount of dry gels is immersed in
test bottles containing 50 mL of swelling medium. Now, the
swollen hydrogels are removed from the swelling medium at
regular time intervals and the surface adhered solution is blot-
ted with a paper tissue. Finally, the hydrogels’ weights are
taken on an electronic balance (Sarto-rius, BSA-224S-C.W,
CHINA-). Percentage of dynamic swelling ratio [%DSR]
and the percentage of equilibrium swelling ratio [% ESR]
are determined from the following formulae (1) and (2) re-
spectively [12].

%Dynamic swelling ratio %DSRð Þ ¼ Wt−Wd

Wd

� �
� 100 ð1Þ

%Equilibrium swelling ratio %ESRð Þ ¼ We−Wd

Wd

� �
� 100 ð2Þ

Where,Wd, is dry gel weight,Wt is swollen gel weight at a
time andWe is swollen gel weight at equilibrium. The swelling
experiments are performed in duplicate.

Swelling kinetics of GGND hydrogels

Dynamic swelling studies of GGND hydrogels have been
studied to evaluate the amount of fluid absorbed at various
time intervals. The swelling data substituted in the following
Korsmeyer-Peppas kinetic equation.

Wt

W∝
¼ Ktn ð3Þ

Wt is Weight of the fluid absorbed at time‘t’, W∝ is weight
of the fluid absorbed at equilibrium, K is swelling kinetic
constant of hydrogel and n is the diffusion exponent. K, n
values were calculated from intercept and slope values of the
graph respectively, which are obtained from logarithmic form
Eq. 3. The swelling kinetic parameter, diffusion co-efficient
(D) was calculated from the following equation [13].

D ¼ K1=nπ
l2

16
ð4Þ

l is the thickness of the xerogel.

Effect of salts on swelling measurements

To study the effect of salts on swelling of GGND hydrogels,
the equilibrium swelling experiments are performed in differ-
ent salts (variable valence) such as NaCl, CaCl2, and AlCl3.
Different concentrations of salt solutions are prepared (0.05,
0.1, 0.15 and 0.2 M) and GGND hydrogels are allowed to
swell in the salt solutions for 72 h, and then % ESR is
calculated.

Determination of network parameters of GGND
hydrogels

The network parameters of GGND hydrogels such as the av-
erage molecular weight of the polymer chain between two
neighboring cross links (M̅c), polymer volume fraction in
the swollen state (ɸ), polymer and solvent interaction param-
eter (χ), the effective cross linking density (ve) and mean pore
size (ξ) are determined. The network parameters are calculat-
ed as per the literature reported [3, 14–16].

Point of zero charge (PZC) studies

As per the method depicted in the literature [17], the point of
zero charges (PZC) of pure GGND hydrogels and IMS loaded
GGND hydrogels are measured. In this experiment, different
pH solutions (1.00, 3.00, 5.00, 7.00, 9.00, 11.00 and 13.00)
are prepared by taking 40 mL of 0.1 N KNO3 solution into
each 100 mL conical flask, 0.1 N HNO3 or 0.1 N NaOH
solution added to adjust the initial pH (pHi) of the solution.
To the series of different pH solutions, around 0.1 g of hydro-
gel (GGND- 3) samples of both drug free and drug loaded are
added and securely capped. The gels containing conical flasks
were kept for 48 h to reach equilibrium condition with occa-
sional shaking. After that, final pH values (pHf) are measured
using pHmeter. The PZC of different hydrogels are calculated
by taking into consideration the pH difference (ΔpH = pHi -
pHf) and the graph is plotted against pHi and pHi – pHf.

Fig. 1 Photographic images of GGND hydrogels (a) Fresh gel (b)
Swollen gel (c) Dry gel
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Determination of drug loading and encapsulation
efficiency

The Imatinib mesylate (IMS) is loaded into the GGND
hydrogels by swelling of hydrogels in the drug solution at
equilibrium condition. Approximately 500 mg of hydrogel
samples are taken into a beaker individually and
predetermined concentration of imatinib mesylate solution is
added. The drug is diffused into hydrogels when the hydrogels
are swollen in drug solution for 48 h at 37 °C. The drug loaded
hydrogels are taken out carefully from the solution and
cleaned with same drug solution to separate free drug on the
surface of the hydrogel. The remaining drug solution is

filtered, and the assay is estimated by using UV-visible spec-
trophotometer at 265 nm λmax. The drug loaded hydrogels are
dried for 48 h, and then placed in vaccum oven at 40 °C until
weights of hydrogels are not changed. Approximately 20 mg
of dried drug loaded hydrogels are powdered with an agate
mortar. The hydrogel powder is added to 50 mL of 7.40 pH
buffer solution and stirred for 24 h. The resulting solution is
centrifuged and filtered with Whatman filter paper to remove
hydrogel fragments. The drug content present in supernatant
solution is analyzed by UV-visible spectro photometer at λmax

265 nm. The % of IMS loading in the hydrogels and %
Encapsulation efficiency of IMS are determined by the fol-
lowing formulae 5 & 6.

%drug IMSð Þloading ¼ Amount of drug loaded in the GGND hydrogels

Amount of GGND hydrogels taken
� 100

� �
ð5Þ

%encapsulation efficiency ¼ Actual drug in the GGND hydrogels

Theoritical drug loading in the GGND hydrogels
� 100�

�
ð6Þ

In-vitro drug release studies of GGND hydrogels

In-vitro release studies of IMS-GGND hydrogels are car-
ried out in pH 1.20 (stomach pH) and pH 7.40 (intestinal
/colon pH) phosphate buffer solutions at 37 °C and 25 °C
± 0.5. Dissolution experiment is carried out by using a
tablet dissolution tester (Dissolution Apparaturs, DS-
8000, LAB INDIA, Mumbai, India) equipped with 8 bas-
kets. Known weights of each IMS loaded GGND
hydrogels (200 mg approximately) are dipped in a basket
stirrer having 500 mL of buffer medium at 37 °C or
25 °C ± 0.5 °C, with constant speed of 100 rpm. At a
fixed time intervals 5 mL of buffer medium is withdrawn
from each basket with a syringe and 5 mL of fresh buffer
is refilled into each basket to maintain constant medium
volume throughout the experiment. The amount of IMS
released from GGND hydrogels corresponding to the time
is estimated by UV-Visible spectrophotometer at λmax

265 nm.

In –vitro drug release kinetic studies of GGAH
hydrogels

The in-vitro drug release data is fitted to various kinetic math-
ematical models such as zero order, first order, Higuchi square
root equation, Hixson-Crowell cube root equation and
Korsmeyer-Peppas kinetic equation to calculate kinetic re-
lease parameters such as regression coefficient (R2) drug re-
lease rate constant (K) and diffusion exponent (n) to evaluate
the best model among different kinetic models [18, 19].

Results and discussion

Characterization

FTIR studies of GGND hydrogels

The FTIR spectrum of pristine IMS is given in Fig. 2(a). The
peaks identified at 3425 cm−1 and 1660 cm−1 are the character-
istic absorption bands of –N–H vibrational stretching and –C=O
vibrational stretching in the amide functional group respectively.

These bands confirm the presence of amide functional
group in IMS. The IMS shows characteristic absorption bands
at 3056 cm−1, 1576 cm−1 and 808 cm−1 corresponding to –C–
H aromatic stretching, –C=C– aromatic stretching and –C–H
aromatic bending respectively. These bands also strongly con-
firm the presence of benzene rings in IMS. The absorption
peaks at 3261 cm−1, 1260 cm−1 and 1042 cm−1 are attributed
to –N–H vibrational stretching of 2o amines, –C–N aromatic
and –C–N aliphatic vibrational stretchings respectively. These
are characteristic bands of 2o amine group and aromatic nitro-
gen contained by the IMS. The characteristic absorption bands
at 2973 cm−1 and 1445 cm−1 are ascribed to –C–H vibrational
stretching and existence of SO2 group in IMS respectively.

IR spectrum of placebo GGND hydrogels is presented in
Fig. 2(b). The amide linkages present in the GGND hydrogel
network confirm with characteristic absorption bands ap-
peared at 1641 cm−1 and 1586 cm−1, indicating –C=O vibra-
tional stretching frequencies of amide-I and amide-II linkages.
From the IR spectrum, it is observed that a broad peak at
3368 cm−1 is the characteristic absorption peak for the –O–
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H vibrational stretching and a small peak at 2912 cm−1 is for –
C–H vibrational stretching. Other characteristic peaks of
GGND hydrogel occur at 1650 cm−1, 1488 cm−1 and
1007 cm−1 correspond to –O–H bending, –C–H bending and
–C–O–C– vibrational stretching bands respectively. The ab-
sorption bands present in placebo GGND hydrogels confirm
the IPN hydrogel structure. From the FTIR spectra data, IMS-
GGND hydrogels spectrum is compared with pure GGND
hydrogels [Fig. 2(b) & 2(c)]. Here, no additional characteristic
absorption peaks are identified. From these FTIR spectral
studies, it is found that the IMS drug molecules are entrapped
in the GGND hydrogel network only by the physical forces
and not by any chemical interactions.

SEM studies of GGND hydrogels

In order to investigate the surface and swelling characteristics
of GGND hydrogels, these hydrogels are examined under
SEM at different magnifications such as 3000X, 6000X,
10,000X and 15,000X. The SEM images of GGND-5
hydrogels at different magnifications are depicted in Fig. 3.

The SEM images show that the GGND hydrogels’ mor-
phological surface is highly porous in the form of smooth
homogeneous surface. The pores present in the hydrogel net-
work are responsible for diffusion and shrinking of water mol-
ecules, which causes swelling and deswelling. These pores
play a crucial role in the drug charging and controlled molec-
ular drug release in the GGND hydrogel network.

DSC studies of GGND hydrogels

To investigate thermal stableness of pristine IMS, placebo
GGND hydrogels and IMS-GGND hydrogels, the DSC stud-
ies are conducted. For pristine IMS [Fig. 4a(i)], a sharp peak is

appeared at 226.05 °C indicating the melting point of IMS.
For placebo GGND hydrogels [Fig. 4a(ii)], two endothermic
peaks have appeared, one at 147.00 °C with a fusion heat of
8.86 J/g and the other at 170.59 °C with a fusion heat of
203.00 J/g. As shown in [Fig. 4a(iii)], for IMS-GGND
hydrogels mainly two endothermic peaks are recorded – one
at 148.91 °C with a fusion heat of 10.60 J/g and another at
169.67 °C with a fusion heat of 182.00 J/g, which may be the
result of decomposition of polymer chains. IMS-GGND
hydrogels also show the curves, similar to that of the placebo
GGND hydrogels. However, the identified peaks of IMS are
not observed, indicating that the IMS drug is molecularly
loaded into the GGND hydrogel matrix.

X-ray diffraction studies of GGND hydrogels

X-RD graphs of placebo GGND hydrogel, IMS-GGND hy-
drogel and pristine IMS drug are shown in Fig. 4(b). The X-
RD studies are performed to analyze the drug’s polymorphism
in the hydrogel network after encapsulation of drug mole-
cules. The X-RD curves of imatinib mesylate (IMS) have
peaks of 2θ angles at 10o, 15o, 18o, 21o, 25o, and 28o. A more
intense peak is observed at 2θ of 18o; these peaks indicate
crystalline structure of IMS drug. However, such kinds of
peaks are not identified in IMS-GGND hydrogels. The peaks
observed in placebo GGND hydrogels are very similar to the
peaks of IMS-GGND hydrogels. From these X-RD studies, it
is confirmed that IMS drug molecules are dispersed at molec-
ular level into the GGND hydrogel matrix.

Swelling studies of GGND hydrogels

To examine the swelling limit of GGND hydrogels regarding
to pH, temperature stimuli conditions and feed compositions

Fig. 2 FTIR spectral studies of (a) IMS drug (b) GGND hydrogels (c) IMS loaded GGND hydrogels
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of hydrogels, the dynamic and equilibrium swelling tests are
done in different pH conditions (1.20, 7.40 and distilled water)
and at 25 °C and 37 °C temperatures. The swelling kinetic
parameters are determined and detailed in Table −2.

Effect of cross-linker on swelling capacity of GGND hydrogels

The effect of cross-linker concentration on the GGND hydro-
gel swelling capacity is determined by employing various
amounts of MBA and all other reactants are kept constant.
For formulations GGND-6, GGND-2 and GGND-7, concen-
tration of cross-linker are 2.61 × 10−2 mol/L, 4.32 ×
10−2 mol/L and 8. 64 × 10−2 mol/L respectively. The equilib-
rium swelling ratio of hydrogels is decreased rapidly
(30.4891 g/g to 9.4597 g/g) with a corresponding increase in
cross-linker concentration. At lower concentration of cross-
linker, higher swelling of GGND-6 hydrogel is observed. It

is mainly because of the loosening of network structure caused
bywide hydrodynamic free space, which accommodates more
swelling molecules leading to an increase in the equilibrium
swelling. Higher the cross-linker concentration, lower is the
swelling ratio, which is mainly due to more number of cross-
links make the hydrogel denser and results in the decrease of
mesh size making it difficult for solvent molecules to perme-
ate [20]. With an increase in cross-link density, the hydrogel’
glass transition temperature (Tg) is also increased and thus the
glassy nature of the matrix did not permit the solvent mole-
cules to permeate, which results in lower equilibrium swell-
ing. For formulations GGNA-6, GGND-2, GGND-7 synthe-
sized from different amounts of cross-linker, the diffusion ex-
ponent ‘n’ value is more than 0.5. This shows that these
hydrogels followed the non-Fickian diffusion method and
the swelling of these hydrogels is mainly because of disper-
sion of solvent molecules as well as polymer relaxation.

Fig. 3 SEM images of GGND
hydrogel at different
magnifications

Fig. 4 (a) DSC thermograms of
(i) pristine Imatinib mesylate
(IMS), (ii) placebo GGND
hydrogels, and (iii) IMS loaded
GGND hydrogels. (b) X-ray
diffractograms of (i) GGND
hydrogels (ii) GGND hydrogels
loaded with IMS (iii) IMS drug
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Effect of pH on swelling capacity of GGND hydrogels

The swelling properties of pH-responsive hydrogels show sig-
nificant impact on controlled drug delivery applications. The
pH-responsive hydrogels demonstrate varied swelling behav-
iour under various pH conditions. The influence of pH on the
GGND swelling ratio is understood by examining the swell-
ing of GGND hydrogels in pH 1.20 solutions, water and
pH 7.40 solutions at 27 °C. The swelling kinetic parameters
for GGND hydrogels in different pH conditions are computed
and tabulated [Table −2]. Swelling ratio of hydrogels is noted
to be higher in pH 7.40 (19.8605 g/g of gel) as compared to
that of water (18.4475 g/g of gel) and that of pH 1.20
(17.5339 g/g of gel). At pH 7.40, dissociation of –COOH
groups takes place and converted into anionic groups. Due
to strong intra anionic repulsions, the pores in hydrogels ma-
trix expand, resulting in an increase in the water uptake ca-
pacity [21]. At pH 1.20, the dissociation of –COOH groups is
low. These acid groups involves in hydrogen bonding be-
tween the polymer chains, which reduce the pore size in the
polymer network. Therefore, the degree of GGND hydrogel
swelling is decreased at pH 1.20 [22, 23]. The diffusion ex-
ponent (n) values are found to be greater than 0.5 for hydrogel
in pH 1.20 and pH 7.40 solutions and also in distilled water.
So, swelling of hydrogels is found mainly due to the disper-
sion of solvent molecules and relaxation of polymer network,
hence, thereby, the process followed the non- Fickian
mechanism.

Effect of temperature on swelling capacity of GGND
hydrogels

Swelling medium temperature is a significant property that
also influences the hydrogel swelling behavior. In the present
work, the influence of temperature on the GGND hydrogel
swelling ratio is investigated by conducting swelling

experiments at 25 °C and 37 °C at pH 7.40. The GGND
hydrogels’ swelling ratio is declined with a rise in temperature
of the swelling medium from 25 °C to 37 °C. It is well known
fact that IPAM is a thermo-responsive monomer with LCST
32 °C. At 25 °C (below LCST), the thermo-responsive
PIPAM contains hydrophilic groups and diffuses many sol-
vent molecules into the hydrogel network, thus, resulting in
higher swelling ratio [24]. When the swelling medium tem-
perature is raised above the LCST (37 °C), the thermo-
responsive PIPAM undergoes a phase separation due to col-
lapse of hydrogel matrix resulting in the formation of hydro-
phobic aggregates. Above the LCST, hydrophobic interac-
tions dominate to make the solvent molecules pass out from
the hydrogel network, thereby, decreasing the equilibrium
swelling ratio [25].

Effect of salts on swelling studies GGND hydrogels

Hydrogel’ swelling studies are conducted with solutions hav-
ing various concentrations of salts assume significance in the
biomedical fields like controlled drug release applications and
elimination of metal ions fromwaste water [26]. In the present
study, the swelling experiments of GGND hydrogels are per-
formed in various concentrations (0.05 M, 0.10 M, 0.15 M
and 0.20 M) of different salt solutions (NaCl, CaCl2 and
AlCl3) and presented in Fig. 5. Basically, swelling capacities
for all “anionic” hydrogels in the salt solution are expected to
be reduced. The swelling capacities of GGND hydrogels are
reduced with a corresponding increase in the concentration of
salt solution and it is attributed to more domination of ion-ion
interactions than ion-water interactions. In case of hydrogel
swelling in salt solution, the difference in osmotic pressure
between hydrogel network and salt solution reduces, while
the metal ions enhance the screening effect corresponding to
an increase in concentration of salt solution [27]. By increas-
ing the charge of the metal ion (M+ <M+2 <M+3), the degree

Table 2 Swelling kinetic parameters of GGND hydrogels with variation of cross linker, pH and temperature

S.No Concentration/
Temperature/ pH

Equilibrium
swelling (ESR)

Diffusion
exponent ‘n’

Gel characteristic
constant‘k’ × 10−3

R2 Diffusion coefficients (D)
(cm2/min) × 10−4

Effect of cross linker [MBA] (mol/L)

1 0.0216 30.4891 0.5430 14.2985 0.9799 41.6120

2 0.0432 18.4475 0.5005 25.1638 0.9673 54.3873

3 0.0864 9.4597 0.5275 25.0030 0.8869 156.9202

Effect of pH of swelling medium

4 At 25o C pH= 1.20 17.5339 0.5584 17.9028 0.9335 68.7404

5 At 25 °C (DDW) 18.4475 0.5705 25.1638 0.9673 54.3873

6 At 25o C pH= 7.40 19.8605 0.5941 24.9670 0.9601 52.7711

Effect of temperature of swelling medium

7 At 25o C, pH = 7.40 19.8605 0.5941 24.9670 0.9601 52.7711

8 At 37o C, pH = 7.40 17.1786 0.6183 20.0226 0.9543 61.4881
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of cross-linking is increased leading to a decrease in swelling
capacity of GGND hydrogels.

Determination of GGND hydrogel network
parameters

Swelling nature and drug release characteristics of the GGND
hydrogels depend upon the network of the hydrogel matrix.
Important network parameters (ɸ, M̅c, χ, ve, dp, & ξ) are de-
termined to explain the network structure of the hydrogel.
Variations of the GGND hydrogel network parameters with
respect to theMBA, IPAM andGG-g-PNPA are evaluated and
tabulated [Table −3].

Effect of feed cross-linker on network parameters of GGND
hydrogels

To examine the influence of cross-linker (MBA) on GGND
hydrogel network parameters, cross-linker concentrations are
varied as per the Table −3. The values of ξ and M̅c of GGND
hydrogel matrix are decreased with increasing cross-linker
concentration from 2.1621 × 10−2 mol/L to 8.6484 ×
10−2 mol/L. Consequently, the cross-linking density (ve) of
GGND hydrogels networks is also increased from 0.0860 ×
10−7 mol/cm3 to 1.3272 × 10−7 mol/cm3 [28]. The mesh size
(ξ) and cross-linking density (ve) are important parameters for
evaluating swelling, mechanical strength, degradability and
drug release properties. These parameters can be controlled
by modifying the cross-linker concentration. With an increase
in cross-linker concentration, the Flory-Huggins interaction
parameter (χ) values are also increased correspondingly,
which indicates deceased polymer-solvent interactions and
increased polymer-polymer chains interactions. These types
of results might be expected because of the fact that there is
an increase in number of cross-links between polymer chains
in the hydrogel matrix with corresponding increase in the
amount of cross-linker, which prompts decline in pore size
of voids.

Fig. 5 Swelling studies of the GGND hydrogels in different
concentrations of salt solutions
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Effect of feed monomer on network parameters of GGND
hydrogels

To investigate the influence of feed monomer on the network
structure of GGND hydrogels, different network parameters
such as ɸ, M̅c, χ, ve, dp, and ξ are determined as a function of
feed IPAM and tabulated [Table −3]. The mesh size (ξ) is
decreased from 183 nm to 55 nm, while molecular weight
between two cross-links (M̅c) is decreased from 15 × 104 g/
mol to 10 × 104 g/mol with the increase of IPAM amount from
0.25 g to 1.00 g. The cross linking density (ve) (from
0.1436 × 10−7 mol/cm3 to 1.4513 × 10−7 mol/cm3), volume
fraction (ɸ) (from 0.0405 to 0.0664) and Flory-Huggins inter-
action parameter (χ) (from 0.5152 to 0.5305) – are increased
with an increase in feed IPAM concentration. These out comes
can be attributed to the facts that as monomer concentration
increases cross links of polymer chain also increases and leads
to more cross- linking density to decrease mesh size (ξ), the
average molecular weight between cross links (M̅c) and in-
crease crosslink density (ve), volume fraction in the swollen
state (ɸ). The Flory-Huggins interaction parameter (χ) in-
creased with a corresponding increase of IPAM content. It is
because of the hydrophobic moieties present in the hydrogel
network, which increase the polymer-polymer interactions
while decreasing polymer-water interactions [29].

Effect of feed GG-g-PNPA on network parameters of GGND
hydrogels

The feed amount of GG-g-PNPA (2%) is changed from 1 mL
to 3 mL for formulations, GGND-1, GGND-2 and GGND-3
to understand the influence of graft copolymer content on
network parameters. The obtained results are tabulated
[Table −3]. It is observed that there is an increase in values
of ξ and M̅c, and a decrease in values of cross link density (νe)
and volume fraction (ɸ) with a corresponding increase in the
amount of GG-g-PNPA content. This trend of results is caused
by the increasing of more number of hydrophilic side chains
on the hydrogel network [30]. Flory-Huggins interaction pa-
rameter (χ) values are decreased from 0.5308 to 0.5146 with
increasing content of GG-g-PNPA in the hydrogel matrix. The
decreasing values of (χ) indicate that the polymer–water in-
teractions are decreased and polymer-polymer interactions are
increased [31]. These results are strongly supported by swell-
ing trends of GGND hydrogels with variation of graft copol-
ymer content.

Point of zero charge studies of GGND hydrogels

The swelling and drug delivery properties of functional
hydrogels depend strongly on the swelling medium’s pH. In
the presence of a hydrogel, the swelling medium’s initial pH
(pHi) transforms to a dissimilar pH (pHf). The pH point at

which the difference between initial pH and final pH
(ΔpH = pHi – pHf) of the solution is zero, it is known as the
point of zero charge (pHPZC). The pHPZC depends on the net
charge accumulated on surface of the hydrogel. In case of
neutral hydrogels, the pH of the solution is equal to pHPZC;
for negative charged hydrogels, the solution pH is less than
pHPZC, and for positive charged hydrogels, the pH of
hydrogels is greater than pHPZC [30]. The (pHi – pHf) of the
solution is plotted against pHi for placebo hydrogels and IMS
loaded GGND (IMS-GGND) hydrogels, which are depicted
in Fig. 6(a) & 6(b). Figure 6 shows pHPZC of placebo and
IMS–GGND hydrogels around 6.65.

Drug loading and encapsulation efficiency of GGND
hydrogels

The percentage drug loading (% DL) and percentage encap-
sulation efficiency (% EE) of IMS-GGND hydrogels are eval-
uated and reported in Table −4. The IMS is loaded into GGND
hydrogels via equilibrium swelling method and % DL of IMS
in GGND hydrogels is found to lie in between the range from
23.14 to 48.68. The results of % EE of different formulations
of GGND hydrogels stand in between the range from 38.35 to
69.54. % EE depends on drug concentration, composition of
hydrogel network and cross-linking density [32]. The amount
of cross-linker showed a consequential effect on % EE; i.e.

Fig. 6 Point of zero charge (PZC) analysis of (a) placebo GGND
hydrogels (b) IMS-GGND hydrogels

Table 4 % ESR, % DL and % EE of IMS for various formulations of
GGND hydrogels

Formulation code % ESR ± S.D % DL± S.D % EE ± S.D

GGND-1 1478 ± 0.4 28.18 ± 0.5 59.85 ± 0.9

GGND-2 1968 ± 0.6 35.92 ± 0.6 52.82 ± 1.1

GGND-3 2313 ± 0.9 42.40 ± 1.0 47.25 ± 0.5

GGND-4 2370 ± 1.2 44.07 ± 0.8 45.42 ± 0.8

GGND-5 1406 ± 0.3 27.54 ± 0.4 64.24 ± 1.1

GGND-6 3026 ± 1.2 48.68 ± 1.2 38.35 ± 0.6

GGND-7 1165 ± 0.2 23.14 ± 0.4 69.54 ± 0.8
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hydrogels cross-linked with 0.0216 mol/L, 0.0432 mol/L and
0.0864 mol/L of MBA (GGND-6, GGND-2 and GGND-7
respectively), % EE are 38.35, 52.82, 69.54 respectively.
This trend is the result of an increase in rigidity of hydrogels,
caused by increasing cross-linking density, making IMS leach
out in lesser amounts from the hydrogel network. Hence, the
% EE is increased.

The % EE decreased with a corresponding increase in the
amount of GG-g-PNPA in the hydrogels. For formulations
GGND-1, GGND-2 and GGND-3 containing 1 mL, 2 mL
and 3 mL (2% w/v) of GG-g-PNPA, the % EE values stood
at 59.85, 52.82 and 47.25, respectively. It happens because of
the increasing number of –COOH groups with a correspond-
ing increase in graft copolymer (GG-g-PNPA). This further
leads to an increase in hydrophilicity and percolation of the
drug molecules from loose hydrogel network. The % EE in-
creased with a corresponding increase in the amount of IPAM
in hydrogel network. For the hydrogels GGND-4, GGND-2
and GGND-5 synthesized with 0.25 g, 0.5 g and 1.0 g of
IPAM, the % EE values are derived at 45.42, 52.82 and
64.24 respectively. This type of outcome may be because of
the stiffness of GGND hydrogels resulting from more amount
of IPAM.

In-vitro drug release studies of GGND hydrogels

The drug release profile of Imatinib mesylate (IMS) derived
from IMS-GGND hydrogels is evaluated with respect to the
influence of pH, cross-linker, graft copolymer and
temperature.

Impact of pH on in-vitro release of GGND hydrogels

In order to study in-vitro delivery of IMS from GGND
hydrogels, in-vitro release experiments are conducted with

pH = 1.20 (gastric conditions) and pH = 7.40 (colon condi-
tions) at 37 °C ± 0.5 °C. Higher percentage cumulative release
of IMS is observed for all formulations of GGND hydrogels at
pH 7.40 than at pH 1.20 (Fig. 7a). At acidic condition
(pH 1.20), –COOH functional groups formed hydrogen bonds
in the hydrogel network that hinder the release of IMS from
GGND hydrogels, which in turn results in less % cumulative
release. At pH 7.40, deprotination of acidic groups produces
inter-anionic repulsion that leads to enlargement of mesh size
and increased leaching out of IMS drug molecules from
hydrogels [33]. The void size of hydrogels has an impact on
the diffusion of captured drug molecules from hydrogel ma-
trix. The pore size of GGND hydrogel is less in case of
pH 1.20 solutions than that of pH 7.40 solutions, which results
in lesser seepage of captured drug in pH 1.20 solutions. Drug
discharge from the pH-responsive hydrogels is increased with
a corresponding increase in the swelling capacity and pore
size [34].

Impact of graft copolymer on in-vitro release of GGND
hydrogels

To observe the influence of GG-g-PNPA on in-vitro diffusion
of IMS from GGND-1, GGND-2 and GGND-3 hydrogels
containing 1 mL, 2 mL and 3 mL graft copolymer [2% (w/
v)] respectively, the in-vitro cumulative release studies of
GGND hydrogels are conducted. Since GGND-3 has a higher
content of GG-g-PNPA than GGND-2 or GGND-1, it is ob-
served that GGND-3 had higher % cumulative release (88%)
than that of GGND-1 (74%) and GGND-2 (83%) at pH 7.40,
extended up to 36 h. These results are depicted in Fig. 7b.
These results may be attributed to more hydrophilic graft co-
polymers contained in GGND-3, which increases its swelling
capacity to the extent more than GGND-2 and GGND-1. This
helps in release ofmore amount of IMS compared to GGND-1

Fig. 7 (a) Release studies of IMS from GGND hydrogels in pH 1.2 and pH 7.4 buffer solutions at 37 °C. (b) Release studies of IMS from GGND
hydrogels at different concentrations graft copolymer in pH 7.4 buffer solutions at 37 °C

Page 11 of 15     83J Polym Res (2020) 27: 83



and GGND-2 hydrogels. It is observed that the swelling ca-
pacity of hydrogels is directly proportional to the drug deliv-
ery rate of hydrogels. The drug release is increased by a cor-
responding increase in the swelling ability of hydrogels. More
is the swelling ability, more will be the diffusion of water into
the hydrogels that increases osmotic pressure inside GGND
hydrogels making them to swell and release more amounts of
drug [35].

Impact of cross-linker on in-vitro release of GGND hydrogels

To analyze the impact of cross-linker on drug release, GGND
hydrogels synthesized with different concentrations of MBA
are studied. For GGND-7 containing 8.64 × 10−2 mol/L of
MBA has less % cumulative release (68%), while GGND-6
hydrogels with 2.16 × 10−2 mol/L of MBA have higher %
cumulative release (91%) and GGND-2 hydrogels with
4.32 × 10−2 mol/L of MBA have moderate % cumulative re-
lease (88%) in pH 1.20 buffer solutions. Similar trend of re-
sults are observed in pH 7.40 solution also and graphically
presented in Fig. 8a. These results can be explained based

on the fact that swelling capacity of GGND hydrogels de-
creases with increasing cross-linker (MBA) content leading
to the retardation of water molecules diffusion into hydrogel
matrix. The rate of swelling of hydrogels is determined by
their water uptake capability which depends upon the pore
size and the availability of hydrophilic functional groups. At
lower cross-linker concentration, drug is released at higher
rate, because the hydrogel network has more hydrodynamic
free space to keep many solvent molecules, resulting in extra
swelling of hydrogel matrix [36].

Impact of temperature on in-vitro release of GGND hydrogels

Modern researchers are keen on developing temperature-
responsive drug delivery systems that stimulate controlled
molecular drug release in response to the variations in body
temperature, thus acting as self-regulating systems [37]. In
order to evaluate the effect of temperature on IMS drug re-
lease, the in-vitro drug release experiments are conducted at
25 °C and 37 °C in pH 7.40 buffer solutions. In-vitro drug
release results of GGND-2 hydrogels shown in Fig. 8b depict

Table 5 Drug release kinetic analysis by using various kinetic equations for IMS release from GGND hydrogels in pH 1.20 solution at 37 °C

Formulation code Zero order
reaction

First order
reaction

Higuchi Square
root equation

Hixson-Crowell cube
root equation

Korsmeyer-peppas
equation

K0 R2 K1 R2 KH R2 KC R2 n KP R2

GGND-1 0.0231 0.9903 0.0016 0.9978 0.0257 0.9763 0.0013 0.9968 0.5271 0.0193 0.9696

GGND-2 0.0324 0.8947 0.0027 0.9644 0.0360 0.9847 0.002 0.9445 0.5300 0.0317 0.9896

GGND-3 0.0318 0.8992 0.0028 0.9681 0.0351 0.9867 0.0021 0.9487 0.4551 0.0497 0.9946

GGND-4 0.0416 0.8879 0.0044 0.9735 0.0479 0.9765 0.0031 0.9513 0.6004 0.0267 0.9873

GGND-5 0.0210 0.9833 0.0015 0.9947 0.0255 0.9774 0.0012 0.9923 0.5651 0.0151 0.9684

GGND-6 0.0375 0.8513 0.0036 0.9498 0.0411 0.965 0.0026 0.9212 0.4929 0.0473 0.9833

GGND-7 0.0221 0.9605 0.0017 0.9856 0.0284 0.9922 0.0013 0.9786 0.6788 0.0090 0.9951

Fig. 8 (a) Release of IMS from
GGND hydrogels at different
concentrations MBA in pH 7.4 at
37 °C. (b) Release of IMS from
GGND-2 hydrogels at 25 °C and
37 °C in pH 7.4
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that a rise in temperature from 25 °C to 37 °C results in higher
percentage of cumulative drug release. This outcome can be
ascribed to the free volume theory and PIPAM aggregates
formed above LCST that triggers release of drug [37]. Free
volume theory advocates that the thermal expansion of poly-
mer chains produces free volume in the hydrogel network
[38]. At a higher temperature, solvent molecules penetrate into
these free spaces, thus, amplifying the pace of IMS molecular
release. Aggregation theory advocates that a rise in tempera-
ture above the LCST results in the precipitation of the PIPAM
chains and generation of more dominant hydrophobic interac-
tions. Because of this, the hydrogel matrix begins to condense,
squeezing out the drug molecules from hydrogel network
[39].

In-vitro drug release kinetic analysis of GGND
hydrogels

Many factors affect the drug release kinetics of hydrogels such
as swelling of hydrogel network, erosion of hydrogel network,
mode of diffusion of drug into the matrix, drug concentration
in hydrogel matrix and geometry of the hydrogel [40]. To
understand in–vitro kinetic drug release mechanism of IMS-
GGND hydrogels, the drug release data is substituted into
different empirical kinetic models. The Regression coefficient
(R2) and rate-constant values of each kinetic equation for dif-
ferent formulations of IMS-GGND hydrogels are calculated in
pH 1.20 and 7.40 media at 37 °C and tabulated respectively
[Tables 5 & 6]. The regression coefficients (R2) values in
pH 7.40 buffer media for formulations GGND-1, GGND-5
and GGND-7 release kinetic results that best fit to Higuchi
Square root model. This model states that to begin with, the
molecular drug release is initiated in the surface layer and once
it is fully depleted of the drug molecules, the drug release
starts from the second layer forcing the dispersion of drug
molecules into the external solution through the network. In
this manner, the dispersed drug molecules are moved into the
dissolution medium from hydrogel network [41]. The Higuchi

Square root equation indicates that drug release from hydrogel
network follows a controlled diffusionmechanism and there is
a direct relationship between rate and time of drug release. The
drug release rate is directly proportional to the square root of
drug release time. From Table 5, highest values of regression
coefficients (R2) for hydrogels formulations GGND-1 and
GGND-5 in pH 1.20 are best suited to the first order equation.
In the first order model, the rate constant of drug release is
directly proportional to the initial drug concentration and na-
ture of polymer.

It has been observed that (R2) values for formulations
GGND-2, GGND-3, GGND-4 GGND-6 and GGND-7 in
pH 1.20 solution and for formulations GGND-2, GGND-3,
GGND-4, and GGND-6 in pH 7.40 media are best suited for
Koresmeyer-Peppas equation with highest values of regres-
sion coefficients (R2) greater than 0.98. The results calculated
from Koresmeyer-Peppas equation show that the n values for
all formulations in both pH 1.20 & 7.40 are >0.45 and < 0.89.
It indicates that the process of IMS molecular drug release
from GGND hydrogels followed the non-Fickian diffusion
mechanism.

Conclusion

In present research work, the pH- and thermo-responsive
GGND hydrogels are developed by free radical polymeriza-
tion of GG-g-PNPA graft copolymer, IPAM and DMAEMA
using MBA as a cross-linker. The GGND hydrogel network
parameters are calculated from swelling data. It is observed
that the mesh size (ξ) and the average molecular weight be-
tween two adjacent cross-links (M̅c,) of GGND hydrogel is
decreased, while the cross-link density (ve) and Flory-
Huggins interaction (χ) of gels is increased with the concen-
trations of MBA and PIPAM. The reverse results are also
observed with graft copolymer content. The swelling capacity
of GGND hydrogels changes significantly with cross-linker
content, pH and temperature of swelling medium. The GGND

Table 6 Drug release kinetic analysis by using various kinetic models for release of IMS from GGND hydrogels in pH 7.40 at 37 °C

Formulation code Zero order
reaction

First order
reaction

Higuchi Square
root equation

Hixson-Crowell cube
root equation

Korsmeyer-peppas
equation

K0 R2 K1 R2 KH R2 KC R2 n KP R2

GGND-1 0.0261 0.9936 0.0018 0.9947 0.0373 0.9969 0.0025 0.9664 0.5140 0.0213 0.9237

GGND-2 0.0305 0.9023 0.0028 0.9712 0.0348 0.9871 0.0020 0.9520 0.4595 0.0508 0.9929

GGND-3 0.0330 0.9362 0.0031 0.9926 0.0354 0.9975 0.0023 0.9803 0.4562 0.0673 0.9986

GGND-4 0.0445 0.8760 0.0048 0.9735 0.0483 0.9724 0.0033 0.9484 0.5663 0.0336 0.9837

GGND-5 0.0226 0.9967 0.0017 0.9939 0.0364 0.9987 0.0021 0.9668 0.5092 0.0213 0.9471

GGND-6 0.0395 0.8613 0.0039 0.9703 0.041 0.9698 0.0028 0.9408 0.4593 0.0584 0.9835

GGND-7 0.0233 0.9842 0.0025 0.9692 0.0356 0.9978 0.0015 0.9969 0.6161 0.0137 0.9934
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hydrogel swelling capacity is observed to be maximum in
pH 7.40 than in pH 1.20 and distilled water. This swelling
capacity is decreased with a corresponding increase in MBA
concentration and increasing temperature from 25 °C to
37 °C. The GGND hydrogel networks are characterized to
confirm grafting, structural, surface morphology, drug interac-
tion and thermal properties by FTIR, SEM, X-RD, and DSC
studies respectively. The GGND hydrogel swelling ability is
notably decreased with a rise in salt concentration and en-
hanced metal ion valence. The surface charges of the pure
and IMS loaded GGND hydrogels are analyzed by point of
zero charge. The IMS is loaded into GGND hydrogels by
using equilibrium swelling process and the maximum values
of % DL (49%) for GGND-6 and % EE (69%) for GGND-7
formulations are obtained. The controlled release of IMS from
GGND hydrogels is found to be depended upon the content of
cross-linker, graft copolymer, pH and temperature. The max-
imum release of IMS is observed in GGND-6 hydrogels
(94%) in pH of 7.40 at 37 °C. In-vitro kinetic release of IMS
is determined by empirical kinetic equations and the values
are found to be best suited with Koresmeyer-Peppas equa-
tions, Higuchi Square root model and the first order reaction,
which follow non-Fickian transport mechanism. These results
recommend that the GGND hydrogels can be used as a pH-
and temperature-responsive drug transport carriers in the bio-
medical applications.
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