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Abstract We report the synthesis of semi-interpenetrating
polymer network (semi-IPN) hydrogel composed of
carboxymethyl cellulose (CMC), linear polyvinylpyrrolidone
(PVP), acrylic acid (AA) and α-cyclodextrin (CD) by free-
radical solution polymerization in presence of hydrogen per-
oxide as the initiator and its characterization by FTIR, SEM
and Rheology. The formulated hydrogel is thermoreversible,
and its rheological parameters like gelation temperature, gela-
tion time, elastic modulus and stress were studied as a function
of CD concentrations. Swelling ability of the hydrogel de-
creases while as the drug encapsulation and loading capacities
enhance with increase in CD wt%. The partitioning of ibupro-
fen between regions of different polarity within the hydrogel
was studied by spectrofluorimetry. The ability of hydrogel
with 0.04 wt% of CD to release ibuprofen spanned over the time
period of 2 h andwasmodelled in light of various kineticmodels.
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Introduction

Hydrogels are three-dimensional polymer network structures
obtained from a class of synthetic and/or natural polymers that
immobilises a large amount of water besides maintaining integ-
rity [1]. Multi-component hydrogels are produced by semi-
interpenetrating polymer network (Semi-IPN) technology

involving cross-linking a variety of polymers/monomers via
free radical polymerisation, and there are practically little
chances of residual monomer/polymer which can act as a po-
tential toxic agent [2]. Multi-component polymer-based
hydrogels exhibit surprising properties superior to constituent
polymers [2, 3]. The commercially available multi-component
hydrogels are comprised of petroleum-based synthetic poly-
mers having high production cost in addition to being less
eco-friendly limiting their application domain [4]. Multi-
component hydrogels derived from natural polymers and bio-
compatible synthetic polymers containing biodegradable addi-
tives are gaining interest in a number of new research areas due
to the unique physicochemical, biological, industrial, and envi-
ronmental advantages [4]. Synthetic polymers have many at-
tractive qualities like they can be processed into a variety of
shapes and have much better mechanical and thermal proper-
ties than most of naturally occurring polymers. These demand-
ing properties increase the flexibility of their usage in biomed-
ical field. Therefore, the current thrust of research is to develop
multi-component polymeric hydrogels based on the blends of
natural and synthetic polymers which are biocompatible and at
the same time possess good thermal and mechanical properties
[3]. Moreover, many of the synthesized multi-component
hydrogels are stimuli responsive where a minor change in its
chemical structure in response to external stimuli is symbioti-
cally augmented to bring about impressive transformations in
macroscopic properties of the material [3, 4]. The resemblance
of physical properties of stimuli responsive multi-component
hydrogels to human tissues, minimal toxicity and excellent
tissue compatibility has rendered them potential candidates as
biomaterials like in soft contact lenses [5], chemical sensors [6],
controlled drug delivery materials [7], tissue engineering [8],
wound dressing [9], dental applications, injectable polymers,
implants, ophthalmic applications and diagnostics [10–12].
There are two important desirable but antagonistic properties
of multi-component hydrogels viz self-healing ability and
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mechanical strength which are needed to be taken into consid-
eration during their synthesis. The autonomous damage-repair
and resulting healing involves energy dissipation mechanism
created by reversible bonds which prevent the fracture of the
molecular backbone, while the mechanical strength is neces-
sary for their use in stress bearing applications. The efficiency
of self-healing increases by decreasing the lifetime of dynamic
cross-links due to the favourable chain diffusion across frac-
tured surfaces of hydrogels, but the hydrogels with short-living
cross-links become weak at experimental time scales [13]. So,
the design of multi-component hydrogels with damage-repair
ability and a good mechanical strength is crucially important in
many existing and potential applications fields [14, 15].

Acrylic acid (AA)-based hydrogels mediate H-bonding
across rupture, and a strong self-healing is reported in such
hydrogels [13]. The chemically cross-linked AA-based
hydrogels show mechanical hysteresis for a range of defor-
mation which is less pronounced in salt solutions, as the
existence of ionic associations due to electrostatic interac-
tions seems to be responsible for the energy dissipation under
strain [13]. In the current study, 65 % of acrylic acid, as
mentioned in the experimental section, was neutralized so
that hydrogel with balanced damage-repair property and me-
chanical strength is obtained. AA is also one of the popular
and extensively used chemical cross-linking agent for car-
boxymethylcellulose (CMC) [16–18]. The esterification reac-
tion of CMC with AA in a solution of NaOH results in the
formation of diether cross-links between the hydroxyl groups
of CMC and AA [16]. Besides the formation of chemical
bonds, there is possibility of H bonding, electrostatic and
other physical interactions which may balance the cohesive
solid-like properties and diffusive transport liquid-like prop-
erties of the synthesized hydrogel. Hydrogels based on CMC
have been, in particular, the subject of intense investigation
due to their ability to display enhanced swelling capacity and
undergo external stimuli-induced phase transitions making
the synthesized hydrogels extremely important carriers for
controlled drug release [19]. In order to change the gelling
properties (solubility and swellability), rheology and release
properties of a typical CMC hydrogel, we tried to induce
porosity into its structure by its simultaneous cross-linking
with non-ionic polyvinyl pyrollidine (PVP) to formulate a
macroporous hybrid hydrogel. Owing to their unique swell-
ing properties, macroporous hybrid hydrogels have been
found to be attractive entities for more specific pharmaceuti-
cal and biomedical applications [18]. Hydrogels in general
and macroporous hydrogels in particular suffer from weak
mechanical strength in their wet or hydrated state, so at-
tempts have been made to enhance their mechanical proper-
ties, and hydrocolloid-containing hydrogels in particular have
been found to be most effective [20–22]. Alternatively, var-
ious concentrations of hydrocolloid can be used to manipu-
late the mechanical properties of hydrogel. Therefore, the

hydrogel prepared from the blend of CMC, PVP and AA
with cyclodextrin (CD) as a hydrocolloid could be interesting
to study for its mechanical properties, encapsulation and re-
lease ability. The unique swelling capacity of CMC and PVP,
increased adhesive ability of AA [23] and increased solubi-
lization capability towards drugs due to CD could be simul-
taneously envisaged in such multi-component polymeric
network.

Therefore, in this work, we report the synthesis of
macroporous CMC-based hydrogel by the free-radical copo-
lymerization and semi-IPN technology. The structure and
morphologies of the semi-IPN hydrogels were characterized
by Fourier transformation infrared (FTIR) spectroscopy, scan-
ning electron microscopy (SEM) and rheology. The mechan-
ical properties of the synthesized hydrogel were studied as a
function of CD concentration. Further, the synthesized hydro-
gel was explored for its encapsulation capacity, partitioning
and release behaviour of the poorly water-soluble drug ibu-
profen (IBU). IBU is an important water insoluble non-
steroidal anti-inflammatory drug [24] and has been studied
extensively with respect to its encapsulation and delivery
[25, 26]. The experimental results of this study will provide
insights into the structure-property relationship of the hydro-
gel at a range of CD concentrations in order to assess its
potential for use in biomedicine.

Experimental section

Materials

Ibuprofen (IBU) was obtained from Himedia laboratories
(India >98 %). CMC, AA and PVP were Aldrich products.
H2O2 used was of analytical grade. All the chemicals were
used as received, and the solutions were prepared in triple
distilled water.

Preparation of hydrogel

For the preparation of hydrogel, the procedure of Wang et al.
was followed [16]. CMC (5 wt%) and PVP (5 wt%) dissolved
in three-necked round-bottom flask (100-mL capacity) con-
taining 30 mL of water fitted with a reflux condenser, a nitro-
gen line and a thermometer were continuously stirred on a
magnetic stirrer to form a sticky solution. The polymeric so-
lution was heated to 60 °C on an oil bath and purged with N2

for 30 min to remove the dissolved oxygen. For generation of
radicals, 5 mL of H2O2 (50 mM) was added drop-wise under
continuous stirring, and the solution was kept at 60 °C for
10 min. A 7.2 g of acrylic acid (AA) was neutralized using
7.6 mL of 8.8 mol L−1 NaOH solution to reach a total neutral-
ization degree of 65 %, and then 0.01 wt% of CD was dis-
solved in the partially neutralized acrylic acid (NaAA) under
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magnetic stirring. The polymeric solution in the flask was
cooled to 50 °C, and then mixture of NaA and CD was added.
The temperature was then slowly raised to 70 °C and kept for
3 h to complete polymerization. The reaction mixture was
continuously purged with nitrogen throughout the reaction
period. The same procedure was repeated to prepare a series
of solution with a range of CD concentrations (0.01 to
0.1 wt%).

Characterization of hydrogels by IR spectroscopy

The structural properties of the hydrogels were examined
using a Perkin-Elmer SpectrumTwo FT-IR spectrophotometer
fitted with a Perkin-Elmer Universal ATR sampling accessory.
Spectra were recorded in 4000–400 cm−1 range using KBr
pellets, acquiring 64 scans with a resolution of 1 cm−1.

SEM

The morphology of synthesized gels was characterized by
Hitachi S-3000H Scanning Electron Microscope equipped
with a digital camera. Samples of the xerogels were prepared
by placing a small aliquot of hydrogel on carbon tape placed
over sample stub, coated with gold in a Hitachi Fine Coat Ion
Sputter.

Rheology

Steady and dynamic rheological experiments were performed
on Anton Paar MCR-102 Rheometer equipped with a peltier
temperature control system with an accuracy of ±0.01 °C.
Cone-plate geometry (diameter of 25 mm with cone angle of
1.998°) was used for the measurements. The experiments
were carried out in duplicate to ensure reproducibility. To
prevent dehydration during rheological measurements, a thin
layer of silicone oil was placed on the periphery surface of the
hydrogel held between the plates. The test methods employed
were oscillatory temperature, time, stress, and frequency
sweeps at a range of CD concentrations (0.01–0.1 %). The
thermal behaviour of hydrogel was studied by temperature
sweep. The hydrogels were subjected to a temperature ramp
in the range of 0–80 °C with a heating rate of 2 °C/min, and in
order to check its thermo-reversibility, it was cooled from 80
to 0 °C at the same rate. To ensure that the experimental
conditions did not interfere with the gelation process, the tem-
perature ramp was performed at a low oscillation frequency
(1 Hz) and a small deformation (0.01). In linear viscoelastic
region (LVR), the evolution and dynamics of elastic storage
modulus ‘G′’ and the viscous loss modulus ‘G″’ with time
were monitored, and time sweep was performed at constant
shear frequency (1 Hz) to observe in situ gelation behaviour
and gelation time of the hydrogels. Stress sweep was per-
formed on the hydrogels at a constant frequency of 1 Hz to

determine the linear viscoelastic region by shearing them until
its structural breakdown occurs. The hydrogels were also sub-
jected to a frequency sweep in the linear viscoelastic region
(stress of 20 Pa) to study the viscoelastic performance over a
wide range of frequencies (0.01 to 100 Hz).

Swelling studies

The weight of the completely dry hydrogel sample (Wd) was
measured, and the sample was immersed in phosphate buffer
medium of physiological pH (7.4) at room temperature (25±
0.5 °C). The surface of the hydrogel was dried with a filter
paper and the weight of the swollen hydrogel was measured
(Ws). The swelling ratio (SR) of polymer networks was then
determined gravimetrically using Anamed weighing balance
(Mumbai, India) having an accuracy of ±0.0001 g by applying
the following relation:

SR ¼ Ws−Wd

Wd

� �
� 100% ð1Þ

The values of SR reported are average of three independent
measurements.

Drug encapsulation and in vitro release

The ibuprofen (IBU) encapsulation capacity of hydrogel and
its release kinetics from the hydrogel were determined spec-
trophotometrically with a Schimazdu Spectrophotometer
(model UV-1650PC). Briefly, 400 mg of IBU (L1) was dis-
solved in 20-mL vial containing 5 mL of ethanol, and then,
200 mg (L) of hydrogel was added. It is pertinent to mention
that the hydrogel was insoluble in ethanol. The vials were
sealed with screw caps and then agitated for a period of 5 h
on a magnetic stirrer at a temperature of (37±0.5 °C) using
magnetic Teflon pieces previously placed in the vials. The
solution was filtered, and the precipitate (drug-loaded gel)
was washed with 2 mL of ethanol to remove the drug
adsorbed on the surface of hydrogel. The concentration of
IBU in the filtrate ethanol solution (L2) was determined by
measuring absorbance at 235 nm [25] using a predetermined
calibration curve. The IBU encapsulation efficiency (EC) and
drug loading capacity (LC) [25] of the hydrogel was deter-
mined as:

EC ¼ L1−L2ð Þ
L1

� 100% ð2Þ

LC ¼ L1−L2ð Þ=L ð3Þ
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The drug release test was performed by adding the
drug-loaded hydrogel to a beaker containing 100 mL of
pH 7.4 phosphate buffer sealed with parafilm as release
medium. The solution was continuously stirred at 37±
0.5 °C. Aliquots of release medium were withdrawn at
specific time intervals to measure the drug concentration,
and equal volumes of fresh buffer were immediately
added to the medium to maintain a constant volume.
The drug release profile was obtained by plotting a curve
of Mt/M against t, where Mt is the amount of drug re-
leased at time t, and M is the amount of drug released
once the equilibrium state is reached.

Fluorescence measurements

The fluorescence emission spectra of IBU in hydrogel and
different solvents were obtained on Schimazdu Spectrofluo-
rimeter (Model RF-5301) operating in the steady-state mode
at 37±0.1 °C. Measurements were made in quartz cuvette
using a 3-mm excitation/3-mm emission slit width. The exci-
tation wavelength used to excite IBU was 228 nm. Fluores-
cence emission spectra were recorded over the range of 250–
400 nm.

Results and discussion

Hydrogel synthesis

The hydrogel was synthesized in aqueous solution by the
method described in Experimental section which involves
generation of macro-radicals followed by chain propaga-
tion and finally cross-linking resulting in the formation of
three-dimensional gel network (Scheme 1). Briefly, the ini-
tiator H2O2 decomposes upon heating to produce hydroxyl
radicals which possibly abstract hydrogen radical from
CMC to form macro-radical chains. The radical chain re-
acts synchronously and most probably with the amide
groups of PVP (being the reactive site) resulting in further
chain propagation, and PVP might also get interpenetrated
with the growing network through hydrogen-bonding in-
teraction in accordance with the findings of Wang et al.
[16]. They proposed that the macro-radical chain of sodi-
um alginate combines with amide group of PVP to propa-
gate the growing chain in addition to hydrogen bonding.
Further, the active radical sites of the different growing
polymer radical chains (CMC/PVP) may combine with vi-
nyl group of the NaAA and hydroxyl groups of CD to
proceed with chain propagation and get cross-linked to
form three-dimensional polymeric hydrogel networks.
The proposed mechanism is depicted in Scheme 1.

Structural characterization

The IR spectra of NaCMC, PVP, AA, CD, hydrogel and drug-
loaded hydrogel are shown in Fig. 1a. NaCMC shows bands at
3452 cm−1 due to O–H stretching vibrations, 2920 cm−1 due
to C–H stretching vibrations, 1607/1424 cm−1 due to the
asymmetric/symmetric stretching of the carboxylate group
and 1157/1034 cm−1 due to C–O–C stretching vibrations in
accordance with earlier reports [27]. PVP shows the band at
2955 cm−1 due to –CH stretching, 1659 cm−1 due to –C=O
stretching, 1438 cm−1 due to –CH3 scissoring and 1285 cm−1

due to the tertiary amine –C–N stretching in accordance with
the earlier reports [1]. In the case of CD, O–H stretching band
is observed at 3412 cm−1, while C–H stretching band appears
at 2928 cm−1. The appearance of band at 1639 cm−1 is due to
O–H bending and at 1034 cm−1 due to C–O–C stretching [28].
Acrylic acid shows the band at 3443 cm−1 due to O–H
stretching, 1730 cm−1 due to C=O stretching, 1639 cm−1

due to C=C stretching, while at 1413 cm−1 due to CH2 bend-
ing [29]. After formation of hydrogel by all these components,
we observed weakening of some bands like the bands corre-
sponding to C=C of AA and the C=O of the amide group in
PVP, as these functional groups participate in hydrogel forma-
tion as shown in Scheme 1. Further, there occurs shifting of
already existing bands like one of the very important band in
AA corresponding to carbonyl group shifts to lower wave
number (from 1730 to 1701 cm−1) as the resonance which
occurs in AA is absent in the proposed product hydrogel. In
addition, some strong absorption bands corresponding to the
functionalities like peroxo linkage (918 cm−1 due to O–O
symmetric stretching, 993 cm−1 due to O–O asynchronous
vibration) [30] and ether groups (1296, 1235 and
1127 cm−1) [31] which were not present in constituent poly-
mers but are being formed during the course of reaction are
present in the proposed product hydrogel (Fig. 1b). These
experimental observations support the formation of hydrogel
as per proposed mechanism given in Scheme 1. Comparison
of IR spectra of hydrogel and IBU-loaded hydrogel clearly
shows that IBU is associated with hydrogel through non-
covalent interactions as the IR spectrum of hydrogel and
drug-loaded hydrogel is the same and only the reshuffling of
some characteristic peaks occurs like bands corresponding to
C=O shifts from 1701 to 1693 cm−1 and those of hydroxyl
groups shift from 3445 to 3433 cm−1 due to hydrogen bonding
between the corresponding hydroxyl groups of the hydrogel
and carboxyl group of IBU molecules.

Morphological analyses

SEMmicrographs of synthesized hydrogel reveal that the sur-
face of gel is dense and smooth except for some light cavities
(Fig. 2). This is in contrast with the hydrogels of CMC, Chi-
tosan, PVP, etc. reported in other studies [28, 32, 33] having
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rougher surfaces. The smoothness and experimentally ob-
served lesser swelling capacity of the synthesized hydrogel
could be attributed to extensive cross-linking which renders
the hydrogel hydrophobic, as the roughness and swelling abil-
ity is directly related with the hydrophilicity of the hydrogel
surface [31]. In a densely cross-linked hydrogel network, hy-
drophobic interaction prevail, chances of H-bonding with the
solvent are reduced and is relatively smoother with less swell-
ing ability.

Rheological measurements

Oscillatory temperature sweep

A representative plot of the temperature sweep of the hydrogel
with 0 wt% CD is given in Fig. 3. At lower temperatures, loss
modulus (G″) is more than that of elastic storage modulus (G′)
indicating the polymeric network is in liquid state. Both of the
moduli (G′ and G″) decrease slightly with increase in temper-
ature up to ca. 60 °C probably due to breaking of H bonds and
then increase abruptly due to growing hydrophobic interac-
tions at higher temperatures. However, G′ increases more rap-
idly than G″ resulting in crossover at about 62 °C which also
represents the gelation temperature where the sol-gel transi-
tion occurs. Beyond this temperature, the polymeric network
is in gel-phase at all higher temperatures (G′>G″). The hydro-
gel has tendency to revert back to the sol state on cooling at
around 42 °C (cooling curve, Fig. 3) and reveals a certain
degree of thermo-reversibility being important from funda-
mental and industrial point of view. The hydrogels prepared
are inverse thermoresponsive, and their behaviour is a result of
delicate balance between H bonding and hydrophobic interac-
tions which depends on temperature. The gelation temperature
of the hydrogels decreases with increase in CD concentration
recorded both during heating as well as cooling as shown in
inset of Fig. 3. The gelation temperature is, therefore, adjust-
able at a desired value by manipulating the CD wt% in poly-
meric network to make the gel workable in broad range of
temperature. The gelation mechanism may involve a range

of molecular interactions like electrostatic repulsion between
the like charged CMC and AA chains, hydrogen bonding and
polar interactions between the carboxyl, carbonyl and hydrox-
yl groups of CMC, PVP, AA and CD. However, the prime
factors responsible for gelation are hydrophobic and steric
interactions between the residual carboxyl groups and reduced
solubility at higher temperatures. Further, the increased degree
of cross-linking of the polymeric chains at higher concentra-
tions of CD seems to play a pivotal role in bringing about the
gelation within the practically important temperature range.
Cross-linking results in the formation of high molecular
weight three-dimensional polymer networks with less provi-
sion for polar interactions thus decreasing its solubility even at
lower temperatures and leading to low temperature gelation.
Since the gelation temperature is sensitive to CD wt%, all
subsequent rheological tests were performed over a range of
CD concentrations at a constant temperature of 37 °C.

Fig. 2 SEM micrographs of
hydrogel

Fig. 3 Sol-gel transition of the hydrogel without CD during heating and
cooling cycle between 0 and 100 °C (inset shows the variation of
transition temperature with CD wt%)
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Oscillatory time sweep

The time sweep profiles ofG′ and G″ at 37 °C over a range of
CD concentrations for the semi-IPN hydrogel are given in
Fig. 4. For the hydrogels without CD and at lower concentra-
tions of CD up to 0.01 wt%, viscous properties dominate as
G″ has larger values thanG′ throughout the time sweep, which
is also expected since the applied temperature is lower than the
gelation temperature of these samples. When the CD concen-
tration is increased to 0.02 wt%, both the moduli increase with
time indicating the solution prepares to turn into a gel-like
state due to the increase in cross-linking density at the exper-
imental temperature (Fig. 4) which is much lower than gela-
tion temperature of these samples. These results imply that the
gelation has dependence on time as well so that samples hav-
ing higher gelation temperature can even undergo gelification
over time at lower temperatures which is in agreement with
earlier studies reported for different gels [34]. As the concen-
tration of CD is further increased up to 0.03 wt% having
gelation temperature of about 42 °C, the rate of increase of
G′ is higher thanG″, so the elastic properties start to dominate
resulting in cross-over ofG′ andG″ at about 1050 s referred to

as gelation time. Therefore, a delayed hydrogel is obtained at
37 °C for the sample with 0.03 wt% CD. The gelation time is
reduced to around 307 s when the concentration of CD is
raised up to 0.035 wt%. Further reduction in gelation time to
30 s is observed for the sample with 0.04 wt% of CD (Fig. 4)
representing a very significant and expected reduction as the
working temperature lies above the gelation temperature of
the sample. These results show that in the CD concentration
range of 0.03 to 0.04 wt%, gelation time varies inversely with
the CD concentration as the cross-linking density increases
with increase in CDwt% at a constant temperature. Hydrogels
with longer gelation time pose serious concerns like in drug
delivery; it leads to drug diffusion [35], while in tissue engi-
neering, heterogeneous cell distribution within matrix is ob-
served [36]. Therefore, designing gels with optimal gelation
temperature and gelation time prove highly beneficial for their
practical applicability. In this context, the gelation time and
the gelation temperature of the synthesized hydrogel with
0.04 wt% CD seem to be ideal for in vivo applications. The
synthesised semi-IPN hydrogel remains in gel state at or
above 0.05 wt% of CD throughout the time sweep (G′>G″)
as shown in Fig. 4. The results obtained are expected as the
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experimental temperature is much higher than the gelation
temperature of these samples, no sol-gel transition is ob-
served. Since for practical purposes, the solution is injected
into the body and allowed to gellify in situ; hence, the hydro-
gel with 0.04 wt% of CD could prove to be an appropriate
system for drug delivery and other pharmaceutical
applications.

Oscillatory stress sweep

The stress sweep for all cross-linked hydrogels and the poly-
meric network without CD was carried out at 37 °C and are
presented in Fig. 5. At low shear stress, there appears the
linear viscoelastic region (LVR) in which G′ is almost inde-
pendent of the applied shear stress, but at higher shear stress,
structural breakdown occurs. The applied stress and the
resulting strain remains in phase in the LVR region, and be-
yond it, the elastic modulus abruptly decreases due to the
imposition of large deformations resulting in structural break-
down. As evident from the curve (Fig. 5),G′ and critical shear
stress (stress at which polymeric system begins to show non-
linear viscoelastic behaviour) increase with increase in the
percentage concentration of CD. Since G ′=neRT

37 [37],
where ne is the number of cross-links in the network. There-
fore, with increase in the concentration of CD, the proportion
of number of effective intermolecular cross-links formed in
the hydrogel network increases causing G′ to increase. Also,
an increase in cross-linking density increases the tensile
strength of the hydrogel with consequent extension in the
LVR region.

Oscillatory frequency sweep

Frequency sweep experiments are very important for attaining
the information regarding the stability of three-dimensional

hydrogel networks [38]. The dynamics of G′ and G″ for the
studied semi-IPN hydrogels with frequency at 37 °C are pre-
sented in Fig. 6 which shows that the gelation depends upon
applied frequency in accordance with earlier studies on differ-
ent hydrogels [34]. Some very important results were obtained
from the frequency sweep tests. For the semi-IPNwithout CD,
the polymer network is in sol-phase throughout the sweep (G′
<G″), and although both the moduli increased with increase in
frequency, no gelification occurred in response to change in
frequency (Fig. 6). Further, no crossover was observed in the
experimentally investigated frequency range. When 0.01 wt%
of CD is added to the polymeric network, the rate of increase
of G′ is more than that of G″ resulting in crossover at around
frequency of 27.5 Hz (Fig. 6). Since crossover frequency (ωc)
is related to the relaxation time (τR) as

τR ¼ 1

ωc
ð4Þ

The relaxation time for the resulting hydrogel with
0.01 wt% CD comes out to be 3.6×10−2 s which is too small
indicating poor viscoelasticity [38] and more liquid-like na-
ture of the polymeric hydrogel (Fig. 6) [39, 40]. Increasing the
concentration of CD up to 0.02 wt% increases the relaxation
time up to 1.8×10−1 s confirming elasticity of the polymer
network increases with increase in CD wt% (Fig. 6). With
further increase in CD wt% from 0.03 to 0.04 %, the relaxa-
tion time continuously increases from 3.98×10−1 to 8.77×
10−1 s indicating that the solution changes from semi-dilute
polymeric solutions to entangle melts with more desirable
viscoelasticity [39, 40]. When the concentration of CD is in-
creased beyond 0.04 %, we observe that the polymeric net-
work is throughout in gel form (G′>G″), and both the moduli
appears to be essentially independent of a wide range of fre-
quency (Fig. 6). This indicates that the viscoelastic relaxation
of the polymeric network occurs in low frequency region in-
ferring that reorganisation time required by network to reach
equilibrium and form well defined network is quite large.
Since, it is difficult to introduce hydrogels with high elasticity
directly into the body without surgical intervention which is
undesirable for routine clinical use, it is need of the hour to
develop in situ gellable hydrogel formulations. Therefore, the
polymeric network with 0.04 % could prove to be perfect
hydrogel with ideal relaxation time much longer than poly-
meric network systems with less significant viscoelasticity
and much smaller than those with rigid solid-like behaviour.

All the hydrogels with CD percentage concentration great-
er than 0.01 % presented an increase in G′ at higher frequen-
cies. For the samples with lesser CDwt%, we observed a rapid
increase in G′ at lower frequencies when compared to the
samples with more amounts of CD concentrations. The length
of the flexible polymer chain and the nature of imposed
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mechanical motions determine the viscoelastic response of
a polymer network [41–43]. The polymeric systems with
low concentration of CD have less cross-linked polymeric
networks. Hence, the polymer chain segments between
cross-links are longer and unable to rearrange in the time
scale of the imposed motion, and therefore, these stiffen up
and assume a more solid-like behaviour characterized by a
sharp increase in G′. The polymeric system with higher CD
concentration requires higher applied frequencies to obtain
a similar response, leading to a gradual rise in G′ at higher
frequencies.

Swelling degree measurements

The swelling ability of the synthesized hydrogels is much
lower than other reported hydrogels of CMC and AA
[16–18], so it is expected that these hydrogels show less water
absorption as well as less absorption capability particularly
toward hydrophilic drugs. The high water solubility of pure
hydrogels of CMC and AA limits their use as a drug delivery
system, as these may dissolve in the buccal mucous mem-
brane before the desired duration for the drug to permeate

across the membrane [44, 45]. Further, the hydrogels based
on pure CMC andAAhave little applicability for hydrophobic
drugs, and their poormechanical strength is a cause of concern
[16–18]. The hydrogels presented here have appreciable me-
chanical strength and less water solubility and hence could be
efficiently used for encapsulation of hydrophobic drugs. The
swelling degree of the samples with a range of CD concentra-
tions is presented in Fig. 7. In the case of polymeric network
without CD, the SR is about 166 % of the initial weight of
hydrogel which decrease with increase in CD concentration
and is about 117 % for the sample with 0.1 wt% CD. CD
possesses hydrophobic cavities resulting in increase in the
hydrophobicity of polymeric network and hence decreases
degree of hydration. Also, CD causes the gelation of the poly-
meric network by cross-linking the polymeric chains, so the
exposed area potent for polar interactions with water is re-
duced. The two phenomena intensify with increase in CD
concentration, so at higher wt% of CD due to added hydro-
phobicity and extensive cross-linking, majority of the polar
groups (OH, COOH) of the polymeric network are engaged
in bonding both leading to a decrease in the quantity of water
absorbed at equilibrium.
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Drug encapsulation capacity and release kinetics of hydrogels
towards IBU

The drug encapsulated within the hydrogel gets stabilized by
hydrogen bonding between carboxyl groups of drug mole-
cules and hydroxyl groups of the polymer network, polar in-
teractions of the drug molecules with the ionized groups of the
polymer chain and hydrophobic interaction between the re-
spective hydrophobic moieties of the drug and hydrogel.
Table 1 shows the data of drug encapsulation capacity (EC)
and drug loading capacity (LC) of the studied hydrogels.
Since cross-linking between the polymeric chains is
unfavourable for hydrogen bonding and polar interactions be-
tween the drug molecules and polymer network, so, the poly-
mer network without CD has also an appreciable encapsula-
tion capacity. EC and LC of the hydrogels increase first with
increasing the CD concentration that reaches maximum at
0.03 wt% and then remains almost constant with further in-
crease in CD concentration. Two antagonistic phenomena
seem to interplay with increase in CD concentration, (a) in-
crease in the number of hydrophobic cavities within the hy-
drogel which supports the drug encapsulation and (b) increase
in the potency of polymer-polymer interactions by cross-
linking with CD which decreases the drug-polymer interac-
tions. The hydrogels with lower CD concentrations provide
less hydrophobic cavities for drug encapsulation, but at the

same time, the lesser cross-linking is favourable for drug-
polymer interactions. Since the drug is non-polar [29], the
extended hydrophobic cavities with increase in CD concentra-
tion seem to have an edge explaining increase of EC and LC
with increase in CD concentration. At higher CD concentra-
tions, although there is more room for hydrophobic interac-
tions but the hydrogel is extensively cross-linked and the un-
balanced charges are satisfied, thus, a more rigid solid-like
structure is obtained which has less appeal for the drug
explaining the constancy of EC and LC at higher CD percent-
age concentrations.

For drug release kinetics, the samples with CD concentra-
tion equal to 0.04 wt% were investigated, and burst release
was observed. The release profile of IBU from the hydrogel is
shown in Fig. 8a. Several models were applied to the experi-
mental data to represent the drug dissolution profile. Zero-
order kinetics model is applicable to the pharmaceutical dos-
age forms that does not disaggregate and releases the drug
slowly so that no equilibrium conditions are obtained. Accord-
ing to zero order kinetics [46]:

Ft ¼ K0t

where Ft ¼ ð1�Wt=W0Þ and K0 ¼ K=w0

ð5Þ

wt is the amount of drug in the pharmaceutical dosage form at
time ‘t’, wo is the initial amount of drug in the pharmaceutical
dosage form, K is zero order rate constant and K0 is the ap-
parent dissolution rate constant or zero order release constant.
A regression coefficient (r2) of 0.90 along with a value ofK0=
0.00199min−1 was obtained when zero-order kinetics model
was applied for this study. A faster release rate was observed
for the first 10 min during which 58 % of the IBU, which was
not tightly bound by the polymer chains, was released. How-
ever, the subsequent slower release behaviour was probably
due to the IBU molecules that were tightly cross-linked with
the polymer chains via intermolecular forces, including hydro-
phobic interaction, electrostatic attraction and hydrogen
bonding.

First-order kinetic model usually gives good results for
water-soluble drugs encapsulated in porous matrix where the
release of the drug is proportional to the amount of drug re-
maining in the interior of matrix. According to the model [46]

LogQt ¼ LogQ0 þ K1t=2:303 ð6Þ

where Qt is the amount of drug released in time ‘t’, Q0 is the
initial amount of drug in the solution and K1 is the first-order
release constant. This model shows poor applicability to the
studied system with r2 of 0.87 and the value of K1=0.00283
min−1 as IBU is non-polar and almost insoluble in water.

Higuchi model [47] describes drug release as a diffusion
process based on the Ficks law and is used to describe the drug
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Fig. 7 Variation of swelling ratio (SR %) for a range of CD
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Table 1 Effect of CD
wt% on EC (%) and LC
(%)

CD (wt%) EC (%) LC (%)

0.01 21.50 4.32

0.02 23.63 4.72

0.03 25.42 5.08

0.04 25.71 5.14

0.05 25.17 5.03

0.06 25.39 5.08

0.07 25.43 5.09

0.08 25.65 5.13

0.09 25.57 5.11

0.1 25.37 5.07
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dissolution from several types of modified release pharmaceu-
tical dosage forms. As per the model:

Ft ¼ KHt
1=2 ð7Þ

where KH is the Higuchi dissolution constant and Ft is the
amount of drug released in time t per unit area. A good corre-
lation was obtained between Higuchi model and experimental
data wi th r2 = 0.95 and the value of KH = 0.0011
mg mm−1 min−3/2. Since Higuchi model is used to describe
the drug dissolution from the hydrogels [47], it also shows fair
applicability domain in the present study (Fig. 8a, inset). The
reason being that many of the hypotheses which form the basis
of the model are being satisfied like the initial drug concen-
tration of the drug in the polymeric hydrogel is much higher
than its solubility in the releases medium, drug particles are
smaller than delivery system thickness, hydrogel dissolution is
negligible in the release medium and drug diffusivity is con-
stant. However, some discrepancies may be due to some over
simplified assumptions of the model like the drug diffusion
takes place only in one dimension and also the hydrogel swell-
ing is not negligible in present study, so the diffusion rate
increases when the polymeric network becomes loose and
filled with water.

Partitioning of IBU

The polarity of the surrounding solvent medium affects the
absorption and emission of the fluorophores. The fluorescence
spectra of IBU in a number of solvents with different polarities
are given in Fig. 8b. The change in polarity around the
fluorophore corresponds to the shift in the emission wave-
length maximum (Δλmax) which can be quantified experi-
mentally. IBU shows negative solvatochromism which re-
flects a decrease of the ground-state dipole moment of the
drug upon excitation. The increase in electronic transition en-
ergy upon increasing solvent polarity results from the solute
solvent interactions. The main reason for the negative
solvatochromism is the hydrogen-bonding interaction be-
tween the polar solvents and IBU which stabilizes the drug
in its ground state. Further, increase in the quantum yield by
increasing the hydrophobicity of the solvent indicates that for
polar solvents, a very efficient non-radiative decay channel
opens which is related to the charge transfer nature of the
emitting state and involves a further increase in the excited
solute dipolarity during the decay, thus resulting in decrease in
quantum yield for such solvent systems [48–50]. Figure 8c
gives the change in emission spectrum of the drug when the
hydrogel (CD=0.04 wt%) is added to the medium. With in-
crease in the concentration of the hydrogel in the medium, the
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intensity of the peak at 289 nm corresponding to the IBU
occupying the polar region decreases, while a new peak ap-
pears at 370 nm indicating that the drug migrates to non-polar
region of the hydrogel.

The spectrum clearly shows the partitioning of the drug that
occurs between the regions of different polarities. If C1 is the
concentration of the drug in the polar zone and C2 is its con-
centration in the non-polar region, then the partition coeffi-
cient, Kd, is given as

Kd ¼ C2

C1
ð8Þ

The variation of Kd with the weight of added hydrogel is
given in Fig. 8d. The plot anticipates that there occurs drift of
the encapsulated drug more towards the hydrophobic sites of
the hydrogel with increase in hydrogel concentration. Since
the drug is non-polar, it shows more tendency to get adhered
to the non-polar regions of the hydrogel once the sites are
made available. Thus, partitioning exhibits more inclination
towards the hydrophobic areas of hydrogel as evident from the
Fig. 8c.

Conclusions

Multi-component thermoreversible hydrogel of natural and
synthesized polymers was formulated by semi-IPN methodol-
ogy and characterized by FTIR, SEM and Rheology. The me-
chanical properties of the synthesized hydrogel were manipu-
lated by adjusting the concentration of CD. The gelation tem-
perature of hydrogel was found to be a function of CD wt% in
polymeric network so that gel can be made workable in broad
range of temperatures. Gelation time was found to vary in-
versely with the CD concentration at a constant temperature
due to increase in the cross-linking density. The gelation time
and the gelation temperature of the hydrogel synthesized with
0.04 wt% CD could be envisaged to be optimal for in vivo
applications. Tensile strength of hydrogel increases with in-
crease in CD concentration in addition to extension in the
LVR region. EC and LC of the hydrogels towards ibuprofen
increase first with increasing the CD concentration that
reaches maximum and then remains almost constant with fur-
ther increase in CD concentration. The drug release ability of
the hydrogel showed that the drug is released very fast in the
first 10 min but slows down thereafter. The release kinetics
was very well explained in light of various drug release
models. The partitioning of the model drug between the polar
and hydrophobic regions of the hydrogel was studied as func-
tion of hydrogel concentration. In conclusion, the synthesized
hydrogel has the potential to be explored further for varied
application in various fields.
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