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ABSTRACT

Ibuprofen sodium (IBP) is a commonly used NSAID for multiple pain conditions. However, despite
its extensive use, it is associated with multiple GIT adverse effects after oral administration. In the
present study, we have fabricated thermoresponsive gel depot using Poly (N-vinylcaprolactam)
and sodium alginate as polymers. The designed formulations are intended to be used as IBP
depot after being administered subcutaneously. The sol-gel phase transition temperature and
gelation time of gel samples were optimized by tube inversion, rheological exploration and
optical transmittances. Temperature sweep experiments confirmed that optimized gel samples
have sol-gel transition between 32°C and 37°C. Swelling and in vitro drug release displayed that
optimized gels have maximum swelling and IBP release at pH 7.4 and at 35°C confirming their
pH/thermo sensitivity. The degradation profile of hydrogels displayed controlled degradation for
6 days that with increasing contents. MTT assay showed L929 cells displayed more than 90% cell
viability against blank and IBP-loaded PNVCL/NaAlg hydrogels at optimized concentrations.
Fourier transform infrared spectroscopy confirmed the polymer blend hydrogels structure for-
mation. Thermogravimetric analysis confirmed the presence of thermoresponsive moieties and
thermal stability of polymer blend hydrogel sample. While scanning electron microscopy showed
that hydrogel has channels in structure that might facilitate the diffusion of solvent. Results
concluded that PNVCL/NaAlg hydrogels can be utilized as IBP sustained depot following sub-
cutaneous application invivo and GIT adverse effects could be avoided associated with its oral
administration.
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1. Introduction )
state can regulate the release of the therapeutic agents

Hydrogels belong to biomaterials with a three-
dimensional structure. Their most significant feature is
their capacity to swell and shrink as soon as any biolo-
gical medium or swelling diffuse into or effuse out of the
network [1]. Environmentally responsive hydrogels,
which have the capability to respond to external or
internal stimuli, have drawn a lot of attention in course
of sustained release carriers [2,3]. Intelligent monomers
or polymers from which hydrogels are being formulated
respond primarily to stimuli such as temperature, light,
pH, electric and magnetic fields, ionic strength and salt
nature. Because of having such intelligence qualities,
these stimuli responsive formulations are frequently
referred to as ‘materials with brains.” These responsive
formulations closely resemble physiological processes
that occur naturally, whereby changes in physiological

that have been encapsulated [4,5].

Researchers working on biomaterials are currently
shifting their attention to injectable biodegradable
insitu hydrogels, having potential to be used in drug
delivery, tissue engineering and means of delivering
proteins. Injectable insitu formed hydrogels, which
are easy to formulate, have a higher loading capacity
and are easier to apply as controlled delivery depots.
They exist in solution phase at room temperature and
change into gel form in response to body tempera-
ture. Insitu formed injectable hydrogels are particu-
larly interesting for drug delivery because they don't
need to be surgically implanted like premade sus-
tained-release implants do, and they only need to
be injected for in vivo depot development. The ability
of injectable hydrogels to adapt to the shape of
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tissues and deliver medications or cells in a less inva-
sive way makes them advantageous for macrophage
migration, proliferation, and differentiation [6-8].
When injected into the body, these insitu sol-gel
transition hydrogels, based on temperature-
responsive polymers, form insitu depots at body tem-
perature and allow the sustained release of loaded
compounds. Majority of polymers generally exhibit
aqueous solubility on heating; nevertheless, many
water soluble polymers precipitate out of solution.
This property called lower critical solution tempera-
ture (LCST) is shown by class of polymers which
solubilize upon cooling and undergo phase separa-
tion upon heating [9]. Water molecules stay bonded
to the network chain below the LCST in the hydro-
philic state. Above LCST, however, hydrophobic inter-
actions become dominant and lead to the release of

water moieties from the network series [10].
Temperature-sensitive materials like poloxamers
(Pluronics), poly (ethylene glycol), poly

(N-isopropylacrylamide), poly (ethylene oxide), and
N-vinylcaprolactam are typically employed in fabrica-
tion of thermoresponsive insitu produced gels [11,12].
N-Vinylcaprolactam (NVCL) is a amphiphilic material
containing carboxylic (hydrophilic) and vinyl (hydropho-
bic) groups, possessing nonionic, temperature-
sensitivity, biocompatible and nontoxic properties.
NVCL has LCST in the physiological temperature range
(32-37°C), which made it a suitable ingredient for phar-
maceutical products [12,13]. The molecular weight and
monomer concentration of the NVCL are directly corre-
lated with its LCST [14]. Because of their water solubility,
biocompatibility, lack of adhesiveness and reversal ther-
moresponsive activity close to body temperature, NVCL
formulations have drawn scientists” interest [12,15].
Polysaccharide polymers being nontoxic, biocom-
patible, less costly, biodegradable and readily avail-
able have been widely utilized in fabrication of
controlled insitu drug delivery depots. Because of its
ability to form gel, sodium alginate (NaAlg) is
a naturally occurring polymer which is renewable,
biocompatible and biodegradable with a wide range
of commercial uses. Alginates are anionic linear poly-
saccharides consisting of a-L-guluronate and f-
D-mannuronic acid residues originating from natural
sources and belonging to the Phaeophyceae family.
Due to their non-toxic properties, alginates and their
derivatives are frequently utilized in food, cosmetics
and formulation of drug delivery systems [12,16,17].
Hydrophobic drugs have low water solubility, lead-
ing to poor bioavailability at absorption sites after
being administered orally which diminishes their
therapeutic effect. NSAIDs, such as ibuprofen sodium

(IBP), 2-(4-isobutylphenyl) propanoic acid, are com-
monly used to treat osteoarthritis, rheumatoid arthri-
tis, dental pain, musculoskeletal pain and other
various pain disorders [18]. Ibuprofen reduces the
production of prostaglandin and thromboxanes by
blocking the activity of cyclo-oxygenase | and Il
This results in a reduction of prostaglandin synthesis
via prostaglandin synthase, which is the primary phy-
siological impact of ibuprofen. Despite the fact that
IBP has shown therapeutic benefits, 90% of users are
at an elevated risk of gastrointestinal problems, such
as gastric ulcers, bleeding from the stomach mucosa,
urine failure and cardiovascular effects. Therefore,
developing novel drug carriers with sustained release
nature is essential for providing controlled release of
IBP and reduction of associated side effects [19].

With a new approach that can sustain the drug
release, injectable insitu gelling depot delivery system
may help patients to recover directly from their pain
by increasing patient compliance, efficiency and redu-
cing the harmful effects of the drugs on other tissues
and organs. Herein, we report the formation of NVCL-
based insitu forming thermoresponsive depot inject-
able hydrogels with polysaccharide (sodium alginate)
for sustained delivery of IBP. Cold method was
adopted for the design of series of insitu forming
hydrogels. The sol-gel transition temperatures and
gelation time of hydrogel samples were optimized
by studying their rheological profile and optical trans-
mittance measurement. The effect of pH and tem-
perature on swelling profile of hydrogels was
examined across different pH levels and varying tem-
peratures. Additionally, hydrogel samples were
screened for drug contents analysis and invitro
release study at varied pH and temperatures using
Franz diffusion cells. The biocompatibility of insitu
dual responsive hydrogels was assessed using the
methyl thiazolyl tetrazolium assay on L929 (mouse
fibroblast cell lines). The hydrogel structure formation
and thermal properties were evaluated using Fourier
transform infrared spectroscopy (FTIR) and thermo-
gravimetric analysis (TGA). The morphology of the
formed depot hydrogels was examined using scan-
ning electron microscopy (SEM).

2. Materials and methods
2.1. Materials

Sodium Alginate (NaAlg) (MW = 10000-600000 Da) was
purchased from Sigma Aldrich. N-(Vinylcaprolactam,
MW = 139.19 g/mol) (98%, Sigma Aldrich) stored at 4°C.
Ibuprofen sodium (IBP, Purity =99.97%). Ammonium



persulfate, sodium hydroxide, sodium chloride and
acetic acid were used as analytical reagents. All chemi-
cals were used as received without further processing.

2.2. Synthesis of IBP loaded poly
(N-vinylcaprolactam)/sodium alginate (PNVCL/
NaAlg) thermoresponsive hydrogels

The hydrogel samples were synthesized using a cold
method. Initially, NaAlg was dissolved in distilled water
at 600 rpm for 30 minutes according to the feed ratio
specified in Table 1. NVCL was then dissolved in cold
distilled water for 20 minutes and stored at 4°C until
a clear solution was obtained. NVCL solution was slowly
added to the previously prepared NaAlg solution with
constant stirring. Ammonium persulfate was then incor-
porated to the polymer blend solution, and kept on stir-
ring for 1 hour to initiate polymer blending. For the
preparation of IBP loaded samples, IBP (200 ug/ml) was
incorporated to final polymer blend solution under stir-
ring. Finally after complete mixing, polymer blend mixture
was filtered (0.22 micron) and screened for rheological
analysis and phase transition temperature (Tsol-gel)
[12,20,21]. Samples with Tsol-gel between 32°C and 37°C
were optimized and used for further studies.

2.3. Clarity of PNVCL/NaAlg hydrogels

The hydrogel solutions and synthesized gels samples
were screened visually for clarity analysis at diverse tem-
peratures i.e., 4°C, 25°C and 37°C.

2.4. Phase inversion determinations

The phase inversion temperature (Tsol-gel) of each sam-
ple formulation was determined using the tube titling
method [22]. Five milliliter aliquots of each formulation
listed in Table 1 were moved to a glass vial and sealed
with parafilm. Glass vial was kept in digital water bath at
20°C. On each occasion, sample was heated gradually at
1°C/min rate from 20°C until reaching the temperature at
which sample ceased moving when tilted at a 90° angle.
The same technique was applied to determine the
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gelation time (Tg) of hydrogel samples. In short, a glass
vial (10 ml) containing the hydrogel solution (5 ml) was
inserted in water bath set at 32°C, and time calculation
was started. By tilting the tubes, the sample flow nature
was measured after every 10 seconds. The gelation time
was measured by stopping the sample flow, and the
results were noted [12,22].

2.5. Rheological analysis

The rheological characteristics of optimized PNVCL/NaAlg
thermoresponsive hydrogels were measured using AR2000
rheometer by conducting various rheological tests.

Time sweep measurements were conducted at 30°C
with a constant oscillation frequency of 1 rad/s to exam-
ine rheological characteristics. Viscoelastic qualities that
are dependent on temperature were observed by tem-
perature sweep tests, wherein temperature of circulating
water bath equipped with a rheometer was varied
between 25°C and 40°C at 2°C per minute heating rate.
In oscillation mode, impact of temperature on viscosity
measurement, storage modulus (G') and loss modulus (G
") was assessed at 1rad/s frequency and 0.1 Pa shear
rate. In a flow mode, viscosity change was monitored
under shearing rate of 0.1-10 s [2,22].

2.6. In vitro degradation analysis

The weight loss analysis was used to define the invitro
degradation of PNVCL/NaAlg hydrogels. Every hydrogel
sample was first weighed (Wy) and then put into 10 ml
glass tube containing PBS (pH=7.4, 5ml). The glass
tubes were kept in a shaking incubator at 37°C required
time, with continuous PBS replenishment at 400 rpm.
Samples were frozen rapidly at —80°C each time, lyophi-
lized and again weighed (Wt) at predetermined intervals.
Weight loss ratio was measured by following for-
mula [5,23];

Wwo — Wt
wo

Where WO and Wt indicate sample weights prior and
post degradation respectively.

Weight Loss(%) = x 100

Table 1. Feed composition, tsol-gel and tg of pH/thermo dual responsive PNVCL/NaAlg hydrogels.

Gelation
Tool-gels Time (Tg) IBP Distilled Water
Formulations PNVCL (g) NaAlg (g) APS (g) (°C) (Mints) (mg) (9
VNa-1 0.5 0.075 0.050 40 + 0.30 - - QSto10g
VNa-2 1 0.075 0.050 36+ 0.40 ~9 - QSto10g
VNa-3 1 0.100 0.050 37+ 0.10 ~11 - QSto10g
VNa-4 1.50 0.075 0.050 36 £ 0.30 ~7.5 0.020 QSto10g
VNa-5 2.00 0.075 0.050 34 +0.30 ~5 0.020 QSto10g
VNa-6 2.50 0.075 0.050 32+0.20 ~3.5 0.020 QSto10g
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2.7. Swelling profile analysis

The swelling profile analysis of PNVCL/NaAlg pH/ther-
moresponsive hydrogels were performed in sealed con-
tainers with PBS (pH 7.4) and (1.2, 0.1 M HCIl) at 35°C and
40°C. Samples with a specified weight were submerged
in 50 milliliters of media and placed at an appropriate
temperature in a water bath. Beaker was sealed with
parafilm to prevent the flow of solvent out of the beaker.
After specific time interval, buffer solution was removed
and the gel surface was cleaned with paper to remove
any surface liquid. Then the sample was weighed and
reverted back to beaker [12,24]. The swelling percentage
was determined by following equation;

Swelling Ratio % (SR) = Ws — Wa

d
100 1
W X (M
Where W, shows swollen samples weight and W4 shows
dry samples weight respectively.

2.8. Optical transmittance analysis

PNVCL/NaAlg hydrogel samples’ optical transmittances
were determined at various temperatures using UV-
Visible spectrophotometer at 450 nm. Measurements
were taken using disposable cuvettes in a digital water
bath. Every sample was held for 5 minutes prior to trans-
mittance investigation under 25°C to 45°C tempera-
ture [5,25].

2.9. Drug contents retrieved

Co-polymer hydrogel solution (5 ml) containing IBP (200
ug/ml) was allowed to gel in a glass vial kept at 35°C in
a water bath. The extracted solvent, 5 ml (PBS), was
added after gelation, parafilm sealed, and kept in
a water bath for 24 hours. After 24 hours, the solvent
was withdrawn and processed for determination of
drug contents using a UV-1601 spectrophotometer
(Shimadzu) at 220 nm. The following formula was used
for the determination of the drug contents [3,26];

Drug loading% = u x 100 2)

Wr

Where W+ denotes the total drug contents in a sample
and W, specifies the drug contents in supernatant.

2.10. In vitro drug release

Franz cells were used to determine the invitro IBP
release from PNVCL/NaAlg hydrogel samples.
Optimized IBP-loaded PNVCL/NaAlg hydrogel samples
were placed in donor compartment with permeation

area of 0.800 cm?. The co-polymer solution was con-
stantly agitated at 100 rpm and allowed to equili-
brate until gelation at 37+2°C. The receptor
compartment was loaded with dissolution media i.e.,
PBS (7.4) and pH =1.2. As long as the formulation was
intact, aliquots were collected at predetermined time
intervals. To maintain sink conditions, withdrawn ali-
quots were replaced with fresh solvent (2 ml). The
samples were evaluated for drug contents via UV-
1601 spectrophotometer at 220 nm [3,12].

2.11. Drug release kinetics

The data obtained from in vitro experiments was fitted
to various mathematical models to assess the drug
release kinetics.

2.11.1. Zero model
Q; = Qo + Kot

Where Q, is the amount of drug dissolved in time t, Qg is
the initial amount of drug in the solution and K, is zero
order release constant.

2.11.2. First model
InMi= —kqt + InM,,

Mo is the initial amount of drug and Mt is the remaining
amount of drug at time t and k; is the first order rate
constant.

2.11.3. Higuchi model
M =k t'/2

Where M is the amount released at time t and Ky is the
Higuchi rate equation

2.11.4. Korsmeyer - Peppas model
Ln(Mt/Moo)=In kp +n In t

(Mt/Meo) is the fraction of drug released at time t and n is
the slope.

2.12. Cells culture conditions

L929 (mouse fibroblast cell lines) were cultured in
Dulbecco’s Minimum Essential Medium (DMEM) containing
RPMI-1640, supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, 2 mm L-glutamine, and
100 pg/mL streptomycin. Once, 90% of the cells were con-
fluent, cells pallets (10000 cells/well) were collected after
trypsinization, centrifuged for 5minutes at 500 rpm and
then placed in growth medium.



2.12.1. Methyl thiazolyl tetrazolium (MTT) assay
The MTT assay was used to determine the cytocom-
patibility of PNVCL/NaAlg hydrogels against L929
cells as per protocol. The previously cultivated cells
were seeded in 96-well plates and incubated for
24 hours at 37 £ 1°C. They were treated with 100 pl
of serum free medium containing blank and IBP
loaded PNVCL/NaAlg hydrogels at optimized concen-
trations (600 mm, 550mm, 500mm, 400mm,
300 mm) for 24 hours incubated at 37 +2°C during
which samples undergoes phase transition from solu-
tion to gels phase. Untreated cells were used as
negative control, while cells treated with Triton
X-100 served as positive control. Absorbance was
calculated at 490 nm via Bio-Rad 680 microplate
reader. Cells viability (%) was calculated according
to the following equation [12,27,28];

A
Cells Viability % =~ 5 100 3)
control
Here, Asample and Aconerol Shows absorbance’s of sample
and control wells.

2.13. FTIR spectroscopic analysis

Hydrogels structural confirmation was done by FTIR
spectroscopy. The FTIR spectra of pure contents and
freeze-dried gel samples were obtained from 4000 to
600cm™' using FTIR Accutrac FT/IR-4100 Series
[29,30].

2.14. TG analysis

Thermogravimetric analyzer (DTG 500, Shimazdu) was
utilized to test thermal characteristics of pure con-
tents and fabricated hydrogels. TGA decomposition
thermograms were recorded under nitrogen gas pur-
ging of 30 ml min~' flow rate and 25°C to 300°C at
10°C/min [12,31].

2.15. Scanning electron microscopy (SEM)

SEM (JSM-6490A) was used to assess the structural
morphologies of freeze-dried PNVCL/NaAlg hydrogel
samples. On an aluminum stub, hydrogel samples
were placed and coated with gold sputter. The por-
osity of the hydrogel was assessed by photomicro-
graphing at 20 KV [3,12,32].

2.16. Statistical analysis

Results were presented as percentages or as mean *
standard deviation (SD). Significance was evaluated
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using ANOVA with GraphPad or Origin software, with
a significance level at p < 0.05.

3. Results and discussion
3.1. Hydrogels clarity

Co-polymeric solutions and optimized PNVCL/NaAlg
thermoresponsive hydrogel were visually observed and
were found clear and transparent at 4°C, 25°C and
37°C. Table 2 refers to hydrogel sample clarity.

3.2. Hydrogels phase transitions

The two most important variables for in situ forming
depot formulations are gelation temperature (Tsol-gels)
and gelation time (Tg). Titling method was used to deter-
mine the formulations’ Tsol-gels and Tg. Tsol-gels of the
optimized gel samples were found to be at the body
temperature range (32-37°C) based on the observed
results. Table 1 indicates the feed composition, sol-gel
transition temperatures, and gelation time of optimized
PNVCL/NaAlg thermoresponsive hydrogels. The possible
mechanism behind the gelation of PNVCL/NaAlg hydro-
gels is the interaction between the hydrophilic -OH
groups of the NaAlg chain and the carbon backbone
hydrophobic chains of PNVCL. The gelation process was
initiated by the incorporation of ammonium persulfate as
an initiator. When a free radical initiator is present, the
reactive hydroxyl groups function as potent radicals that
react with vinyl groups. Furthermore, an increase in Tsol-
gels and Tg was noted with increasing ratio of the hydro-
philic component (NaAlg) in samples feed composition
(VNa-2, VNa-3). This is because the addition of NaAlg
increases the hydrophilicity of the gel network, leading
to a decrease in the hydrophobic engagements between
chains of polymer blend, increasing Tsol-gels and Tg. On
the other hand, it was noted that the Tsol-gels and Tg
decreased as the thermoresponsive component (NVCL)
concentration increased (VNa-4, VNa-5, VNa-6). This is
because of successive hydrophobic contacts of the carbon
chains of NVCL that resulted in the decreased Tsol-gels
and Tg. Figure 1 refers to phase transition of PNVCL/NaAlg

Table 2. Clarity of PNVCL/NaAlg pH/thermoresponsive hydro-
gels and retrieved IBP contents (%) (Mean+ SD).

Formulations Clarity Drug Contents %
NVa-1 +++++ -

NVa-2 +++++ -

NVa-3 -+ -

NVa-4 +++++ 95 + 1
NVa-5 +++++ 87 %1
NVa-6 ++++ 83 %1

Clarity; Good; +++++, Fair; ++++.
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Relax state (sol form);
Tsol-gel<32°C

Aggregated state (gel
form); Tsol-gel>32°C

Figure 1. Phase change of PNVCL/NaAlg in situ formed pH/thermoresponsive hydrogels from sol to gel above and below LCST.

pH/thermoresponsive hydrogels from relax (sol) state to
an aggregated (gel) state below
and above LCST.

3.3. Rheological analysis

The storage (G) and loss moduli (G”), which define the
thixotropic properties and stable nature of hydrogel sam-
ples, were evaluated using a variety of experiments in order
to monitor the strength or stability and validate the gela-
tion of in situ formed hydrogels at body temperature.

3.3.1. Time sweep test

Important considerations for in situ produced injectable
hydrogels as drug delivery depots include appropriate
mechanical strength and stability in physiological set-
tings. An injectable depot system’s syringibility, drug
mixing ability, and release profile are all closely related
to its rheological behavior.

Time sweep tests were conducted at 30°C using an
AR2000 rheometer in oscillatory mode to study the
detailed gelation process. The crossover point is thought
to be a key point for phase change of in situ formulated
hydrogels, where the loss (viscous) modulus (G") passes the
storage (elastic) modulus (G') with time elution. For every
hydrogel sample, it was found that the initial (G”) was
higher, indicating the materials’ sol condition. The storage
modulus (G') grew more quickly with time elution than the
initial (G") modulus, with each gel sample having a gelation
point that corresponded to the sol-gel transition. The

samples were in their gel condition at this transition
point, where G'> G" denotes the predominate elastic
phase. Moreover, NVCL increasing ratio effect on gelation
response and time elution was also studied. It was noted
that as NVCL contents were increased, the G' dominated
the G"” more quickly, and crossover points were observed at
earlier time points at 105 seconds and 95 seconds respec-
tively for these samples. This was observed because of the
increased ratio of NVCL, resulting in increased hydropho-
bicity of network, leading to quicker aggregation and gela-
tion. Figure 2a-c refers to oscillatory time sweep data
indicating changes in G’ and G” values of PNVCL/NaAlg
thermoresponsive hydrogels with reaction time.

3.3.2. Temperature sweep test

The values of the G” and G’ were assessed throughout
a wide temperature range in response to the temperature
change of the circulating water bath attached to the
AR2000 rheometer. Results indicated that the PNVCL/
NaAlg hydrogels did not exhibit sol-gels change across
the temperature range (20-45°C) at 0.5 g concentration of
NVCL in the formulations. At the beginning of the experi-
ment, higher values of G” were seen; however, as the
temperature increased, the hydrophobic entanglements
and NVCL's carbon chain aggregation dominated, result-
ing in sol-gel change of hydrogels. This rise in G’ was
brought on by a temperature shift related to formulations
gel state. Figure 2d refers to changes in G’ and G" of
PNVCL/NaAlg thermoresponsive hydrogels under diverse
temperature changes of the circulating water bath.
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Figure 2. Time sweep oscillatory analysis of PNVCL/NaAlg thermoresponsive hydrogels at 30°C for 300 seconds at controlled stain and
frequency (a, b, ¢). Changes in G” and G' of PNVCL/NaAlg hydrogels over 20-40°C by temperature sweep analysis (d). Stability of
PNVCL/NaAlg depot hydrogels by frequency sweep analysis under controlled strain (1%) (e). Viscosity change of PNVCL/NaAlg

hydrogels under 0.1-10 s7! shear rate. Results showed (n = 3).

3.3.3. Frequency sweep test

The mechanical spectrum of PNVCL/NaAlg thermore-
sponsive injectable hydrogels is described by the
frequency sweep test, performed under controlled
strain conditions of 1% and measures changes in G’
and G” with frequency variation under 0.01-50 hz. As
per results obtained, G’ values were greater than G”,
which indicates that PNVCL/NaAlg thermoresponsive
injectable hydrogels had a stable structure above the

LCST. Figure 2e indicates the effect of variable fre-
quency on G’ and G” values of PNVCL/NaAlg thermo-
responsive hydrogels.

3.3.4. Continuous ramp test

PNVCL/NaAlg thermoresponsive injectable hydrogels thix-
otropic characteristic was examined using a continuous
ramp test that increased shear rate between 0.1 and 10
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s”' over ten minutes. It was discovered that all samples
demonstrated a progressive reduction in viscosity at room
temperature as a function of increased shear rate. This
suggests that shear thinning property of gels is related to
the breaking down of crosslinks between the groups with
increase in the applied force. Figure 2f indicates the
changes in viscosity as a function of increasing shear rate.

3.4. Transparency assessment of PNVCL/NaAlg
thermoresponsive hydrogels

To verify the phase transition at physiological temperature,
another parameter to be monitored is the shift in optical
transparencies of PNVCL/NaAlg thermoresponsive hydro-
gels. The optical transmittances were measured at low and
high LCST of hydrogel sampiles. It was discovered that the
polymer blend solution was clear, uniform and colorless at
the beginning of the experiment. Their uniform nature,
however, quickly altered as the temperature raised gradu-
ally. It was discovered that all of samples showed a sharp
shift in transparencies with rising temperatures above the
LCST, becoming rather opaque around 33°C. These optical
transmittance studies verified that the gels’ LCST was close
to body temperature. Figure 3a refers to temperature-
induced changes in optical transmittances of PNVCL/
NaAlg pH/thermoresponsive hydrogels.

3.5. Invitro degradation

In addition of diffusion based release mechanism, drug
release from hydrogel network also depends on the degra-
dation of the polymeric network. Hydrolysis-induced

()

100

80

60 -

40

Transmittance %

20

Temperature°C

Loss in weight (%)

random chain cutting is the primary cause of surface
degradation, as seen by the degradation profile of
PNVCL/NaAlg hydrogels. As illustrated in Figure 3b,
the in vitro degradation profile revealed that PNVCL/
NaAlg hydrogels have a regulated breakdown rate at
37°C. Gel samples that had greater polymeric contents
(VNa-5, VNa-6) showed the weight loss for longer time
period. This degrading mechanism stabilizes the
mechanical characteristics of the hydrogels while pro-
viding controlled long-term drug release.

3.6. Swelling study

PNVCL/NaAlg pH/thermoresponsive hydrogels were
subjected to swelling investigations at varying tempera-
ture in sealed containers using pH 7.4 and pH 1.2.

3.6.1. Effect of pH on swelling profile

PNVCL/NaAlg hydrogels’ pH-dependent equilibrium swel-
ling ratio was ascertained by performing swelling experi-
ments in different pH mediums. The highest swelling ratio
for the PNVCL/NaAlg hydrogels was observed in PBS (7.4)
at 35°C. This was because the (—COO) groups in NaAlg
remain ionized in basic fluids, which resulted in chain
repulsion and caused the gel network to swell. In addition,
ionized groups changes to the deionized state in pH 1.2.
The gel network’s repulsive forces were eliminated by this
group deionization, which lowered the swelling ability of
hydrogels. In acidic environment, hydrogels exhibited
limited swelling behavior. However, some swelling of
hydrogels was noted which attributes to solvent diffusing
into the hydrogel network due to presence of hydrophilic

(b)

0 T T 1
4

Time (Days)

Figure 3. Temperature-induced changes in optical transmittances of PNVCL/NaAlg pH/thermoresponsive hydrogels (a) Invitro
degradation analysis of PNVCL/NaAlg pH/thermoresponsive hydrogels at 37°C. Results displayed (n = 3).
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Figure 4. Response of PNVCL/NaAlg pH/thermoresponsive hydrogels to pH change of swelling media at 35°C (a) pH and temperature
effect on swelling response of PNVCL/NaAlg pH/thermoresponsive hydrogels at different temperatures (35°C and 40°C) and in varied

swelling media (b).

groups in hydrogels structure. Additionally, hydrogels
showed decrease in swelling after 24 hours. This is
suggested because, as PNVCL/NaAlg hydrogels are
physically entangled and the solvent is diffused inside
gel network. However, after saturation of gel network,
the physical interactions between polymer groups
started breaking that in turn lead to gel network
breakage, escape of solvent and reduced swelling.
Figure 4a shows the pH sensitive behavior of
PNVCL/NaAlg pH/thermoresponsive hydrogels at con-
stant temperature.

3.6.2. Effect of temperature on swelling profile
Temperature dependent swelling experiments were con-
ducted in variable swelling media at two distinct tempera-
tures (35°C and 37°C) in order to evaluate the
temperature-dependent swelling behavior. It was found
that at 35°C, the hydrogels showed the fastest and highest
swelling ratio. This was because at 35°C, hydrogels
remained in relax state leading to enhanced water uptake
and swelling is resulting from forming an intermolecular
entanglement between hydrophilic (-CONH-) groups of
PNVCL and NaAlg with the surrounding water moieties.
The hydrogen bonds that hold water molecules and the
gel network together, however, dissolve as the tempera-
ture upsurges above the LCST (40°C). The transition of
water moieties from their bound state to their free state
causes the water moieties to be removed from gel net-
work, reducing the swelling. Figure 4b indicates the effect
of pH and temperature on swelling profile of PNVCL/
NaAlg pH/thermoresponsive hydrogels at two different
temperatures.

3.7. Retrieved drug contents

PNVCL/NaAlg hydrogels loaded with IBP (200 ug/ml)
were saturated in PBS (pH=7.4) at 37°C for 24 hrs.
Aliquots were taken and evaluated for drug contents
using UV-1601 spectrophotometer (Shimadzu) at
220 nm. Table 2 entitles the IBP contents released
from PNVCL/NaAlg pH/thermoresponsive hydrogels
at constant temperature.

3.8. Invitro drug release

Franz diffusion cell setup was used to test in vitro
IBP release from PNVCL/NaAlg hydrogels at 37 + 2°C
and at pH 1.2 and 7.4. Selected IBP-loaded PNVCL/
NaAlg pH/thermo-responsive hydrogel samples were
used to study the effects of various parameters.

3.8.1. Effect of pH on IBP release

One significant factor influencing drug release encap-
sulated in hydrogel matrix is the pH of the surround-
ing media. The release profile of PNVCL/NaAlg
hydrogel revealed that the hydrogel exhibited the
highest IBP release at 7.4. This is because, in basic
conditions, (-COO) groups in the gel network ionize,
causing an electrostatic repulsion between the gels
network. This opposing pressure causes the chains to
relax, which opens the pores. These holes serve as
pathways for the release of the IBP encapsulated
within the gel matrix and the diffusion of solvent
molecules within the system. The hydrogel release
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profile indicated that more than 90% of the drug
released from hydrogel sample within 24 hours.

As compared to pH 7.4, a reduced amount of drug
was released in the media of pH 1.2. This is because
of the fact that when the carboxylate groups (—COO)
in an acidic environment deionize, it leads to the
removal of repulsive forces from the gel network
and in turn, deswelling occurs and a reduction in
IBP release is observed. However, some IBP release
does occur in acidic conditions, which may be
explained by the drug’s concentration gradient and
release caused by some solvent molecules uptake
owing to hydrophilic groups presence. Figure 5a
depicts the pH effect on IBP release from PNVCL/
NaAlg pH/thermoresponsive hydrogels at constant
temperature.

3.8.2. Effect of NVCL on IBP release

Three hydrogel samples with different NVCL ratios (VNa-4,
VNa-5 and VNa-6) of PNVCL/NaAlg hydrogels were formu-
lated to investigate the impact of NVCL contents on IBP
release. As the amount of NVCL in the gel compositions
increased, release profile showed that release of the drug
was reduced. This is suggested because of the fact that as
NVCL possesses hydrophobic carbon chain, and as its ratio
increased in structure, so do hydrophobic moieties. On
the other hand, this causes the network to aggregate
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owing to most hydrophobic interactions. This network
structure aggregation subsequently slows down the
drug’s release. Figure 5b refers to the effect of NVCL
contents on IBP release from PNVCL/NaAlg pH/thermo-
responsive hydrogels at constant temperature.

3.8.2.1. Drug release kinetics

The regression coefficient (R%) values near 1 were
taken into consideration when choosing the best
model. Table 3 indicates the drug release kinetics of
PNVCL/NaAlg hydrogels (VNa-4) at 37°C. Results indi-
cate the VNa-4 followed zero model kinetics with R?
value close 1. The release kinetics show that the drug
was released by a pore diffusion mechanism, inde-
pendent of the drug concentration at the application
site. The release mechanism was predicted using the
Korsmeyer-Pappas model. The release exponent 'n’
values showed that all of the samples followed non-
Fickian diffusion, with ‘n’ values greater than 0.5.

3.9. Cytotoxic potential of PNVCL/NaAlg
hydrogels

The MTT assay was applied to evaluate the cytotoxicity
and cytocompatibility of PNVCL/NaAlg hydrogels.
Unloaded and IBP-loaded PNVCL/NaAlg hydrogels were
evaluated for safety against L929 cells (mouse fibroblast
cell lines). Triton X-100 treated and unattended cells were
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Figure 5. Effect of pH on invitro IBP release from pH/thermo dual responsive PNVCL/NaAlg hydrogels at 37°C (a) effect of NVCL
contents on IBP release from PNVCL/NaAlg hydrogels at 37°C (b) results showed (meanz+ SD, n = 3).

Table 3. Drug release kinetics.

Zero order First order Higuchi Model Korsmeyer—Peppas
Sample pH Ko R? K R? Ky R? n R?
VNa-4 74 1.35 0.999 0.076 0.991 748 0.984 0.579 0.989
1.2 1.53 0.992 0.052 0.990 9.34 0.991 0.595 0.984
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Figure 6. Invitro cytocompatibility of blank pH/thermo dual responsive PNVCL/NaAlg hydrogels at varied concentrations against L929
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responsive PNVCL/NaAlg hydrogels against L929 cells, **p = 0.001.

used as positive and negative controls respectively.
Figure 6a,b revealed that, in contrast to untreated cells,
blank and IBP loaded (200 pg/ml) gel samples displayed
cell viability of above 90% at all concentrations. In con-
trast, cells applied with Triton-X 100 displayed cell death
due to its toxic nature. These results showed that opti-
mized IBP loaded PNVCL/NaAlg hydrogels are safe and
nontoxic and can be utilized as drug carrier and con-
trolled drug depot via injectable route.

3.10. FTIR analysis

FTIR analysis proved the structural modifications of NaAlg
and NVCL as well as the effective interactions of the two
compounds. FTIR spectra of pure components and gel
sample (VNa-4) have been depicted in Figure 7. Pure
NaAlg's FTIR displayed in Figure 7a revealed large peak
at 3290 cm™' attributed to the -OH stretching groups. The
stretching vibration of C-H group was related to the peak
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Figure 7. FTIR spectra of pure NaAlg (a) pure NVCL (b) freeze-dried hydrogel sample (VNa-4) (c).
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Figure 8. TG analysis of pure NaAlg, pure NVCL and freeze-dried
hydrogel sample (VNa-4).

at 2299 cm™". The peak at 1814 cm™' was attributed to -
COOCH; group, which resulted in the -C = O stretching.
Peaks at 1566 cm™" and 1392 cm™' show Chissoring of —
CH; and bending vibrations of — OH groups respectively.
Peaks at 1210 cm™" indicated that — CH — OH groups were
present. Stretching of -CH-O-CH- appeared at 1030 cm™".

The distinctive carbonyl peak at 1645cm™" in pure
NVCL shown in Figure 7b was attributed to C=0
stretching. The C=C stretching was related to the peak
at 1711 cm™". -CH aliphatic stretching appeared at
2965cm™' and 2798 cm™'. At 1444cm™', -CH, peak
was detected. At 2898 cm™' and 989 cm™’, vinyl peaks
were implicated. The stretching vibration of
C-N occurred at 1512cm™".

FTIR spectra of hydrogel sample as shown in Figure 7c
indicate the reduction in peak intensity at 1589 cm™
and 1257 cm™', which may be allocated to physical con-

tact between NaAlg and PNVCL groups. The

NL D53 x100

consumption of H-bonds was suggested by the removal
of the tiny peak in the PNVCL and the shift of C=0 in the
2566 cm™' and 2893 cm™ regions. The broad C=0 peak
seen between 1767 and 2210 cm™' is suggested to be
caused by the formation of a new link between amide
groups of PNVCL and - OH group of NaAlg.

3.11. TG analysis

NVCL showed an early rapid weight loss at decom-
position temperature (T4) around 33°C, indicating the
temperature sensitivity of the pure component. This
degradation is thought to be caused by the evapora-
tion of moisture, based on the TG thermograms dis-
played in Figure 8. Total weight loss of NVCL was
observed around 110°C and 119°C respectively refer-
ring to the liberation of entrapped moisture. Pure
NaAlg TG profile revealed an early weight loss at Ty
between 56°C and 199°C, which was assigned to
evaporation of moisture followed by degradation.
The breakdown of C-O-C bonds and dehydration of
saccharide rings in the NaAlg chain is considered to
be the reasons for this intricate breakdown process.
From the TG profile of the hydrogel sample (VNa-4),
initial degradation was observed around 34°C con-
firming the presence of thermosensitive moieties in
hydrogel structure. The complete degradation
occurred till 145°C. It was observed that as the tem-
perature was increased, the hydrogel structure was
degraded due to the sudden evaporation of physi-
cally interrelated water moieties and breaking of phy-
sical links that hold gel network chains together.

3.12. SEM analysis

Figure 9 shows the cross-sectional morphology of
PNVCL/NaAlg hydrogels. Morphology of the gels

D53 x1.0k 100pm

Figure 9. Cross-sectional morphology of freeze-dried hydrogel sample (VNa-4) at (a) magnification x 100 (b) magnification x 1K.



revealed a highly porous complex. It has been observed
and reported that such porous channels facilitate the
drug diffusion across the gel network as well as facilitate
the diffusion of solvent inside the polymeric network
resulting in significant swelling.

4. Conclusion

The current study reported the fabrication of biocompa-
tible pH/thermoresponsive depot gel based on N-vinyl
caprolactam and sodium alginate for controlled delivery
of IBP. Rheological analysis confirmed that the optimized
hydrogel samples possessed viscoelastic properties and
exhibited a phase transition temperature from solution to
gel state between 32°C and 37°C. A frequency sweep test
confirmed the mechanical stability of hydrogel and could
be used as a drug depot. Optical transmittance analysis
revealed thermo-induced changes due to the presence of
NVCL in the hydrogel structure. Invitro degradation ana-
lysis confirmed that optimized hydrogels have
a controlled degradation rate in a basic environment
(pH =7.4). From the swelling and in vitro drug release
profile of hydrogels, it was concluded that PNVCL/NaAlg
hydrogels have both pH/thermoresponsive properties in
varied environmental conditions. Maximum swelling and
IBP release were observed at pH 7.4 and 35°C, assigned to
the relaxed gel phase. It was also observed that PNVCL has
a principal effect in gel aggregation with increasing tem-
perature that in turn showed effect on drug release from
hydrogel. MTT assay showed that optimized blank and
IBP-loaded PNVCL/NaAlg hydrogels were safe and bio-
compatible against L929 cells and can be utilized as
drug delivery carrier. FTIR analysis confirmed the polymer
blend hydrogel formation, while TGA results of hydrogels
showed the appearance of a thermogram between 32°C
and 37°C, confirming the presence of a thermoresponsive
component. SEM showed the porosity of synthesized
hydrogels. In conclusion, the designed biocompatible
PNVC/NaAlg pH/thermoresponsive hydrogels can serve
as depots for the controlled delivery of IBP following
subcutaneous administration. Since these hydrogels
showed pH/thermo dual responsive nature, however,
the low swelling and drug release at low pH (1.2) was
encountered the major limitation of the study.
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