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Abstract:

The present study aimed to develop and evaluate a thermoreversible ocular in situ hydrogel of Olopatadine
Hydrochloride for sustained ophthalmic drug delivery. The formulation was designed to overcome the
limitations of conventional eye drops, including poor ocular bioavailability, rapid precorneal elimination, and
frequent dosing requirements. Preformulation studies confirmed the purity and compatibility of the drug with
selected excipients. Thermoreversible in situ hydrogels were prepared using Poloxamer 407, Poloxamer 188,
HPMC K4M, and Carbopol 940 by the cold method. The prepared formulations were evaluated for
physicochemical parameters such as appearance, pH, drug content, viscosity, gelling capacity, isotonicity,
sterility, and in vitro drug release. All formulations exhibited acceptable characteristics for ophthalmic
application. Among them, formulation F9 demonstrated optimal performance with suitable pH, satisfactory
drug content, rapid gelation, appropriate viscosity, and prolonged drug release. The optimized formulation
showed sustained release behavior and followed the Korsmeyer—Peppas kinetic model with a non-Fickian
diffusion mechanism. Stability studies indicated good formulation stability under accelerated storage
conditions. The developed thermoreversible ocular in situ hydrogel of Olopatadine Hydrochloride offers a
promising approach for sustained ophthalmic drug delivery by enhancing ocular residence time, improving
bioavailability, reducing dosing frequency, and increasing patient compliance.
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INTRODUCTION:

The eye is a highly specialized and sensitive organ,
and the effective delivery of therapeutic agents to
ocular tissues remains a significant challenge in
pharmaceutical research. Conventional ophthalmic
formulations such as eye drops are the most
commonly used dosage forms for the treatment of
ocular disorders; however, their therapeutic
effectiveness is often limited due to rapid
precorneal elimination, tear turnover, nasolacrimal
drainage, and poor corneal permeability.'* As a
result, only a small fraction of the administered
drug reaches the target site, leading to low ocular
bicavailability, frequent dosing requirements, and
reduced patient compliance. To overcome these
limitations, novel ocular drug delivery systems
have been developed to enhance drug residence
time and improve therapeutic efficacy. Among
these approaches, in situ gelling systems have
gained considerable attention due to their ability to
undergo a phase transition from a liquid state to a
gel state upon exposure to physiological conditions.
Thermoreversible in situ hydrogels are particularly
advantageous because they remain as free-flowing
liquids during administration and transform into
gels at ocular temperature, thereby prolonging
contact time with the ocular surface and reducing
drug loss.>®

Olopatadine Hydrochloride is a selective histamine
H1-receptor antagonist and mast cell stabilizer
widely used in the treatment of allergic
conjunctivitis and other ocular allergic conditions.
Although conventional Olopatadine eye drops
provide rapid relief from allergic symptoms, their
short precorneal residence time necessitates
repeated administration to maintain therapeutic
drug levels.’®'2 Therefore, the development of a
sustained-release ocular delivery system for
Olopatadine Hydrochloride is desirable to improve
drug retention, enhance bioavailability, and reduce
dosing frequency. Thermosensitive polymers such
as Poloxamer 407 and Poloxamer 188 are
extensively employed in the formulation of ocular
in situ gels because of their temperature-dependent
gelation properties. The incorporation of viscosity-
enhancing and mucoadhesive polymers such as
Hydroxy Propyl Methyl Cellulose (HPMC K4M)
and Carbopol 940 further improves gel strength,
ocular retention, and controlled drug release
characteristics. The combination of these polymers
can provide a stable and effective drug delivery
platform for sustained ophthalmic therapy. The
present study was undertaken to formulate and
evaluate a thermoreversible ocular in situ hydrogel
of Olopatadine Hydrochloride using a combination
of thermosensitive and mucoadhesive polymers.**-
15 The developed formulations were evaluated for
their  physicochemical characteristics, gelling
behavior, drug release profile, sterility, stability,
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and release kinetics. The objective was to develop a
sustained ophthalmic drug delivery system capable
of improving ocular residence time, enhancing
therapeutic efficacy, reducing dosing frequency,
and improving patient compliance.!618

MATERIALS AND METHODS:

Materials:

Olopatadine Hydrochloride was obtained from
Yarrow Chem Products, Mumbai, India, and used
as the active pharmaceutical ingredient. Poloxamer
407 and Poloxamer 188 were procured from BASF
India Ltd, Mumbai, and employed as
thermosensitive polymers. Hydroxy Propyl Methyl
Cellulose (HPMC K4M) and Carbopol 940 were
obtained from S.D. Fine Chem. Ltd., Mumbai, and
used as viscosity-enhancing and mucoadhesive
agents, respectively. Benzalkonium chloride was
used as a preservative, while sodium chloride
served as a tonicity-adjusting agent. Disodium
hydrogen phosphate, citric acid, sodium hydroxide,
and hydrochloric acid were utilized for buffering
and pH adjustment. Distilled water was used as the
vehicle for formulation preparation. Simulated tear
fluid, prepared in the laboratory, was employed as
the dissolution medium for in vitro drug release
studies.

Methodology:

Preformulation Studies

Preformulation studies of Olopatadine
Hydrochloride were carried out to evaluate its
physicochemical properties and compatibility with
selected excipients. The drug was characterized for
organoleptic properties, solubility in different
solvents, and melting point determination. Drug—
excipient compatibility was assessed by Fourier
Transform Infrared Spectroscopy (FTIR) using the
KBr pellet method over a scanning range of 4000—
400 cm™. The obtained spectra of the pure drug
and physical mixtures with polymers were analyzed
for possible interactions.!-?

Determination of A-max and Calibration Curve
The A-max of Olopatadine Hydrochloride was
determined using UV—Visible spectrophotometry.
A standard stock solution was prepared in
Simulated Tear Fluid (STF, pH 7.4) and scanned in
the wavelength range of 200-400 nm to identify the
wavelength of maximum absorbance. A calibration
curve was then constructed by preparing serial
dilutions in the concentration range of 1-10 pg/ml
and measuring their absorbance at the selected A-
max. The calibration plot of absorbance versus
concentration was used for quantitative estimation
of drug content and in vitro drug release studies.?
25

Preparation of Thermoreversible Ocular In Situ
Hydrogel
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Thermoreversible  ocular in  situ  hydrogel
formulations of Olopatadine Hydrochloride were
prepared by the cold method using Poloxamer 407
and Poloxamer 188 as thermosensitive polymers.
The required quantities of polymers were gradually
dispersed in cold distilled water (4°C) under
continuous magnetic stirring and refrigerated
overnight to ensure complete hydration and
formation of a clear solution. HPMC K4M and
Carbopol 940 were subsequently incorporated into
the polymeric solution and allowed to hydrate
completely with continuous stirring.?-%

dissolved

Olopatadine  Hydrochloride — was
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separately in distilled water, followed by the
addition of benzalkonium chloride as a preservative
and sodium chloride as a tonicity-adjusting agent.
The drug solution was then added slowly to the
polymeric mixture with constant stirring. The pH of
the formulation was adjusted to 7.4 using a suitable
buffer system, and the final volume was made up
with distilled water. The prepared formulations
(F1-F10) were stored under refrigerated conditions
until further evaluation. The formulations remained
as free-flowing liquids at room temperature and
transformed into gels at ocular physiological
temperature, thereby enhancing ocular residence
time and providing sustained drug release.3'-%

Table 1: Formulation Composition of Thermoreversible Ocular In Situ Hydrogel of Olopatadine
Hydrochloride

Ingredients (% F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
wiv)
Olopatadine 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Hydrochloride

Poloxamer 407 16 17 18 19 20 18 19 20 21 22
Poloxamer 188 4 4 4 4 4 5 5 5 5 5
HPMC K4M 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 0.4

Carbopol 940 0.1 0.1 0.1 0.2 0.2 0.2 0.3 0.3 0.3 0.3

Benzalkonium 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Chloride

Sodium Chloride 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

Buffer Solution | g.s.to | gq.s.to | g.s.to | g.s.to | g.s.to | g.s.t0 | g.s.to | g.s.t0 | g.s.t0 | g.s.tO
(pH 7.4) 100 100 100 100 100 100 100 100 100 100
ml ml ml ml ml ml ml ml ml ml

Evaluation of Thermoreversible Ocular In Situ
Hydrogel***’

Physical Appearance

The prepared formulations were visually evaluated
for color, clarity, homogeneity, consistency, and
the presence of particulate matter under normal
daylight conditions. The formulations were
examined to ensure transparency, smoothness, and
suitability for ophthalmic administration.

Determination of pH

The pH of each formulation was measured using a
calibrated digital pH meter. The measurements
were performed to ensure compatibility with the
physiological pH of tear fluid and to minimize
ocular irritation.

Drug Content Determination

Drug content was determined by UV-Visible
spectrophotometry. Appropriately diluted samples
of the formulations were analyzed at the
predetermined A-max, and the drug content was
calculated using the standard calibration curve of
Olopatadine Hydrochloride.

In Vitro Gelling Capacity

The gelling capacity of the formulations was
evaluated by adding a drop of formulation into
Simulated Tear Fluid (STF, pH 7.4) maintained at
physiological temperature. Gel formation, gel
strength, and the duration of gel integrity were
visually observed and recorded.

Determination of Gelling Time
Gelling time was determined by measuring the time
required for the formulation to undergo sol-to-gel
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transition after contact with STF at physiological
temperature. Rapid gelation was considered
desirable for effective ocular retention.

Determination of Viscosity

The viscosity of the formulations was measured
using a Brookfield viscometer at room temperature
and physiological temperature. The rheological
behavior of the formulations was evaluated to
ensure ease of installation and prolonged ocular
residence.

Isotonicity Testing

Isotonicity was assessed microscopically by
observing the morphology of red blood cells after
exposure to the formulations. The absence of
cellular swelling or shrinkage indicated isotonic
compatibility with ocular tissues.

Spreadability Study

Spreadability was evaluated using the glass slide
method by measuring the ease with which the
formulation spread between two glass slides.
Adequate spreadability is essential for uniform
ocular distribution and enhanced therapeutic
performance.

In Vitro Drug Release Study

In vitro drug release studies were carried out using
a Franz diffusion cell equipped with a dialysis
membrane. Simulated Tear Fluid (pH 7.4)
maintained at 37 + 0.5°C was used as the receptor
medium.  Samples  were  withdrawn  at
predetermined intervals and analyzed
spectrophotometrically to determine cumulative
drug release.

Sterility Testing

Sterility testing was performed according to Indian
Pharmacopoeia guidelines using the direct
inoculation method. Sterilized formulations were
inoculated into Soybean-Casein Digest Medium
and incubated at 37°C for seven days. The absence
of microbial growth confirmed the sterility of the
formulations.

Kinetic Drug Release Study

The in vitro drug release data of the
thermoreversible  ocular in  situ  hydrogel
formulations were analyzed using various kinetic
models, including Zero-order, First-order, Higuchi,
Hixson-Crowell, and Korsmeyer—Peppas models.
The release data were fitted into these
mathematical models to determine the drug release
pattern and elucidate the underlying release
mechanism. The model exhibiting the highest
correlation coefficient (R?) value was considered
the best fit for describing the release kinetics of the
formulation.
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Zero-Order Kinetics

The zero-order model was applied to evaluate
whether drug release occurred at a constant rate
independent of drug concentration. A plot of
cumulative percentage drug released versus time
was constructed to assess the release behavior.

First-Order Kinetics

The first-order model was used to determine
whether the drug release rate was dependent on the
concentration of drug remaining in the formulation.
A plot of log cumulative percentage drug
remaining versus time was analyzed.

Higuchi Model

The Higuchi model was employed to investigate
diffusion-controlled drug release from the
polymeric matrix system. A plot of cumulative
percentage drug released versus the square root of
time was used to evaluate the diffusion mechanism.

Hixson-Crowell Model

The Hixson-Crowell model was applied to assess
the influence of changes in surface area and particle
dimensions on drug release. The model was used to
evaluate erosion and dissolution characteristics of
the formulation.

Korsmeyer—Peppas Model

The Korsmeyer—Peppas model was utilized to
determine the mechanism of drug release from the
polymeric hydrogel system. The diffusion exponent
(n) obtained from the model was used to identify
whether the release followed Fickian diffusion,
non-Fickian  transport, or erosion-controlled
release.

Stability Study

Stability studies of the optimized formulation were
conducted according to ICH guidelines under
accelerated storage conditions (40 = 2°C and 75 +
5% RH) for a period of two months. The
formulation was stored in amber-colored, tightly
closed glass containers and evaluated at
predetermined intervals for physical appearance,
pH, drug content, viscosity, gelling capacity, and in
vitro drug release. The study was performed to
assess the stability and integrity of the formulation
during storage.

Comparison with Marketed Product

The optimized thermoreversible ocular in situ
hydrogel formulation was compared with a
marketed ophthalmic preparation to evaluate its
drug release  characteristics and  overall
performance. Comparative in vitro diffusion studies
were carried out using a Franz diffusion cell under
identical experimental conditions. The cumulative
percentage drug release and sustained release
behavior of the optimized formulation were
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compared with those of the marketed product to
assess its potential for improved ocular retention
and prolonged drug delivery.

RESULTS AND DISCUSSION:

Preformulation ~ Studies of  Olopatadine
Hydrochloride

Preformulation studies were performed to evaluate
the physicochemical characteristics and
compatibility of Olopatadine Hydrochloride prior
to formulation development. The results obtained
from organoleptic evaluation, solubility analysis,
and melting point determination confirmed the
identity, purity, and suitability of the drug for the
development of thermoreversible ocular in situ
hydrogel formulations.

Organoleptic Evaluation

The organoleptic evaluation revealed that
Olopatadine Hydrochloride was a white to off-
white, odorless crystalline powder with a fine and
free-flowing nature. These observations were
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consistent with the reported standard specifications,
indicating the purity and acceptable quality of the
drug sample.

Solubility Analysis

The solubility study demonstrated that Olopatadine
Hydrochloride was freely soluble in distilled water,
phosphate buffer pH 7.4, and simulated tear fluid,
while exhibiting good solubility in methanol and
slight solubility in ethanol. The favorable aqueous
solubility profile supports its suitability for
ophthalmic ~ formulation  development  and
facilitated the preparation of the in situ hydrogel
system.

Melting Point Determination

The melting point of Olopatadine Hydrochloride
was found to be in the range of 250-253°C, which
is consistent with the reported literature values. The
sharp melting range indicated the absence of
significant impurities and confirmed the purity and
thermal stability of the drug.

Table 2: Preformulation Study Results

Parameter Observation/Result Interpretation
Color White to off-white Complies with standard

Appearance Crystalline powder Pure drug sample
Odor Odorless No degradation detected
Nature Fine, free-flowing powder Suitable for formulation

Solubility in Water
Solubility in STF
Melting Point

Freely soluble
Freely soluble
250-253°C

Suitable for ophthalmic delivery
Compatible with ocular environment
Confirms purity and stability

FTIR Study of Drug and Drug—Polymer Compatibility

FTIR spectroscopy was performed to identify the characteristic functional groups of Olopatadine Hydrochloride
and to evaluate its compatibility with the selected formulation excipients, namely Poloxamer 407, Poloxamer
188, HPMC K4M, and Carbopol 940. The spectra of the pure drug and drug—polymer physical mixtures were
recorded in the range of 4000400 cm™ using the KBr pellet method. The characteristic peaks corresponding to
hydroxyl, carbonyl, ether, and tertiary amine functional groups confirmed the identity and purity of Olopatadine
Hydrochloride. Comparative analysis of the spectra revealed no significant shift, disappearance, or formation of
additional peaks, indicating the absence of chemical interactions between the drug and the selected polymers.

W/

4000 3000 2000 1500 1000 400,

Wavenumber (cm’ ")

Figure 1: FTIR Spectrum of Pure Olopatadine Hydrochloride

Transmittance (%)
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The FTIR compatibility study demonstrated that the characteristic functional groups of Olopatadine
Hydrochloride remained unchanged in the presence of Poloxamer 407, Poloxamer 188, HPMC K4M, and
Carbopol 940. No significant peak shifting, disappearance, or formation of new peaks was observed in any of
the drug—polymer mixtures, confirming the absence of chemical incompatibility. These findings established the
compatibility of the selected excipients with Olopatadine Hydrochloride and supported their use in the
development of thermoreversible ocular in situ hydrogel formulations.
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Figure 2: FTIR Spectrum of physical mixture

Determination of Wavelength (A-max) of Olopatadine Hydrochloride

The UV absorption spectrum of Olopatadine Hydrochloride in Simulated Tear Fluid (STF, pH 7.4) was recorded
in the wavelength range of 200400 nm. The drug exhibited a distinct absorption maximum (A-max) at 299 nm,
which was selected as the analytical wavelength for subsequent quantitative estimations. The sharp and well-
defined absorption peak confirmed the suitability of STF as the analytical medium and demonstrated the
stability of the drug under experimental conditions.

Table 3: Optical Characteristics of Olopatadine Hydrochloride

Sr. No. Parameter Observation
1 A-max 299 nm
2 Analytical Medium Simulated Tear Fluid (pH 7.4)
3 Wavelength Range Scanned 200-400 nm
4 Absorption Peak Sharp and well-defined
06
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0.4 -

0.3 +

Absorbance

0.2 4
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Figure 3: Determination of 2 max of Olopatadine Hydrochloride
Calibration Curve of Olopatadine Hydrochloride
The calibration curve of Olopatadine Hydrochloride was constructed in STF (pH 7.4) at 299 nm using
concentrations ranging from 1-10 pg/ml. The absorbance increased proportionally with concentration,
indicating excellent linearity and compliance with Beer—Lambert’s law. The developed UV spectrophotometric
method was found to be accurate, reliable, and suitable for drug content determination and in vitro drug release
studies.
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Calibration Curve of Olopatadine Hydrochloride
(in Simulated Tear Fluid, pH 7.4)
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Figure 4: Calibration curve of Olopatadine Hydrochloride

The high correlation coefficient (R2 = 0.999)
demonstrated  excellent  linearity  between
concentration and absorbance within the selected
range. These findings confirmed that the developed
UV spectrophotometric method was suitable for
quantitative estimation of Olopatadine
Hydrochloride in formulation and release studies.
Preparation of Thermoreversible Ocular In Situ
Hydrogel

Thermoreversible  ocular in  situ  hydrogel
formulations of Olopatadine Hydrochloride were
successfully prepared by the cold method using
Poloxamer 407 and Poloxamer 188 as
thermosensitive polymers, HPMC K4M as a
viscosity-enhancing agent, and Carbopol 940 as a
mucoadhesive polymer. A total of ten formulations
(F1-F10) were developed by varying polymer
concentrations to optimize gelation characteristics,
viscosity, ocular retention, and drug release
behavior.

All  formulations were clear, transparent,

homogeneous, and free from visible particulate
matter or phase separation. The formulations
remained as free-flowing liquids at room
temperature and rapidly transformed into gels at
physiological ocular temperature, confirming
successful ~ thermoreversible  behavior.  The
concentration of polymers significantly influenced
viscosity, gel strength, gelling capacity, and drug
release characteristics. Increasing the concentration
of Poloxamer 407 and Carbopol 940 enhanced gel
strength and ocular retention, while HPMC K4M
contributed to increased viscosity and prolonged
drug release.

Among the prepared formulations, F9 demonstrated
the most desirable characteristics, including
optimum clarity, suitable viscosity, rapid gelation,
prolonged ocular residence time, and sustained
drug release. Therefore, formulation F9 was
selected as the optimized formulation for further
evaluation and stability studies.

Table 4: Formulation Composition of Thermoreversible Ocular In Situ Hydrogel of Olopatadine
Hydrochloride

Ingredients (%o F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
wiv)
Olopatadine 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Hydrochloride

Poloxamer 407 16 17 18 19 20 18 19 20 21 22
Poloxamer 188 4 4 4 4 4 5 5 5 5 5
HPMC K4M 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 0.4

Carbopol 940 0.1 0.1 0.1 0.2 0.2 0.2 0.3 0.3 0.3 0.3
Benzalkonium 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Chloride
Sodium Chloride 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Buffer Solution | g.s.to | g.s.to | g.s.to | g.s.to | gs.to | g.s.to | g.s.t0 | g.s.to | g.s.t0 | g.s.tO
(pH 7.4) 100 100 100 100 100 100 100 100 100 100
ml ml ml ml ml ml ml ml ml ml
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The formulation development study demonstrated that the selected combination of thermosensitive and
mucoadhesive polymers successfully produced a stable ocular in situ hydrogel system. The optimized
formulation (F9) provided a balance between gelation behavior, viscosity, ocular retention, and sustained drug
release, making it a promising candidate for prolonged ophthalmic drug delivery of Olopatadine Hydrochloride.
Evaluation of Thermoreversible Ocular In Situ Hydrogel

The prepared thermoreversible ocular in situ hydrogel formulations (F1-F10) were evaluated for various
physicochemical parameters including appearance, pH, drug content, gelling capacity, gelling time, viscosity,
isotonicity, and spreadability. All formulations were found to be clear, homogeneous, and suitable for
ophthalmic administration. The evaluation results indicated that increasing polymer concentration enhanced gel
strength, viscosity, and ocular retention characteristics. Among all formulations, F9 exhibited the most desirable
properties and was selected as the optimized formulation.

Table 5: Evaluation Data of Thermoreversible Ocular In Situ Hydrogel Formulations

Formulation | pH Drug Gelling | Gelling | Pre-Gel | Post-Gel | Spreadability | Isotonicity
Content | Capacity | Time | Viscosity | Viscosity (g-cm/sec)
(%) (sec) (cps) (cps)
F1 6.8 | 94.18+ + 14 + 142 +2.1 | 318+3.2 12.8+0.22 Isotonic
+ 0.42 0.21
0.02
F2 6.9 | 95.32+ + 12 + 156 +2.4 | 352 +3.6 12.1+£0.20 Isotonic
+ 0.35 0.18
0.01
F3 7.0 | 96.45+ ++ 11+ 174 +2.8 | 398 +4.1 11.6+0.18 Isotonic
+ 0.28 0.15
0.03
F4 7.1 | 95.87* ++ 10+ 188 +3.1 | 452+45 10.9+0.17 Isotonic
+ 0.31 0.17
0.02
F5 7.2 | 96.92+ ++ 9+ 214+34 | 518+4.9 10.4+0.15 Isotonic
+ 0.24 0.12
0.01
F6 7.0 | 97.15+ ++ 8+ 236 +£3.8 | 584 +5.3 9.8+0.14 Isotonic
+ 0.29 0.16
0.02
F7 7.1 | 97.84+ +++ 7+ 268+4.2 | 648+5.8 9.1+0.13 Isotonic
+ 0.26 0.11
0.03
F8 7.2 | 98.36% +++ 6+ 294+45 | 712+6.1 85+0.11 Isotonic
+ 0.22 0.14
0.02
F9 7.4 | 99.12 +++ 5+ 326+4.9 | 786+6.5 8.0+0.10 Isotonic
* 0.18 0.10
0.01
F10 75 | 98.74 % +++ 4+ 372+52 | 864+7.1 7.4+0.09 Isotonic
* 0.21 0.09
0.02
All formulations exhibited acceptable thermosensitive and mucoadhesive polymers. The
physicochemical characteristics suitable  for viscosity increased significantly after gelation,

ophthalmic application. The pH values ranged from
6.8 to 7.5, indicating compatibility with ocular
tissues and minimal risk of irritation. Drug content
values ranged from 94.18% to 99.12%, confirming
uniform distribution of Olopatadine Hydrochloride
throughout the formulations.

An increase in polymer concentration resulted in
enhanced gelling capacity, reduced gelling time,
and increased viscosity. Formulations F7-F10
demonstrated rapid gelation and prolonged gel
stability due to higher concentrations of

confirming successful thermoreversible behavior of
the developed hydrogel system.

All formulations were found to be isotonic and
showed satisfactory spreadability, ensuring good
ocular compatibility and uniform distribution over
the corneal surface. Among all formulations, F9
exhibited the most balanced characteristics,
including optimum pH (7.4), highest drug content
(99.12%), excellent gelling capacity (+++), rapid
gelation (5 sec), suitable viscosity, and satisfactory
spreadability. Therefore, formulation F9 was
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selected as the optimized formulation for further in
vitro drug release, kinetic modeling, and stability
studies.

In Vitro Drug Release Study

The in vitro drug release study was performed
using a Franz diffusion cell with Simulated Tear
Fluid (pH 7.4) as the dissolution medium. All
formulations exhibited sustained drug release over
an 8-hour period. An increase in the concentration
of Poloxamer 407, HPMC K4M, and Carbopol 940
resulted in a slower drug release rate due to the
formation of a stronger gel matrix and increased
diffusion path length.
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Formulations containing lower polymer
concentrations (F1-F3) showed comparatively
faster drug release, whereas formulations with
higher polymer concentrations demonstrated
prolonged release profiles. Among all formulations,
F9 exhibited the most desirable release behavior,
providing controlled and sustained drug release
with 80.24% cumulative drug release after 8 hours.
Although F10 showed slower drug release, its
higher viscosity and gel stiffness could affect
patient comfort and ease of administration.
Therefore, F9 was selected as the optimized
formulation for further studies.

In Vitro Drug Release of Olopatadine Hydrochloride
from Thermoreversible Ocular In Situ Hydrogel Formulations (F1-F10)
120
100 - 99.14
98.24
96.82
z 94.18
3 | 92.26
= 80 89.84
= 8642 ~* Fl
g‘) 83.18 = F2
o £ 8024 & F3
a 60 Nk o ra
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Figure 5: Invitro drug relase of olapaadine HCL from thermo reversible ocular in situ hydrogel
formulations

Sterility Testing

Sterility testing was carried out according to Indian
Pharmacopoeia guidelines using the direct
inoculation method. The formulations were
sterilized by autoclaving and incubated in Soybean-
Casein Digest Medium for seven days to evaluate
microbial  contamination. Most formulations
remained clear throughout the incubation period,
indicating successful sterilization and absence of
microbial growth. Only formulation F5 showed
slight turbidity after incubation, suggesting possible
microbial contamination during handling or
processing. The optimized formulation F9
remained completely clear and sterile, confirming
its suitability for ophthalmic administration.

Kinetic Drug Release Study

The release kinetics of the optimized formulation
(F9) were analyzed using Zero-order, First-order,
Higuchi, Hixson-Crowell, and Korsmeyer—Peppas
models. The highest correlation coefficient (R2 =
0.995) was obtained for the Korsmeyer—Peppas
model, indicating that drug release followed a non-
Fickian diffusion mechanism involving both
diffusion and polymer relaxation. The high
correlation observed with the Zero-order and
Higuchi models further confirmed the sustained
and diffusion-controlled release behavior of the
developed thermoreversible ocular in situ hydrogel
system.

Table 6: Kinetic Drug Release Analysis of Optimized Formulation (F9)
Kinetic Model R2 Value Interpretation
Zero Order 0.991 Controlled release
First Order 0.962 Concentration-dependent release
Higuchi Model 0.987 Diffusion-controlled release
Hixson-Crowell Model 0.954 Erosion and dissolution mechanism
Korsmeyer—Peppas Model 0.995 Non-Fickian diffusion (Best fit)




IAJPS 2026, 13 (06), 287-299

Stability Study

Sana Dildar Mujawar et al

ISSN 2349-7750

The stability of the optimized formulation F9 was evaluated under accelerated storage conditions (40 = 2°C/75
5% RH) for two months according to ICH guidelines. The formulation was assessed periodically for physical
appearance, pH, drug content, viscosity, gelling capacity, and in vitro drug release.

The formulation remained clear throughout the study period and showed only minor changes in
physicochemical properties. Drug content, viscosity, and drug release remained within acceptable limits, while
gelling capacity was maintained throughout storage. These findings confirmed the good stability of the
optimized thermoreversible ocular in situ hydrogel formulation.

Table 7: Stability Study of Optimized Formulation F9

Parameter Initial After 1 Month After 2 Months
Physical Appearance Clear Clear Clear
pH 7.4+0.01 7.3+0.02 7.3+0.02
Drug Content (%) 99.12£0.18 98.84 £0.21 98.36 £ 0.24
Viscosity (cps) 786 + 6.5 778 £6.2 771 5.9
Gelling Capacity +++ +++ +++
Drug Release (%) 80.24 +0.28 79.86 £ 0.32 79.24 £0.36

The developed thermoreversible ocular in situ
hydrogel formulations successfully  provided
sustained  drug release  and  acceptable
physicochemical  characteristics  suitable  for
ophthalmic  administration.  Formulation F9
demonstrated optimum pH, drug content, viscosity,
gelling behavior, sterility, and sustained drug
release. Kinetic analysis revealed that drug release
followed the Korsmeyer—Peppas model with a non-
Fickian diffusion mechanism. Stability studies
confirmed that the optimized formulation remained
stable under accelerated storage conditions,
supporting its potential as an effective sustained
ophthalmic drug delivery system.

Comparison with Marketed Product

The optimized thermoreversible ocular in situ
hydrogel formulation (F9) of Olopatadine
Hydrochloride was compared with marketed
ophthalmic formulation to evaluate sustained drug
release behavior and formulation performance. The
developed thermoreversible ocular in situ hydrogel
successfully enhanced ocular retention and
sustained drug  delivery  compared  with
conventional marketed ophthalmic preparation.

The comparative drug release study revealed that
the marketed ophthalmic formulation released drug
rapidly and achieved approximately complete drug
release within 8 hours. In contrast, the optimized
thermoreversible  ocular in  situ  hydrogel
formulation F9 exhibited controlled and sustained
release behavior throughout the study period. The
slower release profile of formulation F9 may be
attributed to formation of thermosensitive gel
matrix which prolonged ocular residence time and
controlled diffusion of drug through polymeric
network.

Comparison of In Vitro Drug Release Profile

100 | —— Optimized Formulation F9
Marketed Formulation

40

Cumulative Drug Release (%)

20

1 T r r T T T r T
0 1 2 3 4 5 6 7 8
Time (hrs)

Figure 6: Comparative In Vitro Drug Release
Profile of Optimized Formulation F9 and
Marketed Product
The developed in situ hydrogel formulation
demonstrated significant improvement in sustained
drug delivery, which may reduce dosing frequency,
improve patient compliance, and enhance
therapeutic efficacy compared to conventional

marketed ophthalmic preparation.

CONCLUSION:

The present study successfully developed and
evaluated a thermoreversible ocular in situ
hydrogel of Olopatadine Hydrochloride for
sustained ophthalmic drug delivery. Preformulation
studies confirmed the purity, identity, and
compatibility of the drug with selected polymers
and excipients. The thermoreversible in situ
hydrogel formulations prepared using Poloxamer
407, Poloxamer 188, HPMC K4M, and Carbopol
940 exhibited satisfactory  physicochemical
properties, including suitable pH, clarity, drug
content, viscosity, gelling capacity, isotonicity, and
sterility. Among the developed formulations, F9
was identified as the optimized formulation based
on its desirable characteristics, including pH of 7.4,
high drug content (99.12%), rapid gelation,
appropriate viscosity, prolonged gel stability, and
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sustained drug release profile. The in vitro drug
release study demonstrated controlled release of
Olopatadine Hydrochloride over 8 hours, indicating
enhanced ocular residence time and reduced dosing
frequency. Kinetic analysis revealed that drug
release followed the Korsmeyer—Peppas model
with a non-Fickian diffusion  mechanism.
Furthermore, stability studies conducted under
accelerated conditions confirmed that the optimized
formulation remained stable without significant
changes in its physicochemical properties. Overall,
the developed thermoreversible ocular in situ
hydrogel represents a promising approach for
sustained ophthalmic drug delivery, offering
improved bioavailability, prolonged precorneal
retention, reduced dosing frequency, and enhanced
patient compliance compared to conventional
ophthalmic formulations.
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