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ABSTRACT

Objective: This study aims to develop an in situ gel formulation incorporating Ofloxacin-loaded nanoparticles to enhance ocular residence time and
therapeutic efficacy of drug.

Methods: The formulation process included pre-formulation studies such as solubility and UV analysis of Ofloxacin. A pH-triggered in situ gel was
prepared using Poloxamer 407, chitosan, and Eudragit L-100. Various post-formulation parameters were evaluated, including pH, viscosity, drug
content, and in vitro drug release kinetics.

Results: Nanoparticles were confirmed using DLS with a particle size of 688 nm. The viscosity of in situ gel formulations followed a shear thinning process
before contact with simulated tear fluid (STF). The viscosity reduced significantly (p<0.05, two-way ANOVA) for the in situ formulations after contact with
STF. The formulation containing 4% Poloxamer 407 and 0.8% Gellan Gum (OFX3) demonstrated acceptable viscosity behavior and sustained drug release.
OFX3 achieved a drug release of 97.81% over 6 h, adhering to Higuchi release models and expressing quasi-Fickian diffusion. The HET-CAM test confirmed
the formulation non-irritant nature, while stability studies demonstrated no significant changes over a 3-month period.

Conclusion: The developed pH-sensitive in situ gel effectively enhances the solubility of Ofloxacin, providing a promising treatment option for
bacterial conjunctivitis. The developed ofloxacin-loaded nanoparticulate in situ gel successfully integrates controlled release through prolonged
ocular residence. Future in vivo studies will further consolidate its potential as a pioneering candidate for translational ophthalmic applications.
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INTRODUCTION

Ocular conjunctivitis is a common allergic illness occurring in the eyes,
often characterized by the inflammation due to allergens especially
microbes [1]. This ocular illness accounts for two-thirds of the total
ocular-based cases in pediatric populations [2]. According to a cross-
sectional survey in 2023, attack rate of conjunctivitis is extremely high in
households with a median attacking rate of 100% [3]. Conjunctivitis can
be infectious or non-infectious in nature. Infectious conjunctivitis can
cause loss of eyesight due to severe infection-induced corneal
inflammation [4, 5]. Bacterial conjunctivitis is a common type of bacterial
infection affecting all age groups irrespective of sex [6].

Ofloxacin is a promising fluoroquinolone known for its broad-
spectrum activity especially expressing more than 60% anti-
bacterial activity against Staphylococcus aureus and g-negative
bacterial strains [6, 7]. However, lack of sub-optimal concentrations
in ocular surface causes antibiotic resistance against ofloxacin [8].
Antibiotic resistance in eye is serious apprehension, which is
capable of causing high mortality, up to 10 million by 2050 in case of
not treating properly [9].

The drug release in the affected area of eye is limited under
inflammatory conditions due to excessive defensive mechanisms
like tear secretion [10]. Minimal retention of nanoparticles within
the ocular region is the major drawback of ocular delivery. This is
due to the clearance of drug by the blood and lymph flow to the eyes,
especially under inflammatory and infectious conditions [11, 12].
Hence, larger particle size range is required to enhance the retention
and prolong the residence time in cul-de-sac [13]. Chitosan-based
nanoparticles obtained in the range of 200-600 nm expressed
extended ocular residence time in cul-de-sac [14].

The above condition can be addressed by this research by employing
in situ gel model, which gels from liquid state once administered

inside the eye. The main aim of this research is to prolong the ocular
residence of the drug through sustained drug delivery.
Nanoparticles will help in preserving the drug from enzymatic
reactions within the ocular region [15]. This in situ gel model will be
highly helpful since in situ gels can be administered as eye drops,
which improves the patient compliance and adherence. Because, eye
ointments are less compliant by the patients despite the higher
bioavailability than eye drops [16, 17]. Ease of application is an
advantage for eye drops making patients self-efficacious, which
remains in case of in situ gels [18, 19].

MATERIALS AND METHODS
Chemicals and reagents

Ofloxacin (CAS: 82419-36-1) was obtained as a gift sample from
Shilpa Medicare Limited, Bangalore. Chitosan (CAS: 9012-76-4),
Eudragit 1-100 (CAS: 25086-15-1), Sodium chloride (CAS: 7647-14-
5), Sodium bicarbonate (CAS: 144-55-8), Potassium chloride (CAS:
7447-40-7) was obtained from Oxford Laboratories, Maharastra.
Poloxamer 407 (CAS: 9003-11-6) was purchased from Jignesh
Agency Pvt Ltd, Maharashtra. Acetone (CAS: 67-64-1) was obtained
from Pallav Chemicals, Tarpur. Gellan Gum (CAS: 71010-52-1) was
purchased from Suvidhinath Laboratories, Vadodara. Polyvinyl
alcohol (CAS: 9002-89-5) was obtained from Nice Chemicals, Cochin.
Carbopol 943 (CAS: 9003-01-4) was obtained from Molychem,
Mumbai. Benzalkonium Chloride (CAS: 63449-41-2) was bought
from Loba Chemie, Maharastra.

Methods
Organoleptic characterization and solubility studies

A small sample of the pure drug was spread on white paper to
observe its physical characteristics (e. g., color, texture). [20] The
solubility of ofloxacin was tested using different solvents. Ethanol,
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water, chloroform, and dimethyl sulphoxide (DMSO) were some
solvents, which were used in this study [21].

UV-vis spectrophotometric analysis

100 mg of pure drug was initially dissolved in sufficient amount of
ethanol. The first stock solution (100 pg ml') was made by making
the volume up with distilled water to 100 ml. Further dilutions were
made up using distilled water. The second stock of 10 pg ml! was
prepared by diluting 10 ml of 1st stock solution up to 100 ml. This
stock solution was used to prepare aliquots of five different
concentrations at 2, 4, 6, 8 and 10 pg ml1. The aliquots of ofloxacin
were analyzed in the UV region (200-400 nm) to identify absorption
maxima using UV-vis spectrophotometer (Systronics UV-2202,
Systronics India Ltd., Ahmedabad, India) [22].

Drug-excipient compatibility studies

Fourier transform infrared (FT-IR) spectroscopy was used to study
the interaction between ofloxacin and excipients. The samples for
FT-IR spectroscopy were prepared by potassium bromide
pelletization technique. Under this technique, sample were mixed
with sufficient quantities of potassium bromide and was compressed
using hydraulic press (Athena Technologies, Freemont, USA) and the
resultant pellet was scanned in FT-IR spectrometer (Perkin Elmer
Spectrum 1000 series, Massachusetts, United States) in the range of
4000 to 400 cm-! [23].

Preparation of polymeric drug-loaded nanoparticles

Kesarla et al (2016) [24] was adopted for preparation of
nanoparticles with slight modifications. Predetermined quantity of
ofloxacin (250 mg) and Eudragit (400 mg) were mixed with acetone
(10 ml) and was made up to 50 ml with distilled water. This
resultant solution was mixed in a homogenizer at 13000 rpm for 3
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min. After homogenization, this organic solution was filtered and
freeze-dried using a lyophilizer (Labman LMFD62, Labpro
International, Haryana, India). In order to obtain the free flow
particles, the lyophilized precipitate was collected as nanoparticles
and passed through the sieve no. 120 [24].

Particle size

The particle size distribution of the ofloxacin nanoparticles solution
was determined using a Zeta Sizer (Malvern Ver 8.02, Malvern
Panalytical, Worcestershire, UK). The sample was well-dispersed to
avoid undissolved particles. This analysis was conducted using
distilled water as dispersant at 25 °C at 25 kcps after serial dilution
to avoid multiple scattering. This analytical examination was
performed for the API-loaded nanoparticles before incorporation
into the in situ gel formulations [25].

Zeta potential

Zeta potential of the ofloxacin nanoparticles was measured using a
Zeta Sizer (Malvern Ver 8.02, Malvern Panalytical, Worcestershire,
UK) under 25 °C to assess particle stability and interactions before
incorporation into the in situ gel. This analysis was conducted using
as water as dispersant at 25 keps [26].

Preparation of nanoparticle loaded in situ gel

After that, the poloxamer and gellan gum were weighed and mixed
thoroughly, until a homogeneous liquid was achieved. Additionally,
the produced nanoparticles were added to the solution mentioned
above, thoroughly stirred for 30 min using a magnetic stirrer, and
required quantity of Benzalkonium Chloride is added as
Preservative. The composition of different in situ gel formulations
(OFX1-OFX6). The ingredients along with their quantities are
tabulated in table 1 [24, 27].

Table 1: Formulation table for preparation of ofloxacin-loaded nanoparticles in situ gel

Ingredients OFX2 OFX3 0FX4 OFX5 O0FX6
Ofloxacin (Nanoparticle) (%w/v) equivalent to 250 mg dose 250 250 250 250 250
Gellan gum (mg) 300 400 200 300 400
Poloxamer 407 (mg) 500 400 - - -
Carbopol 943 (mg) - - 600 500 400
Benzalkonium chloride (ml) q.s q.s q.-s g-s q.-s
Distilled water (ml) g.s. (50 g.s. (50 g.s. (50 g.s. (50 g-s. (50 g.s. (50
ml) ml) ml) ml) ml)

pH measurement

A digital pH meter (Systronics p-PH-361, Systronics India Ltd.,
Ahmedabad, India) was calibrated using triple point method (pH 4, 7,
and 9). The pH of each formulation was measured at 25+0.5 °C [24].

Viscosity measurement

The viscosity of the formulations was measured at different speeds
(50, 75, and 100 rpm) and at 37°C using a viscometer (Labman
LMDV-100, Labman Technolgies, North Yorkshire, UK) with Spindle
No. 01. The value was noted before and after addition of simulated
tear fluid [28].

Determination of drug content

Ocular in situ gel samples were diluted to a concentration of 10 pg
ml! with methanol and made-up using water. Drug content was
measured using double beam UV-vis Spectrophotometer (Systronics
UV-2202, Systronics India Ltd., Ahmedabad, India), and the test was
performed in triplicate [29].

In vitro diffusion studies
Preparation of stimulated tear fluid

In a 100 ml volumetric flask, add 0.670 g of sodium chloride, 0.200 g
of sodium bicarbonate, and 0.248 g of potassium chloride, and mix.
Distilled water was used to dissolve and dilute the artificial tears
fluid solution to volume. In contrast, sodium bicarbonate is used to
raise the pH of the solution, whereas HCl is used to lower it.

Preparation of egg membrane

The egg membrane was used for investigations, with unbroken eggs
selected and their shells carefully broken to form a hole. The
membrane was soaked in concentrated HCI for 2 h and attached to a
donor compartment containing 1 ml of the formulation, while the
receptor compartment held 100 ml of simulated tear fluid (STF) at
35 °C. Samples (2 ml) were withdrawn at intervals up to 6 h and
analyzed using double-beam UV spectroscopy to calculate drug
release. Equal quantity of sample was replaced in the receptor
compartment to establish the sink conditions [30, 31].

Release kinetics profiling

The release data from the manufactured ocular in situ gel were fitted
into various kinetic models: zero-order, first-order, Higuchi model,
Hixson-Crowell and Korsmeyer-Peppas model. This was performed
to understand the mechanism of drug release. Fickian constant was
calculated from Korsmeyer-Peppa’s plot to identify the type of
diffusion mechanism. The n-value was recalculated for the first 60%
of the plot. The geometry of the plot was considered to be cylindrical
shape [32].

Scanning electron microscopy (SEM)

SEM (Carl Zeiss EVO 18, Carl Zeiss Microscopy, UK) was used to
analyze the particle size and composition of the optimized
formulation. The sample was observed at 1 pm and 2 pm by placing
the sample in sample holder of scanning electron microscope (Carl
Zeiss EVO018). Image was further enhanced for improved
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visualization by using Image] software. Extra high tension (EHT)
was maintained at 10 kV with magnification at 16.80kx (1 pm) and
11.56 kx (2 um) [33].

In vitro HET-CAM test

The hen's egg chorioallantoic membrane (HET-CAM) test
substitute’s animal use in assessing severe ocular irritation. In this
study, ten-day-old fertilized eggs (50-60 g) were incubated at 37°C,
rotating every 12 h. After examining for damage, three eggs were
selected. The shell was cut (2x2 cm), and 1 ml of ofloxacin ocular in
situ gel was applied to egg no. 01, while 0.9% NaCl served as the
negative control (egg no. 02) and 1% NaOH as the positive control
(egg no. 03). After application, the chorioallantoic membrane was
observed for five minutes for hemorrhage, coagulation, and vessel
changes, and an irritancy score was calculated [34].

301 — (haemorrhage Etmen gol — (Lysis time)
[ 300 JX 5% t 300 x

Equation 1: Calculation of Irritancy score for in situ gel
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Stability studies

Stability studies were conducted for the optimized formulation
following ICH guidelines. In the current work, a three-month
stability analysis for the optimized formulation was conducted at
40°C +2 °C/75%RH+5%RH [35, 36].

Statistical analysis

One-way ANOVA was performed for pH, Drug Content and in vitro
HET-CAM assay. For Viscosity and Drug Release profile, two-way
ANOVA was performed. Based on Levene’s test (to understand the
normality of the distribution), Tukey’s HSD test (Equal variance)
(or) Games-Howell test (Unequal variance) was employed as a post-
hoc analysis to identify statistically significant pairs.

RESULTS
Organoleptic characterization and solubility studies

The pure drug powder was pale yellow with faint medicinal odour
and bitter taste. As for solubility, the APl was highly soluble in
certain organic solvents like ethanol and DMSO. Ofloxacin was
poorly soluble in water and acetone.

UV-vis spectrophotometric analysis

The Absorption maximal peak was observed at 288 nm. Besides, the
LOD and LOQ was calculated to be 0.055 pg ml! with a slope of
0.1825 pg ml! and minimal standard deviation of blank (¢ = £0.01).
The calibration curve followed excellent linearity (R?=0.9961)
following Beer-Lambert’s law. The UV spectrophotometric graph
and calibration curve of the drug is shown in fig. 1.
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Fig. 1: UV-spectrophotometry containing (a) The UV spectrum of ofloxacin and (b) Linearity curve of Ofloxacin

Drug-excipient compatibility studies

A total of 9 distinct peaks were observed with the sharpest peak
observed at 1850 cml. The peak around 1049 cm confirmed the
presence of organic flouride moiety, confirming the monofluorinated
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structure of ofloxacin. Furthermore, multiple peaks like vibrations
observed in the range between 3000 cmand 3160 cm! confirmed
the aromatic structure of ofloxacin. An aromatic hydroxyl group was
confirmed by a prominent peak near 3400 cm’. The FT-IR spectrum
of pure drug and physical mixture is shown in fig. 2.
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Fig. 2: FT-IR spectrum of (a) Pure drug (Ofloxacin) and (b) Physical mixture, there was no absence of existing peaks of API in the physical
mixture, indicating the excellent compatibility of excipients with the API

315



M. C. Rajappa et al.
Int ] App Pharm, Vol 18, Issue 2, 2026, 313-325

Table 2: Significant peaks of API in FT-IR and their interpretations

Peak *tolerance  Relative strength Likely assignment

(cm1) (image)

3761 +15 weak-moderate 0-H free/overtone/combination band (weak OH stretch or artifact)

3326 +15 weak-moderate Broad O-H and/or N-H stretching (carboxylic OH and/or piperazinyl N-H)

2026 +20 Weak overtone/combination band or instrumental feature (not a typical fundamental for ofloxacin)

1850 +20 very strong deep absorption — likely the quinolone/carbonyl region (C=0 stretching(s) — note: carboxylic
C=0 typically ~1710-1760, quinolone/pyridone C=0 can appear lower; here features may be
merged/shifted)

1611 +15 moderate C=C aromatic/C=0 conjugated (aromatic ring stretch/amide-like C=0 or quinolone C=0)

1196 +15 weak-moderate C-0 stretching/C-N stretch (fingerprint region)

1049 +15 Weak C-0 stretch/C-N stretch/C-F contribution region (fingerprint region)

845 +15 Weak aromatic C-H out-of-plane bending (substituted aromatic ring)

599 +15 moderate fingerprint region — C-F bending/ring deformation (fluoro-substituted ring features often occur

here)

Particle size

The mean particle size of 688.1 nm (fig. 3), confirming the
nanosize of the prepared particles. This particle size increased by
approximately 50 nm after incorporation of nanoparticles in the in
The DLS size distribution appeared
monomodal, although the elevated PDI (>0.3) suggests broad

situ  gel

(737.7 nm).

particle size distribution  and possible associative
structures/aggregation. The monomodal graph was observed even
after the incorporation of the nanoparticles into in the
formulation. The poly-dispersibility Index (PDI) was greater than
0.3 after the incorporation of the nanoparticles, which may be due
to the agglomeration of the nanoparticles within the porous
networks of in situ gel formulation.

Size Dislribution by Intensity

Size Distribution by Intensity
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Fig. 3: Particle size distribution of (a) Ofloxacin-loaded nanoparticles (b) Nanoparticles incorporated in situ gel

Zeta potential

The mean zeta potential of nanoparticles was calculated to be-33.9
mV (fig. 4). This indicates the high stability of monomodal system
observed in terms of surface electric charge. The standard deviation
of the observed peak was +6.93 mV.

pH measurement

The pH of formulations was weakly acidic to weakly alkaline ranging
between 6.8-7.5. The formulations of poloxamer 407 (OFX1) were
slightly more acidic than that of carbopol 943. The pH of different
formulations is graphically represented in fig. 5.

Zela Potenlial Distribution Zeta Potential Distribution
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Fig. 4: Zeta potential of (a) Ofloxacin-loaded nanoparticles (b) Nanoparticles incorporated in situ gel, the zeta potential of the
nanoparticle-loaded in situ gel was increased (-9.42 mV) compared to the drug loaded nanoparticles before the incorporation process.
This is possible due to neutralization of the surface charge of nanoparticles by the positivity charged polymer matrix
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OFX2

OFX3

Fig. 5: The pH of different Ofloxacin-loaded nanoparticles containing in situ gel (OFX1-OFX6), Value not sharing a common letter differ
significantly by one-way ANOVA (p<0.05, Tukey’s test)

Only two formulations expressed significantly elevated pH than
other formulations. While, OFX3 expressed significantly with a
higher p-value (p<0.01, Tukey’s test) with all the formulations, OFX1
expressed significantly higher pH (p<0.05, Tukey’s test) with two
formulations (OFX4, OFX5) with p-value lesser than that of OFX3.

Viscosity measurement

The viscosity of in situ gel formulations (OFX1-OFX6) reduced after
exposure to simulated tear fluid. The viscosity of the some in situ
formulations prepared using Poloxamer 407 decreased with

2500 -
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increase in speed of the viscometer paddle irrespective of the
presence of simulated tear fluid. Fascinatingly, in situ formulations
prepared using Carbopol 943 (OFX4-0OFX6) built up viscosity when
the rotational speed of the viscometer was increased from 50 to 75
rpm. There was a decrease in viscosity beyond 75 rpm, with the
least viscosity of the individual formulation at 100 rpm. The
viscosity reduced significantly for the in situ formulations after
contact with simulated tear fluid. The viscosities of in situ gel
formulations (OFX1-OFX6) at different speeds is graphically
illustrated in fig. 6.
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Fig. 6: Viscosities of different formulations (OFX1-0FX6) at different speeds before and after treatment with simulated tear fluid (STF),
value with different symbols (e. g., *, }, §) ata given speed and condition (before or after STF) are significantly different (p < 0.05, Tukey’s

Besides, there was significant difference in the viscosity with
increase in viscometer speed (p<0.05) for each formulation. The
formulations prepared using poloxamer-407 expressed significantly
higher viscosity at 50 rpm (p<0.05, Tukey’s test) and exhibited shear
thinning effect with increase in viscometer speed. Interestingly,

test)

pseudoplastic flow behavior was demonstrated by the formulations
prepared using Carbopol-943 after contact with STF. This behavior
made the viscosities of these formulations (OFX4-0FX6) significantly
higher (p<0.05, Tukey’s test) than those containing poloxamer-407
(OFX1-0FX3) at 75 rpm after STF.
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Determination of drug content

The drug content of ofloxacin in in situ gel formulations (OFX1-
OFX6) was within the range of 96 to 99%, with the highest being
OFX3 with 98.17%. The drug content of each formulation (OFX1-
0FX6) is shown in table 3.

Table 3: Drug content of various in situ gel formulations (OFX1-
OFX6)

Formulation code Drug content

OFX1 96.66+0.162>
OFX2 97.25+0.232
OFX3 98.17£0.26¢
OFX4 96.69+0.272b
OFX5 96.22+0.19b
OFX6 96.74+0.202b

Results are given as mean+SD (n=3). Formulations with same letters
are not statistically different (p>0.05, Tukey’s test). The drug
content of OFX3 was significantly larger than other formulations
(p<0.01, Tukey’s test). OFX2 was only other formulation to show
significantly higher (p<0.01, Tukey’s test) drug content than at least
one formulation (OFX5) other than OFX3.

Int ] App Pharm, Vol 18, Issue 2, 2026, 313-325

In vitro diffusion studies

All the formulations (OFX1-OFX6) released more than 90% at the
end of 6 h (p<0.05), with OFX3 releasing 97.81%. It was interesting
to note that OFX3 was the formulation exhibiting the highest
immediate release of 35.63% after 30 min. The in situ gel prepared
using poloxamer-407 expressed better immediate release (31-36%)
compared to those containing Carbopol-943 (26-30%). The amount
of drug release at the end of 6 h was also lesser in Carbopol 943
based in situ formulations (OFX4-OFX6: 90-93%) compared to
poloxamer-407 in situ formulations (OFX1-OFX3: 94-98%). The drug
release of OFX3 significantly differed (p<0.05, Tukey’s test) from at
least one of the formulations at all-time points except 0 h and 6 h
point. The drug release of ofloxacin in situ gel containing the least
concentration of Poloxamer 407 (OFX3) was significantly different
from that containing the highest concentration of Carbopol 940
(OFX4) except the initial and final time points. The quantitative data
of the release profiles of each formulation (OFX1-OFX6) are
provided in table 4.

Even though, OFX3 and OFX4 expressed equivalent cumulative drug
release to each other after 6 h, they expressed different drug release
pattern which was statistically different (p<0.05, Tukey’s test) at all
points except initial and final timings (0 h and 6 h).

Table 4: In vitro dissolution release of ofloxacin-loaded nanoparticles containing in situ gels (OFX1-OFX6)

Time (h) OFX1 OFX2 OFX3 OFX4 OFX5 OFX6

0 0.00+0.022 0.00+0.012 0.00+0.032 0.00+0.012 -0.01£0.012 0.00+0.012
0.5 31.32+2.042> 32.04+3.47% 35.63+3.782 26.15+3.42b 28.76+2.502° 29.49+3.17%
1 43.53+4.212> 48.56+2.432 49.63+£1.952 37.41£2.71b 40.89+2.07° 43.36+2.332>
2 50.19£2.932> 52.35£2.7920 56.52+3.022 45.98+3.62P 50.14+1.892> 52.55£1.15%>
3 64.96%2.672 63.52+2.10% 68.31+£3.772 58.09+3.59> 62.321.622 64.84+3.562
4 73.14+3.022 76.75+3.382 78.25+1.562 68.54+2.63b 73.75£2.92ab 74.39£2.352>
5 80.85+1.68% 88.54+3.77¢ 89.78+3.32¢ 79.36£3.642 86.09+4.87b¢ 87.71£1.35b¢
6 93.92+3.552 96.26%2.852 97.81+2.562 90.67+2.612 92.16%2.552 93.05+3.022

Results are given as mean+SD (n=3). Formulations with same letters at a specific time point are not statistically different (p>0.05, Tukey’s test).

The in situ formulations followed Higuchi model indicative of
diffusion-controlled mechanism. Besides, Korsmeyer-Peppas model
helped in understanding the diffusion mechanism of the
formulations. The formulation followed Fickian diffusion being n-
value less than 0.45 with linearity greater than 0.91. The Higuchi
model expressed the highest slope range of 35 to 37. Nevertheless, a
lowest slope was calculated in Hixson-Crowell model (-0.44 to-0.67).
Based on the release kinetics of the of formulations, it was observed
to strongly follow Higuchi model with excellent linearity
(0.981<R?<0.996). Besides, the release of the drug was observed to

be highly dependent on remaining drug present in the
nanoparticles-loaded in situ gel. Because, the first order kinetic
models of all formulations expressed a linearities above 0.9
(0.915<R2<0.970). Even though, OFX3 and OFX4 released more than
90% after 6 h, the high concentration of Carbopol made the drug
release more independent compared to OFX3, which had the least
concentration of poloxamer 407. This feature was observed as a
higher linearity in zero order kinetics of OFX4 compared to OFX3.
The linearity and slope under each kinetic model for all formulations
(OFX1-0FX6) is tabulated in table 5.

Table 5: The Kkinetic profiles of different in situ gel formulations (OFX1-OFX6) containing slopes and linearities

Formulation Zero order First order Higuchi Hixson-crowell Korsmeyer-peppas
R2 Slope R? Slope R? Slope R2 Slope R? Slope (n)
OFX1 0.900 13.015 0.918 -0.167 0.989 35.964 0.862 -0.535 0.968 0.380
OFX2 0.891 12.729 0.949 -0.208 0.982 35.081 0.961 -0.449 0.922 0.351
OFX3 0.880 13.598 0.965 -0.163 0.995 37.000 0.803 -0.667 0.969 0.342
OFX4 0.894 10.981 0.945 -0.148 0.992 35.473 0.878 -0.470 0.987 0.426
OFX5 0.896 14.058 0.966 -0.168 0.995 36.997 0.863 -0.505 0.988 0.414
OFX6 0.900 13.116 0.964 -0.176 0.982 36.404 0.868 -0.540 0.981 0.421

Initial ‘burst’ effect followed by sustained release was confirmed in the optimized batch OFX3. The initial ‘burst’ effect was confirmed by the rapid
increase in the cumulative drug release more than 35%. Sustained release profile post initial ‘burst’ phase was confirmed by the Fickian diffusion

mechanism (n<0.45).

Scanning electron microscopy (SEM)

The nanoparticles were observed to be in spherical or semi-
spherical shape. The distribution of nanoparticles in the 1 pm level
(fig. 7(a)) was uniform in nature. This states the effective loading of

nanoparticles onto the in situ gel. In the 2um resolution (fig. 7(b)),
aggregation of nanoparticles was observed. This may be due to the
drying process of the SEM procedure. It also helps us the recognize
the polymeric matrix in which the nanoparticles are clumped
together.
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1um ENHT= 10004V
WD = 11.10 mm

Signal A= SE1
Mag= 1680KX

2pm EHT = 10.00 kV

Date: 8 Jul 2024
Time: 15:38.50
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Fig. 7: Scanning electron microscopy image of optimized in situ gel formulation (OFX3) at magnification of (a) 1 pm and (b) 2 pm

In vitro HET-CAM test

A specific experiment called the HET-CAM test was conducted to
investigate the imminence of the optimized formulation. Negative
control (0.9% NaCl) demonstrated non-irritant in the form of normal

tissue vascularization, while positive control (1% NaOH)
demonstrated a moderate irritant that caused hemorrhage quicker
than the negative control and optimized formulation (OFX3). There
was no evidence of an inflammatory response in positive control and
optimized formulation (OFX3). The irritancy score is shown in table 6.

Table 6: Irritancy score of different samples under in vitro HET-CAM assay

Name of sample Haemorrhage time (sec) Lysis time (sec) Coagulation time (sec) Irritancy score Category

0.9% NaCl 300+0.57 295+1.00 290+0.57 0.48+0.01= Non-irritant
OFX3 300+1.53 290+0.57 290+1.53 0.60+0.032 Non-irritant

1% NaOH 210+1.00 180+1.53 150+1.53 8.87+0.01P Moderate irritant

Results are given as mean+SD (n=3). The samples having same letters indicated significant difference (p<0.05, Tukey’s test) between each other.

Ocular Ofloxacin In-situ gel
optimized formulation (OFX3)
(0 min)

Ocular Ofloxacin In-situ gel
optimized formulation (OFX3)
(5 min)

(0 min)

0.9% NaCl Solution (Negative Control)

0.9% NaCl Solution (Negative Control)
(5 min)

S

S

1% NaOH Solution (Positive Control)
(0 min)

1% NaOH Solution (Positive Control)
(5 min)

@

@

Fig. 8: Images of optimized formulation (OFX3) at 0 min and 5 min under in vitro HET-CAM assay

Stability studies

The stability of the optimized formulation (OFX3) was excellent
since the selected formulation parameters were not showing

significant changes even after 3 mo. The pH stayed within the
acceptable limit range of 6.5 to 7.8. The viscosity of the
optimized formulation was increased slightly after 3 mo, yet the
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relative standard deviation (RSD) of the optimized formulation
stayed within the acceptable range before and after STF
(<+x10%). irrespective of exposure to STF with no phase
separation. However, drug content remained fairly constant
during the period within the ICH Q1A (R2) limits (Assay: 90-
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110%). Drug release of the API was above 90% consistently
throughout the experimental period (Drug release:>90% at 6 h).
The stability parameters of the optimized formulation (OFX3)
are tabulated in table 7.

Table 7: Stability parameters of optimized in situ gel formulation (OFX3)

Parameter Initial Mo-1 Mo-2 Mo-3

pH 7.5+0.132 7.6+£0.03ab 7.8+0.03b 7.8+0.08P

Viscosity Before STF 50 rpm 1880.8+14.002 1892.7+10.722 1935.6+16.072 1998.4+12.42b

(cps) 75 rpm 1090.8+30.452 1154.3+25.94b 1133.5+25.112b 1132.8422.752
100 rpm 640.4+25.582 654.2+25.162 655.9+22.502 680.3+28.402

After STF 50 rpm 783.8+14.752 792.2+20.622 805.6+11.372 812.2+22.172

75 rpm 600.3+11.502 625.5+9.712b 657.3+17.98b 639.6+18.822b
100 rpm 394.6+16.402 405.5£16.252 445.5£15.50> 486.4+10.62P

Assay (%) 98.17+0.262 98.67+0.13b 98.34+0.202> 98.05+0.112

Drug release (%) 97.81+2.562 97.84+1.652 98.25+1.612 97.74+1.132

Results are given as mean+SD (n=3). The timepoints having same letters are not statistically different to each other within the row (p>0.05, Tukey’s
test). Besides, there was some statistically significant changes in the selected quantitative parameters over the stipulated period, however, stayed
within the limit. Besides, the viscosity changed significantly (p<0.05, Tukey’s test) irrespective of addition of STF throughout the experimental

period.

DISCUSSION

Absorption maximum at 288 nm is an important peak for
identification of Ofloxacin. Nautiyal et al. (2012) reported the
content uniformity and in vitro diffusion of drug-loaded ocuserts at
288 nm [36]. Similarly, Koska et al. (2021) developed an analytical
technique for ofloxacin and ciprofloxacin by fixing the absorption
maxima at 288 nm [37]. However, some research claims the
absorption maxima (Amax) to be in the range of 291-294 nm [38].
This hypsochromic shift for ofloxacin is observed due to the pH of
the solvent employed for the analytical technique as a result of
change in intensity of protonation effect [39]. The absorption
maxima obtained for ethanol-water mixture (1:1) for ofloxacin (280
nm) was more hypsochromic than the result obtained (288 nm) in
this research. Because, the ethanol in this research was used only for
solubilization in small quantities. Kaushal et al. (2023), on the other
hand, utilized the solvents in equal proportions [40]. Increased
acidity of methanol compared to water is an important reason for
the shift. Hence, solvent pH plays a crucial role in UV spectrum of
ofloxacin [41].

The carbonyl group (-C=0-) of ofloxacin was confirmed by the peak
observed in the range between 1500 and 1700 cm-1[42]. Besides, the
C-F bond was confirmed by observing a peak in the range between
1000 and 1500 cm1[43]. The benzoxazine nucleus was confirmed by
the presence of peaks observed in the range of 900 and 1200 cm™.
These peaks are observed are due to presence of symmetric and
anti-symmetric stretch of C-O-C, which can withstand not more than
200 °C [44].

Particle size distribution and zeta potential were analyzed for the
ofloxacin-loaded nanoparticles before incorporation into in situ gel.
Nanoparticle is generally defined as the structures which are
ranging between 1 and 100 nm [45]. Nevertheless, there is no strict
definition of particle size range since it can go up to a maximum of
1000 nm, as long as it stays within the nanoscopic size. In case of
ocular delivery, the nanoparticles upto a maximum size of 1000 nm
is considered [46]. Even though, smaller particle size offers
improved surface area for absorption in the ocular cavity, it also
possesses a drawback of quicker clearance from the conjunctiva.
Larger particles tend to stay within the conjunctiva for a longer
period, thereby effectively treating conjunctivitis [47]. Very large
particles also are not recommended (= 2500 nm), because, it will be
treated by ocular barriers as a foreign agent and will cause allergic
reactions or rapidly eliminated [48]. The particle size and of the
ofloxacin-loaded nanoparticles was equivalent to existing literature.
Li et al. (2018) reported nanoparticles with mean size approximately
400 nm [49]. The drug-loaded NPs obtained in this research is much
smaller than the mean particle size of nanocrystals of existing
literature. The nanocrystals exhibited a particle size of>600 nm [50].

The particle size obtained in this research was similar to the
emulsification-diffusion and salting out techniques [51].
Nanocrystals produced by Baba et al. (2013) were not uniformly size
distributed since the standard deviation was in the range between
200 and 400 nm for fluorometholone and ranging between 400 and
900 nm for dexamethasone. This is usually due to changes in
parameters during the process leading to inconsistent results.
Sometimes, despite the uniform conditions of process, the particle
aggregation tends to occur, leading to randomized particle size
distribution. The results observed in the DLS failed to exhibit a
polydispersity index below 0.3, which is due to the aggregation of
particles observed in SEM at 2 um (fig. 7(b)). This indicates that the
process parameters must be further optimized to develop smaller
nanoparticles with low polydispersity index (<0.3) than this
research. [48, 52, 53]. Generally, chitosan-based nanoparticles
greater than 100 nm are used for ocular delivery. Sikhondze et al.
(2023) reported the sustained release of the medication from the
formulation releasing more than 80% drug in 6 h. This is obtained as
a result of large particle size distribution (500-1000 nm). It should
be noted that pharmacological activity relies on ocular residence in
cul-de-sac rather than permeation into deeper ocular tissues. [13, 14,
54] Polymers in the formulation interact with the nano particles in a
charge-based mechanism. This influences the particle size of the
nanoparticles incorporated in the formulation. These tend to
neutralize the negative surface charge of the nanoparticles. This
leads to adsorption of polymer on to the surface of nanoparticles. As
a result, the hydrodynamic diameter of the particles is slightly
increased in the formulation. [55, 56] Abbas et al. (2022) reported
the increase in hydrodynamic size after dispersion into in situ gel.
Kesarla et al. (2016) also reported an increase in particle size after
incorporation into the in situ gel for ophthalmic purposes [24, 56].

Zeta potential helps in understanding the surface charge of the
particles. Generally, the zeta potential with>+30mV indicates good
stability, as a result of excellent electrostatic repulsion. As a result of
electrostatic repulsion, there is minimal clumping or agglomeration
of the particles within a sample [57, 58]. High zeta potential does not
rule out the effect of agglomeration. This is due to the phenomenon
of surface chemistry. Due to rough/irregular surfaces of particles,
particle tends to adsorb with each other without forming bigger
particles. This tends to shield the surface electric charge of the
adsorbed particles [59]. When the surface of the particles is smooth
and spherical in shape, Vanderwal’s forces dominate over
electrostatic forces. This is achieved by compression of electric
double layer of particles which modifies the colloidal stability [60].
Sometimes, the zeta potential and PDI is not met sufficiently. PDI is
generally high (>0.3) as a result of presence of traces of dust and
debris. These tiny molecules drive up the strength of PDI through
faster Brownian motion than nanoparticles [61]. Because, the
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particle size distribution obtained in this research recognized only
one sharp peak with high zeta potential. Hence, it is highly possible
due to trace number of debris impacting PDI in spite of the high zeta
potential [62]. The incorporation of nano particles in the in situ gel is
not expected to increase the zeta potential towards neutralization.
The shift in zeta potential observed in this research is plausible due
to polymer adsorption onto the surface of nanoparticles. Similar
trends have been reported for nanoparticle-laden ocular in situ gels
and nanogel systems [24, 56].

The pH of formulations prepared using carbopol 943 were slightly
acidic comparative to those prepared using poloxamer 407. This was
consistent with recent literatures. The in situ prepared using
poloxamer 407 by Kurniawansyah et al. (2020) (6.7-6.8) was slightly
greater than those prepared using carbopol 934 by Anbarasan et al.
(2019) (6.1-6.3) [63, 64]. This mild acidic condition of carbopol 943
based in situ gels is due to the protonating nature owing to multiple
carboxylic acid groups. However, poloxamer 407 is neutral and non-
ionic in nature and typically absent of acidic or basic functional
groups [65].

Shear thinning effect was observed in in situ gels prepared using
poloxamer-407 (OFX1-OFX3). This was due to reduction in viscosity
with increase in speed of viscometer [66]. This non-Newtonian flow
is common in in situ gels [67]. Fascinatingly, this pseudoplastic flow
was not observed in in situ gels prepared using Carbopol 943 (OFX4-
OFX6) up to a specific speed of viscometer. Beyond the point, the
decrease in viscosity was observed similar to non-newtonian fluids
[66, 68]. Formation of bulk network of carbomer molecules is an
important reason for the initial shear thickening process. Gellan gum
is crucial in increasing the viscosity of the in situ gel formulation [69,
70]. The in situ gel formulations exhibited low viscosity, which is
suitable for ocular administration [71]. The increase in viscosity
after exposure to simulated tear fluid indicates the formation of
dense polymeric network within the ocular region, which is crucial
for steady drug release [72]. An interestingly unusual feature of
shear thickening was observed after simulated tear fluid contact.
This is undesirable phenomenon observed in ocular in situ gels as it
causes blurring vision due to buildup of viscosity covering the ocular
region [73]. Dilute solutions with surfactant occasionally experience
shear thickening effect as a result of micellization. Two or more
micelles clump together to form a strong micellar network to resist
initial shear. However, when the shear is further increased, the
micellar network tends to break down developing a secondary shear
thinning phase, which is a significant attribute for shear thickening
liquids [74, 75].

Drug content of the ofloxacin ranged between 96% and 99%, which
is consistent with recent literature. Our research reported a slightly
greater drug content compared to Prabhu et al. [76] No formulation
expressed a drug content more than 100% indicating the effective
application of analytical procedure including proper cleaning to
prevent trace drug in the instrument [77]. This ensures that the in
situ gel was in sol form during the analytical procedure, because, gel
form can cause inaccuracy in results, sometimes, giving
results>100% [78].

The drug release for ocular products is often studied for 6 h, when
compared to conventional of>8 h [79, 80]. Factors like lacrimation,
blinking rate and nasolacrimal drainage govern the reduction of
drug effect within the ocular cavities [81]. The drug release is not
highly possible beyond 6 h in the case of conjunctivitis as a result of
premature tear film break up [82]. The drug release of our in situ gel
was sufficiently better than Narayana et al. (2022). Although, the
drug release expressed zero order kinetics similar to this research, it
released up to a maximum of 80% after 6 h. This is obtained as a
result of more sustained releasing nature of the in situ gel prepared
by Narayana et al. (2022) [83]. It should be noted that sustained-
release formulations must release adequate quantity of drug within
the ocular cavities to ensure the therapeutic activity throughout the
residence time of the formulation [84]. Initial burst of drug release,
which was observed in this research, is an ideal strategy to release
the maximum drug content within the ocular cavities under
specified period. The drug concentration which is loosely
encapsulated with nanoparticles and other free drug present in the
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in situ gel formulation dissolves rapidly as a result of high
wettability. [85, 86] Nayak et al. (2024) expressed the formulations
not showing the initial burst failed to release even 50% of the drug
content in vitro. Hence, the initial burst observed in the formulations
of our research played a pivotal role in the drug release>90% in 6 h
[87]. Sustained release is mainly expressed in the presence of
mucoadhesive network of the formulation prolonging the residence
time with the ocular cavity [85]. The initial phase of burst effect is
helpful in effectively treating the acute conditions of the ailment. On
the other hand, sustained release phase aids in the prevention of
troughs and peaks resulting in a drug concentration within the
therapeutic window [88]. This biphasic nature is observed in
nanoparticles-loaded in situ gels [89, 86].

The Kkinetic release of the in situ gels formulations (OFX1-OFX6)
exhibited a diffusion-controlled mechanism [90]. This mechanism is
related to the concentration gradient of the formulation [91].
Higuchi model was the closely fitted kinetic release model compared
to other models. This release profile compares favorably with recent
studies on thermogelling ocular gels. The drug release of carbopol-
based in situ gels containing ofloxacin was observed to be>90% in
the time range of 4.5 h to 6 h. This indicates the in situ gels
performed in our research released>90% more uniformly at the 6 h
point, attributing to a sustained release [92]. Hydrogel formulations
containing ofloxacin exhibited more sustained release (75-80% at 9
h) than the current research. This phenomenon was possible, since it
followed zero order kinetics. This was achieved by accomplishing
dense crosslinked polymeric matrix. Besides, viscosity was
enhanced by using HPMC in Narayana et al. (2022) [83]. Another
research work of lomefloxacin in situ gel using poloxamer exhibited
initial rapid release equivalent to the optimized formulation OFX3 in
30 min [93]. Following Higuchi model, optimized formulation
(OFX3) mechanistically followed initial immediate release followed
by the slow release occurs as a result of gelation property of
poloxamer and Carbopol-based polymers [94]. This phenomenon is
widely observed in ocular in situ gels. The sustained release is
followed only after the in situ gel thickens increasing the residence
time [95]. The drug release over time is inversely proportional to the
concentration gradient since the drug concentration remaining
within the formulation diminishes. This ultimately leads to the
reduction in the driving force of the drug release process. Hence, it
supports first order kinetics more than zero order kinetic model
[96]. The drug release mechanism is quasi-fickian since the n-
exponent is below 0.45 under Korsmeyer-Peppas model [97]. The
Carbopol-943 in situ gels showed higher n-value than that of
poloxamer [98, 99]. Quasi-Fickian release kinetics (n<0.45) with
Higuchi Model as best fit observed in this study is evident in recent
literature. Formulation of in situ gel Moxifloxacin-loaded
nanoparticles exhibited fickian diffusion, which is water-rich
channels allowing drug molecules to diffuse with minimal
obstruction through temperature-triggered micellization and
subsequent formation of a loosely crosslinked physical gel network
[94, 100].

There was also an increase in linearity of zero order Kinetics
observed for in situ gels, when the concentration of poloxamer 407
was increased [101]. On the contrary, Carbopol concentration was
inversely proportional to the linearity of zero order kinetics. High
viscosity leads to restriction of drug diffusion and hence deviates
from zero order Kinetics [102]. The highest release of OFX3 was
achieved due to an immediate outburst following first order kinetics.
OFX4, on the other hand, failed to provide an equivalent immediate
outburst of drug due to high carbopol concentration [103].

The spherical shape of the nanoparticles was visible in 1pm
magnification at 16.80 kX (fig. 8 (a)). This shape was crucial to
achieve maximum drug entrapment efficiency [104]. This was
observed at a higher magnification in this research (16.80 kX) than
Kalaria et al. (2023) (11.56 kX) [89]. Agglomeration or aggregation
of nanoparticles was clearly visible at lower magnification (11.56
kX). Poloxamer-407 tends to form clumps rather than micelle-
forming surfactant at high concentrations. However, it should be
remembered that these surfactants, especially poloxamer-407,
forms a polymeric matrix to promote sustained release of the API
[104, 105]. This is in contrast with Sharma et al. (2023) since the
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concentration of surfactant used is low concentration in the
optimized formulation [104, 106]. Low concentrations of surfactant
also fail to prevent agglomeration or aggregation of nanoparticles
due to the steric hindrance between particles. However, 4% w/v is
not a low concentration, since, narrow size distribution was
observed [107]. Hence, hydrophobic interaction from the
environment can cause a change in steric barrier and aggregate
the nanoparticles. It was due to the high zeta potential of
nanoparticles the shape and structure of nanoparticles stayed
intact in the highest magnification of SEM [57, 108]. The process of
agglomeration is responsible for the particle size distribution. This
increases the polydispersity index due to the change in the
existing particle size distribution [109]. Formulation processing
parameters like mixing speed impact the particle size distribution
and surface morphology of the nanoparticles. Hence, future
directions of this research include optimization of the formulation
processing parameters to prepare in situ gel with nanoparticles
without undergoing agglomeration effect and possessing
sufficiently low PDI (<0.3) [109, 110].

The in vitro HET-CAM assay is a widely adopted ex-vivo assay for
understanding the ocular safety of the optimized formulation.
The ethical approval of this assay is not mandatory with live
animals not being used in this experimental setup [111].
Furthermore, the predictive power of this study is high because
of the ability to detect coagulation and vessel lysis. The CAM is
highly vascularized and closely resembles to healthy human
conjunctival membrane [112]. The optimized formulation
(OFX3) did not produce any hemorrhage and irritation.
Isotonicity is maintained within the membrane even after the
instillation of optimized formulation (OFX3) [111, 113].

Gatifloxacin in situ gel developed by Kapoor et al. (2019) also
demonstrated a similar isotonic effect leading to the ocular
safety of the formulation via healthy CAM. Sodium hydroxide is
often employed as the negative control to understand the
detrimental effects on CAM as it brings an isotonic imbalance.
Besides, it causes coagulation via protein denaturation creating a
highly alkaline environment caused in the instilled area [112,
114, 115].

CONCLUSION

Targeting the antibiotic within the ocular region is one of the
significant challenges in pharmaceutical industry. The developed
ofloxacin-loaded nanoparticulate in situ gel successfully integrates
controlled release through prolonged ocular residence confirmed
through diffusion-controlled matrix mechanism. The pH responsive
drug release was successfully observed by gelation process under
desired pH through electrostatic repulsion. The ability of
administering this formulation as eye drops with reduced dosing
frequency will enhance the patient compliance and adherence. With
its promising in vitro performance, this formulation warrants
further in vivo evaluation to consolidate its potential as a pioneering
candidate for translational ophthalmic applications, ultimately
benefiting patients with ocular infections. Future in vivo studies will
further consolidate its potential as a pioneering candidate for
translational ophthalmic applications.
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