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SUMMARY

Moxifloxacin hydrochloride, an ophthalmic solution, treats bacterial
eye infections but suffers from rapid lachrymal drainage and poor
corneal penetration. This study aims to enhance corneal penetration
by combining nanoparticles with an in-situ gelling system. Chitosan
nanoparticles were synthesized using the ionotropic gelation method,
guided by a ‘Custom experimental design’ approach. Key parameters,
including drug entrapment efficiency, particle size, and drug release
profiles, were evaluated, and the models fit was analyzed using
ANOVA. Characterization of the formulations included particle
size analysis, SEM, DSC, and FTIR. Sodium alginate nanoparticle
gels were analyzed for gelling capacity, viscosity, and drug diffusion
and permeation studies. Sixteen formulations were created, with
drug entrapment efficiency ranging from 70.9 = 0.08% to 89.7
+ 0.09% and diffusion profiles between 67.3 + 0.03% and
90.6 + 0.08%. The most influential formulation had an average
particle size of 497nm, and SEM revealed slightly agglomerated
particles with uneven surfaces. This formulation exhibited a onefold
increase in permeability coefficient and a twofold increase from the
nanoparticulate in situ gel compared to marketed drops (0.5% w/v)
and the pure drug in situ gel indicating its potential to penetrate
deeper eye layers. The eye irritation study reports no irritation. The
developed formulation also showed enhanced antimicrobial activity
against E. coli and S. aureus compared to commercial samples.
The Moxifloxacin hydrochloride nanoparticulate in situ gel offers a
promising strategy to improve ocular penetration, prolong retention
time, and potentially increase ocular bioavailability.

Key Words: Moxifloxacin hydrochloride, nanoparticle, in situ, gel,
ophthalmic.

Oftalmik Uygulamada Moksifloksasin Hidrokloriir Nanopartikiil
In Situ Jelinin Arastirilmas:

0z

Oftalmik bir soliisyon olan moksifloksasin hidrokloriir, bakteriyel giz
enfeksiyonlarini tedavi eder, ancak hizls lakrimal drenaj ve zayif kornea
penetrasyonundan muzdariptir. Bu ¢aliyma, nanopartikiilleri yerinde
Jellestivme  sistemiyle birletirerck kornea penetrasyonunu artirmay:
amaglamaktadyr. Kitosan nanopartikiilleri, ‘Ozel deneysel tasarim’
yaklagiminin rehberliginde iyonotropik jellesme yontemi kullanilarak
sentezlendi. Ilag tutulma verimliligi, paractk boyutu ve ilag salim
profilleri gibi temel parametreler degerlendirildi ve modelin uyumu
ANOVA kullanilarak analiz edildi. Formiilasyonlarin karakterizasyonu
partikiil boyur analizi, SEM, DSC ve FTIR% igeriyordu. Sodyum
aljinat nanopartikiil jelleri, jel olusturma kapasitesi, viskozite ve ilag
difiizyonu ve gecirgenlik calsmalars agisindan analiz edildi. Ilag
tutulma etkinligi %70.9 + 0.08 ile %89.7 + 0.09 arasinda ve difiizyon
profilleri %67.3 + 0.03 ile %90.6 + 0.08 arasinda degisen on altz
Jormiilasyon olugturuldu. En etkili formiilasyonun ortalama partikiil
boyutu 497 nm idi ve SEM, piiriiglii yiizeylere sahip, hafif kiimelenmis
parcaciklar: ortaya ¢ikardi. Bu formiilasyon, pazarlanan damlalara
(%0.5 alh) ve saf ilag in situ jeline kiyasla geirgenlik katsayisinda bir
kat artss ve nanopartikiillii in situ jelde iki kat arnig sergiledi; bu, daha
derin goz katmanlarina niifuz etme potansiyelini gistermektedir. Goz
tahrisi ¢aligmast herhangi bir tahris rapor etmemektedir. Gelistirilen
Jformiilasyon ayrica ticari numunelerle karsilagtirildiginda E. coli ve S.
aureusa karst gelismis antimikrobiyal aktivite gosterdi. Moksifloksasin
hidrokloriir nanopartikiil in situ jel, okiiler penetrasyonu iyilestirmek,
tutulma siivesini uzatmak ve potansiyel olarak okiiler biyoyararlanimi
artirmak icin wmut verici bir strateji sunmaktadir.

Anahtar Kelimeler: Moksifloksasin hidrokloriiy, nanopartikiil,
in situ, jel, oftalmik.
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INTRODUCTION

Ocular drug delivery remains challenging, with
noninvasive methods predominantly addressing
anterior eye segment disorders. Targeting the ante-
rior region, sustaining optimal drug levels, and pro-
longing residence time pose significant challenges
in designing an effective drug delivery system to the
eye. Conventional eye drops, like solutions and oint-
ments, suffer from poor bioavailability due to rapid
tear drainage and limited contact time. Overcoming
these challenges is crucial for achieving successful
ocular drug delivery and ensuring prolonged efficacy
in treating eye disorders. Incorporating nanocarriers
offers advantages such as controlled and continuous
drug release, longer retention time at the target site,
thus improved penetration, and enhanced bioavail-
ability (Maharjan et al., 2019; Raj et al., 2020).

The strategies adopted in increasing drug pene-
tration via cornea include viscosity enhancers, mu-
coadhesive systems, in situ gels, prodrugs, and col-
loidal carriers like nanoparticles and liposomes. New
approaches for the eye using polymers are milestones
in the delivery of drugs to the pre and intraocular tis-
sues. In situ gels show promise as a practical approach
to prolong corneal retention time and alter ocular
bioavailability (Bhatia et al., 2013; Gote et al., 2019;
Irimia et al., 2018).

In situ gel systems consist of polymers that ex-
hibit sol-to-gel phase transitions with specific physi-
cochemical responses such as pH, temperature, and
ionic concentration. Consequently, the extended res-
idence time of the system will result in a sustained
drug release, enhance the ocular bioavailability, and
reduce the frequent dosing regimen of the medica-
tions, resulting in improved patient compliance (Ma-
jeed & Khan, 2019; Wu et al,, 2019; Yu et al., 2015).

Drug-loaded nanoparticles (DNPs) target the
drug to the frontal part of the eye with enhanced bio-
availability. Biocompatible-biodegradable polymers
from poly(lactide-coglycolide) (PLGA), chitosan,
poly lactic acid (PLA) act as permeation enhancers,

thus enhancing the cellular uptake and reduced tissue
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clearance, and therefore offering a sustained drug de-
livery (Ahmed & Aljaeid, 2017; Clemens et al., 2019;
Wani, et al., 2020).

Moxifloxacin hydrochloride (MOX), an 8-me-
thoxy fluoroquinolone antibiotic, is employed in the
treatment of susceptible microorganisms such as
bacterial conjunctivitis. The two bacterial enzymes,
topoisomerase II and topoisomerase IV involved
bacterial replication translation, repair, and even re-
combination of deoxyribonucleic acid. The drug acts
by binding to the gyrase, thus blocking the action of
these enzymes (Gupta et al., 2019; Miller, 2008).

Research on MOX in situ gel systems has ex-
plored various formulations. One study incorporated
MOX-loaded Eudragit RL100 nanoparticles into a
gellan gum-based in situ gelling system, which exhib-
ited prolonged ocular retention (Kesarla et al., 2016).
Other investigations have examined MOX in situ gel
formulations using different gelling polymers, such as
sodium alginate, gellan gum, and carbopol(Shashank
Nayak et al., 2012) both individually and combined
with mucoadhesive polymers. Additionally, research-
ers have studied diverse nanosystems, including
nano-emulsions in mucoadhesive gel formulations
(Youssef et al., 2022). MOX niosomes have also been
evaluated for their potential in controlled ophthalmic
drug delivery (Kaur & Pawar, 2015).

MOX, being a hydrophilic substance, is antici-
pated to have restricted passage through the corneal
membrane. Chitosan, a naturally occurring polymer,
exhibits antibacterial qualities, forms gels, and pos-
sesses mucoadhesive characteristics. Furthermore,
scientific literature has documented its ability to en-

hance penetration across biological membranes.

Considering the characteristics of both the drug
and polymer, a decision was made to develop a
nanoparticulate system of MOX using chitosan. This
approach offers several advantages. The unique ad-
hesive properties of chitosan allow for proximity to
the corneal membrane, enabling penetration into
deeper corneal layers in cases of severe bacterial in-

fections. Additionally, the gradual release of the drug



FABAD J. Pharm. Sci., 50, 2, 227-242, 2025

from nanoparticles may result in prolonged therapeu-
tic effects. Combining nanoparticles with an in-situ
gel-forming polymer can enhance penetration by
maintaining close contact between the nanoparti-
cles and the ocular surface. Furthermore, utilizing an
ion-sensitive in situ polymer can address precorneal
clearance issues and extend drug action through the
controlled release of nanoparticles from the gel ma-

trix.

Thus, to achieve an optimal drug concentration
and therapeutic potential, we combined a nanopartic-
ulate chitosan system with in situ gels to deliver moxi-
floxacin hydrochloride. This approach enhances drug
permeation through the chitosan-based nanosystem
and increases the corneal retention time through the
sol-gel system, thereby ensuring higher ocular bio-
availability.

MATERIAL AND METHODS

Materials

MOX was obtained from Yarrow Chemicals Pvt
Ltd, Mumbai, India; chitosan (>85% deacetylated,
(molecular weight of 161.16 kDa) was obtained from
Indian Fine Chemicals India; Sodium tripolyphos-
phate and sodium alginate were obtained from Loba
Chemie Pvt Ltd, Mumbai, India. The animal study
was approved by protocol (Institutional Animal Eth-

ics Committee (IAEC) (Ref No: KCP/IAEC/PCOL/
PCEU/62/2020).

Preparation of nanoparticles by ionotropic ge-

lation method

Firstly, the polymer chitosan was dissolved in
1% v/v acetic acid, then the drug was added under
magnetic stirring and continued stirring for one
h. The required crosslinking agent STPP solution
was added to the chitosan solution, homogenized
(Polytron Homogenizer) for 30 min to get nano-sized
particles, and continued stirring. The product was
transferred into a centrifuge tube and centrifuged at
3000 rpm for 30 minutes. From the supernatant, the
particles were filtered and washed with three 10 ml
portions of water. The particles were then dried to
obtain nanoparticles (Mohammadpour Dounighi et
al., 2012; da Silva Furtado et al., 2020)

Experimental design

Custom design using Design Expert software 13
was used to optimize the trials. The concentration
of chitosan (%) and STPP (%) were continuous
factors. Stirring speed (rpm) and stirring time (h)
were used as categorical factors, which were chosen
as independent variables on the responses as given in
Table 1(Elmizadeh et al,, 2013), and the experimental

layout is shown in Table 2.

Table 1. Experimental design with factors and responses

Factors Values
Low level High level
Chitosan (%) 0.25 1
STPP (%) 0.5 1
Stirring speed (rpm) 7500 15000
Stirring time (h) 6 24
Responses Goal

Particle size (nm) 100 500
Drug entrapment efficiency (%) 80 90
Drug release (%) (24h) 80 90
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Table 2. Custom Design Experimental Runs

Formulation code Chitosan (%) STPP (%) Stirring speed (rpm) Stirring time (h)
T1 0.69625 0.64 7500 6
T2 1 7500 24
T3 0.25 7500 6
T4 0.2575 0.64 15000 6
T5 0.8575 0.5454 15000 6
T6 1 7500 6
T7 0.55 0.9955 15000 24
T8 0.7 7500 24
T9 1 15000 6
T10 0.25 7500 6
T11 0.6962 15000 6
T12 0.992 0.46 15000 24
T13 0.3856 0.554 15000 24
T14 0.2575 0.6355 7500 24
T15 0.69625 0.64 7500 6
T16 0.25 15000 24

Evaluation of nanoparticles
Drug content

The amount of moxifloxacin in nanoparticles was
assayed by solubilizing the nanoparticles (10 mg) in 1%
acetic acid, diluted suitably, and drug concentration
was determined by UV spectrophotometrically
(Shimadzu) analytical India at 293 nm (Desai, 2016).

Drug entrapment efficiency

The free drug concentration ofa 10 mg formulation
was determined after dissolving the free drug by
centrifugation at 2500 rpm. The spectrophotometric
determination of the supernatant was carried out at
293 nm after suitable dilution using water as blank. The
following formula calculates entrapment efficiency

(Shelake et al., 2018; Yurtdasg-Kirimlioglu et al., 2018).

_ Total drug - free drug
B Total drug
Particle size analysis

x100

The Horiba SZ-100 nanoparticle dynamic light
scattering (DLS) system determined the mean particle
size and size distribution. The particle size was
analyzed after a suitable dilution in double distilled
water at a scattering method at 90° at 25.2 °C (Mahor
et al., 2016; Mahmood et al., 2017).
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Drug diffusion studies from nanoparticles

A specially designed glass cylinder, open at both
ends, had one end fitted with a pre-soaked dialysis
membrane (pore size of 70). This setup was immersed
in 50 ml of receiver fluid maintained at 37.0°C £ 0.2°C
and stirred magnetically at 100 rpm. The volume of the
diffusion medium withdrawn hourly over 24-hours
period was replaced with an equal volume under
sink conditions. After appropriate dilution, the drug
concentration was analyzed spectrophotometrically at
a Amax of 293 nm (Gadad et al., 2016).

Preparation of in situ gel

Polymeric solutions were prepared by dispersing
the necessary amount of sodium alginate until it
dissolved. The polymeric solution was examined to
assess the impact of concentration on gelling behavior
in the presence of simulated tear fluid (Nanjawade et
al., 2007).

Physical evaluation of gels

Two parameters, transparency and clarity, were
assessed. Clarity was evaluated by visually inspecting
the samples under appropriate lighting against a
dark background. After gently shaking, the samples

were examined for particle presence. The pH of the
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formulations was measured using a calibrated digital
pH meter to ensure compatibility with the ocular

environment (Nanjawade et al., 2007).
Viscosity of gel

The viscosity measurements describe the drop’s
retention time in the eye. A Brookfield viscometer is
used at different angular velocities, 10-100 rpm 37 °C,
to record the viscosity (Gadad et al., 2016)

Gelling capacity

Considering that the volume of fluid retained in
the non-blinking eye is about 30 ul, 3 ml of simulated
tear fluid was used to study the gelling capacity. A
0.5 ml freshly prepared gel was mixed with a 3 ml
volume of simulated tear fluid at 37°C. Time for sol-

gel conversion is noted (Mandal et al., 2012).
Preparation of nanoparticulate gel system

Weighed quantity of drug-loaded optimized
nanoparticles formulation equivalent to the pre-
scribed dose of (MOX Equivalent to 0.5% w/v) in
commercial ophthalmic drops) was taken and dis-
persed into an in-situ gel (1% w/v sodium alginate
solution). The formulation was further scaled up to
obtain the same concentration to form a nanoparti-
cle-loaded in-situ gel (Ahmed & Aljaeid, 2017; Anish
Wani et al.,2020).

Compatibility study by FT-IR Spectra

An ATR-FTIR was employed to study the com-
patibility of MOX, chitosan, tripolyphosphate, and
sodium alginate. Using an IR spectrophotometer
(Alpha-II (Bruker)), samples were examined in the
4000-400cm™ range. The same study was extended to
formulation in the later stage (Gadad et al., 2016).

Zeta potential

Zeta potential was carried out for optimum for-
mulation, approximating their surface charge. Zeta
potential was determined using Horiba SZ-100, which
utilizes an electrophoretic light scattering method,
where specific electrodes contain cuvettes at 20 pug/ml
concentrations. The measurements were carried out
after diluting with distilled water at 25°C at a 90° angle

(Mahmood et al., 2017).
Scanning electron microscopy (SEM)

The surface topography of optimum formulation
was studied using SEM Jeol Japan functioned 15KV
acceleration voltage. After gold sputtering the surface

photographs were captured (Mahor et al., 2016).
Differential scanning calorimetry (DSC)

The heat transition behavior of pure drug,
excipients, and the optimum formulation was
deliberated by weighing 5mg of the MOX, excipients,
and drug equivalent formulations into a non-
hermetically sealed aluminium pan of the calorimeter
(Perkin Elmer 4000) and crimped. It was melting
transitions and changes in heat capacity of the drug
and polymers performed under nitrogen at a 50 mL/
min flow rate at 50-300 °C with an increased rate of 10
°C (Gadad et al., 2016).

Ex- vivo permeation studies

An isolated goat cornea (from a previously stored
eyeball at four °C in saline) sample (n=3) was used to
assessthenanoparticle gel's permeation characteristics.
The cornea and a thin layer of sclera tissue were
isolated, and the nanoparticulate gel formulation
was instilled on the cornea that was mounted on a
diffusion cell assembly (diffusional area of 3.39cm™).
A one ml volume of simulated tear fluid wets the
donor compartment. In comparison, phosphate buffer
pH 7.4 (100 ml) was used as the receiver medium, and
its temperature was regulated at 350C. The assembly
was magnetically stirred at 50 rpm. The sample
concentration in the receiver fluid was determined at
regular time intervals using spectroscopic analysis. A
similar procedure was performed using commercially
available MOX drops and a pure drug-loaded gel. Both
the permeability coefficient and flux were calculated
from the permeation profiles (EIMeshad & Mohsen,
2016). The results of the ex vivo permeation studies
were subjected to statistical analysis using one-way
ANOVA to understand the results to understand the

level of significance.
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Ocular irritancy

All animal experiments complied with the Com-
mittee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA) guidelines and
were carried out under the Prevention of Cruelty to
Animals (PCA) Act, 1960. This study used male New
Zealand white rabbits ((Ref. No. KCP/IAEC/PCOL/
PCEU/62/2020), weighing 1.5 and 2 kg from the in-
stitutional animal facility. The experimental animals
were familiarized for four days before beginning the
study. One eye of each rabbit was used to administer
the drops, whereas the other eye served as a control to
evaluate the extent of irritation. After administering
the nanoparticulate in situ drops into the eye cul-de-
sac, the eyes were monitored at 1, 24, 48, and 72 h and
continued to be observed for up to 7 days. Parameters
such as eye-watering, redness, mucosal discharge, and
swelling were evaluated at these time intervals and
throughout the week (Gadad et al., 2016).

Stability studies

International conference on harmonization.
(ICHQI1 A R)) guidelines, assisted stability conditions
at 25°C+2° //65%+ 5% RH (40°C £2°C 75%=% 5%
RH) for six months. The formulations were stored in
glass vials and evaluated after six months for physical
nature, viscosity, and gelling capacity (Gupta et al,,

2019).
Antimicrobial studies

The antimicrobial study utilized Mueller Hinton
agar medium using the agar cup method, where S.
aureus and E. coli were incubated in broth media to
gain their colony. The medium, after sterilization,
was transferred to Petri plates. The medium was
allowed to solidify under aseptic conditions; after
solidifying the medium, the lawn was made with
0.1ml microorganisms, both strains, in separate Petri
plates. After preparing cups using a sterile borer,
nanoparticulate gel, and marketed moxifloxacin
drops (0.1 ml) were added and incubated for 48 h at
37°C. The zone of inhibition was measured for both

formulations (Swain et al., 2019).
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RESULTS AND DISCUSSION

The custom design assisted in optimization trials
utilized concentration of chitosan (%), STPP (%) was
chosen as continuous factors, stirring speed (rpm),
and stirring time (h) as categorical factors, for the re-
sponses such as drug entrapment efficiency (%), par-
ticle size (nm), drug release (%). The design generated

16 experimental trials.

The drug entrapment ranged between 70.9+0.08
to 89.7+0.09 %, as shown in Table 3. The NPs com-
prised chitosan and STPP; the coexistence of these
two provides high loading efficiency. The pH of the
STPP solution of about 9 provides OH- and phos-
phoric ions, which may react with cationic NH3+
groups of chitosan, resulting in cross-linking at acid-
ic conditions. The OH- groups responsible for CS
deprotonation compete with TPP. A higher concen-
tration of TPP  disclosed a significant effect on drug
entrapment efficiency (> 85%.) Similarly, a lower
concentration of TPP reduced the drug entrapment
within the nanoparticles by < 70%. However, chi-
tosan concentration had a variable effect on drug
entrapment efficiency values. We could not conclude
the effect of chitosan on drug entrapment efficiency,
as it was invariably different according to the condi-
tions performed. The drug release ranged between
67.3+0.03 to 90.6+0.08% (Figure 1.) and was affect-
ed by the structure of nanoparticles, concentration
of chitosan, and STPP. As seen in T2 and T9, where
the concentration of chitosan and crosslinker is high-
er, the dug release was maximum. Formulation with
higher cross-linking capacity showed significant
swelling; therefore, the drug release greatly depended
on the extent of cross-linking. The lowest drug release
was observed for T11, for which all factors except
stirring speed were at the highest level. Perhaps we
can say that the responses are contributed by permu-
tation and combination effects. The particle size of
the formulations ranged from 350-647 nm. In all the
formulations, except T1, T2, T7, and T13, the parti-
cle size was > 500nm. The properties and concentra-

tions of polymer, cross-linking agents, and processing
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parameters greatly affected the particle size. A lower  cross-linking agent, especially STPP, offers the addi-
concentration yielded a low viscosity and thus might  tional effect of avoiding aggregation of the fine par-

have promoted smaller particles’ formation. Hence, a ticles.

Table 3. Results of responses

Formulation code Average Particle size (nm) Drug release at 24 h (%) Drug entrapment efficiency (%)
T1 430.5+2.24 84.6+0.6 80.5+0.4
T2 350.7+1.89 90.6+0.08 89.4+0.05
T3 597.1x1.4 78+0.01 75.7%0.1
T4 553.3£2.09 77.7+0.8 85.7+0.02
T5 589.3£3.12 77.3+0.06 83.3+0.06
T6 506.8+1.45 84.3+0.01 70.9+0.8
T7 420.5+3.11 81.6+0.05 89.7+0.09
T8 647.3+2.12 85.8+0.9 72+0.02
T9 542.8+2.12 86+0.06 88+0.03
T10 592.8+1.89 80.5+0.07 88.3+0.07
T11 570.2£1.45 67.3+0.3 76.9%0.0
T12 600.2+1.34 74.4+0.06 79+0.05
T13 433.2+1.90 78.1+0.04 85+0.02
T14 580.3x1.11 83.4+0.09 86+0.08
T15 530.2+1.89 84.8+0.01 88+0.4
T16 430.5+1.09 70.6+0.05 78+0.01

In vitro drug release profile from nanoparticles

100

Cumulative drug release (%)

0 5 10 15 20 25 30
Time in h

—e—T1 —e—T2 T3 T4 —e—T5 —8—T6 —e—T/ —e—T8 —8—T9

——T710 —8—T11 —8—T12 —8—T13 —8—T14 T15 T16 —8—

Figure 1. In vitro drug release profile from nanoparticles (T1-T16)
A custom design is an experimental approach ticle size and drug release and a linear model for drug
that addresses various challenges within a structured —entrapment efficiency. A summary of the responses is

framework. Fit statistics suggest (Table 4) 2FI for par-  shown in Table 5.
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Table 4. Fit Summary of the Responses
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B TPP (%)

B:TPP (%)

Desirability 1.000

s [LE9 a7 aas
A: Chitoson conc (%}
drug entrapment (%)

59)]
Prediction 59 4947]

5]

as ass a7 aas
A Chitosen conc (3]

B TPP (%)

B TPP (3)

Parameter Source Se;::ﬁial L;C_l:,;flle:it Adjusted R* Predicted R stfggoeii J
Particle Size 2FI 0.0073 0.9970 0.8496 0.8109 Suggested
Drug Entrapment Linear <0.0001 0.9878 0.8632 0.8073 Suggested
Drug Release 2F1 0.0022 0.0971 0.9745 0.8130 Suggested
Table 5. Statistical Evaluation of the responses
Source p-value
Particle Size Drug release (%) Drug Entrapment Efficiency (%)
Model 0.0114 Significant Model 0.0002 Significant Model <0.0001 Significant
A'Cczittl‘zsan 0.6303 NS A 0.0034 S A 0.0548 NS
B-TPP 0.0053 N B <0.0001 S B <0.0001 N
C'sslfiefcilng 0.8743 NS C <0.0001 S C 02117 NS
D'fitri:ei“g 0.3789 NS D 0.0541 S D 0.9329 NS
AB 0.0207 S AB 0.0868 NS
AC 0.0030 N AC 0.0029 N
AD 0.0693 NS AD 0.1564 NS
BC 0.1091 NS BC 0.0003 S
BD 0.0431 S BD 0.0397 S
CD 0.0238 S CD 0.0337 S
Residual Residual
Lack of Fit |  0.9970 Sigggzam Lack of Fit |  0.0971 Sigggzam Lackof Fit | 09878 Sigrﬁgzm
S=Significant NS: Non-significant
Desirability particle size (nm)

Prediction 450968

ass a7
A Chitoson conc (%)
drug release (%)
-

Prediction BZ 4772
B

ass a7
A Chitosen conc (35)

Figure 2. Predication profiler for the experimental runs
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As per the surface response graphs (Figure 2), the
chitosan concentration positively affected the particle
size. Meanwhile, with a higher concentration of TPP,
particle size was low and gradually increased as the
concentration increased, with an additional curvature
effect from high-order interactions. However, drug
entrapment efficiency was a linear factor of TPP
concentration, and chitosan concentration had a
reverse effect. A similar response was observed in the
drug release profile; an increase in the concentration

of chitosan resulted in a decrease of this parameter;

a

Z-Averago 503.1 nm
PI 1.139
[——wa
-0
2 ;
-80
-70
15 ' 60
| “
10 -40
30
5 20
10
[ 2 e R | | ey \n R
0.1 1 10 100 1000 10000

Diameter (nm)

however, the interactive effect of the cofactor, chitosan
concentration, had a noteworthy impact on drug

entrapment efficiency.

The desirability approach specifies how to deal with
multiple response processes and how the ranges are
close to the optimum, which has values of zero to one.
At a maximum desirability value of 1, the optimized
formulation exhibited a particle size, zeta potential,
and in vitro drug release profile of 503.1nm, -41.6mV,
and 90.7%z 1.01%, respectively.
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Figure 3. a) Particle size distribution of optimum formula b) Zeta potential

In vitro drug release profile
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Figure 4. Comparative in vitro drug release profile of pure drug vs Nanoparticles

A comparative drug release profile of optimum
nanoparticle formulation (Figure 4) against marketed
drops (Moxicip) showed a rapid drug release from
marketed drops and 99.34+1.8% drug release in 6 h

compared to a sustained drug release from optimised

nanoparticle formulation. It took 24 hours for
90.7+1.6% of the drug to get released. The delay in
drug release suggests a crosslinked form of chitosan,
which may require time to deprotonate and release the

drug from the networks.
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Figure 5. Surface photograph of optimized formulation

The surface photograph of the nanoparticles disoriented the structure of the chitosan, contributing

in Figure 5 reveals slightly distorted particles with to this unevenness.

uneven surfaces. The high stirring speed may have
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Figure 6. DSC thermogram of a) Pure drug, b) Physical Mixture c¢) Optimized NP formulation
endothermic peak at 239°C, while in the physical

mixture, the peak shifts slightly to 259°C. An
endothermic peak appears at 208°C for the optimized

The thermal behavior of Moxifloxacin
hydrochloride (MH) and its nanoparticles (NP) is
directed to the heat impact on both the polymer

%r31g MH. The DSC thermogram of MH displays an formulation, as optimized Figure 6. These results
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suggest that in nanoparticle form, the drug’s solubility
decreases due to chitosan, a solubilizing agent,
contributing to MH’s melting point. Consequently,
this promotes the retention of the drug within the
polymer matrix. Upon contact with an aqueous
medium (pH 7.4), the drug release increases due to

the reversal of these effects.

Polymer solutions (0.5%, 1%, and 1.5% w/v)
were studied for their gelling, physical, and viscosity.
The 0.5% w/v concentration remained liquid under
physiological conditions, whereas the 1% w/v

concentration exhibited good gelling action. The

Table 6. Evaluation of In Situ Gel

1.5% w/v concentration showed high viscosity under
the studied conditions, as detailed in Table 6. Sodium
alginate is an ion-responsive polymer. It contains
monomeric sugar units such as mannuronic acid (M
moiety) and guluronic acid (G moiety), with gelation
depending on the ionic interaction between the cation
and the carboxyl functional group of the G moiety.
In the presence of divalent calcium ions, the sodium
alginate solution undergoes a sol-to-gel conversion,
which is ion and concentration-dependent. The
gelling properties were evaluated using scores: (+:
slow), (++: immediate and short-time effect), (+++:

immediate and extended period).

Sl.no Concentration % Clarity pH Viscosity (Cp) Gelling capacity
1. 0.5 Clear 7.4+0.04 15.2 +

2. 1 Clear 7.4+0.07 34.8 +++

3. 1.5 Turbid 7.4+0.02 59.3 ++

Note: + Gelled slowly and lost its consistency immediately, +++, Spontaneous gelling retained its consistency up to 8.5

h, ++ Spontaneous gelling, retained its consistency up to 5 h.Optimized nanoparticle-loaded in situ gel formulation

was studied for its clarity, pH, drug content, and viscosity to know the extent of drug retention on the eye. The

nanoparticulate gel (1w/w alginate gel base) was clear without any gritty particles by visual observation, had a pH of
7.4£0.04, and drug content of 87.5+0.2%. The viscosities of the gel formulation before and after the addition of STP at

various angular velocities are given in Figure 7. As seen, in the absence of STE, the viscosity was increased by increasing

the rpm, whereas after combing with STE there was a decrease in viscosity with an increase in rpm.

Comparative viscosity of nanoparticulate gel
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Figure 7. Comparative viscosities of nano particulate gel in the presence and the absence of SNF
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The drug permeation rate from the NP in situ gel
was 91.5 + 0.02%, compared to 70.4 + 0.05% for the
puredrug-loaded geland 69.12 +0.7% for the marketed
Moxicip drops (0.5%) over a 24-hour release study, as
illustrated in Figure 8. The NP gel formulation showed
sustained activity for up to 24 hours, with a peak at
six hours, indicating prolonged action of the in-situ
gel. While both the marketed formulation and the
pure drug gel achieved a maximum drug permeation
of approximately 70%, the developed NP in situ gel
demonstrated a faster onset of action, comparable to
the marketed drops. The ex-vivo permeation results
showed a higher flux of 3.02 £ 0.3 cm/h x 1043, a
permeability coefficient of 0.73cmh"'10°. and rapid

permeation for the NP in situ gel. In comparison, the

pure drug gel had a flux of 0.64 + 0.04, a permeability
coefficient of 0.30, and the marketed Moxicip drops
had a flux of 1.64 + 0.08 pg/cm’/h and a permeability
coeflicient of 0.60. ANOVA results shows that there
was statistical difference between the permeation
profiles of the three formulations studied p>0.05). The
significant mucoadhesive properties of chitosan, due
to electrostatic interactions and hydrogen bonding
with anionic mucin, prolong corneal residence time.
The pH-responsive nature of the polymer can also
help control drug delivery and extend drug release.
Additionally,

properties and the colloidal size contribute to its

chitosan’s  permeation-enhancing

effectiveness.
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Figure 8. Ex-vivo permeation profile of NP-loaded gel, pure drug-loaded gel and marketed product

The optimum MOX-loaded gel formulation (OF)
was subjected to short-term stability studies for 3 m
at 25°C + 2°CRH and 40°C + 2°CRH. The result of

physical appearance shows that there was no change at
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different storage conditions. No notable changes were
observed in viscosity and gelling capacity at both stor-

age conditions, as shown in Table 7.
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Table 7. Stability Studies

Physical appearance Viscosity (cps) Gelling capacity (min+SD)
SLNo | Days
OF ‘ 25+2°C ‘ 40+2°C OF ‘ 25+2°C ‘ 40°+2°C OF ‘ 25+2°C ‘ 40°£2°C
1 0 Free-flowing and clear 111£1.1 0.5+0.03
2 180 Free-flowing and clear 111+1.1 ‘ 145+1.9 ‘ 200+2.2 0.5+0.03 ‘ 0.5+0.07 ‘ 0.6+0.02

The FTIR of the drug, drug/excipients, and the
optimum formula are given in Figure 9. Compatibility
studies showed that there is no interaction between
drugs and excipients used. Peaks for drug and
excipients were observed within the stretching range
1500-1700 for carboxylic Acid (C=0), 1550-1500
for nitro compound N-O, 840-790 for aromatic

Substitution C, 1400-1000 for fluoro compound C.
The observed ranges for optimum formulation were
within the stretching range 3550-3200 for Alcohol
O-H, 2000-1650 for Aromatic compound C-H, 1550-
1500 for Nitro compound N-O, and 1400-1000 for
Fluoro compound C-E.
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Figure 9. FTIR spectrum of NP formulation

The optimum MOX-loaded was studied for its irritation on rabbit eye against as a control—seven days to see

the eye’s irritation and redness (Figure 10). There were no signs of watering or inflammation.

Figure 10. In vivo eye irritation study (a) Control, (b) Normal rabbit eye, before instillation of the drops, (c)

Instillation of optimum formulation, (d) After instillation, observation for 7 days.
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Table 8. Antimicrobial Study

Zone of Inhibition*(mm)
Organism
Marketed Formulation Developed formulation
S aureus 34.6+0.4 38.6+0.4
E coli 38+0.8 45.6£0.9

The antimicrobial study indicates that MOX
retained its antimicrobial property when formulated
into nanoparticle-loaded in situ gel, as shown in
Table 8. Also, the study showed that the developed

formulation reflected more antimicrobial activity

compared to the marketed formulation, as shown in
(Figure 11) this may be due to the combined effect

of polymer, gel, and the drug and because of its more

penetration power

Figure 11. Zone of inhibition of (a) organism E. Coli (b) Organism S. aureus, (F): Developed formulation
(M): Marketed formulation.

CONCLUSION

The study aimed to develop a colloidal carrier-
based in situ gel for ophthalmic delivery of
moxifloxacin hydrochloride to treat deep corneal
infections. Chitosan-MX nanoparticles, prepared
through experimental design, were incorporated into
a sodium alginate in situ gel. The ex vivo permeation
profile demonstrated that the optimized formulation
provided higher permeation and extended drug
action compared to the marketed eye drop (Moxicip
- 0.5% w/v). The formulation exhibited superior
antimicrobial activity against both gram-positive
and gram-negative bacteria, comparable to that of
marketed formulations, and was non-irritating to

the eye. The combination of chitosan nanoparticles-
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loaded in

bioavailability, increased corneal retention time, and

situ gel showed enhanced ocular
reduced frequency of drug administration, thereby
improving patient compliance. Additionally, this
approach offers clinicians a new, cost-effective, safe,
and eflicient option for ocular drug delivery.
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