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Introduction

Bacterial infections constitute a major category of ocular
diseases, including conjunctivitis, endophthalmitis, keratitis,
blepharitis, dacryocystitis, and orbital cellulitis. Bacterial
conjunctivitis, sometimes referred to as "pink eye," is
frequently encountered in primary health clinics, where
the individuals are presented with ocular redness, and
mostly coupled with ocular discomfort, itching, and discharge.
Additionally, bacterial conjunctivitis contributes to elevated
morbidity and might presented ina more complicated
scenarios for clinicians[1].

Sulfacetamide (SAC) is widely used in the management of
ocular topical infections owing to its antibacterial properties. This
class of sulfonamide antimicrobial agents has bacteriostatic
properties and show broad-spectrum activity mostly against
Gram-positive and some Gram-negative pathogens. It serves as
a competitive antagonist to para-aminobenzoic acid, inhibiting its
conversion into folic acid, a key metabolite for bacterial nucleic
acid synthesis, consequently hindering bacterial growth[2].

A major difficulty in ocular drug delivery is to attain and
sustain the drug concentration at the therapeutic level at the site
of action while ensuring prolonged drug release duration[3].
Traditionally, extending the contact duration of ophthalmic
formulations with the ocular surface can markedly enhance their
residence length and, consequently, their therapeutic
effectiveness. Various strategies are employed to address this
issue, including the use of viscosity-enhancing agents in eye
drop formulations or the development of a water-insoluble
ointment. Regrettably, these approaches yield only a marginally
prolonged drug release relative to traditional eye drop solutions,
and a highly viscous formulation may induce ocular irritation and
pose challenges in dosing and application[4].

Moreover, these traditional dosage forms require more
frequent administrations daily while being continuously
eliminated from the ocular surface by tear formation and
nasolacrimal drainage, thereby drastically reducing drug
bioavailability to 1-7%[5].

The practical challenges described in the preceding
paragraph have majorly driven the pursuit of innovative ocular
drug delivery systems, such as ocular inserts, which serve as a
means for the release of one or more pharmacologically active
ingredients. These inserts can be described as sterile, thin, multi-
layered, drug-loaded devices with solid or semi-solid
consistency, designed for insertion in the cul-de-sac or
conjunctival sac[6].

Compared to conventional ophthalmic formulations such as
eye drops, ocular inserts generally offer advantages including
improved ocular retention, dosing precision, diminished systemic
absorption, decreased frequency of administration, targeted
delivery to internal ocular tissues via the non-corneal route
(conjunctival), regulated drug release, and extended drug shelf
life.[7]

Inserts are categorized as insoluble, soluble, or
biodegradable according to their solubility, and the medicine
released from the insert is dependent upon diffusion, osmosis,
and bio-erosion[8].

One example of an ocular insert is Lacrisert® (5 mg of
hydroxypropy! cellulose), which is used to treat moderate to
severe dry eye conditions. Lacrisert is a sterile cylindrical dosage
form manufactured by Merck, Sharp, and Dohme in 1981. It
generally dissolves after 24 hours; hence it does not require
removal following the designated insertion duration[9].

Recent research focused on developing ocular inserts for
controlled and extended drug release; specifically, a combination
of hot-melt extrusion and 3D printing was employed to create
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ocular inserts containing ciprofloxacin-HCI, which offer a
sustained release profile for a minimum of 24 hours, followed by
complete degradation after insertion[10].

The current research seeks to effectively produce a SAC
insert that facilitates extended drug release along with complete
biodegradation after total drug release.

Materials and Methods

Materials

Sulfacetamide Sodium (SAC) (TCl chemicals, Japan)
(purity: 99%), PVP K90 (purity: 98% M.W: 360 kDa), eudragit
(Eu.) RLPO (Shanghai Macklin Biochemical co, China) (purity:
98% M.W: 32 kDa), dibutyl phthalate (DP) (Heowns, China)
(purity: 99%), sodium alginate (Alg.) (Sigma-Aldrich, Germany)
(purity: 99% Viscosity: 2000 cps), polyethylene glycol 400
(PEG), sodium chloride (NaCl), sodium bicarbonate (NaHCO3),
calcium chloride (CaCl2) (Loba Chemie, India) (purity: 98%) and
marketed product (M.P) Locula (Sulfacetamide Sodium 10%)
eye drops from local pharmacy. All other chemical reagents and
solutions used were of an analytical grade.

Methods
Inserts preparation

Inserts were formulated according to weight/volume
percentages as outlined in Table (1) . The solvent-casting
technique was employed to fabricate the desired inserts. Initially,
20 ml of deionized water (D.W) was preheated to 60 °C, and the
physical mixture of SAC-matrix polymers was thereafter
introduced into the D.W and vigorously stirred at 1400 rpm using
a magnetic hot plate stirrer for 30 minutes. The stirring procedure
continued, and 30% w/w PEG 400 (plasticizer) was incorporated
based on the total polymeric weight of the insert. Following 30
minutes of stirring, the polymeric dispersion was allowed to settle
to room temperature and subsequently stored at 2-4°C for 24
hours to facilitate optimal polymer swelling and hydration. Then
the stored polymeric dispersion was warmed up at room
temperature for 4 hours, after which 18 ml of the dispersion was
cast in a cylindrical plastic Petri dish measuring 1 cm in height
and 6 cm in diameter. The cast mixture was dried at room
temperature for 72 hours. The drying process formed a thin,
flexible polymeric film, which was further cut using a round,
sharp-edged steel borer to attain the final specified dimension of
a 10 mm diameter circular insert[11].

The inserts formed in the preceding steps were immersed for
5 seconds in 10 ml of an ethanolic solution containing the rate-
controlling membrane-forming polymers, together with 10% w/w
of DP as a plasticizer (Table (1)). Subsequently, they were
allowed to dry for one day at room temperature and thereafter
stored in a desiccator for further assessment. The final insert
consisted of a thin and flexible polymeric film comprising a matrix
layer encased by a rate-controlling layer[12].

Table (1): Composition of SAC inserts.

Matrix layer wiv Rate control layer
w/v
F Eu. RL
SAC PVP K90 Alg. P‘O PVP K90
1 1 3 1.5 - -
2 1 7 1.5 - -
3 1 10 1.5 - -
4 1 7 1.5 5 -
5 1 7 1.5 10 -
6 1 7 1.5 15 -
7 1 7 1.5 - 5
8 1 7 1.5 - 10
9 1 7 1.5 - 15
10 1 7 1.5 15 5
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Physical appearance

The evaluation of the developed ocular inserts was
conducted visually, focusing on surface roughness, shape, size,
and color.

Thickness

The mean and standard deviation of ten inserts have been
calculated to confirm thickness uniformity. The thickness of each
insert was measured at three distinct places using a digital
vernier caliper (Shanghai, China) [13].

Weight variation

A weight variation test was conducted using an electronic
balance (Kern ALS 220-4N-Germany), and the mean weight of
five randomly selected inserts from each batch was measured,
and the standard deviation was recorded [14].

Surface PH

The prepared inserts were immersed in 1 ml of distilled water
for fifteen minutes, after which a pH meter (HANNA, USA) was
directly applied to their surface. The resultant values were
documented. This procedure was executed for three randomly
chosen inserts from each batch; their pH values were averaged,
and the standard deviation was calculated[15].

Folding endurance

is an assessment utilized to evaluate the flexibility and
foldability of an insert post-insertion. The test was conducted by
repeatedly folding the insert between the index and thumb until
it exhibited signs of fracture and cracking, with the total number
of folds recorded as the folding endurance value[16].

Drug content

For each produced batch, ten randomly selected inserts
were utilized for the SAC content analysis. Each insert was
immersed in 100 ml of tear-simulated fluid (TSF) consisting
of 0.67 g NaCl, 0.2 g NaHCO3, 0.008 g CaCl,, and distilled water
to a total volume of 100 ml at 37°C for 24 hours with continuous
stirring. A solution sample was filtered using a 0.45 pm Whitman
filter and analyzed at 257 nm with a UV-VIS spectrophotometer,
from which the average drug content for each batch was
determined[17].

Swelling index percent (S1%)

A vacant steel threaded mesh was weighed and
subsequently immersed in TSF. An ocular insert was weighed in
its dry state and placed on the mesh, with the combined weight
of the dry insert and the mesh recorded as the initial weight. The
loaded mesh was extracted from the TSF at specified intervals
and reweighed after carefully eliminating any surface moisture;
this weight was designated as the final weight. The swelling
index percentage (SI %) was computed using the formula
provided below[18]:

Final weight — Initial weight
S. 1% = — - x 100
Initial weight

In vitro release study

A study was conducted using a Franz diffusion cell with a 22
ml receptor compartment and a 5 ml donor compartment,
separated by a dialysis membrane with a molecular weight cut-
off of 12,000-14,000 Da, to evaluate the release of the produced
inserts and a marketed product (M.P.). The dialysis membrane
was immersed in TSF for 24 hours prior to application[19]. The
insert was positioned in the receptor compartment with 100 pl of
TSF, while the receptor compartment was filled with TSF and
maintained at a temperature of 37°C £+ 0.5°C. One milliliter of
solution was extracted from a sampling opening in the receptor
compartment and simultaneously substituted with one milliliter of
TSF, with this procedure being repeated frequently every hour
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for a duration of 12 hours [20]. The drawn sample was analyzed
for drug content using a UV-VIS spectrophotometer at 257 nm
following filtration using a 0.24-micrometer syringe filter[21].

Drug Release Kinetics

The kinetics of drug release were analyzed for the
formulated inserts. The mathematical kinetic models utilized in
the research were zero-order kinetics, first-order kinetics,
Korsmeyer-Peppas, and Higuchi. This task is carried out by
DDSolver. The kinetic model exhibiting the highest coefficient of
correlation was chosen[22].

Ex vivo Bio adhesion

This test involved fixing goat conjunctival tissue to a
stationary plastic platform using cyanoacrylate adhesive, while
the ocular insert was secured to a separate, freely movable
platform. The conjunctival tissues were surgically removed using
a clip from goat eyeballs obtained from a local slaughterhouse.
The film-holding platform was firmly placed on the tissue-holding
platform with gentle, constant finger pressure for one minute.
The mobile platform was attached to a delicate yet firm plastic
filament and suspended from an iron stand. At the opposite end
of the plastic filament, a plastic container with a specified weight
was connected. Upon completion of the preceding procedure,
water was introduced into the plastic container via a glass burette
at a rate of two drops per second. The test endpoint was
achieved when the film was detached from the tissue, and the
collected water was weighed and designated as bioadhesive
strength, while the force of adhesion and bond strength were
calculated using the following formulas[23]:

Force of adhesion (N) = (Bioadhesive strength (g.) x
9.81 gravity acceleration )/1000

Bond strength (N m-2) = Force of adhesion/film surface
area

Ex vivo drug permeation study

the same methodology employed in the in vitro release study
was utilized, substituting goat corneal tissue for the dialysis
membrane. A surgical clip was utilized to remove this tissue and
several segments of the scleral tissues from goat eyeballs freshly
obtained from a local slaughter. The acquired tissue was
thoroughly rinsed with a cold 0.9% (w/v) normal saline solution
to be sure the tissue surface was devoid of proteins. the tissue
was positioned so that the corneal surface oriented towards the
donor compartment of the Franz cell [24]. A graph illustrating
cumulative drug release against time was generated from the ex
vivo permeation data, and several parameters were computed
as follows[25]:

ug
cm?h

1. Steady-state drug flux (Jss) as the slope of the fitted

linear curve.

2. Lag time (Tlag) Determined by extrapolating the fitted linear
curve to the x-axis.

Mechanical characteristics

The evaluations were performed utilizing the ASTM
International Test Method for Thin Plastic Sheeting (D 882-02)
texture analyzer (Tinius Olsen UK). A film specimen of 40 x 20
mm was secured by two steel grips; the initial distances between
the grips were recorded, along with the separation speed of the
grips. The test endpoint was attained when the film ruptured, and
the maximum distance between the grips at that instant was
recorded. Tensile strength (TS) and percent elongation at the
breakage point (E%) were computed using the following
formulas[26]:

Tensile Strength = force of break (N)
/ Cross sectional area (mm?2)

PMPJ. PMPJ. Vol. 10(5), 2025

o =2~ P00 100
°~ 7 Do

Where DO is the initial distance between the grips and Df is
the distance between the grips at the breakage point.

Sterility test and post-UV evaluations

All inserts were prepared under aseptic settings using pre-
sterilized instruments and then exposed to UV radiation for one
hour in a UV hood[27]. An evaluation of the sterilized inserts was
undertaken to confirm that no alterations in physical or chemical
characteristics occurred. Trypticase Soy Agar (TSA) and
Thioglycollate Broth (TB) were utilized to verify the sterility of the
insert. A sterile swab was collected from both insert sides and
the edges for inoculation onto TSA, while the inserts were
directly submerged in the liquid medium of TB. Both mediums
were incubated at 30-35°C and monitored for 14 days for any
microbial growth[28].

Ocular irritation test

The ocular irritation test was conducted in accordance with
the Draize test and as outlined in the OECD Test Guideline 405
(Test No. 405: Acute Eye Irritation/Corrosion 2017), and the
Institutional Ethical Committee of Department of Pharmacy,
Mustansiriyah University reviewed and approved the protocol
(no.31). The test was performed to verify that the insert was non-
irritating to ocular tissues due to its distinct polymeric
composition, extended exposure to the insert, and the eye's
sensitive nature[29]. Six healthy White New Zealand rabbits,
each weighing between 1.8 and 2.0 kg, were properly chosen.
An individual insert was positioned in the upper conjunctival sac
of the left eye of each animal after delicately retracting the upper
eyelid from the eyeball and thereafter applying gentle pressure
to secure the insert's stable location. The right eye served as the
control for the experiment. The eye with the insert was observed
for irritation at 1, 6, 12, 18, 24, 48, and 72 hours following
insertion[30]. The irritation was evaluated using the grading
system established in 1SO-10993-10[31]. Symptoms of ocular
irritation or injury to the cornea, iris, and conjunctivae, such as
aberrant discharge, conjunctival hyperemia, edema, and corneal
opacity, were noted and evaluated using a 3-point scale (0 = no
alteration, 1 = mild alteration, 3 = obvious alteration)[32].

FTIR and DSC Compatibility Study

FTIR spectroscopy was performed separately on both the
drug and polymers, followed by a comparison with the final
optimal formulation using the pressed disc technique. The
potassium bromide dispersion technique was employed to
ascertain the IR absorption spectra of SAC. This procedure
involved combining the tested substance with potassium
bromide salt, and the resulting physical mixture was compressed
using a manual hydraulic press. A round and compressed pellet
is generated from the former procedure, which is then positioned
in a sample container within the FTIR device and scanned
across the wave number range of 400-4000 cm™ [33]. The
primary absorption peaks were documented and compared with
previously published data[34].

For the DSC analysis, a sample of approximately 3-6 mg
was placed in a sealed, flat-bottomed aluminum pan and heated
at a scanning rate of 10°C/min to a maximum temperature of
300°C under nitrogen purge gas, during which the thermal
behavior of each component was recorded individually and
subsequently compared to the thermal behavior of the final
optimal formula[35].

Stability studies

A selection of optimal inserts were stored in a sealed glass
jar within a desiccator containing varying concentrations of
sodium chloride to maintain relative humidity levels of 60% + 5%
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at a temperature of 25° + 2°C for 90 days in order to assess the
effects of environmental factors such as humidity and
temperature[36]. The inserts were assessed for thermal
properties initially and at thirty-day intervals. Additionally,
mechanical properties, surface pH, folding endurance, drug
content, and percentage of drug content were examined [37].

Statistical analysis
All data shown represent the mean of three measurements,
accompanied by *standard deviations. A one-way analysis of

variance (ANOVA) was used for statistical analysis, with p <
0.05, which implies a significant difference.
Results and Discussion

General evaluation

All inserts were assessed for folding endurance, pH, weight
variation, thickness, drug content, and percentage of drug
content (Table 2).

Table (2): SAC inserts evaluation parameters and results of all prepared formulations.

F Folding endurance pH Weight Thickness(mm) Drug content
variation(mg) content(mg) percentage (%)

1 Over300 6.97+0.02 34.26+1.64 0.22+0.03 4.79+0.22 95.81+4.47
2 Over300 6.94+0.01 63.41+1.01 0.44+0.08 4.67+0.32 93.4346.50
3 124+14.06 6.99+0.02 74.76+0.79 0.46+0.05 5.07+0.27 101.30+5.43
4 Over300 6.96+0.02 75.18+1.02 0.46+0.05 4.78+0.36 95.52+7.21
5 Ove 300 6.96+0.01 78.09+1.01 0.49+0.04 4.73+0.28 94.63+5.66
6 Over300 6.97+0.02 81.30+1.21 0.53+0.06 4.68+0.39 93.70+7.84
7 75+7.12 6.93+0.02 71.34+1.54 0.44+0.04 4.60+0.35 91.97+6.94
8 73+10.40 6.95+0.01 81.59+2.12 0.54+0.07 4.93+0.46 98.57+9.18
9 61+11.43 6.96 +0.02 93.66+1.77 0.59+0.07 5.17+0.39 103.32+7.82
10 Over300 6.98+0.02 84.10+1.42 0.54+0.05 4.89+0.29 97.75+5.89

The developed films were circular, consistent in appearance,
slightly yellowish, and smooth in texture. They exhibited no
evidence of surface imperfections, roughness, or phase
separation between the matrix and the drug, indicating uniform
drug distribution[38].

Their diameter was 10 mm, conforming to the permissible
maximum diameter of 10 mm [39].

Their thickness values varied from 0.22 mm to 0.59 mm,
falling within the permissible range of 0.3 to 1 mm[40].

The recorded surface pH ranged from 6.93 to 6.99, which is
within the acceptable range of 6.5 to 7.5; hence, it can be
confidently asserted that no ocular irritation is anticipated[41,
42].

Most of the evaluated inserts demonstrated appropriate
folding endurance (exceeding 300), suggesting acceptable
mechanical resistance to deformation. So, these prepared
inserts can be effortlessly handled and positioned within the
conjunctival sac without compromising the film's integrity[43].
Still, F3, F7, F8, and F9 failed to pass the folding endurance test
due to their elevated PVP K90 concentration.

The test for SAC content yielded values between 4.60 and
5.17 mg, with a percentage range of 91.97% to 103.32%. These
results conform to the accepted pharmacopeial standards for
drug content uniformity, which is 85% to 115%, and exhibit a low
standard deviation that is within allowed ranges[44, 45].

The results demonstrate consistent weight across the
formed films, as evidenced by a low standard deviation,
suggesting effective homogenization and uniform distribution of
the medication and polymer within the film[46].

All polymers exhibited nontoxicity and biocompatibility, and
all developed inserts complied with the specified pH range,
thickness, and drug content [41].

Swelling index percent (S1%)

The water absorption or swelling index percentage following
the placement of an ocular insert in TSF indicates the hydrophilic
or hydrophobic characteristics of the polymeric composite[45]. It
is regarded as a determinative factor in drug disintegration and
release, linked with the host's acceptance, indicating whether it
would elicit a foreign sensation during placement. Moreover,
effective water absorption and a certain level of surface
degradation can facilitate the creation of a smooth-surfaced
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insert, enabling optimal integration with adjacent tissue post-
insertion and minimizing the risk of rejection or expulsion.
Excessive swelling or surface degradation (excessive particle
leaching) can undermine the insert's capacity to adhere to
surrounding tissues and induce a foreign body sensation[47].

F1-F3 exhibited a SI% over 240% accompanied by
significant polymer leaching. The extreme swelling exceeding
100% due to fast polymer leaching may induce an unpleasant
foreign body sensation in the eye. Furthermore, F4-F7 exhibited
a maximum Sl1% compared to F1-F3, but with tolerable polymer
leaching, resulting in incomplete degradation due to its Eud.
RLPO content[48]. In the meantime, F7, F8, and F9 attained a
maximum SI% of around 94%, yet exhibited an unsatisfactory
fast polymer leaching comparable to F1-F3 owing to their
elevated PVP K90 concentration. In the end, F10 achieved a
satisfactory maximum SI% of 98% within 50 minutes,
subsequently declining steeply over time. Overall, the
combination of PVP K90 with Eud. RLPO resulted in a rat-
controlling layer that produced a firm yet flexible insert, efficiently
resisting excessive swelling while enabling appropriate polymer
leaching, as illustrated in Figure 1[49].
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Figure (1): Curved plots of inserts swelling index percent (S1%).
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In vitro release study and Kinetics

A gradual extension in drug release duration from 3 to 5
hours was seen when comparing F2 to F1, attributable to the
incremental rise in PVP K90 concentration from 3% to 7% within
the matrix. Based on prior events, a preliminary conclusion was
reached to elevate the PVP K90 by up to 10%, similar to F3, with
the expectation of prolonging the drug release duration beyond
5 hours (Figuer 2-A). Nonetheless, the attempts were regarded
as unsuccessful due to the characterization of SAC as a highly
water-soluble drug; consequently, it was swiftly solubilized and
extricated from the polymeric matrix, particularly in instances
involving a polymeric matrix composed exclusively of hydrophilic
polymers such as PVP K90 and Alg. The insert design was
modified by incorporating a rate control layer composed of Eud
RLPO, a hydrophobic polymer, with the intention of facilitating
slower water ingress and prolonging duration[50].

Fortunately, F4, F5, and F6 greatly boosted drug release
times (6 hours, 8 hours, and 12 hours, respectively) while
generally maintaining the desired characteristics and folding
endurance. Nevertheless, it did not achieve complete
degradation owing to its Eud. RL PO content (Figure 2-B) [48].

The formulation efforts were once again focused on creating
a PVP K90-based rate-controlling layer, utilizing the precise
percentages of F4, F5, and F6 to achieve complete insert
biodegradation and prolonged drug release time. The previously
stated modification implemented in F7, F8, and F9 was classified
as a failure due to a limited SAC release duration comparable to
that observed in F3, leading to the conclusion that PVP K90
cannot function by itself as the rate-controlling layer, even at
elevated concentrations (Figure 2-C)[51].

The latest data strongly indicates the necessity of using
hydrophobic polymers such as Eud. RL PO, along with a high
polymer-to-SAC ratio. Consequently, a potential alteration is

100
80+
60
40+

20+

cumulative percentage drug release (%)

100

80+

60

40+

20

proposed for the fabrication of the rate-controlling layer by
combining 5% PVP K90 and 15% Eud RLPO to achieve
complete biodegradation, as demonstrated in F4, and prolonged
drug release in F6 [52]. Fortunately, the recent adjustment to
produce F10 has granted SAC an extended-release duration of
roughly 12 hours, accompanied by complete biodegradation of
the insert.

The M.P in vitro release analysis indicated a drug release
period of only 30 minutes; hence, F6 and F10 were deemed
more advantageous formulations for subsequent investigations
(Figure 2-D)

based on the recent investigations indicate that both F6 and
F10 support the reduction of drug administration frequency from
twelve times, as seen in typical eye drop solutions, to a regimen
of twice daily[53]. Nonetheless, the release profile between F6
and F10 exhibits no significant difference (P > 0.05).

The optimal model for F6 and F10 was identified as zero-
order release kinetics, exhibiting regression square values of
0.9884 and 0.974, respectively, as presented in Table 3. The
drug release mechanism can be understood by the overall
polymeric swelling, which facilitated a regulated SAC release, as
seen by the swelling behavior of F10, which was marked by a
steeply declining plateau following the attainment of its
maximum swelling index [54].

Nevertheless, the insert may experience a complex
interwinding event, commencing with gradual surface
degradation, followed by water infiltration, which induces
polymeric swelling and relaxation. Subsequently, the water
penetrates the core layer, solubilizing the drug and creating an
osmotic gradient. Consequently, the drug release is osmotically
regulated and consistently managed through the surface holes
created by swelling and degradation[47].
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Figure (2): Plots of In vitro drug release study A-C) among all the tested formulations. D) optimized F6 and F10 VS. marketed product (M.P).
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Table (3): Release kinetic data of F6 and F10 ocular inserts.

Optimum formula F6 F10

Zero-order Ko 13.118 13.583
Rsar 0.9884 0.974

First-order K1 0.179 0.188
Rsar 0.9571 0.9385

Higuchi Kn 23.341 24.266
Rsqr 0.8182 0.8170

Korsmeyer- Kip 13.262 14.524
Peppas n 0.975 0.919
Rsqr 0.9795 0.9542

Note: regression square value (Rsq), zero-order release constant (KO),
first-order release constant (K1), Higuchi diffusion constant (KH),
Korsmeyer-Peppas constant (KKP), diffusional release exponent (n).

In summary, this zero-order kinetic drug release behavior
provides a consistent drug release devoid of daily fluctuations,
hence reducing any adverse effects.

Ex vivo Bio adhesion
Ex vivo bio adhesion was conducted for F6 and F10, since
both exhibited prolonged drug release of around 12 hours.

Both formulations exhibited an ex vivo bio-adhesive strength
of 0.183 + 0.016 g and 0.422 + 0.014 g and an adhesion force of
0.083 £ 0.016 N and 0.187 + 0.011 N, respectively. A significant
increase (P < 0.05) in both bio-adhesion strength and force of
adhesion was reported when comparing F10 with F6, and this
enhancement in ex vivo bio-adhesion is likely attributable to its
PVP K90 content in the rate-controlling layer and its bio-
adhesive characteristics. Furthermore, the bio-adhesive
characteristics of the insert can be linked to the cationic charge
provided by the EUD. The RLPO of protonated amino NH4+ that
interacts with the counter anionic charge of the mucus layer that
envelops the conjunctiva[55].

According to the acquired data, F10 exhibited an average
detachment force above 0.2N, sufficient to offset the force
exerted by eyelids during blinking. This value signifies that the
produced films will remain localized and attached throughout the
insertion period[56].

Ex vivo drug permeation study

The ex vivo drug permeation study revealed that F10, in
contrast to the M.P, exhibited a statistically significant difference
(P < 0.05) in the cumulative drug permeation, and F10
demonstrated a drug permeation percentage of 16.87% and a
Jss of 0.065 pg/cmz2-h, whereas M.P showed a drug permeation
percentage of 4.80% and a Jss of 0.015 pg/cm2-h. Conversely,
when F6 was compared to M.P, it exhibited no significant result
(P > 0.05) in the cumulative drug permeation, yielding a drug
penetration percentage of 7.95% and a Jss of 0.032 pgcmz.h.
Furthermore, the lag times for F6, F10, and M.P T lag were 4.7
minutes, 3.7 minutes, and 4.5 minutes, respectively, with no
significant difference seen (P > 0.05) among them (Figure 3).
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Figure (3): Cumulative permeation of optimized inserts F6 and F10 in
comparison to M.P
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According to the previous results, F10 exhibited an
approximate fourfold improvement relative to M.P. and a twofold
improvement compared to F6 in terms of the cumulative amount
of SAC permeated.

The improvement in corneal drug permeability for both F6
and F10 is likely due to the intrinsic weak bio-adhesion
characteristics of EU. RL PO, with this effect being more
prominent in F10 than in F6 due to its PVP K90 content, which
offers a synergistic enhancement in bio-adhesion [57].

Based on the abovementioned evidence, F10 was selected
as the preferable candidate for additional investigation.

Mechanical characteristics

The tensile properties (tensile strength and percentage
elongation at break) are utilized to evaluate the mechanical
qualities of the formulated inserts. These parameters are
essential as the produced inserts experience minor stress from
the action of blinking and during their handling and insertion in
the eye[58].

F10 exhibited a low tensile strength of 2.227 +0.23 (N/mm?)
and a high percent elongation of 213.88% +0.211,
characteristics that are particularly advantageous for enduring
modest stress induced by the action of blinking and during
handling and placement [59, 60].

Sterility test and post-UV evaluations

The ocular environment is sterile; therefore, sterilization is
essential for ocular dosage forms[61]. Fortunately, TSA and TB
demonstrated no evidence of bacterial proliferation or turbidity
throughout the incubation period, so validating the efficacy of the
UV sterilizing technique. The evaluated F10 inserts can be
reliably utilized in animal ocular irritation tests for subsequent
examination[28].

Post-UV assessments were conducted, and the findings
indicated no significant differences (p > 0.05) in tensile strength
(1.982 * 0.043), folding endurance (over 300), percent
elongation (238.05% + 0.228), drug content (4.922 + 0.205),
drug content percentage (98.448 + 0.041), and pH (6.96 + 0.01)
relative to the initial evaluation values(27].

Ocular irritation test

The insert was positioned in the upper conjunctival sac of the
rabbits' eyes. The procedure was performed directly using sterile
forceps, without any invasive measures such as surgery,
anesthesia, or stitches. A few minutes after insertion, some
tearing was observed; however, within fifteen minutes, it
continued to diminish gradually until it reached normality.
Furthermore, at the conclusion of the test, the conjunctiva,
cornea, and iris exhibit no ocular injury or clinical abnormalities.
Furthermore, it is generally acknowledged that the rabbit's eye
exhibits greater susceptibility to irritating substances compared
to the human eye, hence reinforcing the safety of inserts should
any clinical research be conducted(62].

The F10 ocular irritation test, earlier described scoring
system, received a score of 0 (0 = no alteration) on a 3-point
scale, exhibiting no evidence of ocular damage or atypical
clinical symptoms in the cornea, iris, or conjunctivae, thereby
affirming the insert's safety (Figure 4) [63].
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Figure (4): In vivo irritation. The numbers denote the post-insertion
interval, and arrows point to insert margins.
Compatibility and Stability studies

DSC is regarded as a sensitive and reliable method for
detecting drug polymorphism, melting behavior, and drug-
polymer interactions[64]. The DSC study of Eu. RL PO reveals a
glass transition temperature of around 70 °C. However, based
on the purity, it may have a peak about 268.85°C [65, 66].
Furthermore, Alg exhibits just two distinct thermal characteristics
due to its amorphous nature: dehydration at approximately 100
°C and exothermic decomposition within the range of 240-260
°C, lacking any obvious endothermic peak[67]. PVP K90 exhibits
a singular broad endothermic curve commencing at roughly 80
°C and concluding around 175.0 °C, signifying the end of the
melting process[68, 69]. The SAC has a pronounced
endothermic peak at 267-269 °C. Ultimately, the comprehensive
data previously presented, when paralleled with (F10) DSC data,
revealed the elimination of the distinctive SAC peak, signifying
the lack of SAC crystallinity and validating the transition to an
amorphous state[70] (Figure 5-A)
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Figure (5): FTIR analysis of insert component per and post-formulation.
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In the FTIR analysis, PVP K90 exhibits a distinct C-H
stretching peak at 2918 cm-1, a C=0 stretching peak at 1614
cm-1, and a C-N stretching peak approximately at 1500 cm-1
[71, 72]. Alg. exhibits a distinctive broad stretching vibration band
of the OH group at 3251 cm™, accompanied by an absorption
peak at 2933 cm™, which is specific to the stretching vibration of
C-H bonds[73]. A stretching band of the C—O-C glycosidic bond
is observed at 1025 cm™, together with characteristic absorption
peaks at 1616 cm™ and 1418 cm™, which correspond to the
asymmetric and symmetric stretching vibrations of COO-,
respectively[74, 75]. Eud. RLPO has a distinct C-H stretching at
2993 cm-1, C=0 stretching at 1727 cm-1, N-H stretching
vibration of tertiary amine at 3432.1 cm-1, C=0O (ester)
stretching at 1731.4 cm-1, and —CH; bending at 1450.2
cm-1[76, 77]. SAC FTIR typically exhibits asymmetric and
symmetric stretching frequencies of amine hydrogen (N-H) at
3471.2 and 3257.0 cm™, respectively. Nevertheless, it was
obscured by the extensive and intense water -OH stretching
above 3000 cm-1. SAC exhibits a carbonyl (C=0) stretching at
1678.4 cm™, a symmetrical sulfonyl (O=S=0) group at 1642
cm™, 1596.18 cm™, 1505.61 cm™, 1440.51 cm™, 1375.01 cm™,
and 1322.8 cm™, and an asymmetrical sulfonyl (O=S=0) group
at 1233 cm™ and 1155 cm™[78-80]. Ultimately, F10 exhibits
heightened intensity and a shift from 1678 to 1660 in the carbonyl
region, alongside red shifting and peak enhancement within the
O-H stretch region (3000-3700), strongly indicating hydrogen
bond formation between the SAC amide carbonyl and the
alginate hydroxyl groups[81, 82] (Figure 6).
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Figure (6): DSC data A) formulated F10, SAC, Alg., PVP K90, and Eud
RLPO. B) F10 against 1 month and 3 months.
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No chemical interaction or incompatibility was observed
according to the FTIR analysis.

Analysis of DSC data over a three-month period indicates
that short-term stability is exhibited by no evidence of SAC
recrystallization that could influence the drug release profile
(Figure 5-B). The hydrogen bonding between Alg and SAC, as
indicated by FTIR analysis, may improve the stability of SAC's

amorphous form within the polymeric matrix, therefore inhibiting
phase separation and favorably impacting the short-term stability
assessment at 25°C[83]. The overall assessment criteria during
short-term storage indicate no significant differences in tensile
strength (P > 0.05), percent elongation (P > 0.05), drug content
(P > 0.05), content percentage (P > 0.05), and pH (P > 0.05)
(Figure 4).

Table (4): SAC ocular insert (F10) short-term stability evaluation parameters and results.

Tensile strength ercent elongation dru Content percentage Foldin
parameters (N/mm2) ’ P (%) ’ contentg(mg) (’3%)) ’ PH enduran?:e
Day zero storage 2.227+0.231 213.88%+0.211 4.827+0.242 96.552+0.048 6.97+0.02 over 300
30days storage 2.229+0.194 198.68%+0.287 4.858+0.215 97.176+0.043 6.96+0.02 over 300
90days storage 1.922+0.091 178.18%+0.484 4.801+0.160 96.408+0.030 6.96+0.02 over 300

Conclusion

The SAC biodegradable ocular insert was effectively
produced with a matrix layer comprising 1.5% (w/v) alginate and
7% (wiv) PVP K90, coated with a rate-controlling layer of 15%
(w/v) Eud RLPO and 5% (w/v) PVP K90. This formulation
achieved a sustained SAC release duration of 12 hours,
complying with  zero-order  kinetics, with complete
biodegradation of the insert and a fourfold increase in corneal
permeation. These qualities significantly decrease the frequency
of drug delivery from 12 times, as observed with typical eye drop
solutions, to merely twice daily and ensure a consistent drug
release devoid of daily fluctuations, hence reducing any adverse
effects and also eliminating the necessity for insert recovery after
insertion. These data strongly suggest that SAC ocular
insert may enhance patient compliance relative to conventional
ocular preparations. The improvement in corneal permeability
may facilitate the future application of SAC ocular inserts in the
treatment of bacterial keratitis for future studies.
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