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Purpose: This study developed and evaluated flurbiprofen-loaded electrospun
ocular inserts fabricated from the polycaprolactone (PCL). The primary objective
was to design a prolonged release drug delivery system, specifically using FB-PCL-
NFls, as a novel alternative to existing ocular dosage forms for managing diverse
ocular disease conditions viz. conjunctivitis, blepharitis, uveitis, scleritis, or dry eye
syndrome.

Methods: The FB-PCL-NFIs were fabricated using monoaxial electrospinning
technique and primarily characterized for physicochemical properties, contact
angle measurements, diffusion, permeation, tensile strength, and stability analyses.
The ocular irritancy of the FB-PCL-NFIs was investigated using isotonicity testing
and in ovo Hen’s Egg Test-Chorioallantoic Membrane (HET-CAM) assay.
Results: The prepared FB-PCL-NFIs benefited from the enhanced ocular retention,
sustained FB release, enhanced permeation, and improved patient compliance. The
in vivo studies confirmed no noticeable signs of irritation suggesting
biocompatibility, tolerability, and suitability of the prepared FB-PCL-NFIs for
ocular administration. The in vivo ocular pharmacokinetic studies performed in
adult male New Zealand White (NZW) rabbits confirmed the prolonged ocular
residence of FB-PCL-NFIs compared to Ocuflur® IP.

Conclusion: The findings support further evaluation of the inserts for prolonged
ocular delivery of FB-PCL-NFIs as promising therapy for ocular irritation
associated with various ocular disease.
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1. Introduction

Nanotechnology-enabled medicines have transformed the current epoch of healthcare by creating more effective,
targeted, and personalized medical solutions to the variety of illnesses. Several multifunctional nanocarriers such
as liposomes, dendrimers, polymeric nanoparticles, nanocochleates, and nanofibers have been developed recently
and are being investigated for the treatment of inflammatory illnesses, cancer, neurological diseases, and
infectious diseases.! Greater drug encapsulation and release can be made possible by fabricating drug-infused
electrospun nanofibers (NFs), which makes it crucial to create polymer-based drug delivery systems with desired
characteristics viz. high porosity, high surface area to volume ratio, nanometric size, enhanced permeability, lesser
systemic toxicity, and improved therapeutic action.?34

Ocular inflammation is a broad group of eye disorders that includes both relatively benign ilinesses and the vision-
threatening conditions.® The prevalence of ocular inflammation is ~28.7 % of the ocular emergencies. Ocular
inflammation could result in total vision loss, if left untreated.® Administration of drugs directly through the ocular
route can deliver the therapeutic cargoes directly to the inflamed eye tissues, which further increase the local drug
concentrations, decrease the systemic side effects, and improve the patient’s adherence to the therapy.”:8°

The use of drug-infused electrospun polymeric NFs is extremely beneficial over other nanoformulations as former
could provide the controlled drug release, enhanced drug retention and penetration across the ocular tissues.
Polymeric NFs have recently been investigated for the ocular delivery of variety of drugs viz. itraconazole,°
dexamethasone acetate,™* melatonin,*? hyaluronic acid,*® gatifloxacin,** levofloxacin,* ciprofloxacin,*® ketorolac
tromethamine,*” timolol maleate,*® and so on. In addition, the NFs have been fabricated using variety of polymers
viz. polyvinyl alcohol,* polycaprolactone,?® hyaluronic acid,?? gelatin,® and so on.

Polycaprolactone (PCL, approved by FDA for clinical use) is a synthetic, semi-crystalline, biodegradable
polyester that is well known for its excellent biocompatibility, mechanical strength, hydrophobicity, and
controlled degradation rate. Owing to these inherent traits, PCL is extensively used in drug delivery and
biomedical applications.?*? The slow degradation rates make PCL an ideal candidate for achieving prolonged
drug release in sustained-release drug delivery systems such as OcuSerts® (ocular implants).?6 Moreover, the
hydrophobic nature of PCL enables the inclusion of lipophilic drugs and strong electrospinnability of PCL allows
for the formation of continuous, uniform, and homogenous electrospun NF mats.?” The electrospun PCL NFs have
been investigated for the treatment of various eye-related disorders viz. glaucoma,*® corneal stroma regeneration,?
post-operative eye inflammation,** and so on.

Flurbiprofen (FB, 2-(2-fluorobiphenyl-4-yl) propionic acid) is an aryl-propionic acid derivative and non-steroidal
anti-inflammatory agent (NSAIA) used to treat eye inflammation. FB works by inhibiting the cyclooxygenase
(COX-1 and COX-2) enzymes in arachidonic acid metabolism, thereby blocking the synthesis of prostaglandins
(key mediators of inflammation, pain, and miosis) (Figure 1). FB is a BCS Class Il drug (exhibiting poor aqueous
solubility but high permeability) having high logP value of 4.2 and mean plasma half-life of 3.5to0 5.5 h. The poor
aqueous solubility (9.9 pg.mL™?, regarded as practically water insoluble) of FB limits its therapeutic efficacy and
clinical applicability.?®3° Figure S1 (supplementary data) illustrates the chemical structure of FB.

The present study aimed at developing sustained release FB-loaded NFs composed of PCL as a controlled release
polymer using monoaxial electrospinning technique. The novelty of this work lies in the fact that the FB-infused
PCL-NFs-based ocular inserts have not been investigated yet for the treatment of eye inflammation. The
hypothesis of the present investigation is based on the fact that the use of lipophilic PCL would increase the
systemic concentration of poorly soluble FB, thereby improving the ocular bioavailability through enhanced

ocular retention of the inserts, ultimately resulting in effective relief from the eye inflammation.
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2. Materials and methods

2.1 Reagents and chemicals

FB (CAS: 5104-49-4; 244.26 Da; PubChem ID: 329749901; Purity: ~95%) was purchased from Yarrow Chem
Products Ltd. (Mumbai, India). PCL (Pellet form, CAS: 24980-41-4; 48-90 kDa) was purchased from Sigma
Aldrich Inc. (Bangalore, India). All reagents, chemicals, and solvents of highest possible purity and analytical
grades were procured from Loba Chemie Pvt. Ltd. (Mumbai, India). Bidistilled water, prepared on-site, was used
throughout the experiments.

2.2 Animals

The in vivo pharmacokinetic investigations conferred to the standards prescribed by the Committee for the Purpose
of Control and Supervision of Experiments on Animals (CCSEA), Department of Animal Husbandry and Dairying
(DAHD), Ministry of Fisheries, Animal Husbandry and Dairying (MoFAH&D), Government of India. The
Institutional Animal Ethics Committee (IAEC; Reg. 651/PO/ReBi/S/02/CPCSEA) at R. C. Patel Institute of
Pharmaceutical Education and Research (Shirpur, India) authorized the preclinical study protocol
(IAEC/RCPIPER/2024-25/35; Dt. 28 April 2025). All animal experiments complied with the ARRIVE guidelines
and carried out in accordance with U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU
Directive 2010/63/ EU for animal experiments.

Prior to the in vivo experiments, adult male New Zealand White (NZW) rabbits (5-6 Ibs., 12—-15 weeks old) were
accustomed to living circumstances subjected to a 12 h dark-light cycle in rabbit cages (RBS-S-01; stainless steel)
kept in semi-climatic chamber (T4 65 £ 5 °F; RH ~55 £ 2 %) for a duration of one week, while being provided

with food and water ad libitum.

2.3 Fabrication of FB-infused polycaprolactone nanofibers-based ocular inserts (FB-PCL-NFIs)
FB-loaded PCL electrospun nanofibers (FB-PCL-NFs) were fabricated using monoaxial electrospinning
technique. The formulation process was optimized based on the polymer concentration, working voltage, and
needle tip-to-collector distance. PCL pellets were dissolved in a solvent mixture of dichloromethane, dimethyl
formamide and acetone (DCM: DMF: ACT; 4:3:1 v/v) with continuously stirring at 300 rpm for 1 h to prepare a
PCL solution (6% w/v). Once PCL was completely dissolved, FB (10% w/v) was added to PCL solution and the
mixture was stirred for next 6 h.

The resulting solution was filled in the single channel plastic syringe attached to the 22G needle (0.1 mm ID
needle) and electrospun using electrospinning system (E-spin Nano, Physics Instruments Company, Chennai,
India) at a flow rate of 1.0 mL.h™, 20 kV voltage, and 13 cm needle tip-to-collector distance. The electrospun NFs
were collected on a rotary collector drum (Diameter: 13 cm; Speed: 1500 rpm) covered with an aluminum sheet.
The entire process was carried out at 25 °C. The FB-PCL-NFs were tailored as flat square-shaped inserts (FB-
PCL-NFlIs; 1 cm? area) and weighed. The NFIs were dried in vacuum oven at 40 °C before study.**"3! Blank

PCL-NFs were prepared by adopting similar procedure without addition of FB (Figure 1).
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Figure 1: Schematic presentation of preparation of FB-PCL-NFIs using monoaxial electrospinning (upper panel), and
mechanism of anti-inflammatory activity of FB-PCL-NFIs by inhibiting the cyclooxygenase enzymes and blocking the
synthesis of prostaglandins (lower panel).

2.4 Characterization and evaluation

2.4.1  Physicochemical characterization

To check the suitability of PCL solution for electrospinning, the viscosity of FB-PCL-NFs were investigated using
Brookfield’s’ viscometer (DV-E, Brookfield Engineering Laboratories, Middleborough, USA) while the electrical
conductivity was determined using microcontroller-based conductivity meter (Type 308; Systronics India Pvt.
Ltd., Ahmedabad, India). Each sample was measured in triplicate at 25 0.1 °C.%?

The thickness of the FB-PCL-NFs was assessed using a digital vernier caliper (Digimatic caliper 6/0-150 mm,
Mitutoyo Absolute Digital Caliper, Bengaluru, India.3® Furthermore, the square shaped sections of FB-PCL-NFs
sheet having 1 cm?size were trimmed and weighed using an analytical balance to check weight uniformity. All
the determinations were carried out in triplicate.'’

To examine the strength and rigidity of the FB-PCL-NF-based ocular inserts (FB-PCL-NFIs), the tensile strength
test was conducted on a texture analyzer (CT3, Brookfield Engineering Laboratories, Middleborough, USA) using
TexturePro CT (ver. 1.3) software.'® The flexibility of the NFs was estimated by the folding endurance test.3
The FB-PCL-NFIs were submerged in double distilled water and the solution pH was recorded using calibrated
microcontroller-based automatic pH meter (EQ621; Equiptronics, India).

The swellability of the FB-PCL-NFIs was investigated using gravimetric method at room temperature in a
phosphate buffer solution (pH 7.4), which involved measuring the weight change before and after NFIs have
absorbed a liquid.®

A pre-weighed sample of FB-PCL-NFIs was dissolved in DCM, sonicated and the FB content was estimated

spectrophotometrically at 248 nm.36%7
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The wettability and surface hydrophobicity of the FB-PCL-NFIs was estimated using sessile drop method on
contact angle goniometer (Ossila Ltd., Sheffield, UK). A sheet of FB-PCL-NFIs was mounted on the glass slide
and 3.0 uL droplet of deionized water was cautiously dropped on the surface of the NFIs. Later, the contact angle

between the water droplet and surface of NFs was measured.3%:3°

2.4.2  Morphological characterization
The morphological features of FB-PCL-NFIs were examined by scanning electron microscopy (SEM, JSM-6390,
Jeol® Ltd., Tokyo, Japan). Sample was sputter-coated with a thin (400 A) gold layer and photomicrographs were

captured at different magnifications and at an accelerating voltage of 20 kV.*°

2.4.3  Analytical characterization

The interactions between different constituents involved in the formulation of FB-PCL-NFIs were investigated
using an attenuated total reflectance-infrared spectrometer (ATR-IR, ALPHA Il Compact, Bruker®, Billerica,
USA). Spectra were recorded in solid state with a scanning range of 4000-500 cm™ and a resolution of 2 cmL.
The thermal properties of FB and PCL within the NFs was investigated using differential scanning calorimeter
(DSC, DSC1, Mettler Toledo®, Zurich, Switzerland) at a heating rate of 10 °C min* from 40-350 °C under
50 mL min ! nitrogen stream.

The crystal characteristics of bulk FB, PCL and the fabricated NFs were studied using X-ray diffractometer (XRD,
AXS-D8 advanced, Brucker®, Karlsruhe, Germany) in a scanning range from 5 to 50° on a 26 scale (step size:

0.02°, scanning speed: 2.0° min, voltage: 40 kV, current intensity: 35 mA).

2.4.4  Invitro release

The in vitro diffusion characteristics of FB from FB aqueous dispersion and FB-PCL-NFIs was investigated using
a multistation diffusion cell (Electrolab, Mumbeai, India) installed with Franz’s diffusion apparatus (capacity: 15.5
mL; diffusion area: 3.14 cm?). A 2 cm?sheet of FB-PCL-NFs was placed into the donor section filled with 0.5 mL
of PBS (pH 7.4) and separated from receiver section that contained 15.5 mL PBS (pH 7.4) by dialysis membrane
(12-14 kDa; pore size: 0.45 um). Samples (300 pL) were collected at specified intervals over 24 hours and replaced
with an equivalent volume of fresh medium to maintain the sink conditions. After filtration (Whatman® grade
589/1), the samples were analyzed spectrophotometrically at 248 nm. The cumulative drug release data were fitted
to zero-order, first-order, Higuchi, Hixson—Crowell, and Korsmeyer—Peppas Kinetic models to investigate the
release kinetics and mechanism of FB from the PCL nanofibers. Model fitting was assessed primarily using the
coefficient of determination (R2), while acknowledging that additional statistical criteria such as residual analysis

and uncertainty estimation can provide a more comprehensive evaluation of model performance.t’4!

2.4.5 Ex vivo permeation

The ex vivo permeation of FB from FB aqueous dispersion and FB-PCL-NFIs was determined using excised goat
cornea as a permeation barrier. Fresh goat eyes were obtained from local slaughter house with in approx. 20 min
of slaughter and transported to working lab in cold saline solution (pH-7.4). The eyes were not stored prior to the
study. The corneas were carefully excised and visually inspected for tissue integrity. Healthy and free from visible
damage or abnormalities were used for the ex-vivo permeation study. The experimental conditions, sampling and

analysis operations were followed in a similar way as in vitro diffusion study (section 2.4.4).4!
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2.4.6 Evaluation of sterility, irritancy, and toxicity

Sterility test was performed to assure the absence of living microorganisms and suitability of FB-PCL-NFIs for
ocular delivery. FB-PCL-NFIs was terminally sterilized using EtO to preserve the delicate NFIs mat at low
temperatures to validate the efficacy of terminal sterilization. The NFIs were then positioned in soybean-casein
digest broth medium (for aerobes), and sodium thioglycolate broth (for anaerobes) both at 35+0.5 °C in an
incubator for 1, 7, 14 and 21 days. The turbidity of the prepared samples including positive and negative controls
was visually observed and compared.*?

The isotonicity of the prepared FB-PCL-NFIs was observed for enlargement, rupture and shredding of RBCs. The
fresh blood sample from the rabbit was split into two portions after dilution (1:200) with Hayem's solution (RBC
diluting fluid). First portion was considered as control and left untreated whereas second portion was incubated
with FB-PCL-NFIs. Following incubation, the mean diameter of ~500 RBCs was measured using optical digital
microscope (DMW2-223, Motic® Instruments Inc., Toronto, Canada) and the mean diameter of the RBCs was
determined, and the formulation-treated group was compared with the untreated control for apparent changes in
RBC diameter and morphology, including enlargement, shrinkage, rupture, or fragmentation, according to the
previously reported method.®

The Hen’s Egg Test-Chorioallantoic Membrane (HET-CAM) assay is an in ovo alternative to the traditional in
vivo Draize rabbit eye irritation test. It is used to evaluate the ocular irritancy by assessing alterations in the
chorioallantoic membrane of fertile eggs.*>** Fresh and fertile hen eggs (50-60 g; White Leghorn breed) were
chosen and incubated at 37 + 0.5 °C temperature and 60 £ 5 % relative humidity (RH) for 8 days. The eggs were
rotated daily for 4 to 5 times to prevent the embryo from sticking to the shell. On 9" day, the eggs were removed
from the incubator and the outer eggshell was carefully cut, without hurting the inner layer, to expose the CAM
(a highly vascularized membrane). The eggs were divided into four groups. First egg CAM was treated with 0.9%
sodium chloride (NaCl) solution (negative control), second with 0.1 M sodium hydroxide (NaOH) solution
(positive control), third with FB-PCL-NFIs (test), and fourth with marketed FB eye drop (Ocuflur® IP 0.03% w/v)
(standard). After 5 min of treatments, the CAMs were observed for three major irritant effects viz. coagulation,
hemorrhage, and hyperemia. Based on the severity of damage and time required for the damage to occur, the
cumulative irritation score (IS) was assigned and compared. The mean IS was correlated as: <1: Non-irritant; <1
to < 5: Slightly irritant; > 5 to < 9: Moderately irritant; > 9 to < 21: Strongly irritant.4341.45

2.4.7  Invivo studies

The in vivo pharmacodynamics study was performed on NZW rabbits to investigate the ocular irritancy potential
of the prepared FB-PCL-NFIs. The FB-PCL-NFIs (1/3 cm?; square-shaped mat weighing 1.16 mg equivalent to
0.0331 mg of FB) or marketed eye drops (Ocuflur® IP 0.03% wi/v) were introduced in the lower cul-de-sac of right
eyes of each rabbit, whereas left eyes were treated with PBS and considered as control.*¢ Based on the modified
Draize's test, the eyes were examined for inflammatory responses (damage to the cornea, iris, and conjuctivae),
and a cumulative numerical score (0 = no alteration, 1 = mild alteration, and 3 = obvious alteration) was assigned.
Scores were checked and photographs were captured from day 1 to day 7, post-treatment.*’

Adult male NZW rabbits were used to evaluate the in vivo tear fluid pharmacokinetics profile of FB-PCL-NFIs.
Rabbits were divided into two groups each comprising three rabbits, randomized by simple randomization method.
Group | (standard) rabbits (right eyes) received 50.0 pL of the marketed eye drop (Ocuflur® IP 0.03% wi/v) whereas
Group |1 received ethylene oxide (EtO) sterilized FB-PCL-NFIs (1/3 cm?; square-shaped mat weighing 1.16 mg

equivalent to 0.0331 mg of FB) in the lower cul-de-sac of the right eyes of each rabbit. Left eyes were considered
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as control. Later, the cul-de-sac of rabbit eyes, both groups, were filled with 50.0 pL of sterile PBS (pH 7.4) at
predetermined intervals viz. 2, 4, 8, 12, 24 and 48 h (flush-tear method). After 30 s, tear samples were collected
from the inferior conjuctival fornix using Schirmer's tear strips (OpStrip, Medimark, Mumbai, India) and stored
at -70 °C. To minimize variability associated with the flush-tear and Schirmer-strip sampling method, all tear
samples were collected using an identical protocol, including a fixed PBS flushing volume (50 pL), a standardized
contact time (30 s), and the same type of Schirmer strip for all animals. Although some variability in tear recovery
is unavoidable owing to the nature of ocular tear sampling, the same sampling procedure was consistently followed
for all experimental groups to ensure comparability. Drug extraction from the Schirmer strips was carried out
using a methanol—chloroform (1:1, v/v) solvent system, and all HPLC determinations were performed in triplicate
to ensure analytical reproducibility. Although, the actual sampled volume was difficult to measure precisely due
to fluid retention in the Schirmer’s strip but, the sampled volume depends on how much of the strip was wetted.
The FB was extracted using methanol-chloroform (1:1) mixture in ultracentrifuge tubes, vortexed for 10 min at
room temperature, sonicated for 5 min at room temperature, and finally centrifuged using ultracentrifuge (12000
rcf, 15 min, Optima Max-XP, Beckman Coulter Inc., USA) and the free FB in the supernatant was further
quantified at 247 using HPLC analysis. The left (PBS-treated) eye of each rabbit served as an internal control for
the Draize irritancy assessment only; statistical comparisons of tear pharmacokinetic parameters (Cmax, Tmax,
AUCO0-t) were performed between the treated eyes of Group | (Ocuflur® IP, n = 3) and Group 11 (FB-PCL-NFIs,
n = 3), and not between contralateral eyes of the same animal. The extraction procedure and chromatographic
conditions were maintained consistently for all samples throughout the study to minimize analytical variability.
Investigators were masked (unblinded formulator and blinded doser) during ocular dosing, Draize scoring, sample
analysis, and data interpretation to minimize the experimental biases.

Chromatographic separations were done using high-performance liquid chromatography (HPLC 1200, Agilent
Technologies Inc., Singapore) equipped with G-13148 diode array detector (DAD), Rheodyne™ 7725 sample
injector (20uL), and Cig reverse-phase analytical column (Eclipse XDB, 5 um, 4.6x150 mm). Mobile phase
composed of acetonitrile-water (80:20 % v/v) acidified with 0.1 % trifluoro acetic acid (pH 3.5), and flow rate
was 0.7 mL.min. FB concentration was detected at 247 nm.*®4° Since the administered flurbiprofen dose differed
between the FB-PCL-NFIs (0.0331 mg) and the marketed eye drops (0.015 mg), the pharmacokinetic exposure
parameters were normalized to the administered dose prior to comparison. Accordingly, dose-normalized Cmax
and AUCO-t values were used to compare the ocular pharmacokinetic performance of the two formulations,
thereby enabling an unbiased assessment of formulation-dependent differences in ocular drug delivery. Non-
compartmental analysis was utilized to estimate the ocular pharmacokinetic parameters (Cmax, Tmax, AUCo.t) from
the concentration-time profiles using MATLAB® pharmacokinetic modeling and simulation suit (MathWorks
Inc., MA, USA). Statistical data were processed using unpaired student t-test and one-way ANOVA on GraphPad
Prism (ver.7.04, GraphPad Software Inc., CA, USA). Data were presented as mean + SD and statistical

significance of data was set at p < 0.05.

2.4.8  Stability study and shelf-life estimation

For stability studies, the FB-PCL-NFIs were enclosed in aluminum foils and placed in glass (Borosilicate, Type
1) tubes hermetically sealed with a rubber stopper and aluminum crimp. The samples were initially kept for four
weeks in a controlled environment (40 + 2 °C, 75 £ 5 % RH) in a stability chamber (CHM-10S®, Remi Lab World,
Mumbai, India). The sample were investigated for ATR-IR analysis after one-week intervals over a four-week

period.* Further, the percent drug content was estimated after two-month intervals over a six-months period. The
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projected shelf-life of the fabricated FB-PCL-NFIs was then predicted using Minitab® statistical software, ver.
22.4.0 (Minitab LLC, Pennsylvania, USA), a shelf-life projection software, based on ICH Q1E guidelines.°

3. Results and Discussion

3.1 Fabrication of FB-PCL-NFIs

The FB-PCL-NFs were fabricated using monoaxial electrospinning and modulated to flat square-shaped inserts
of uniform size (1 cm?). PCL concentration between 6 to 10 % w/v was tested for electrospinning. High (> 6%
w/v) PCL concentrations resulted in increased solution viscosity, which caused clogging of needle tip, thick and
irregular NFs whereas 6% w/v concentration produced clear, homogeneous polymer dispersion and resulted in
smooth NFs formation. In addition, NFs were benefited from the synergistic properties of the DCM: DMF: ACT
solvent combination. DCM facilitated the rapid evaporation for fiber solidification, while DMF enhanced the jet
stability, thereby promoted the uniform NFs formation which is ideal for ocular drug delivery applications.
Additionally, the high volatility and low boiling point of ACT (a co-solvent) aided in the production of
homogeneous, bead-free fibers with smooth texture. ACT also lowered overall solution viscosity and improved
charge mobility, resulting in increased jet stability and regulated fiber diameter with minimal structural flaws
36,1731 ' In a similar way, working voltage of 20 kV, and needle tip-to-collector distance of 13 cm was optimized

after a series of experimental trials.

3.2 Characterization and evaluation

3.2.1  Physicochemical characterization

Viscosity estimations suggested that the increased PCL concentrations resulted in linear increase in viscosity due
to increased molecular entanglements of polymer chains. A 6% w/v PCL concentration and viscosity of 660 cp
was found to be ideal for smooth NFs formation. In contrast, the conductivity was decreased from 9.684 uS/m to
8.801 uS/mon increasing PCL concentration from 5 to 6% w/v, which might be due to decreased mobility of ionic
species inside the dense polymer matrix. While adequate viscosity is necessary for steady jet production during
electrospinning, optimal conductivity aids the elongation of polymer jets under an electric field.®? An increase in
the conductivity of polymer solution entails a decrease in fiber diameter.5!

The thickness of the prepared FB-PCL-NFIs was in the range of 0.110 + 0.01 to 0.120 + 0.01 mm. Commercially
available ocular inserts (Ocusert®) has a thickness of 0.300 mm and it is anticipated that the NFIs with a thickness
below 0.15 mm are projected to be well-tolerated by the eyes. The weight of the FB-PCL-NFIs of analogous
dimensions was 7.0 + 0.3 mg. The fabricated ocular NFIs were found to have an ideal thickness and weight for
insertion into the cul-de-sac of the eyes, ensuring they are well tolerated after administration.’:3

The FB-PCL-NFIs were found to have the tensile strength of 324 g/cm? (Figure 2-A), which is adequate to
withstand the repetitive, low-impact mechanical stress induced by continuous blinking motion of the eyes and
thereby maintain the NFIs integrity into the eyes. The folding endurance of NFIs was found to be 256 + 10 times
(n=3). Mostly, the NFls are thin, soft, smooth, and more flexible compared to the films.6:10.36

The fabricated NFIs were found to have the surface pH value of 7.5 £ 0.1, which is well within the physiological
pH of eye and ideally compatible with the human tear fluid (pH 6.5 to 7.6). The use of such NFIs may not cause
any significant adverse effects viz. redness, burning sensation, or sensitivity on the eye surfaces (Thygesen &
Jensen, 1987).52%3

The swelling behavior of NFIs was assessed across a 24 h period in PBS (pH 7.4). The FB-PCL-NFIs showed a
time-dependent surge in percent degree of swelling, which was 53.33, 58.82, 65.00, 69.56, and 76.42 % at 1, 3,
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6, 12, and 24 h, respectively. A steady and increasing fluid uptake due to capillary permeation mechanism may
be attributed to the PCL-NFs porous morphology and high surface area irrespective of PCLs’ semi-crystalline
structure and intrinsic hydrophobicity. When prolonged surface contact and sustained drug release is required,
this slow and regulated hydration behavior of NFls is highly advantageous.'?%*

The FB content in the fabricated FB-PCL-NFIs was determined to be 93.52 £ 0.75 %. This high drug content of
NFIs is attributed to their high porosity and large surface area that accommodates high amounts of FB trapped
inside the polymer matrix of NFIs. This may lead to formation of smaller dosage form containing adequate amount
of FB to be placed easily in the cul-de-sacs, lower the risk of irritation, reduce ocular discomfort, and improve the
patients’ compliance on ocular administration. 6.3

The left and right contact angle of water droplet on the untreated FB-PCL-NFIs surface was found to be 116.57°
and 115.55°, respectively. This led to an average contact angle of 116.06° (Figure 2-B), indicating hydrophobic
nature of the PCL-NFIs surface with low surface energy and limited water penetrability. Also, the hydrophobic

surface limits the burst release of FB due to delayed penetration of aqueous tear fluids into the PCL-NFIs matrix.

3.2.2  Morphological characterization

The scanning electron micrographs (Figure 2-C) indicate that the FB-PCL-NFIs are composed of continuous,
ultrafine, uniform, and smooth NFs. Figure 2-C(a) reveals a broader view, showcasing the ultrafine NFs randomly
deposited without beads or lumps. Figure 2-C(b) illustrates that the NFs are smooth in texture and continuous
with negligible number of beads. Figure 2-C(c) indicates a slight entanglement in the NFs. Figure 2-C(d) depicts
that the fiber mat has a uniform nature, with the diameter of NFs ranging from 200-400 nm, which is appropriate

for the fabrication of NFls.1455
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Figure 2: (A) Load-time curve representing the tensile strength FB-PCL-NFIs on texture profile analyzer, (B) Contact angle
measurements on the untreated surface of FB-PCL-NFIs, and (C) SEM photomicrographs of FB-PCL-NFIs at different
magnifications.

3.2.3  Analytical characterization

Figure 3 shows the ATR-IR spectra of FB, PCL, FB-PCL blend, FB-PCL-NFs, and blank PCL-NFs. The IR
spectrum of FB (pink colored) displays its structural identity, primarily associated with the carboxylic acid group,
the aromatic rings, and the C-F bond. Strong absorption bands in 1694-1717 cm™ range associated with the C=0
stretching vibrations and a wide band comprising a cluster of short peaks between 2500-3500 cm™ attributed to
the O-H stretching vibrations, both of carboxylic acid group. Peaks between 1450 and 1600 cm™ corresponds to
the aromatic C=C stretching vibrations, indicating the presence of biphenyl moiety in the structure of FB. The C—
F stretching vibrations are detected in the proximity of 1144-1212 cm™ linked to the fluorine substitution on the
aromatic ring. A band at 2925 cm™ is due to the C-C stretching vibrations. In addition, the bands at 1404, 1360,
and 1481 cm™ are attributed to the in-plane bending vibrations of O-H bond in carboxylic acid group often coupled
with the C-O bending vibrations, C-H bending of methyl group in the side chain, and C-H bending of methylene
group (typically from the aromatic ring and alkyl side chain), respectively. The aromatic C-H out-of-plane bending
vibrations strongly appear in the fingerprint region (below 1000 cm™?) typically between 607 and 924 cm™.5 The
structural soundness of the PCL is validated by the distinctive absorption peaks (primarily due to its ester and
methylene functional groups) in its ATR-IR spectrum (purple colored). A Laurentzian-shaped singlet appearing
sharply at 1720 cm* corresponding to C=0 stretching vibrations of ester carbonyl group indicates that the PCL is
an aliphatic polyester and is crystalline in nature. The symmetric and asymmetric stretching vibrations of C-H
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bonds in the methylene groups were identified by peaks at 2942, and 2865 cm?, respectively. In addition, sharp
peaks at 1178, and 1238 cm™ were attributed respectively to the symmetric and asymmetric C-O-C stretching
vibration of ester group. Another peak at 1292 cm is due to the C-O and C-C stretching vibrations within the
PCL chains. The PCL also exhibit methylene rocking vibrations within ~730-740 cm™ range. A minor band around
960, that split into two peaks at 932, and 958 cm™ was attributed to the bending vibrations of C-O-C bond in ester
group of the PCL.5" The characteristic peaks of both FB and PCL were well preserved in the ATR-IR spectrum
of FB-PCL physical mixture (1:1, red colored), without any significant band shift. In addition, no new peaks
appeared indicating a good physicochemical compatibility and absence of strong chemical interactions between
FB and PCL. In ATR-IR spectrum of FB-PCL-NFs (blue colored) showed a strong band at 1722 cm™ correspond
to the C=0 stretching vibrations of ester carbonyl group of PCL, in addition to the symmetric and asymmetric
stretching vibrations of C-H bonds in the methylene groups of PCL were identified by sharp peaks at 2863 and
2941 cm?, respectively. Furthermore, the bands appearing between 1460-1554 cm™ and ~1226 cm attributed
respectively to the aromatic C=C stretching and C—F stretching vibrations, which are characteristic peaks of FB,
were also seen with slightly reduced intensity and minor peak shifting. Since, no new major ATR-IR bands were
observed; this finding alone does not exclude all interactions during electrospinning. The study validates the
physicochemical compatibility and efficient incorporation of FB inside the matrix of PCL NFs.%® Finally, the
ATR-IR spectrum of blank PCL-NFs (green colored) showed the presence of all major absorption peaks (due to
corresponding stretching and bending vibrations) of specific functional groups in PCL, indicating that the
electrospinning did not alter the molecular orientation in PCL chains. In addition, the absence of small peaks
around ~1670 cm relative to the amide bond indicates that no residual solvent (DMF) remained in the PCL-
NFs.5°
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Figure 3: ATR-IR spectra of FB, PCL, FB-PCL blend, FB-PCL-NFs, and blank PCL-NFs.

The DSC thermograms of FB, PCL, FB-PCL-NFs, and blank PCL-NFs are presented in Figure 4. The DSC

thermogram of bulk FB (black colored) revealed a slightly broad endothermic peak
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centered at 98.95 °C indicates the melting of polymorphic form (racemic form I1) of FB. The broadness and the
relatively low onset temperature could also suggest a glass transition (Tg) followed by recrystallization and
melting. The second thermal event was detected at 166.51 °C most likely corresponds to the beginning of thermal
degradation of FB and may also be attributed to the melting of residual impurities (Supplier mentions ~95% purity
of bulk FB in CoA). The third and last thermal at 237.25 °C may be due to further thermal breakdown or a phase
shift of FB occurring at elevated temperatures, usually above 200 °C.8%6! The DSC thermogram of PCL (blue
colored) shows a sharp endothermic melting peak at 59.56°C, which indicates PCL’s semicrystalline nature. The
enthalpy of fusion (AHf) was -45.93 J/g, which is in accordance with the literature reports for PCL with moderate
crystallinity. The sharpness and position of the peak show the thermal stability of PCL and its suitability for drug
delivery applications.®?

The DSC thermogram of FB-PCL-NFs (red colored) revealed a slight shifting of melting peak at 60.12 °C and
considerably reduced AHf (-14.00 J/g), both observations suggest that the FB was molecularly dispersed within
the PCL matrix and the crystallinity of PCL was significantly reduced. In DSC thermogram of blank PCL NFs
(green colored), a single thermal event occurring at 58.34 °C indicates the melting transition of the crystalline
regions within PCL-NFs. A substantial reduction in the AHf value (-0.42 J/g) indicates the significant reduction
in crystallinity of PCL during electrospinning. In addition, the upward trend after the melting peak suggests that
the material remains thermally stable beyond its melting point within the observed temperature range (up to ~340

°C), with no signs of degradation.%3.64
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Figure 4: DSC thermograms of FB, PCL, FB-PCL-NFs, and blank PCL-NFs.

Figure 5 illustrates the X-ray diffractograms of FB, PCL, FB-PCL-NFs, and blank PCL-NFs.

The diffractogram for FB (green colored) exhibits highly intense, sharp, and distinct diffraction peaks at various
20 positions (12.17°, 19.05°, 21.5°, 22.89°, 24.22°, 31.6°, and 36.32°), which indicated that FB exists as a well-
ordered crystal structure.%® The X-ray diffractogram of PCL (pink colored) showed two prominent and strong
diffraction peaks at 21.30° and 23.55° which signify the semi-crystalline nature of PCL.%¢ The sharp characteristic
peaks of FB are significantly diminished or absent in the diffractogram of FB-PCL-NFs (red colored). This
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indicates that FB, which was initially crystalline, is likely present in an amorphous or molecularly dispersed state
within the PCL matrix of the NFs, potentially due to the electrospinning process. The characteristic peaks of PCL
are still visible in the diffractograms of FB-PCL-NFs, and blank PCL-NFs (blue colored), suggesting that the PCL

matrix retained its semi-crystalline nature.’

110,000
100,003
90,0003
80,000
3 —FB
70,0003
c 3
2 4
(=] 9
(8] = |
50,000
40,000
3 ] Y —peL
30,000
20,000
: N ——FBrloaded PCL Nanofibers
10,0003 .
| —— Blank PCL Nanofibers
0l
, e Yo e e e e e e e e e e e e e
10 20 30 40
2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 5: X-ray diffraction spectra of FB, PCL, FB-PCL-NFs, and blank PCL-NFs.

3.2.4  Invitro drug release

Figure 6-A(a) illustrates the in vitro diffusion profile of FB dispersion and FB-PCL-NFIs in PBS (pH 7.4) through
dialysis membrane over 24 h. Around 95% of FB was diffused from the FB dispersion (green colored) within first
3 h while FB was completely diffused within 4 h. Further, FB-PCL-NFIs exhibited biphasic release, where ~30%
of FB was released within first hour owing to diffusion of surface-allied or loosely entrapped FB molecules. This
initial burst release of FB may also be attributed to the small diameter (high specific surface area) of the fabricated
FB-PCL-NFs. In addition, the slightly porous nature of the NFs matrix may also contribute to the rapid FB release.
The initial burst release is favorable for achieving rapid therapeutic concentrations at the application site.
Subsequently, the release rate decreased gradually, reaching ~68% at 8 h and ~94% at 24 h, which is attributed to
the hydrophobic, semi-crystalline, and non-swellable nature of PCL that provides a more sustained drug release
due to slow penetration of the release media into the PCL matrix. Also, polymer degradation often alters the
mechanism of drug release from purely diffusion-controlled to a combined diffusion-erosion controlled
mechanism. However, the slow degradation of the PCL nullifies the likelihoods of such occurrences.

To elucidate the release kinetics of FB from the fabricated nanofibrous inserts, the release data were fitted to zero-
order, first-order, Higuchi, Hixson—Crowell, and Korsmeyer—Peppas kinetic models as shown in Figure 6-A(b-
f). Among the investigated models, the Higuchi model exhibited the highest coefficient of determination (R2 =
0.9602), suggesting that diffusion through the polymeric matrix is the predominant mechanism governing FB
release from the PCL nanofibers. The comparatively lower R? values obtained for the zero-order (0.7459), first-
order (0.0751), Hixson—Crowell (0.0794), and Korsmeyer—Peppas (0.4795) models indicate a poorer fit to the

experimental data. Although model selection in the present study was primarily based on goodness-of-fit (R2), it
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is acknowledged that complementary statistical approaches, including residual analysis and uncertainty estimation
(e.g., RMSE, SSE, Akaike Information Criterion, or confidence intervals), would provide a more rigorous
assessment of model suitability. These analyses were beyond the scope of the present investigation and should be
incorporated in future studies to strengthen the interpretation of release kinetics.

The release data were further analyzed using various kinetic models and the Higuchi model was observed to be
the best-fit for in vitro release data as validated by its higher linearity regression coefficient (0.9602) compared to
zero order (0.7459), first order (0.0751), and Hixson Crowell (0.0794) models as shown in Figure 6-A(b-e).
Additionally, Figure 6-A(f) illustrates the mechanism followed by FB to diffuse from the PCL-NFIs as
investigated using Korsemeyer-Peppas model. The kinetic constant (k) and release exponent (n) values were found
to be 0.3151 and 0.4608, respectively. The n < 0.5 signifies the quasi-Fickian diffusion mechanism, which means
diffusion-controlled drug release from a polymer matrix that erodes slowly. As PCL is a hydrophobic polymer, it
does not swell much when exposed diffusion medium. The PCL-NFs possess very high surface-area-to-volume
ratio. FB molecules located on or near the surface of the NFs may be released very quickly (burst release) that
causes a deviation from a purely Fickian mechanism. Following initial burst, the release rate of FB decreases due
to slower diffusion of FB from deeper layers of PCL matrix. The FB molecules must travel the longer and more

tortuous path through PCL network to reach the surface, leading to sustained FB release.®
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Figure 6: (A) In vitro drug release profiles of FB as a function of time from (a) FB aqueous dispersion, and FB-PCL-NFIs
through a cellulose dialysis membrane. [Data expressed as Mean + SD, n = 3]. Kinetics of FB release using (b) Zero order, (c)
First order, (d) Hixson Crowell, (e) Higuchi, and (f) Korsemeyer-Peppas kinetic models. (B) Ex vivo permeation profile of FB
as a function of time from (a) FB aqueous dispersion, and FB-PCL-NFIs through a goat cornea (permeation barrier). [Data
expressed as Mean + SD, n = 3]. (C) Isotonicity test performed on: a) untreated control RBCs, b) treatment group comprising
RBCs incubated with FB-PCL-NFIs. (D) HET CAM image showing the effect on CAM after exposure to (a) 0.9% NaCl
(Negative control), (b) 0.1 M NaOH (Positive Control), (c) FB-PCL-NFIs treated group, and (d) Marketed eye drop (Ocuflur®
IP, 0.03% w/v) treated group.

3.25  Exvivo permeation
Figure 6-B demonstrates the ex vivo permeation profile of FB from FB aqueous dispersion and FB-PCL-NFIs

across excised goat cornea over 24 h in PBS (pH 7.4). Around 96% of FB was permeated from FB aqueous
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dispersion within 6 h whereas FB-PCL-NFIs released ~89% of FB up to 24 h. Both exhibited high permeability,
which may be due to the transcellular transport of hydrophobic FB (a BCS Class 1V candidate) through lipid-rich
epithelial layer of the cornea, allowing for deeper penetration. NFIs increased the residence time of FB on corneal
surface, leading to enhanced retention and prolonged FB permeation over more than 24 h. This ultimately
contribute to higher therapeutic concentrations of FB compared to conventional eye drops where drugs usually
washed off with tears, due to blinking reflexes, rapid lacrimal fluid turnover rate, and short residence time of drugs
in conjuctival sac. Higher permeation of FB from PCL-NFIs over extended period guarantee the efficient
management of ocular diseases.” In our opinion, the large surface area of NFs may also contribute to the higher

permeation of FB across the corneal tissues.

3.2.6  Evaluation of sterility, irritancy, and toxicity

On sterility testing, the FB-PCL-NFIs, blank PLC-NFs, and negative control exhibited no turbidity indicating
absence of microorganisms and validate the sterility of the analyzed samples. In addition, the positive control
showed turbidity suggesting the precision of the adopted methodology. EtO-based terminally sterilized NFIs were
further employed for the in vivo ocular pharmacokinetic studies to investigate the suitability of FB-PCL-NFIs for
ocular administration.*?

The findings demonstrated that the RBCs incubated with fabricated FB-PCL-NFIs maintained their predominately
biconcave, disc-like shape and appeared intact under microscope, suggesting the possible hemocompatibility of
the fabricated NFIs. No procedural difference was observed between the untreated control group and treatment
group. Moreover, no bulging (hypotonic effect) or shrinkage (hypertonic effect) of cells was observed. These
findings are consistent with the previously reported use of RBC morphology and changes in RBC diameter as a
primary factor for evaluating formulation for osmatic effect. Additionally, this study represents that the fabricated
nanofibers insert does not independently cause irritation or discomfort. Post evaluation, the observed RBCs are
shown in Figure 6-C.%

Figure 6-D indicates the results of HET-CAM assay, where CAM morphology was examined for three major
irritant effects viz. coagulation, hemorrhage, and hyperemia. After exposure to negative control (0.9% NaCl),
CAM did not show any sign of vascular damage (Figure 6-D(a)) and IS was 0, indicating the non-irritant nature
of applied sample. In contrast, the exposure to positive control (0.1 M NaOH) resulted in severe irritation
responses viz. coagulation, hemorrhage, and hyperemia (Figure 6-D(b)), with IS of 12. Moreover, exposure of
CAM to FB-PCL-NFIs (Figure 6-D(c)), and Ocuflur® IP (0.03% w/v) (Figure 6-D(d)) did not show any signs of
vascular damage including absence of coagulation, hemorrhage, and hyperemia. The IS was just 0.5 and 0.8,
respectively, indicating that the fabricated NFIs were non-irritant and appropriate for ocular administration, 364144

Table S1 (supplementary data) illustrates the observed IS.

3.2.7  Invivo studies

A primary regulatory requirement for any drug delivery systems intended for ocular administration is the absence
of any significant ocular adverse effects viz. irritation, burning, stinging, and tearing. The FB-PCL-NFlIs, in
comparison to Ocuflur® IP (0.03% wi/v) eye drop, were investigated for estimation of ocular irritancy potential
for 7 days in NZW rabbits. In both groups of rabbit eyes treated with FB-PCL-NFIs, and Ocuflur®, no visible
symptoms of irritation or injury viz. redness, swelling and/or unusual tearing were noticed during the study period.
The corneas of the eyes under examination did not exhibit the signs of turbidity and redness. There was no visible

swelling in the eyelids. The blood vessels in the iris and conjunctivae were also normal (Figure 7). Thus, for both
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formulations, no noticeable signs of irritation were found suggesting biocompatibility, tolerability, and suitability
of the prepared FB-PCL-NFlIs for ocular administration.*246

The in vivo tear pharmacokinetics studies involved insertion of FB-PCL-NFIs into the cul-de-sac of rabbit’s eye.
The techniques utilized for insertion of NFls, and tear collection were noninvasive. Although the flush-tear and
Schirmer-strip methods are widely used for ocular pharmacokinetic evaluation, some variability in tear recovery
is unavoidable due to differences in tear retention and strip wetting capacity. In the present study, this variability
was minimized by maintaining a standardized sampling protocol, including a fixed PBS flushing volume,
predetermined contact time, and consistent use of Schirmer strips for all experimental groups. Furthermore, the
extraction procedure was uniformly applied to all samples, and analytical measurements were performed in
triplicate to ensure reproducibility and reliability of the obtained tear concentration data. Figure S2 illustrates the
linearity curve of FB in acetonitrile and water (80:20 % v/v) acidified with 0.1 % trifluoro acetic acid (pH 3.5).
Linearity was obtained with good regression coefficient (R?) values of 0.9987 at 247 nm over a concentration
range of 5-25 pg mL?*. The developed analytical method demonstrated adequate reproducibility for the
quantification of FB in tear samples collected using Schirmer strips. The consistency observed among triplicate
determinations supported the reliability of the concentration-time profiles generated during the pharmacokinetic
evaluation. Following dose normalization to account for the difference in the administered flurbiprofen dose, the
tear fluid concentration-time profiles (Figure 8) demonstrated that FB-PCL-NFIs provided a prolonged ocular
residence time and sustained release of flurbiprofen compared with Ocuflur® IP. The dose-normalized
pharmacokinetic analysis showed that FB-PCL-NFIs achieved sustained ocular exposure over 48 h compared with
the commercial eye drops. Although Ocuflur® IP produced an earlier peak concentration (Tmax = 1 h), drug
levels declined rapidly and fell below the quantification limit after 8 h. In contrast, FB-PCL-NFIs exhibited a

delayed Tmax (8 h) with gradual drug release that was maintained throughout the 48 h study period.t"#2
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A) FB Eye drops (0.03 % w/v) (OCUFLUR®)
Administration Day 1 Day 2

B) FB-loaded PCL-nanofibers-based ocular insert
Day 3

Administration Day 1 Day 2
; 1 G
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Figure 7: Photographs of NZW rabbit’s eyes (cornea and conjunctivae) demonstrating the absence of ocular irritation
following treatment with A) Ocuflur® IP (0.03% wi/v) and B) FB-PCL-NFIs, investigated over 7 days.

The higher dose-normalized AUC0-48 values obtained with FB-PCL-NFIs demonstrate their superior ability to
sustain ocular drug exposure. This behavior is attributed to the encapsulation of flurbiprofen within the PCL
nanofibrous matrix, which enabled controlled drug release and prolonged precorneal residence compared with the

conventional eye drops.
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Figure 8: Tear concentrations vs. time profile of FB following ocular administration of FB-PCL-NFIs, and Ocuflur® IP (0.03
% wiv) eye drop in rabbits’ eyes during in vivo tear pharmacokinetics study.

3.2.8  Stability study and shelf-life estimation

Figure 9 depicts the ATR-IT spectra of FB-PCL-NFIs held for stability analysis. There was no significant change
observed in the spectra of studies samples indicating chemical stability during the defined stability conditions (40
+2°C and 75 = 5 % RH) over a four-week period.* In addition, the percent drug content had shown a very
negligible change after six months. The projected shelf-life (ts) of the fabricated FB-PCL-NFIs relative to the
lower specification limit was found to be 43.2 months (Figure 10).5°
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Figure 9: ATR-IR spectra of FLB-PCL-NFIs under defined stability conditions studied over four weeks period.
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Figure 10: A percent drug content vs. time plot representing the projected shelf-life of FB-PCL-NFlIs, following long-term
storage.

4. Conclusion and future perspectives

The study successfully investigated the FB-infused PLC-NFs-based ocular inserts for the possible noninvasive
treatment of ocular diseases. The prepared FB-PCL-NFIs benefited from the enhanced ocular retention, sustained
FB release, enhanced permeation, and improved patient compliance. These merits praise FB-NFIs as potential
alternative to the existing conventional therapies, which usually pose various challenges viz. rapid eye flushing,
and patients’ non-adherence to the repetitive drug delivery. In addition, the NFIs also poses few challenges viz.
appropriate placement inside the eye, potential vision interference, and discomfort to the patient. Conventional
single-needle electrospinning poses hurdles for large-scale GMP manufacturing and thus, scalable electrospinning
technologies viz. multi-needle, needleless, and free-surface electrospinning systems are becoming more
compatible with continuous manufacturing under GMP conditions. Further developments directed towards
optimizing the design of ocular inserts and improving the insert placement techniques could potentially minimize
the patients’ uneasiness to the use of inserts. The promising scalability and long-term stability of NFIs may

possible open the way to fully realize the clinical efficacy of this budding next-generation drug delivery
technology.
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