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A B S T R A C T

Ocular drug delivery presents significant challenges, attributed to the various anatomical and physiological
barriers, as well as the limitations associated with conventional ocular formulations including low bioavail-
ability, necessitating frequent dosing. The objective of the essay was to design sustained release nanofibrous
inserts loaded with ceftazidime (CAZ), an antibiotic effective against gram-negative and gram-positive micro-
organisms, for the treatment of ocular infections. These nanofibers were fabricated using the electrospinning
technique, employing biodegradable polymers such as polyvinyl alcohol (PVA), polycaprolactone (PCL) and
Eudragit® (EUD). The nanofibrous inserts exhibited adequate mechanical strength for ocular use with an average
diameter < 250 nm. In the initial 12-h period, a burst drug release was observed, followed by a controlled release
for 120 h. Cell viability test confirmed the non-toxicity and safety of the nanofibers. The in vivo study demon-
strated that the inserts sustain a drug concentration exceeding the minimum inhibitory concentration (MIC) of
Pseudomonas aeruginosa and Staphylococcus aureus for 4 and 5 days, respectively. The AUC0–120 for CAZ-PVA-PCL
was reported 11,882.81 ± 80.5 μg⋅h/ml and for CAZ-PVA-EUD was 9649.39 ± 86.84 μg⋅h/ml. The nanofibrous
inserts' extended drug release maintains effective antimicrobial concentrations, avoids the fluctuations of eye
drops, and, by being preservative-free, eliminates cytotoxicity.

1. Introduction

Ocular infections pose a significant threat to vision and conventional
drug delivery methods have not effectively addressed this issue. Pseu-
domonas aeruginosa is a major pathogen responsible for ocular infection,
particularly bacterial keratitis. This type of keratitis, caused by
P. aeruginosa, is often more severe at initial diagnosis compared to
keratitis caused by other bacterial pathogens. Such cases require more
intensive therapeutic intervention and are frequently associated with
poorer visual outcomes than keratitis of other etiologies (Sy et al., 2012).
P. aeruginosa is also primarily responsible for vision-threatening corneal
diseases in otherwise healthy individuals who use contact lenses (Yildiz
et al., 2012; Ng et al., 2015).

Ceftazidime (CAZ) is currently the most potent cephalosporin against
P. aeruginosa. It functions as an antimicrobial agent by binding to
penicillin-binding proteins in bacterial cell walls, thereby preventing the

synthesis of new cell walls and inhibiting bacterial growth. CAZ is
resistant to various β-lactamases (Chang et al., 2008; Daikos et al.,
2021). It is effective against a broad spectrum of bacteria, encompassing
both gram-positive and gram-negative species, even those resistant to
other antibiotics (Bouattour et al., 2021). However, its primary use is for
treating infections caused by gram-negative bacteria (Chen et al., 2021).
Despite its efficacy, ceftazidime degrades rapidly in water, leading to a
loss of effectiveness. Due to this instability, there are no commercially
available eye drops containing ceftazidime in water-based solutions
(Wijesooriya et al., 2013).

Conventional drug delivery methods like eye drops face several
challenges, including poor drug bioavailability, low drug loading, un-
controlled release of drug molecules, and unsustainable delivery
methods. Only a small percentage (1–5 %) of the drug delivered via eye
drops reaches the intended eye tissues. This is because the drops are
quickly drained from the eye surface and face barriers such as the tear
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film and corneal epithelium. Eye drops are rapidly washed away by tears
and blinking, resulting in minimal contact time with the ocular surface.
Additionally, a significant amount of the drug can be absorbed sys-
temically through the nasolacrimal duct, potentially causing side effects
and diminishing efficacy at the target site. The need for frequent
administration and the discomfort associated with eye drops can lead to
poor patient compliance, further reducing the treatment's effectiveness.
To address these issues, significant advancements are being made in
designing efficient alternative systems for the ophthalmic administra-
tion of antimicrobial agents. These innovative approaches include the
development of hydrogels (Khalil et al., 2020), nanoparticles (Silva
et al., 2017), liposomes (Wijesooriya et al., 2013), contact lenses (Ubani-
Ukoma et al., 2019), and nanofibrous inserts (Taghe et al., 2023). While
information on novel ocular drug delivery systems for ceftazidime is
limited (Wijesooriya et al., 2013; Silva et al., 2017), ongoing research
and development efforts are focused on enhancing the delivery of this
antibiotic. Various advanced ocular delivery systems, including inserts,
are being explored to improve the efficacy and precision of ceftazidime
administration.

Sustained release inserts are important because they increase the
residence time of the drug in the eye, ensuring that the drug remains
effective for a longer period. By maintaining a consistent drug concen-
tration, these inserts enhance the bioavailability of the drug compared to
eye drops. They also reduce the frequency of administration, which can
substantially influence the drug's concentration in ocular tissue. This
reduction in frequency helps to minimize fluctuations, thereby impact-
ing both the drug's efficacy and the incidence of side effects. Addition-
ally, sustained release systems can minimize systemic absorption and
local side effects by delivering the drug directly to the target site in a
controlled manner. These benefits make sustained release ocular inserts
a valuable system in the treatment of ocular diseases (Kumari et al.,
2010). Furthermore, these systems offer stability and eliminate the need
for preservatives, thereby reducing potential side effects (Rozi and
Mohmad Sabere, 2021). Nanofiber-based ocular inserts provide a safe
and efficient method for the noninvasive delivery of nanoscale drugs
(Omer and Zelkó, 2021).

Electrospinning is an adaptable and economical method used to
produce nanoscale fibers from polymer solutions through the applica-
tion of a strong electric field (Sofi et al., 2020). Nanofibers can absorb
moisture and swell when placed in the cul-de-sac, potentially providing
prolonged drug retention and sustained release. This can help achieve
effective drug levels within the eye. (Chandel and Kandav, 2024; Taghe
et al., 2024a). Nanofibers have the advantage of accommodating a sig-
nificant quantity of drugs and demonstrating high encapsulation effi-
ciency (Luraghi et al., 2021). Moreover, fibers can facilitate drug
permeation across physiological barriers, reduce premature drug
release, and enable targeted delivery to specific tissues, thereby mini-
mizing drug dispersion to other areas of the body (Zupancic et al., 2016).
Various polymers can be utilized for preparing ocular nanofibers
including polyvinyl alcohol (PVA), polycaprolactone (PCL) and Eudra-
git® (EUD). PVA is a water-soluble synthetic polymer known for its
excellent mechanical properties, biocompatibility, non-toxicity, and
biodegradability. Previous studies have developed PVA-based electro-
spun fiber containing ketoprofen (Kenawy et al., 2007) and ciprofloxa-
cin (Zhou et al., 2016) with sustained release capabilities. Incorporating
hydrophobic polymers like PCL and EUD into blend fibers can enhance
the properties of the nanofibrous structure (Mirzaeei et al., 2021). PCL, a
biodegradable polyester, was selected for the preparation of nanofibers
due to its demonstrated safety, biocompatibility, and non-toxicity. Pre-
vious research has shown that PCL-based nanofibers are effective when
combined with other natural polymers to enhance scaffold structural
integrity and regulate the release of antimicrobial substances
(Mohamady Hussein et al., 2021). Studies have also indicated that PCL
ocular nanofibers provide sustained drug release in ocular tissues(Da
Silva et al., 2019; Taghe et al., 2024a; Taghe et al., 2024c). EUD,
FDA-approved polymers derived from methylmethacrylate, offer

advantages as biocompatible materials. Researchers have explored EUD
RL100 polymeric nanofibers as vehicles for delivering antimicrobial
agents such as vancomycin (Abdel-Rahman et al., 2020). These specific
polymers (PVA, PCL and EUD) are chosen for their high compatibility
with biological tissues, meaning they do not cause adverse reactions
when in contact with the body. This is crucial for ocular drug delivery,
where the materials must be safe for sensitive eye tissues. These poly-
mers can maintain their structure and function in the biological envi-
ronment, ensuring that the drug delivery system remains effective over
time. The polymers can be engineered to control the rate at which the
drug is released, allowing for a steady release of medication over an
extended period and reducing the need for frequent dosing. By con-
trolling the release profile, these polymers ensure that the drug reaches
the desired site of action in the eye at therapeutic levels, enhancing
treatment efficacy and minimizing side effects.

In the present study, ocular CAZ-PVA-EUD and CAZ-PVA-PCL
nanofibers were designed and prepared through electrospinning using
PVA, PCL and EUD RL100. This innovative approach marks the first
instance of designing ceftazidime nanofibers with these specific poly-
mers for ocular drug delivery systems. The formulations were assessed
for physiochemical and mechanical properties. Quantification of CAZ in
rabbit eyes was performed using a specific animal-friendly method, and
cell viability tests were conducted after in vitro characterization. The
nanofibrous formulations are expected to offer significant benefits, such
as maintaining a consistent drug release rate in the eye and improving
pharmacokinetic efficacy, thereby reducing the frequency of dosing.

2. Materials and methods

2.1. Materials

Ceftazidime and EUD RL100 were acquired from Sina Darou (Teh-
ran, Iran) and Evonik Industries (Darmstadt, Germany), respectively.
Trypsin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium-
bromide (MTT), and modified Dulbecco's Modified Eagle Medium
(DMEM) were acquired from Sigma Aldrich (Darmstadt, Germany).
Fetal bovine serum (FBS) was obtained from Gibco (Carlsbad, CA, USA).
Polycaprolactone (PCL) (Mw = 80 kDa), polyvinyl alcohol (PVA) (99 %
hydrolyzed, average Mw = 89–98 kDa), the solutions containing
methanol, DCM (dichloromethane), DMF (dimethylformamide), and
ACT (acetone), as well as the culture media including Sabouraud
Dextrose Broth, Thioglycolate Sodium Liquid, Fluid Casein Digest Me-
dium, and Tryptic Soy Agar, were obtained from Merck (Darmstadt,
Germany).

2.2. Synthesis of ceftazidime nanofiber

In order to synthesize ceftazidime nanofibers, a high-voltage direct
current (DC) power supply electrospinning device (Fanavaran Nano-
Meghyas, Iran) was utilized. Separate solutions were formulated, each
with a concentration of 10 % (w/v) consisting of PVA, EUDRL100, and
PCL in distilled water, methanol, and a solvent blend of DCM: DMF: ACT
in a 4:3:1 (v/v) ratio, at room temperature for 24, 3, and 2 h, respectively
with stirring at 1000 rpm to obtain transparent solutions. The PVA so-
lution containing 30 % w/v CAZ was then prepared.

A dual-source, dual-power electrospinning device was used to pre-
pare CAZ-PVA-EUD and CAZ-PVA-PCL. This device comprises of a
rotating drum collector covered with aluminum foil. To prepare CAZ-
PVA-PCL, two syringes were used, one containing 10 ml of PCL solu-
tion without the drug, prepared as previously explained, and another
syringe filled with 10 ml of drug-containing PVA solution. The proced-
ure for preparing CAZ-PVA-EUD, was exactly as described above, except
instead of PCL solution, one syringe contained 10 ml of EUD solution
without the drug. Then, the solutions were simultaneously directed to-
wards the electrospinning collector (8 cm diameter) at a flow rate of 2
ml/h. The entire process took place at a temperature of 25 ◦C. Aseptic
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conditions were maintained throughout the entire process of preparing
the nanofibrous inserts. Furthermore, the prepared inserts were exposed
to UV radiation for 30 min to ensure sterility. Fig. 1 depicts the meth-
odology for fabricating the CAZ nanofibrous inserts.

2.3. Physicochemical properties

2.3.1. Thickness and weight uniformity test
The thickness of the samples was measured using a Tork Craft Digital

Micrometer with a range of 0-25 mm (Model ME30025, Quanzhou,
China). This was done by preparing nanofibers and measuring them at
various points to calculate the average and standard deviation for
thickness uniformity assessment. To evaluate the uniformity of weight,
pieces from various sections of the prepared nanofiber were weighed
using a digital scale.

2.3.2. Folding endurance and tensile strength
The flexibility of the nanofibers was evaluated through a folding

endurance test, which measures the number of folds a fiber can with-
stand at a single point before tearing becomes apparent. For this pro-
cedure, the nanofiber, with a specific size of 2× 2 cm2 and a thickness of
around 0.2 mm, was repeatedly folded at the same spot until a tear or
crack appeared. The folding endurance was quantified by averaging the
number of folds achieved before damage, across three repetitions.

To measure the tensile strength of the nanofiber, a mechanical
testing device (STM-5, Santam, Iran) was utilized. Pieces of various
nanofibrous inserts were cut, measuring 3 × 1.5 cm2 with a thickness of
around 0.2 mm. The samples were pulled at a constant speed of 5 mm/
min until they tore. Elongation as flexibility and ultimate stress resis-
tance as tensile strength were examined.

2.3.3. Entrapment efficiency percentage
For the analysis of entrapment efficiency percentage, a specified

amount of inserts was stirred in 2 ml of methanol for CAZ-PVA-EUD and
in a solvent blend of DCM: DMF: ACT (4:3:1 v/v) for CAZ-PVA-PCL in
glass flasks at 100 rpm to remove the EUD and PCL nanofibers from the
inserts. The drug-loaded PVA electrospun nanofiber was isolated by
centrifuging at a speed of 2000 rpm for a duration of 30 min, separating
it from the PCL-containing DCM: DMF: ACT and EUD-containing
methanol. Subsequently, drug-loaded PVA electrospun nanofiber

underwent immersion in distilled water to quantify the CAZ loaded
within the PVA nanofiber. The drug content was measured in three
samples, and eventually, the amount of ceftazidime was measured in the
solution by HPLC method. The Entrapment efficiency was calculated
using Eq. 1.

2.3.4. Swelling percentage, moisture uptake, and moisture loss study
Initially, the weight of the designed nanofibrous samples was

recorded. The samples were then soaked in a phosphate buffer solution
(PBS) with a pH of 7.4 (physiological pH) and a temperature of 37 ◦C.
After 3, 6, and 12 h, the inserts were extracted, any surplus PBS was
removed using a paper, and a subsequent weight measurement was
evaluated. The swelling ratio was calculated based on the weight dif-
ference before and after immersion, as outlined in Eq. 2.

Pre-weighted inserts were kept in a desiccator filled with anhydrous
calcium chloride and aluminum chloride, maintaining a moisture level
of 79.5 %, to evaluate the physical stability of the inserts under dry and
humid conditions, respectively. After a period of three days, the nano-
fibers were removed and their weight was measured again. Using Eqs. 3
and 4, the percentages of moisture uptake and loss were calculated.

2.3.5. Surface pH Test
To determine the surface pH of the prepared inserts, the fabricated

nanofibers were placed in a dish filled with a designated volume of PBS
at a pH level of 7.4. Afterward, the surface pH levels of the nanofibers
were determined utilizing a pH meter.

2.3.6. Surface hydrophilicity
The measurement of contact angle was performed to characterize

surface moisture properties. Surface hydrophilicity properties were
characterized using the sessile drop technique. A test set-up for contact
angle analysis was arranged using a digital microscope (Dino-Lite,
AM7815, AnMo Electronics Corp, Taiwan) set to capture at an interval of
1 frame every 500 milliseconds. Subsequently, distilled deionized water
at room temperature was dropped onto the sample surface using a
micropipette. The images captured at the moment of contact were
examined using ImageJ software to estimate the contact angle and

%Entrapment efficiency = weight of CAZ in the nanofibrous insert/weight of the theoretical weight of CAZ (from the feeding solution)×100
(1)

Percent swelling ratio = (Final weight of swollen nanofibrous inserts at 12 h
− Initial weight of dried nanofibrous inserts)/(Initial weight of dried nanofibrous inserts)×100

(2)

%Moisture Uptake = (Final weight of the nanofibrous inserts after 3 days
− Initial weight of the nanofibrous inserts)/(Initial weight of the nanofibrous inserts)×100

(3)

%Moisture Loss = (Initial weight of the nanofibrous inserts
− Final weight of the nanofibrous inserts after 3 days)/(Initial weight of the nanofibrous inserts)×100

(4)
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evaluate the hydrophilicity. The average contact angle was calculated
from three separate tests (Turanlı and Acartürk, 2021).

2.3.7. Ex-vivo mucoadhesion time
A freshly removed sheep cornea (3 cm2) was cleaned with PBS before

being taped to a glass slide (Tofighia et al., 2017). A disintegration
apparatus was then filled with a specific amount of PBS (pH = 7.4), and
the assembled slide was fixed vertically on it. Additionally, pieces of the
inserts (1 cm2) were moistened on one side with PBS, applied to the
cornea, and then reciprocated upward and downward at 37 ◦C. Finally,
the mucoadhesion time—the amount of time needed for these inserts to
completely separate from the cornea—was reported (n = 3).

2.4. Assessment of ceftazidime using high-performance liquid
chromatography (HPLC)

The separation process in high-performance liquid chromatography
(HPLC) was conducted utilizing a Knauer-V7603-Germany model linked
to a Knauer Smartline 2500 UV detector, which was set to a 255 nm
wavelength. The chromatographic analysis was carried out using a
column measuring 250 mm in length and 4.6 mm in internal diameter,
filled with C18 material (Mainz, Germany) at 25 ◦C. The mobile phase
consisted of a 10:90 v/v% mix of methanol and a triethylamine buffer
(0.1 % concentration, pH 3.0), used for separating ceftazidime at a flow
rate of 0.7 ml/min over a total run time of 6 min. Samples of the drug
were prepared at varying concentrations, from the lowest (3.12 μg/ml)
to the highest (100 μg/ml), and were introduced into the system. The
retention time was found to be about 1.7 min. The calibration curve and
regression equation derived from this data were then applied to deter-
mine the concentrations of the drug in unknown samples.

2.5. Fourier transform infrared (FTIR) spectroscopy studies

FTIR spectra were obtained using an IR Prestige-21 spectrometer
(Shimadzu Corp, Japan). The samples were blended with KBr powder

and subjected to a pressure of 9 tons, causing the KBr to melt and create
a background matrix. The target sample was then dispersed on the
surface of this matrix. After the pressure was released, a transparent disc
was formed. FTIR spectra within the range of 4000 to 400 cm− 1 were
recorded for ceftazidime, the nanofibers, and the polymers used in the
nanofiber fabrication process.

2.6. Differential scanning calorimetry (DSC)

The DSC Studies were conducted to investigate the thermal charac-
teristics and phase transitions of CAZ and the polymers within the
nanofibrous structures. Approximately 5 mg of each sample was placed
in an aluminum pan. The samples were analyzed under a nitrogen gas
flow, with the temperature range set from 40 to 250 ◦C and a scanning
rate of 5 ◦C per minute, using a simultaneous thermal analyzer (STA
6000, Perkin Elmer).

2.7. Morphology of ceftazidime–loaded nanofibers

The morphological characteristics of the prepared nanofibrous in-
serts were determined using electron microscopy. The surface charac-
teristics and morphology of the formulations, after being coated with a
specified amount of gold-covered samples, were examined using a
Hitachi SU3500 Scanning Electron Microscope (SEM). The voltage fac-
tor in high vacuum mode was selected to be above 20 kV.

2.8. In vitro drug release test

To determine the quantity of CAZ released from the prepared
nanofibers, a specific amount of the formulated inserts was placed in a
donor compartment filled with 0.5 ml of PBS at a pH of 7.4. The donor
chamber, containing the nanofiber inserts, was separated from the re-
ceptor chamber, which was filled with 15.5 ml of medium, by a dialysis
membrane. This membrane, with a molecular weight cutoff of 12,000 to
14,000 Da (Delchimica Scientific Glassware, Milan, Italy), was main-
tained at 37 ◦C and 100 rpm. Predetermined quantities of the sample
were methodically extracted from the receptor chamber at set intervals
(1, 2, 4, 6, 12, 24, 36, 48, 60, 72, 96, and 120 h) and immediately
replaced with 15.5 ml of fresh PBS. Considering the experimental con-
ditions and drug solubility, sink conditions were maintained during the
experiment. The concentration of CAZ in the receptor phase was
determined using the specified HPLC technique.

Release data were evaluated through various kinetic models, such as
Korsmeyer-Peppas, first-order, zero-order, and Higuchi. The model that
demonstrated the lowest Akaike Information Criterion (AIC) and the
highest correlation coefficient(R2) was chosen to determine the in vitro
drug release mechanisms.

2.9. Cell toxicity

Cultured (L929 (mouse fibroblast)) cells were plated in a 96-well and
underwent an incubation period of 48 h at a temperature of 37 ◦C in an
atmosphere containing 5 % CO2. One row of the 96-well plate served as
a control without any formulation, while the other rows received
different concentrations (4.68, 9.375, 18.75, 37.5, 75, 50, 150 and 300
μg/ml) of the prepared nanofibers. Nanofibrous pieces with different
drug concentrations were sectioned and incubated in 10 ml of sterile
DMEM for a specified period. Subsequently, the supernatant was
removed to allow for direct interaction with the cells. The cell viability
was evaluated by conducting the MTT assay on the fibroblast cells after a
24-h period. The culture medium was removed, the plate was cleansed
with PBS, and then trypsin was applied. In the next step, 10 μl of MTT
solution (5 mg/ml) were added to all wells. The plate underwent a 4-h
incubation period in accordance with standard laboratory conditions.
Subsequently, the medium that included the MTT solution was dis-
carded, and Dimethyl Sulfoxide (DMSO) was introduced to solubilize the

Fig. 1. Process of fabrication of ocular nanofibrous inserts.
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formazan crystals. After a 30-min incubation period, the absorbance was
recorded at 540 nm with the use of a microplate reader. The gathered
data was then analyzed using the specified equation:

2.10. Sterility and antimicrobial efficacy test

Samples of the ocular inserts were placed into various culture me-
diums: Sabouraud Dextrose broth for fungi incubated at 25 ± 0.5 ◦C,
Thioglycolate Sodium Liquid for anaerobic bacteria, and Fluid Casein
Digest Medium for aerobic bacteria, both at 35 ± 0.5 ◦C. This process
was to confirm that no living microorganisms were present, suitable for
ophthalmic use. Following this, the cultures were placed in an incubator.

For the purpose of determining the antimicrobial properties of CAZ-
infused nanofibers, the study utilized two commonly encountered ocular
pathogens. A McFarland standard suspension of P. aeruginosa (ATCC
9637) and the S. aureus (ATCC 6538) was uniformly grown on Tryptic
Soy Agar (TSA) plates. Subsequently, designated segments of the
nanofibers were positioned on the TSA plates. After a 24-h incubation at
35 ◦C, the antimicrobial effectiveness of nanofibrous samples was
determined by measuring the inhibition zones.

2.11. Rabbit eye irritation test and in vivo studies

12 male New Zealand white rabbits with specific weight (3.7 to 4.2
kg) were used for the ocular irritation test. Before the experiments
began, the New Zealand White rabbits were housed individually in
standard laboratory conditions. They were kept on a 12-h light/dark
cycle, at a temperature of 20–22 ◦C, and with a relative humidity of
50–60%. The rabbits had access to a standard diet and water at all times.
These conditions were maintained throughout the experiment. A 100 μl
of sterile PBS along with ceftazidime-loaded nanofiber were inserted
into one eye of the rabbits. A similar volume of sterile PBS was instilled
in the other eye, which served as a control. The ocular irritation test was
performed over a period of 3 days using clinical assessment methods to
evaluate symptoms such as eye discomfort, tearing, or redness. These
evaluations were based on the scoring criteria specified by the ISO-
10993-10 standard.

12 male New Zealand white rabbits were divided into 2 groups: a) 6
rabbits were selected for CAZ-PVA-PCL, and b) 6 rabbits were treated
with CAZ-PVA-EUD. Firstly, the rabbit's eye was washed with sterile
PBS, and then, a single dose of the ocular inserts, with different

formulations containing approximately 30 mg of fibers and a specified
amount of sterile PBS, was placed into the conjunctival sac of the right
eye of rabbits. The left eyes received only PBS. Approximately 100 μl of

PBS was dropped into the eyes and then sampling of tear fluid was
carried out after 30 s using a micropipette at specific time intervals (1, 2,
4, 6, 12, 24, 36, 48, 60, 72, 96, 120 h). The HPLC method described in
section 2.5 was employed to determine the CAZ concentration in the tear
fluid samples. The samples were centrifuged at 1000 g for 10 min, and
the supernatant was stored in Eppendorf tubes at − 20 ◦C until analysis.
Dilution considerations were also factored into the calculations. To
analyze the concentration of CAZ in the tear fluid, we utilized an HPLC
method as detailed in the manuscript. Importantly, this method allowed
us to obtain the required measurements without sacrificing any animals.
Our team measured the concentration of Ceftazidime in rabbit eyes
using a unique, self-designed, animal-friendly technique. Post-
experiment, the animals were not sacrificed, due to the methodology
used. The procedure was conducted in compliance with the guidelines
for animal research, as sanctioned by the Laboratory Animal Ethics
Committee at Kermanshah University of Medical Sciences (Approval No.
IR.KUMS.AEC.1403.002.).

2.12. Statistical analysis

The experiments were performed in triplicate, and the outcomes
were presented as the mean value± the standard deviation (SD). For the
statistical evaluation, the Kruskal-Wallis and t-tests were applied. A p-
value less than 0.05 was deemed to indicate a statistically significant
difference.

3. Results and discussion

3.1. Preparation of ceftazidime-loaded nanofibers

The synthesis of CAZ-loaded nanofibers involves a delicate balance
of parameters to ensure the structural integrity and bioactivity of the
drug. The process includes optimizing the conditions for electro-
spinning, such as voltage, distance between the needle and collector,
and flow rate, as well as selecting appropriate solvents used, and the
levels of polymer concentration. The developed formulations were
subsequently utilized to manufacture nanofiber inserts containing CAZ.
PCL, PVA, and EUD have been extensively studied for their potential in
delivering drugs to the eye, owing to their notable mechanical strength,
slow degradation, compatibility with biological tissues, and lack of toxic
effects on the eyes. The controlled release of drugs using nanofibers
composed of after mentioned polymers has garnered significant interest
owing to these advantageous attributes (Da Silva et al., 2015; Sahu et al.,
2022; Nikam et al., 2023). This study's objective was to create innova-
tive nanofibrous inserts for the prolonged release of ceftazidime into the
eye, and to assess how the incorporation of PCL and EUD nanofibers
alongside PVA nanofiber containing drug influences the physicochem-
ical properties and release profile of the inserts.

3.2. Physicochemical properties

3.2.1. Thickness and weight uniformity test
The ophthalmic ceftazidime inserts exhibited weights within the

range of 31.6 ± 0.59 to 31.88 ± 0.16 mg, displaying low standard de-
viations, indicating consistency in the weight of the prepared formula-
tions. As displayed in Table 1, the measured nanofiber thickness was

Table 1
The physicochemical and mechanical properties of the inserts.

Physiochemical properties
Formulations

CAZ-PVA-PCL CAZ-PVA-EUD

Thickness (mm) 0.234 ± 0.008 0.211 ± 0.025
Weight Uniformity (mg) 31.88 ± 0.16 31.6 ± 0.59

Entrapment Efficacy% (EE%) 98.01 ± 0.56 98.8 ± 0.61
Folding Endurance

(times)
275.66 ± 9.86 217.66 ± 16.25

Elongation at Break (%) 91.6 ± 1.77 82.6 ± 1.57
Time at Break (min) 6.96 ± 0.06 4.86 ± 0.32

Tensile strength (MPa) 1.93 ± 0.05 1.4 ± 0.09
Surface pH (mean ± SD) 6.69 ± 0.12 6.52 ± 0.15

Moisture loss (%) 0.96 ± 0.06 1.193 ± 0.12
Moisture uptake(%) 1.27 ± 0.24 1.33 ± 0.15

%Swelling 3 h 127.31 ± 7.76 153.05 ± 3.64
%Swelling 6 h 162.16 ± 6.18 182.06 ± 4.17
%Swelling 12 h 179.92 ± 7.5 207.35 ± 10.4

Mucoadhesion Time (s) 407.66 ± 12.05 523.33 ± 21.82

Cell Viability Percentage = (Absorbance of sample/Absorbance of control)×100
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reported as 0.211 ± 0.025 and 0.234 ± 0.008 mm for CAZ-PVA-EUD
and CAZ-PVA-PCL respectively, with low standard deviations, under-
scoring uniformity in the thickness of the prepared formulations. In
general, the ophthalmic inserts were found to possess appropriate
weight and thickness for placement within the eye sac ensuring that the
nanofibers won't cause any animal discomfort or irritations to the ocular
tissue after administration (Sun et al., 2016). The nanofibers were
considered comfortable for patients, falling within the thickness range of
250 μm (Omer and Zelkó, 2021).

3.2.2. Folding endurance and tensile strength
Table 1 shows the result for the folding endurance and tensile

strength of the prepared ocular inserts. A high folding endurance in the
nanofibrous inserts indicates their elevated rigidity, potentially leading
to ocular irritation. On the other hand, low folding endurance suggests a
degree of fragility during placement within the ocular sac, which could
result in breakage and expulsion from the eye due to blinking and eye
movements. Therefore, achieving an appropriate level of folding
endurance is crucial. The range of folding endurance for the prepared
nanofibers is 217.66 ± 16.25 to 275.66 ± 9.86. All the prepared nano-
fibrous inserts demonstrate suitable tensile strength for ocular applica-
tion which is consistent with previous studies with a folding endurance
of 272–320 folds for PVA-HA nanofibrous inserts (Lokhande et al.,
2023), and folding endurance range of 186–379 folds for PCL-EUD and
PCL nanofibers (Mirzaeei et al., 2022).

The tensile strength test results showed that the CAZ-PVA-EUD
formulation, with a break time of 4.86 ± 0.32 min and an elongation
of approximately 82.6 ± 1.57 %, experienced a faster break under ten-
sion compared to the other formulation. CAZ-PVA-PCL nanofiber, with a
break time of around 6.96 ± 0.06 min and an elongation of about 91.6
± 1.77 %, demonstrated higher elongation and break time. All the
prepared nanofiber formulations exhibited appropriate tensile strength
for use in ocular applications. According to previous research, PCL
nanofibrous inserts possess lower break time and higher elongation and
strength compared to EUD based nanofibers (Hashemi et al., 2022;
Taghe et al., 2024a).

3.2.3. Entrapment efficiency percentage
The elevated drug concentration in the fabricated nanofibers enables

the utilization of smaller ophthalmic inserts for placement in the eye.
The drug content was calculated 98.01 ± 0.56 % and 98.8 ± 0.61 % for
CAZ-PVA-PCL and CAZ-PVA-EUD, respectively as shown in Table 1. The
adoption of small sized nanofibers in ophthalmic applications di-
minishes the risk of redness, eye irritation, and patient dissatisfaction. In
the passive drug loading approach, the therapeutic compound is inte-
grated into the polymeric matrix prior to the spinning process, thereby
facilitating enhanced efficacy in drug entrapment. However, there is a
noticeable decrease in entrapment efficiency, potentially could be
attributable to the reduced capacity of the collector to drain. This occurs
because the fibers that have built up on the surface of the collector might
cause some fibers to be diverted from the target collection area as re-
ported in a previous study(Garg et al., 2014). In another research, the
slight reduction in EE percentage may have been caused by a small
quantity of the drug that was not extracted into the distilled water to
quantify the drug loaded within the nanofiber(Patrojanasophon et al.,
2020). A significant benefit of this method is the capacity to load sub-
stantial drug quantities into more compact dosage forms. Electrospun
nanofibers are expected to possess a substantial drug content capacity,
owing to their exceptionally large surface area. This is also attributed to
the passive method of drug loading, that involves incorporating drugs
into the polymeric solution prior to electrospinning. As the result, the
risk of losing the drug during this procedure was minimal.

3.2.4. Swelling percentage, moisture uptake, and moisture loss study
The degree of swelling in the fabricated inserts holds significant

importance in determining the release behavior of the entrapped drug.

The CAZ-PVA-EUD nanofibers indeed exhibited higher swelling per-
centages compared to CAZ-PVA-PCL at the specified time intervals
(Table.1). After 12 h, the swelling percentages were 207.35± 10.4 % for
CAZ-PVA-EUD and 179.92 ± 7.5 % for CAZ-PVA-PCL. The reduced
swelling percentage in CAZ-PVA-PCL may be ascribed to the incorpo-
ration of PCL nanofiber, a polymer with relatively lower hydrophilicity
compared to EUD, into the PVA structure. This alteration leads to a
nanofiber that exhibits a decreased capacity for water absorption (Putri
et al., 2020).

To assess the formulation's stability under both humid and dry en-
vironments, the moisture uptake and loss of the nanofibers were quan-
tified (Taghe et al., 2023). The results for the prepared ocular nanofibers
were reported >1.5 % (Table 1). These findings from the moisture loss
and uptake tests offer valuable insights into the physical stability and
consistency of the ocular inserts under varying environmental condi-
tions, particularly in relation to dryness and humidity.

3.2.5. Surface pH
The pH values of the prepared nanofibers range from 6.52 ± 0.1 to

6.69 ± 0.12, demonstrating a compatibility akin to that of the pH level
found in tear fluid (Table 1). Consequently, their application is not
associated with adverse effects such as redness, burning sensation, or
sensitivity on the ocular surface (Abelson et al., 1981).

3.2.6. Ex-vivo mucoadhesion time
Table 1 shows the mucoadhesion time values measured for the

nanofibrous inserts, which range from approximately 407.66 ± 12.05 to
523.33 ± 21.82 s. This represents a significant improvement over con-
ventional eye formulations, which are usually eliminated within the first
few seconds of administration (Mirzaeei et al., 2022). The extended
mucoadhesion time can enhance drug delivery effectiveness by ensuring
that the medication remains in contact with the eye for a longer dura-
tion, potentially improving therapeutic outcomes. The CAZ-PVA-EUD
formulation demonstrated higher mucoadhesion to the cornea due to
its greater wettability and hydrophilicity compared to the CAZ-PVA-PCL
insert. The nanofibers are anticipated to exhibit longer residence time
due to the inflated test conditions compared to the typical ocular envi-
ronment and cul-de-sac. The in vivo study involved positioning the in-
serts in the conjunctival sac of rabbits, which can retain the inserts
securely (Taghe et al., 2024a).

3.2.7. Surface contact angle
The ceftazidime-loaded inserts exhibits contact angles below 90

degrees, CAZ-PVA-EUD with a mean value of 68.56 ± 3.27◦ and CAZ-
PVA-PCL with a mean contact angle of 71.88 ± 3.16◦(Fig. 2), indica-
tive of an appropriate degree of surface hydrophilicity (Tiyek et al.,
2019). This attribute holds importance in enhancing mucosal adhesion

Fig. 2. Measured surface contact angle for different formulations.
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and establishing a favorable site of contact with the conjunctiva. In a
previous study, the contact angle for methotrexate-loaded PCL and EUD
nanofibers were evaluated as 117 ± 5◦ and 128 ± 4◦ which indicates
that PCL-based nanofibers are more hydrophobic than EUD nanofibers
(Hashemi et al., 2022). This result has illustrated that the integration of
hydrophobic polymers such as PCL and EUD to hydrophilic polymers
like PVA, enables the fabrication of fibers with a desired contact angle
(Du et al., 2016).

3.3. Fourier transform infrared (FTIR) spectroscopy study

Fig. 3 presents the absorption spectra of ceftazidime, CAZ-PVA-PCL,
CAZ-PVA-EUD nanofibers, along with the polymers employed in the
fabrication of ophthalmic inserts.

EUD RL 100 exhibited distinctive infrared absorption bands, such as
OH stretching at approximately 3400 cm− 1, CH stretching at 2950 cm− 1,
C–O stretching at 1720 cm− 1, and quaternary ammonium group
stretching at 1265 and 1157 cm− 1 are linked to stretching steric
carbonyl groups. These absorption bands are indicative of their chemical
composition and structure. In the present study, the prominent peaks
observed for PVA comprise of hydroxyl group at 3414 cm− 1. Peaks at
2924 and 2874 cm− 1 are attributed to the asymmetrical -CH2 groups.
Peak at 1735 cm− 1 corresponds to the stretching vibrations of C––O.
Additionally, the peak at 1091 cm− 1 pertains to the stretching vibration
of C–O. Furthermore, the peak at 845 cm− 1 is associated with the
bending vibration of C–H. Similar FTIR spectra were obtained for PCL.
Noteworthy peaks include the hydroxyl group at 3441 cm− 1, C–H
stretching at 2934 and 2866 cm− 1, stretching vibrations of -C=O at
1732 cm− 1, and C–H bending vibrations of –CH2 and –CH3 groups at
1423 and 1379 cm− 1, respectively. The peak at 1175 cm− 1 is attributed

to C–O stretching. The CAZ spectrum exhibits distinctive bands char-
acteristic of cephalosporin compounds. These include bands in the range
of 3600–3250 cm− 1, corresponding to the NH and OH groups. Addi-
tionally, stretching band at 1759 cm− 1 arises from the carboxylic groups
stretching. Peak at 1301 cm− 1 corresponding to C–N stretching and
1620 cm− 1 resulting from stretching of amide group C––O of β-lactam
ring (Moreno and Salgado, 2012; Osório et al., 2018). The FTIR spectra
of CAZ-PVA-EUD nanofibers include OH stretching peak at 3408 cm− 1,
peaks at 2900–2800 cm− 1 attributing to CH stretching, 1728 cm− 1

corresponding to C–O stretching are all peaks also seen in each poly-
mer. The peaks at 1259 and 1159 cm− 1 are the shifted peaks of EUD
attributing to stretching steric carbonyl groups. The characteristic peaks
of the drug were also seen in the nanofibers at 1629 and 1294 cm− 1

respectively contributing to C––O of β-lactam ring and C–N stretching.
The peak at 846 cm− 1 also corresponds to C–H bending vibration of
PVA. The CAZ-PVA-PCL nanofiber exhibits distinctive peaks in its FTIR
spectrum. Notably, the peak at 3433 cm− 1 is attributed to the hydroxyl
group present in both PCL and PVA. Furthermore, the peak at 2935 cm− 1

is related to C–H stretching and the peak at 1732 cm− 1 corresponds to
the C––O group in PCL and PVA. Additionally, the peaks observed at
1421, 1371 and 1175 cm− 1 are attributed to bending vibrations of –CH2
and –CH3 groups the C–O stretching vibration of PCL, respectively.
C–H bending vibration of PVA can also be observed at 842 cm− 1. Peaks
at 1627 and 1299 cm− 1 are the drug's characteristic peaks relating to
amide group C––O of β-lactam ring and C–N stretching, respectively.
These spectral characteristics provide valuable insights into the chemi-
cal composition of the nanofiber. The FTIR spectrum of the nanofibers
exhibits characteristic peaks corresponding to both the drug and the
polymer. This observation suggests that there is no discernible interac-
tion between the drug and the polymer during the manufacturing

Fig. 3. The FTIR spectrum of CAZ, polymers, and prepared nanofibers.
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Fig. 4. The DSC thermogram of CAZ, polymers, and the prepared nanofibers.

Fig. 5. The SEM image and mean diameter of designed ocular nanofibrous inserts.
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process.

3.4. Differential scanning calorimetry (DSC) study

The DSC curves for CAZ and the nanofibers, along with the polymers
employed in the fabrication of ophthalmic inserts are presented in Fig. 4.
The DSC thermogram of PVA displayed two peaks at about 68 ◦C and
199 ◦C, indicating the glass transition and melting points of PVA,
respectively. The DSC curves of PCL exhibit endothermic melting peaks
at around 57 ◦C. The DSC thermograms of Eudragit RL100 indicated a
glass transition temperature of approximately 63 ◦C. The thermogram of
CAZ displays an endothermic peak at around 114 ◦C, corresponding to
the drug's characteristic melting point. Fig. 4 illustrates that the sharp
melting peak of CAZ in the nanofibrous structure has disappeared,
potentially because of the molecular dispersion of CAZ within the
nanofibrous structure or its amorphous state. Moreover, the endo-
thermic peak seen for PVA at approximately 190 ◦C is absent in the DSC
thermogram of the nanofibrous inserts. This omission is attributed to the
formation of a non-crystalline structure caused by the rapid solidifica-
tion process during electrospinning.

3.5. Morphology

The morphology of the ophthalmic inserts was analyzed using SEM.

The nanofiber structures in the prepared formulation exhibited a
continuous and randomly oriented pattern, showcasing an average
diameter of 181.19 ± 69.96 nm for CAZ-PVA-EUD and 233.08 ± 74.28
nm for CAZ-PVA-PCL (Fig. 5). The average diameter of the synthesized
nanofibers was determined to be below 700 nm. The tensile properties of
nanofibers are influenced by various parameters, notably the chemical
composition of the polymer and the dimensions of the nanofibers. It has
been observed that a reduction in fiber diameter to approximately 700
nm significantly enhances the tensile modulus and strength. Therefore,
both formulations exhibit considerable tensile strength. This adjustment
is anticipated to yield a more consistent structure, thereby enhancing the
durability of the inserts (Wong et al., 2008).

3.6. In vitro release study

The peaks from various concentrations of ceftazidime were found to
be suitable and distinct, as shown in Fig. 6. The calibration curve for the
HPLC analysis was obtained by plotting the peak height against the drug
concentration. The calibration curve demonstrated linearity within the
concentration range from 100 to 3.125 μg/ml. The correlation equation
was reported as y= 928.46×+ 3407.9 with a coefficient (R2) of 0.9981.
The percentage of variation coefficients for prepared standards ranged
from 0.89 to 1.04. The values for the Limit of Detection (LOD) and Limit
of Quantification (LOQ) for ceftazidime were determined to be 0.87 μg/

Fig. 6. A: The HPLC peaks obtained at 1 h, 24 h and 120 h for different formulation during in vitro study and B: Comparison of the drug release percentage of
ceftazidime in the time interval of 0 to 120 h from CAZ-PVA-EUD and CAZ-PVA-PCL nanofibers in in vitro conditions with pH = 7.4 and temperature of 37 ◦C.
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ml and 2.65 μg/ml, respectively. The interday precision, expressed as
coefficient of variation (CV%), and the accuracy (%), were observed to
be within the ranges of 0.2–0.85 % and 89.03–106.36 %, respectively.
The conclusion can be drawn that HPLC is an appropriate method for

obtaining dependable outcomes.
The in vitro release test for ceftazidime was conducted to study how

the drug is released from the prepared nanofibers by HPLC method.
Several studies on testing drug delivery systems for ceftazidime have
been conducted. In a previous study Silva et al., prepared chitosan
nanoparticles with different formulations for delivering ceftazidime to
the eyes, which resulted in a prolonged release of ceftazidime over a
period of 24 h (Silva et al., 2017). In yet another study, ceftazidime was
loaded into the first generation of poly(propyleneimine) dendrimer in
order to achieve an effective drug delivery system against P. aeruginosa.
The dendrimer was able to sustain release the drug for up to72 hours,
with an initial burst release during the first 15 h, in which about 50 % of
the drug was released (Aghayari et al., 2015). In other studies, antibi-
otics, ofloxacin and ciprofloxacin, were selected as model drugs and
loaded in hydrophilic layers from multi-layered nanofibrous ocular in-
serts that were appropriate systems to control drug release rate due to
embedment between two hydrophobic layers of electrospun Eudragit®
and PCL (Mirzaeei et al., 2021; Taghe et al., 2023).

Hydrophilic drugs, such as CAZ, are effectively encapsulated in hy-
drophilic polymers like PVA, though they exhibit rapid release rates.
Conversely, these drugs are not as efficiently encapsulated in hydro-
phobic polymers like PCL and EUD, but these materials offer the benefit
of controlled and slower drug release. The benefit of utilizing mixed-
structured nanofibrous membranes lies in their ability to encapsulate a
high quantity of drugs like CAZ, facilitating a prolonged drug delivery to
the eye. Fig. 6 illustrates the drug release percentage of ceftazidime at

Table 2
Values of parameters in different kinetic models for CAZ-PVA-PCL and CAZ-
PVA-EUD.

Kinetic models
Formulations

CAZ-PVA-PCL CAZ-PVA-EUD

Zero order
K 0.006 0.006
R2 0.72 0.67
AIC − 15.6 − 22.14

first order
K 0.012 0.016
R2 0.74 0.78
AIC − 15.76 − 22.5

Higuchi
K 0.063 0.06
R2 0.91 0.93
AIC − 18.07 − 24.94

Peppas
K 0.31 0.26
R2 0.99 0.97
AIC − 20.34 − 27.35
n 0.31 0.26

Fig. 7. A: Cell viability percentage after treatment with different concentrations of ophthalmic formulation after a 24-h period using MTT method (n = 3). B:
Antimicrobial activity of CAZ-PVA-PCL and CAZ-PVA-EUD ocular inserts against P. aeruginosa and S. aureus.
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specific time intervals from ophthalmic nanofibers. This study found
that the prepared nanofibers release the drug in two phases: they begin
with a rapid initial release and then transition to a sustained release. In
the first 12 h, approximately 58.78 ± 1.18 and 49.93 ± 3.84 % of the
drug was released from CAZ-PVA-EUD and CAZ-PVA-PCL, respectively.
The process involved a rapid initial release of CAZ from the surface,
followed by the penetration of PBS into the nanofibrous structure. This
approach could enhance the infection healing process by initially
providing a loading dose through the initial release, followed by a
maintenance dose through the extended release. The total drug release
after 120 h was around 90.58 ± 3.6 and 80.86 ± 2.3 % for CAZ-PVA-
EUD and CAZ-PVA-PCL, respectively. As anticipated, CAZ-PVA-EUD
exhibited greater drug release and swelling percentage in comparison
to CAZ-PVA-PCL, attributed to EUD's higher level of swelling compared
to PCL.

Analysis of the release data using kinetic models revealed that CAZ-
PVA-PCL and CAZ-PVA-EUD formulations adhered to the Korsmeyer-
Peppas model with the highest correlation coefficients (R2) and the
minimum AIC values reported as 0.9917 and − 20.34 for CAZ-PVA-PCL,
respectively (Table 2). R2 and AIC were also calculated as 0.9779 and −

27.35 for CAZ-PVA-EUD. The Korsmeyer-Peppas model demonstrated
that diffusion was the primary factor in the release process. This process
entailed an initial fast rate of release of CAZ from the surface, which was
then followed by the infiltration of PBS into the nanofibrous structure,
facilitating a gradual diffusion of CAZ into the medium. The ‘n’ value,
which is the release exponent in the Korsmeyer-Peppas kinetic model,
serves to predict the release mechanism of CAZ. An ‘n’ value that is>0.5
indicates that the release of CAZ from the formulations primarily
adhered to the Fickian diffusion mechanism. Prior research has shown
that the release of the drug from PVA and PCL/PVA nanofibrous inserts
aligns with the Korsmeyer-Peppas model (Taghe et al., 2024b).

3.7. Cell toxicity

As observed in Fig. 7, by examining the percentage of cell survival
treated with nanofibers at different concentrations, it can be concluded
that the prepared ophthalmic inserts exhibit low cellular toxicity. Pre-
vious research has demonstrated that nanostructured scaffolds crafted
from PCL did not provoke inflammatory or immune reactions, nor did
they exhibit toxicity upon implantation in the vitreous cavity of rat eyes.
This substantiates their biocompatibility within the intraocular envi-
ronment (Da Silva et al., 2015). PVA nanostructures also have been
proved to be non-toxic, non-carcinogenic and biocompatible(Kenawy
et al., 2007). The outcomes of earlier studies conclusively demonstrate
that EUD RL 100 is an advantageous adjunct for ocular drug delivery,
attributed to its inherent biocompatibility, absence of immunogenicity,
and any toxic or irritative properties (Khan et al., 2013). The findings

indicate a negative correlation between CAZ concentration and cell
viability. Optimal cell viability, exceeding 96 %, was observed at the
minimal drug concentration of 4.68 μg/ml. Notably, cell viability
remained above 80 % even at a concentration of 300 μg/ml for both
formulations. In accordance with ISO-10993-5 guidelines, cell viability
above 80 % is classified as non-toxic. Our results demonstrate that the
prepared inserts possess appropriate biocompatibility for ophthalmic
drug delivery. These formulations can serve as an effective and non-toxic
carrier for ophthalmic application.

3.8. Sterility and Antimicrobial Efficacy Test

It is crucial to confirm the sterility of the prepared nanofibrous in-
serts prior to initiating animal studies. The negative controls displayed
no signs of growth, affirming the sterility of the test and the maintenance
of aseptic conditions. Additionally, the absence of turbidity in the tubes
containing the nanofibrous inserts serves as evidence of their sterility.
This assures that the prepared ocular formulations can be utilized
without risk of causing infection.

After a 24-h incubation period, distinct zones of inhibition were
evident for the nanofibers loaded with the drug, indicating the preser-
vation of CAZ antibacterial properties following incorporation. The
average diameters of the inhibition zones were measured to be 32.42 ±

0.85 and 36.45 ± 1.29 mm against P. aeruginosa, and 24.86 ± 0.5 mm
and 26.17 ± 0.62 mm against S. aureus for CAZ-PVA-PCL and CAZ-PVA-
EUD, respectively. Evidently, the nanofibers demonstrated greater
antimicrobial effectiveness against P. aeruginosa in contrast to S. aureus,
owing to the higher efficacy of CAZ against gram-negative microor-
ganisms like P. aeruginosa.(Kodati et al., 2017; Afzal et al., 2021). The
negligible difference between EUD and PCL-based nanofibers could be
due to the EUD's slightly higher swelling capability compared to PCL,
causing a higher drug release percentage (Fig. 7B).

3.9. Rabbit eye irritation test and ocular pharmacokinetic studies

In the conducted animal studies, the nanofibers were inserted in the
cul-de-sac of the rabbit's eye without causing any damage or surgery.
The ocular irritability level for the prepared formulations was assessed
for up to 3 days. No signs of ocular irritability such as redness, swelling,
or tearing were observed in the animal's eye (Fig. 8). This indicates that
no reaction occurred in the rabbit's eyes due to the placement of the
nanoscale insets making them biocompatible systems.

Measurement of Ceftazidime Concentration carried out by our team
in rabbit eyes using a unique, animal-friendly technique. The ceftazi-
dime ophthalmic inserts can provide sustained drug delivery within the
eye over an extended period. The left eye of the rabbits served as the
control, receiving only sterile PBS. Since no drug-loaded ocular insert

Fig. 8. a: Inserting the nanofibers in the cul-de-sac of the rabbit's eye. b: Observations of the rabbit's eye condition and the irritation ratings acquired through eye
irritation assessments over a three-day period. c: The position of the nanofiber inserts at the end of the experiment after 72 h.
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was administered to the left eye, the recorded drug concentration was
either zero or fell below the detection threshold. Drug release testing in
the animal eye was performed after simply placing the ophthalmic in-
serts in the eye sac non-invasively (Fig. 9A). The measured drug con-
centration in the eye tears for pharmacokinetic parameters after placing
the ophthalmic nanofibers is specified in Table 3. The maximum
measured concentration (Cmax) for the prepared formulations was ob-
tained after one hour. The maximum concentrations reported for CAZ-
PVA-PCL and CAZ-PVA-EUD were 2263.98 ± 97.3 and 2638.85 ±

71.57 μg/ml, respectively, and the prepared formulations subsequently
provided a stable drug release in the tear fluid for up to 120 h. The
AUC0–120 factor was calculated for different formulations. The AUC0–120
factor for CAZ-PVA-PCL and CAZ-PVA-EUD were approximately
11,882.81 ± 80.5 and 9649.39 ± 86.84, respectively. As evident, the
MRT factor for CAZ-PVA-PCL and CAZ-PVA-EUD were approximately
20.79 ± 0.8 and 18.41± 0.58, respectively. Overall, it can be concluded
that the nanofiber inserts have high AUC0–120 and MRT values, this is
due to the drug being encapsulated within the nanofibrous inserts,
ensuring a steady and extended release of the drug from the nanosystems
that were formulated. Earlier studies on PVA, PCL and EUD-based
nanofibrous inserts for ocular drug delivery have been carried out.
Sahu et al. developed a gatifloxacin-PVA loaded nanofiber which
demonstrated anti-inflammatory properties for 24 h (Sahu et al., 2022).

In another study, PCL nanofibers loaded with timolol maleate were
prepared by electrospinning technique, maintaining the reduction in
IOP for up to 72 h (Garg et al., 2014). Taghe et al. designed and prepared
Eudragit® and PCL ocular nanofibrous inserts for ketorolac trometh-
amine delivery. These inserts are characterized by a rapid initial release
within the first two hours in rabbit eyes, which is then followed by a
steady and controlled release over a period of 144 h. (Taghe et al.,
2024a). An innovative nanofiber insert has been fabricated for the
extended administration of ofloxacin. This involves encapsulating hy-
drophilic chitosan/polyvinyl alcohol (CS/PVA) nanofibers within mul-
tiple layers of the hydrophobic polymer EUD RL100. In vivo experiments
conducted on rabbit eyes using ofloxacin nanofibrous inserts demon-
strated a consistent and sustained release of the drug for a duration of up
to 96 h (Mirzaeei et al., 2021).

MIC90 refers to the minimum concentration of an antibiotic required
to inhibit 90 % of the bacterial isolates. MIC90 of ceftazidime against
P. aeruginosa and S. aureus has been reported as 2 and 22.4 μg/ml,
respectively (Sueke et al., 2010). The in vivo findings validate that the
formulated ocular inserts sustain a drug concentration (24.67–25.65 μg/
ml) exceeding the S. aureus MIC90 for a duration of 96 h. The concen-
tration of drug was 11.01–14.97 μg/ml for formulated ocular inserts
after 120 h, which was 5.5- to 7.48-fold over the P. aeruginosa MIC90
(Fig. 9B).

4. Conclusion

In order to overcome the drawbacks of conventional ocular formu-
lations such as eye drops, CAZ-loaded nanofibrous inserts were devel-
oped utilizing biodegradable polymers including PVA, PCL, and EUD
ensuring safety and a sustained drug release profile. The development of

Fig. 9. A: The HPLC peaks obtained at different hours for the formulations during in vivo study, B: Ceftazidime release from in vivo studies in rabbit eyes over a time
interval of 0 to 120 h, and C: over a time interval of 50 to 120 h.

Table 3
In Vivo Pharmacokinetic characteristics of ceftazidime.

Formulation Cmax AUC0–120 MRT

CAZ-PVA-EUD 2638.85 ± 71.57 9649.39 ± 86.84 18.41 ± 0.58
CAZ-PVA-PCL 2263.98 ± 97.3 11,882.81 ± 80.5 20.794 ± 0.8
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nanofibers composed of CAZ-PVA-PCL and CAZ-PVA-EUD for the de-
livery of CAZ represents a novel approach for the therapy of bacterial
keratitis, a severe ocular infectious disease, caused by P. aeruginosa. To
our knowledge, this is the first documented instance of employing these
specific nanofibers for such a purpose. The findings from this research
confirmed that the nanofibers exhibit sustained release of drugs at a
steady rate, enhanced bioavailability, decrease in the frequency of drug
administration and minimal cytotoxicity and adverse effects due to the
lack of preservatives and drug fluctuations. Moreover, the patterns of
drug release documented in in vitro experiment within this study indi-
cated a phase of an initial rapid release phase, followed by an extended
release lasting up to 5 days. The in vivo results demonstrated that a
single-dose administration of the inserts maintains drug concentrations
above theMIC90 of ceftazidime against P. aeruginosa and S. aureus for 96
and 120 h, respectively.

Ethical approval

The protocol was approved by the Local Ethical Committee of Ker-
manshah University of Medical Sciences; approval number: IR.KUMS.
AEC.1403.002.

CRediT authorship contribution statement

Shiva Taghe: Writing – review & editing, Writing – original draft,
Visualization, Validation, Software, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Shahla Mirzaeei: Writing –
review & editing, Writing – original draft, Visualization, Validation,
Supervision, Software, Resources, Project administration, Methodology,
Investigation, Funding acquisition, Formal analysis, Data curation,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The authors are unable or have chosen not to specify which data has
been used.

Acknowledgments

The authors would like to acknowledge the Research Council of
Kermanshah University of Medical Sciences (Grant number: 4030142)
for financial support of this work. Thank Rahesh Daru Novin pharma-
ceutical start up for providing materials and equipment.

References

Abdel-Rahman, L.M., Eltaher, H.M., Abdelraouf, K., Bahey-El-Din, M., Ismail, C.,
Kenawy, E.-R.S., El-Khordagui, L.K., 2020. Vancomycin-functionalized Eudragit-
based nanofibers: Tunable drug release and wound healing efficacy. Int. J. Drug
Deliv. Technol. 58, 101812. https://doi.org/10.1016/j.jddst.2020.101812.

Abelson, M.B., Udell, I.J., Weston, J.H., 1981. Normal human tear pH by direct
measurement. Arch. Ophthalmol. 99, 301. https://doi.org/10.1001/
archopht.1981.03930010303017.

Afzal, M., Vijay, A.K., Stapleton, F., Willcox, M.D., 2021. Susceptibility of ocular
Staphylococcus aureus to antibiotics and multipurpose disinfecting solutions.
Antibiotics 10, 1203. https://doi.org/10.3390/antibiotics10101203.

Aghayari, M., Salouti, M., Kazemizadeh, A.R., Zabihian, A., Hamidi, M., Shajari, N.,
Moghtader, F., 2015. Enhanced antibacterial activity of ceftazidime against
pseudomonas aeruginosa using poly(propyleneimine) dendrimer as a nanocarrier.
Sci. Iran 22, 1330–1336. https://scientiairanica.sharif.edu/article_3724.html.

Bouattour, Y., Neflot-Bissuel, F., Traïkia, M., Biesse-Martin, A.-S., Frederic, R.,
Yessaad, M., Jouannet, M., Wasiak, M., Chennell, P., Sautou, V., 2021. Cyclodextrins
allow the combination of incompatible vancomycin and ceftazidime into an

ophthalmic formulation for the treatment of bacterial keratitis. Int. J. Mol. Sci. 22
(19), 10538. https://doi.org/10.3390/ijms221910538.

Chandel, A., Kandav, G., 2024. Insights into ocular therapeutics: a comprehensive review
of anatomy, barriers, diseases and nanoscale formulations for targeted drug delivery.
Int. J. Drug Deliv. Technol. 105785. https://doi.org/10.1016/j.jddst.2024.105785.

Chang, S.-C., Lee, M.-J., Lin, H.-M., 2008. Preparation of nano-and micrometric
ceftazidime particles with supercritical anti-solvent technique. J. Phys. Chem. C 112
(38), 14835–14842. https://doi.org/10.1021/jp8046664.

Chen, K.-J., Sun, M.-H., Hou, C.-H., Chen, H.-C., Chen, Y.-P., Wang, N.-K., Liu, L.,
Wu, W.-C., Chou, H.-D., Kang, E.Y.-C., Lai, C.-C., 2021. Susceptibility of bacterial
endophthalmitis isolates to vancomycin, ceftazidime, and amikacin. Sci. Rep. 11 (1),
15878. https://doi.org/10.1038/s41598-021-95458-w.
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