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Introduction
Topical dosage forms have always been the most common 
route of administration for ophthalmic anti-infective 
agents.1 The advantages of topical ophthalmic drug 
delivery include avoiding the first-pass metabolism, non-
invasiveness, targeted delivery, high patient compliance, 
painlessness, and reduced side effects in comparison 
with systemic forms making it one of the most effective 
and popular routes of administration.2,3 Topical forms, 
especially eye drops are commonly used to treat ophthalmic 
diseases associated with anterior chamber. However, 
topical drug delivery has always faced with challenges, 
such as pre-corneal barriers including lacrimal drainage, 
blinking, tear film, and anatomical barriers reducing 
intraocular bioavailability of drug at the site of action. 
Given all these corneal–epithelial barriers, only 1-7% of 
the drug reaches aqueous humour and intra-ophthalmic 
tissues.2,4 As a result, novel drug delivery systems like 
hydrogels,5 nanofibers,6 liposomes,7 nanoemulsions,8 
nanoparticles,9,10 etc., have been designed and developed 
to overcome these challenges. In the meantime, high-
potential nano-based drug delivery systems have been 

developed including nanofibers with the increase in the 
use of nanotechnology in the industries.11 Electrospinning 
has always been the most popular technique for preparing 
the nanofibers.12 These systems have many advantages 
like high surface-area-to-volume ratio and high porosity; 
leading to high ability of the nanofibers to increase 
solubility, helping the controlled release of drug, and 
increasing intraocular bioavailability of drugs.13,14

Based on the previous studies, the cornea and 
conjunctiva have a negatively charged structure. Hence, 
positively charged mucoadhesive polymeric carriers 
interacting with the cornea and conjunctiva could increase 
contact time and consequently, concentration of drugs in 
the cornea.15,16

Chitosan (CS) is a cationic polymer with many 
beneficial properties, such as biodegradability, low 
toxicity, and biocompatibility making it one of the 
most popular polymers in design and preparation of 
the drug carriers.17-20 However, the nanofibers could 
be more beneficial by addition of other polymers like 
polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP), 
and polyethylene terephthalate (PET) to CS compared to 
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Abstract
Purpose: Conventional topical dosage forms face with some challenges like low intraocular 
bioavailability, which could be overcome by application of novel drug delivery systems. 
Therefore, this study was conducted to prepare azithromycin (AZM)-loaded chitosan/polyvinyl 
alcohol/polyvinyl pyrrolidone (CS/PVA-PVP) nanofibers with the prolonged antibacterial 
activity by electrospinning method.
Methods: After preparation of nanofibers, they were characterized in terms of physicochemical 
and morphological properties. In vitro and in vivo release of the drug from nanofibers were 
evaluated using microbial assay against the Micrococcus luteus. Antibacterial efficacy of the 
nanofibers was assessed. The ophthalmic irritation test was also performed. MTT test was 
carried out to evaluate cytotoxicity of the formulations.
Results: All the formulations were found to be stable with uniform thickness, weight, and drug 
content. Nanofibers had a diameter range from 119 ± 29 to 171 ± 39 nm. The inserts were non-
irritant and non-toxic to the rabbits’ eye. Based on the obtained results, the crosslinked AZM 
nanofibers showed slower and more controlled drug release in tear fluid compared to the non-
crosslinked ones, within 184 hours. 
Conclusion: Our results revealed that the prepared nanofibers could be considered as suitable 
and non-invasive inserts for the prolonged ophthalmic delivery of AZM.
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pure CS nanofibers.21-23 Also, this addition could lead to a 
significant decrease in fiber diameter of electrospun CS/
PVP mixed fibers attributing to an increase in solution 
conductivity.24,25

Glutaraldehyde (GA) is a strong crosslinker due to 
high activity of aldehyde groups, which could interact 
with amino groups of proteins. Also, it can be used as a 
crosslinking agent for PVA and CS.26,27

In this study, azithromycin (AZM), as an effective 
agent against the external ophthalmic infections acting 
by inhibiting bacterial protein synthesis was loaded 
in the nanofibers composed of PVA, PVP, and CS 
blends and GA vapor-crosslinked nanofibers. After 
optimization and characterization of physicochemical 
properties, in vitro and in vivo release of the drug from 
the optimized nanofibers were evaluated. It was expected 
that the nanofibers achieve a controlled release of drug, 
which could decrease frequency of drug administration 
compared to conventional eye drops, and consequently 
increase the patient compliance.28,29

Materials and Methods
Materials
CS (70-58% deacetylated) was obtained from Acros 
Organics Company. PVA (99% hydrolyzed, average 
Mw = 89-98 kDa) and PVP were purchased from Aldrich 
Chemical Company. Acetic acid 100% was obtained from 
Merck Company (Darmstadt, Germany). All the other 
chemicals were of the best available grade.

Preparation of polymer solutions
One percent (w/v) PVA and 3% (w/v) PVP solutions in 
distilled water were prepared at 50°C and were mixed 
for FZ-P formulation. Three percent (w/v) PVA and 1% 
(w/v) PVP solutions were prepared and were mixed for 
FZ-A formulation. For obtaining 2% (w/v) CS solution, 
CS was dissolved in acetic acid (1% v/v) at 25°C. CS/PVA-
PVP solutions were obtained by addition of 20ml of CS 
solution to 20ml of PVA-PVP solutions with different 
polymer concentrations containing AZM (10% w/w of 
polymers) under continuous stirring at room temperature 
for 12 hours.

Preparation of AZM nanofibers
AZM nanofibers were prepared using a customized 
electrospinning system (Fanavaran Nano-Meghyas, 
Tehran). High voltage supply of 25 kV was applied to a 
stainless-steel capillary connected to a reservoir filled with 
polymeric solutions. Cylindrical collector was covered 
by a cellulose ester membrane to collect the electrospun 
samples. The whole electrospinning procedure was 
performed at 40°C. The experimental flow sheet is shown 
in Figure 1.

Crosslinking process was performed based on the 
method reported by Zhou et al.30 For preparing FZ-PG 
and FZ-AG formulations, FZ-P and FZ-A nanofibers 

were placed on a holed ceramic shelf in a desiccator 
containing 50%, v/v aqueous GA solution. For removing 
unreacted residual vapor-phase GA on the nanofibers, 
the formulations were initially soaked in 0.02 M glycine 
solution for 4 hours and then, in deionized water for 30 
minutes. Finally, the fibers were dried under vacuum and 
were kept in a desiccator until further application. 

Physicochemical characterization of AZM nanofibers
Thickness, weight variation, and content uniformity
Thickness of the nanofibers was measured using digital 
micrometer ( ± 0.001 mm) in five different positions of 
nanofibers and an average was taken.

Weight variation in the nanofibers (6 mm of diameter) 
was tested using a digital weight balance (Shimadzu, 
Japan). Mean weight (n = 10) was recorded for each 
formulation.

For observing uniformity of the nanofibers’ drug 
content, same pieces of ophthalmic inserts were cut and 
dissolved into a specific amount of acetic acid (1% v/v), 
then were diluted with phosphate-buffered saline (PBS) 
solution and were filtered by filter papers (0.45 μm). The 
drug content was measured using microbiological assays.

Folding endurance
Nanofibers were cut into pieces with the same size, and 
then were folded at the same point repeatedly until they 
were torn. The number of times, in which the nanofibers 
could be folded without tearing or breaking, was reported 
as folding endurance. 

Moisture uptake and loss
For estimating percentage of moisture uptake and loss, 
nanofibers were weighed initially and then, were placed 
respectively in a desiccator containing a saturated solution 
of aluminium chloride (to keep 79.5% of humidity inside 
the desiccator), and anhydrous calcium chloride for 72 
hours. After that, the nanofibers were reweighed and 
percentage of moisture uptake and loss was calculated.31

Swelling percentage
The samples with initial weight of W0 were soaked in 
double-distilled water for 1 hour. After removing of the 
water from surface of nanofibers using a paper filter, they 
were reweighed to obtain Wt. Swelling was calculated 
using the standard formula.

Determination of surface pH 
The ophthalmic insert was allowed to swell in distilled 
water inside a Petri dish. The pH paper was placed on 
surface and after 1 minute; the developed color was 
compared with the standard color scale to estimate surface 
pH.

Scanning electron microscopy (SEM)
Morphology of the nanofibers was observed using 
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field-emission scanning electron microscopy (FE-SEM, 
MIRA3, TESCAN). The dried samples were placed on 
metal stubs with adhesive tape, were sputter-coated with 
gold and then, were observed under a scanning electron 
microscope.

Fourier -transform infrared spectroscopy (FT-IR)
Samples were dried in a vacuum desiccator, were mixed 
with micronized KBr powder, and were compressed 
into a manual tablet press. Then, the FT-IR spectra were 
detected using (Shimadzu IR PRESTIGE-21, Japan) FT-IR 
spectrometer. 

Antimicrobial efficacy test
Specific amount of bacterial suspension was uniformly 
spread onto an agar plate. The nanofibrous mats were 
placed on the agar plates and were incubated at 35°C.32

Based on diameter of inhibition zones, against the 
Gram-positive organism Staphylococcus aureus (ATCC 
6538) and the Gram-negative organism Escherichia 

coli (ATCC 9637), bactericidal effect of the nanofibers 
containing AZM was evaluated. 

Sterility test
For confirming sterility of the inserts, they were placed 
in thioglycollate broth, Sabouraud dextrose broth, and 
soybean-casein-digest broth, respectively to detect growth 
of aerobic bacteria, fungi, and anaerobic bacteria. The 
positive and negative controls were also prepared for 
comparison.

Microbial assay 
Microbial assay was performed using the Micrococcus 
luteus (ATCC 4698) by the standard disc diffusion method. 
The spread-plate technique was used33 and the culture 
media were incubated at 35°C for 24 hours. Bacterial 
suspension was prepared in PBS solution (pH = 7.4). The 
approximate number of bacteria in the suspension was 
standardized by comparing with turbidity of McFarland 
Standards. Then, the resultant bacterial suspension was 

Figure 1. The experimental procedure for preparation of the nanofibers (A) along with SEM micrographs and histogram of diameter distribution corresponding to 
the non-crosslinked (B) and GA-crosslinked (C) electrospun nanofibers.
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used as culturing inoculum. The bacterial suspension 
was spread uniformly on a nutrient agar plate before 
placement of the disks. Sterile paper disks containing 30 
μL of the samples were placed on the plates and then, were 
incubated at 35°C for 24 hours. Finally, mean diameter 
of the measured inhibition zones surrounding the paper 
disks was recorded in mm using Vernier caliper. 

In vitro study of drug release 
For measuring the amount of the released drug from the 
nanofibers, specific amounts of the nanofibers were placed 
into donor compartments containing 1 mL of phosphate 
buffer at (pH 7.4) separated by a dialysis membrane 
(Delchimica Scientific Glassware, Milan, Italy), from the 
receptor compartments filled with 19 mL of the phosphate 
buffer. The system was stirred magnetically with the 
speed rate of 100 rpm at temperature of 37°C. Aliquots 
were withdrawn and replaced with the same amount of 
fresh buffer at specific time intervals to maintain the sink 
condition and the drug concentrations of the samples 
were quantified using the microbial assays.

Irritation test 
Adult New Zealand rabbits were used for assessment 
of ophthalmic tolerance. The animals were housed 
individually in restraining boxes and had free access to 
the allowed amounts of food and water. Sterile optimized 
formulations were administrated to one eye of the rabbits, 
while the other eye remained untreated without any 
manipulation as a reference. The eyes were observed in 
specific periods of time for damage, abnormality, swelling, 
redness, and inflammation as signs of irritancy.

In vitro cytotoxicity test
L929 (mouse fibroblast) cells were cultured to evaluate 
cytotoxicity of the nanofibers. The 24-well plate was 
incubated for 48 hours. One row of 24-well plate that did 
not receive any formulations was considered as a control. 
Different concentrations of AZM-loaded nanofibers were 
administered to other rows followed by addition of 30 µL 
of MTT assay solution and 270 mL of medium to the wells. 
The plates were incubated for 4 hours. The precipitate 
was left in the wells after removing, and the solution 
was diluted with 150 µL of dimethyl sulfoxide (DMSO) 
solution and then, was observed using a microplate reader 
(GENios, Groedig, Austria) to estimate cell viability at the 
wavelength of 560 nm. 

In vivo study of drug release 
Healthy rabbits were used to perform in vivo ocular 
studies. Eight rabbits were chosen as the experimental 
group while two of them were selected as the control 
group. In the experimental group, a bunch of nanofibers 
was placed in ocular sac of the rabbits. Sampling was done 
by pouring 50 μL of sterile phosphate buffer into ocular 
sac to dilute tear, which was collected by a paper disk. The 

paper disks containing tear samples were placed directly 
on a culture medium inoculated with standard bacterial 
suspension to estimate the amount of released drug in tear 
by the microbial assay method. 

Results and Discussion
Preparation and evaluation of ophthalmic inserts of 
AZM-loaded nanofibers
AZM-loaded nanofibers with different formulations were 
successfully prepared using the electrospinning method. 
PVA was selected because it strongly interacts with CS 
through hydrogen bonding molecularly and it can be 
easily electrospun from aqueous solutions.34 PVP has 
many beneficial properties including high hydrophilicity, 
biocompatibility, ability to form the complex, and also 
fiber-forming ability.35 Addition of PVA/PVP to CS 
decreases viscosity and increases conductivity of the CS 
solution leading to the decreased diameter of the finally 
prepared nanofibers.35 This high conductivity suppresses 
varicose instability and enhances whipping instability 
causing formation of ultrafine fibers.36 Procedure of GA 
treatment was performed to crosslink the fiber mats using 
the Schiff base imine functionality to prepare insoluble 
nanofibers.27 After GA crosslinking, the nanofibers 
became slightly yellowish and their dimensions were 
decreased. The change in color occurred due to bonding 
of the free amine groups in the CS and PVA structures 
with GA. Drug loading was found to be uniform around 
100% for all the formulations. Higher drug loading leads 
to a smaller insert size improving the patient compliance 
for application of AZM-loaded nanofibers. The prepared 
AZM-loaded nanofibers were characterized based on 
their physicochemical properties, such as moisture loss 
and uptake, thickness, degree of swelling, tensile strength, 
and folding endurance (Table 1). The prepared AZM-
loaded nanofibers (6 mm of diameter) were observed 
to possess uniform weight and thickness (0.108 ± 0.012 
to 0.121 ± 0.002 mm). As the prepared nanofibers are 
thin, they will not cause any ophthalmic irritation after 
placement in the eye tissues. The nanofibers indicated 
good folding endurance (153 ± 3 - 204 ± 3), revealing that 
they have enough flexibility and can easily get fixed in the 
cul-de-sac. The FZ-AG formulation showed the highest 
tensile strength because it was made from the crosslinked 
nanofibers with a higher amount of PVA. Tensile strength 
of the nanofibers was in the range of 3.124 ± 0.521 - 
9.312 ± 0.104 MPa. Tensile strength of the CS fibers was 
improved as a result of mixing of spinning solutions with 
hydrophilic polymers, PVA, and PVP. Tensile strength was 
found to be higher in the FZ-AG and FZ-PG formulations 
compared to the FZ-A and FZ-P formulations, because of 
formation of inter-fiber bonding of nanofibers happening 
greatly at the intersection surface and making a rigid web 
of inter-fiber bonds, which could enhance mechanical 
properties of the crosslinked fibers compared to the 
non-crosslinked ones.34,35 Degree of swelling has a major 
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effect on drug release from the nanofibers. The degree 
of swelling was found to be lower for the FZ-PG and 
FZ-AG formulations compared to the FZ-P and FZ-A 
formulations. Crosslinking of CS and PVA after exposure 
to GA, which increased intermolecular forces resulted in 
a decrease in swelling rate and consequently, slower rate 
of drug delivery.35 Moisture uptake and loss studies were 
conducted on the formulations. The results revealed that 
all the nanofibers had good physical stability at high humid 
and dry conditions. The prepared ophthalmic inserts 
indicated a surface pH between 5.99 ± 0.05 - 6.22 ± 0.01, 
which is suitable for ocular application and would not 
influence pH of tear fluid (Table 1).

FT-IR spectroscopy
Appearance of AZM characteristic peaks at nanofibers’ 
peaks confirmed the presence of AZM inside nanofibers’ 
structure. Vibrational peak appeared at 848.68 cm-1 was 
related to C–H rocking mode of PVA, as shown in the 
spectra of nanofibers. ACH & CH asymmetric stretching 
vibration of PVA appeared at 2924 cm-1 was shifted to 2927 
cm-1 in the AZM-loaded nanofibers.36 Strong absorption 
peaks at about 1292 cm-1, detected in PVP and nanofibers 
were assigned to the C–O bonding.37 The absorption 
bands at around 3412 and 3352 cm-1 were related to -OH 
and -NH stretching vibrations significantly shifted to a 
lower wave number by increasing PVA concentration in 
the mixtures, suggesting formation of hydrogen bonds 
between CS and PVA molecules. Chemical crosslinking of 
the CS/PVA was verified by detecting the peak located at 
1566 cm–1 attributed to C-N bond. A peak at 1566 cm−1 
was detected in the spectra of nanofibers crosslinked with 
GA, which could be related to crosslinking reaction of CS 
and GA (Figure 2).

Appearance of the characteristic peaks of AZM in 
nanofibers’ peaks confirmed the presence of AZM inside 
the structure of nanofibers. Vibrational peak detected at 
848.68 cm-1 was related to C–H rocking mode of PVA, 
which appeared in the spectra of nanofibers. ACH & 
CH asymmetric stretching vibration of PVA appeared at 
2924 cm-1 was shifted to 2927 cm-1 in the AZM-loaded 
nanofibers.36 Strong absorption peaks at about 1292 cm-

1, detected in the PVP and nanofibers were assigned to 
C–O bonding.37 The absorption bands at around 3412 
and 3352 cm-1were related to -OH and -NH stretching 
vibrations, significantly shifted to a lower wave number by 
increasing PVA concentration in the mixtures, suggesting 
formation of hydrogen bonds between CS and PVA 

molecules. Chemical crosslinking of CS/PVA was verified 
by detecting the peak located at 1566 cm–1 attributing to 
C-N bond. A peak at 1566 cm−1 appeared in the spectra of 
nanofibers crosslinked with GA, which could be related to 
crosslinking reaction of CS and GA (Figure 2).

Characterization of nanofibers’ morphology
As can be seen in Figure 1, relatively fine, continuous, 
uniform, and randomly oriented nanofibers were 
obtained after electrospinning. Average diameter of the 
nanofibers was found to be 119.01 ± 29.77 nm for the 
non-crosslinked nanofibers (FZ-A formulation). The 
nanofibers undergone crosslinking process for 10 hours 
had an average diameter of 171.61 ± 39.40 nm (FZ-AG 
formulation). The results indicated that GA crosslinking 
slightly increases average diameter due to swelling of the 
nanofibers during the process.

In vitro antimicrobial efficacy test
Significantly clear inhibition zones were detected 
against both strains around all the AZM-loaded 
nanofibers. Slightly larger inhibition zones were found 
on the S. aureus and E. coli cultures for the crosslinked 
nanofibers compared to the non-crosslinked nanofibers 
(Figure 3) indicating that not only the crosslinked 
nanofibers preserved antibacterial activity but also, they 
showed significant higher activity compared to the non-
crosslinked nanofibers. Reactivity of –NH2 groups in CS 
with GA was higher than quaternary ammonium groups. 
So, most of the groups with strong antimicrobial activity 
in CS did not react with GA and as a result, antibacterial 
efficacy was preserved.38

Table 1. Physicochemical properties of the ocular inserts of azithromycin nanofibers (mean ± SD, n = 3)

Formulation Thickness (mm) Folding endurance (times) Tensile strength (MPa) Moisture loss (%) Moisture uptake (%) Swelling (%)

FZ-P 0.108 ± 0.012 153 ± 3 3.124 ± 0.521 1.40 ± 0.12 1.61 ± 0.05 125.3 ± 0.5

FZ-A 0. 115 ± 0.013 199 ± 2 4.136 ± 0.124 1.52 ± 0.01 1.56 ± 0.02 119.3 ± 0.2

FZ-PG 0.121 ± 0.002 164 ± 7 7.120 ± 0.204 0.78 ± 0.01 1.41 ± 0.01 104.3 ± 0.9

FZ-AG 0.116 ± 0.023 204 ± 3 9.312 ± 0.104 0.46 ± 0.22 1.17 ± 0.01 87.3 ± 0.4

Figure 2. FTIR spectra obtained for azithromycin (A), chitosan (B), PVA (C), 
PVP (D), non-crosslinked (E), crosslinked (F) electrospun nanofibers.
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Sterility test
The nanofibers were prepared under aseptic conditions 
and also were sterilized by UV radiation after preparation. 
Turbidity and growth of the microorganisms were 
observed in the positive controls, exhibiting that the 
culture media were appropriate for sterility test and there 
was no sign of growth in the negative controls confirming 
that the whole procedure of the test was sterile and aseptic 
condition was preserved. All the nanofiber formulations 
were sterile as there was no sign of microorganisms’ 
growth in the tested samples.

Microbial assay
Microbiological assay is one of the most common methods 
for investigation of antibacterial agents including the 
macrolides.39 This method has been suggested as a drug 
quantification method by different pharmacopoeias40,41 
and many other studies. The Japanese Ministry of Health 
and Welfare has previously carried out this method.42 
Paper disk method has been introduced by many studies 
for quantification of antibacterial activity of the drugs. In 
a previous study, it was observed that the standard curve 
linearity was in the range of 0.003–2 mg/L and sensitivity 
of the assay was equal to 0.00390 mg/L for Bacillus 
subtilis regarding determination of AZM formulated into 
liposomes,43 also for determination of AZM in the solution, 
it was almost 50 μg/mL at the concentration range of 50-

200 μg/mL.44 Among different types of commonly used 
microorganisms to quantify the antibiotics, Micrococcus 
luteus has been the best with an adequate sensitivity in 
detection of drug. Breier et al constructed a calibration 
curve for AZM with suitable linearity on a concentration 
range of 0.1–0.4 μg/mL in which, AZM concentration was 
determined in different pharmaceutical dosage forms by 
the cylinder–plate method and Micrococcus luteus was 
used as the testing organism.45 However, there is limited 
number of reports used this method to determine the 
macrolides incorporated into CS-PVA-PVP nanofibers, 
and none of which included release of AZM in tear 
fluid. In this paper, quantitative analysis of in vivo and 
in vitro release of AZM from different formulations 
was performed by the paper disk method. Diameters of 
growth inhibition zone of AZM standards (1000-0.122 
µg/mL) were measured. There was a linear relationship 
between diameter of growth inhibition zone and log10 
of drug concentrations for standards. Representative 
linear equation for Micrococcus luteus counts in analysis 
of AZM standards was as follows: y = 0.7308 xs+0.2109. 
The obtained correlation coefficient was equal to 0.9989, 
exhibiting good linearity. The coefficient of variation for 
individual standards ranged between 0.25 - 0.74%. As an 
example, Figure 3C displays the microbial assay plates 
cultured to quantify drug in samples collected from rabbits’ 
tear fluid following the administration of FZ-AG samples.

Figure 3. The in vitro antibacterial efficacy of non-crosslinked (FZ-A, FZ-P) and crosslinked (FZ-AG, FZ-PG) nanofibers against S. aureus (A) and E. coli (B). (C) 
The microbial assay plates cultured to quantify drug in samples collected from rabbits’ tear fluid following the administration of FZ-AG samples.”
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In vitro study of drug release 
Two-step release profile including an initial burst release 
step followed by the sustained release of drug was detected 
for all the formulations. After 23 hours, cumulative 
release percentage of the AZM was equal to 36.84 ± 2.81, 
41.87 ± 2.37, 54.22 ± 3.83, and 65.67 ± 1.56% for FZ-
AG, FZ-PG, FZ-A, and FZ-P formulations, respectively 
(Figure 4). The initial burst release of the nanofibers 
was due to accumulation of the drugs mostly on surface 
of the nanofibers. Different drug release rates for the 
formulations could result from different PVP/PVA blend 
ratios. As the PVP/PVA ratio was increased, swelling 
percentage of the nanofibers was enhanced, which led to 
more easily diffusion of the drug from the nanofibrous 
mats into the phosphate buffer.46 FZ-P formulation 
had a higher degree of swelling and as a result, higher 
drug release rate because of its higher PVP percentage 
compared to the FZ-A formulation (Table 1).

Due to GA crosslinking procedure, the CS/PVA 
formed a network chain structure with lower swelling 
percentage, which led to the decreased drug diffusion 
from the nanofibers and inhibited initial burst release 
of the drug.35 Drug release rate in the crosslinked 
nanofibers was relatively slower than that of the non-
crosslinked nanofibers (Figure 4). The FZ-AG, FZ-PG, 
FZ-A, and FZ-P formulations showed nearly 57.59 ± 1.78, 
63.39 ± 0.36, 78.60 ± 2.75, and 99.75 ± 1.47% of drug 
release after142 hours, respectively. All the formulations 
exhibited suitable prolonged release, so they were selected 
for ocular irritation test and in vivo studies.

In vitro cytotoxicity test
According to the results, an increase in concentration 
of the formulations led to the reduced cell viability 
(Figure 5). Nanofibers with low levels of cell cytotoxicity 
could be considered as safe systems for ophthalmic delivery 
of drugs. Similar results have been also reported on the 
L929 (mouse fibroblast) cells for the polycaprolactone 
nanofiber membranes as ophthalmic carriers. The 
crosslinked nanofibers showed slight reduction in viability 
of the cells compared to the non-crosslinked nanofibers. 
This may be due to trace amount of the residual GA on 
the nanofibers. Still, viability of the cells cultured with 
the crosslinked nanofibers was acceptable for ophthalmic 
application. Our results indicated that the AZM-loaded 
nanofibers had good biocompatibility, which made them 
appropriate ophthalmic carriers.

Figure 4. The in vitro release behavior of AZM from various formulations 
including FZ-P, FZ-A, FZ-PG, FZ-AG, and AZM solution in water.

Figure 5. Cell viability measured by MTT assay (A) after treatment with different concentrations of nanofibrous formulations. Data are expressed as the 
mean ± SD of three separate experiments (n = 6). The appearance of rabbit eyes treated with 50 μL of PBS (B) and PBS + FZ-A nanofiber (C) through the irritation 
test using topical delivery acquired on day 0 to 4.
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Irritation test 
No significant redness and continuous blinking of the 
eyes were observed (Figure 5). No ophthalmic damage 
or abnormality was detected in the cornea, iris, and 
conjunctiva after administration of PBS solution plus 
AZM-loaded nanofibers. It should be noted that very 
slight redness of the conjunctiva was observed but no 
chemosis was found after application of the crosslinked 
nanofibers.

In vivo study of drug release 
The biodegradable nanofibers could be fixed in 
conjunctival sac of the rabbit eyes as ocular insert without 
the need for any invasive methods or surgery. The amount 
of released AZM in tear fluid from the nanofibers was 
measured by the microbial assay using the standard curve 
derived from standard AZM solutions, which is a non-
invasive, inexpensive, and simple method (Figure 3). 
Figure 6 shows concentration–time curve of the AZM 
released in the rabbits’ tears from different nanofibers. 
The measured concentration of the AZM in tear from the 
solution was equal to 583.42 ± 54.32μg/mL after 2 hours. 
However, the measured concentrations were reported 
to reach below the limit of detection after 15 hours. The 
maximum concentration (Cmax) of FZ-AG and FZ-PG 
nanofibers measured after 2 hours of administration 
was equal to 1269.19 ± 94.58 and 1607.52 ± 59.94 μg/
mL, respectively followed by a gradual release of the 
AZM in tear fluid, exhibiting the sustained release of 
drug within 184 h. Initial burst releases were observed 
for the non-crosslinked AZM-loaded nanofibers with 
Cmax of 2483.31 ± 46.3 and 2759.59 ± 51.45 μg/mL, 
respectively for FZ-A and FZ-P formulations ,which 
were significantly higher compared to the crosslinked 
AZM-loaded nanofibers. A sustained release profile was 
observed following the burst phases (Figure 6). The lowest 

measured Cmax was related to the AZM solution due to 
rapid drainage, and reduced residence time.

The measured AUC0–t of AZM for FZ-A, FZ-P, FZ-
AG, FZ-PG formulations, and AZM solution was equal 
to 24504.38 ± 28.62, 35462.96 ± 154.76; 14688.09 ± 95.1, 
15145.16 ± 150.32, and 2871.24 ± 143.03 μg h/mL, 
respectively (Table 2). Based on the obtained results, FZ-
AG and FZ-PG formulations (crosslinked nanofibers) 
showed 5.11-fold and 5.27-fold increased AUC0-t compared 
to the AZM solution, respectively. While, FZ-A and FZ-P 
formulations (non-crosslinked nanofibers) showed 8.53-
fold and 12.49-fold increased AUC0-t compared to the 
AZM solution, respectively. A significantly higher mean 
residence time (MRT) was measured for FZ-AG and FZ-
PG formulations (crosslinked nanofibers) in comparison 
with the FZ-A and FZ-P formulations (non-crosslinked 
nanofibers) due to higher PVA concentration (3%) in the 
nanofibers besides GA crosslinking. The results suggested 
that formulation of AZM in the nanofibers may enhance 
pharmacokinetic behavior compared to the AZM solution.

In the previous studies, concentrations of AZM ranging 
from 0.05-4 μg/ml were considered as the minimum 
inhibitory concentration (MIC90) for common Gram-
positive and Gram-negative organisms generally infecting 
the conjunctivitis. While, the AZM solution only achieved 
tear concentrations higher than the MIC90 for the first 
10 hours, the non-crosslinked and crosslinked nanofibers 
were able to maintain concentrations up to the MIC range 
for 136 and 184 hours, respectively, which is required for 
treatment of ocular bacterial infections. As a result of this 
prolonged drug release, a less frequent administration 
of AZM is required and consequently, lower dosage of 
AZM is enough for achieving the desired therapeutic 
concentrations compared to the conventional AZM eye 
drop.

Figure 6. AZM concentration-time profile in tear fluid after application of sterilized AZM nanofibers with different formulations in rabbit eyes. FZ-P, FZ-A: AZM 
nanofibers before GA crosslinking, FZ-PG, FZ-AG: AZM nanofibers after GA crosslinking. Each point represents the mean ± SD.
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Conclusion
In this study, electrospinning technique was successfully 
used to design and develop the CS/PVA-PVP nanofibers. 
The AZM was formulated in these delivery systems to 
provide a therapeutic amount of drug in the eye for a 
prolonged period. The prepared nanofibers were smooth 
and flexible along with sufficient hardness and weight 
uniformity. Studying in vitro drug release from the 
ophthalmic nanofibers indicated the sustained release 
of drug from all the formulations. The nanofibers were 
sterilized using UV radiation method and their sterility 
was confirmed by the sterility test. The results of MTT test 
carried out using the L929 fibroblast cells exhibited that 
neither of the formulations was significantly cytotoxic. The 
biodegradable nanofibers could be fixed in conjunctival 
sac of the rabbit’s eye as an ocular insert without the need 
for any invasive methods or surgery. There was no sign 
of significant inflammation or redness in the rabbits’ eyes 
after placement of the nanofibers. The drug release profile 
was evaluated by the microbial assay, as a non-invasive, 
inexpensive, and simple method and sampling was carried 
out using harmless sterile paper disks. The results obtained 
from in vivo study indicated the sustained release of drug 
in tear fluid for approximately 6-8 days from the AZM-
loaded nanofibers, offering an enhancement in drug 
residence time on surface of cornea leading to an increased 
intraocular bioavailability in the eye. Our results revealed 
that the AZM-loaded nanofibers could be considered as 
suitable systems for ophthalmic delivery of AZM.
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