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Abstract 

 
Background and purpose: Prolonging the drug release can be a suitable approach to overcome the challenges 
related to topical ophthalmic administration of drugs especially the ones prescribed for chronic ailments. The 
sustained delivery of the drug would reduce the required frequency of administration which could extremely 
improve patient compliance and feeling of well-being. This study aimed to develop nanofibrous inserts for 
sustained ophthalmic delivery of timolol maleate (TIM) for the treatment of glaucoma. 
Experimental approach: Polycaprolactone-based nanofibers containing TIM were prepared using pure 
polycaprolactone or a blend of it with cellulose acetate or Eudragit RL100 polymers by the electrospinning 
method. Following the preparation, polymeric inserts were evaluated for morphological and physicochemical 
properties. The in vitro drug release was assessed and the in vivo efficacy of a selected insert in decreasing the 
intraocular pressure (IOP) was also evaluated in the equine eyes. 
Findings / Results: Prepared nanofibers indicated diameter ranged between 122-174 nm. The formulations 
showed suitable physicochemical properties and stability for ophthalmic administration. In vitro release study 
showed prolonged release of drug during more than 3 days. In vivo evaluation revealed that the prepared insert 
is non-irritant and non-toxic to the equine eyes while having suitable efficacy in decreasing the IOP during                
6 days. 
Conclusions and implication: Prepared TIM inserts indicated a higher efficacy than commercial TIM eye 
drop in lowering IOP during a prolonged period. Thus, these formulations can be considered suitable for 
enhancing patient compliance by reducing the frequency of administration in the treatment of glaucoma. 
 
Keywords: Electrospinning; Equine; Glaucoma; Nanofibers; Ophthalmic drug delivery; Timolol maleate.  

 
INTRODUCTION 

 
Glaucoma is an eye disorder characterized 

by the degeneration of retinal cells, which 
eventually leads to complications such as loss 
of visual acuity, impaired vision, and 
irreversible blindness (1). This disorder is 
classified as a serious pathological condition 

since it is the second leading cause of blindness 
among eye diseases and possessed a high 
prevalence involving 70 million cases 
worldwide, recently.  
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The abovementioned urged scientists to 
develop novel drug delivery systems to 
accelerate the therapeutic efficacy of currently 
available therapeutic agents (2). Increased 
intraocular pressure (IOP) is one of the major 
risk factors responsible for glaucoma; hence, 
IOP-lowering drugs like β-blockers are the 
first-line therapy in this regard. These drugs act 
mainly by regulating the inflow and outflow of 
the aqueous humor (3). Despite being 
efficacious, so far, β-blockers have been 
formulated majorly as eye drops which come 
across with a limited intraocular bioavailability 
and absorption of these drugs. Accordingly, 
novel delivery formulations such as sustained-
release ocular inserts that could provide 
targeted delivery to the site of action have been 
introduced in different studies. Multiple studies 
have suggested beneficial properties for 
targeted drug delivery (4). 

In conformity with what was mentioned, 
most of the conventional topical therapeutic 
agents that are commonly prescribed for the 
treatment of glaucoma, possess a short contact 
time with the eye; hence, requiring repetitive 
administration during the day which leads to 
reduced compliance of patient and feeling of 
malaise (5). Moreover, some of these topical 
preparations cause discomfort to the eye; for 
example, suspension eye drops would cause 
irritation and the feeling of an external agent in 
the eye and ointments could cause blurry vision. 
Another drawback of conventional eye drops is 
the requirement for preservatives that can be 
harmful to the eye, occasionally. Additionally, 
due to the special physiology and anatomy of 
the eye, besides the eliminating function of the 
tear film and blinking reflex, a small amount (1-
5%) of the topically administrated drugs can 
remain on the cornea for more than a few 
minutes or permeate to deeper layers of the eye 
(6). Also, part of the prescribed drug is 
inactivated as a result of binding to the proteins 
present in the tear film (7).  

Consequently, the abovementioned 
obstacles persuade the researchers to design 
novel formulations including vesicular, nano-
based, and polymer-based formulations which 
can facilitate drug delivery and improve 
bioavailability by causing longer retention of 
drugs on the cornea (8). These novel systems 

provide a more efficient and targeted drug 
delivery by various approaches such as 
sustaining the drug release, increasing the 
permeation through the cornea, and improving 
retention or contact of the drug with the cornea 
owing to mucoadhesive property and negative 
surface charge (9).  

Accordingly, colloidal and polymeric 
carriers are suitable alternatives to conventional 
delivery systems for enhancing the ophthalmic 
delivery of drugs (10). To conquer the 
discussed issues and achieve an effective 
therapeutic response while reducing side 
effects, nanofibers have been designed and 
developed as ophthalmic inserts. These inserts 
could prolong drug release by increasing the 
retention time and having a more gradual 
elimination from the conjunctival sac. The 
unique properties of these systems that make 
them different from conventional delivery 
systems include the high surface-to-volume 
ratio, sustained-release behavior, and 
mucoadhesive property (11, 12). Of note, 
despite eye drops these systems have the 
advantage of being preservative-free. These 
characteristics make nanofibers one of the most 
desired candidates for targeted drug delivery.  

Timolol maleate (TIM) is an IOP-lowering 
β-blocker, commonly prescribed for the 
treatment of open-angle glaucoma. Since the 
systemic administration of this drug is related 
to multiple side effects, topical administration 
is preferred (10). The main mechanism behind 
the IOP lowering effect of TIM is still unknown 
but it is supposed to be related to the beta-
adrenergic blocking effect. Due to the 
amphiphilic nature (13) and water-solubility of 
2.74 mg/mL (14), this drug is mostly eliminated 
from the surface of the eye right after 
administration. Therefore, formulating it as 
prolonged-release nanofiber has the advantage 
of more targeted delivery, reduced frequency of 
administration, and accordingly increased 
patient compliance (15).  

A literature review revealed that there were 
a few studies focused on the development of 
TIM-loaded nanofibers and many of them 
exclude in vivo evaluation (16, 17); hence, the 
therapeutic effects of these inserts were not 
well-discussed. Accordingly, the present study 
is one of the first that design TIM-loaded 



Mirzaeei et al. / RPS 2022; 17(5): 468-481 

 

470 

nanofibers and evaluate their in vivo therapeutic 
efficacy. In this study, the nanofibrous insert of 
TIM was developed and optimized to control 
IOP for a longer duration compared to the eye 
drop formulation, which is typically 
administrated twice daily. The nanofibers were 
prepared using polycaprolactone (PCL) 
blended with cellulose acetate (CA) and 
Eudragit RL100 (EUD) polymers by the 
electrospinning method. The physicochemical 
properties, in vitro release, and in vivo efficacy 
in lowering the equine IOP were evaluated for 
the developed inserts. 

 
MATERIALS AND METHODS 

 
TIM, CA (acetyl content 39.8%,                         

MW = 30,000 g/mol), and PCL (MW = 80,000 
g/mol) were purchased from Sigma-Aldrich 
(Steinheim, Germany). EUD was procured 
from Evonik Degussa (Darmstadt, Germany). 
Acetone, dichloromethane (DCM), 
dimethylformamide (DMF), tryptic soy broth 
(TSB), fluid thioglycollate media (FTM), 
sabouraud dextrose broth (SDB), sodium 
dihydrogen phosphate dodecahydrate were 
purchased from Merck (Darmstadt, Germany). 
All materials were of analytical grade. 
 
Preparation of electrospinning solutions 

PCL solution at a concentration of 10% 
(w/v) was dissolved in DCM:DMF (9:1) 
solvent mixture by continuous stirring at room 
temperature. TIM was added to the solution at 
10 and 20% w/w of PCL to the solution and 
stirred at a 1000 rpm rate for 1 h. Finally, a clear 
solution was obtained for the preparation of 
pure PCL nanofibers entitled PCL-1 
(containing 10% w/w of TIM) and PCL-2 
(containing 20% w/w of TIM). 

To prepare PCL-CA and PCL-EUD 
nanofibers, solutions of PCL, CA, and EUD at 
10% (w/v) concentration were prepared 
separately using a 9:1 mixture of DCM:DMF, 
and DCM:acetone (3:7), respectively for 
dissolving PCL and CA and methanol for EUD. 
TIM was added at 10% w/w of polymers to 
each solution under continuous stirring with 
1000 rpm for 1 h to obtain completely dissolved 
transparent solutions for the electrospinning 
procedure. 

Electrospinning procedure 
To prepare PCL-CA and PCL-EUD 

nanofibers with a mixed structure double-jet 
electrospinning with nozzles in the frontal 
position was utilized. In separated double-
nozzle electrospinning procedures 20 mL of 
PCL/TIM solution were filled in an injectable 
reservoir while the other nozzle was filled with 
20 mL of either EUD/TIM or CA/TIM 
solutions. The solutions were injected, 
concurrently toward an aluminum-covered 
rotary collector (diameter10 cm) with a 1 mL/h 
rate, while a 15 kV voltage was applied by a 
high-voltage DC power supplier between the 
injector and rotating collector. The injector-
collector distance was modified to 20 cm and 
the temperature maintains at 25 °C throughout 
the process. After evaporation of solvents 
overnight the deposited nanofibrous mats 
obtained from each electrospinning process 
were collected. To prepare the pure PCL 
nanofibers the single-jet electrospinning of 
PCL/TIM solutions with drug concentration at 
10% and 20% w/w of the polymer at a 
completely similar condition to the mix 
nanofibers was adopted. 
 
Morphology characterization 

The morphology and structure of prepared 
formulations were observed utilizing scanning 
electron microscopy (SEM) to evaluate the 
uniformity of nanofibers which is required for 
the preparation of drug-loaded ophthalmic 
inserts and the reproducibility of the obtained 
results. The samples were examined by EM-
6200 (KYKY, China) microscope, under a high 
vacuum after being coated with gold (18). The 
process took place at 20 kV accelerating 
voltage. Finally, the size distribution of the 
prepared fibers in each sample was estimated 
using the ImageJ software by measuring the 
diameter at twenty different points of the 
obtained SEM photograph. An average was 
taken for the mean diameter of each examined 
formulation. 
 
Fourier-transform infrared spectroscopy  

To ensure that no major interaction took 
place between the polymers and 
pharmacologically active parts of the drug, the 
Fourier-transform infrared spectroscopy 
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(FTIR) evaluation was utilized. The drug, 
polymers, and all prepared nanofibers were 
observed after being pressed with potassium 
bromide to obtain disks for examination                  
(19). The spectrophotometer (Prestige-21, 
Shimadzu, Japan) was used to record the FTIR 
spectra of the samples between the 4000-400 
cm-1 range, and the recorded data were analyzed 
for any significant shift, change, and 
elimination of characteristic peaks of the drug 
in the nanofibers. 
 
Physicochemical characterization of nanofibers 
Uniformity 

The uniformity of prepared nanofibers was 
examined by measuring thickness and drug 
content at three different points across the 
nanofibrous mats. The thickness was estimated 
using a digital micrometer (Syntek, Zhejiang, 
China) with an accuracy of 0.001 mm. The 
nanofibers were put between the spindle and 
anvil of the device and the spindle moved 
toward the sample until it reached the surface of 
the nanofiber but did not press into                          
lower thickness. The mean thickness (n = 3) 
was reported.  
 
Drug loading and encapsulation efficiency 

To estimate the drug loading and 
encapsulation efficiency, 25 mg pieces of 
nanofibers were dissolved in proper solvents 
and the amount of drug was calculated by an 
ultraviolet-visible (UV-Vis) spectrophotometer 
at 295 nm as the wavelength of maximum 
absorbance, after proper dilution. The values 
were calculated using the following equations: ݃ݑݎܦ	݃݊݅݀ܽ݋݈ =୑ୣୟୱ୳୰ୣୢ	ୟ୫୭୳୬୲	୭୤	ୢ୰୳୥	୧୬	୲୦ୣ	୬ୟ୬୭୤୧ୠୣ୰୘୭୲ୟ୪	୵ୣ୧୥୦୲	୭୤	୬ୟ୬୭୤୧ୠୣ୰ 	× ݕ݂݂ܿ݊݁݅ܿ݅݁	݊݋݅ݐ݈ܽݑݏ݌ܽܿ݊ܧ (1)                   100 =୑ୣୟୱ୳୰ୣୢ	ୟ୫୭୳୬୲	୭୤	ୢ୰୳୥	୧୬	୲୦ୣ	୬ୟ୬୭୤୧ୠୣ୰୅୫୭୳୬୲	୭୤	ୢ୰୳୥	୳ୱୣୢ	୧୬	୲୦ୣ	୮୰ୣ୮ୟ୰ୟ୲୧୭୬	୭୤	୲୦ୣ	୤୭୰୫୳୪ୟ୲୧୭୬ 	× 100  (2) 

 
Flexibility 

The flexibility of nanofibers was judged by 
the obtained folding endurance and tensile 
strength. The resistance of a sample against 
being torn after repeated folding is known as 
folding endurance. Samples with equal 
dimensions (3×3 cm2) were folded manually 
until being torn. The procedure was performed 
in triplicated and an average was reported. 

The tensile test is partially similar to folding 
endurance with the difference of being 
performed automatically and measuring the 
maximum stretching stress a sample can resist 
before tearing. Utilizing an STM-5 testing 
machine (Santam, Iran), the 20×30 mm2 
samples with an almost 0.1 mm thickness, were 
pulled at a 5 mm/min rate by the mobile gauge 
(20). Three samples were examined for each 
formulation and the mean ± SD was reported. 
 
Swelling degree 

The swelling degree is usually an indicator 
of the release behavior. This parameter is 
defined as the ability of the formulation for 
water absorption multiple times its weight. The 
pre-weighed samples were immersed in 
phosphate buffer solution (PBS) with a pH of 
7.4 for 24 h then were re-weighed and the 
swelling was calculated using the standard 
formula in which the W0 stands for initial 
weight and the Wf stands for the final weight 
(equation 3). ݈݈ܵ݃݊݅݁ݓ	݁݁ݎ݃݁݀ = ௐ೑ିௐబௐబ × 100                                  (3) 

Stability 
The stability of nanofibrous inserts which is 

essential for optimization was evaluated by 
calculating the moisture uptake and loss during 
humid and dry conditions. A desiccator 
containing calcium chloride or aluminum 
chloride was used as a stimulator of dry and 
humid conditions, respectively. The samples 
were placed in desiccators for 72 h and the 
moisture loss and uptake were measured using 
equation 4; W0 stands for initial weight and the 
Wf stands for final weight. ݁ݎݑݐݏ݅݋ܯ	ݏݏ݋݈	݀݊ܽ	݁݇ܽݐ݌ݑ	% = หௐబିௐ೑หௐబ × 100          (4) 

In vitro drug release 
The TIM in vitro release from nanofibers 

was evaluated. A specific amount of each 
formulation was placed in a dialysis bag tied at 
both ends along with 0.5 mL of PBS (pH 7.4) 
and then immersed in 49.5 mL PBS as the 
receptor compartment at 37 °C under shaking 
conditions (21). Samples were collected at 
different time intervals and the receptor 
medium was fully replaced with fresh PBS after 
each sampling to remain in sink condition. The 
absorption of samples was determined in the 
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UV-Vis analysis at 295 nm as the wavelength 
of maximum absorption. The amount of 
released TIM was estimated using the 
regression equation obtained by the plotted 
calibration curve. 
 
Release mechanism 

To predict the release mechanism, the data 
obtained in the first 24 h of the release study 
were fitted in different kinetical models and the 
model with the highest correlation was chosen 
as the release kinetics. Zero-order, first-order, 
Higuchi, and Korsmeyer-Peppas  kinetical 
models were evaluated for each formulation.  
 
Ex vivo mucoadhesion time  

The mucoadhesive property of formulations 
was examined according to the method adopted 
by Tofighia et al. (22). A self-assembled device 
was utilized to perform the test. A 
disintegration apparatus was filled with 900 mL 
PBS (pH 7.4). Freshly excised sheep cornea 
with an almost 3 cm diameter was provided, 
then rinsed with PBS and attached to a glass 
slide utilizing a two-sided glue tape. This 
assembled slide was vertically fixed on the 
baskets of the disintegration apparatus. Pieces 
of inserts (1×1 cm2) were hydrated with PBS at 
one side and then contacted to the cornea and 
the apparatus was set to sweep upward and 
downward at a constant rate at 37 °C. 
Eventually, the time required for the entire 
detachment of inserts from the cornea was 
reported as the mucoadhesion time (n = 3).  
 
Sterility test 

To ensure the sterility of formulations before 
in vivo study, the sterility test was performed. 
All formulations were prepared under aseptic 
conditions to remain sterile. Also, the 
formulations were exposed to UV radiation in 
order to eliminate any surface contamination by 
microorganisms prior to the test. As per the 
USP guidelines, samples were incubated in the 
FTM, TSB, and SDB to observe the growth and 
contamination of anaerobic bacteria, aerobic 
bacteria, and fungi. Positive and negative 
controls were prepared for accurate 
comparison. The negative control included 
sterile culture media without immersion of any 
inserts or inoculation of any microorganisms. 

The positive controls were developed by 
inoculation of Bacillus subtilis (ATCC: 21332) 
in FTM, Escherichia coli (ATCC: 25922) in 
TSB, and Candida albicans (PFCC: 62194) in 
SDB. The culture media were observed at               
7-, 14-, 21-, and 28-day intervals. 
 
In vivo evaluation and irritancy test in equine 
eyes 

Fourteen glaucomatous horses of different 
Iranian breeds with high levels of IOP were 
selected, in which a total of 22 eyes had IOP 
higher than the normal range. A single-dose 
administration of optimized nanofibrous patch 
with the best performance through the in vitro 
study (PCL-CA 10%) containing 2 mg of TIM 
was used in the 11 cases with high-pressure 
eyes while 11 eyes received TIM 0.5% eye drop 
twice on the first day. Changes in IOP were 
evaluated using an Air Puff tonometer (Keeler 
Instruments Inc, Broomall, Pennsylvania). The 
IOP was measured for a 6-day duration and the 
equine eyes were controlled daily for any sign 
of irritancy, damage, and erythema.  

All the experiments were approved by the 
Institutional Animal Ethics Committee (Ethics 
No. IR.KUMS.REC.1399.744), Kermanshah 
University of Medical Sciences, Kermanshah, 
I.R. Iran. 
 
Statistical analysis 

To statistically compare the results of 
physicochemical characterizations, one-way 
ANOVA followed by Tukey's post hoc test was 
performed while the results of animal study 
were statistically analyzed by Kruskal-Wallis 
one-way ANOVA followed by Mann-Whitney 
U test. All statistical examinations were 
performed by SPSS software (version 25.00).               
P values ≤ 0.05 were considered statistically 
significant.   
 

RESULTS 
 
Morphology characterization 

As it is represented in Fig. 1, SEM images 
showed that the plain PCL-1 and PCL-2 
formulations had a uniform structure with a 
mean diameter of 110 ± 41 nm and                   
136 ± 32 nm. A slightly increased diameter in 
PCL-2 compared to PCL-1 was observed.                  
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PCL-CA nanofibers indicated a mean diameter 
of 176 ± 42 nm which was expected based on 
the reported values for plain PCL and CA 
nanofibers. In a similar study in 2019,                           
PCL nanofibers were reported to have a mean 
diameter of more than 350 nm (23). Also,                     
CA nanofibers were reported to have a                      
mean diameter of 180 nm in a similar study 
(24). PCL-EUD nanofiber showed a mean 
diameter of 104 ± 20 nm.  
 
FTIR 

The FTIR spectra  obtained for the drug, 
polymers, and nanofibers are indicated in              
Fig. 2. The characteristic peaks of polymers, 
and the drug appear in the spectra obtained for 
all nanofibers. Peaks at around 2941 cm-1 and 
2866 cm-1, respectively, indicate asymmetric 
and symmetrical stretching bands of the                      
CH2 in PCL and TIM appearing at the spectra 
of all formulations. Peaks appearing in                      
1622 cm-1 and 1720 cm-1 are attributed to the 
C=N and C=O stretching of TIM, respectively. 
The peaks at around 1720 cm-1 appeared                         
at the spectra of PCL-CA and PCL-EUD is also 
assigned to C=O vibration of PCL, CA,                        
and EUD polymers. There are peaks at                        
1246 cm-1 attributed to the vibration                         
of C-O-C in PCL, CA, and EUD polymers. 

PCL-CA and PCL-EUD also represent                   
peaks at 1381 cm-1 related to symmetrical                   
C-CH3 vibrations. The peak at 960 cm-1 is 
assigned to the N-S band of the heterocyclic 
ring in TIM.    

 
Physicochemical characterization 

Table 1 represents the measured 
physicochemical properties of formulations. 
All the nanofibers possessed suitable and 
uniform thicknesses of almost 0.100-0.400 mm 
to fit in the conjunctival sac. The drug                 
content was also uniform all across the 
nanofibrous mat.  

The formulations showed encapsulation 
efficiency of 93-96%. The drug loading was 
measured to be extremely close to the expected 
values as electrospinning is an appropriate 
method with a high yield. The data obtained for 
drug loading and encapsulation efficiency is 
classified in Table 1.  

The highest and lowest folding endurance               
of nanofibers were related to PCL-1 and                   
PCL-EUD nanofibers, respectively. All 
formulations showed >180 times folding 
endurance. This suitable folding                   
endurance indicated that nanofibers possessed 
sufficient flexibility to be used as an                   
ocular insert. 

  

 
Fig. 1. The scanning electron microscopy images of (A) PCL-1, (B) PCL-2, (C) PCL-EUD, and (D) PCL-CA nanofibers 
at magnification 40000× and the histograms of diameter distribution. PCL, Polycaprolactone; CA, cellulose acetate; EUD, 
Eudragit RL100.	  
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Fig. 2. The FTIR spectra of (A) timolol maleate, (B) PCL, (C) CA, (D) EUD, (E) PCL-1, (F) PCL-2, (G) PCL-CA, and (H) PCL-EUD. PCL, Polycaprolactone; CA, cellulose 
acetate; EUD, Eudragit RL100. 

 
 

Table 1. The physicochemical characteristic obtained for different formulations. 

Parameters 

Formulations Encapsulation efficacy 

(%) 

Drug loading 

(%) 

Elongation 
at break (%) 

Tensile strength  

(MPa) 

Moisture uptake 

(%) 

Moisture loss  

(%) 

Swelling 

 (%) 

Thickness  

(mm) 

Folding endurance 
(times) 

95.21 ± 1.24 9.49 ± 0.14 34.0 ± 0.7 5.04 ± 0.35 0.52 ± 0.01 0.67 ± 0.02 150.3 ± 6.3 0.352 ± 0.003 379 ± 2 PCL-1 

93.86 ± 1.67 18.74 ± 0.37 14.6 ± 0.3 2.61 ± 0.10 0.64 ± 0.06 0.90 ± 0.02 154.9 ± 2.3 0.408 ± 0.002 347 ± 2 PCL-2 

96.93 ± 1.40 9.65 ± 0.15 4.7 ± 0.1 1.78 ± 0.05 1.05 ± 0.04 1.16 ± 0.02 188.2 ± 7.4 0.087 ± 0.002 209 ± 3 PCL-CA 

96.21 ± 0.92 9.59 ± 0.10 9.8 ± 0.2 0.46 ± 0.05 0.94 ± 0.02 1.24 ± 0.05 183.3 ± 4.1 0.201 ± 0.003 186 ± 4 PCL-EUD 

PCL, Polycaprolactone; CA, cellulose acetate; EUD, Eudragit RL100. 	  
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Fig. 3. Stress-strain curve of the developed timolol 
maleate-loaded nanofibers. PCL, Polycaprolactone; CA, 
cellulose acetate; EUD, Eudragit RL100. 

 
Tensile testing is a characteristic 

examination indicating the strength and 
flexibility of a formulation. An ocular insert is 
required to be strong enough to preserve its 
integrity while being flexible enough to be non-
irritant to the eye. As Fig. 3 is representing, the 
stress-strain curve of all formulations followed 
the manner of an elastic structure. The strongest 
formulation was PCL-1 comprised of pure PCL 
while the weakest one was the PCL-EUD. The 
PCL-1 and PCL-2 formulations showed more 

elasticity compared to PCL-CA with an 
elongation percentage of more than 20% 
against almost 5% elongation of PCL-CA.  

The swelling degree of the prepared 
formulations was decreased in the following 
order: PCL-CA  > PCL-EUD > PCL-2 > PCL-1 
and the formulations indicated suitable stability 
with less than 2% moisture loss or uptake 
through humid and dry conditions. 
 
In vitro drug release assay 

In vitro release test indicated that nanofibers 
possessed a two-step release profile in which 
the TIM release initially in a burst-release 
manner which is related to the release of the 
surface-loaded TIM of nanofibers during the 
initial 12 h followed by a sustained-release 
phase through more than 3 days (Fig. 4).                   
At the time of 12 h PCL-1, PCL-2,                   
PCL-CA, and PCL-EUD released                   
85.96 ± 1.78%, 85.80 ± 0.03%, 81.98 ± 0.10%, 
and 81.78 ± 0.18% of their drug content, 
respectively. At the end of 72 h, the PCL-1 and 
PCL-2 released 90.87 ± 1.61% and                   
91.99 ± 0.21%; meanwhile 93.64 ± 0.10% and 
85.87 ± 0.47% release was observed for                  
PCL-CA and PCL-EUD, respectively. 
Therefore, PCL-CA with the highest amount of 
released drug was chosen for further studies. 

 
 

  
 
Fig. 4. The in vitro release profile of timolol maleate from different nanofibers (PCL-1, PCL-2, PCL-CA, PCL-EUD) 
in PBS (pH 7.4) at 37 °C for 80 h with the magnification of the first 12 h. PCL, Polycaprolactone; CA, cellulose acetate; 
EUD, Eudragit RL100. 	  
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Release mechanism 
Table 2 represents the regression 

coefficients obtained from fitting the 24-h 
release data in different kinetical models. All 
formulations followed the Korsmeyer-Peppas 
kinetical model. Accordingly, the drug release 
from the formulations is governed mainly by 
the diffusion mechanism. In fact, the release 
mechanism began with the diffusion of the 
surface-loaded drug into the PBS and was 
followed by the penetration of the medium into 
the porous structure of nanofibers. Eventually, 
the loaded drug in the nanofibers dissolved in 
the penetrated medium and was released 
gradually. This mechanism could also be related 
to the hydrophobic nature of PCL. In a similar 
study, a PCL-based nanofibrous insert that was 
developed for the delivery of artemisinin obeyed 
Korsmeyer-Peppas kinetics of drug release (25).  

Also, the diffusion exponent (n) was measured 
to be 0.42, 0.48, 0.70, and 0.84 for PCL-1, PCL-
CA, PCL-EUD, and PCL-2. Hence, the PCL-1 
and PCL-CA with n-values in the vicinity of 0.5, 
released their drug content majorly through 
Fickian diffusion while PCL-EUD and PCL-2 
with n-values between 0.5-1.0 released their drug 
through an anomalous transport. Anomalous 
transport is the characteristic of systems that in 
addition to diffusion, other mechanisms are 
involved in release (26). 
  
Ex vivo mucoadhesion time 

The PCL-1, PCL-2, PCL-EUD, and PCL-
CA indicated 35 ± 7, 32 ± 9, 128 ± 12, and 133 
± 21 s mucoadhesion time. The PCL-2 showed 
the least mucoadhesive property while PCL-CA 
possessed the highest mucoadhesive property. 
 
Sterility test 

The formulation is required to be sterile prior 
to administration in the animal eyes. None of 
the formulations showed any turbidity or sign 
of microorganism growth during the 28 days of 
sterility test owing to preserved aseptic 
condition during the preparation of inserts. This 
result indicated the sterility of formulations. 

In vivo evaluation and irritancy test in equine 
eyes 

As PCL-EUD did not show promising 
tensile strength and in vitro release, it was ruled 
out of in vivo study. Among PCL-1, PCL-2, and 
PCL-CA formulations that all indicated suitable 
physicochemical properties with acceptable 
strength, flexibility, and in vitro release, the 
optimized formulation was chosen based on the 
highest mucoadhesive property for in vivo 
evaluation to avoid inserts falling out of the 
conjunctival sac. According to previous studies, 
PCL-based nanofibers showed a lower level of 
mucoadhesive property compared to nanofibers 
comprised of hydrophilic polymers (16). 
Hence, PCL-CA nanofiber with a higher 
mucoadhesive property was selected for in vivo 
evaluation. 

Fourteen glaucomatous horses with a total of 
22 high-level IOP eyes were examined, 
considering that the normal IOP of equine eyes 
is between 17-28 mm Hg. All horses had one or 
two eyes affected by IOP higher than the 
normal range, which was checked with an air 
puff-Keeler tonometer. Ophthalmic TIM-
loaded insert of PCL-CA that was chosen as 
optimized nanofiber, based on the results of in 
vitro release study was placed in 11 affected 
equine eyes. Fig. 5 indicates the procedure of 
IOP measurement during in vivo study and the 
IOP changes from baseline. Less than one day 
after administration of the nanofiber, the IOP of 
most cases lowered to the normal range. The 
insert formulation had a maximum IOP 
lowering effect during the 5th day of 
administration with almost 5 mmHg changes in 
IOP. Based on the reported data the 
conventional marketed eye drops of TIM 
indicated a rapid release of the drug led to a 
maximum effect 4 h after administration 
reaching up to 9 mmHg changes in IOP (27).  

Accordingly, the insert formulation prepared 
in the present study could lower the IOP up to 
almost 20% of baseline for an extended 
duration of 6 days. 
 

Table 2. The regression coefficient of formulations obtained by fitting the formulations in different kinetical models. 

Formulation Zero-Order First-Order Higuchi Korsmeyer-Peppas 

PCL-1 0.5722 0.7135 0.7222 0.8123 
PCL-2 0.6887 0.8409 0.8254 0.8990 
PCL-CA 0.6031 0.7904 0.7505 0.8199 
PCL-EUD 0.6646 0.8600 0.8016 0.8829 

PCL, Polycaprolactone; CA, cellulose acetate; EUD, Eudragit RL100. 



Timolol maleate nanofibers for treatment of glaucoma 

477 

 

 
Fig. 5. (A) The procedure of IOP measurement during in vivo study; (B) comparison of mean changes in the equine IOP 
after administration of ophthalmic insert (n = 11) and conventional eye drop of TIM (n = 11). TIM, Timolol maleate; IOP, 
intraocular pressure. 
 

DISCUSSION 
 

Glaucoma is a serious pathological condition 
of the eye that can lead to impaired vision, and 
irreversible blindness if not managed 
appropriately. There is a significant relationship 
between a rise in IOP and the occurrence of 
glaucoma, hence, most therapeutic agents aimed 
to reduce the abnormally increased IOP. 
Conventional β-blocker eye drops are typically 
prescribed for patients with glaucoma-affected 
eyes, which faced obstacles of limited 
intraocular bioavailability and absorption along 
with a requirement for frequent administration. 
Accordingly, the present study aimed to 
develop nanofibrous inserts for sustained 
ophthalmic delivery of TIM for the treatment of 
glaucoma. 

Different formulations were developed 
using pure PCL or a blend of it with CA or EUD 
by the electrospinning process. Although PCL 
is a polymer with multiple beneficial properties 
such as suitable mechanical strength and 
flexibility, its hydrophobic nature may limit the 
drug release from the nanofibrous structure. 
The main rationale behind blending PCL with 
CA and EUD was to implant hydrophilic 

pockets in the nanofibrous structures to 
improve the release behavior of the drug. 
Moreover, using pure CA or EUD was expected 
to fabricate nanofibers with lower strength and 
flexibility which were not appropriate to be 
used for ocular aims. The obtained inserts were 
uniform in texture, high strength, and flexible 
enough to be separated from the collector, 
effortlessly. Another main reason for the 
addition of CA and EUD was to increase the 
mucoadhesive properties of nanofibers to avoid 
inserts falling out of the conjunctival sac. The 
morphology characterization by SEM analysis 
indicated an almost uniform nanofibrous 
structure for all prepared formulations with a 
mean diameter in a range of 104-176 nm. The 
slightly increased diameter in PCL-2 compared 
to PCL-1 was because of the higher drug 
loading. This result was in accordance with the 
reports of a previous study (28). While the 
addition of CA to the PCL nanofibers led to an 
increased diameter, the addition of EUD to the 
formulation did not cause a significant change 
in the mean diameter. The nano-sized diameter 
of fibers would result in a higher surface-to-
volume ratio which could enhance the drug 
delivery.  
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The FTIR spectroscopy was performed to 
investigate drug-excipient compatibility. 
Polymer-drug interactions usually result in the 
removal of characteristic peaks or the 
appearance of additional peaks in the spectrum. 
With a glance at spectra obtained for each 
formulation (Fig. 2), it is obvious that 
characteristic peaks of the drug have not been 
removed or have not undergone a significant 
shift, which confirms the lack of any interaction 
between the pharmacologically active groups of 
the drug and the polymers. 

There is an optimal range for the thickness 
of ocular inserts in which the inserts are thick 
enough to preserve their integrity in the eye and 
thin enough to allow patient acceptance and not 
be irritant to the eye (29). This optimal 
thickness is presumed to be almost 0.4 mm. The 
formulations indicated uniform thickness in the 
mentioned range which could ensure the 
mechanical stability and non-irritancy of the 
formulation. 

The nanofibers showed suitable 
encapsulation efficiency of more than 93%. The 
formulations did not show any statistically 
significant difference in encapsulation 
efficiency. The drug loading was measured to 
be extremely close to the expected values as 
electrospinning is an appropriate method with a 
high yield. The PCL-1, PCL-CA, and PCL-
EUD that were intended to achieve 10% 
loading values indicated more than 9% loading, 
and PCL-2 was intended to achieve 20% 
loading, demonstrating almost 18% of drug 
loading.  

The visual appearance, weight, strength, and 
flexibility of nanofibers remained intact during 
these 12 months of storage at room temperature. 
Also, no significant changes in the drug loading 
were observed meanwhile. This could ensure 
the long-term stability of nanofibers. 

All formulations showed good flexibility 
based on the reported desirable value for 
folding endurance of nanofibers which is 
reported to be above 40 times (30). This 
suitable folding endurance ensured sufficient 
flexibility of formulations. Similar results were 
reported in a previous study that developed 
TIM-loaded PCL nanofibers with 415 times 
folding endurance (16). As it is obvious, the 
addition of both CA and EUD significantly 
decreased the folding endurance of PCL-CA 

and PCL-EUD compared to PCL-1 and PCL-2 
formulations due to the much lower folding 
endurance of CA and EUD plain nanofibers 
which was also reported by previous studies 
compared to PCL nanofibers (31,32).  

The stress-strain curve of all formulations 
followed the manner of an elastic structure 
according to the result of tensile testing. 
Increasing the drug content in PCL-2 led to a 
significantly decreased tensile strength 
compared to PCL-1. It was previously reported 
that decreasing the drug content would cause a 
rise in the strength of a nanofibrous structure 
(33). Also, the addition of CA and EUD 
resulted in a significantly decreased strength 
due to the low inherent strength of these 
polymers; but EUD caused a more significant 
change in the strength of formulation. In a 
previous study, a tensile strength of 1.3 MPa 
was acquired for CA nanofiber (34). Although 
PCL-EUD showed suitable elongation of 10%, 
the lack of desired strength made it less 
favorable among the formulation. 

The reason for the observed swelling pattern 
for nanofibers (Table 1) could be that the more 
hydrophilic nature and small diameter of CA 
and EUD nanofibers led to a higher surface-to-
volume ratio and more space to absorb water. 
PCL-1 and PCL-2 nanofibers indicated an 
almost similar degree of swelling (P = 0.760) 
which showed that increasing the drug loading 
would not alter the swelling capacity of 
formulations, significantly; but due to their 
relatively hydrophobic nature, they absorbed a 
significantly lower amount of water compared 
to PCL-CA and PCL-EUD (P < 0.05) (16). Of 
note, there was not a statistically significant 
difference between the swelling degree of PCL-
CA and PCL-EUD (P = 0.701). 

In vitro release test indicated a two-step 
release profile for all formulations. PCL-CA, 
PCL-1, and PCL-2 formulations released 
almost a similar percentage of their drug 
content during 72 h of the study. PCL-EUD 
indicated a significantly lower amount of 
released drug compared to other formulations 
(P < 0.05). While the release mechanisms of 
PCL-CA and PCL-EUD nanofibers were 
expected to be more affected by erosion, the 
release mechanism of PCL-1 and PCL-2 
formulations was expected to be more affected 
by the diffusion phenomenon due to the 
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hydrophobic nature of the PCL compared to CA 
and EUD. However, since all nanofibers 
contained PCL, the dominant mechanism of 
release was diffusion in all cases. It was 
reported in a previous study that the drug 
release from PCL-PEG nanofibers followed a 
similar behavior (35). In a 2017 study on TIM-
loaded nanofibers, in vitro release for up to 24 
h, with an initial burst phase was reported (36). 
PCL-based nanofibrous ophthalmic inserts 
showed a 55-day release of itraconazole (37). 

The formulations showed 30-130 s 
mucoadhesion time to the sheep cornea. PCL-1 
and PCL-2 showed an almost similar 
mucoadhesion time. The PCL-CA and PCL-
EUD showed almost 4-times higher 
mucoadhesion time compared to pure PCL 
formulations (P < 0.05). This significantly 
higher mucoadhesive property is due to the 
addition of EUD and CA with more hydrophilic 
nature to hydrophobic PCL. Additionally, there 
was no statistically significant difference 
between the mucoadhesive property of PCL-
CA and PCL-EUD. It should be noted that 
mucoadhesion time is not representative of the 
residence time as the condition of this test is 
exaggerated compared to the normal 
environment of the eye and conjunctival sac. 
The PCL-CA showed 6 days of residence in the 
equine eye. 

In vivo evaluation of PCL-CA ophthalmic 
insert in glaucomatous equine eyes and 
comparison of it with twice-daily 
administration of TIM 0.5% eye drop. The IOP-
lowering efficacy of formulations on each day 
(during 6 days) was compared by the Mann-
Whitney U test. While statistical analysis 
showed a higher IOP-lowering effect for eye 
drop formulation compared to insert during the 
first day of administration (P < 0.05), the insert 
formulation showed a significantly higher 
efficacy from day 2 to day 6 of administration 
indicating a promising prolonged therapeutic 
effect of formulation              (P < 0.05). Owing 
to the presence of CA in the PCL-CA 
formulation that underwent in vivo evaluation, 
the formulation indicated a suitable 
mucoadhesive property to remain in the cul-de-
sac for a prolonged time of 6 days. Hence, 
nanofibrous inserts with single-dose 
administration are preferred compared to the 
eye drop that requires twice doses daily or other 

procedures, such as surgery which are invasive 
and cause irreversible complications. In a 
similar study, a novel nano-based formulation 
of encapsulated dendrimer containing the anti-
glaucoma drug acetazolamide was developed. 
While the plain drug could make a 5 mmHg 
change in the IOP of rabbits, the dendrimer 
formulation lowers the IOP by 7 mmHg (38). In 
another study, timolol-dorzolamide nanofibers 
showed the potential to reduce and normalize 
the IOP of rabbits for 72 h. The nanofibers 
lower the IOP by 2-12 mmHg changes which 
indicated a maximum effect on the first day of 
administration by 12 mmHg changes followed 
by 5-6 mmHg changes during the second and 
third day of administration. Of note, using a 
combination of two drugs led to a higher 
reduction in IOP (16). Urtti et al. reported that 
silicone inserts of TIM could lower the IOP by 
10 mmHg during 24 h (39). Also, during the 
daily examinations, the safety and non-irritancy 
of the insert were confirmed due to lack of any 
tissue damage or complications like redness, 
inflammation, abnormal discharge, etc. 
 

CONCLUSIONS 
 

In the present study, PCL-based nanofibrous 
inserts of timolol maleate were prepared using 
the pure solution of PCL and the mixture of it 
with CA or EUD polymers by the 
electrospinning technique. All formulations 
demonstrated appropriate physicochemical 
properties to be used as ophthalmic inserts. The 
nanofibers possessed suitable flexibility and 
strength, stability, and uniform structures. 
During the in vitro release study, it was 
observed that all formulations followed 
Korsmeyer Peppas-like kinetics with two-phase 
release behavior containing a burst release of 
drug through the first 12 h followed by a 
gradual and sustained phase during more than 3 
days. The formulation containing PCL and CA 
showed a higher percentage of released drug 
and suitable mucoadhesive property, hence 
subjected to in vivo evaluation. The in vivo 
evaluation of ophthalmic timolol-loaded insert 
in the equine glaucomatous eyes showed that 
this formulation has efficacy to lower the IOP 
by almost 5 mmHg during 6 days after 
administration which is more favorable 
compared to marketed eye drop with rapid 
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release during 4 h. No significant sign of 
irritancy and any tissue damage was observed 
after administration of the formulation. The 
obtained results suggested that the prepared 
formulations had the potential to sustained-
release TIM with therapeutic concentrations for 
an extended duration of time. Thus, these 
formulations can be considered suitable for 
administration in glaucoma. The prolonged 
release of the drug from these inserts can make 
them more acceptable for patient administration 
compared to frequently administrated eye 
drops. 
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