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Development, optimization and evaluation of polymeric electrospun 
nanofiber: A tool for local delivery of fluconazole for management  
of vaginal candidiasis

Rahul Sharma, Tarun Garg, Amit K. Goyal & Goutam Rath

Department of Pharmaceutics, ISF College of Pharmacy, Moga, Punjab, India

Introduction

Recently, polymeric nanofibers have been extensively stud-
ied for their potential application in the delivery of biophar-
maceuticals (Chaudhary et al. 2014, Singh et al. 2014a). The 
electrospinning technique allows the convenient prepara-
tion of non-woven fibrous materials (Ohkawa et  al. 2004, 
Gagandeep et al. 2014) with interesting characteristics such 
as fine diameters (ranging from submicron values to several 
nanometers) (Buchko et al. 1999, Modgill et al. 2014), large 
surface area per unit mass (Morie et  al. 2014), high poros-
ity (Singh et  al. 2014c), high gas permeability (Singh et  al. 
2014b), and small pore size of the fiber (Saeed et al. 2008). 
A typical electrospinning setup usually includes a reservoir 
of polymer solution with a metallic capillary connected 
to high voltage, and a metallic collector. The hemispheric 
shape of the droplet at the tip of the needle is destabilized 
by the charge accumulated on the surface, and is converted 
to a Taylor’s cone when high voltage is applied to the poly-
mer solution. At a critical value of voltage, the electric forces 
overcome the surface tension on the droplet and a jet of 
ultra-fine fibers is produced from the tip of the Taylor cone 

(Taylor 1969, Sharma et al. 2014). The variables controlling 
the behavior of the electrified fluid jet during electrospinning 
can be classified as fluid properties and operating param-
eters. The relevant fluid properties are viscosity (Baumgarten 
1971), conductivity, dielectric constant, boiling point, and 
surface tension. The operating parameters are flow rate, 
applied electric potential, and the distance between the 
tip and the collector, called an air gap (Reneker and Chun 
1996, Shin et al. 2001). These nanofibers hold great promise 
as excellent candidates for various biomedical applications, 
for example, as scaffolds for cell and tissue culture (Kwon 
et al. 2005, Li et al. 2005, Garg et al. 2012b), for vascular grafts  
(Ma et al. 2005, Goyal et al. 2013a), and as carriers for drug 
delivery (Shin et  al. 2001, Joshi et  al. 2014). For many bio-
medical applications, the most important characteristics that 
should be targeted include biocompatibility and mechanical 
performance (Rohilla et al. 2014, Parnami et al. 2013). PVA 
is a water-soluble synthetic polymer. PVA as a hydrophilic 
polymer is water-soluble and represents the largest volume 
of synthetic resin produced in the world (Briscoe et al. 2000). 
The excellent chemical resistance, physical properties and 
biodegradability of PVA have led to the development of 
many commercial products based on this polymer. PVA is 
a truly biodegradable polymer, with the degradation prod-
ucts being water and carbon dioxide. Hence, it is used in 
many biomedical and pharmaceutical applications, due to 
its advantages such as nontoxicity, non carcinogenicity and 
bioadhesive characteristics, with ease of processing (Cai and 
Gupta 2000).

Complicated fungal vaginitis (Inagaki et  al. 1992, Monif 
1985) requires a 6-month course of fluconazole taken once 
in a week (150 mg), and is associated with a number of side 
effects including systemic toxicity (Glover and Larsen 2003), 
issues related to hepatotoxicity, slower and longer therapy 
(Dennerstein 1998), higher dose, and low therapeutic index 
(Sobel et  al. 1998, Beigi et  al. 2004). In addition to these, 
poor aqueous solubility and impaired bioavailability of flu-
conazole provide a steep challenge for the formulation of a 
strategy to develop a dosage form with improved therapeutic 
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Abstract
The present study is designed to explore the localized delivery 
of fluconazole using mucoadhesive polymeric nanofibers. 
Drug-loaded polymeric nanofibers were fabricated by the 
electrospinning method using polyvinyl alcohol (PVA) as the 
polymeric constituent. The prepared nanofibers were found to 
be uniform, non-beaded and non-woven, with the diameter of 
the fibers ranging from 150 to 180 nm. Further drug release 
studies indicate a sustained release of fluconazole over a period 
of 6 h. The results of studies on anti-microbial activity indicated 
that drug-loaded polymeric nanofibers exhibit superior anti-
microbial activity against Candida albicans, when compared to 
the plain drug.

Keywords: electrospinning, fluconazole, nanofiber, Vaginal 
candidiasis
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outcomes. To address the aforesaid challenges, the current 
strategy is oriented towards localized drug delivery using 
polymeric nanofibers, particularly against infections at 
mucosal sites (Lala et al. 2007), to achieve improved thera-
peutic outcomes with reduced untoward effects. The solu-
bilization potential of PVA and the specialized features of 
nanofibers, made use of in the present strategy, may further 
improve the antimicrobial potential of fluconazole. For the 
present study, drug-loaded polymeric nanofibers were pre-
pared. The effects of parameters related to the process and 
formulation, on the physical characters of nanofibers, were 
determined. The antimicrobial potential of the formulation 
developed was determined against the infectious species 
and the common shell bacteria, to establish its therapeutic 
potential.

Materials and methods

Materials
Fluconazole was supplied by Ind Swift Pvt Ltd (India) as a 
gift sample. PVA was purchased from Central Drug House 
(P) Ltd. The fungal strain (Candida albicans) (MTCC 7253) 
and the bacterial strain (Lactobacillus acidophilus) (MTCC 
10307) were purchased from IMTECH, Chandigarh. All the 
solvents used were of analytical grade.

Preparation of polymer solutions
Aqueous PVA solutions, ranging in concentration from 8% 
to 12%, were prepared by dissolving the required amount 
of PVA in 10 ml of distilled water, with constant stirring for 
up to 3 h. In order to achieve clear PVA solutions, the solu-
tions were stirred overnight a using magnetic stirrer (IKA 
T25 DS22, Cole Parmer Pvt. Ltd., India). They were then 
subjected to electrospinning (e-nano, IIT Kanpur) (Zhang 
et al. 2005).

Preparation of nanofiber mats
The polymer solutions were placed into a 5-mL syringe fitted 
to a needle with a tip diameter of 22 gauges (inner diameter 
0.413 mm), and the syringe was then placed in the electro-
spinning apparatus. A syringe pump was used for delivering 
the polymer solution at a rate between 0.1 and 0.2 ml/h. 
Electrospinning was carried out at a voltage varying from 8 
to 12 kV and with a needle to collector distance of 15 cm. The 
collector was covered with an aluminum foil on which the 
nanofibers were collected. The electrospinning voltage was 
supplied directly by a high DC voltage power supply.

Preparation of drug-loaded nanofiber mats
The drug-loading was carried out by a passive loading  
technique. Fluconazole was dissolved in the polymeric 
solution prior to electrospinning. Subsequently, a saturated  
solution of fluconazole in ethanol was added to the polymer 
solution and the mixture was stirred for 48 h at room temper-
ature, to obtain a clear homogenous solution. The solution 
was then electrospun using the spinning parameters defined 
above. The drug-loaded nanofibers were collected and dried 
overnight under vacuum at room temperature.

Characterization of electrospun nanofibers
Morphology analysis
The morphology of the electrospun fibers and the diameter 
of the fibers were examined by scanning electron micros-
copy (SEM). At least 10 different positions on the fiber mat 
were tested to measure the diameter of the electrospun 
fibers. A small section of the fiber mat was placed on the 
SEM sample holder and sputter-coated with platinum. An 
accelerating voltage of 15 kV was employed to take the SEM 
images. The SEM images were then used to determine the 
average diameter of the fibers (Zhang et al. 2005, Kaur et al. 
2014d).

Drug-polymer compatibility studies
The compatibility of the drug and polymer in the drug-loaded 
PVA nanofibers was observed using an IR spectrometer  
(Perkin-Elmer Spectrum RX1). The electrospun nanofibers 
were cut into small pieces and mixed with KBR to make sam-
ple pellets. Measurements were taken in the range between 
4000 and 800 cm 1, with a resolution of 2 cm 1 (Kaur et al. 
2014b).

Differential scanning calorimetry of drug-loaded nanofibers
The melting point of drug-loaded nanofibers was determined 
by using differential scanning calorimetry (DSC) (DSC 1 
STAR system; Mettler Toledo-USA). The samples were first 
weighed in a crucible; the crucible was then covered and 
pressed using a pressing machine. Then, the crucible was  
fitted inside the instrument at the place marked for the sam-
ple. The desired gas was run and the samples analyzed, using 
the software control. Samples weighing 2–5 mg were studied 
using DSC, under a nitrogen atmosphere,with a scanning 
speed of 10°C/min, and at temperatures ranging from 0 to 
250°C (Kaur et al. 2014a, Kataria et al. 2014).

Degree of swelling
The degree of swelling of the nanofibers developed was  
calculated by equation (1). The test was carried out using 
vaginal fluid simulant (VFS), in pH 4.2, at 37°C.

Degree of Swelling d

d

(%) 
M M

M

−
100� (1)

where M is the weight of swollen nanofiber sample which is 
wiped dry with filter paper, and Md is the dried mass of the 
sample immersed in buffer medium, which is measured by 
drying the swollen nanofiber mats in an oven at 40°C until a 
constant weight is reached (Kaur et al. 2014c).

In vitro release studies
Drug release from the electrospun nanofiber mats was  
carried out by placing a pre-defined size of nanofiber 
(1  1 cm2) in 100 mL of VFS. The release studies were carried 
out at 37°C, at 100 rpm in a thermostatic shaking incubator. 
The amount of drug present in the aliquots was determined 
at pre-defined intervals using a UV–visible spectrophotom-
eter (UV-1700 Pharma Spec, Shimadzu, Japan) at a lmax of 
261 nm (Marwah et al. 2014, Kaur et al. 2014e), followed by 
the addition of fresh media to maintain sink conditions.
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Drug entrapment efficiency
The drug entrapment efficiency of nanofibers was calculated 
by drying the drug-loaded nanofibers at 40°C, and then 
dissolving a nanofiber mat of known area (1  1 cm2) in its 
respective solvent (water, in the case of PVA nanofiber). The 
amount of drug in the respective solutions was calculated 
using a UV spectrophotometer (Johal et al. 2014, Goyal et al. 
2013b, 2014). The entrapment efficiency was calculated by 
using the following equation:

Entrapment

Efficiency
Actualamount of drug

Therapeuticamoun
(%)

tt of drug
100 .

Mucoadhesive test
The mucoadhesive strength of the formulation developed 
was determined using the Brookfield texture analyzer. In this 
study, goat vaginal mucosa with a diameter of 1.2 cm was 
attached to an attachment of the device with the help of a 
double-sided tape. Next, nanofibers with the same diameter 
were stuck to the other attachment. Both of these were kept 
in contact by applying a weight of 1000 gm for 15 s. After that, 
the force needed for the fibers to detach from the skin was 
calculated (Garg et al. 2013).

Tensile strength of nanofibers
The tensile strength of nanofibers was determined using the 
Brookfield texture analyzer. Nanofibers having 6 cm length 
and 3 cm width were placed in a vertical position along the 
axis of the analyzer, with the help of clamps. The instrument 
was then allowed to run with a minimum sensitivity force 
of 3 gm/cm2. After that, the force required to split the mat 
into two pieces was determined (Garg et  al. 2012a, 2014a, 
2014b).

Antimicrobial activity
The antimicrobial activity of the optimized formulation 
was determined against the causative organism of vaginal 
candidiasis (Candida albicans) and common shell bacteria 
(Lactobacillus acidophilus), to establish the therapeutic 
potential of the formulation developed. The fungal strain 
(MTCC 7253) and the bacterial strain (MTCC 10307) were 
obtained from IMTECH, Chandigarh. A quantity of 100 ml of 
the fungal suspension was streaked over the plate contain-
ing potato dextrose agar medium and was spread uniformly. 
A blank polymeric nanofiber with a size of 1  1 cm2 used 
as vehicle control, and drug-loaded nanofibers, were gently 
placed at the center of the solidified agar gel in different  

Petri dishes. The same test was repeated with Lactobacillus 
acidophilus in MRS media. The plates were incubated at 
37°C for 48 h. The bacterial and fungal growth was compared 
with the controls (Garg and Goyal 2014a, 2014b).

Results and discussion

Electro spinning of PVA aqueous blends
During the process of electrospinning, all the parameters 
which were involved in this process, including the concen-
tration of polymer, applied voltage, flow rate and tip to col-
lection distance (TCD), were very carefully optimized. The 
size ranged from 120 to 160 nm. In this study, the polymer 
solution (PVA) was electrospun under the applied electrical 
potential of 8–12 kV, over a TCD of 15 cm and a flow rate 
of 0.1 to 0.2 ml/h. The SEM micrograph illustrates the mor-
phology of unloaded electrospun nanofibers (Homayoni 
et al. 2009, Garg and Goyal 2012, Garg 2014).

Electrospinning of PVA yielded optimum fibers with an 
average diameter of 200–350 nm at 10% polymer concentra-
tion, under the applied electric potential (Deitzel et al. 2001) 
of 12 kV, over a TCD of 15 cm. At a low concentration of PVA, 
the density of the fiber was very low, along with the forma-
tion of beads at regular intervals. As the concentration of 
PVA was increased, there was a gradual increase in the fiber 
density, with no droplet formation till a concentration of 
10% was reached, beyond which constant droplet formation 
was observed. The observation clearly indicated that with an 
increase in the PVA concentration, there is an increase in the 
electrical force exerted on the jet, which in turn increases 
the mass throughput but results in the formation of drops. 
However, 10% PVA provides the optimum physical and 
electrical conditions under defined electrospinning param-
eters. The parameters were optimized on the basis of physi-
cal observation of fibers under a Motic optical microscope. 
The morphology of blank optimized fiber was observed 
using a scanning electron microscope. The formulation and 
process parameters that were optimized include a 10% con-
centration of PVA, an applied voltage of 12 kV, a flow rate of  
0.1 ml/h, and a TCD of 15 cm, respectively.

Drug loading in the nanofiber mat
The drug (320 mg) was first dissolved in 3 ml of ethanol and 
the solution was then poured into 4 ml of 10% PVA solution. 
Here, the ethanol served as a cosolvent (Wannatong et  al. 
2004), to improve the solubility of fluconazole in the PVA 
solution. An increase in the viscosity and a decrease in the 

Table I. Optimization parameters and microscope observations of different trials.

Formulation 
code

PVA concentration 
(% w/v)

Potential 
applied (kV)

Flow rate 
(ml/h)

TCD 
(cms) Observations

R1 10 10 0.1 12 High density, non-continuous, thick, beads
R2 10 12 0.1 12 High density, continuous, no beads, thick
R3 10 14 0.1 12 High density, continuous, thin, no beads
R4 10 10 0.1 15 Low density, continuous, thin, beads
R5 10 12 0.1 15 Medium density, continuous, thick, no beads
R6 10 14 0.1 15 High density, non-continuous, beads, thin
R7 10 10 0.1 18 Low density, non-continuous, thin, no beads
R8 10 12 0.1 18 Medium density, continuous, thin, beads
R9 10 14 0.1 18 Medium density, continuous, thick, no beads
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optimization parameters and microscope observations of 
the different trials conducted on nanofibers.

Formulation R3 was found to be optimal for drug-loaded 
nanofibers, resulting in the formation of non-woven, ultra-
thin, high density nanofibers with no beads. The optical 
microscopy images of the final optimized drug-loaded nano 
fibers is seen in the following figures: Figure 1a–c.

Morphology of nanofibers (SEM)
Electrospinning of PVA yielded optimum fibers with an 
average diameter of 150–180 nm, at 10% polymer concentra-
tion under an applied electric potential of 14 kV, and over a 
TCD of 12 cm. At a low concentration of PVA, the density of 
the fiber was very low, along with the formation of beads at 
regular intervals. As the concentration of PVA was increased, 
there was a gradual increase in the fiber density, with no 
droplet formation till a concentration of 10% was reached, 
beyond which constant droplet formation was observed. 
The observation clearly indicated that with an increase in 
the PVA concentration, there is an increase in the electrical 
force exerted on the jet, which in turn increases the mass 
throughput, resulting in the formation of drops. However, 
10% PVA provides optimum physical and electrical condi-
tions under defined electrospinning parameters. Figures  2 
and 3 show SEM images of blank and drug-loaded nano 
fibers respectively.

Drug-polymer compatibility study
The infrared (IR) spectra of PVA as well as its correspond-
ing electrospun nanofibers are shown in Figure 4. The IR 
spectra were obtained and studied for any kind of interac-
tions between their functional groups. All the character-
istic peaks of drug and polymer found in the IR spectra 
were found to be concordant with the standard peaks. This 

conductivity of the drug-loaded polymer solution led to the 
formation of beads, which can be attributed to a decrease 
in the voltage gradient across the TCD. In order to optimize 
the electrospinning conditions, the values of TCD and the 
potential applied were again varied and an optimal value 
was obtained to get bead-free, continuous, and thin nano-
fibers of high density (Ramakrishna et  al. 2005). Optical 
microscopy of the drug-loaded nano fibers under the above 
specified spinning conditions showed beaded, non-uniform 
and woven nanofibers. This could be due to the change in 
polymer viscosity and conductivity after the addition of 
the ethanolic fluconazole solution. Therefore, the spinning 
parameters were further optimized for the fabrication of 
drug-loaded nano fibers. Smooth and uniform drug-loaded 
nano fibers were obtained at higher applied voltage, that is, 
14 kV, when compared to the plain polymeric nano fibers 
obtained at 12 kV. This could be attributed to the higher vis-
cosity and lower conductivity of the resultant drug-polymer 
solution, which requires a higher potential to form an elec-
trical jet under the specified spinning conditions. Moreover, 
the lower conductivity may be attributed to the non-polar 
nature of the drug. In addition, the presence of alcohol 
facilitates the penetration of water into the polymeric nano-
structure, which leads to the decrease in aqueous volume 
in the continuous phase, in turn decreasing the overall 
polarity and conductivity of the resultant solution. The 
optimized spinning conditions for the drug-loaded nano 
fibers were found to be an applied voltage of 14 kV and a 
TCD of 12 cm. From these results, we may infer that a higher 
applied voltage and lower TCD would increase the voltage 
gradient (Heikkilä and Harlin 2008) across the electrode, to 
address the poor conductivity issues of the resultant drug﻿‒
polymer solution, which would help to develop an electrical 
jet under the above spinning conditions. Table I shows the 

Figure 2. SEM images of blank nano fibers.

Figure 1. Optical microscopy images of drug-loaded PVA nanofibers at 10 (a), 40 (b) and 100 X (c) showing presence of beads in the nanofibers.
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result shows that there was no change in the wave number 
of functional groups, indicating the stability of nanofibers 
with the polymer. Hence, it can be concluded that there is 
no incompatibility between the drug and the polymer.

DSC of drug-loaded nano fibers
Figure 5 shows the DSC thermograms of PVA drug-loaded 
nanofibers prepared by electrospinning. One peak was 
observed at 196.20°C, as a characteristic peak of PVA, 
and another peak was observed at 142.40°C, showing the  

presence of fluconazole in the nanofibers and indicat-
ing the stability of the PVA nanofiber. These peaks have  
shown the stability of polymer as well as the drug in the 
nanofibers. Further, the slight decrease in the melting 
point of the drug in the electrospun nanofibers may be 
attributed to the amorphous state of the drug. The dis-
tinguished peak of the drug and polymer further indicate 
that there is no chemical interaction between the drug 
and polymer. Figure 5 shows the DSC of drug-loaded 
nanofibers.
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Figure 4. The IR overlay spectra of PVA polymer, fluconazole and drug-loaded nanofibers.

Figure 3. SEM images of drug-loaded nanofibrous mat.
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graphic representation of data obtained from the in vitro 
release study of the drug-loaded nanofibers has been shown 
in Figure 7. The release study was carried out in a Franz dif-
fusion cell using the vaginal skin of goat, for permeation of 
the drug. The study was carried out in triplicate. There was 
an initial burst release of about 35.13% of the drug in the first 
2 h, followed by a slower release pattern of 97.8% for up to 6 h. 
The initial burst release may be attributed to the enormous 
surface area of the nanofibers, followed by slower release, as 
the drug is also present in the core of the nanofibers, which 
is governed by both diffusion and erosion mechanisms. The 
reference data is also supported by the swelling studies, 
where the degree of swelling was found to be maximum after 
4 h, indicating an extensive diffusion process. Further, the 
erosion of polymer facilitates the transport of drug from the 
nanofibers, which was also indicated by the swelling index 
which was decreased after 4 h, indicating the erosion of poly-
mer in VFS. Figure 7 shows the cumulative release pattern of 
the drug with respect to time.

Drug entrapment efficiency
The drug entrapment efficiency of the optimized formulation 
was found to be 93.7%. This could be attributed to the fact 
that all nanofibers were not collected at the collector site, as 

Degree of swelling
The degree of swelling of a nanofiber mat plays a major role 
in the release of drug from the nanofiber mat. The results of 
swelling index study of the nanofibrous mat in VFS indicated 
that the swelling index of blank nano fibers is more than that 
of drug-loaded nano fibers. Figure 6 graphically represents 
the difference in the degree of swelling between the blank 
and drug-loaded nanofibers, at different time intervals.

The degree of swelling was found to be 125% and 115% 
for blank and drug-loaded nanofibers respectively, after 
1  h, which increased to 195% and 185% after 4 h. This can 
be correlated to the average diameter of these fibers. The 
fibers with the finest diameter showed maximum swell-
ing, and vice versa. However, it was observed that after 4 h, 
the swelling index decreased, which after 6 h was found to 
be 171% and 154% for blank and drug-loaded nanofibers 
respectively. This could be due to the fact that the polymer is 
soluble in water, and hence, after 4 h, the polymer was being 
eroded from the nanofiber mat, thereby diminishing its abil-
ity to swell in VFS.

In vitro release studies
An in vitro drug release study was conducted to determine 
the optimized formulation in VFS with a pH of 4.2. The 

Figure 5. DSC of drug-loaded nanofibers.

Figure 6. Graphic representation of the swelling index of blank and 
drug-loaded nanofibers. Figure 7. Drug release profile of PVA drug-loaded nanofibers.
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affect the common shell bacteria which exist as the normal 
vaginal flora.

Conclusion

The electrospinning process serves as a simple unit opera-
tion process for the fabrication of nanofibers. Further, the 
selection of polymer and optimization of spinning condi-
tions can play an important role in achieving the therapeu-
tic outcomes. Above all, electrospun nanofibers could open 
a new plethora in pharmaceutical carrier systems to treat 
microbial infections at the local sites, thereby reducing the 
systemic toxicity of anti-microbial drugs. Unit operation 
steps involved in the electrospinning process make the 
fabrication process simple, reproducible and scalable.
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