
1. Introduction
Pharmaceutical nanotechnology has gained the in-
terest of many researchers in recent years due to its
multiple benefits. The use of nanostructures in drug
delivery systems has been researched for its potential
to lead to the development of novel dosage forms
that have increased therapeutic potential while re-
ducing toxicities [1]. Poorly water-soluble drugs may
cause challenges in terms of lower drug potency and
effectiveness. The bioavailability of drugs is highly
dependent on their solubility in water. As is known
from the literature, for the most part, the bioavail-
ability of drugs that dissolve in small amounts of
water is low. To date, one of the most challenging is-
sues in drug research has been the effort to increase
the dissolution and solubility of a poorly water-sol-
uble drug [2]. Many methods are utilized to enhance
drug dissolving rates, including electrospinning [3],
solid dispersion [4], chemical modification [5], co-
solvency [6], and pH adjustment [7]. Drug-loaded

electrospun nanofibers are frequently used for phar-
maceutical applications, such as spironolactone-
loaded nanofibers [8], triclosan-loaded polycapro-
lactone nanofibers [9], tetracycline-loaded poly-
caprolactone nanofibers [10], donepezil loaded poly
(vinyl alcohol) (PVA) nanofibers [11]. Moreover, the
solubility of drugs in nanofibrous structures and
casting film structures were compared. For this, ke-
toprofen-loaded PVA nanofibers and PVA casting
films were used. They determined that the electrospin-
ning method is a method that can be used to improve
the dissolution of the drug due to the high specific
surface area and the conversion of the crystalline
structure of the drug into amorphous. In another study,
the electrospinning of thiram/hydroxypropyl-β-cy-
clodextrin inclusion complex nanofiber (thiram/
HPβCD-ICNF) was produced for establishing quick-
dissolving water-based drug delivery system. Thiram
is a water-insoluble broad-spectrum fungicide, and the
solubility of this drug has been investigated. It has
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been determined that the drug trapped in the structure
of nanofibers has better solubility, better antifungal
activity, and better thermal stability than that of the
pure drug [12].
Polyvinylpyrrolidone (PVP) is a biocompatible, non-
toxic, water-soluble, hydrophilic, and synthetic poly-
mer whose use in nanofibrous surfaces for biomed-
ical purposes has been investigated in the literature
[13–17]. Irbesartan-loaded PVP nanofibers with low
bioavailability, known as a drug with poor water sol-
ubility, were produced, and dissolution studies were
carried out. Irbesartan-loaded PVP nanofibers with
low bioavailability, known as a poor water solubility
drug, were produced, and dissolution studies were
carried out. It was determined that drug-loaded
nanofibers tested in different characterization analy-
ses and in vivo showed increased bioavailability
compared to Irbesartan plain suspension [18].
Azithromycin (AZI) is a macrolide antibiotic with
low water solubility, with 15 members developed
from erythromycin. The antibacterial activity and
pharmacokinetic properties of AZI have been found
to be superior to those of erythromycin. Due to the
compound’s broad antibacterial activity and low tox-
icity, it is an excellent candidate for particle size re-
duction with the objective of enhancing antimicro-
bial activity while decreasing toxicity [1]. In the
kinetic studies performed with AZI, it was deter-
mined that AZI showed first-order reaction kinetics.
Zhang et al. [19] investigated the kinetics of AZI
degradation. For this, degradation kinetics were in-
vestigated as functions of pH (4.0–7.2), buffer com-
position (phosphate, acetate, and citrate), buffer con-
centration, ionic strength, drug concentration, and
temperature. According to the results, the rate of
degradation of AZI was found to be independent of
its initial concentration, with maximum stability oc-
curring at about pH 6.3 at 0.05 mol/dm3 potassium
phosphate. Moreover, it was observed that the ob-
served degradation rate and ionic strength increased
with buffer concentration [19]. There are limited stud-
ies in the literature on AZI-loaded nanofibers. [20]
suggest that AZI-loaded chitosan/polyvinylalcohol/
polyvinyl pyrrolidone (CS/PVA-PVP) with long-
term antibacterial activity by electrospinning method
faces some challenges that can be overcome by the
application of new drug delivery systems, such as
conventional topical dosage forms, low intraocular
bioavailability. According to the results, all formu-
lations were determined to be uniform, fine, and

smooth the nanofibers had a diameter range of 119–
171 nm. It has been determined that the nanofiber is
non-irritating and non-toxic to the eyes of rabbits. In
the release test results, it was concluded that cross -
linked AZI nanofibers showed slower and more con-
trolled drug release in tear fluid compared to un-
crosslinked ones for 184 hours (6–8) days. [21] aimed
to produce a nanofiber drug delivery system capable
of sustained release with minimized burst release from
AZI-loaded PCL nanofibers to develop and charac-
terize polycaprolactone (PCL) and chitosan (CS)
based electrospun composite nanofiber membranes.
A 25 day in vitro drug release analysis revealed that
drug release from composite electrospun PCL/CS
membranes is controlled by different mechanisms at
different time periods. During the first few days, the
drug release was controlled by the desorption mech-
anism of drug molecules on the surface of the
nanofibers, as well as the diffusion of some drug mol-
ecules near the surfaces of the nano fibers, after this
stage, the swelling of the CS nano fibers reduced the
pore size of the membrane, resulting in slower drug
diffusion and more appeared with a decreasing rate of
release afterwards. Over time, drug release was main-
ly affected by the degradation of the CS fibers, result-
ing in the transport of remaining drugs through the
pores formed within the degraded CS nanofibers.
Ultrasonic spray pyrolysis (USP) has long been uti-
lized in industry for the continuous fabrication of ul-
trafine powders and nanoparticles [22]. The USP
method is a low-cost, feasible, simple, convenient,
facile, and applicable method [23, 24]. The USP
method, which has been utilized and developed for
years in a variety of application areas, is used to cre-
ate magnetic, optical, semiconductor, and supercon-
ducting thin films and particles. There are numerous
advantages of this method, including the ability to
produce spherical and non-agglomerated particles
with a wide range of chemical composition, size, and
morphology. The USP method is widely used, espe-
cially in the production of nano spheres such as
CaMoO4: Eu3+ [13], MgFe2O4 [14], and NiCo2O4
[15]. At the end of the treatment, submicron-sized
uniform spherical particles are produced [23]. New
materials produced by this method have been used as
catalysts [17], sensors [16], electronic [25] and mag-
netic [26] materials, and more. In the literature, there
are limited studies related to USP and drug delivery
systems, such as nanospheres [27] and microspheres
[28, 29]. Despite this, there is no evidence that a drug
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delivery system can be made using the USP method
with nanofibers.
The aim of this study is to introduce a new drug de-
livery system preparation technique that can produce
both immediate and slow releases in the literature.

2. Experimental
2.1. Materials
PVP (Mw = 0.36·10–6 g/mol) was used as a polymer,
gelatin (GEL) from porcine skin (gel strength 300,
Type A) was used as a co-polymer, ultra-pure water
(UPW) and acetic acid (AA) (Reagent Plus, ≥99%)
were used as solvents for polymers, azithromycin
(AZI) (Mw = 785.02 g/mol) was used as a model
drug. Chloroform (containing 100–200 ppm amylenes
as a stabilizer, ≥99.5%) and n-hexane (VWR Chem-
icals, assay 98%) were used as solvents for preparing
AZI solution. Glutaraldehyde solution (GTA)
(Grade II, 25% in H2O) was used as a crosslinker,
phosphate buffered saline (PBS) (pH 7.4), ethanol
(absolute ≥99.8%) and NaOH (Mw 40.00, 98–
100.5%, pellets) were used for drug release medium.
PVP, GEL, AA, chloroform, AZI, GTA, PBS, ethanol,
and NaOH were purchased from Sigma-Aldrich
Corporation (St. Louis, MO, USA), and ultra-pure
water was obtained from a Millipore Milli-Q System
with a conductivity of 18.0 MΩ·cm.

2.2. Methods
This study was carried out in two steps. In the first
step, nanofiber mat production was carried out by
electrospinning. For this, PVP concentration was
kept constant as 12 wt% and GEL concentration as
0.72 wt% from our previous optimization studies.
Then, solution properties such as viscosity (Lamy
Rheology, B-One Touch Screen, France) under a
shear rate of 5 s–1, conductivity (SelectaCD2005,
Spain), surface tension with Du Noüy Ring method
(Biolin Scientific Sigma 702, Finland) and pH (Adwa

1110, Hungary) were measured. All measurements
were carried out at room temperature. Finally, the pro-
duction of PVP/GEL nanofibers at optimum process
parameters was carried out by an atmosphere-con-
trolled horizontal needle laboratory scale electrospin-
ning method. During fiber spinning, all solutions
were produced in equal time with the same process
parameters. The produced nanofibers were collected
on aluminum foil. The optimum process parameters
applied during fiber spinning are given in Table 1.
In the second step of the study, it is the thin film coat-
ing of AZI on PVP/GEL nanofibrous surfaces with
the ultrasonic spray pyrolysis (USP) (Sono-Tek,
Flexi Coat, USA) method. The first and most basic
stage of the system is aerosol formation. Here, aerosol
formation takes place with a high frequency of up to
100 MHz. Then, the formed droplets are transported
to the furnace with a temperature above 200°C by
means of carrier gas. Nitrogen is used as the carrier
gas. Evaporation/drying, precipitation, and fragmen-
tation occur in droplets in contact with high tempera-
tures. Diffusion occurring at this stage causes particle
formation by thermal degradation or reduction. Pa-
rameters affecting the particle size, size distribution,
and morphology of the final product during the whole
process; properties and concentration of the starting
solution, the amount of temperature, the effect of the
flow rate of the carrier gas, and the effect of the oper-
ating frequency [30]. To be used in the USP method,
the AZI was dissolved in chloroform, and the AZI
concentration was adjusted to be 0.3 mg/ml. To pre-
vent chloroform from dissolving and damaging the
nanofiber surface, n-hexane was used as an antisol-
vent during the process. The process parameters ap-
plied for the USP method are given in Table 2.
Finally, thin film coating of PVP/GEL (USP0) nano -
fibers with various AZI concentrations of 0.1, 0.3, 0.5,
0.7, and 0.9 wt% has been performed. Nanofibers
were produced from a PVP/GEL polymer solution
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Table 1. Process parameters of the electrospinning method.

Table 2. Process parameters of the USP method.

Voltage
[kV]

Distance between electrodes
[cm]

Feed rate
[ml/h]

Humidity
[%]

Temperature
[°C]

Needle inner diameter
[mm]

Production time
[min]

26.4 17.0 0.3 33±2 23.5±1 0.8 60

Flow rate
[ml/min]

Substrate temperature
[°C]

Distance between nozzle and substrate
[cm]

Nozzle frequency
[kHz]

Forming (nitrogen) gas pressure
[kPa]

1 100 13 85 1



for 1 hour. The resulting nanofibers were weighed
(40 mg). Before coating the nanofibers with AZI
using the USP method, 5 different nanofibers for
1 hour were produced for 5 different concentrations.
The weight of all of them is accepted as theoretically
being the same. The amount of AZI to be coated was
calculated in mg by proportioning the weight of the
polymers in the polymer solution to the weight of
the AZI to be coated. Finally, the volume of the coat-
ing solution was calculated based on the AZI con-
centration in the AZI/chloroform/hexane solution. In
Table 3, the codes of the samples produced for this
method and the amounts of coating AZI/chloroform/
n-hexane solution used are given.
Images were taken with FEI Quanta 250 FEG scan-
ning electron microscope (SEM) at ×5000 and
×20000 magnifications in order to analyze the mor-
phology of nanofibers. From SEM images, the di-
ameter of 100 different fibers was measured for each
sample from different part of the nanowebs with the
ImageJ image analysis software. Then, the fiber di-
ameter uniformity coefficient was calculated by cal-
culating the number and weight averages according
to the Equations (1) and (2) [31]:

(average number) (1)

(average weight) (2)

where di: fiber diameter, ni: number of fibers.
In the same way as the molar mass distribution prin-
ciple, the Aw/An ratio gives the fiber diameter unifor-
mity coefficient. In this equation, the closer the result
is to 1, the more uniform the fibers are [31].
The presence of model drug and polymers in the
structure of nanofibers was determined chemically
with a Perkin Elmer Spectrum BX and a 2 cm–1 res-
olution between 400–4000 cm–1 wavenumbers using

KBr disc technique by Fourier transform infrared
spectroscopy (FT-IR) analysis.
Thermogravimetric analysis (TGA) was carried out
with an Exstar SII TG DTA 7200 to examine the
thermal stability of nanofibers, polymers, and the
model drug in a nitrogen gas environment by in-
creasing 10°C/min from room temperature to 600°C
with an approximately 5.5 mg sample.
Differential scanning calorimetry (DSC) analysis
was carried out with Perkin Elmer DSC 4000 to de-
termine the glass transition, melting, and decompo-
sition temperatures and enthalpies of nanofibers, poly-
mers, and the model drug in a nitrogen gas environ-
ment from 24 to 600 °C, increasing by 10 °C/min
with an approximately 4.5 mg sample.
X-ray diffraction (XRD) analyzes the crystallinity of
nanofibers, polymers, and drug substances that were
analyzed with the Bragg-Brentano method at a
wavelength of 1.54060 Å using a Bruker brand D8
Twin with Cu Kα irradiation between 2θ: 5–60°.
The calibration curve was calculated with the Peak
Instruments T-9200 dual-beam ultraviolet and visible
light absorption spectrophotometer (UV-vis) device
of AZI, which is the model drug.
Since the model drug is lipophilic and does not dis-
solve in pH 7.4 phosphate-buffered saline (PBS),
PBS:ethanol (9:1) was used as the dissolution medi-
um, and the pH value of the dissolution medium was
adjusted to 7.4 with 10% NaOH solution. Then, for
plotting, 30 different solution between 2.5 and 75 µl
were used with PBS:ethanol (9:1) solution. The ab-
sorbance values of these solutions were measured in
a UV-vis device using PBS:ethanol (9:1) solution at
a wavelength of λmax = 202 nm as a blind [32]. Three
measurements were made for each concentration
value, and the average value was taken. By putting
the obtained absorbance values against the concen-
tration, the calibration curve was calculated, and the
equation was obtained.
Before drug release experiments, crosslinking stud-
ies were carried out in order to prevent the dissolu-
tion of nanowebs in the dissolution medium and to
increase their stability. Briefly, to crosslink PVP and
GEL polymers, the nanowebs were first treated in a
vacuum oven at 180 °C for 4 hours, then in GTA
vapor at 24 °C for 24 hours [33]. Nanofibers were
weighted average 40 mg and taken into the dissolu-
tion medium. Then, incubation was carried out at
37 °C and a shaking speed of 50 pm. A sample of
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Table 3. Sample codes and solution amounts used in the USP
method.

Samples codes AZI concentration
[%]

Amount of AZI solution
used for coating

[µl]
USP0.1 0.1 0942
USP0.3 0.3 2826
USP0.5 0.5 4716
USP0.7 0.7 6600
USP0.9 0.9 8460



1 ml of dissolution medium was taken at specific in-
terval times. After the UV-Vis measurements at
202 nm wavelength, the 1 ml samples were replaced
in the dissolution medium. The amount of AZI re-
leased was determined by putting the measured ab-
sorbance values on the calibration curve.
In the USP method, after the nanofiber surfaces were
coated with different amounts of AZI solution given
in Table 3, the release profiles were examined and the
nanofiber surface containing 0.7% AZI (USP0.7); the
most suitable one was chosen for the next step. Then,
PVP/GEL nanofibers were produced for 1 h, and the
surface of each was coated with 0.7% AZI. Sandwich
structures were obtained by producing nanofibers for
5, 15, 30, 45, and 60 min on the surfaces coated with
the USP technique (Table 4). The release profiles of
these sandwich structures were also investigated.

3. Results and discussion
Firstly, the solution properties of PVP/GEL were-
measured. Results are given in Table 5.
Figure 1 shows SEM images of PVP/GEL nanofibers
coated with AZI at different amounts with the USP
technique.
When SEM images are analyzed, the increased coat-
ing time and amount are clearly visible on the sur-
face of the nanowebs. As expected, the surface de-
formation increased with increasing coating time and
amount. In general, nanofibers are fine and uniform
in structure. Figure 2 shows the histogram of nano -
webs with AZI coated with different concentration.
According to Figure 2, the diameters of PVP/GEL
nanofibers coated with different concentrations of AZI
were not affected by the USP coating as expected. The

thicker fiber diameter in the USP0.7 and USP0.9 sam-
ples is thought to be due to optical illusion during
fiber diameter measurement due to a large amount
of coating solution. Apart from that, the fibers gen-
erally have a homogeneous fiber diameter distribu-
tion, and the fiber diameter distribution curve is uni-
modal. The average fiber diameter is 196.44 nm, and
the standard deviation is 36.15 nm for USP0. While
the thinnest fiber was 128 nm in nanoweb structure,
the thickest fiber was measured at 324 nm. The fiber
diameter uniformity coefficient is 1.0335.
In Figure 3, FT-IR spectra of PVP and GEL poly-
mers, AZI, PVP/GEL (USP0) nanofibers, and AZI/
PVP/GEL (USP0.7) coated nanofibers are given.
When the spectra were analyzed in detail, the O–H
stretching peak of the hydroxyl group was seen at a
wavenumber of 3434 cm–1 in the PVP spectrum. The
alcohol O–H stretching vibration seen here at around
3600 cm–1 is the form of the water molecules ab-
sorbed on the PVP polymer, masked by a large O–H
peak. The O–H peak appeared at 3446 cm–1 in USP0,
at 3446 cm–1 in USP0.1, at 34476 cm–1 in USP0.3, at
3446 cm–1 in USP0.5, at 3447 cm–1 in USP0.7 and at
3445 cm–1 in USP0.9. The presence of heteromic
molecules and carbonyl groups in the pyrrolidone ring
of PVP was identified by the sharp peak at 1654 cm–1

as a sign of C=O stretching. Here, the vibrational fre-
quency of the carbonyl stretch is very sensitive to hy-
drogen bond formation with water molecules. There-
fore, as the concentration of absorbed water increases,
this peak may shift from 1680 to 1652 cm–1. The C–N
stretch peak observed in the PVP spectrum at a wave-
length of 1499 cm–1, and it is appeared in the
nanofiber samples is in USP0, USP0.1, USP0.3,
USP0.5, USP0.7 and USP0.9 wavelengths of at
1494 cm–1, at 1495 cm–1, at 1494 cm–1, at 1495 cm–1,
at 1495 cm–1, and at 1495 cm–1, respectively. In ad-
dition, the peak appearing at 1460 cm–1 wavelength
in the PVP spectrum can be attributed to the C–H dis-
tortion deformation of the CH2 group, and this peak
was detected at 1460 and 1462 cm–1 wavelengths in
all nanofiber samples. Moreover, CH2 curling was de-
tected at 1165 cm–1, C–C ring was seen at 837 cm–1

in the fingerprint region, and N–C=O bending peak
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Table 4. Sample codes and contents of sandwich structures.

Sample
codes

Bottom layer
production

time
[min]

AZI
concentration

[%]

Upper layer
production

time
[min]

USP0.7-5 60 0.7 5
USP0.7-15 60 0.7 15
USP0.7-30 60 0.7 30
USP0.7-45 60 0.7 45
USP0.7-60 60 0.7 60

Table 5. Polymer solution properties

*Conductivity value at 25±0.5°C temperature
**STD: standard deviation

Polymer solution code pH Conductivity*±STD**

[µS/cm]
Viscosity±STD**

[Pa·s]
Density
[kg/l]

Surface tension±STD**

[mN/m]
USP0 2.53 776±0.47 1.03±0.03 1.0306 54.01±0.48
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Figure 1. SEM images of different amounts of AZI-coated PVP/GEL nanofibers: a) USP0, b) USP0.1, c) USP0.3, d) USP0.5,
e) USP0.7, f) USP0.9, a1)–f1) 5000× and a2)–f2) 20000×.



appearing at 583 cm–1 was also seen in the spectra of
all nanofiber samples. To be evaluated in general, the
presence of heteroatom and carbonyl group in the
pyrrolidone ring reduces the symmetry sufficiently.
Therefore, most of the vibrational modes exist at dif-
ferent intensities in the FT-IR spectra of both PVP and
PVP-based nanofibers [34–39].
Characteristic amide-I (C=O stretching), amide-II
(N–H bending and C–H stretching), and amide-III

(C–N stretching) are seen prominently in the GEL
spectrum at wavelengths of 1456, 1516, and
1232 cm–1, respectively. The peaks are seen around
these wavelengths in a way that has lost their inten-
sity in the spectra of nanofibers. It is thought that the
reason for losing their density is that they are used
in low concentration during nanofiber production. In
addition, a weak peak was observed in the GEL
spectrum at a wavelength of 720 cm–1. This can be
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Figure 2. Histogram of nanowebs with AZI coated of different concentration. a) USP0, b) USP0.1, c) USP0.3, d) USP0.5,
e) USP0.7, f) USP0.9. STD is the standard deviation, N is the number of measurements.



attributed to the –CH2– rocking vibration seen in
samples with 4 or more consecutive CH2 groups, as
in the amino acid lysine, which is one of the impor-
tant components of gelatin [40–44].
The OH stretching peak is seen at 3495, and 3562 cm–1

wavelengths in the AZI spectrum is due to tightly
bound water molecules in the AZI crystal lattice.
Other researchers stated that the double peak seen
around the 3500 cm–1 wavelength decreased to a sin-
gle broad peak in nanofiber spectra, which can be
explained by the transition of AZI from crystalline
form to amorphous form. Already in the DSC and
XRD analyses carried out within the scope of the
study, it has been determined that AZI transforms
from crystalline form to amorphous form. Moreover,
OH group peaks bending are also seen around
1458 cm–1 wavelength in the AZI spectrum. The
C=O ether stretch peak seen in the AZI spectrum at a
wavelength of 1188 cm–1 increased slightly from
USP0.1 to USP0.9 in the nanofiber spectra, except
for the USP0 sample and appeared at wavelengths
of 1169, 1170, and 1171 cm–1. The symmetrical
aliphatic ether peak detected at 1051 cm–1 in the AZI
spectrum decreased in general in the spectra of nano -
fibers, except for the USP0 sample but appeared as
more prominent peaks with increasing AZI concen-
tration. In addition, this peak was not near the wave-
length of 1051 cm–1 in the spectrum of nanofibers but
around the wavelength of 1078 cm–1. This may be
due to the Van der Waals forces formed between the
AZI and the carrier, that is, the polymers. It has been
determined from the FT-IR spectra that, in general,
no undesirable chemical interaction between drugs

and polymers is observed, and the basic characteris-
tic peaks of AZI and polymers are clearly seen in the
nanofiber spectra [1, 2, 45–47].
TGA thermograms of PVP/GEL nanofibers coated
with AZI at different concentrations with the USP
method are given in Figure 4.
When Figure 4 is examined in detail, it is clearly seen
that AZI, PVP, and GEL show a one-step degrada-
tion. Due to the highly hydrophilic nature of PVP and
GEL polymers, they lost 11.40 and 11.52% in weight,
respectively, up to 100°C due to the water molecules
on them. The PVP polymer decomposed between
354.6°C (t0) and 478.1°C (tf) and left 5.72% residue
at 600 °C. Similarly, the GEL polymer decomposed
at a weight loss of 63.14% between 221.7 and
469.76°C, and the sample had a mass of 25.34 wt%
at the final temperature. While the GEL polymer rap-
idly realized 44.38% of the weight loss at 352.1 °C,
it continued the remaining 18.76% slowly up to
600°C. The 5.17% weight loss of AZI between 25–
120°C indicates the transition of AZI from the dihy-
drate to the anhydrous AZI form. This observed
5.17% weight loss corresponded to the stoichiomet-
ric weight loss of two water molecules [32, 48]. The
decomposition temperature of AZI starts at 216.6°C,
similar to GEL polymer, and continues up to 472.3°C.
Meanwhile, it lost a mass of 91.46% and left a very
low amount of residue, such as 3.37%, at the final
temperature of 600 °C. Due to the water molecules
in the nanofiber samples, weight loss was observed
between 25 and 100°C. In general, the temperatures
at which nanofibers begin to degrade are between
306.9 and 354.1 °C. Similarly, the temperature at
which the mass loss ends is very close to each other,
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Figure 3. FT-IR spectra of PVP and GEL polymers, AZI,
PVP/GEL, and AZI/PVP/GEL.

Figure 4. TGA thermograms of AZI, PVP, GEL, and nano -
fibers.



and all the samples are around 469 °C. The amount
of residue left by the samples varies between 0.010
and 0.383 mg. From the thermograms, it was ob-
served that the degradation temperatures of nano -
fibers were higher than those of AZI and polymers
(PVP and GEL). This can be attributed to the weak
bond (van der Waals) formation between the poly-
mers and the model drug, as indicated in the FT-IR
analysis [49]. Therefore, it shows that the model drug
of AZI has been successfully added to the structure
of PVP/GEL nanofibers. Finally, it can be said that
the thermal stability of the AZI drug substance is in-
creased by nanofiber production since the decompo-
sition temperature of PVP is approximately 158 °C
higher than that of AZI, and the decomposition tem-
perature of nanofibers is higher than PVP.
DSC curves of AZI, PVP, GEL, and nanofibers are
given in Figure 5.
PVP, which is an amorphous polymer, shows a very
wide endotherm due to dehydration, reaching its
maximum at 78.9 °C, extending between 29.7 and
137.6 °C [50–52]. This observed peak is expected
due to the hygroscopic and amorphous structure of
PVP and is due to the water loss of the sample [18].
As the materials become amorphous, the peak indi-
cating the melting point (Tm) may disappear. It is
known that the PVP polymer is predominantly amor-
phous. Also, PVP is a polymer that can be found in
a glassy or rubbery form. Therefore, the correspon-
ding Tm peak is quite small [53–57]. As seen in the
DSC thermogram of PVP, a small endotherm is seen
extending between 174.4 and 190.3 °C, with a peak
at 182.5 °C of the Tm point. A very small endother-
mic transition, known as the softening temperature
of the gelatin polymer, was detected at 49.10°C in the

thermogram of pure GEL in powder form [40, 58].
Then, an endotherm peak is observed, starting at
111.58 °C, peaking at 120.30 °C, and ending at
130.28°C. At this temperature, the triple helix struc-
ture of gelatin melts, and randomly distributed struc-
tures are formed. The resulting transition enthalpy
(ΔH) of 17.68 J/g represents the energy required for
the rearrangement of hydrogen bonds, amide bonds,
and van der Waals interactions into a random con-
figuration that helps maintain the triple helical struc-
ture [59]. This is very common for solid GEL, which
always contains some water (normally 10-15%) [60].
In addition, a small endothermic peak at about
213°C, known as the decomposition temperature of
the pure GEL polymer powder, appeared, as is known
from the literature [41, 61]. This peak is in agree-
ment with the TGA results. On the DSC thermogram,
AZI shows a sharp endothermic peak between
112.92 and 131.52 °C, corresponding to its melting
point. This wide endotherm peaked at 125.74°C [52,
62, 63]. The reason for the wide peak is due to the sep-
aration of crystalline water in its structure during
melting, as reported in the literature [64]. The melt-
ing temperature for this peak was determined to be
88.53 J/g [32]. While different researchers in the lit-
erature have reported that AZI samples exhibit vari-
able thermal behavior with a single or two DSC en-
dotherms, the United States Pharmacopeia reference
standard has shown it with a single DSC endotherm
[48]. In the DSC thermograms of nanofibers, it was
clearly seen that the AZI used as a model drug within
the scope of the study did not show any melting peak.
It has been found that AZI no longer exists as a crys-
talline material, as is known from the literature; it
turns into an amorphous state [45, 65, 66]. While the
endotherm peaks of nanofibers coated with thin film
with different concentrations of AZI ranged between
about 83 and 96°C, endotherm was detected at around
6 °C in the thermogram of PVP/GEL nanofibers
without AZI. From this, it is seen that AZI coating
on nanofiber surfaces with the USP technique causes
an average of a 20–25 to 25 °C shift in the endo -
therms of nanofibers.
XRD diffractograms of AZI, PVP, GEL, and nano -
fibers are given in Figure 6.
A broad and diffuse mound-shaped peak appeared in
the X-ray diffraction of nanofibers. These bump-
shaped peaks are due to the amorphous polymers in
the structure of nanofibers and appear at around 13°
in all diffractograms of nanofibers. The characteristic

H. K. Güler and F. C. Çallioğlu – Express Polymer Letters Vol.17, No.5 (2023) 487–501

495

Figure 5. DSC curves of AZI, PVP, GEL, and nanofibers.



peaks of AZI are almost absent in the diffractogram
of electrospun nanofibers [47, 67]. This made it clear
that AZI is no longer available as a crystalline mate-
rial but has been completely converted to an amor-
phous state [50, 68]. DSC and XRD data of nanofibers
coated with AZI proved that drug molecules are in
an amorphous state in the matrix of PVP/GEL nano -
fibers. The XRD and DSC result obtained at this stage
of the study and the SEM images in which morpho-
logical observations were made overlap both with
each other and with previous studies involving elec-
trospun nanofibers [51, 69]. Figure 7 shows the cu-
mulative release graphs of nanofiber surfaces coated
with different concentrations of AZI by the USP
method.
In the USP technique, the model drug AZI is coated
on the surface of the nanofibers. Therefore, when the
drug-loaded nanofibers were taken into the dissolu-
tion medium, they diffused very quickly because they

were located on the surface, and the loaded drug was
suddenly released as expected. All samples were re-
leased with all loaded AZI within the first 30 min.
This was attributable to the placement of the drug mol-
ecules on the nanofibrous surface. It is clear that
drug delivery systems prepared using this method
are also suitable for drugs that need burst release.
Here, sandwich structures were formed to prevent
the rapid release of the drug from the surface. The
main purpose here is to trap the AZI molecules after
coating between the nanofibers instead of the surface
of the nanofibers. Sandwich structures have been
produced to obtain those that can be released more
slowly with the USP method. For this, 5 different
pure PVP/GEL nanofibers were produced for 1 hour
for the bottom layer and coated with USP, containing
0.7% AZI, which was selected optimally in previous
release studies. Then, PVP/GEL nanofiber produc-
tion was carried out for 5, 15, 30, 45, and 60 min for
the upper layer. Thanks to the sandwich structures
created in this way, the AZI molecules remained be-
tween the nanofibers. Then, the release profiles of
these sandwich structures were examined, and the
effect of the deposition time (5, 15, 30, 45, and
60 min) and nanoweb thickness on the drug release
behavior were investigated. In Figure 8, cross-sec-
tion and surface SEM images of the sandwich struc-
ture, which were produced for 60 min on the upper
layer (USP 0.7–60), are given.
In Figure 8, it can be clearly seen that the sandwich
structure has been successfully achieved. A very small
amount of the bead structure seen on the surface was
also revealed in the cross-sectional image. In the sur-
face image, it was revealed that the nanofibers are
quite thin and smooth. The release profiles of these
sandwich structures are given in Figure 9.
When Figure 9 is analyzed, it is seen that as the thick-
ness of the sandwich structures formed increases, the
release time also lengthens. Because, in these struc-
tures, the drug is located only in the middle layer.
There are no drugs on or near the surface of the sand-
wich structures. Therefore, drug molecules could not
diffuse into the dissolution medium quickly. It was
determined that the release time increased from
30 min to 2 hours when nanofibers were produced
on the drug layer coated with USP for a short time,
such as 5 min and up to 2 days when it was produced
for 1 hour. While the S0.7 sample, which was loaded
with the same amount of drug without forming the
sandwich structure, released 80% of the loaded drug
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Figure 6. XRD diffractograms of AZI, PVP, GEL, and nano -
fibers.

Figure 7. Drug release profiles of different concentrations of
AZI-coated nanofibers.



in the first 30 min, it released 22.15% when the sand-
wich was formed for 5 min, and only 9.38% when
the sandwich structure was formed for 60 min. Re-
lease of the drug in drug delivery systems; the buffer
solution is absorbed by the polymer matrix, and after
this absorption, the drug diffuses through the poly-
mer matrix. The critical point here is the swelling
degree of the polymer matrix. In relation to the in-
creasing surface thickness, the nano fibrous structure
has become tighter, the swelling of the surface has
slowed down in unit time, and the distance that the
drug attached to the nanofibers will travel to diffuse
into the dissolution medium has increased [70–72].
These reasons are thought to slow the release rate of
the drug.
In the release studies conducted with USP, it has
been shown that with this method, drug delivery sys-
tems can be used not only in situations where burst
release is desired but also long-term release systems

can be created by trapping drug molecules in the
middle of the sandwich structure. As a result of drug
release studies with this method, it has been seen that
drug release systems that can produce both burst
release and sustained release can be created by using
the same method, the same polymer concentrations,
and the same amount of drug. Creating systems ac-
cording to the desired release feature with a single
method makes the method advantageous.

4. Conclusions
In this study, PVP/GEL-based nanofiber surfaces
were coated with various concentrations of AZI via
the USP method. Then, sandwich structures were
comprised, and these medical textile surfaces were
successfully produced as a drug delivery vehicle. Ac-
cording to the results, nanofibers are quite fine,
smooth, and uniform. In the release behaviors of these
biomedical materials, after coating with the USP
method, the rapid release was observed due to the
location of the drug molecules on the nanofibrous
surface, and the release occurred in a short time, like
30 min. However, the duration of this period was in-
creased to 48 hours after sandwich constructions
were generated at various times. The greatest success
of this study was not only in showing that it could
use drugs with the USP method but also in the ability
of drug delivery systems prepared in this way to
have both fast and slow releases.
The results of this study are expected to lay the
groundwork for developing new drug delivery sys-
tems and other biomedical applications, considering
the production method, drug release behaviors, fiber
morphology, and the biocompatibility of the raw ma-
terials used.
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Figure 8. SEM images of sandwich structure a) cross-section image, b) surface image.

Figure 9. Cumulative drug release profiles of sandwich
structures.
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