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Abstract: Sildenafil citrate (SC) has proved to be an effec-
tive and inexpensive drug for the treatment of pulmonary
arterial hypertension (PAH). This study aims to synthe-
size electrospun, submicron fiber scaffolds of poly(vinyl
alcohol) (PVA) and poly(vinyl pyrrolidone) (PVP) loaded
with SC for fast drug dissolution and its potential use in
the treatment of PAH. These fiber scaffolds were prepared
through the electrospinning technique. The chemical
composition of the nanofibers was analyzed by Fourier
transform infrared spectroscopy. Thermal stability was
studied by thermogravimetric analysis and polymeric
transitions by differential scattering calorimetry. Surface
analysis of the nanofibers was studied by field emission
scanning electron microscopy. The wetting and dissolu-
tion time of the scaffolds and drug release rate were stu-
died as well. The drug-loaded PVP fibers showed better
quality regarding size and homogeneity compared to drug-
loaded PVA fibers. These fibers encapsulated approxi-
mately 2.5 mg/cm2 of the drug and achieved immediate
controlled released rate, which is encouraging for further
studies leading to an alternative treatment of PAH in
children.
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1 Introduction

Pulmonary arterial hypertension (PAH) is a common
complication of congenital heart disease (CHD). This con-
dition is a progressive disorder characterized by high
blood pressure in the pulmonary artery (1). CHD is the
most frequent birth defect, with a prevalence ranging
from 6 to 8 per 1,000 live births. Unfortunately, this dis-
ease has high mortality and morbidity rates (2). Several
therapies are used to treat PAH; however, sildenafil citrate
(SC) is one of the most cost-efficient treatments (3). This
drug inhibits phosphodiesterase 5 (PDE5) by blocking its
catalytic site, which prevents the degradation of the
cyclic guanosine monophosphate molecule, promoting
vascular smooth muscle relaxation and increased blood
flow, thus relieving the symptoms of PAH. SC was approved
for PAH treatment in children by the Food and Drug
Administration (FDA) and the European Medicines Agency
in 2005 (4).

However, there are no commercial presentations of
the drug for pediatric patients (5). For instance, some
hospitals administer SC as an extemporaneous syrup
prepared using the powder produced by grounding SC
tablets, just before administrating it to patients. This
approach, besides being tedious and time-consuming,
may be associated with the administration of incorrect
doses. Moreover, there is a real concern about the stabi-
lity of the drug in aqueous solutions (2). Thus, there is a
need to develop stable formulations for SC that can be
administered to children. Our approach is to develop fast-
dissolving SC-loaded nanofiber scaffolds for rapid disso-
lution in oral mucosa, taking advantage of the efficient
absorption of drugs in the mouth because of the high
vascularization in the sublingual zone (5).

The electrospinning technique is a promising approach
to fabricate efficient drug delivery systems. This method
is used to produce fibers with diameters ranging from
sub-nanometers to several micrometers. These fibers can
be formed using polymers, metals, ceramics, and compo-
site materials, which makes this technique quite versatile
(6). Electrospun drug delivery systems have better control
and predictability on drug delivery than the conventional
systems. Moreover, nanofiber scaffolds possess high sur-
face-to-volume ratio, which can accelerate the dissolution
of drugs in aqueous media and improve their bioavail-
ability (6–11).

Poly(vinyl alcohol) (PVA) has been widely used in
the pharmaceutical industry because of its versatile prop-
erties such as high hydrophilicity, biocompatibility, and

suitable thermal properties, among others (7). Moreover,
PVA is an interesting polymer for drug delivery because
of its electrospinnability and mucoadhesive properties
(8). Another well-studied polymer for electrospinning is
poly(vinyl pyrrolidone) (PVP), which has been reported
to exhibit good properties as complexing, adhesion, phy-
siological compatibility, low chemical toxicity, and rea-
sonable solubility in water and most organic solvents.
Therefore, it has a wide range of industrial applications
such as pharmaceutical, cosmetics, beverages, adhesives,
detergents, paints, electronic materials, and bioengi-
neering (9). In addition, PVP is more commonly used to
assist the formation of nanofibers from inorganic mate-
rials (9). PVP also absorbs up to 40% of its weight in
water, what makes it a good matrix for the solid disper-
sion of poorly soluble drugs (10).

Notwithstanding the fact that there are a great
number of reports about electrospun nanofibers used as
carriers of pharmaceutical drugs (6), to the best of our
knowledge, this is the first report about SC loaded into
electrospun nanofibers for fast controlled release. In this
study, we prepared and characterized SC-loaded sub-
micron fiber scaffolds using two polymeric materials as
matrixes: PVA and PVP. Therefore, the objective of this
work is to formulate a delivery system for the rapid dis-
solution and its potential use in the treatment of PAH
in children. This study includes the evaluation of the
physicochemical properties of both the controls and
the drug-loaded formulations. Finally, drug release from
these fiber scaffolds was studied.

2 Material and methods

2.1 Materials

The materials used in this study are PVA (Product #:
341584, CAS: 9002-89-5, Sigma Aldrich, MW: 89,000
to 98,000mol wt, hydrolysis of 98–99%) and PVP 40
(Product #: PVP40, CAS: 9003-39-8, Sigma-Aldrich,
MW: 40,000mol wt). Other materials used such as deio-
nized water (H2O) (Product #: 38796, CAS: 7732-18-5),
ethanol (EtOH) (≥99.5%, Product #: 459844, CAS: 64-17-5),
Triton™ X-100 (TX-100) (Product #: X100-500 mL, CAS:
0009002931), and N,N-dimethylformamide (DMF), anhy-
drous (99.8%, Product #: 227056) were also from Sigma-
Aldrich; all were used as received. SC 99% was kindly
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donated by SBL Pharmaceuticals S.L de R. L., Baja
California, México.

2.2 Preparation of drug-loaded scaffolds

The standard technique of mixing the therapeutic agent
with polymer solutions before electrospinning remains
the most predominant technique to prepare drug-loaded
submicron fiber scaffolds (6). Therefore, such technique
was tested to prepare SC-loaded polymeric solutions for
the fabrication of the functionalized fibers.

For the PVA fiber scaffolds, a 10% (w/v) solution of
PVA was prepared using a H2O:DMF mixture as solvent
(Table 1). The solutions were placed in an 80°C water
bath with constant stirring (200 rpm), until a homoge-
neous solution was obtained. The prepared solutions
were settled at 3°C overnight to remove any bubbles.
After that, 2 µL of TX-100 was added to reduce the surface
tension for PVA electrospinning at 20 kV (10).

For the PVA/SC nanofibers scaffolds, the pharmaceu-
tical drug was dissolved in a mixture of H2O and DMF
(Table 1). The latter was added to increase the conduc-
tivity as well as a co-solvent for SC, as the drug has low
water solubility (4.1 mg/mL), compared to DMF with a
solubility of 10mg/mL. Moreover, different proportions
of the co-solvents were tested to achieve good dissolution
of the polymer and the drug, as well as adequate electro-
spinning conditions (Table 1). Constant magnetic stirring
(200 rpm) and heat were applied until dissolution (80°C).
Subsequently, the polymer was added to obtain a con-
centration of 10% (w/v) and stirred until a homogeneous

solution was formed. Finally, 2 µL TX-100 was added to
the solutions to break down the surface tension of the
polymeric solution.

A similar procedure was followed for the preparation
of PVP solutions. In this case, 30% w/v PVP solutions
were prepared in different proportions of absolute ethanol
and DMF. As previously, DMF was added to increase the
conductivity as well as a co-solvent for SC, because it also
has low solubility in ethanol (10). In this case, there was
no need for the use of a surfactant to achieve the formation
of the fibers. The conditions of the solutions that could be
electrospun are described in Table 1.

2.3 Electrospinning process

For fiber scaffolds formation, the following procedure
was performed: 3 mL of PVA/SC or PVP/SC solutions
were loaded to a plastic syringe (needle tip of 22G).
Then, the distances from the needle tip to the collector
was set at 10 cm for PVA and 15 cm for PVP, respectively.
For both polymeric solutions, 20 kV and 0.5 mL/h flow
rate were applied. Experiments were conducted at ∼25°C
and 30% of relative humidity (environmental parameters
were fixed with the lab thermostat and drierite desiccants
[W A Hammond Drierites CO]).

2.4 Characterization of PVP and PVA fibrous
scaffolds

2.4.1 Spectroscopic characterization by ATR-FTIR

The infrared attenuated total reflectance (ATR) spectra were
obtained with a Fourier transform infrared spectrophotometer
(Thermo Scientific Nicolet IS5). Spectral data were collected at
20°C, in the range of 4,000–650 cm−1, using a high-perfor-
mance diamondATR crystal. Thirty-two scanswere performed
at a resolution of 4 cm−1. To process the data, the OMNIC™
Specta Software (Thermo Scientific) was used.

2.4.2 Field emission scanning electron microscopy

The morphology and diameter of the prepared fibers
were determined by field emission scanning electron
microscopy (FESEM) under an accelerating voltage of
20 kV, using small sections of fibrous material (field emis-
sion microscope JEOL JSM 7600F).

Table 1: Formulations of drug-loaded polymeric solutions

Sample code PVA conc.
(% w/v)

SC conc.
(% w/v)

Solvent mixture
(A/B/C) (v/v)

PVA/SC0 10 0 84/15/1
PVA/SC1 10 1.25 84/15/1
PVA/SC2 10 2.5 84/15/1
PVA/SC3 10 5 79/20/1

Sample code PVP conc.
(% w/v)

SC conc.
(% w/v)

Solvent mixture
(D/B) (v/v)

PVP/SC0 30 0 85/15
PVP/SC1 30 1.25 85/15
PVP/SC2 30 2.5 75/25
PVP/SC3 30 5 70/30

PVA: poly(vinyl alcohol); PVP: poly(vinyl pyrrolidone); SC: sildenafil
citrate. Solvents: (A) H2O: distilled water; (B) DMF: N,N-dimethyl-
formamide; (C) TX-100: Triton X-100; (D) EtOH: ethanol.
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2.4.2.1 Determination of the average fiber diameter and
porosity

Software Image J was used to measure the fiber diameter
and the percentage of pore area in the membranes. SEM
images of 10,000× for the pure PVA and 5,000× for the rest
of the samples were used for this purpose. Thirty fields
were used for the calculation of fiber diameters and scaf-
fold-porosity ratio.

2.4.3 Thermal behavior analysis (thermogravimetric
analysis and differential scanning calorimetry)

2.4.3.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed by mea-
suring the change of mass as temperature increases. The
tests were carried out using a heating rate of 10°C/min
from room temperature (±20°C) to 400°C in an unsealed
platinum sampler using nitrogen with a flow rate of
20mL/min. The equipment used was a Shimadzu model
TGA-Q500. The mass of the samples analyzed varied
between 5 and 10mg. This technique allowed us to deter-
mine the temperature at which thermal degradation
begins (Tonset) and the change in mass per temperature
increase. The curves derived from TGA (derivative thermo-
gravimetry [DRTG])were generated to identify the maximum
degradation temperature (Tdeg max). TA Instruments™ soft-
ware was used for the identification of temperatures.

2.4.3.2 Differential scanning calorimetry

Thermal transitions were characterized by differential
scanning calorimetry (DSC) equipment Shimadzu model
DSC-Q100, programmed to heat from room temperature
(±20°C) to 400°C at a heat rate of 10°C/min (first run),
with an argon gas flow of 20mL/min. The mass of the sam-
ples analyzed varied between 5 and 10mg. TA Instruments™
software was used for the identification of the temperatures.

2.4.4 Wetting and dissolution of fibers

Dissolution of the fiber scaffolds was tested according to
Li et al. (11), where samples were submerged in a flask
with 250mL of distilled water at 37°C and measured as a
function of time. Two layers of absorbent paper were
placed in a Petri dish with a diameter of 10 cm. After
the paper was completely soaked with distilled water, the
excess water was completely drained. Fibrous scaffolds were

placed on themoistened paper and video was recorded until
complete mat dissolution. The latter was done to measure
the fiber dissolution in real-time. The degradation rate was
recorded with a video camera (Canon PC1304 semi-profes-
sional), mounted on a special device that controls lighting
conditions to clearly observe the dissolution of the fibers.
Experiments were performed in triplicate.

2.4.5 In vitro release study

The electrospun fibers were recovered carefully from the
aluminum foil collector and weighed exactly using a
digital balance (25 mg). Each sample was immersed in a
flask with 40mL of methanol/water solution (50:50),
under magnetic stirring at 200 rpm for 5 min at 37°C. At
appropriate time intervals 3 mL of the supernatant was
extracted, and an equal volume of solvent was added to
the release system to keep the volume constant during
the experiment. The withdrawn samples were filtered
using 0.22 µm regenerated cellulose filters, and then the
concentration of extracted SC was determined by UV-Vis
at 290 nm. The loading of the nanofiber was calculated
from the SC dissolved after 6 h in dissolution media.

2.4.6 Statistical analysis

The experiments were performed in a threefold indepen-
dent manner with internal triplicates. The results were
expressed as mean ± standard deviation of three inde-
pendent experiments. Data were evaluated by one-way
analysis of variance (one-way ANOVA), using Graph
Pad Prism version 6.0c software. The results were con-
sidered statistically significant when p < 0.05.

3 Results

3.1 Spectroscopic characterization by
ATR-FTIR

FTIR was used to identify the characteristic signal of SC
present in the polymeric samples. All signals were com-
pared using FTIR spectrum reported by Pavia et al. (12).
Figure 1a shows the FTIR spectra for the PVA/SC fibers. A
distinctive peak of the O–H stretch vibration in PVA can be
observed at 3,400–3,200 cm−1; around 2,900 cm−1, a signal
characteristic to alkyl C–H stretching is visible, and
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between 1,150 and 1,050 cm−1 a signal that corresponds to
the C–O link can be observed. The PVA/SC samples show a
weak signal around 1,695 cm−1 characteristic of carbonyl
groups present in the structure of the drug.

The FTIR spectra for PVP/SC fibers are shown in
Figure 1b. The PVP/SC0 sample presented a wide peak
at 3,447 cm−1 corresponding to an overtone of C–O groups
in the polymeric chains, another at 2,958 cm−1 attributed
to alkyl C–H stretching signal, and a characteristic peak
at 1,659 cm−1 corresponding to the carbonyl group. Stretching
at 1,423 cm−1 is the C–H bending vibrations, and the signal at
1,285 cm−1 is linked to the C–N vibration.

3.2 Morphology by scanning electron
microscopy (FESEM)

As it can be observed in Figures 2 and 3, all scaffolds are
made of long fibers, disposed randomly on the surface to
the collector.

The apparent diameter, shape, surface texture, and
porosity ratio of the polymer fibers were determined by
FESEM, and the micrographs were analyzed using Image
J software (13) (https://imagej.nih.gov/ij/) that allowed
the determination of the average fiber diameter and por-
osity ratio of the scaffolds through the measure of 30
fibers for each sample. The mean diameter, porosity ratio,
standard deviation, median, etc. are shown in Table 2.

Comparing the average fiber diameter, it can be
observed that most of them possess an approximated
diameter of 450 nm, with the exception of PVA/SC0 and
PVA/SC1 membranes. PVA/SC0 presented considerably
thinner fibers, some in the nanometric scale (∼100 nm).
In contrast, PVA/SC1 showed the presence of thicker
fibers (628 ± 250 nm). For PVA/SC fibers, a linear relation-
ship between concentration of SC and diameters can be
observed; increasing the amount of SC resulted in the
reduction of diameters. On the contrary, for PVA fibers,
including the control, the amount of SC had no effect on
fiber diameter. The statistical analysis confirms the repro-
ducibility of the electrospinning technique used in this

Figure 1: FTIR spectra comparison of PVA/SC and PVP/SC fibrous scaffolds. (a) PVA/SC fibers, and SC spectra; (b) PVP/SC fibers and SC
spectra.

750  Erick José Torres-Martínez et al.

https://imagej.nih.gov/ij/


Figure 2: SEM micrographs of PVA/SC fibrous scaffolds. (a) PVA/SC0 (10,000×); (b) PVA/SC1 (5,000×); (c) PVA/SC2 (5,000×);
and (d) PVA/SC3 (5,000×).

Figure 3: SEM micrographs of PVP/SC fibrous scaffolds. (a) PVP/SC0 (5,000×); (b) PVP/SC1 (5,000×); (c) PVP/SC2 (5,000×);
and (d) PVP/SC3 (5,000×).
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study. No significant difference (ANOVA P < 0.05) was
found in fiber diameter between both types of polymer
samples (Table 2).

In the case of porosity, all fibrous scaffolds yield
similar results; mean porosity was around ∼40%, apart
from the PVA/SC0, which presented an ∼60% mean por-
osity. The reproducibility observed in this parameter for
all polymer types and the concentrations of SC (ANOVA
P < 0.05) is relevant because of its relation with the dis-
solution rate of SC, which is pursued to be fast in both
systems.

A non-ionic surfactant (TX-100) was needed for the
electrospinning of all PVA fiber scaffolds to reduce the
surface tension and promote reproducible results (14). In
Figure 2a, the presence of bulbs along unloaded PVA/SC0
fibers can be observed, even in thin fibers (∼100 nm) pre-
pared with TX-100. In contrast, as shown in Figure 2b–d,
the fibers with SC are smoother but thicker. All micro-
graphs were taken at 5,000× of amplification.

In the case of PVP/SC0, the observed thicknesses of
the fibers (Figure 3) was similar to those reported in
the literature (15). The morphology of PVP/SC fibers is
smooth, with more homogeneous diameter than those
of PVA/SC fibers; no bulbs were found, even in the
PVP/SC0 control fibers.

Finally, comparing both types of polymer fibers,
those made of PVP/SC scaffolds presented better mor-
phology and more reproducibility than PVA/SC fibers,
in terms of percentage of porosity of the scaffolds,
average diameter of fibers, and morphology, which are
the important parameters for controlling the drug
release rate and the mechanical properties of the final
system (16).

3.3 Thermal behavior by TGA and DSC

The influence of SC on both thermal stability and thermal
transitions on all polymer scaffolds was studied by both
TGA and DSC (17).

The stability as a function of temperature of PVA/SC
scaffolds is shown in Figure 4a and b. PVA/SC scaffolds
show no loss of mass below ∼190–200°C, meaning
thermal stability, a valuable property for future biome-
dical applications because the scaffolds are quite stable
at environmental temperatures and could be sterilized by
heat. Then, between ∼202°C and ∼245°C an initial loss of
5% mass is observed because of the removal of solvent
residues (18). The TGA curves show a second loss of mass

Table 2: Average fiber diameter and percentage porosity ratio of
PVA/SC and PVP/SC fibrous scaffolds

Samples Average diameter ( x̄ ± σ) (nm) Porosity (%)

PVA/SC0 (a) 103 ± 31 60
PVA/SC1 (b) 628 ± 250 45
PVA/SC2 (c) 481 ± 142 44
PVA/SC3 (d) 423 ± 146 42
PVP/SC0 (a) 371 ± 128 44
PVP/SC1 (b) 452 ± 144 49
PVP/SC2 (c) 402 ± 89 42
PVP/SC3 (d) 411 ± 142 41

x̄ = average; σ = standard deviation. Figure 4: Thermal analysis of PVA/SC fibers. (a) TGA; (b) DSC.
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starting around 245°C, another change in slope of the
curves at around ∼292°C is, best depicted in the first deri-
vative curves, DTG, and a third change around 320°C.
TGA and DTG curves for PVA/SC0 curves have two dis-
tinct peaks at ∼292°C and ∼322°C that are associated with
the decomposition of side chains of PVA and the genera-
tion of volatile residues of the polymer (19). About 14%
mass loss is observed in the TGA and DTG curves, at
∼195–198°C (20). This transition is attributed to both
removal of residual moisture and partial decomposition
of the citrate component. Then, a second transition at
∼316°C refers to the decomposition of the entire citric
and part of the sildenafil components (20). The decom-
position temperatures of all PVA/SC samples were shifted
to higher temperatures with respect to PVAc sample.

The DSC curves for PVA/SC scaffolds are presented in
Figure 4c. PVA/SC0 fibers showed a Tg at ∼60°C, and Tg’s
of PVA/SC samples slightly shifted, having a maximum
between ∼62°C and 66°C, depending on the SC concen-
tration. This may be because of the interaction between
PVA and SC (19). Two other endothermic peaks are
observed in PVA/SC0, one at ∼222°C and the other
reaching its mayor value at ∼305°C (DSC). The first one
refers to the Tm of the polymer crystalline domains, and
the second peak corresponds to the decomposition tem-
perature (Td) of PVA (20). For the SC, a Tm was observed
at ∼200°C, which represents the melting point; this may
range by a bit because of the presence of different poly-
morphs of the drug. The second peak (Td) at ∼328°C refers
to the decomposition temperature of the SC (20). The
melting point of SC is not present in PVA/SC1 and
PVA/SC2 showing that the drug is dispersed in the
matrix. Moreover, Tg values of PVA/SC fibrous mats
were displaced to higher temperatures with respect to
PVA/SC0 fibrous scaffolds, thus indicating the interac-
tion between the PVA and SC molecules. PVA/SC3 pre-
sents a small endothermic peak at ∼185°C, indicating
possible drug aggregation in the nanofibers.

Figure 5a and b shows the thermal behavior of PVP
and PVP/SC fibers. For the PVP/SC0 sample, the TGA
curve shows an initial drop of 5% between ∼30°C and
∼254°C, corresponding to the removal of moisture. For
the PVP/SC0 scaffolds, above ∼350°C the polymer mass
starts to decay because of its decomposition at high tem-
peratures (21). For the PVP/SC, a higher weight loss
occurs at 255°C, compared to the loss of pure PVP at
this temperature.

The DSC curves are shown in Figure 5c. Again, pris-
tine SC presents the Tm at ∼200°C and the decomposition
of the drug at ∼328°C (20). The Tg’s of the PVP/SC samples
occur almost near the Tg of PVP/SC0, but as the concentration

of SC loaded increases on the fibers, a shift to slightly
higher temperatures is observed (21). The Tm of SC, pre-
sent in the loaded scaffolds, is not observed because of its
low concentrations.

3.4 Wetting and dissolution rates

By exposing PVA/SC and PVP/SC scaffolds in distilled
water, the effect of concentration of SC on wetting and
dissolution times was analyzed to estimate their behavior
in the oral cavity (22).

Video-recording in real-time conditions allowed
measurements of wetting of scaffolds on water-wet paper
at room temperature. Distilled water completely wet the
PVA/SC1 and PVA/SC3 fibers in about 1 min, whereas in

Figure 5: Thermal analysis of PVP/SC fibers. (a) TGA; (b) DSC.
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PVA/SC2 wetting was almost instantaneous, being the
most attractive of the PVA/SC scaffolds (see Figure 6a).
Wetting of PVP/SC1 and PVP/SC3 fibers occurred in less
than 5 s, whereas in PVP/SC2 wetting was faster (1.3 s),
being the best attractive of this group (see Figure 6b).

Dissolution tests were performed by submerging the
samples in a flask of distilled water at 37°C. The dis-
solution rate was also measured by video-recording in
real time because it developed in seconds. First, water
swelled the fibers forming transparent gel-like struc-
tures, while losing their white color. Then, disruption
of the fiber structure occurred. PVA and PVA/SC fibers
dissolved readily in the liquid medium, whereas PVP/SC
fibers dispersed into hundreds of small pieces that
spread through the medium very quickly, at 1.5 s
approximately (23).

3.5 In vitro release analysis of SC

Table 3 shows the proportion of drug loaded in the nano-
fibers. After measuring all the samples, it was found that
the distribution of the drug in the nanofiber scaffolds was
homogeneous and loading is proportional to the concen-
tration in the feeding solutions (24).

Also, SC presence was detected by UV-Vis spectro-
scopy, up to ∼14% (3.5 mg) in the PVA fibers, and ∼9%
(2 mg) in the PVP fibers, but no significant difference
(ANOVA P < 0.05) of SC loaded in the fibers was obtained.

Regarding drug release studies, the PVA/SC fibers
had a burst release between 40% and 70% (PVA/SC1
and PVA/SC3 in respective order) in the first 30 s (see

Figure 7), whereas PVP/SC fibers had a burst release of
100% in the same period, because all the samples were
completely dissolved and released all SC in the first few

Figure 6: Wetting tests on the fibrous scaffolds: (a) PVA/SC fibers, (b) PVP/SC fibers.

Table 3: Loaded SC concentration in PVA/SC and PVP/SC fibrous
scaffolds

Samples x̄ (w/w%) σ (%)

PVA/SC1 5.79 0.028
PVA/SC2 6.35 0.012
PVA/SC3 14.20 0.435
PVP/SC1 4.92 0.086
PVP/SC2 8.28 0.114
PVP/SC3 8.77 0.195

x̄ = average; σ = standard deviation.

Figure 7: Release profile of SC in PVA/SC fibrous scaffolds.
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seconds of immersion, making very difficult to register
reliable release rate information (data not shown).

These results evidence the positive properties of the
PVA/SC and PVP/SC scaffolds as SC drug release systems,
i.e., high thermal stability, glass transitions ∼45°C above
room temperature, phase transitions above 200°C, quite
short wetting and dissolution times, as well as proper SC
release rates, suggesting convenient conditions for their
potential use as controlled drug administration of SC for
the treatment of PAH in children.

4 Discussion

FTIR spectra acquired for the pure polymer’s nanofibers
and the drug-loaded scaffolds are in agreement with
those reported elsewhere. Drug incorporation into the
nanofibers was shown by the presence of the carbonyl
groups from the drug in the nanofibers of PVA/SC0
(24). Such analysis was not possible for the PVP/SC0
because of the overlapping of signals of the carbonyl
groups present in the polymer and the drug.

Signals found in the PVA/SC0 fibers were according
to literature (25). The presence of an intense peak at
3,400 cm−1 can be clearly seen. This peak is related to
the stretching of O–H groups arising from the intramole-
cular and intermolecular hydrogen bonds. The peaks
observed at 2,840 and 2,920 cm−1 are respectively related
to the symmetric and antisymmetric stretching vibra-
tional of C–H from alkyl groups (26). As reported by
Coelho Neto and Lisboa (27), the characteristic signal of
SC is the carbonyl group at ∼1,695 cm−1. This signal is
evident in the PVA/SC spectra, confirming its incorpora-
tion (24).

In the case of PVP/SC0 fibers, signals showed that
FTIR spectra were also consistent with literature (23). The
characteristics peaks of PVP can be seen at 2,954, 1,654,
1,421, and 1,288 cm−1, corresponding to the stretching
vibrations of C–H, C–O, C–C, and C–N, respectively (23).

Electrospinning is a versatile technique for fabri-
cating fibers with diameters in the order of nanometers
to a few micrometers. This methodology has been pro-
posed with great potential for preparing drug delivery
systems and has recently received a great attention (28).

Chew et al. (29) confirmed that the release of bioac-
tive molecules occurs primarily by diffusion, and it has
been reported that the release profile of bioactive mole-
cules from electrospun fibers can be influenced by biode-
gradability, fiber diameters, hydrophilicity, hydrophobi-
city, and fiber configuration.

For the electrospinning of the PVA/SC fibers, the
nonionic surfactant TX-100 served to improve fiber for-
mation (17). This is because of the difficulty of electro-
spinning of PVA at 20 kV of applied voltage, because
according to calculations, 30 kV is the critical voltage
when using DMF as a co-solvent (30). In addition, salts
favor the electrospinning of polymers. Conveniently, SC
is a salt that helped to promote high porosity and homo-
genous fibers, which is important to achieve high surface
to volume ratio for fast dissolution. The combination of
both factors, addition of TX-100 and loading a salt, pro-
duces fibers similar to that previously reported by Yao
et al. (31).

Our PVP/SC fibers are similar in thickness to those
reported in literature (16). The use of DMF as co-solvent
allowed the efficient formation of submicron fibers (32).
Notwithstanding the fact that drug concentration did
not reached saturation, the highest concentration of SC
worked in this study (5%) was the highest that permitted
fiber formation in the electrospinning process (33).

For drug delivery applications, several fiber dia-
meters have been described. For example, fibers with a
core-shell of PVP/PCL for fast dissolving drug delivery,
with a diameter less than 100 nm (34); PCL/cellulose
nanocrystals with ∼233 nm (35); and PCL/geranyl cinna-
mate with fibers in a range of 186.8 ± 6.2 nm (36) have
been reported. In this work fibers are around ∼400 nm,
which are similar to the above-reported diameters. Never-
theless, Quan et al. (37) reported the preparation of fast-
dissolving feruloyl-oleyl-glycerol-loaded PVP fibers with
diameters of 700–800 nm, which are thicker than the
ones in our study.

Thermal analysis is relevant for the study of drug
delivery systems, as reported for several systems, including
dendrimers, hydrogels, micelles, and nanoparticles (38),
among others.

The TGA curves of the loaded nanofibers did not pre-
sent loss of weight at ∼198°C, as expected for the SC pre-
sent in the fibers, suggesting strong hydrogen bonding
between SC and PVA. This interaction is corroborated by
DSC, because the Tm of SC shifts to a higher temperature
and Tg’s are displaced between all samples. It is worth
noting that not all SC are bonding with the polymer,
because two peaks are observed at ∼185°C and ∼208°C
on DSC. The thermal properties of PVA have been pre-
viously reported (39). Silva Magalhães et al. (38) reported
that the melting point of PVA scaffolds begins at approxi-
mately 200°C and thermal degradation initiates at about
239°C.

PVP is mostly an amorphous polymer that can
undergo a transition phase that is related to vibrations
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and segmental reptation movements of the polymer chains.
In general, nanoscopic inclusions directly affect the beha-
vior of polymeric nanocomposites, and the interaction of
the polymer chains with the surface of the inclusion can
significantly alter the chain kinetics of the region that is
surrounded by these inclusions (39).

The data obtained in the TGA of PVP/SC0 show loss
of weight, most probably from water adsorbed by the
hygroscopic polymer (21,24). The polymer was stable at
high temperatures (400°C), indicating that the polymer
can be sterilized by strong heating, which is important for
biomedical applications.

The DSC thermogram shows a shift in the Tg of the
polymer, caused by the interaction between the polymer
and the drug. By analyzing the higher temperature curves
in the PVP/SC fibers, it can be noted that the character-
istic peak of the SC (∼200°C) disappears, indicating that
the drug strongly interacts with PVP (24,29).

Nano and submicron fibers have both high surface
free energy and high surface to volume ratio, which pro-
mote strong interactions with the surrounding media
resulting, as is the case of PVA/SC and PVP/SC scaffolds,
in fast dissolution rates of the fibers; for instance, nanofibers
are a very good option for fast rate delivery systems (16).

In this study, PVA/SC fibers disintegrated in about
1–3 min. As it has been reported elsewhere, PVA fibers
disintegrate easily and rapidly in aqueous solutions resulting
in the fast release of drugs (24).

In the case of PVP scaffolds, these fibers improve the
solubility of some hydrophobic drugs because PVP nano-
fibers help in their dispersion (40). Respect to our results,
PVP/SC fibers show a very fast wetting and dissolving rates
resulting in a very promising system for the ultra-rapid
release of SC, for the sublingual administration of the drug.

Finally, maximum drug loading for successful elec-
trospinning of the studied materials was 14% w/w (Table 3)
because of the very low solubility of SC, in either water or
ethanol. Nonetheless, the loaded nanofibers fulfill the
criteria of very fast delivery systems, because all the
loaded drugs were dissolved in about 3 min at 37°C in a
suitable solvent (22).

PVA/SC fibers presented less burst release because
PVA tends to swell in the presence of aqueous media,
requiring up to 1 min for complete dissolution, whereas
the PVP dissolves almost instantly releasing the drug in
the first sampling time (30 s). As expected, the high sur-
face area/volume ratio of the nanofibers facilitates the
fast release of the SC in the media.

The aim of this study is to compare the two different
SC nanocarriers, PVA- and PVP-loaded nanofibers, in
terms of electrospinnability, drug loading efficiency, and

drug release rates, to choose the best nanocarrier system
for fast release of SC in the oral mucosa.

Different ratios of SC were loaded in the polymeric
systems to evaluate the highest amount of SC that can be
incorporated in the polymer solution to form the fibers.
However, we observed that drug-loading reached a limit
at 3.5 mg for a 25 mg sample of PVA/SC fibers mat (14% of
SC) and 2mg of SC for a 25 mg sample of PVP/SC fibers
mat (9% of SC).

The maximum recommended dose of SC for children
aged 1–17 years and weighing less than 20 kg is 10mg,
thrice a day (28). Therefore, the SC therapeutic dose in
children (e.g., ∼10mg per sample) can be achieved by
three 25 mg PVA/SC fibrous scaffold system (containing
∼3.5 mg of SC) studied in the present work (∼10.5 mg of
SC). For practicality, the weight of the sample can be
increased thrice to reach the desired doses. Nevertheless,
the future goal of this project is to improve the SC loading
for different controlled dosages in a 25 mg fibrous scaffold
system.

Despite the aforementioned, PVP/SC system presented
desired drug release rate (∼2 s), with immediate dissolu-
tion when in contact with water. On the contrary, for
PVA/SC it takes about ∼49 s. In conclusion, both systems
achieved fast release rate, being the PVP/SC system the
best because of its faster dissolution rate and drug release.

Both PVA/SC and PVP/SC systems possess similar
average fiber diameters (∼417 nm vs ∼411 nm). It is impor-
tant to mention that the aim is to produce fibers with the
lowest diameters possible, because this increases the sur-
face area to volume ratio, enhancing drug load and drug
dissolution rate (40).

Furthermore, both polymers have been reported to be
biocompatible and both have been approved by FDA for
drug delivery (24–26). Apart from all the properties discussed
above, PVP/SC fibrous scaffolds have the extra advantage of
faster drug release rate, compared to PVA/SC fibrous mats.
Therefore, PVP/SC fibers are worthy to be further studied and
optimized as a drug delivery system for SC.

Nowadays, work is underway to increase the loading
of the drug in the fibers by complexation of SC by
β-cyclodextrins, in an effort to reach SC therapeutic doses
using smaller polymer weight (40).

5 Conclusion

Electrospinning is a technology for manufacturing con-
tinuous fiber scaffolds with a relatively simple configura-
tion. However, in recent years, nano and submicron
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electrospun fiber scaffolds have attracted much attention
because of its potential applications in drug delivery sys-
tems. Its inherent high surface to volume ratio and cost-
effectiveness are all attractive features for use in biome-
dical branches.

This study outlines the effect of the process para-
meters on the preparation of fibers loaded with SC, a
drug used to treat PAH. PVA and PVP were electrospun
with different proportions of the drug. As salts help the
fiber formation, and SC is, conveniently, a salt, SC improved
to some degree the electrospinning process.

The poor water solubility of the drug was solved by
co-dissolving with DMF. Electrospinning was improved
using a nonionic surfactant for PVA/SC fibers. It was
noted that the PVA and PVP had a different behavior in
their releasing profiles; while PVA/SC nanofibers had a
complete SC release in about 1 min, PVP/SC nanofibers
had a complete drug release in 4 s, making both polymers
quite attractive for very fast drug delivery systems for the
treatment of PAH in children.

The resulting loaded nanofibers present fast dissolu-
tion times that are adequate for the oral administrations
of drugs. This system can be useful for the administration
of SC to pediatric patients who otherwise have to be
dosed with frequent syrup formulations, which is incon-
venient for both the patients and the caregivers.
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