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1. Introduction

One of the ever-growing challenges in the pharma-
ceutical industry is developing suitable formulations
for poorly soluble active pharmaceutical ingredients
[1, 2]. Combinatorial chemistry and high throughput
screening aided drug discovery lead to an ever-grow-
ing quest for potency. This, however, comes with a
price, as these molecules are usually characterized
by higher molecular weight, higher lipophilicity, and
poor aqueous solubility [3, 4]. The phenomenon of
molecular obesity [5] puts a growing pressure on for-
mulation scientists to develop suitable dosage forms,

which could improve the bioavailability of these
drugs. It is estimated that more than 70% of newly
synthesized drug candidates are characterized by low
aqueous solubility. Thus, the burden to ensure ther-
apeutic efficacy lies on the shoulders of pharmaceu-
tical formulation scientists [6–8].
One of the newer approaches in achieving higher
aqueous solubility and enhanced dissolution are the
preparation of fiber-based formulations [9–11]. Due
to the high surface area, high porosity, and the pos-
sibility of amorphization of the actives, nano- and
microfibrous mats can lead to improved aqueous

375

Scale-up and optimization of fenofibrate-loaded fibers

electrospun by corona-electrospinning

E. Bitay1,2, Z.-I. Szabó3, J. Kántor1, K. Molnar4,5, A. L. Gergely1*

1Department of Mechanical Engineering, Faculty of Technical and Human Sciences, Targu-Mureş, Sapientia Hungarian
University of Transylvania, Corunca, 1C, 540485 Târgu-Mureş, Romania

2Research Institute of the Transylvanian Museum Society, 2–4 Napoca, 400009 Cluj, Romania
3Department of Pharmaceutical Industry and Management, George Emil Palade University of Medicine, Pharmacy,
Science, and Technology of Târgu-Mureş, Gh. Marinescu 38, 540485 Târgu-Mureş, Romania

4Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and
Economics, Műegyetem rkp. 3–9, H-1111 Budapest, Hungary

5MTA–BME Research Group for Composite Science and Technology, Műegyetem rkp. 3, H-1111 Budapest, Hungary

Received 27 July 2020; accepted in revised form 25 September 2020

Abstract. Scaled-up production of fenofibrate-loaded, polyvinylpyrrolidone-based microfibrous mats was achieved by using
corona-electrospinning. An experimental design-based approach was used to study the influence of production parameters
on fiber diameter and morphology. Microstructural characterization of the obtained products was performed by scanning
electron microscopy imaging and differential scanning calorimetry. Drug content and in vitro dissolution studies were per-
formed in order to monitor the effect of electrospinning on the drug release characteristics from the obtained product. The
optimized parameters provided electrospun mats with smooth, homogenous fibers, without beading, which conferred rapid
drug release and increased solubility of the lipid-lowering drug. The in vitro dissolution results show 40 times higher fenofi-
brate release from the fiber mats compared to the micronized active pharmaceutical ingredient. The presented results show
that corona-electrospinning is a promising method for scale-up applications, and it could be used in the pharmaceutical in-
dustry. The fenofibrate loaded microfibrous mats could treat dyslipidemia, thus prevent heart attack or stroke, by using lower
drug content. Lower drug content could also reduce the associated side effects and lowers the cost of treatment.

Keywords: processing technologies, corona-electrospinning, drug release, fenofibrate, scale-up

eXPRESS Polymer Letters Vol.15, No.4 (2021) 375–387

Available online at www.expresspolymlett.com

https://doi.org/10.3144/expresspolymlett.2021.32

*Corresponding author, e-mail: agergely@ms.sapientia.ro
© BME-PT



solubility of the incorporated drugs [12–15]. Among
the different approaches used in fiber formation,
electrospinning is probably the most popular. This
versatile technique utilizes electrostatic forces to ob-
tain ultrafine fibers from viscous, polymeric solu-
tions. Several advantages of this approach include
rapid drying speed, ease of use, and compatibility with
labile active pharmaceutical ingredients, making it
an ideal candidate for preparing nano-amorphous
solid dispersions of poorly water-soluble drugs [10,
16]. The working principle of the electrospinning
method is extensively discussed in the literature.
Briefly, the polymer solution is constantly fed to the
spinneret, which is connected, usually, to the positive
potential of the power supply, whereas the collector
is grounded. Since the polymer solution is charged,
the droplet at the spinneret distorts to form a so-
called Taylor cone [17]. When the stresses originat-
ing from the repulsion forces exceed the surface ten-
sion of the polymer solution, polymer jets form that
travel towards the grounded collector due to the elec-
trostatic attraction. In the process, most of the sol-
vent evaporates, thus forming solid fibers on the col-
lector [18–20].
Kenawy et al. [21] reported the first example of med-
icated solid dispersions prepared by solution electro-
spinning, using tetracycline hydrochloride as a model
drug and poly(ethylene-co-vinyl acetate) (PEVA),
poly(lactic acid) PLA, and a blend of PEVA and PLA
in a 50/50 ratio. The authors investigated the drug
release kinetics of the solid dispersions, electrospun
fiber mats, and casted films. The results indicated that
the release of tetracycline hydrochloride from the
PEVA fiber mats was 6 times higher (~60%) than
that of the film (~10%) after 120 hours. Furthermore,
the PEVA and PEVA/PLA fiber mats showed a con-
tinuous release profile, while the films of the same
material indicated an instantaneous release in the
first 10 hours reaching the maximum level. The au-
thors explained this behavior with the high surface
area of the fiber mats compared to that of the films.
Based on the findings of Kenawy et al. [21], several
publications discuss the preparation of solid disper-
sions via electrospinning using different polymer-
drug combinations [9, 22].
Fenofibrate (FEN) is used to treat dyslipidemia, a
health condition that manifests in abnormal lipid lev-
els, fatty substances in the blood, such as triglycerides
and cholesterol. High lipid content in the blood, if
not treated, could cause plaque deposition on the

walls of blood vessels resulting in the development
of adverse cardiovascular events, such as heart attack
or stroke [23, 24]. However, FEN is classified as a
BCS class II drug, meaning it is highly lipophilic
(logP = 5.3) and insoluble in water [24]. To improve
the solubility of the drug, Sipos et al. [25] prepared
solid dispersion using a single needle electrospinning
system (SNES) to incorporate FEN into polyvinyl
pyrrolidone (PVP) fibers. The electrospinning process
resulted in smooth-surfaced, randomly oriented, bead
free fibers with an average diameter of 1.10±0.23 μm.
The DSC results indicated that during the electro-
spinning process, the incorporation of FEN into the
PVP fibers resulted in the amorphization of the drug.
The FEN loaded PVP fiber mat disintegrated in
6 seconds, producing an instantaneous drug release of
~92%, producing an over 40 times higher dissolution
rate when compared to the micronized drug.
One of the bottlenecks of the conventional SNES
technique is the low throughput [26, 27]. Industrial
scale-up approaches are based on increasing the num-
ber of Taylor cones and can usually be divided into
multi-needle techniques and free surface electrospin-
ning [28]. In the former case, productivity is increased
by increasing the number of needles employed. This
technique, however, comes at the price of alteration
of the electric field profile, due to the electric inter-
actions of multiple nearby charged jets [29]. A fur-
ther disadvantage of this approach is the operation and
maintenance difficulties since the number of needles
can reach thousands. At this point, cleaning the spin-
neret becomes quite challenging, and clogging dur-
ing the electrospinning process raises serious opera-
tional difficulties [29, 30].
In the case of the needless electrospinning-based tech-
niques, numerous jets are usually initiated from a free-
surface of the polymeric solution [31]. There are many
promising techniques reported in the literature [31–
38]; however, generally, due to the use of a large liq-
uid surface, water absorption and solvent evaporation
influence the composition of the polymer solution that
could lead to undesirable effects on the electrospin-
ning process. These methods usually need a higher
voltage (>50 kV) than that of the single needle setup.
In order to minimize the large liquid surface and thus
the associated negative effects on the polymer solu-
tion composition, corona-electrospinning was devel-
oped by Molnar and Nagy [39]. He et al. [40] were
able to produce PEO fibers at a voltage as low as
12 kV with a modified corona-electrospinning device.
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In the present study, the high-throughput production
of FEN-loaded microfibers was explored, using the
newly introduced corona-electrospinning approach.
The aim was not only a quantitative leap in produc-
tion but also to obtain FEN loaded fiber mat similar
quality of the SNES-based product. FEN-loaded PVP
fiber mats were successfully produced by the high
throughput corona-electrospinning method. The dis-
solution study results indicate similar FEN release
behavior for samples prepared by corona-electro-
spinning to the ones that were prepared by the SNES
method.

2. Materials and methods

2.1. Materials

Micronized FEN was obtained as a gift sample from
a local pharmaceutical company in Târgu Mureş,
Romania. Ethanol (Merck, ACS grade), Tween 80
(Sigma-Aldrich), polyvinyl pyrrolidone (PVP, Alfa
Aesar, 58000 g/mol, K29/32) were obtained through
local vendors and used as received without further
purification.

2.2. Preparation of polymeric solutions

To study the effect of Tween 80 alone and in combi-
nation with FEN on fiber formation, three polymeric
solutions were prepared: solution P contained PVP
alone, solution P/T contained PVP and Tween 80,
and solution P/T/F contained PVP, Tween 80 and
FEN as presented in Table 1.
The concentrations of the polymeric solutions were
based on the previous report for the SNES setup
[25]. The polymeric solutions were prepared at room
temperature using a JK SMS HS magnetic stirrer
(JKI, Shanghai, China) at 500 rpm for approximately
30 minutes when a homogeneous, viscous solution
was obtained.

2.3. Corona-electrospinning

The electrospinning procedure was performed on a
corona-electrospinning device. The setup and work-
ing principle are discussed in detail in an earlier

publication [39]. Briefly, the schematics of the co-
rona-electrospinning setup is presented in Figure 1.
A syringe pump continuously feeds the spinneret
through a hollow shaft while the spinneret rotates.
The solution fills up a distribution channel and then
reaches the narrow, annular orifice outlet at the top
of the spinneret. As the polymer solution reaches the
opening and, thus, the sharp edge of the electrode,
multiple Taylor-cones form, and this results in a great
increase in the production rate. The spinneret rotates
in order to evenly distribute the polymer solution
along the orifice and to prevent local overflow. A max-
imum of 300 ml/h feed rate has been achieved with
the setup using 20 wt% PVP/ethanol (EtOH) solu-
tion, producing fibers with ~550 nm diameter. In con-
trast, the maximum flow rate with the SNES tech-
nique was 8 ml/h, producing fibers with a similar
diameter [39]. In a recent study, this spinneret was
also used in AC mode that resulted in a 1200 ml/h
throughput and submicron fibers [41].
The solution was loaded in a syringe that was placed
into a syringe pump (SEP-10S Plus, Aitecs, Vilnius,
Lithuania), which was connected through silicone
tubing to the rotating spinneret. The diameter of the
circular orifice was 110 mm, with a gap size of
0.5 mm. The rotation speed of the spinneret was fixed
at 100 rpm. The positive electrode of the custom DC
power source (MA NT-75/P, Nagykanizsa, Hungary)
was connected to the spinneret, while the plate col-
lector covered with aluminum foil was grounded.
During the experiments, we used various collector
distances and voltages. The flow rate was set at the
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Table1. Composition of the polymeric solutions used for
electrospinning.

Sol. P

[wt%]

Sol. P/T

[wt%]

Sol. P/T/F

[wt%]

FEN – – 02.5

Tween 80 – 06.5 06.4

PVP 33.1 30.9 30.2

Ethanol 66.9 62.5 60.9 Figure 1. Corona-electrospinning setup.



highest value, 80 ml/h, at which no spillover was ob-
served on the orifice of the corona-electrospinning
device, even at the lowest voltages applied. The ex-
periments were carried out at standard laboratory
conditions at ~23 °C and ~70% humidity.

2.4. Experimental design

Scouting experiments were performed to determine
the limits of the electrospinning parameters for the ex-
perimental design. The variables and their levels used
in the experimental design are shown in Table 2. A 32

full factorial design was carried out on the three sets
of data obtained from the three different solutions
(PVP, PVP+Tween 80, PVP+Tween 80+FEN) to de-
termine the effects of voltage (V) and electrode-col-
lector distance (D) on the electrospinning process. The
response variable was the average fiber diameter. A
linear regression model was built based on the data.
The designs did not include replicated center points.
The data obtained from using the solution containing
PVP+Tween 80 was also analyzed with response
surface methodology (considering the 32 full facto-
rial design as a face-centered central composite de-
sign with a single center point). In this case, a quad-
ratic model was built, containing V, D, V·D, V·V, and
D·D terms. The statistical analysis was carried out
in Minitab 16.

2.5. Scanning electron microscopy (SEM)

SEM imaging was carried out on a JEOL JSM- 5200
scanning electron microscope at 15 kV potential and
20 cm working distance, on neat, non-sputter coated
samples. In order to determine the diameter of the
fibers, at least three images were taken at different
parts of the samples. The diameter of the fibers was
determined with the use of ImageJ software by meas-
uring at least 50 random fibers for each sample.

2.6. Differential scanning calorimetry (DSC)

DSC measurements were carried out using a Shi-
madzu DSC-60 apparatus (Shimadzu Corporation,
Kyoto, Japan). Samples (approx. 3–5 mg) were ac-
curately weighed in aluminum pans, sealed and
scanned from 30–160 °C, under air atmosphere, at

5 °C/min heating rate. An empty aluminum pan with
a lid was used as a reference.

2.7. In vitro dissolution studies

Dissolution tests were carried out in an Erweka
DT-80 dissolution apparatus (Erweka, Germany)
equipped with rotating baskets (Apparatus 1). The
temperature of the dissolution medium was main-
tained at 37.0±0.5 °C; rotation speed was set at
100 rpm. Dissolution studies were performed in
250 ml of water. Sampling was performed manually
at 1, 3, 5, 10, 20, and 30 minutes by withdrawing
3 ml of samples with a syringe. The dissolved FEN
content was determined spectrophotometrically using
a Shimadzu UV-1601PC UV-VIS spectrophotometer
(Shimadzu, Kyoto, Japan) at 289 nm, in a 10 mm
quartz cuvette.

2.8. UV-Vis spectroscopic investigation of the

electrospun mats

Incorporation of the active substance in the polymer-
ic mats and determination of drug content was de-
termined by UV/Vis spectroscopy on the same Shi-
madzu UV-1601PC UV-VIS spectrophotometer (Shi-
madzu, Kyoto, Japan) using methanolic solutions.

3. Results and discussion

3.1. Fiber mat characterization

Previously, we reported the preparation of FEN
loaded PVP fiber mats using the SENS method. PVP
was chosen based on our experience and excellent
results obtained for solubilization and dissolution
rate enhancement purposes. FEN being a highly in-
soluble drug, it was necessary to use a solubilizer to
reach satisfactory FEN concentrations in the PVP so-
lution. Solubilizers, such as Kolliphor RH 40, Kol-
lisolv P124, Kolliphor EL, and Tween 80 were tested
for this purpose, and satisfactory results were
achieved with Tween 80 [25].
The corona-electrospinning process of all three so-
lutions, shown in Table 1, resulted in PVP fibers with
diameters ranging from 1.4 to 4 μm. Table 3 shows
the electrospinning parameters used and the resulted
fiber diameters. The fiber diameters produced from
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Table 2. The variables, levels, and the notation used in the experimental design-based optimization of the corona-electro-
spinning process.

Variable Units
Low level

–1

Middle level

0

High level

1

Collector distance, D [cm] 10 13 16

Voltage, V [kV] 25 35 45



the solution containing PVP alone are higher than
the previously reported values by Molnár and Nagy
[39] with corona-electrospinning, however, the con-
centration in our case was higher, ~33 wt% com-
pared to 20 wt%. Fiber diameter reported by Sipos et

al. [25] with the SNES setup from a solution contain-
ing PVP, Tween 80, and FEN with the same concen-
tration was 1.10±0.23 μm, while in our case, it varies
from 2.1 to 4 μm depending on the electrospinning
parameters. Sample P/T/F_D13_V45, used in the dis-
solution study, has an average fiber diameter of
2.2±0.72 μm, which is approximately double the size
compared to the fiber diameter obtained using the
SNES method.
Figure 2 shows representative SEM images of the
obtained fiber mats at 100× and 2000× magnifica-
tion for samples P_D10_V45, P/T_D10_V45, and
P/T/F_D10_V45. Fibers from all three solutions at

all electrospinning parameters were randomly orient-
ed, cylindrical and smooth-surfaced. The investiga-
tion of the SEM images of the samples shows that in
a few cases, beads appear on the fibers. Almost all
the fiber mats generated from solution P show bead-
ing, whereas it seems that the addition of Tween 80
to the solution results in less beading. It has been re-
ported that the addition of Tween 80 to the polymeric
solution reduces the surface tension of the solution
and improves the fiber morphology by reducing
beading [42]. The solution containing PVP, Tween 80
and FEN produce samples with less beading, which
is most probably due to the concentration increase in
addition to the effect of Tween 80 [42].
To study the effect of the electrospinning parameters
and the polymer solution composition on the fiber
diameter, a 32 full factorial experimental design was
employed. The ANOVA table is presented in Table 4
and 5 for the studied fiber mats, whereas Figure 3 il-
lustrates various plots.
For samples electrospun from solution P, thus con-
taining PVP alone, the 0.022 p-value for the voltage
is lower than 0.05 (Table 4), indicating that the trend
seen in the data is probably not due to random
chance only. The effect of the electrode-collector dis-
tance with its p = 0.143 showed no statistical signif-
icance in the 95% confidence interval.
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Table 3. Corona-electrospinning parameters and the result-
ing fiber diameters.

*Sample name is constructed as follows: polymeric solution com-
position_distance_applied voltage.

Sample name* D

[cm]

V

[kV]

d

[μm]
Beads

P_D10_V25 10 25 2.4±0.8 Y

P_D10_V35 10 35 2.4±1.1 Y

P_D10_V45 10 45 1.4±0.4 Y

P_D13_V25 13 25 3.0±1.0 Y

P_D13_V35 13 35 2.3±0.8 Y

P_D13_V45 13 45 1.7±0.6 N

P_D16_V25 16 25 3.0±1.0 Y

P_D16_V35 16 35 2.4±0.9 Y

P_D16_V45 16 45 2.3±0.6 Y

P/T_D10_V25 10 25 2.2±0.7 Y

P/T_D10_V35 10 35 2.6±0.8 Y

P/T_D10_V45 10 45 2.7±0.9 N

P/T_D13_V25 13 25 3.3±1.0 Y

P/T_D13_V35 13 35 2.3±1.0 N

P/T_D13_V45 13 45 2.1±1.0 Y

P/T_D16_V25 16 25 3.8±2.0 N

P/T_D16_V35 16 35 2.1±0.4 N

P/T_D16_V45 16 45 3.7±1.1 N

P/T/F_D10_V25 10 25 2.8±1.2 Y

P/T/F_D10_V35 10 35 2.9±1.1 N

P/T/F_D10_V45 10 45 2.1±0.7 N

P/T/F_D13_V25 13 25 3.4±1.4 Y

P/T/F_D13_V35 13 35 4.0±1.4 Y

P/T/F_D13_V45 13 45 2.2±0.7 N

P/T/F_D16_V25 16 25 3.0±0.7 Y

P/T/F_D16_V35 16 35 2.5±0.9 N

P/T/F_D16_V45 16 45 2.3±0.7 N

Table 4. ANOVA table of fiber diameters of the studied fiber
mats.

PVP

Source DF Adj. SS Adj. MS F-value p-value

V 2 1.4824 0.7412 11.42 0.022

D 2 0.4268 0.2134 3.29 0.143

Error 4 0.2596 0.0649

Total 8 2.1688

R-Sq = 88.03%, R-Sq(adj) = 76.06%

PVP + Tween 80

Source DF Adj. SS Adj. MS F-value p-value

V 2 0.9171 0.4585 0.93 0.465

D 2 0.8736 0.4368 0.89 0.479

Error 4 1.9663 0.4916

Total 8 3.7570

R-Sq = 47.66%, R-Sq(adj) = 0.00%

PVP+Tween 80+FEN

Source DF Adj. SS Adj. MS F-value p-value

V 2 1.7027 0.8513 4.71 0.089

D 2 0.6884 0.3442 1.90 0.262

Error 4 0.7228 0.1807

Total 8 3.1140

R-Sq = 76.79%, R-Sq(adj) = 53.57%



The regression can be written as Equation (1):

(1)

According to the model, there was a decrease in fiber
size with increasing voltage (negative coefficient for
V), while fiber size increases with the increasing dis-
tance (positive coefficient for D). The contour plot can
be seen in Figure 3a. The darkest blue color represents
the smallest fibers (d < 1.5 μm), while the darkest

green shows the region in which the largest fibers
(d > 3 μm) are to be produced. It can be seen that
crossing the plot in a path parallel to the V axis
(from low to high V) at any given D, the green color
gets lighter, and the blue gets darker. This indicates
that the average fiber size continuously decreases as
the applied voltage is increased. At the same time,
there are sections parallel to the D axis, where the
colors transition from dark to light blue and light to
dark green, showing that the fibers got thicker as the

. . .d V D2 89 0 0495 0 0889= - +
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Figure 2. SEM images at 100× and at 2000× magnification of samples: a), b) P_D10_V45, c), d) P/T_D10_V45 and
e), f) P/T/F_D10_V45. Electrospinning conditions D = 10 cm and V = 45 kV.



electrode-collector distance increased. The correla-
tion is much weaker for D, as a large portion of the
plot (V = 28–40 kV) has sections with 1–2 hues only.
An explanation of this phenomenon is that higher V
between the electrode and the collector at a set D
creates a stronger electric field. Higher voltage

increases the volumetric charge density in the solu-
tion [43], which most probably leads to stronger
Coulomb forces that stretch the fibers (repulsive
forces within the jet and attractive forces between
the collector and jet). The narrowing of the Taylor
cone at higher charge density also causes thinner jets

Bitay et al. – eXPRESS Polymer Letters Vol.15, No.4 (2021) 375–387

381

Figure 3. a) Contour plot of the linear model for electrospun PVP fiber diameters as a function of voltage (V) and electrode-
collector distance (D). b), c) Main effect plots of the V (b) and D (c) for the PVP+Tween 80 fiber size. d), e) Main
effect plots of the V (d) and D (e) for the PVP+Tween 80+FEN fiber size.



[44] (although some reported thicker jets at higher
charge density [45]). Experimental data showed that
at higher charge densities, thinner fibers were pro-
duced [46, 47]. In several studies, as the voltage was
increased, fiber size decreased [48–50], with some
exceptions [51].
The role of the D is more complicated as additional
effects come into play. On the one hand, a higher D
value permits more time for the fibers to elongate,
although this process is limited by the drying of the
fibers [52]. Once most of the solvent evaporates, the
viscosity of the fiber medium becomes very high,
and the electric forces cannot overcome the viscoelas-
tic forces anymore. At this point, the elongation of
the fibers comes to a stop [53]. Thus, it is to be ex-
pected that more D results in thinner fibers only when
drying is not the limiting factor. On the other hand,
at a given V the strength of the electric field [V/m] is
inversely proportional to the D (when modeled with
a uniform field). This also means a lower volumetric
charge density [43]. In summary, the D has some-
what the opposite effect of the V. The published data
contains mixed results, some showing larger [54] or
smaller diameters [51] at an increased distance, and
in some cases the effect was not significant [50].
The correlation that existed in the case of the pure
PVP solution disappeared with the addition of
Tween 80. The p-values of the V (0.465) and the D
(0.479) were much higher than 0.05, indicating that
neither of the two had a statistically significant effect
on the fiber size. In some cases, the absence of statis-
tical significance for factor effects is not a problem as
it provides robustness to the system; however, in our
case, the main effects of both the voltage (from 2.3
to 3.1 μm, 33% increase from min to max, Figure 3b)
and distance (from 2.5 to 3.2 μm, 27% from min to
max, Figure 3c) seemed substantial. When the spread
of the data is factored in, we can see that it is not im-
plausible that these results could have occurred by
random chance. Looking at the raw data (Table 3),
samples containing PVP and Tween 80, there is a
lack of consistency in the trends, i.e., at D = 10 cm
as V increased from 25 to 45 kV, the average fiber di-
ameter increased from 2.2 to 2.7 μm; but then at D =
13 cm the trend got reversed, and the average fiber
size decreased from 3.3 to 2.1 μm as the voltage got
higher. At D = 16 cm, the trend changed once again,
V = 35 kV yielding the smallest size, while 25 kV
the largest. Compared to the mean average values
(between 2.5 and 3.2 μm) and the fluctuation within

the main effect plot (0.68 μm), the spread of the
means for a given D was large (1.24 μm at D =
13 cm and 1.74 μm at D = 16 cm). In light of this in-
terpretation, those seemingly large main effect val-
ues become less meaningful. The same commentary
can be applied to the D vs. fiber size plot in Figure 3c.
The role of the Tween 80 was to help dissolve the
FEN, but as an adverse effect it changed other prop-
erties of the solution as well. Tween 80 and other
polysorbates are amphiphilic molecules used mainly
as surface-active agents. The concentration of the
Tween 80 was 6.5 wt% in the formulation, but when
we exclude the solvent, it was actually 17.3% of the
total solute mass. Tween 80 contains an oleic acid
chain, and at this concentration, it is possible that a
low degree phase separation occurred in the solution,
causing the erratic behavior of the electrospinning
process. To support this claim, further studies are
needed.
In order to double-check whether the model was cor-
rectly chosen, a quadratic model based on the central
composite design was created for the P\T samples in
addition to the linear regression model. Table 5 con-
tains the ANOVA table of the quadratic model. The
analysis showed that none of the linear, square, and
interaction terms were statistically significant, all
having p-values larger than 0.34. This can be inter-
preted as there was no problem with the linear model,
but rather the observed phenomena occurred ran-
domly.
The data analysis for samples containing PVP,
Tween 80 and FEN (P/T/F), the p-value of both the
voltage and the distance were higher than 0.05;
however, the voltage effect was significant in the
90% confidence interval with its 0.089 p-value
(Table 4). The main effect plot showed a 44% in-
crease from the lowest to the highest value for the
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Table 5. ANOVA table of fiber diameters of the
PVP+Tween 80 fiber mats belonging to the quad-
ratic model.

Source DF Adj. SS Adj, MS F-value p-value

Regression 5 1.8691 0.3738 0.59 0.715

V 1 0.1233 0.5305 0.84 0.426

D 1 0.6936 0.0768 0.12 0.750

V·V 1 0.7938 0.7938 1.26 0.343

D·D 1 0.1800 0.1800 0.29 0.630

V·D 1 0.0784 0.0784 0.12 0.747

Residual error 3 1.8879 0.6293

Total 8 3.7570

R-Sq = 49.75%, R-Sq(adj) = 0.00%



voltage (Figure 3d), while the mean distance in-
creased by 22% (Figure 3e). The most stable condi-
tion for creating the FEN-loaded fibers was at 45 kV
at any distance. Not only the average fiber size was
almost identical for all three distances, but it yielded
both the smallest fiber sizes (~2.2 μm) and the nar-
rowest size distribution (~0.7 μm). In addition, the
fiber morphology did not show any beading at all.

3.2. DSC results

On the DSC thermogram, the crystalline nature of
the active pharmaceutical ingredient (API), FEN,
can be observed, as characterized by its melting en-
dotherm at 85.6 °C (Figure 4). The thermogram of
PVP shows a broad, endothermic event, below
100 °C, which can be attributed to the dehydration

of the polymer [55]. The melting endotherm could
not be observed on the thermogram of FEN-loaded
microfibers, which could indicate at least a partial
amorphization of the active; however, this event
could also be masked by the broad dehydration event
of the fiber-forming polymer.

3.3. UV-Vis spectroscopy results

The incorporation of the API into the fibers was
tracked by UV spectroscopy. Comparative, overlaid
UV spectra of solutions containing the active sub-
stance and microfibrous mats are presented in Fig-
ure 5. The obtained spectra are similar, both showing
λmax values characteristic for FEN (287 nm). Differ-
ences can be observed in the low UV region, where
higher absorption was observed for the microfibers.
This can be attributed mainly to the matrix compo-
nents of the obtained microfibers. Drug loading was
determined by UV spectroscopy at 287 nm, based
on a calibration curve. The FEN content of the elec-
trospun fiber mat was calculated using 3 replicates
to be 5.31±0.02 w/w% (weight % of FEN with re-
spect to the weight of the solid dispersion containing
FEN, Tween 80, and PVP), which corresponds to
82.97±0.31% of the calculated, theoretical FEN con-
tent. (6.4 w/w%).

3.4. In vitro dissolution studies

Comparative in vitro dissolution studies were per-
formed in water (Figure 6), as this medium proved
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Figure 4. DSC thermograms of FEN, PVP, and FEN-loaded
microfibers.

Figure 5. Overlaid UV spectra recorded for solutions con-
taining FEN (red trace) and FEN-loaded microfibers
(blue trace).

Figure 6. Comparative in vitro dissolution profiles obtained
in water for micronized FEN (red trace), FEN-
loaded microfibers obtained by corona-electro-
spinning (black trace), and the earlier reported
SNES setup (blue trace).



to be more discriminating in our earlier SNES study
[25]. Indeed, as observed from the obtained dissolu-
tion studies, in the case of the micronized active,
only 2% was dissolved in 30 minutes. The microfi-
brous formulations showed rapid disintegration and
almost instantaneous release of the active ingredient.
The obtained results proved that the incorporation of
the API in the microfibrous systems dramatically en-
hanced dissolution. The obtained results are in line
with our earlier report and underline the possibility
of a quantitative leap in the production of drug-
loaded microfibers, without compromising the qual-
ity and performance of the product.

4. Conclusions

In conclusion, we can say that we have successfully
produced FEN loaded PVP fiber mats using the
newly reported, high throughput corona-electrospin-
ning method. The produced fibers are randomly ori-
ented, cylindrical and smooth-surfaced, with fiber
diameters ranging from 1.4 to 4 μm. The statistical
analysis indicates that the applied voltage has a sig-
nificant effect on the fiber diameter when PVP alone
is present in the solution, however when Tween 80
and FEN is introduced to the solution, none of the co-
rona-electrospinning process parameters have a sig-
nificant effect on the fiber diameter. The optimal con-
dition to produce FEN-loaded fibers was at 45 kV;
the distance did not have much effect. The dissolu-
tion studies show that the drug release from the fiber
mats produced by the scale-up method, corona-elec-
trospinning, is similar to that of the ones produced
by the SNES method. This result, with the approxi-
mately 2 times larges fiber diameter, indicates that the
dissolution of FEN is not influenced by the fiber di-
ameter when it is less than 3 μm. Only 2% of the mi-
cronized FEN dissolved in 30 minutes, whereas ap-
proximately 40 times higher release was observed
from the FEN loaded PVP fiber mats. This could
pave the way for electrospun FEN-loaded microfi-
brous mat solid dispersions to treat dyslipidemia.
The presented results suggest that corona-electro-
spinning has a potential application as a scale-up al-
ternative to produce drug-loaded fiber mats.
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