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High speed electrospinning (HSES), compatible with pharmaceutical industry, was used to demonstrate
the viability of the preparation of drug-loaded polymer nanoﬁbers with radically higher productivity
than the known single-needle electrospinning (SNES) setup. Poorly water-soluble itraconazole (ITRA)
was formulated with PVPVA64 matrix polymer using four different solvent-based methods such as HSES,
SNES, spray drying (SD) and ﬁlm casting (FC). The formulations were assessed in terms of improvement in
the dissolution rate of ITRA (using a “tapped basket” dissolution conﬁguration) and analysed by SEM, DSC
and XRPD. Despite the signiﬁcantly increased productivity of HSES, the obtained morphology was very
similar to the SNES nanoﬁbrous material. ITRA transformed into an amorphous form, according to the
DSC and XRPD results, in most cases except the FC samples. The limited dissolution of crystalline ITRA
could be highly improved: fast dissolution occurred (>90% within 10 min) in the cases of both (the scaledup and the single-needle) types of electrospun ﬁbers, while the improvement in the dissolution rate of
the spray-dried microspheres was signiﬁcantly lower. Production of amorphous solid dispersions (ASDs)
with the HSES system proved to be ﬂexibly scalable and easy to integrate into a continuous
pharmaceutical manufacturing line, which opens new routes for the development of industrially relevant
nanopharmaceuticals.
ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction
One of the largest challenges in the ﬁeld of pharmaceutical
technology is the enhancement of drug release from orally taken
solid dosage forms. Most of the recently developed active
pharmaceutical ingredients (APIs) and candidates in the contemporary drug pipelines are poorly soluble in the aqueous
gastrointestinal ﬂuids. It is a consequence of the practice of the
high-throughput screening method, hit-to-lead optimization and
the nature of the chemical space of therapeutic targets (Keserá and
Makara, 2009; Lipinski et al., 1997; Lipinski, 2000; Prentis et al.,
1988). Most of such drugs are classiﬁed as class II (low solubility
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but high permeability) according to the Biopharmaceutical
Classiﬁcation System (BCS) (Amidon et al., 1995). Thus, the main
absorption-limiting factor of BCS II drugs is generally drug
dissolution (both the rate and the extent) (Pouton, 2006). Drug
formulation can play a determining role in the enhancement of the
dissolution and hence of the bioavailability of these drugs.
In the age of nanotechnology, new techniques became available
to improve dissolution. One of the most promising nanotechnology-based approaches is electrostatic spinning, which is a remarkably simple and continuous way for producing nanoﬁbers (Lukas
et al., 2009). Such nanoﬁbers proved to be valuable in the ﬁelds of
ﬁltration (Li et al., 2013a), composites (Molnár et al., 2014), textiles,
catalysts (Sóti et al., 2014), medicine anti-counterfeiting (Huang
et al., 2010) and medical researches (wound dressing (Rosic et al.,
2013), wound healing (Macri et al., 2012; Pelipenko et al., 2013),
topical therapy (Huang et al., 2012a,b, 2014; Nagy et al., 2014) and
tissue engineering (Kostakova et al., 2014; Driscoll et al., 2013;
Nagy et al., 2013)). Electrospinning technology has recently

138

Z.K. Nagy et al. / International Journal of Pharmaceutics 480 (2015) 137–142

attracted an increased academic and industrial attention because it
is an effective way to prepare nanoﬁbrous drug formulations with
an enhanced dissolution (Verreck et al., 2003; Brewster et al.,
2004; Nagy et al., 2010,c; Yu et al., 2013a,b,c,c; Vrbata et al., 2013;
Wagner et al., 2011; Balogh et al., 2014; Li et al., 2013b; Williams
et al., 2012; Yan et al., 2014) by combining a number of strategies
and approaches. These include increasing the speciﬁc surface area;
forming nano-amorphous solid dispersion (NASD); enhancing
wettability and solubility; achieving supersaturation and hindering precipitation (Nagy et al., 2012). Owing to these remarkable
advantages, the number of publications about electrospun oral
drug delivery systems is increasing dynamically. However, most of
the researchers use the single-needle electrospinning (SNES)
method without any scale-up attempts, which would be necessary
for the industrial application of the technology in pharmaceutical
manufacturing (Williams et al., 2012; Bohr et al., 2014; Hu et al.,
2014).
Probably, one of the main obstacles to spreading and
commercialization of drug delivery systems based on electrospun
materials is the lack of an adequate pharma-industry-compatible
scale-up of the technology, as it was pointed out by Hu et al. (2014)
recently. Scale-up of electrospinning appears to be challenging for
the pharmaceutical industry mainly because of the use of volatile
solvents (e.g., ethanol, dichloromethane, methanol etc.), which
seems to be incompatible with the scalable needleless electrospinning techniques published up to now (Niu and Lin, 2012;
Kostakova et al., 2009). The presence of relatively large free liquid
surface in these machines, where excessive solvent evaporation
can take place, is hardly acceptable for industrial technologists for
safety and technological reasons.
Consequently, development of a high-throughput electrospinning method, which is compatible with the pharmaceutical
industry and capable for production on both laboratory and large
scales (from 100 mg to several kg), is needed. Exploitation of the
exceptional inherent advantages of electrospinning regarding drug
formulation is industrially feasible only in this way.
In order to step forward to the realization of a scalable pharmaelectrospinning-based manufacturing, we developed a technology
utilizing a rotating spinneret (Molnár et al., 2012), which can
increase the productivity signiﬁcantly. The throughput of this
process was supposed to be increasable by increasing the
rotational speed of the spinneret. Thus, the present work,
regarding high speed electrospinning (HSES), aimed at maximizing
productivity. This paper discusses the applicability of the HSES
method for the preparation of amorphous solid dispersions using
a model system consisting of PVPVA64 matrix and itraconazole
(a widely investigated poorly water-soluble antifungal drug) in
comparison with SNES and the conventional industrial technologies of ﬁlm casting and spray drying. The performances of these
methods and the characteristics of each product are compared in
order to assess the similarities, differences, advantages and
disadvantages of these technologies.

2. Materials and methods
2.1. Materials
Itraconazole (ITRA) was provided by Janssen Pharmaceutica
(Beerse, Belgium). Kollidon1 VA 64 (Copovidone, PVPVA64),
provided by BASF as a kind gift, is a vinylpyrrolidone/vinylacetate
amorphous copolymer (6:4) with a molecular weight in the range
of 45–70 kDa.
2.2. Single-needle electrospinning
The electrostatic spinner used in the experiments was equipped
with an NT-35 high voltage DC supply (Unitronik Ltd., Nagykanizsa,
Hungary). The electrical potential applied on the spinneret
electrode was 30 kV. A grounded aluminum plate covered with
aluminum foil was used as a collector. The distance of the spinneret
and the collector was 15 cm, and the experiments were performed
at ambient temperature (25  C). The polymer solution (Table 1)
was dosed by means of an SEP-10S Plus type syringe pump (Aitecs,
Vilnius, Lithuania). The dosing rate was 20 mL/h.
2.3. Scaled-up high speed electrospinning
The scaled-up electrospinning experiments were performed
using a high speed electrostatic spinning setup consisting of a
stainless steel spinneret with sharp edges and spherical cap
geometry connected to a high speed motor. The polymer solution
(Table 1) was fed with a SEP-10S Plus syringe pump with a ﬂow rate
of 1500 mL/h. The rotational speed of the spinneret was ﬁxed at
40,000 rpm, and the voltage applied on it was 50 kV during the
experiments (NT-65 high voltage DC supply Unitronik Ltd.,
Nagykanizsa, Hungary). The grounded collector covered with
aluminum foil was placed 35 cm from the spinneret in all cases.
The experiments were performed at ambient temperature (25  C).
The processed solutions were the same in the case of ES, HSES and
FC for an easier comparison.
2.4. Spray drying
Spray drying was performed with a ProCepT 4M8-TriX spray
dryer (Belgium) using a 0.4 mm two-ﬂuid nozzle. The process
parameters were as follows: atomization air pressure 0.4 bar,
drying air temperature 70  C, drying air ﬂow 0.3 m3/min and
feeding rate 150 mL/h.
2.5. Film casting
The solution of the polymer and the drug (Table 1) was cast into
square-shaped silicon molds (3  50  50 mm) and subsequently
dried in a drying oven (Smith and Klein H110W, Germany) at 40  C
for 24 h. The thickness of the prepared ﬁlm was (150  10) mm,

Table 1
Comparison of the details of manufacturing using different solvent based methods.

PVPVA64 + 40%
SNES
PVPVA64 + 40%
HSES
PVPVA64 + 40%
SD
PVPVA64 + 40%
FC

Productivity for dried
material
(g/h)

Preparation method

Applied solvent

Dissolved PVPVA64 and ITRA (6:4) in 10 mL of solvent Flow
(g)
rate
(mL/h)
20

6

3.75

1500

450

ITRA

Film casting

CH2Cl2 + EtOH
(2:1)
CH2Cl2 + EtOH
(2:1)
CH2Cl2 + EtOH
(2:1)
CH2Cl2 + EtOH
(2:1)

3.75

ITRA

Single needle
electrospinning
High speed
electrospinning
Spray drying

Sample

ITRA
ITRA

0.5
3.75

150
–

7.5
–
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measured with a pro-max electronic digital caliper (NSK, Tokyo,
Japan). For dissolution tests the fragile ﬁlm was chopped into small
shreds (i.e., no grinding was performed).
2.6. Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were
carried out using a TA Instruments Q2000 DSC apparatus (New
Castle, Delaware) (sample weight: 2–3 mg, closed aluminum pan,
50 mL/min nitrogen purge gas ﬂow). The temperature program
consisted of an initial isothermal period that lasted for 1 min at
25  C, with subsequent linear heating from 25  C to 200  C at a
rate of 10  C/min. Puriﬁed indium standard was used to calibrate
the instrument.
2.7. Scanning electron microscopy (SEM)
Morphology of samples was investigated by means of a JEOL
6380LVa (JEOL, Tokyo, Japan) type scanning electron microscope.
Each specimen was ﬁxed with conductive double-sided carbon
adhesive tape and sputter-coated with gold–palladium alloy prior
to examination. Applied accelerating voltage and working distance
were 15–25 kV and 12–16 mm, respectively.
2.8. X-ray diffraction (XRD)
Powder X-ray diffraction patterns were recorded with a
PANalytical X’pert Pro MDP X-ray diffractometer (Almelo, The
Netherlands) using Cu-Ka radiation (1.542 Å) and Ni ﬁlter. The
applied voltage was 40 kV, while the current was 30 mA. The
untreated materials, physical mixture (mixed in a mortar with a
pestle) and the ﬁbrous samples were analyzed between 2u angles
of 4 and 42 .
2.9. In vitro dissolution measurement
Dissolution studies were performed using a modiﬁed Pharmatest PTWS 600 dissolution tester (Pharma Test Apparatebau AG,
Hainburg, Germany). The modiﬁcation was undertaken so that the
instrument could be operated with an apparatus called tapped
basket, which is a combination of the USP I (basket) and the USP II
(paddle) apparatuses. The modiﬁcation could be implemented and
can be described very simply. A helical path ﬁxed on the axis of the
paddle gradually lifts the basket during one rotation of the paddle,
then lets it fall to the starting point of the cycle in an instant. The
basket closed on the top never emerges from the dissolution liquid
during the dissolution period (Fig. 3). Samples equivalent to 50 mg
of ITRA were weighted without any pretreatment into the
dissolution baskets and immersed in 900 mL of 0.1 M HCl
dissolution medium kept at a constant temperature of
(37  0.5)  C while the paddle frequency was always kept at
50 rpm. An on-line coupled Agilent 8453 UV–vis spectrophotometer (Hewlett-Packard, Palo Alto, USA) was used to measure the
concentration of dissolved ITRA at a wavelength of 254 nm. The
percentage of dissolution could be readily calculated based on the
calibration curve of ITRA in 0.1 M HCl.
3. Results and discussion
Overviewing the relevant scientiﬁc literature revealed that no
results have been published up to now regarding the scale-up of
the production of nanoﬁbrous pharmaceuticals. Accordingly, the
present research work focused on the evaluation of HSES
technology as a promising candidate to meet the requirements
of pharmaceutical industry (e.g., high throughput, volatile solvent
compatibility), in comparison with reference methods

139

(considering e.g., product quality, productivity, solvent consumption, manufacturing temperature etc.).
The model system selected for this investigation contained
PVPVA64 as matrix forming polymer and ITRA as poorly watersoluble drug. Our intention was to prepare amorphous solid
dispersions from the polymer and the API (active pharmaceutical
ingredient) by using HSES, SNES, SD and FC techniques in order to
enhance the dissolution of ITRA.
3.1. Comparison of technological aspects (SNES, HSES, SD)
The production rate of SNES is limited to 0.1–2 g of dry
product per hour (Lukas et al., 2009), which cannot fulﬁll the
quantity demand of pharmaceutical manufacturing. Recently
published papers dealing with electrospun oral drug delivery
systems reported similar productivities (Nagy et al., 2010, 2014;
Verreck et al., 2003; Brewster et al., 2004,b; Yu et al., 2013a,b;
Vrbata et al., 2013; Wagner et al., 2011; Balogh et al., 2014; Li et al.,
2013b; Williams et al., 2012; Ignatious et al., 2010). High speed
electrospinning (HSES) combines electrostatic (Lukas et al., 2008)
and high speed rotational (Sebe et al., 2013) jet generation and
ﬁber elongation, thus improving the productivity signiﬁcantly
(Table 1).
In our experiments (described in Section 2) a feeding rate and a
productivity 75 times higher than those of SNES could be achieved
with HSES, which meant a feeding rate of 1500 mL/h and 450 g of
solid product in an hour in the case of HSES. The lab-scale spray
dryer showed a much lower productivity (7.5 g/h) with a
signiﬁcantly higher speciﬁc solvent consumption (20 mL/1 g
dry product was used to achieve the required small particle size, 2–
20 mm) compared to the HSES method (2.7 mL/g). A heated air
stream in a longer and wider drying column would be needed to
spray-dry particles with a productivity of 0.5 kg/h, the capacity of
HSES. The drying time of the sprayed particles is generally
signiﬁcantly longer than in the case of ES (which is <1 s) because in
the latter case submicronic objects with considerably higher
speciﬁc surface area available for solvent evaporation are
produced. Moreover, electrostatic charging signiﬁcantly facilitates
solvent evaporation (Lukas et al., 2009).
The productivity result of 450 g/h achieved using HSES means
that a production rate of 10.8 kg/day is possible with this
technology. By multiplying the high speed spinnerets, the total
output can be further increased. This scaled-up, continuous and
ﬂexible manufacturing process seems to be capable of fulﬁlling the
capacity requirements of pharmaceutical industry.
3.2. Morphology
A critical issue when electrospinning is attempted to be realized
on a larger scale using HSES is the morphology of the product. As
the combination of high speed rotation and electrostatic forces
intensiﬁes jet generation and ﬁber elongation, the question arises
whether the ﬁbrous structure changes consequently. The results
conﬁrmed that despite the differences between SNES and HSES in
ﬁber formation mechanism and output, the obtained morphologies can be quite similar as shown in Fig. 1.
The produced solid dispersions were both ﬁbrous with
diameters in the range of 0.5–2 mm. Among this major proportion
of ﬁbers, some micrometer-sized beads were observable as well. In
the case of the HSES sample, the occurrence of beads was relatively
higher comparing to the SNES ﬁbers. Further investigations must
be done for a better understanding of the mechanism of bead
formation during high speed electrospinning (which is an ongoing
work).
The morphology of the spray-dried powder was also investigated. The powder contained regular spheres with diameters
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Fig. 1. Scanning electron microscopic images of PVPVA64 + 40% ITRA solid dispersions prepared by (a and b) single-needle electrospinning, (c and d) high speed
electrospinning and (e) spray drying.

between 2 and 20 mm. No crystalline phases were observable in
the cases of electrospun ﬁbers and spray dried spheres.
3.3. DSC and XRPD
In order to investigate the physical state of ITRA in the prepared
solid dispersions, differential scanning calorimetry measurements
were performed. The interpretation of the results is based on
former studies describing the glassy state transitions of ITRA in
solid dispersions (Six et al., 2001). According to the DSC thermograms shown in Fig. 2, the SNES, HSES, SD PVPVA64 + 40% ITRA
samples were amorphous. The melting peak of ITRA at 166  C does
not appear in the curves; only a wide endotherm could be detected,
which is related to the water loss of the PVPVA64 matrix.
In turn, the cast ﬁlm containing 40% ITRA with the same
polymeric matrix could not be prepared in a fully amorphous form
despite the relatively fast evaporation of the applied volatile
solvents. Well detectable melting peak of ITRA could be observed
in the cast ﬁlm indicating the phase separation of the drug and the
polymer matrix.
According to the conventional way to investigate crystallinity in
solid dispersions, X-ray powder diffraction (XRPD) was also
performed, the result of which is shown in Fig. 2. The pure
crystalline API served as reference. The lack of peaks suggests that

Fig. 2. X-ray powder diffraction patterns (XRPD) and differential scanning
calorimetry thermograms (DSC) of (a) crystalline ITRA, and PVPVA64 + 40% ITRA
solid dispersions prepared by (b) ﬁlm casting, (c) spray drying, (d) single needle
electrospinning and (e) high speed electrospinning.

the API in the SNES, HSES and SD samples turned into an
amorphous form during processing. In the case of the cast ﬁlm, the
XRPD analysis gave further evidence of the crystalline phase being
present in the sample.
3.4. Dissolution results
In vitro studies were carried out to investigate the dissolution
characteristics of the PVPVA64 + 40% ITRA samples. However, to
obtain these results a new way of dissolution testing needed to be
introduced (see Fig. 3). The rationale of the development of this
novel dissolution method can be summarized with the following
arguments. A drug with poor water solubility incorporated into a
hydrophilic polymer carrier exerts a well-known hydrophobization effect on the solid dispersion. If either basket (USP type I) or
paddle (USP type II) method is used, the tested sample gets stuck at
the top of the basket or on the surface of the dissolution medium,
in spite of the continuous rotating movement. The experiments
performed these ways exhibited high variability and poor
reproducibility, which could be attributed to the residual air
between and around the particles. The key idea to resolve this issue
was that the residual air content should be somehow removed.
This could be managed using a periodical movement perpendicular
to the plane of the rotating motion of the dissolution ﬂuid. This
movement was induced by the built apparatus called “tapped
basket” (Fig. 3). Besides the signiﬁcantly improved reproducibility
of the dissolution measurements, this simple technique is more
biorelevant since the described movement models the behavior of
the gastrointestinal tract much better than the standard basket and
paddle dissolution methods, with special regard to gastric
conditions including the non-negligible mechanical forces (Vardakou et al., 2011).
The dissolution results in Fig. 3 show signiﬁcant improvements
compared to crystalline ITRA. The PVPVA64 + 40% ITRA HSES and
SNES samples showed very fast drug dissolution: more than 90% of
ITRA was released in both cases within the ﬁrst 10 min. Dissolution

Fig. 3. Dissolution proﬁles of itraconazole [50 mg dose, 900 mL of 0.1 M HCl, tapped
basket dissolution method (see the text and the illustration on the right), 50 rpm,
37  C]: PVPVA64-based high speed electrospun ﬁbers (HSES), single needle
electrospun ﬁbers (SNES) and spray dried microspheres with 40% ITRA, and
unprocessed crystalline ITRA. The error bars indicate  standard deviations (n = 3).
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of spray-dried samples was almost total in 2 h but signiﬁcantly
slower than that of the electrospun samples, probably due to the
smaller speciﬁc surface area of the spray-dried powder. The cast
ﬁlm exhibited only a slight improvement owing to the crystalline
state of the API in the matrix.
4. Conclusions
High speed electrospinning was used to demonstrate the
viability of preparing drug loaded polymer nanoﬁbers with
radically higher productivity than with the single needle electrospinning setup. Poorly water-soluble ITRA was formulated with
PVPVA64 matrix polymer using four different solvent-based
methods: HSES, SNES, SD and FC. Despite the signiﬁcantly
increased productivity of HSES, the obtainable morphology was
very similar to the SNES sample. ITRA transformed into an
amorphous form, according to the DSC and XRPD results, in most
cases except the FC samples due to considerably slower solvent
evaporation from the cast material. The limited dissolution of
crystalline ITRA could be highly improved: fast dissolution
occurred (>90% within 10 min) in the cases of both (scaled-up
and the single needle) types of electrospun ﬁbers, while the
improvement of the dissolution rate of the spray dried microspheres was signiﬁcantly lower.
A 75-fold productivity improvement could be achieved by
replacing the SNES process with HSES, with which a feeding rate of
1500 mL/h gives 450 g solid product per hour. Thus, a 10 kg/day
production rate is possible with this technology. By multiplying the
high speed spinnerets, the total output can be further increased.
This scaled-up, continuous and ﬂexible manufacturing process
seems to be capable of fulﬁlling the technological and capacity
requirements of pharmaceutical industry.
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