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1

Organic Chemistry and Technology Department, Budapest University of Technology and Economics, Budapest H-1111, Hungary

2

School of Engineering, The University of Edinburgh, Edinburgh EH9 3JL, United Kingdom

Received 13 August 2012; revised 18 October 2012; accepted 24 October 2012
Published online in Wiley Online Library (wileyonlinelibrary.com). DOI 10.1002/jps.23374
ABSTRACT: The solvent-free melt electrospinning (MES) method was developed to prepare
a drug delivery system with fast release of carvedilol (CAR), a drug with poor water solubility.
To the authors knowledge, this is the first report for preparing drug-loaded melt electrospun
R
E type was used as a fiber forming polyfibers. Cationic methacrylate copolymer of Eudragit
mer matrix. For comparison, ethanol-based electrospinning and melt extrusion (EX) methods
were used to produce samples that had the same composition as the melt electrospun system.
According to the results of scanning electron microscopy, X-ray diffraction, differential scanning calorimetry, and Fourier transformed infrared spectrometry investigations, amorphous
R
E matrix were obtained in all cases with
solid nanodispersions/solutions of CAR in Eudragit
m
20 /m % drug content. In vitro drug release in acidic media from the extrudates was significantly faster (5 min) than that from crystalline CAR. Moreover, ultrafast drug release was
achieved from the solvent-free melt and ethanol-based electrospun samples because of their
huge surface area and the soluble polymer matrix in the acidic media. These results demonstrate that solvent-free MES is a promising, novel technique for the production of drug delivery
systems with enhanced dissolution because it can combine the advantages of EX (e.g., solventfree, continuous process, and effective amorphization) and solvent-based electrospinning (huge
product surface area). © 2012 Wiley Periodicals, Inc. and the American Pharmacists Association
J Pharm Sci
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INTRODUCTION
There is a continuously increasing demand for developments in convenient methods to create drug delivery systems with controlled dissolution of the active
pharmaceutical ingredient (API). Sustained drug release is generally needed in the case of drug-loaded
implants,1 tissue scaffolds (tissue engineering),2 and
wound dressings3 to attain an adequate long-term
effect. However, in the case of oral dosage forms,
enhanced dissolution is often required, in addition
to sustained drug release,4–6 to achieve sufficient
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bioavailability.7 It is a significant challenge for pharmaceutical technologists because of the increasing
number of drugs with poor water solubility.8,9
Solid micro- and nanodispersions, or even solid solution, are some of the most promising strategies
to improve drug dissolution.10–15 The potential of
solvent-free melt extrusion (EX) to increase the drug
dissolution rate has been demonstrated by numerous papers,16–22 and marketed products prepared by
R
R
and Isoptin-SRE
(Abthis method (e.g. Kaletra
23
bott, Chicago, Illinois)). Formation of nanofibers by
electrospinning technique from drug-containing polymer solutions has been introduced recently as a technique capable of enhancing the dissolution rate of
drugs.24–31 This is because of several factors, including the formation of an amorphous solid solution, the
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Scheme 1.

R
Formula of (a) carvedilol and (b) Eudragit
E.

huge surface area produced, and good solubility of the
matrix forming polymer.30
Electrospinning was originally applied in the textile and filtration industry.32–36 Later on, medical research has been carried out in the field of wound
dressing37 and tissue engineering.38,39 A relatively
low number of publications can be found in the literature about the application of melt electrospinning (MES) compared with solution electrospinning
(SES).40 This may be due to the complexity of MES
compared with SES.
The first scientific paper about MES was published
in 1981, it described how polyethylene and polypropylene melts were electrospun.41 Later, several
other water-insoluble polymers (e.g., polylactic acid,42
poly(lactic-co-glycolic) acid,43 polycaprolactone,44
polyethylene terephthalate,45 poly(methyl methacrylate,46 and thermoplastic polyurethane47 ) were
melt electrospun successfully forming micro- and
nanofibers. The literature of the field of MES
has recently been reviewed by Hutmacher and
Dalton.40
Melt electrospinning has several advantages over
SES. There is no need to dissolve the fiber forming
polymer, there is no need for expensive solvent recovery, there is no risk of solvent explosion, there is
no residual solvent in the fibers, and a quantitative
yield (100%) is achievable. Generally, MES is a safer
and “greener” technology than organic-solvent-based
electrospinning. These aspects have increasing importance in the pharmaceutical industry. Another important technological advantage of MES is that it can be
coupled with EX and thus continuous manufacturing
is feasible, as shown by Lyons et al.48 and Malakhov
et al.49
In spite of these obvious advantages, the solventfree MES has not yet been applied for preparing
novel drug delivery systems (neither for pharmaceutical, nor for tissue engineering). It seemed to us
promising to combine the advantages of pharmaceutical EX (e.g., solvent-free, continuous process, and
effective amorphization) and solvent-based electrospinning (e.g., huge product surface area) this way
for achieving enhanced dissolution.
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Thus, the aim of this work was to investigate the
applicability of MES to improve drug dissolution of
a model drug with poor water solubility (CAR) by
preparing fast dissolving formulations and comparing it with solution electrospun and melt extruded
formulations with the same composition.

MATERIALS AND METHODS
Materials
Carvedilol (CAR, Scheme 1) from Sigma–Aldrich (Budapest, Hungary) with purity ≥98% was used in this
R
work. The melting point of CAR is 117◦ C.22 Eudragit
R

E PO (Eudragit E, E PO, Scheme 1) was kindly
provided by Evonik (Darmstadt, Germany), which
is
a
butylmethacrylate–(2-dimethylaminoethyl)
metachrylate–methylmethacrylate copolymer (1:2:1).
It is an amorphous polymer with an average
molecular weight of about 150,000 g/mol.
Melt Extrusion
R
Reference solid dispersion of Eudragit
E and CAR
(20%) was prepared by HAAKE MiniLab micro compounder (Thermo-Haake, Karlsruhe, Germany) for
comparison with the electrospun fibers. Dry premix
(mixed with pestle in a mortar) of API and the polymer was introduced into the hopper of a mini extruder.
The temperature and rotation speed was fixed at
130◦ C and 20 rpm, respectively, and no recirculation
was applied. The extrudates obtained were ground
before the dissolution tests by IKA MF10 microfine
grinder equipped with a MF 10.2 impact grinding
head (Staufen, Germany). The sieve used was MF
2.0 mm, and the rotation speed was 3000 rpm.

Solvent-Based Electrospinning
The polymer was added to ethanol and stirred by a
magnetic stirrer (600 rpm, 50◦ C) until completely dissolved. The API was dissolved in the polymer solution
(magnetic stirrer, 600 rpm), which was introduced
into the electrostatic spinner. The electrostatic spinning unit was equipped with a NT-35 high-voltage
DC supply (MA2000, Nagykanizsa, Hungary). The
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Figure 1. The photograph of the melt electrospinning apparatus.

electrical potential on the spinneret electrode was adjusted during the experiments between 20 and 25 kV.
A grounded aluminum plate covered with aluminum
foil was used as collector. The distance between the
spinneret and the collector was 15 cm, and the experiments were performed at room temperature (25◦ C).
Polymer solution was dosed by SEP-10S Plus syringe
pump (Aitecs, Vilnius, Lithuania).

Melt Electrospinning
Melt-homogenized drug–polymer mixture was fed
into MES equipment, which was designed and built
at Department of Organic Chemistry and Technology, Budapest University of Technology and Economics (Budapest, Hungary). The MES equipment
(Fig. 1) has two temperature-controlled zones and
a programmable feeder of melts or solutions. The
temperature and the feeding rate were controlled
R
microcontroller (Microchip Technolby a Microchip
ogy, Chandler, Arizona), which was programmed by
MPLAB MCC18 student edition compiler (Microchip
Technology, Chandler, Arizona). The stainless steel
metal syringe is easily dismountable and the melts or
the solutions can be washed away by an appropriate
flushing liquid. The material remaining in the needle
of the syringe can be melt away or drilled through
before the flushing, if it is needed. The applied feeding rate was 0.5 mL/h and temperatures TB and TA
were set at 130◦ C and 155◦ C, respectively (Fig. 2). The
electric potential on the collector electrode was set to
35 kV, and the spinneret was grounded. The distance
of the spinneret and the collector was 10 cm.
DOI 10.1002/jps

Figure 2. The drawing of the two-zone-heated stainless
steel metal syringe.

Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements were carried out using a Setaram
(Calure, France) DSC 92 apparatus (sample weight:
∼10–15 mg, open pan, nitrogen flush). The temperature program consisted of an isothermal period, which
lasted for 1 min at −30◦ C (with liquid nitrogen cooling), with subsequent linear heating from −30◦ C to
300◦ C at the rate of 10◦ C/min.

Scanning Electron Microscopy
Morphology of the samples was investigated by a
JEOL 6380LVa (JEOL, Tokyo, Japan) type scanning
electron microscope. Each specimen was fixed by conductive double-sided carbon adhesive tape. The applied accelerating voltage and working distance were
between 15 and 30 kV and 10 and 12 mm, respectively.
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Fourier Transformed Infrared Spectrometry
The KBr tablet sample preparation method was used
for the Fourier transform infrared (FTIR) spectrometric measurements of untreated materials, ground
extrudate, and electrospun samples. The obtained
tablets were analyzed by Bruker Tensor 37 type spectrometer equipped with a deuterated triglycine sulfate detector (Ettlingen, Germany) in the range of
4000–400 cm−1 with a resolution of 4 cm−1 .
X-Ray Diffraction
Powder X-ray diffraction (XRD) patterns were
recorded by a PANanalytical X’pert Pro MDP X-ray
diffractometer (Almelo, The Netherlands) using CuK" radiation (1.542 Å) and a Ni filter. The applied
voltage was 40 kV, whereas the current was 30 mA.
The untreated materials, the physical mixture (mixed
using a mortar and pestle), the ground extrudate, and
the electrospun samples were analyzed for angles 2θ
between 2◦ and 42◦ .

In Vitro Dissolution Measurement
The dissolution studies were performed using an
Erweka DT6 dissolution tester (USP II apparatus,
Heusenstamm, Germany). Samples equivalent to
12.5 mg of CAR were added in the dissolution vessel containing 900 mL 0.1 M HCl maintained at 37 ±
0.5◦ C and stirred at 50 rpm. Untreated CAR and the
ground extrudate were added as a powder, and the
electrospun samples were added as a nonwoven sheet
directly in the vessel. Samples (5 mL) were collected
periodically and the concentration of CAR was determined by a HP 8452 UV spectrophotometer (HewlettPackard, Palo Alto, California) using a diode array
detector at 242 nm. Percentage of dissolution was
readily calculated according to the calibration curves
of CAR in 0.1 M HCl because of the lack of absorption
R
E in this range.
peaks of Eudragit

RESULTS AND DISCUSSION
The literature of MES provided information only
about water-insoluble polymers without drug content processed this way. Therefore, several questions
needed to be answered in this work: what is the feasibility of water-soluble fiber formation by means of
MES, what is the structure of drug-containing polymers produced this way, how effective is the amorphization during the MES process comparing with
other methods, and how it improves the dissolution?
At first, the process parameters and the obtained morphologies were investigated to map the advantages
and disadvantages of MES compared with SES and
EX.
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Comparison of the SES, MES, and Extrusion Processes
and the Obtained Morphologies
A common polymer matrix was required for comparR
E, a
ing the three continuous processes. Eudragit
thermoplastic amorphous polymer, was selected as a
R
E dissolves
dissolution enhancing matrix. Eudragit
in water-based media if the pH is below 5 (like in the
stomach) because of the protonation of the dimethylamino-ethyl groups. In a previous work, it was demonR
E has good compatibility with
strated that Eudragit
CAR and it is able to stabilize this drug in amorphous
state.21
In the case of SES, the optimal polymer content
for fiber formation was determined in ethanol (1 g/
4 mL) and the same polymer–ethanol ratio were applied when the drug containing SES (0.25 g CAR/1 g
R
E/4 mL ethanol) was performed. The exEudragit
R
E (80%) and CAR (20%) was
trusion of Eudragit
◦
carried out at 130 C (further circumstances are given
in the section “Materials and Methods”). During the
MES process, the temperature of the feeder was 130◦ C
(TB ), whereas the temperature of the spinneret was
155◦ C (TA ). This was to achieve lower melt viscosity
for adequate fiber formation utilizing the electrostatic
forces. The productivity of SES and MES with single
needle was significantly lower than that of EX (Table 1). However, the productivity of electrospinning
can be drastically improved using recently developed
fiber generators instead of single needle.50,51 Entirely
continuous production is feasible using an extruder
as a continuous homogenizer and melt feeder.
Several factors were found to favor drug amorphization. In the case of SES, this included dissolution
of CAR and fast evaporation of ethanol.52 In the case
of EX and MES, the melting of CAR and fast cooling of
the melts (EX and MES) were advantageous. Useful
information can be gathered about the amorphization
from the obtained morphology of the samples. Smooth
surfaces, lack of visible crystals, and inhomogeneties
are all indicators of amorphization.
The morphologies of extruded and electrospun samples are shown in Figures 3–5. MES fibers were produced with diameters of 5–30 :m, which is similar to
the diameter of other MES fibers prepared from other
polymers.39 The diameters of prepared SES fibers
were in the nano range (300–1000 nm) because of the
lower viscosity and slower solidification (longer time
for elongation).53 Fine fibers provide huge specific surface area, which is promising from the aspect of dissolution improvement according to the Noyes–Whitney
equation. The specific surface area of SES fibers is
nearly two orders of magnitude larger than that of the
MES fibers because of the difference in fiber diameters (Table 1). In the case of the ground extrudate,
SEM images revealed irregularly shaped particles.
The diameter of the majority of fibers was between
DOI 10.1002/jps
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0.018b
4.4
0.15

50 and 1500 :m. The specific surface area of the
ground extrudate was one order of magnitude smaller
than that of the melt electrospun sample (Table 1).
The difference in the specific surface can have significant effect on the dissolution time, which was desired
to diminish significantly.

based on the particle sizes and fiber diameters characterized by scanning electron microscopy.
as spherical particles.
b Calculated

a Calculated

Extrusion
Solvent-based electrospinning
Melt electrospinning

20
20
20

80
80
80

–
0.25
–

130
25
155

46
6
0.5

60
1.7
0.65

250
0.7
20

Differential Scanning Calorimetry

EX
SES
MES

Temperature Flow Rate Productivity Mean Fiber or Particle Specific Surface Area
(◦ C)
(mL/h)
(g/h)
Diameter (:m)
(m2 /g)a
Polymer–Ethanol Ratio
(g/mL)
CAR
EPO
(mass, %) (mass, %)
Production Process
Sample

Table 1.

Compositions, Production Process, Diameter, and Specific Surface Area of the Prepared Samples
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Differential scanning calorimetry was applied to investigate the thermal behavior of the samples. For
R
E and the physical
comparison, the pure Eudragit
R

mixture of Eudragit E with 5% CAR were examined. The DSC curve of the physical mixture shows
the (relatively sharp) melting peak of CAR at 120◦ C
and a slightly broader endothermic peak at the glass
R
E (∼60◦ C) (Fig. 6). The melttransition of Eudragit
ing peak of CAR does not appear in the DSC curves
of the extruded and electrospun samples, indicating
that the drug is in amorphous form. Extrusion and
MES were carried out over the melting point of CAR,
which may have helped to totally amorphize CAR.
In the case of SES, the process has a very efficient
amorphization effect because of the ultrafast evaporation of the solvent, which generally results in a
solid solution of the API in the polymer matrix.29
In the DSC curves of the extruded and electrospun
samples, the endothermic peak of glass transition appears at a lower temperature (40◦ C), which indicates
R
E at the
an interaction between CAR and Eudragit
molecular level. CAR acts as a plasticizer in these
samples and decreases the polymer–polymer interactions; thus, the segments of the polymer can start to
move at a lower temperature. The extrudate and the
electrospun samples produced similar DSC curves, indicating the very similar molecular structure of these
samples.
Fourier Transform Infrared Spectrometry
The extruded and electrospun samples were investigated by FTIR spectrometry to check the physical and
chemical state of the components and their potential
degradation under the processing conditions. The obtained results are shown in Figure 7. The spectra of
the extrudate and electrospun fibers seem to be a combination of the spectra of the untreated pristine components and no new peak could be detected. It suggests that no detectable decomposition occurred during the extrusion and the electrospinning processes.
Carvedilol has two common polymorphic crystalline forms (Form I and Form II).54 CAR Form II
has one strong band at ∼3340 cm−1 , whereas Form I
displays two strong bands at ∼3250 and 3450 cm−1 .
These are in the absorption region of the O–H and
R
E has only two
N–H stretching vibrations. Eudragit
weak and board peaks in this region.
R
E–CAR
In the spectra of the prepared Eudragit
samples, beside the peaks of CAR appearing around
JOURNAL OF PHARMACEUTICAL SCIENCES
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R
Figure 3. Photo of raw extruded Eudragit
E with 20% carvedilol and scanning electron
microscopic image of ground extrudate, magnification: 27×.

Figure 4. Scanning electron microscopic image of solventR
E and 20%
based electrospun fibers containing Eudragit
carvedilol, magnification: 10,000×.

Figure 6. Differential scanning calorimetry curves of
R
R
E, physical mixture of Eudragit
E and 5%
pure Eudragit
carvedilol, extruded sample with 20% carvedilol, solventbased electrospun fibers (SES) and melt electrospun (MES)
fibers with 20% carvedilol.

Figure 5. Scanning electron microscopic image of melt
R
E and 20%
electrospun fibers containing Eudragit
carvedilol, magnification: 330×.
JOURNAL OF PHARMACEUTICAL SCIENCES

1600 cm−1 , one broader peak was observable from
∼3300 to 3450 cm−1 , which demonstrates the inR
termolecular interaction between the Eudragit
E
and CAR. It suggests that the CAR is not in crystalline form because the characteristic peaks of crystalline phases of the drug (Form I and Form II) are
not present in the spectra. The broad peak indicates
its presence in amorphous form. Broadening is due
to the various neighborhoods of these bonds, which
DOI 10.1002/jps
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Figure 7. FTIR spectra of crystalline carvedilol (Form I and Form II), extrudate with 20%
carvedilol, solvent-based electrospun fibers, melt electrospun fibers with 20% carvedilol and
R
E.
pure Eudragit

perturb the vibrational energies of the bonds compared with the molecules in crystalline phase where
the neighborhood of the bonds is uniform (owing to
the arranged and repetitive structure of CAR crystals). This deduction corresponds to the results published by Pokharkar et al.55 The characteristic peaks
of CAR at ∼750 and 1600 cm−1 (Ref. 56 ) had significantly lower relative intensities (compared with the
R
E) in the spectrum
characteristic peaks of Eudragit
of SES in comparison with the spectra of EX and MES.
This phenomenon can be explained by the better distribution of CAR in the polymer matrix because of
the better mixing of the two components in solution
and the increased sample–air interface (specific surface area Table 1). In general, both the better distribution and the increased sample–air interface may
increase the band broadening, which decreases the
peak intensities.57
Further analyses were made by XRD to confirm
that CAR is really in amorphous form in the samples.
X-Ray Diffraction
X-ray diffraction was used to characterize the morphological changes of CAR induced by extrusion and
electrospinning. The plots of the EX, SES, and MES
samples were compared with those of the individual
components and their physical mixtures (Fig. 8). Although CAR preserved its Form II polymorphic structure in the physical mixtures, there was no sharp
DOI 10.1002/jps

crystalline peak observed in the XRD patterns of
R
E–CAR samples. These results suggest
Eudragit
that CAR was fully transformed to an amorphous
form when extruded and electrospun with amorphous
R
E matrix.
Eudragit
On the basis of earlier published results regarding
the extruded mixture (e.g., Raman mapping)21 and
the obtained results from FTIR, XRD, and especially
from DSC, physical structures of the extruded and the
electrospun samples were similar; all of them were
very fine solid dispersions/solid solutions.

In Vitro Dissolution
The release profiles of CAR from different forms comparing with the reference are shown in Figure 9.
The drug dissolution rate of both extruded and electrospun samples was significantly faster than that
of the crystalline CAR. The faster dissolution rate
can be attributed to the following factors: although
R
E is not soluble in water-based media if
Eudragit
the pH (of the media) is higher than 5, it dissolves
rapidly in acidic media such as stomach fluid because
of the protonation of amino groups of the polymer
chains. The formation of ammonium ions with positive charge and the repulsive (Coulomb) forces within
and among the chains accelerate the dissolution of
the polymer. CAR molecules dissolve simultaneously
R
E matrix because the drug, bewith the Eudragit
ing in amorphous form, does not need any additional
JOURNAL OF PHARMACEUTICAL SCIENCES
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Figure 8. X-ray diffractograms of crystalline carvedilol (Form II), physical mixture of
R
E containing 5% carvedilol, extrudate containing 20% carvedilol, solvent-based
Eudragit
electrospun and melt electrospun fibers containing 20% carvedilol.

cessibility of the tightly packed SES fibers, and the
increased hydrophobicity induced by CAR. Thus, the
accelerating effect of the huge surface area was not
fully exploited, despite the fact that SES has nearly
two orders of magnitude larger specific surface area
than MES. In contrast, the MES sample had a loosely
packed nonwoven mat structure, thus the accessibility of the dissolution medium is higher. Although SES
had slower dissolution behavior than expected, it was
found that the specific surface area of MES and EX
samples is proportional to the initial rate of drug release, in accordance with Noyes–Whitney equation.
Specific surface area: 1500 cm2 /g (MES) and 180 cm2 /
g (EX), initial rate of release: 175%/min (MES) and
20%/min (EX)—the ratio is approximately 8.5 in both
cases.
Figure 9. In vitro dissolution of carvedilol (CAR) [12.5 mg
dosage, 900 mL 0.1 M HCl, USP Dissolution Apparatus 2 (paddle), 50 rpm, 37◦ C, n = 3]. MES, melt electroR
E-based fibers with 20% carvedilol content;
spun Eudragit
R
E-based fibers
SES, solvent-based electrospun Eudragit
R
E-based exwith 20% carvedilol content; EX, Eudragit
trudates with 20% carvedilol; CAR, unprocessed crystalline
carvedilol.

action to overcome the crystal lattice energy. It is consistent with the deduction that CAR is molecularly
R
E matrix.
dispersed in the Eudragit
The ground extrudate gave complete release of CAR
within 5 min. For MES and SES samples, it took 1 min
to dissolve more than 85% of the drug content and another 1 min for complete drug release. In the case of
MES, the initial rate of release was faster than SES.
This can be explained by the less efficient solvent acJOURNAL OF PHARMACEUTICAL SCIENCES

CONCLUSIONS
Novel solvent-free MES method was applied to preR
pare drug-loaded amorphous Eudragit
E fibers with
ultrafast release of CAR, a drug with poor water solubility. The drug release rate of the melt electrospun
fibers was significantly higher than that of the ground
extrudate with the same composition due to the increased specific surface area. These results demonstrate that solvent-free MES is a promising, novel
technique for the production of drug delivery systems
with enhanced dissolution because it can combine the
advantages of EX (e.g., solvent-free, continuous process, and effective amorphization) and solvent-based
electrospinning (e.g., huge product surface area). The
productivity of MES with single needle was limited,
DOI 10.1002/jps
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however, it can be significantly improved using multineedle spinning heads or needleless electrospinning
method. Further investigation is in progress regarding the deeper understanding of the MES process including the relationship between the melt viscosity
and processability.
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