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ABSTRACT: ABSTRACT Melt electrospinning (MES) was used to prepare fast dissolving fibrous drug delivery systems in the presence
of plasticizers. This new method was found promising in the field of pharmaceutical formulation because it combines the advantages
of melt extrusion and solvent-based electrospinning. Lowering of the process temperature was performed using plasticizers in order to
avoid undesired thermal degradation. Carvedilol (CAR), a poorly water-soluble and thermal-sensitive model drug, was introduced into
an amorphous methacrylate terpolymer matrix, Eudragit E, suitable for fiber formation. Three plasticizers (triacetin, Tween 80, and
polyethylene glycol 1500) were tested, all of which lowered the process temperature effectively. Scanning electron microscopy, X-ray
diffraction, differential scanning calorimetry, and Raman microspectrometry investigations showed that crystalline CAR turned into an
amorphous form during processing and preserved it for longer time. In vitro dissolution studies revealed ultrafast drug dissolution of the
fibrous samples. According to the HPLC impurity tests, the reduced stability of CAR under conditions applied without plasticizer could be
avoided using plasticizers, whereas storage tests also indicated the importance of optimizing the process parameters during MES.
Keywords: melt electrospinning; extrusion; amorphous; solid dispersion; enhanced dissolution rate; oral drug delivery; viscosity;
plasticizer; HPLC ; Raman spectroscopy
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INTRODUCTION
Melt electrospinning (MES) is a promising new technique to
prepare fibrous drug-loaded polymer-based solid dispersions
for drug delivery systems with controlled release properties.
The importance of oral dosage forms with enhanced drug dissolution is increasing as there are a growing number of active
pharmaceutical ingredients (API) with poor water solubility,
thus, with insufficient bioavailability1, 2 while the oral route of
administration is the most convenient for the patients.3, 4
There are diverse methods to prepare drug-loaded solid dispersions using polymers and other excipients meeting the requirements of the pharmaceutical industry.5–13 One of these
methods is the melt extrusion, a solvent-free continuous tool
for dispersing API in a polymeric matrix, thereby improving
its dissolution.14–17 The pharmaceutical viability of melt extrusion is proven by marketed products (Kaletra, Isoptin SR-E) as
well.18
Another technique offering unique capabilities is electrospinning, a fiber production process using the drawing force
of electrostatic field to produce nanofibers from a viscous solution of a polymer and the API. The achievable fast dissolution
of the drug substance stems from the amorphous structure accompanied with high surface area of the fibrous mat consisting
of hydrophilic polymer carrier,19 as it derives from the Noyes–
Correspondence to: György Marosi (Telephone: +36-1-4633654; Fax: +36-14633648; E-mail: gmarosi@mail.bme.hu)
Journal of Pharmaceutical Sciences, Vol. 00, 1–9, (2014)
C 2014 Wiley Periodicals, Inc. and the American Pharmacists Association

R

Whitney equation.20 Besides enteral drug formulations,21–25
solvent-based electrospinning has been used to elaborate tissue engineering scaffolds,26 wound dressings,27 implants,28 and
transdermal drug delivery systems29 as well.
Despite of the various applications, a relatively low number
of articles can be found describing a solvent-free implementation of electrospinning (MES). In turn, the lack of solvent has
numerous advantages. All the steps of the technology related
with the solvent as well as those devices can be omitted, such
as dissolving the polymer, tail gas cleaning, and explosion-proof
design. Consequently, the technology becomes not only simpler,
greener, and safer but economically more reasonable. Moreover,
the risk of toxic solvent residue in the fibers can be eliminated
making MES a preferred technique for tissue engineering30–32
and oral drug delivery purposes. The fusion of melt extrusion
and MES can be a feasible continuous scaled-up industrial
process.33, 34 Thus, coupling with MES, melt extrusion can acquire the unique feature, which solvent-based electrospinning
natively owns, that solid dispersions with high surface area can
be produced in one single step. Moreover, the fast cooling of the Q3
fibers can overcome a limitation of the melting methods, the
undesired recrystallization of the drug substance.
The studies about MES are dealing with mostly waterinsoluble thermoplastic polymers having limited pharmaceutical importance.35–40 In most of these cases, high temperatures
were necessary to lower viscosity and achieve fiber formation
(considering the inverse relationship between temperature and
melt viscosity). Therefore, the high temperature can be considered as one of the main drawbacks of MES. Addition of plasticizBalogh et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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ers to the polymer can resolve this difficulty thereby preventing
the melt from being thermally degraded. Plasticizers are generally used in the plastics industry to improve certain mechanical properties.41 Since wide choice of polymers have found their
way into the pharmaceutical industry, plasticizers became an
important modifying agent in drug formulations.41–43 Despite
the obvious benefits of plasticizers, only a few articles reported
this strategy while using MES.44, 45
In our recent study, we have demonstrated the first example regarding the applicability of MES to prepare drug-loaded
hydrophilic polymer fibers with ultrafast drug dissolution.46
However, despite the strong plasticizing effect of the molecularly dissolved API, the MES process could be performed at a
relatively high temperature. The main limitation of the melting methods for preparation of solid dispersions is that the
heat-labile drug components can decompose at higher process
temperatures,47, 48 which is of a great importance from the viewpoint of regulations regarding pharmaceutical impurities.49
Thus, in this work, we investigated the feasibility of different plasticizers to lower the process temperatures of the applied melt methods, extrusion, and MES. The plasticizers used
[Triacetin (TA), Tween 80 (TW), and polyethylene glycol 1500
(PEG 1500)] are referred to as United States Food and Drug
Administration approved inactive pharmaceutical ingredients.
Our primary aims were to evaluate the thermal effects of MES
on the API and to improve the dissolution of a model drug,
carvedilol (CAR). Furthermore, storage tests were performed
in respect of chemical and physical stability of the API.
R

MATERIALS AND METHODS
Materials
Carvedilol (Fig. 1a) from Sigma–Aldrich (Budapest, Hungary) with purity ≥99% was used as API. The melting point
of CAR is 117◦ C.17 Eudragit E PO (EPO; Fig. 1b) was
kindly provided by Evonik (Darmstadt, Germany), which is
a butylmethacrylate-(2-dimethylaminoethyl)-methachrylatemethylmethacrylate amorphous copolymer (1:2:1), with an average molecular weight of 47 kDa. Three different types of plasticizers were used as additives from Sigma–Aldrich, TA (purity: ≥98%), TW (purity: ≥98%), and PEG (average molecular
weight: 1500 Da).

Figure 1.

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

ment (Fig. 2) has two temperature controlled zones and a programmable feeder. The applied feeding rate was 1 mL/h, the
feeding temperatures (TB ) were similar to that of melt extrusion. Needle temperature (TA ) was experimentally determined
at given feeding rate by increasing the temperature gradually.
The distance of the spinneret and the collector was 10 cm. The
stainless steel metal syringe is easy to clean, the needle part is
dismountable, and the capillary tube can be replaced for a new
experiment, if it is needed.
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Melt Extrusion
Extrudates containing CAR were prepared by HAAKE MiniLab micro compounder (Thermo-Haake, Karlsruhe, Germany)
to feed the MES equipment. A certain amount of EPO and CAR
(20%) was mixed well with and without different types and
concentrations of plasticizers. The mixture was introduced into
the hopper of the mini extruder. The rotation speed was fixed
at 50 rpm, the temperature was 130◦ C without plasticizer and
100◦ C with plasticizer content. A compressed flat tablet with a
diameter of about 13 mm and a thickness of 0.5 mm (Camilla
OL95; Manfredi, Torino, Italy) was prepared from the unplasticized extruded composition for the dissolution tests.
Melt Electrospinning
The previously prepared melt extruded solid dispersions were
fed into MES equipment, which was designed and built at Department of Organic Chemistry, Budapest University of Technology and Economics (Budapest, Hungary). The MES equipBalogh et al., JOURNAL OF PHARMACEUTICAL SCIENCES

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). The temperature
program consisted of an isothermal period, which lasted for
1 min at −30◦ C, with subsequent linear heating from −30◦ C to
200◦ 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 (SEM). Each specimen was fixed by conductive doublesided carbon adhesive tape and sputter coated with gold prior
to the examination. Applied accelerating voltage and working
distance were 15 kV and 10 mm, respectively.
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 Cu-K" radiation (1.542 Å) and Ni filter. The applied voltage was 40 kV, whereas the current was
30 mA. The untreated materials, physical mixture (mixed in a
mortar by a pestle), and extrudates were analyzed for angles
22 between 4◦ and 42◦ .
DOI 10.1002/jps.23904
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HPLC Studies
Chemical stability of CAR during the formulation process and
a storage period was determined through analyzing the decomposition byproducts using RP-HPLC (Agilent 1200 series LC
System; Santa Clara, California). A gradient elution of 0.1 M
phosphoric acid and acetonitrile was performed at a flow rate
of 1.0 mL/min and 25◦ C, the UV detection wavelength was set
to 285 nm (Agilent 1200 series Diode Array Detector). Fifty
milligrams of the extruded and melt electrospun samples was
dissolved in the initial mobile phase of gradient elution (0.1 M
phosphoric acid/acetonitrile = 60/40, v/v%) obtaining a 1 mg/mL
solution of CAR, 20 :L of this stock solution was injected onto
the column [Thermo ScientificTM BDS Hypersil C18 column
(5 :m; 250 × 4.6 mm2 ); Waltham, Massachusetts]. The amount
of the degradation products was determined based on the peak
areas. The absorption coefficients of the byproducts are higher
than that of the pure CAR,50 which precludes the underestimation of the concentration of the degradation products. The
chromatography tests were performed in duplicate.
In Vitro Dissolution Measurement

Figure 2. The photograph of the melt electrospinning apparatus (a)
and the drawing of the two-zone-heated stainless steel metal syringe
(b).

Rheology
Viscosity measurements as a function of temperature were carried out of the extruded samples using an AR 2000 Rotational
Rheometer (TA Instruments) in oscillating mode with a parallel plate configuration. The upper moved portion was a 40 mm
diameter steel plate and the lower portion was a Teflon-coated
Peltier plate. The extruded samples were placed on the preheated Peltier plate and melted. The upper plate was then lowered to the gap of 500 :m. The controlled variable was the
oscillating torque, oscillatory tests were carried out at torques
of 10, 100, and 1000 :Nm at 1 Hz frequency, but no significant
changes were detected as a function of torque, dynamic stress
sweep tests confirmed that the measurements were made in the
linear viscoelastic region. The temperature was ramped down
from 170◦ C to 110◦ C with a linear rate of 5◦ C/min. The tests
were carried out in triplicate.
Raman Microscopy
Raman mapping was carried out using a Horiba Jobin–Yvon
LabRAM (Longjumeau, France) system coupled with an external diode laser source (785 nm, 80 mW) and an Olympus BX-40
optical microscope. The extruded samples were cut carefully
to obtain a flat surface and mapped with an objective of 100×
magnification in order to investigate the homogeneity and the
physical state of the incorporated API. The measured area was
25 × 25 :m2 in all cases. The component concentrations were
estimated with the classical least squares (CLSs) method using
the reference spectra of the pure components collected on the
same device under the same conditions. Visualized score maps
were created with LabSpec 5.41 (Horiba Jobin–Yvon).
DOI 10.1002/jps.23904

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 directly in the dissolution vessel containing 900 mL 0.1 M HCl
maintained at 37 ± 0.5◦ C and stirred at 100 rpm. Samples
(5 mL) were collected periodically and the concentration of CAR
was determined by UV spectrophotometry at 242 nm (HewlettPackard HP 8452A; 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 peaks of EPO and the
plasticizers in this range.

RESULTS AND DISCUSSION
Process Optimization
For the reduction of applied temperatures of the preparation of
extruded and melt electrospun products, different plasticizers
were selected and added to the mixture of CAR and the polymer. Factors to be taken into consideration during plasticizer
selection were water solubility, compatibility with the EPO matrix, and molecular weight. To minimize the dissolution time of
API, the additive has to be freely soluble in water. The classical
plasticizers used for ammoniated methacrylate ester copolymers like EPO are low molecular weight esters (glycerol esters,
citrate esters).43 One of these esters used in this study is TA
with good water solubility (Mw = 218 Da). Plasticizers with
higher molecular weight were used as well as to investigate the
impact of plasticizing effectiveness on the MES process. Thus,
TW, an amphiphile sorbitan ester (Mw = 1310 Da), and PEG
1500 were tested. At ambient temperature, TW is a viscous
liquid, whereas PEG 1500 is a crystalline solid with melting
temperature of approximately 40◦ C, above which its viscosity
is low becoming promising candidate as a plasticizer.
Extrudates were prepared with 20% CAR and with two different concentrations of the chosen plasticizers, 5% and 10%,
respectively. Because of the presence of the additive, the extrusion temperatures could be decreased notably, and it was fixed
generally to 100◦ C, except the unplasticized dispersion (see TaBalogh et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Figure 3. Scanning electron microscopic images of Eudragit R Ebased melt electrospun fibers containing 20% carvedilol with and without different plasticizers [triacetin (TA), Tween R 80 (TW), PEG 1500
(PEG)].

ble 1). The extrudates of EPO and CAR in combination with TA
and TW were yellowish transparent, whereas the extrudate
obtained with PEG was white opaque.
Melt electrospinning method was systematically optimized
for each composition and carried out using the extrudate samples as feedstock material. The main goal of optimization was
to minimize the degradation product of API in the electrospun
fibers. According to this, the fiber formation and feeding temperatures, as well as the melt flow rate were set to the less
critical values at which the product morphology remained acceptable. The feeding speed was fixed at a slightly elevated
1.0 mL/h, whereas the appropriate minimum fiber formation
temperature was determined by increasing the needle temperature in 5◦ C steps until the movement of the molten polymer
jet became more vigorous, which contributes to the desired reduction in fiber diameter.35

matrix regardless of the other additives. In addition, the repeated oscillatory rheology measurements provide precise and
reliable results. The melt viscosity of pure EPO is one order of
magnitude larger at all melt temperatures than that of with
API (and plasticizer) content. An extrapolation indicates that
MES temperature of EPO would be over 180◦ C, at which, however, a severe decomposition reaction is induced,52 thus EPO is
not convenient for MES as a pure polymer. The addition of CAR
alone to the polymer lowered, however, the viscosity dramatically, enabling fiber formation at a reduced 155◦ C temperature.
Further significant viscosity reduction was achieved at plasticizer concentrations of 5%. In these cases, the applied MES
temperatures were set to the same value. The plasticizing effectiveness was practically similar for the three plasticizers at
this level. Although the curve of the 5%TA sample shows that
the MES would be achievable at lower temperatures (∼130◦ C),
it was set also to 135◦ C in order of the easier evaluation of the
experiment results. Plasticizer content of 10% led to additional
decrease in melt viscosity and electrospinning temperatures
and allowed a better comparison between the additives. TA, of
low-molecular weight, exhibited the most efficient plasticizing
effect, TW also showed a strong ability in viscosity reduction,
the MES temperatures went down to 120◦ C and 125◦ C, which
are below the extrusion temperature of the EPO + 20%CAR
composition. In the case of the PEG-containing samples, the
change in melt viscosity was moderate compared with the other
two plasticizers. The curves became closely straight after the
logarithmic linearization, except the 10%PEG sample (curve f),
the viscosity of which curve showed irregular behavior. Above
150◦ C, the viscosity of EPO + 20%CAR + 10%PEG melt almost
exceeds the performance level of the 10%TW sample, however,
at lower temperatures both the 5%PEG and 10%PEG curves
asymptotically converge to each other. A possible explanation
is as follows: the PEG has limited miscibility with the EPO
matrix over a certain ratio of plasticizer, nevertheless, the miscibility is greatly improving as the temperature rises.

Morphology

Differential Scanning Calorimetry

The obtained fiber morphologies are shown in Figure 3. In
spite of the various fiber formation temperature used, the SEM
images of the samples show that most of the diameters of
the prepared melt electrospun fibers are within a 30–40 :m
range in all cases. The likelihood of the occurrence of thicker
fibers was small, which implies a typical lognormal diameter
distribution.51 The increased specific surface area of the mats
can have the desired accelerating effect on the dissolution time
based on the Noyes–Whitney equation.

In order to investigate the physical state of API and to evaluate
further the plasticizing effect of the additives, DSC measurements were performed (Fig. 5). The physical mixture of 5%
crystalline CAR and EPO was analyzed, the curve shows the
melting point of CAR at 117◦ C, and the glass transition of the
carrier polymer at 60◦ C.46 The thermograms of the melt electrospun fibers did not show the endotherm peak of CAR, which
demonstrates the good efficiency of the extrusion–MES tandem
process in amorphization of CAR. However, the intensive mixing and shearing process occurs during extrusion rather than
at MES suggesting that the main role in amorphization is assigned to the former part of the production line. The lowering
of glass transition temperatures of EPO in the presence of different additives indicates the plasticizing effects of these compounds. In the case of the samples containing TA and TW, the
Tg of the matrix shifted below the room temperature, whereas
the samples with only 20% CAR and with PEG the Tg remained
above the room temperature (40◦ C). The concentration of the
plasticizer does not affect the Tg values significantly, only minor shifts can be seen in the thermograms. Nevertheless, if PEG
content was increased from 5% to 10%, the Tg value increased
too instead of further decrease which may be the consequence
of the above-mentioned limited miscibility of PEG and EPO.
The melting of a separated crystalline PEG phase can influ-

Rheology
Rheology studies were carried out to find a relationship between the melt viscosity, being the most important technological property of MES, and the minimal heating temperature required for stabile production regime. The results are shown in
Figure 4. According to the oscillatory viscosity measurements,
the complex viscosity data sets describe well the suitable MES
temperatures for each sample composition. The complex viscosity range required for fiber production is around 100–200 Pa s.
The viscosity values belonging to the optimized MES temperatures (marked on the diagram for each composition) draw a near
horizontal line. This regular behavior of the melt enables a simple prediction method to determine the suitable MES temperature by a rheology measurement for a given type of polymeric
Balogh et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Table 1.

5

Compositions and Operating Temperatures of the Samples

Sample

CAR (Mass%)

EPO (Mass%)

Plasticizer (Mass%)

Extrusion
Temperature (◦ C)

20
20

80
75

0%
5% Triacetin

130
100

50
50

155
135

1
1

20

70

10% Triacetin

100

50

120

1

20

75

5% Tween 80

100

50

135

1

20
EPO + 20%CAR + 10%TW
20
EPO + 20%CAR + 5%PEG
20
EPO + 20%CAR + 10%PEG

70

10% Tween 80

100

50

125

1

75

5% PEG 1500

100

50

135

1

70

10% PEG 1500

100

50

130

1

EPO + 20%CAR

Extruder Rotation MES Temperature MES Feeding Rate
Speed `(rpm)
(◦ C)
(mL/h)

EPO + 20%CAR + 5%TA
EPO + 20%CAR + 10%TA
EPO + 20%CAR + 5%TW

Figure 5. Differential scanning calorimetry thermograms of the pure
Eudragit R E, physical mixture of Eudragit R E and 5% carvedilol, PEG
1500, and the melt electrospun (MES) samples with 20% carvedilol
and different plasticizers [triacetin (TA), Tween R 80 (TW), PEG 1500
(PEG)].

Figure 4. Complex viscosity of pure Eudragit R E (EPO) and
Eudragit R E-based solid dispersions with 20% carvedilol (CAR) and different plasticizers [triacetin (TA), Tween R 80 (TW), PEG 1500 (PEG)]
as a function of temperature (T = 1 Hz).

ence the Tg measurement as the melting point of PEG is near
to the peak belonging to the glass transition. Despite suspected
limited miscibility and higher MES temperatures, PEG seems
to be the most appropriate plasticizer for MES using EPO matrix as the processability of the PEG containing fibers is far
better because of their rigidity. Fibrous mats with Tg values below room temperature were hard to handle as their stickiness
prevented further processing steps (e.g., grinding) too.
X-Ray Diffraction
A conventional method to investigate crystallinity in solid dispersions is the XRD the result of which is shown in Figure 6.
The physical mixture of 5% CAR and EPO served as reference
in this case too. The most intense diffraction peaks (22 = 5.9◦ ,
17.6◦ , 18.5◦ ) of CAR were still observable in the case of the physical mixture, whereas the lack of the peaks suggests that the
API and the crystalline excipients turned into an amorphous
DOI 10.1002/jps.23904

Figure 6. X-ray diffraction patterns of crystalline carvedilol (Form
II), physical mixture of Eudragit R E and 5% carvedilol, PEG 1500, and
the melt electrospun (MES) fibers with 20% carvedilol and different
plasticizers [triacetin (TA), Tween R 80 (TW), PEG 1500 (PEG)].

form during processing in the MES samples. In the case of PEG
content, however, crystalline peaks would be expected to confirm the limited mutual miscibility of semicrystalline PEG and
EPO. The lack of diffraction peaks resulting from PEG can also
mean that only small volume units exist in a highly ordered
state and therefore the broadened peaks are hard to identify.
Physical Stability Testing Using Raman Mapping
Classical analytical methods (XRD, DSC) to investigate crystallinity can be insensitive if only small quantities of crystals
Balogh et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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RP-HPLC Studies

Figure 7. Raman maps illustrating the degree of crystallinity of
carvedilol in Eudragit R E-based extrudates (20% carvedilol) with and
without different plasticizers [triacetin (TA), Tween R 80 (TW), PEG
1500 (PEG)] after 1 month storage (25◦ C, 60% RH) and a crystalline
reference extrudate (AVG: average degree of crystallinity (-) ± SD, ERR:
average error of fit (%) ± SD, n = 625).

are distributed in the polymeric matrix. This is the case if crystallinity of an amorphous solid dispersion has to be investigated
at an early stage of stability testing. Therefore, Raman mapping was used to detect crystalline API in the samples exposed
to room environment [25◦ C, 60% relative humidity (RH)] for
1 month in open glass bottles, the results can be seen in Figure 7. The results from the aforementioned classical analytical
methods (XRD, DSC) did not show any crystallinity regardless
the preparation method (extruded and melt electrospun) after
1 month and even in the case of the crystalline reference, a
poorly extruded dispersion (EPO + 20%CAR + 10%PEG composition, 10 rpm, 80◦ C) only weak traces of crystallinity were
detectable. According to the Raman measurements, the poorly
extruded sample contained a large extent of crystalline CAR,
whereas the unplasticized and plasticized samples were amorphous after 1 month. The degree of crystallinity of the API was
calculated by CLSs method using the reference spectra of the
pure components based on the fact that observable differences
appear between the amorphous and the crystalline CAR spectrum. The errors of the CLS fit were averaged for each map, the
obtained values indicate that this method can precisely determine the degree of crystallinity, that is, the calculated spectra
describe well the measured Raman spectra.
The amorphous CAR spectrum was determined from the
mapped spectra as a grand average by a multivariate curve resolution algorithm. A reduced spectral range (1530–1680 cm−1 )
was found appropriate to perform the degree of crystallinity
calculations because in this range the other excipients are not
Raman active and there are sharp differences between the spectrum of crystalline and amorphous CAR (shift of peak maximum, change in Raman scattering intensity). The obtained
Raman maps clearly demonstrate the difference between the
amorphous and crystalline state.
Balogh et al., JOURNAL OF PHARMACEUTICAL SCIENCES

A HPLC–UV method was used to analyze the chemical content of the prepared solid dispersions. The aim of the assay
was to quantify the possible degradation product of CAR. The
results are shown in Table 2, the impurities could be precisely
determined according to the small deviations between the repeated measurements. The polymeric matrix and the plasticizers can be considered as thermally stabile compounds used
in practice.43, 52, 53 In order to differentiate between the thermal effects of extrusion and MES steps, the extrudates and
the melt electrospun fibers were measured separately. The current International Conference on Harmonisation guideline of
impurities in drug products describes the relevant limits of the
degradation products. The absolute maximum dose of CAR is
2 × 50 mg daily,54 thus the limits for each degradation products
are as follows: reporting threshold—above 0.1%, identification
threshold—above 0.2%, qualification threshold—above 200 :g
(in this case, it equals to 0.2% as well).49 As it can be seen in
Table 2, the untreated CAR also contained a certain amount of
impurities (0.08%), which were far below of any thresholds. It
was found during the evaluation that there is a clear correlation
between the suffered heat stress and the amount of an impurity, 4-hydroxicarbazole.50 Directly after the production (day 0),
only the EPO + 20%CAR MES sample exceeded the threshold
level of 0.2% (0.24% of 4-hydroxycarbazole), which is because of
the highest preparation temperature values used in this case.
The second largest 4-hydroxycarbazole content belongs to the
EPO + 20%CAR extrudate (0.11%). In the case of the samples
with plasticizer, none of the impurities exceeded even the reporting threshold, whereas no 4-hydroxycarbazole was detected
in the extrudates of those. Comparing the different additives,
there were no significant differences in respect of impurities
between the extruded and melt electrospun samples if they
contained 5% plasticizer. Despite the strongly decreased MES
temperature, the most contaminated fibers were those with
10% TA and 10% TW plasticizer, however, this contamination
cannot be attributed to 4-hydroxycarbazole and not originated
from the plasticizer content according to our additional measurements. This slightly increased chemical instability may be
contributed to the lowered viscosity of the carrier, due to ease
of molecular movements (increased reactivity) at higher temperature in a more liquid like polymeric matrix.
The HPLC method was used to investigate the chemical stability of the samples over 1 month (25◦ C, 60% RH, open bottle)
as well. The results show similar tendencies compared with
the thermal degradation trends, although the differences between the plasticizers became more visible. In this case, however, the 4-hidroxycarbazole content remained the same after
the storage test period because of the lack of thermal stress.
According to the storage tests, the TA-containing samples were
the most degraded systems, more than one percent of the API
transformed. The TW showed some protecting effect on the
API considering that both TA and TW had a strong plasticizing
behavior. As a general trend, the fibers contained more impurities than the extrudates after 1 month, which can be assigned
to the increased specific surface area of the mat. Besides this,
extrudates and fibers containing PEG were the least degraded
systems in respect of thermal degradation and storage tests. In
this case, the supramolecular network formed by EPO and PEG
linear chains may preserve CAR in its original molecular form.
This protecting effect and the improved processability assign
DOI 10.1002/jps.23904
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Table 2. Impurity Content Determined with HPLC of Unprocessed Crystalline Carvedilol (CAR), the Prepared Extrudates (Extr), and Melt
Electrospun Fibers (MES) Containing 20% Carvedilol and Different Plasticizers [Mean ± SD (n = 2)] [(Triacetin (TA), Tween R 80 (TW), PEG
1500 (PEG)]
Sample

Pure carvedilol
EPO+20%CAR Extr
EPO + 20%CAR MES
EPO + 20%CAR + 5%TA Extr
EPO + 20%CAR + 5%TA MES
EPO + 20%CAR + 10%TA Extr
EPO + 20%CAR + 10%TA MES
EPO + 20%CAR + 5%TW Extr
EPO + 20%CAR + 5%TW MES
EPO + 20%CAR + 10%TW Extr
EPO + 20%CAR + 10%TW MES
EPO + 20%CAR + 5%PEG Extr
EPO + 20%CAR + 5%PEG MES
EPO + 20%CAR + 10%PEG Extr
EPO + 20%CAR + 10%PEG MES

Total Impurities (Day 0) (%)

4-Hydroxycarbazole (Day 0) (%)

Total Impurities after 1 Month (%)

0.08 ± 0.00
0.19 ± 0.01
0.34 ± 0.02
0.12 ± 0.00
0.16 ± 0.01
0.13 ± 0.01
0.19 ± 0.02
0.10 ± 0.01
0.14 ± 0.00
0.12 ± 0.01
0.16 ± 0.01
0.09 ± 0.01
0.13 ± 0.02
0.08 ± 0.01
0.12 ± 0.00

BDL
0.11 ± 0.01
0.24 ± 0.02
BDL
0.02 ± 0.00
BDL
0.01 ± 0.00
BDL
0.02 ± 0.00
BDL
0.01 ± 0.00
BDL
0.05 ± 0.02
BDL
0.04 ± 0.00

0.09 ± 0.00
0.21 ± 0.00
0.35 ± 0.01
0.35 ± 0.01
0.41 ± 0.00
1.76 ± 0.11
2.08 ± 0.10
0.17 ± 0.01
0.24 ± 0.01
0.26 ± 0.01
0.32 ± 0.01
0.15 ± 0.01
0.17 ± 0.01
0.17 ± 0.00
0.18 ± 0.01

BDL, below the detection limit.

Figure 8. Dissolution profiles of carvedilol (CAR) [12.5 mg dosage,
900 mL 0.1 M HCl, USP Dissolution Apparatus 2 (paddle), 50 rpm,
37◦ C]. Eudragit R E-based melt electrospun fibers (MES) with 20%
carvedilol and different plasticizers [triacetin (TA), Tween R 80 (TW),
PEG 1500 (PEG)]; Eudragit R E-based compressed tablet with 20%
carvedilol; unprocessed crystalline carvedilol. The error bars indicate
the standard deviations (n = 3).

PEG a good plasticizer for EPO-based melt electrospun fibers
containing a thermosensitive drug. On the basis of the obtained
results from HPLC, the strategy of using plasticizers fulfilled
the expectations to protect API from thermal degradation and
the storage tests revealed the otherwise obvious importance of
the correct excipient selection.
In Vitro Dissolution
In vitro studies were carried out to investigate the dissolution
properties of the fibers. As it can be seen in Figure 8, significant
improvements were achievable compared with the crystalline
CAR.
DOI 10.1002/jps.23904

The plasticized and unplasticized samples have very similar
ultrafast dissolution characteristic, as the good water solubility of the plasticizers did not affect negatively the drug release
kinetics. The fastest drug dissolution belongs to those with
PEG additive due to the good fragility during weighing and the
consequently outstanding dispersion in the dissolution media.
The rapid dissolution of the fibrous samples can be attributed
mainly to the following reasons: (1) no need to overcome the
crystal lattice energy of API as it is in a thoroughly dispersed
amorphous form, thus this significant kinetic barrier is eliminated, (2) the excipients are highly soluble in the acidic dissolution media, moreover there is an accelerating effect through
the repulsive Coulomb-forces between the protonated dimethylamino side groups of EPO, (3) the formed large specific surface
area (according to the Noyes–Whitney equation). In order to
uncouple the effect of the increased surface area from the other
two facilitating effects, a simple test was carried out. A flat,
round shaped tablet was compressed from the EPO + 20%CAR
composition, thus the surface area could be neglected. The initial dissolution rate of the compressed tablet was at least one
order of magnitude lower than that of the fibrous samples confirming the importance of the increased specific surface area,
which in fact is a critic necessary condition. Our previous study
has shown that besides the increased surface area, the porosity of a fibrous dosage form is also a dominant factor in the
dissolution mechanism46 because the wettability of rough surfaces (e.g., fibrous grid) strongly depends on the pore structure
characteristics.55

CONCLUSIONS
Melt electrospinning for preparation of microfibers containing
a thermosensitive model drug with poor water solubility was
studied. Application of plasticizers effectively decreased the
melting temperatures, thus, the degradation of the API content
could be hindered too according to the HPLC studies. Oscillatory rheology measurements confirmed the plasticizing effect
of the additives and the API itself providing a good way to
predict the minimal fiber forming temperature. Processing of
the crystalline API in twin-screw extruder, it turned into an
amorphous form in all formulations because of the intensive
Balogh et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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shear strength of mixing. To overcome the not sufficient sensitivity of DSC and XRD, Raman microspectroscopy was used
to determine the degree of crystallinity. The Raman mapping
combined with chemometric methods indicated that the API
preserved its amorphous form even after 1-month storage in
room environment. Comparing the different plasticizers with
each other, the PEG showed excellent protection against drug
decomposition during processing and storage, while the processibility of the fibers remained still acceptable, which was
not the case for the other plasticizers with lower molecular
weight. The dissolution experiments revealed ultrafast drug
release rate from the fibers, in contrast to the hydrophobic crystalline drug. The novel, optimized solvent-free MES drug formulation technique extends the applicability of solvent-based
electrospinning and melt extrusion by combining their advantages (e.g., solvent-free, continuous process, high surface area,
effective amorphization).
The major focus in the subsequent work must be placed
on the development of new polymeric matrices with pHindependent dissolution.
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17. Nagy ZK, Sauceau M, Nyúl K, Rodier E, Vajna B, Marosi G, Fages
J. 2012. Use of supercritical CO2 -aided and conventional melt extrusion for enhancing the dissolution rate of an active pharmaceutical
ingredient. Polym Adv Technol 23:909–918.
18. Maniruzzaman M, Boateng JS, Snowden MJ, Douroumis. 2012. A
review of Hot-melt extrusion: Process technology to pharmaceutical
products. ISRN Pharm 2012.
19. Nagy ZK, Balogh A, Vajna B, Farkas A, Patyi G, Kramarics Á,
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