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Abstract. The objective of the present investigation was to prepare novel solid dispersions (SDs) of
poorly water-soluble drugs with special microstructural characteristics using electrospinning process.
With the hydrophilic polymer polyvinylpyrrolidone as the filament-forming polymer and acetaminophen
(APAP) as the poorly water-soluble drug model, SDs having a continuous web structure, and in the form
of non-woven nanofiber membranes, were successfully prepared. The electrospun nanofiber-based SDs
were compared with those prepared from three traditional SD processes such as freeze-drying, vacuum
drying, and heating drying. The surface morphologies, the drug physical status, and the drug-polymer
interactions were investigated by scanning electron microscopy, differential scanning calorimetry, X-ray
diffraction, and attenuated total reflectance Fourier transform infrared. In vitro dissolution tests
demonstrated that the electrospun nanofibers released 93.8% of the APAP content in the first 2 minutes
and that the dissolution rates of APAP from the different SDs had the following order: electrospun
membrane > vacuum-dried membrane ≈ freeze-dried membrane > heat-dried membrane. Electrospun
nanofiber-based SDs showed markedly better dissolution-improving effects than the other SDs, mainly
due to their huge surface area, high porosity resulting from web structure, and the more homogeneous
distribution of APAP in the nanofiber matrix.

KEY WORDS: drug-loaded nanofiber; electrospinning; microstructural characteristics; poorly water-
soluble drug; solid dispersion.

INTRODUCTION

The therapeutic effectiveness of a drug depends upon the
bioavailability and ultimately upon the solubility of the drug
molecules. Good solubility is one of the important criteria
necessary to achieve the desired concentration of drug in the
systemic circulation for a pharmacological response to be
shown. Currently, about 40% or more of drugs in develop-
ment and about 60% of molecules obtained directly from
synthesis are poorly soluble in water. The solubility behavior
of poorly water-soluble drugs remains one of the most
challenging aspects of formulation development (1,2).

Over the years, numerous processes and technologies
have been developed to enhance the solubility of drugs,
including chemical methods and physical approaches. Among
all the methods, use of solid dispersions (SDs) is considered
to be one of the most suitable choices to improve dissolution
rates and hence the bioavailability of poorly water-soluble
drugs. Through altering the drugs' physical status and particle
size, SD approaches can provide the following benefits for

drug delivery: enhancement of solubility and bioavailability;
rapid formulation for first use in man; time reduction of
process; development and scale-up; dose reduction; improved
efficacy; and reduction in variability between fed and fasted
conditions (3–8).

By dissolving both the active pharmaceutical ingredients
and the carriers in a common solvent or mixture of solvents
and then evaporating the solvent to achieve an SD is a widely
used process. Differences in solvent evaporation processes
are related to the solvent evaporation procedure, which
usually include vacuum drying, heating of the mixture on a
hot plate, slow evaporation of the solvent at low temperature,
the use of a rotary evaporator, a stream of nitrogen, spray-
drying, three-dimensional printing, freeze-drying, and the use
of supercritical fluids (9–13).

There are two problems associated with the traditional
solvent evaporation SDs. First, the advantages of SDs mainly
relied on the pharmaceutical excipients, and little effort has
been spent developing the microstructure of SD products,
even for third-generation SDs (14). This may be related to the
fact that SDs are always semi-finished products and must be
transferred into concrete dosage forms for patients. Second,
in the evaporation process, it is hard to remove the organic
solvents from the co-precipitates to an acceptable level
rapidly because the co-precipitates become more and more
viscous during the “drying” process, which prevents further
evaporation of the residual solvent and often results in the
formation of drug crystals in the SD (15,16). Fast removal of

1 College of Chemistry, Chemical Engineering and Biotechnology,
Donghua University, 2999 North Renmin Road, Songjiang District,
Shanghai 201620, China.

2 Institute for Health Research and Policy, London Metropolitan
University, London, N7 8DB, UK.

3 To whom correspondence should be addressed. (e-mail: lzhu@dhu.
edu.cn)

AAPS PharmSciTech, Vol. 11, No. 2, June 2010 (# 2010)
DOI: 10.1208/s12249-010-9438-4

809 1530-9932/10/0200-0809/0 # 2010 American Association of Pharmaceutical Scientists



the organic solvent during the preparation process can benefit
the characteristics of SD.

Nanotechnology may provide useful strategies for over-
coming these problems and result in SDs with superior
performance. Today, nano-ization strategies have been widely
used to enhance the dissolution properties and oral avail-
ability of numerous drugs that are poorly soluble in water, by
enlarging the surface area of the drug powder or changing the
crystalline form. The most commonly used methods in the
literature for this purpose are mainly nanocrystal and nano-
particle technologies (17–19). However, if microstructure and
nano-ization can be applied to poorly water-soluble drug SDs
with macroscopic configurations, it may endow the products
with both the merits possessed by “nano-” drug delivery
systems in altering the biopharmaceutic and pharmacokinetic
properties, together with the advantages of conventional solid
dosage forms.

In the past several years, electrospinning has regained
attention due in part to a surging interest in nanotechnology,
as nanofibers can be easily fabricated using this top-down
process (20). This process is able to combine the traditional
SD approaches and nano-medicinal strategies together natu-
rally and may show advantages over the traditional SD
preparation technologies both in the preparation process
and in the properties of the products.

In our previous studies, we have prepared drug-loaded
nanofibers and oral fast-dissolving membranes using the
electrospinning process (21,22). To further investigate the
advantages of the electrospinning process, the performance of
nanofiber-based SDs and for related fundamental reasons,
SD from three traditional processes, i.e., freeze-drying,
vacuum drying, and heating drying, were prepared and
characterized for comparison here.

MATERIALS AND METHODS

Materials

Acetaminophen (APAP, purity>99%) was obtained from
the 4th Pharmaceutical Factory of Weifang (Shandong,
China). Kollidon K90 (Mw=360,000, purity>95%) was
obtained from BASF Corp. (Ludwigshafen, Germany).
Anhydrous ethanol of analytical grade was purchased from
the Sinopharm Chemical Reagent Co., Ltd. All other
chemicals used were analytical grade, and water was distilled
before use.

Preparation of Drug-Polymer Co-dissolving Solutions

APAP and the polymer PVP K90 were co-dissolved in
90% aqueous ethanol at ambient temperature (24°C). The
concentrations of polymer polyvinylpyrrolidone (PVP) and
APAP were 8.0% (w/v) and 4.0% (w/v), respectively.
Mechanical stirring was applied for at least 2 h to achieve
homogeneous co-dissolving solutions. The solutions were
degassed with a SK5200H ultrasonator (350 W, Shanghai
Jinghong Instrument Co., Ltd. Shanghai, China) for 15 min
before SD preparation processes.

Preparation of SDs

Electrospinning. The electrospinning process was carried
out under ambient conditions (24°C and relative humidity
65±5%). The co-dissolving solutions were placed in a
syringe (10 ml) with a metal needle (diameter 0.5 mm). A
power supply (ZGF60KV/2 mA, Soute Co., Ltd., China)
was used at a voltage of 15 kV, and the electrospun
nanofibers were collected on aluminum foil at a distance of
15 cm. The flow rate was fixed at 3.0 ml/h by a syringe pump
(Cole-Parmer®, USA). The thickness of the electrospun
membrane can be manipulated simply by controlling the
continuous electrospinning time (21).

Freeze-drying. Ten milliliters of the co-dissolving solu-
tions was placed in a Petri-dish (12 cm in diameter) with
aluminum foil on the surface and were frozen in an ultra-low
temperature freezer (MDF-382E, SANYO Electric Biomed-
ical CO., Ltd., Japan) overnight at −85±1°C. Later, the frozen
solutions were dried using a freeze-drying machine (LGT-10,
Beijing Songyuan Huaxing Scientific CO., Ltd., China) at a
temperature of −46±1°C under a pressure of 900 Pa. The
dried membranes were peeled off from the aluminum foil
after reaching a constant weight (2,7,14).

Vacuum drying. Ten milliliters of the co-dissolving sol-
utions was placed in a Petri-dish (12 cm in diameter) with
aluminum foil on the surface and were dried in a DZF-6050
Electric Vacuum Drying Oven (Shanghai Laboratory Instru-
ment Work Co. Ltd., Shanghai, China) to facilitate the
removal of solvents at 50±1°C under vacuum (320 Pa). The
dried membranes were peeled off from the aluminum foil
after reaching a constant weight (2,7,14).

Heating drying. Ten milliliters of the co-dissolving sol-
utions was placed in a Petri-dish (12 cm in diameter) with
aluminum foil on the surface and were dried in a ZD-85 double
function gas bath constant temperature oscillator (Jintan
Science Analysis Instrument Co, Ltd, China) at a temperature
of 50±1°C. The dried membranes were peeled from the
aluminum foil after reaching a constant weight (2,14).

Characterization

A JSM-5600LV scanning electron microscope (Japan
Electron Optics Laboratory Co. Ltd.) was used to observe the
surface morphologies of membranes. Prior to examination,
samples were gold sputter-coated under argon to render them
electrically conductive. Pictures were then taken at an
excitation voltage of 15 kV.

The differential scanning calorimetry (DSC) analyses
were carried out using an MDSC 2910 differential scanning
calorimeter (TA Instruments Co., USA). The sample pans
were sealed and heated at 10°C/min from 20°C to 250°C. The
nitrogen gas flow rate was 40 ml/min.

The wide-angle X-ray diffractograms were obtained on a
D/Max-BR diffractometer (RigaKu, Japan) using a slit
detector with Cu Ka radiation in the 2q range of 5–60° at
40 mV and 300 mA. The samples were placed on an etched
glass slide and scanned at a rate of 10°/min.

The attenuated total reflectance Fourier transform infra-
red (ATR-FTIR) were carried out on a Nicolet-Nexus 670
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Fourier transform infrared (FTIR) spectrometer (Nicolet
Instrument Corporation, Madison, USA) at the scanning
range of 500–4,000 cm−1 and a resolution of 2 cm−1.

Drug Contents and In Vitro Dissolution Tests

APAP contents in SDs were determined. Six disks with a
diameter of 16 mm were cut from different places of the SDs
for evaluating the content uniformities. The disks were
dissolved in 0.1 mol/L phosphate buffer solution (PBS), and
absorbance at 257 nm was used to estimate the amounts of
APAP in the samples.

A nanofiber membrane was prepared for in vitro
dissolution tests, by conducting the electrospinning process
continuously for 4 h. The 3×3 cm2 samples were cut from the
dried membranes for in vitro dissolution tests. Thicknesses
were measured by an electronic digital caliper (Shanghai
Shenhan Measuring tools Co., Ltd., Shanghai, China) and
weights by an electronic balance (Sartorius, Göettingen,
Germany).

In vitro dissolution studies were conducted according to
the Chinese Pharmacopeia (2005 ED.) Method II, which is a
paddle method using a RCZ-8A dissolution apparatus
(Tianjin University Radio Factory, China) at 50 rpm in
900 ml 0.1 mol/L PBS at 37°C, sink conditions C<0.2Cs. At
predetermined time intervals, samples of 5.0 ml were with-
drawn from the dissolution medium and replaced with fresh
medium by means of injectors to maintain constant volume.
After filtration through a 0.22-µm membrane (Millipore,

USA) and appropriate dilution with PBS, the sample
solutions were analyzed at 257 nm by a UV spectrophotom-
eter (Unico Instrument Co. Ltd., Shanghai, China). Pure
APAP particles (<100 μm) were tested as control. The
amount of APAP present in the sample was calculated with
the help of an appropriate calibration curve. All the measure-
ments were carried out six times.

RESULTS AND DISCUSSION

Morphology

The surface morphologies of membranes from different
processes are shown in Fig. 1. It is evident that there are
many drug particles on the surface of membranes prepared
by heat-drying (Fig. 1a) and vacuum drying (Fig. 1b), whereas
there are no visible particles on the surface of membranes
prepared by freeze-drying (Fig. 1c) and by electrospun
nanofibers (Fig. 1d).

The surface of the heat-dried membrane was compact
with phase-separated particles having a relatively regular
shape and similar size, about 0.2 to 1.2 μm. The surface of the
vacuum-dried membrane was uneven with phase-separated
particles having an irregular shape and a large range of size
distributions. During the heat-drying process, the mixed
solvents ethanol and water were evaporated slowly, the co-
dissolving solutions gradually became more and more viscous,
and the whole drying process took a long time. In this
process, it is the drug molecular mobility (a key factor

Fig. 1. SEM images of membranes. Magnifications are ×2,000 for all the images, and ×10,000 for the further magnified images in the upper
right-hand corners. Images are of membranes formed by a heat-drying, b vacuum drying, c freeze-drying, and d electrospinning
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governing the stability of amorphous phases) that led to the
nucleation of APAP and growth of phase-separated particles
from the bulk membranes as the co-dissolving solutions were
transformed into solid state (23).

Vacuum drying at elevated temperature bears the risk of
phase separation because the mobility of drug and matrix
decrease slowly (24). Figure 1b clearly demonstrates this
phenomenon. This may be associated with the continuous
change of the solvents' evaporation rate under vacuum and
the moderate heating conditions, which resulted in a change
in the interfacial tension and the corresponding formation of
particles on the membrane surface from phase separation. In
comparison, in the heat-drying process, the evaporation rates
of solvents are relatively constant, resulting in a relatively
smooth surface and particles with more regular shape and less
range of size distributions than particles on vacuum-dried
membranes.

Freeze-drying is a promising and suitable technique to
incorporate drug substances in stabilizing matrices. The most
important advantage of freeze-drying is that the risk of phase
separation is minimized as soon as the solution is vitrified
(25). The freeze-dried membrane had many furrows on it but
no visible phase separation particles, which is a consequence
of the fast vitrification and sublimation of the solvents during
the freeze-drying process.

There were no particles visible on the surface of nano-
fibers, which had an estimated diameter of 300–800 nm. The
electrospinning process is very similar to the solvent methods
for preparing SD, as far as the removing of organic solvents is
concerned. During the electrospinning process, when the
polymer jet is ejected and accelerated toward the collector,
the solvent evaporates rapidly as the high surface area jet
travels to the target (26). As an outcome of rapid evaporation
of solvent, non-woven filament mats are formed rapidly, and
this leads to a decrease in drug mobility. When solvent
evaporation is complete, drug molecules are often “frozen” in
the polymer fibers matrix comparable to the liquid solutions.
All these processes are completed in several decades of
milliseconds. This left no time for the drug molecules to form
crystal lattices, and thus the drug complexed with the polymer
on a molecular scale in the nanofiber membrane.

Differential Scanning Calorimetry

The DSC thermograms of pure APAP (Fig. 2e) exhibited
a single endothermic response corresponding to the dissolu-
tion of the APAP at 169.8°C (ΔHf 118.45 J/g). The filament-
forming matrix polymer PVP did not show any fusion peak or
phase transition, apart from a broad endotherm due to
dehydration, which lies between 60–120°C with a peak at
86.1°C. (Fig. 2f; 27).

DSC thermograms of the freeze-dried membrane
(Fig. 2a), vacuum-dried membrane (Fig. 2b), and electrospun
nanofiber membrane (Fig. 2d) had almost the same behavior
with a broad endotherm, where the glass transition temper-
ature was lower than 84°C, and there was no melting peak of
the drug. This suggested that APAP was no longer present as
a crystalline material, but had been converted into an
amorphous state. APAP has been found to act as a plasticizer
when blended to different types of polymers. Structural
analogs of NSAIDs, responsible for the anti-inflammatory

effect, also contribute to the common plasticizing effects
(28,29). Here, APAP molecules served to plasticize the PVP,
leading to a reduction of the glass transition temperature. For
the heat-dried membrane, the DSC curve had an additional
temperature peak at 131.2°C besides another peak at 84.5°C.
This suggested that the SDs in the heat-dried membrane were
different from those prepared by the other processes, in
which almost all the drug existed in the membranes in an
amorphous status. However, there were still some APAP
crystals in the heat-dried membrane, which had different
crystalline behavior compared with the pure APAP particles
due to the influence of PVP on the nucleation and growth
processes of APAP re-crystallization (30). The particles on
the surface of heat-dried membranes may have a heteroge-
neous structure with mixed properties of amorphous particles
and nano-/micro-crystal particles. Whereas the particles on
the vacuum-dried membrane were totally amorphous com-
plexes of drug and PVP separated from the membrane body,
as indicated in Fig. 2b. On the other hand, the disruption of
the crystalline structure of APAP by the polymeric carrier
PVP during the re-crystallization process resulted in a lower
melting temperature, i.e., from 169.8°C of pure drug crystals
to 131.2°C of crystal particles of acetaminophen–polymer
polyvinylpyrrolidone (APAP–PVP).

As far as freeze-dried membranes and electrospun
nanofiber membranes are concerned, there is no phase
separation phenomenon leading to particles on the surface.
The reason for the former is that quickly freezing limited the
mobility of the drug and polymer molecules, and the reason
for the latter is that the solvent evaporation was too fast for

Fig. 2. DSC thermograms, representing the first scan with a scan rate
of 10°C/min, of membranes formed by a freeze-drying, b vacuum
drying, c heat-drying, d electrospinning, and of e pure APAP, and f
PVP K90
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drug molecules to have enough time to undergo nucleation
and crystal growth.

X-ray Diffraction

The X-ray diffraction patterns of the APAP, PVP, and of
membranes prepared by the different processes are compared
in Fig. 3. The presence of numerous distinct peaks (Fig. 3a)
indicated that APAP was present as a crystalline material
with characteristic diffraction peaks appearing at a diffraction
angle of 2θ at 12.04°, 15.40°, 20.28°, 24.24°, and 32.68°. The
PVP diffraction (Fig. 3b) exhibits a diffused background
pattern with two diffraction halos, which means that the
polymer is amorphous.

In the spectra of membranes, all the characteristic peaks
of APAP completely disappeared, but characteristic humps of
amorphous forms were observed at 20.40° for the heat-dried
membrane (Fig. 3d), 20.48° for the vacuum-dried membrane
(Fig. 3e), 20.98° for the freeze-dried membrane (Fig. 3f), and
22.06° for the electrospun nanofiber membrane (Fig. 3c).

In the XRD diffraction patterns of the four membranes,
the shape and the position of the amorphous halo are similar
but different. The incorporation and distributions of drug
molecules in the solid PVP membranes are mainly based on
the hydrogen bonding interactions between the APAP and
PVP molecules, which could alter the orientation, conforma-
tion, and organization of polymer chains in the amorphous
phase and thus change the amorphous packing density of
polymer chains, resulting in the difference of the widths and
positions of the amorphous halo in the XRD spectra (31). As
the packing density increased, the amorphous halo became

wider and shifted to higher angles correspondingly. Thus, the
following order of amorphous packing density is clear and
reasonable: heat-drying < vacuum drying < freeze-drying <
electrospinning.

The DSC results demonstrated that there were some
APAP crystalline particles in the heat-dried membrane, which
could not be detected from the XRD diffraction patterns.
This may be because the X-ray diffraction peaks were
covered by the high amorphous halo of the PVP–APAP
complex or that PVP absorbed to the APAP crystals formed
during the slow heat-drying process attenuated the X-ray
diffraction (30).

ATR-FTIR Spectroscopy

FTIR spectroscopy is often employed to study the
interactions in SD (32). ATR-FTIR spectra of pure APAP,
PVP K30, and membranes prepared by the different pro-
cesses are shown as Fig. 4.

The FTIR spectrum of pure APAP is shown in Fig. 4f.
The peak at 3,325 cm−1 is assigned to the N–H stretching
vibration, and the peaks around 3164 cm−1 might be due to
the OH stretching vibration plus other combination bands.
The peaks at 1,655, 1,565, and 1,260–1,228 cm−1 are assigned
to the C═O stretching vibration of amide I band, N–H in-
plane bending and/or C–N stretching of amides II and III
vibrational bands, respectively. The peaks at 1,611, 1,507, and
1,443 cm−1 is due to the C–C bond stretching of aromatic
benzene ring (33–35). The spectrum of PVP K30 (Fig. 4e)
showed important bands at 2,953 cm−1 (C–H stretch) and
1661 cm−1 (C═O) (36).

The vacuum-dried membrane (Fig. 4a), freeze-dried
membrane (Fig. 4b), and electrospun membrane (Fig. 4d)
had similar FTIR spectra. The sharp peak of 3,325 cm−1 and
peaks around 3,164 cm−1 in the pure APAP spectrum have
changed to broad but weak bands in the membranes, i.e.,
3,251, 3,261, and 3,268 cm−1 for electrospun membrane,
freeze-dried membrane, and vacuum-dried membrane,
respectively. The peaks at 1,611, 1,507, and 1,443 cm−1

corresponding to the C═C stretching of the aromatic
benzene ring attenuated, shifted, or even disappeared in the
membrane spectra. In the fingerprint regions, almost all of the
peaks were shifted, decreased in intensity, or even
disappeared from the spectra of the three membranes. All
these were attributed to the hydrogen bonding between the
hydroxyl group of APAP and the carboxyl group of PVP in
the solid membrane, which has also been demonstrated in
other reports (32,37). In theory, PVP is capable of forming a
hydrogen bond either through the nitrogen or carbonyl group
on the pyrrole ring. However, steric hindrance precludes the
involvement of nitrogen atom in intermolecular interactions,
thus making the carbonyl group more favorable for hydrogen
bonding (38), shown in Fig. 5b.

The FTIR spectra of the heat-dried membrane still
showed a small peak of –NH valence vibration at
3,325 cm−1. The wave number peaks are similar to the pure
APAP but with a shift to lower wave numbers and with
weaker peak intensity. All these suggest that there were some
APAP crystals in the heat-dried membrane in addition to the
APAP–PVP H-bonding complex, which concurs with the
results of DSC.

Fig. 3. X-ray diffraction patterns using a slit detector and with a scan
rate of 10°/min of a APAP, b PVP K90, and membranes prepared by c
electrospinning, d heat-drying, e vacuum drying, and f freeze-drying
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When the co-dissolving solutions of APAP and PVP K30
were drying under a constant moderate temperature, the drug
APAP gradually became supersaturated in the co-dissolving
solutions as the solvent evaporated. The drug molecular
mobility, hydrogen bonding between APAP molecules
(Fig. 5a), and the nature of interactions between PVP and
APAP are physical and reversible (38) and lead to nucleation
and crystal growth to some extent during the drying process,
although PVP is found to strongly reduce the crystal growth
rate by several orders of magnitude. On the other hand,
during the later time period of the heat-drying process, the
co-precipitates became more and more viscous and prevent
further evaporation of the residual solvent, leaving a long
time for the nucleation and crystal growth. De Villiers et al.
reported similar results that there was still 1.99±0.3%
crystalline APAP in SDs with ethanol as the co-solvent
of APAP and PVP K30 and a drug content of 30.10% by
weight (39).

Drug Contents and In Vitro Dissolution Tests

The average values of drug contents in six disks were
10.321±0.008, 11.044±0.009, 10.963±0.008, and 10.892±
0.010 mg, meaning the relative standard deviations were
0.78%, 0.81%, 0.73%, and 0.92%, for membranes prepared
from electrospinning, freeze-drying, vacuum drying, and heat-
drying processes, respectively. Drug content uniformity can
be ensured because all the SDs were prepared from totally
co-dissolving solutions and APAP and PVP had good
compatibility.

The 3×3 cm2 patches of vacuum-dried membrane,
freeze-dried membrane, and the heat-dried membrane had
an average thickness of 0.161±0.011, 0.157±0.013, and 0.152±
0.010 mm and had an average weight of 146.9±1.1, 148.7±1.4,
and 145.9±1.2 mg, respectively. The 3×3 cm2 electrospun
patches had an average thickness of 0.871±0.042 and an
average weight of 138.5±2.1 mg. Correspondingly, the
densities were 1.014, 1.052, 1.067, and 0.1767 g/cm3 for
membranes prepared from vacuum-dried, freeze-dried, heat-
dried, and electrospinning processes. All the sample patches
had very similar amounts of drug, thus ensuring compatibility
of measurements, for in vitro dissolution tests. The
electrospun membranes had a very low density due to their
highly porosity, but their thickness could be increased easily
by prolonging the electrospinning time to manipulate the
drug amount in the cut patches.

The dissolution profiles of membranes from different
processes and the pure APAP particles are shown in Fig. 6,
from which the following order of dissolution rate was found:
electrospun membrane > freeze-dried membrane ≈ vacuum-
dried membrane > heat-dried membrane > APAP particles.
As shown in Fig. 6a, for the drug-loaded nanofiber mem-
branes prepared by electrospinning 93.8% of APAP was free
out in the dissolution medium in the first 2 min, and all APAP
was exhausted in 5 min.

The time taken for the freeze-dried membrane (Fig. 6b)
and vacuum-dried membrane (Fig. 6c) to release all the
APAP was about 20 min. The regressed linear equations of
the in vitro dissolution profiles were Y=4.6387X+2.8661 (R=
0.9854) and Y=4.4675X+3.9348 (R=0.9832) for freeze-dried
membrane and vacuum-dried membrane, respectively, sug-
gesting that APAP in them was released linearly. The heat-
dried membrane took 30 min to dissolve and release all the
drug. The regressed linear equations of the in vitro dissolution
profiles were Y=3.2541X+2.2659 (R=0.9780), suggesting an
approximately linear release manner (Fig. 6d). The APAP
particles had a fast release rate at the beginning, but this was
followed later by an unfavorable prolonged tailing-off of
release toward completion, shown in Fig. 6e.

All the membranes were able to completely avoid the
tailing-off of drug release due to the even distribution of
APAP in the PVP matrix, and most of the drug was in an
amorphous state. This is very useful for the reproducibility

Fig. 5. Hydrogen bonding: a APAP–APAP, b APAP–PVP K90

Fig. 4. ATR-FTIR spectra: membranes prepared by a vacuum drying,
b freeze-drying, c heat-drying, d electrospinning, e PVP K90, f APAP
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and robustness of drug release profiles. In comparison, the
conventional tablets often have release tailing-off effects
often caused by the large size of the drug particles (40,41).

The vacuum-dried membrane, freeze-dried membrane,
and the heat-dried membrane release the incorporated APAP
with zero-order kinetics. This may be because the membranes
had almost a constant drug release surface area, due to the
thin film structure, and hence the drug release was controlled
by the dissolution and erosion process of the polymer. There
are two stages involved in the polymer dissolution process: in
the first place, the amorphous, glassy polymer PVP absorbs
solvent to form a swollen gel, and next the swollen polymer
chain disentangles and disperses into the solution (42,43).
Thus, there are three factors that determine the dissolution
rate of the loaded drug: (1) the polymer–solvent interactions,
(2) the structure and the porosity of the solid membrane, and
(3) the physical status of the drug distributed in the polymer
matrix.

Accordingly, the fact that the electrospun membrane had
the fastest dissolution rate can be attributed to the following
reasons: (1) PVP has hygroscopic and hydrophilic properties,
and the polymer–solvent interactions are higher than the
polymer–polymer attraction forces, so that the polymer chain
can absorb solvent molecules rapidly, causing an increase in
the volume of the polymer matrix, and the polymer chains
loosen out from their coiled shape; (2) the three-dimensional
continuous web structure of the membrane can offer a huge
surface area for the PVP to absorb water molecules, greater
porosity for the water molecules to diffuse into the inner part

of the membrane, and void space for the polymer to be
swollen, disentangle, and for the dissolved APAP molecules
to disperse into the bulk dissolution medium; (3) the drug and
the matrix polymer formed composites at a molecular level;
thus, the APAP molecules can dissolve simultaneously with
PVP molecules.

The vacuum-dried membrane and the freeze-dried
membrane had some void space formed during the drying
process due to the vacuum condition leading to the fast
evaporation of solvent, but the porosity cannot be matched
with that of the electrospun membrane. The heat-dried
membrane had a compact structure resulting from the slow
evaporation of solvents, which would retard the diffusion of
water molecules in the membrane dissolution process. In
addition, there were crystalline APAP particles in the mem-
brane, for which an additional time period was needed for
APAP molecules to leave the crystal lattice progressively.
Thus, the heat-dried membrane had an even slower dissolution
rate than the others. The drug particles in the vacuum-dried
membrane were a complex of PVP–APAP and the drug was
totally amorphous, thus the drug particles had little influence
on the synchronous dissolution of drug and PVP molecules.

For pure APAP particles, the dominant factor that
controls their dissolution rate is their dimensions. Two
characteristics were clear for APAP particles release profiles:
(1) 75% of the drug was released in the first quarter and (2)
the exhaustion time was over an hour. The former resulted
from the smaller APAP particles, and the latter long tailing-
off time periods was unavoidable due to the presence of
bigger APAP particles.

Methods for improving drug solubility or dissolution rate
continue to be highly sought after (44,45). Generally, the
search for such methods has been guided by the Noyes–
Whitney equation (46,47), which defines dissolution rate (dX/
dt) as follows:

dX=dt ¼ A�D=dð Þ � C0 �X=Vð Þ
Where X is the amount of drug in solution, t is time, A is
the effective surface area, D is the diffusion coefficient of the
drug, δ is the effective diffusion boundary layer, C0 is the
saturation solubility of the drug, and V is the volume of
the dissolution medium. Based on this equation, the reasons
that the electrospinning membrane exhibited more effective
results in improving drug dissolution rate than the other
membranes are listed in Table I.

The rate of dissolution is directly proportional to the
surface area of the drug and to the drug concentration
gradients in the dissolution medium, but is inversely propor-
tional to the diffusion layer thickness at the solid–liquid
interface. With regard to electrospinning membranes, first,

Fig. 6. APAP dissolution profiles from membranes prepared by a
electrospinning, b freeze-drying, c vacuum drying, d heat-drying, e
profile of pure APAP particles

Table I. Comparison of Factors that Improve Drug Dissolution Rate

SDs A (surface area) δ (diffusion layer thickness) (C0-X/V)*

Electrospinning Very large Nano-scale Big
Freeze-dried Limited Normal Normal
Vacuum-dried Limited Normal Normal
Heat-dried More limited Normal Normal

SDs solid dispersions
*Drug concentration gradients in the dissolution medium
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their three-dimensional continuous nanoweb structure, and
the molecular distributions of drug in them can provide
tremendous surface area for the drug to be exposed to the
dissolution media, and certainly, the great porosity facilitated
the fast mass transformation of solvent and drug molecules
from or to the dissolution medium. Secondly, a combination
of the nano-scale diameters of the nanofibers which greatly
decreases the diffusional layer thickness with the uniform
PVP–APAP complex in the nanofibers, can greatly improve
the drug wettability. Thirdly, the fast dissolution of the drug-
loaded PVP nanofibers in the inner part of the electrospun
membranes could augment the concentrations of supersatu-
rated drug solution, especially with the presence of PVP, and
thus correspondingly increase the drug gradients for rapid
diffusion of drug molecules. In a word, it is the synergistic
effect of nanosizing of fibers, web structure of the mem-
branes, and composites of drug with the filament-forming
matrix that endowed this novel type of SD with the marked
effect of improving the dissolution rate of poorly water-
soluble drugs.

The other three membranes had very limited surface
areas, not enough porosity for quickly transferring solvent
and drug molecules, and thus they dissolved gradually by the
erosion of the surface of the whole membrane one layer after
another layer. Especially for heat-dried membranes, they had
a compact structure and some crystalline drug particles,
resulting in an even poorer effect on improving the drug
dissolution rate. Nevertheless, the SD membranes gave more
stable drug release profiles than the crude drug particles. It
can also be expected that the SD membranes from traditional
processes would show better improving effects if the drug was
more poorly soluble than APAP or if the excipient PVP had a
smaller molecular weight, such as PVP K30.

Certainly, there are some other advantages of the nano-
fiber-based SD, such as easiness for formulations develop-
ment, good stability due to the stereo web structure against
the aging of SD, which is under investigation now. On the
other hand, some researches are now focusing on the mass
preparation of nanofibers for scale-up in production (48).

CONCLUSIONS

Nanofiber-based SD of APAP in the hydrophilic polymer
PVP were prepared successfully using electrospinning process
and were compared with those SD prepared by traditional SD
processes, such as freeze-drying; vacuum drying, and heat-
drying. SEM observations showed that there were micro-
particles on the heat-dried and vacuum-dried membranes due
to phase separation during the drying process. There was no
obvious particles on the surface of freeze-dried membranes
and electrospun nanofibers. The very fast drying process
of electrospinning and the fast vitrification and sublimation of
freeze-drying process resulted in totally amorphous state of
APAP in the PVP matrix membranes. The in vitro dissolution
tests illustrated that the electrospun nanofibers released
93.8% of the containing APAP in the first 2 min and that
the dissolution rates of APAP from the different SD had the
following order: electrospun > vacuum-dried ≈ freeze-dried >
heating-dried. The freeze-dried membrane had a similar drug
release rate to the vacuum-dried membrane, and both were
far slower than release from the electrospun nanofibers. What

plays a determining role here is that the electrospun nano-
fiber membranes had a three-dimensional continuous web
microstructure, which endowed them with excellent dissolu-
tion-improving effects for APAP. Novel electrospun nano-
fiber-based SD with microstructural characteristics exhibited
excellent performance compared with SD prepared from
conventional processes in improving dissolution rate of
poorly water-soluble drugs.
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