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Abstract In this work, blended nanofibrous membranes
were prepared by an electrospinning technique with poly-
vinylpyrrolidone (PVP) K90 as the filament-forming poly-
mer, and emodin, an extract of polygonum cuspidate known
as a medicinal plant, as the treatment drug. Detailed anal-
ysis of the blended nanofibrous membrane by scanning
electron microscopy, Differential scanning calorimetry and
X-ray diffraction revealed that emodin was well distributed
in the ultrafine fibers in the form of amorphous nanosolid
dispersions. Results from attenuated total reflectance
Fourier transform infrared spectra suggested that the main
interactions between PVP and emodin might be mediated
through hydrogen bonding. In vitro dissolution tests proved
that the blended nanofibrous membrane produced more
desired release kinetics of the entrapped drug (emodin) as
compared to the pure drug. Furthermore, wound healing test
and histological evaluation revealed that the emodin loaded
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nanofibrous membrane to be more effective as a healing
accelerator thereby proving potential strategies to develop
composite drug delivery system as well as promising
materials for future therapeutic biomedical applications.

1 Introduction

Acute wound exists in all patients underwent surgical
procedures or with trauma. In the United States alone,
approximately 50 million surgical procedures are per-
formed each year and the need for postsurgical wound care
is sharply on the rise with the expectation to reach more
than 38.0 million by 2012. Moreover, fifty million addi-
tional traumatic wounds add to the burden of acute wound
morbidity [1, 2].These wounds are posing critical clinical
challenges. Although surgical interventions such as
free flap transfer may achieve some improvements, those
operative procedures, representing the only solution to heal
tissue defects, are often followed by donor site morbidity
and subsequent loss of function, let alone severe compli-
cations such as flap compromise [3]. Therefore, noninva-
sive wound management via topical administration of
pro-healing agents restored in a biocompatible dressing
materials that can create and maintain an optimal wound
healing environment has become popular and proven to be
effective [4]. Recently, nanofibrous nonwoven membranes
as drug delivery systems produced by an electrospinning
process have been shown great potential and therefore has
become the focus of attention [5, 6]. This simple, versatile
and useful technique has made it available to produce
ultrafine fibers from polymer solutions with diameters in
the range of nanometer to sub-micrometers [7], which in
turn, to fabricate porous, nanofibrous structured mem-
branes that bare favorable properties for wound dressing
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such as excellent oxygen permeability, maintenance of
a moist environment, protection against microorganism,
conformation to the wound surface and the potential for
leaving no scar [8, 9]. A particular advantage of this
delivery system would be the possibility of delivering
uniform, high, controlled doses of bioactive agents at the
wound site, which is also based on its unique structural and
physical properties: (1) the extraordinary high surface area
per unit mass of the fibers facilitates fast release of the
restored active ingredients; (2) fibrous membranes have
high porosity and the selected drug can exist in electrospun
nanofibers in an amorphous state or as nanocrystals, which
can be very useful for increasing both the solubility and the
dissolution rate of poorly water-soluble drugs [4, 6].

Emodin (1,3,8-trihydroxy-6-methyl-anthraquinone, Fig. 1a)
is an anthraquinone derivative from the roots of Polygo-
num cuspidate (Chinese name Huzhang), a Chinese herb
that has been widely used for the treatment of suppurative
dermatitis, gonorrhea, arthralgia and so on [10]. The
reported biological effects of emodin include anti-
inflammatory, antibacterial and enhance the nucleotide
excision repair of DNA damage in human cells [11].
Recently, study indicates that emodin also has the ability
to accelerate wound healing which is related to TGF-f1/
Smad signaling pathway [12].

As an aid to increase the solubility of drugs and as an
inhibitor of recrystallisation, Polyvinylpyrrolidone (PVP,
Fig. 1b) is another important polymer commonly used in
medical or pharmaceutical industries [13, 14]. The U.S.
Food and Drug Administration has approved this chemical
for a wide variety of applications and it is generally con-
sidered safe. Due to its well spinnable and water soluble
feature, electrospun PVP fibers have already been used to
load various drug for improving their bioavailability
[15, 16].

In this study, we demonstrated the utility of a novel
polymeric, nanofiber based drug delivery system—emodin/
PVP electrospun nanofibrous membrane as a topical wound
healing agent in treating acute full-thickness skin wound in
a mouse model.
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Fig. 1 Chemical structure: a emodin (1,3,8-trihydroxy-6-methyl-
anthraquinone), b PVP
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2 Materials and methods
2.1 Materials

PVP (K90, M = 360,000 Da) was purchased from Shanghai
Yunhong Pharmaceutical Aids and Technology Co., Ltd
(Shanghai, China). The dried roots of polygonum cuspidate
were provided by Shanghai Chen-shan Botanical Garden
(Shanghai, China). Anhydrous ethanol was provided by Sin-
opharm Chemical Reagent Co., Ltd (Shanghai, China). All
other chemicals used were analytical grade. Water was double
distilled just before use.

2.2 Extraction and purification of emodin

Our protocol to extract and purification emodin from
polygonum cuspidate is based on previous literature [17].

2.3 Preparation of spinning solution

All electrospinning processes were performed at ambient
conditions (temperature 24-25 °C and relative humidity
~65 %). Emodin and PVP K90 were dissolved in ethanol
in turn. The concentration of PVP was fixed at 10 (w/v) %
while the concentration of emodin was 0.2 (W/v) %,
meaning drug-to-PVP weight ratios of 2:100 in the dry
fibers. Mechanical stirring was applied for at least 2 h to
obtain homogeneous co-dissolved spinning solutions.
Before spinning, the solution was stirred until it became
clear and was degassed with a SK5200H ultrasonicator
(350 W, Shanghai Jinghong Instrument Co., Ltd Shanghai,
China) for 15 min.

2.4 Electrospinning

To avoid air bubbles, degassed spinning solutions were
carefully loaded into a 5 ml syringe with a stainless
steel capillary metal-hub needle with inside diameter at
0.8 mm. Before applying a high voltage power supply
(ZGF60 kV/2 mA, Shanghai, China), collector covered
with aluminium foil was employed to deposit the elec-
trospun fibers. During the electrospinning, the voltage was
kept in 10 kV, and the distance between the needle and
collector maintained at 15 cm. The flow rate was con-
trolled at 1.5 ml h™' by means of a single syringe pump
(KDS 100, Cole-Parmer, Vernon Hills, IL, USA). After
electrospinning, fibers were further dried at 50 °C under
vacuum (320 Pa) in a DZF-6050 Electric Vacuum Drying
Oven (Shanghai Laboratory Instrument Work Co., Ltd.,
Shanghai, China) for 24 h to remove residual organic
solvents and water.
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2.5 Characterization of electrospun nanofibrous
membrane

The fiber membranes were cut into 16 cm diameter discs as
samples for pharmacotechnical experiments. To ensure a
representative count, all the following experiments were
carried out in triplicate.

2.5.1 Morphology

The macroscopic morphology and surface texture of electro-
spun fibers was assessed by Scanning electron microscopy
(SEM, JSM-5600LV instrument, JOEL, Tokyo, Japan). 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.

2.5.2 Differential scanning calorimetry analysis

Differential scanning calorimetry (DSC) was measured by
means of an MDSC2910 differential scanning calorimeter
(TA Instruments Co., New Castle, DE, USA). Sealed
samples were heated at 10 K min~' from 50 to 300 °C
under nitrogen. The gas flow rate was fixed at 40 ml min~"
during the process of analysis.

2.5.3 X-ray diffraction analysis

Wide angle X-ray diffraction (XRD) was obtained by the
aid of a D/Max-BR diffractometer (RigaKu, Tokyo, Japan),
with Cu Ko radiation in the 26 range of 5°-60° at 40 mV
and 300 mA.

2.5.4 Attenuated total reflectance Fourier transform
infrared spectra analysis

Attenuated total reflectance Fourier transform infrared spectra
(ATR-FTIR)were obtained on a Nicolet-Nexus 670 FTIR
spectrometer (Nicolet Instrument Corporation, Madison, W1,
USA) using the KBr disk method (2 mg sample in
200 mg KBr) at the scanning range of 500—4,000 cm ™" and a

resolution of 2 cm™ .

2.5.5 In vitro dissolution tests

The in vitro dissolution tests were conducted using a ZRS-
8G dissolution tester (Tianjin, China) based on the paddle
method of Chinese Pharmacopoeia (2005 Edn.). Samples
of emodin-loaded nanofibers and pure emodin were
immersed in 900 ml normal saline solution (0.9 % NaCl
solution) under constant stirring at 37 °C. At certain time
intervals, 3 ml solution was taken out of the buffer into test
tube with 2 ml NaOH solution (0.025 mol I"'). Then

another 3 ml fresh buffer solution was added into the dis-
solution system. The amount of drug released was deter-
mined by a UV spectrophotometer (Unico Instrument,
Shanghai, China) at wavelength of 530 nm. The release
experiments of each sample were performed in triplicate.
Average values of the dissolved drug at specified time
periods were plotted as percentage released versus time
(min).

2.6 In vivo wound healing test
2.6.1 Animals

All protocols were approved by the Shanghai Jiaotong
University Medical Center Institutional Animal Care and
Use Committee. 15 male K.M. mice (provided by the
Department of Laboratory Animal Science, Shanghai
Jiaotong University, Shanghai, China) weighting 24-29 g
were used in this study and housed in groups of five ani-
mals each, with 12:12 h light—dark cycle and with food and
water ad libitum.

2.6.2 Surgical procedure

The previously described protocol to establish mice model
of acute full-thickness skin wound was modified in this
study. Briefly, mice were anaesthetized with an intraperi-
toneal injection of ketamine (100 mg kg'). Their dorsal
skins were depilated with 8 % sodium sulfide and swabbed
with povidone-iodine followed by 75 % ethanol for three
times. On day 0, Two full-thickness round wounds (10 mm
of diameter each) were created on the upper back of each
mouse. Mice were randomly assigned to three trial groups
(n = 5 for each group) and were then subjected to different
kinds of treatments: (1) receives emodin/PVP blended
nanofibrous membrane; (2) receives solo PVP electrospun
nanofibrous membrane of the same size; (3) receives no
treatment as control group. All wounds were then fixed by
sterile Medical Infusion Fixation Paster (RENHE Medical
Supplies Company Co., Ltd., Zhejiang, China). Fresh
nanofibrous membranes of the same type were reapplied
with the change of the Fixation Paster every other day
(at even days) in group (1) and (2) while in the control
group, only Fixation Paster was changed at same intervals
[18-20]. All wounds were photographed from a standard
height at odd days.

2.6.3 Wound closure analysis
Three independent, blinded observers evaluated the wound
appearances and measured the wound size using plani-

metric methods (Adobe Photoshop CS5 Software) from the
digital photographs taken over a period of 15 days.

@ Springer



2712

J Mater Sci: Mater Med (2012) 23:2709-2716

The percentage of wound healing is defined as
B/A x 100 %, where A is the initial wound area and B is
the wound area after a fixed time interval.

2.6.4 Histological evaluations

On day 15, animals of each group were euthanized. The
reconstituted skin was cut to the control depth determined
as the layer of panniculus carnosus and harvested including
surrounding skin area of 0.5 cm. Samples were fixed with
neutral formalin 10 %, embedded in paraffin, and then
sectioned with a microtome to obtain 4-5 pum-thick par-
affin sections to be stained according to routine Hema-
toxylin and Eosin (H&E) protocols [21, 22]. Digital images
of each H&E stained wound cross sections were prepared.
Three independent, blinded observers performed the his-
tological evaluation, parameters such as degree of re-epi-
thelialization, granulation tissue thickness, matrix density,
inflammatory cell infiltration, and capillary formation were
used to evaluate the degree of wound healing [23, 24].

2.6.5 Statistical analysis

Data were collected from ten samples and were expressed
as mean =+ standard deviation (SD). Statistical analysis
was performed with Student’s ¢ test and significance was
determined at P < 0.05.

3 Results and discussion
3.1 Morphology

Surface morphologies of the electrospun PVP nanofiber
with or without emodin were shown in Fig. 2. It demon-
strated that there were not any visible aggregates separating
out from the fiber matrix, suggesting that phase separa-
tion had not happened during electrospinning processing.
Hence, the system could be termed as nanosolid disper-
sions. These results validate that our electrospun nanofiber
possesses necessary biochemical properties to recruit

Fig. 2 SEM images: a emodin/
PVP nanofibers, b PVP
nanofibers

@ Springer

emodin onto its surface and provides a favorable bio-
physical environment for the drug to be stably existed [25].

3.2 Differential scanning calorimetry analysis

DSC thermograms are given in Fig. 3. It showed that the
pure emodin exhibited a single endothermic response cor-
responding to the melting of the drug at 257 °C. As an
amorphous polymer, PVP K90 did not show any fusion
peak or phase transition, apart from a broad endotherm due
to dehydration, which lies between 80 and 120 °C. The
DSC curve of the medicated nanofiber do not present any
melting peak but a broad endotherm ranging from about
70-110 °C, assuming that emodin in the composite fibers
has lost its original crystalline state and has been changed
into an amorphous state.

3.3 X-ray diffraction analysis

The existence of numerous notable peaks in the XRD spec-
trum of emodin indicated that raw drug was present in the
crystalline form, with the characteristic diffraction peaks
appearing at diffraction angles 26 of 9.76°, 12.92°, 26.08°,
and 28.20°. On the contrary, the spectrum of amorphous PVP
K90 was characterized by the complete absence of any dif-
fraction peak, suggesting that the molecular orientation and
arrangement of the polymer were disordered. Similarly,
there are no discrete peaks in the medicated nanofibers,
which revealed that drug no longer existed as a crystalline
material, and was completely converted into the amorphous
state (Fig. 4). All results achieved from the XRD analysis
coincided with those from the DSC analysis.

3.4 Attenuated total reflectance Fourier transform
infrared spectra analysis

The attenuated total reflectance Fourier transform infrared

spectra of PVP, emodin and emodin loaded nanofibers are
shown in Fig. 5. As illustrated, the dominant peak of PVP
appeared at 1,662 cm ™' (C=0 stretching), and 2,943 cm™
(C-H stretching). A broad band was also visible at 3,459 and

1
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Fig. 5 ATR-FTIR spectra: a PVP nanofiber, b emodin, ¢ emodin/
PVP blended nanofiber

3,382 cm~! in PVP and emodin/PVP blended nanofibrous
membrane due to the presence of water, causing the broad
endotherm detected in the DSC experiments. Two charac-
teristic sharp peaks are visible in the emodin spectrum. One
is at 1,621 cm™!, the other at 3,386 cm™!, which is con-
sistent with the standard infrared spectra of this phenolic
compound, representing the formation of emodin crystalline.
In the spectrum of the medicated fibers, the peak at
1,621 cm™' disappeared, when emodin was incorporated
into the electrospun nanofiber. It seems to be the disruption
of the interaction between the emodin molecules and the
formation of the hydrogen bond between PVP and emodin
that made the drug distribute in the polymer composite at a
molecular level, not as a dimer crystalline lattice. These
interactions also showed the compatibility between drug and
polymer composite, and could be favorable to the stability of
dispersions of drug in the electrospun matrix.

3.5 In vitro dissolution tests

The release profiles of the pure emodin and emodin from
medicated nanofibrous membrane are shown in Fig. 6. It
demonstrated a marked improvement of the dissolution rate
of emodin in the nanofibrous membranes compared to that of
the pure drug. For the membrane, 73.2 % and 96.7 %,
respectively, of emodin dissolved in the first 30 and 60 min.
After 90 min, nearly all emodin in the membrane was
released into the dissolution medium and the exhaustion time
for the drug was about 120 min, while at the same time only
4.2 % of the drug was freed from the pure emodin particles.
The better dissolution profiles of emodin in the membrane
can be partially ascribed to the above-mentioned reasons
such as high surface area of the nanofiber material, the
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Fig. 6 Dissolution profiles of emodin: a emodin/PVP blended
nanofiber » emodin particles (pure drug)
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abundant porosity, and the excellent wettability of PVP, but
more importantly, is the enhanced surface area of emodin in
the form of nanosolid dispersions and the physical status of
the high energy amorphous or molecular form.

3.6 In vivo wound healing test and histological
evaluation

Both emodin loaded/non-loaded nanofibrous membranes are
quickly attached to the wound surface when applied, and the
electrospun nanofiber material has a trend to contract and
dissolve under wet conditions. During the experiment, there
were no local and systemic adverse reactions such as edema,
erythema and skin irritation occurred on the treated mice,
indicating that the nanofiber material is highly biocompati-
ble to the wound surface without invoking any cyto-toxic and
allergenic effects, and its surface biochemistry is favorable
for attachment, which is critical for wound healing. The
wound appearance are summarized and shown in Fig. 7a:
In the control group, wounds dried faster than those covered
by the nanofibrous membranes and newly formed crust were
contaminated with dirt and dust which were easily abraded
thus creating new wounds. By comparison, wounds treated
by emodin loaded nanofibrous membrane showed better
fluid retainment, and a continuous re-epithelialization with
shrinkage of the wound area was observed. Our findings
consist with previous literature that a moist environment
helps promote more rapid re-epithelialization [26].

3.6.1 Wound closure analysis
Figure 7b Showed the changes in wound areas at different
healing times using emodin/PVP nanofibrous membrane,

simple PVP nanofibrous membrane, and none treatment
(negative control). All electrospun nanofibrous membranes

(a) Day 0 i Da!_3

0.9

Control

0.8

0.7

0.6

0.5

PVP

0.4

Wound closure (%)

0.3

0.2

—— emodin/PVP
—— PVP
0.1 —— Control

(with or without emodin) showed a promoted wound
healing in 15 days. The wound areas decreased gradually
and reached about 5.18 and 9.32 % respectively, on day 15
when electrospun nanofibrous membranes (with or without
emodin) were used; whereas in the none treatment group,
only 17.28 % of the initial wound area was reached
(P < 0.05). Therefore, emodin/PVP nanofibrous membrane
was found to be better than none treatment (P < 0.05) and
simple PVP nanofibrous membrane in promoting wound
healing (although the difference to the latter was not sta-
tistically significant on day 5, 7 and 9). The accelerated
wound healing validated our hypothesis that a highly por-
ous structure and a high surface area of nanofiber together
with functional pro-healing drug allow the fabricated
material to be a vigorous healing accelerator.

3.6.2 Histological evaluations

Accordingly, histological evaluation further confirmed its
elevated healing ability 15 days post-wounding. Figure. 8
showed the healing patterns of the treated and untreated
samples under histological evaluation. There was a marked
infiltration of the inflammatory cells, increased young
capillaries and enhanced proliferation of fibroblasts in the
emodin/PVP nanofibrous membrane treated group, the
wound area was observed to be filled with dense connec-
tive tissues (granular layer formation, e). In the control
group (a) and the group treated with PVP nanofibrous
membrane(c), the inflammatory response and -cellular
infiltration were observed but less evident, newly formed
connective tissues and blood vessels could be found,
however, the density of collagen fiber bundles was lower
and their distribution was not even (b, d) when compared to
that of the medicated fibrous membrane treated group
(f) [27]. Tt is noteworthy that the electrospun nanofibrous

emodin/PVP

1 3 5 7 9 1 13 15
Days post wounding

Fig. 7 a Wound size and appearances at different time point’s b wound healing test

@ Springer



J Mater Sci: Mater Med (2012) 23:2709-2716

Fig. 8 Histological evaluation with Hematoxylin and Eosin-stain in
different groups on day 15. a, b control; ¢, d PVP nanofibrous
membrane treated group; e, f emodin/PVP nanofibrous membrane
treated group. Scale bars: (low magnification, 100 pm; high magni-
fication, 25 um). Collagen fibrils in e were spreading into almost all

membrane is likely to contract and dissolve in a wet
environment, a disadvantage that the membrane has a
tendency toward degradation in a short period of time
during the in vivo experiment. It might be explained that
the ultrafine nanofibrous membrane is insufficient in
thickness and do not have support structure to sustain.
Although electrospinning of scaffolds thicker than 300 um
is difficult due to current technical limitations, thicker
scaffolds, however, could be fabricated by the fine tuning
of process parameters [22]. One possible speculation would
be that this medicated nanofibrous membrane could be
used as a functional constituent to prepare better porous
three dimensional dressing material, or even tissue engi-
neered living wound dressing when combined with other
selected bioactive scaffold forming materials [28], a simple
way to achieve this, presumably, would be the use the of
mechanical compression forming technique [29].

4 Conclusion

Emodin could be successfully incorporated into a highly
porous nanofibrous membrane. Results from SEM, DSC
and XRD adequately demonstrated that emodin was hom-
ogenously distributed in the form of amorphous nanosolid
dispersions. ATR-FTIR results illustrated that the main

of pores; they were densely-packed and compactly arranged with
more fibroblasts cells f. However, in a and c, they were just loosely
packed and irregularly arranged with interstices obviously been seen,
and wounds were only moderately cellular with fibroblast cells b, d.
Besides, more capillaries could be found in e than that in a and ¢

interactions between PVP and emodin might be mediated
through hydrogen bonding. Drug release test demonstrated
its potential as drug delivery systems to largely improve
emodin’s dissolution profiles. In vivo wound healing test
and histological evaluation further showed that the medi-
cated nanofibrous material is nontoxic, nonallergenic and
highly biocompatible to the wound surface and its appli-
cation can accelerate wound healing. Taken together, our
study provides evident that the loaded drug retained its
biological functionality, suggesting that electrospinning is
a good method to incorporate and release drugs in nano-
fibrous materials, which have the great potential in strate-
gies to develop promising material and drug delivery
system for novel therapeutic applications, such as scaffolds
for tissue engineering and more specifically, biomedical
wound dressings for the acceleration of acute full-thickness
skin wounds [8, 30].
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