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ABSTRACT

Purpose To design and fabricate multicomponent amorphous
electrospun nancofibers for synergistically improving the disso-
lution rate and permeation profiles of poorly water-soluble
drugs.

Methods Nanofibers were designed to be composed of a
poorly water soluble drug, helicid, a hydrophilic polymer
polyvinylpyrrolidone as filament-forming matrix, sodium
dodecyl sulfate as transmembrane enhancer and mannitol as
taste masking agent, and were prepared from hot aqueous co-
dissolving solutions of them. An elevated temperature electro-
spinning process was developed to fabricate the composite
nanofibers, which were characterized using FESEM, DSC,
XRD, ATR-FTIR, in vitro dissolution and permeation tests.
Results The composite nanofibers were homogeneous with
smooth surfaces and uniform structure, and the components
were combined together in an amorphous state because of the
favorable interactions such as hydrogen bonding, electrostatic
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interaction and hydrophobic interactions among them. In vitro
dissolution and permeation tests demonstrated that the
composite nanofibers had a dissolution rate over 26-fold faster
than that of crude helicid particles and a [0-fold higher
permeation rate across sublingual mucosa.

Conclusions A new type of amorphous material in the form
of nanofibers was prepared from hot aqueous solutions of
multiple ingredients using an electrospinning process. The
amorphous nanofibers were able to improve the dissolution
rate and permeation rate of helicid.

KEY WORDS amorphous nanofibers - dissolution - elevated
temperature electrospinning - permeation - poorly soluble drugs

INTRODUCTION

Poorly water-soluble compounds are difficult to develop as
drug products using conventional formulation techniques
and are frequently abandoned early in the drug develop-
ment process (1,2). Numerous advanced functional materi-
als, methodologies, new processes and technologies have
been tried in order to provide more effective and versatile
ways to handle formulation issues associated with poorly
water-soluble molecules (3,4). The application of composite
materials and nanotechnology to drug delivery is widely
expected to create novel therapeutics capable of changing
the landscape for the pharmaceutical and biotechnology
industries (5,6). To date, one of the most exciting fields of
opportunity where nanomaterials and nanotechnology may
enable the development of more effective and safer
therapeutics for a myriad of clinical applications is
improvement in the dissolution profiles and permeation
properties of poorly water-soluble drugs (7).

Nanosizing strategies have been widely used to enhance
the dissolution and oral availability of numerous poorly
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soluble drugs by enlarging the surface area of the drug
powder or changing the crystalline form (7-9).
Nanoparticle-based drug delivery systems (DDS) reported
in the literature include nanocrystalline particles and
nanosuspensions of pure drugs (usually prepared by direct
nanosizing of the drug particles), nanoparticles, solid lipid
nanoparticles, microemulsions, micelles and nano-
encapsulations (often the drugs are distributed in a nano
complex and are prepared by co-nanosizing of the drugs
with functional pharmaceutical excipients such as polymer,
surfactants, phospholipids, etc.) (9—12). Although in the past
few years formulating poorly water-soluble compounds
using a nanoparticle approach has been attempted, there
1s a growing need for more effective and versatile ways to
handle formulation issues associated with poorly water-
soluble molecules (13,14). Composite nanofibers have
shown their potential in this field recently (15-18).
Compared to nanoparticle-based DDS, nanofiber-based
DDSs have one dimension in the microscopic scale but
another dimension in the macroscopic scale. This unique
characteristic endows them with both the merits possessed
by the DDS at the nanometer scale in altering the
biopharmaceutic and pharmacokinetic properties of the
drug molecule for favorable clinical outcomes, and also
the advantages of conventional solid dosage forms such as
easy processing, good drug stability, and ease of packaging
and shipping (15). The unpopularity of this type of DDS
may be due to the difficulty of fabricating nanofibers using
traditional methods, such as drawing, template synthesis,
phase separation and self-assembly. The use of electro-
spinning technology may change this situation in the future.
Electrospinning is not only a simple straight-forward
process for fabricating nanofibers, but it also allows the co-
processing of polymer mixtures or functional materials and
chemical cross-linking, which can provide a variety of
pathways for controlling the chemical compositions of the
nanofibers and for tailoring nanofiber functions (19-21).
The concrete advantages of electrospun nanofiber-based
DDS for effective delivery of poorly soluble drugs include
1) very large surface area-to-volume ratio, high porosity
with very small pore size, and three-dimensional
continuous web structure; 2) a one-step top-down easy
manufacturing process; 3) easy adaptation for formulation
development for administration using different common
routes, i.e. oral, transdermal, transmembrane, injection,
and topical applications; 4) with appropriate selection of
excipients, co-distribution of different functional pharma-
ceutical ingredients with the drug molecules in the
composite nanofibers, allowing improvement of the poor
taste and improvement of both the dissolution profiles and
the permeability of poorly soluble drugs; 5) the ability to
make the filament-forming matrix from different types of
common pharmaceutical polymers; 6) electrospinning as

the only method that can be further developed for mass
production of continuous nanofibers from various polymers
(15-18,21).

On the other hand, although the preparation of electro-
spun nanofibers and their applications in a wide variety of
fields has developed very quickly over the past several years,
research has been mainly focused on two aspects. One is to
broaden the scope of electrospinning to create nanofibers
from a more diverse range of materials, including from a
single polymer, from a co-dissolved mixture of two different
polymers, and also from small molecules such as phospho-
lipids (19). The second is to create composite nanofibers for
a variety of applications, from a polymer matrix imbedded
with a particular functional material (detectable marker,
inorganic functional materials, drug, etc.) (22). To date,
little research has been conducted on the possibility of
preparing composite electrospun nanofibers derived from a
selection of ingredients, each with its own function or
target, which can address a common situation when
therapeutic delivery involves a cocktail of active pharma-
ceutical ingredients.

In this paper, we describe the preparation using an
elevated temperature process to electrospin aqueous solutions
and characterization of multicomponent amorphous nano-
fibers. The nanofibers were made from components selected
mainly to improve the dissolution rates and the permeation
profiles of a poorly soluble drug, helicid.

MATERIALS AND METHODS
Materials

Helicid was obtained from Yunnan Yuxi Wanfang Natural
Medicine Co., Ltd.. (production batch No. 070702)
(Yunnan, China). Polyvinylpyrrolidone K60 (PVP K60,
M,, =360,000) and mannitol were purchased from
Shanghai Yunhong Pharmaceutical Aids and Technology
Co., Ltd. (Shanghai, China). Sodium dodecyl sulfate (SDS)
was provided by the Sinopharm Chemical Reagent Co.,
Ltd. All other chemicals used were analytical grade, and the
water was highly purified.

Properties of the Co-dissolving Solutions

The solubility of helicid in pure water, aqueous solutions of
0.5% (w/v) SDS, 9.0% (w/v) PVP, 2.0% (w/v) mannitol, and
0.5% w/v) SDS+9% (w/v) PVP+2.0% (w/v) mannitol,
were measured as a function of temperature.

An excess amount of helicid was added to the solutions.
The samples were allowed to shake for 48 hr at different
temperatures (20, 40, 60, and 80°C). One ml of the sample
solution was drawn and filtered through a 0.22um
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(Millipore, USA) pore size filter and diluted using highly
purified water. The drug concentration in the sample was
measured at 270 nm by a UV spectrophotometer (Unico
Instrument Co. Ltd., Shanghai, China). Standard solutions
of helicid in pure water with a concentration of 1, 5, 10, 20,
and 30 pg/ml were prepared to set up the calibration
curve. Other components, PVP, SDS and mannitol, have
no ultraviolet absorbance above 240 nm.

The viscosities, surface tensions and electronic conduc-
tivities of a mixture of 5.0% (w/v) helicid, 0.5% (w/v) SDS,
9.0% (w/v) PVP and 2.0% (w/v) mannitol were measured
as a function of temperature. The viscosities were measured
using a NDJ 279 rotary viscometer (Machinery & Elec-
tronic Factory of Tongji University), the surface tensions
were determined by a BZY-1 Surface Tension Tensiometer
(Shanghai Hengping Instrument & Meter Factory), and the
conductivities were assessed using a DDS-11 digital
conductivity meter (Shanghai Rex Co-perfect Instrument
Co., Ltd.). All the measurements were carried out in
triplicate.

Electrospinning Process

Ambient temperature suspensions of helicid in aqueous
solutions containing 5.0% (w/v) helicid, 0.5% (w/v) SDS,
9.0% (w/v) PVP and 2.0% (w/v) mannitol were placed in a
glass syringe (10 mL) with a metal needle (0.5 mm inner
diameter). After heating to 70°C, the solutions were
equilibrated for half an hour before starting the electro-
spinning process (Fig. 1).

A high-voltage power supply (ZGF60KV/2 mA, Shanghai,
China) was used at a voltage of 15 kV, and the fibers produced
were collected on aluminium foil at a distance of 12 cm. The
flow rate was controlled at 2 ml/h by means of a single syringe
pump (Cole-Parmer, USA). The resulting non-woven mats
were placed in a dessicator.

Casting films for use as controls were prepared by
keeping the electrospinning solutions at 70°C for complete

Fig. | The elevated temperature
electrospinning process.

drying in an air-circulated oven until reaching a constant
weight.

Morphology

The morphology of the surface and the cross-sections of the
nanofiber mats and the casting films was assessed using a
S-4800 field emission scanning electron microscope
(FESEM) (Hitachi, Japan). The average fiber diameter
was determined by measuring diameters of composite
nanofibers at over 100 points from FESEM images using
Image] software (National Institutes of Health, USA).
Before the carbon-coating process, the cross-sections of
the nanofiber mats were prepared by first placing them into
liquid nitrogen, and then they were broken manually.

Characterization

The differential scanning calorimetry (DSC) analyses were
carried out using an MDSC 2910 differential scanning
calorimeter (TA Instruments Co., USA). Sealed samples
from 20 to 250°C. The
nitrogen gas flow rate was 40 ml-min”"'.

X-ray diffraction patterns (XRD) were obtained on a
D/Max-BR diffractometer (RigaKu, Japan) with Cu Ka
radiation in the 26 range of 5-60° at 40 mV and 300 mA.

Attenuated total reflectance fourier transform infrared
(ATR-FTIR) analysis was carried out on a Nicolet-Nexus
670 FTIR spectrometer (Nicolet Instrument Corporation,
Madison, USA) at the scanning range of 500—4,000 cm ™'

. ~1
and a resolution of 2 cm’™ .

were heated at 10°C-min~"

In Vitro Dissolution and Permeation Tests

In vitro dissolution tests were carried out according to the
Chinese Pharmacopoeia (2005 ED.) Method II, in which a
paddle method using a RCZ-8A dissolution apparatus
(Tianjin University Radio Factory, China) was used.
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Three-hundred-and-thirty mg of composite nanofibers or
casting films or 100 mg of crude helicid particles (<100 xm)
were put into 900 mL phosphate buffer solutions (PBS,
pH6.8, 0.1 M) at 3721°C and at 50 rpm, sink conditions
(<0.2C,. At predetermined time points (0, 10, 30, 60, 120,
180, 240, 300, and 360 min), samples of 5.0 ml were
withdrawn from the dissolution medium and replaced with
fresh medium to maintain constant volume. After filtration
through a 0.22um membrane (Millipore, USA) and
appropriate dilution with PBS, the sample solutions were
analyzed at 270 nm by a UV spectrophotometer (Unico
Instrument Co. Ltd., Shanghai, China). All the measure-
ments were carried out in triplicate.

The n-vitro permeation studies were performed using a
RY]J-6A Diffusion Test Apparatus (Shanghai Huanghai
Drug Control Instrument Co. Ltd.), in which six Keshary-
Chien-type glass diffusion cells were mounted in a water bath
system to maintain a constant temperature of 37+0.2°C.
Each diffusion cell had a diffusion area of 2.60 ecm®. The
receptor compartment had a capacity of 7.2 mL.

Porcine sublingual mucosa obtained from a local
slaughterhouse were used within 2 hr of slaughter. The
mucosa were mounted between the donor and receptor
compartments of the diffusion cell with the mucosal surface
uppermost. Each donor compartment was filled with 1 ml
PBS. The hydrodynamics in the receptor compartment
were maintained by stirring with a Teflon-coated magnetic
bead at 100 rpm. The sublingual membranes were
equilibrated for 30 min before permeation tests.

Sixteen-mm diameter discs cut from the composite
nanofiber membranes or casting films were placed on the
mucosal surface. One-ml samples were withdrawn from the
receptor compartment at timed intervals, filtered through a
0.22 pm membrane (Millipore, USA) and analyzed at
270 nm by a UV spectrophotometer (Unico Instrument Co.
Ltd., Shanghai, China). All the measurements were carried
out in triplicate.

RESULTS AND DISCUSSION

For preparing homogeneous composite nanofibers, com-
patibility among the components is vital. Helicid, the
therapeutic ingredient that is the focus of this study, was
originally isolated as one of the main active constituents
from Helicid milgrinica Bedd, a plant indigenous to western
China that has been used for thousands of years for curing
headache and insomnia, and no obvious side effects have
been reported (23). Helicid is a poorly water-soluble drug.
A formulation that allows rapid dissolution and absorption
for fast onset of therapeutic action is highly desirable (24).

In the elctrospinning process, PVP acted as the filament-
forming matrix and also provided functional groups and

sites for “anchoring” little molecules of helicid, SDS and
mannitol to form the composite nanofibers and to
amorphize them. On the other hand, PVP, SDS and
mannitol are all common functional pharmaceutical exci-
pients. SDS is often used as a transmembrane/transdermal
enhancer, and mannitol is a sweetener often used for taste
masking in oral formulations. The three excipients have
good compatibility with each other, and PVP and SDS are
often used to improve solubility of poorly soluble drugs
(25,26). This suggested that the combined usage of PVP
and SDS at an elevated temperature might improve the
solubility of helicid synergistically (27,28).

The effects of temperature and the presence of PVP
and/or SDS on solubility of helicid are shown in Fig. 2A.
While heating alone could increase the solubility of helicid
(Fig. 2A curve (a)), the presence of PVP (curve (b)), SDS
(curve (c)), or both (curve (d)) enhanced the solubility
further. The dominant factor for increasing solubility
appears to be temperature. The solubility of helicid
(108.7 g-17") in the solution with PVP and SDS at 80°C is
over 12-fold higher than the solubility of helicid (8.9 g17")
in water at 20°C. In addition, the presence of mannitol in
aqueous solutions has little influence on the solubility of
helicid (data not shown).

Solvent selection is often a key factor in determining
both the ability of solutions to undergo electrospinning and
the structural homogeneity of the nanofibers (17,18).
Helicid has poor solubility at ambient temperature, not
only in water, but also in common organic solvents such as
ethanol, methanol, acetone and chloroform. No common
solvents are readily available for making homogeneous
solutions suitable at room temperature for electrospinning.
On the basis of the data above, and since PVP, SDS and
mannitol are all readily soluble in water, hot water was
selected as a solvent suitable for co-solution of all
components needed for the preparation of fibres.

The second key factor for successful electrospinning is
having a sufficient concentration of filament-forming poly-
mers in the solution to ensure adequate interaction between
the polymer molecules (18,29). In the present study, PVP
K60 was selected as the optimum filament-forming matrix
for two reasons. First, compared with PVP K30, it has more
C = O groups for H-bonding with helicid and mannitol so
that lower concentrations would be needed for electro-
spinning, thus allowing higher drug-to-polymer ratios in the
final composite nanofibers than would be possible with PVP
K30. Second, PVP K60 is faster than PVP K90 in leading
the helicid molecules to dissolve from the composite nano-
fibers during the dissolution process, because less time is
needed for the polymer molecules with lower molecular
weight to absorb water, swell, disentangle, and finally
dissolve into the dissolution medium than polymer molecules
with a higher molecular weight.
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Fig. 2 Properties of multi-ingredient aqueous solutions. (A) Temperature dependence of helicid solubility in different aqueous solutions: (a) water only, (b)
0.5% (w/hv) SDS, (c) 9.0% (w/) PVE (d) 0.5% (w/v) SDS, 9.0% (w/Av) PVP and 2.0% (wA/) mannitol. (B), (C) and (D) Effect of temperature on the
viscosity, surface tension and conductivity, respectively, of a solution of 5.0% (W) helicid, 0.5% (w/v) SDS, 9% (w/v) PVP and 2% (w/v) mannitol (n = 3).

Our preliminary experiments using pure PVP solutions
at ambient temperature indicated that the lowest concen-
tration for preparing bead-free nanofibers using the electro-
spinning process for PVP K60 is about 8% (w/v).
Moreover, raising the temperature of the solutions had no
influence on the chain entanglement status, which is a
prerequisite condition for preparing uniform fibers to
prevent the capillary breakup (30,31). Nine percent (w/v)
PVP K60 solutions were used to ensure that electrospinning
of solutions at high temperature was stable. The operating
temperature was fixed at 70°C, because (1) temperatures of
80°C or higher are near the boiling point of water and may
lead to clogging of the spinning head of the needle capillary
tube due to fast evaporation, and (2) according to the
results from Fig. 2A(d), the solubility of helicid in the
presence of PVP, SDS and mannitol at 70°C was

@ Springer

77.6 17", which allows a wide range of helicid concen-
trations to be accommodated in the DDS. In this study, a
helicid concentration of 50 g17', ie. 5.0% (w/v) was
selected for electrospinning, which is well within the limit of
solubility and yet allows a relatively high loading of drug.

As expected, when the temperature increased, the
suspensions of helicid gradually dissolved, and the solution
viscosities (Fig. 2B) and surface tensions (Fig. 2C) decreased,
whereas conductivities (Fig. 2D) increased. All these trends
help to improve the electrospinnability of the solutions and
to facilitate preparation of composite nanofibers with high
quality.

Fig. 3a, b and ¢ show field emission scanning electron
microscope (FESEM) images of the composite nanofiber
mat surface at different magnifications. The nanofibers
have uniform structure without beads-on-a-string morphol-
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Fig. 3 FESEM images: (a), (b) and (c) surface morphology of composite nanofibers, (d), (e) and (f) cross section of the composite nanofibers, (g) cross-
section of casting films, (h) surface morphology of casting films, (i) a typical image of the separated particles in casting films.

ogy and have smooth surfaces without any particles
separating out from the nanofiber matrix. About 93% of
the nanofibers have a diameter between 400 and 600 nm.

Fig. 3d, e and f, show FESEM images of the cross-
section of the composite nanofiber mats at different
magnifications. No particles are discernible, indicating that
there was no phase separation. This suggests that the
functional materials are distributed uniformly through the
polymer fiber matrix.

FESEM images of the cross-section (Fig. 3g) and surface
morphology (Fig. 3h) of the casting films show particles
separated out from the cast films, which could be seen both
on the surface and on the cross-section of the casting films.
A typical FESEM image of the separated particles found in
casting films is shown in Fig. 3i. The particles had an
irregular shape and a dimension range from several tens of
nanometers to several microns.

The time taken to generate the composite nanofibers by
electrospinning from the hot aqueous solution was only

several decades of milliseconds. The rapid evaporation of
the solvent and the favorable interactions among the
ingredients resulted in a solid solution in the form of a
three-dimensional continuous web structure of nanofibers,
in which helicid, mannitol and SDS molecules are
randomly ordered, comparable to the liquid state in the
PVP matrix, without any crystal lattice being formed from
the solutes.

In contrast, casting films require several hours to reach a
constant weight. Moreover, during the casting and evapora-
tion process, it is hard to remove the solvent 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 facilitates local phase separation, resulting
in many nanoparticles in the casting films.

To further investigate the physical status of the molec-
ular components, differential scanning calorimetry (DSC)
analyses and X-ray diffraction tests (XRD) were conducted.

@ Springer
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The DSC thermograms of the individual ingredient, casting
films and composite nanofibers are shown in Fig. 4. The
DSC curve of pure helicid and mannitol exhibited a single
endothermic response corresponding to melting points of
200.11 and 168.58°C respectively. SDS had a melting
point of 181.84°C followed closely by a decomposing
temperature of 213.24°C. PVP K60 had a broad endo-
therm due to dehydration, which lies between 80°C and
120°C and with a peak at 86.13°C. PVP is a polymer and
can be present in a glassy or rubber state. The change from
one state to the other can be detected as a glass transition
around 160-180°C depending on its molecular weight (32).
This glass transition is not visible in Fig. 4 due to scale and
generally is not detected in current DSC. DSC thermo-
grams of both composite nanofibers and casting films did
not show any melting peaks of small molecules, but a broad
endotherm resulted from the absorbed moisture.

On the other hand, the decomposition bands of SDS in
the composite nanofibers and casting films were narrower
and higher than that of pure SDS, reflecting that the SDS
decomposition rates in nanofibers and casting films are
bigger than that of pure SDS. The peak temperatures of
decomposition shifted from 213.24°C to 207.58°C for the
casting films, and to 205.29°C for the nanofibers, reflecting

Helicid
Mannitol I
PVP K80 2
S
N
86.13 213.24

sDS 200.11
[o2]
D
wn
168.58 2 &
Casting films §

Composite nanofibers

T T T T T T T ¥ T
50 100 150 200 250
Temperature / °C

Fig. 4 DSC thermograms.
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that the onset of SDS decomposition in nanofibers and
casting films is earlier than that of pure SDS. The
amorphous state of SDS and highly even distributions of
SDS in nanofibers and casting films should make SDS
molecules respond to the heat more sensitively than pure
SDS particles, and the nanofibers and casting films might
have better thermal conductivity than pure SDS. Their
combined effects prompted the SDS in nanofibers and
casting films to decompose earier and quicker.

Shown in Fig. 5, numerous distinct peaks can be seen in
the XRD patterns of helicid, mannitol and SDS because
they are crystalline materials. The PVP diffraction exhibits
a diffused background pattern with two diffraction halos,
which means that the polymer is amorphous (33).

As far as the composite nanofibers and the casting films
are concerned, the characteristic peaks of helicid, mannitol
and SDS were also completely absent, and only a hump
characteristic of amorphous forms was observed. This
suggests that all the small molecule components were no
longer present as crystalline material, but instead were fully
converted into an amorphous state. On the other hand, the
shape and the position of the amorphous haloes of the
composite nanofibers and the casting films are different
from the pure PVP. The amorphous halo at 11.26° was
completely absent in the XRD patterns of the composite
nanofibers and the casting films, reflecting the change of the
orientation, conformation and organization of polymer
chains in the amorphous phase, and thus the altering of
the amorphous packing density of polymer chains (34).

The results from XRD and DSC suggested that the
composite nanofibers were homogeneous and all the small
functional molecules (helicid, mannitol and SDS) were distrib-
uted through the PVP matrix amorphously, losing their original
crystal state as pure materials. The multicomponent composite
electrospun nanofibers were totally amorphous materials.

To distinguish the interactions among the different
components in the nanofibers and the casting films,
attenuated total reflectance fourier transform infrared
(ATR-FTIR) analyses were carried out. ATR-FTIR spectra
of pure materials (PVP, SDS, mannitol and helicid), the
composite nanofibers and the casting films are shown in
Fig. 6. The presence of hydrogen bonding interactions in
the composite nanofibers between PVP and helicid, PVP
and mannitol, SDS and helicid, and SDS and mannitol can
be inferred from the disappearance of peaks within the
3,000—4,000 cm™" regions assigned to the O-H stretching
vibrations in mannitol and helicid, as well as from the shifts
to lower wavenumbers of peaks assigned to the C = O
stretching vibrations at 1,657 em™' from 1,668 cm™' of
helicid and 1,661 cm ™' of PVP.

The absorption bands of SDS (C—H stretching) at 2,956,
2,917 and 2,850 cm™' and of PVP (C-H stretching) at
2,953 ecm™' disappear in the composite nanofibers com-
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pared to the pure SDS and PVP, but a broader and weaker
band at 2,924 cm™! appears, indicative of hydrophobic
interactions between the PVP and SDS molecules.

The characteristic bands of pure SDS at 1,083 and
1,225 em ™! are due to symmetric (s S—O) and asymmetric
(vs S—O) stretching of the sulfate group, and are shifted to
1,075 and 1,217 cm ', respectively, in the composite
nanofibers. The changes were attributed to the electrostatic
interaction between the negatively charged SDS head
group and the nitrogen atom on the pyrrolidone ring of
PVP (35), and also the attractive interaction between the
negatively charged PVP oxygen (N* = C-O7) and the
electron poor C-1" of SDS (36).

In the spectra of casting films, there are still several small
peaks of O-H within 3,000-4,000 cm ', and the bands at

10

20 30 40 50 60
26 (deq)

1,071 and 1,038 cm ™' have a stronger intensity than those
of the composite nanofibers. The presence in casting films
of peaks corresponding to crystalline helicid means that
clusters of crystalline helicid (probably as nanocrystals) were
still formed in the amorphous structure of the casting films.
The molecular mobility and the interactions among the
different components in solution are physical and reversible,
allowing a thorough mixing of components, whereas the
slow evaporation and drying during the process of
preparing casting films led to local phase separation,
resulting in agglomerations of mixtures of ingredients as
observed on the FESEM images and the crystal lattices in
the casting films.

Thus, it 1s the second-order interactions, such as hydrogen
bonding, electrostatic interaction and hydrophobic inter-
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Fig. 6 ATR-FTIR spectra.
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actions, that played a fundamental role in promoting the
structural homogeneity of the amorphous nanofibers. In the
separated particles of casting films, it is possible that the
content of mannitol and helicid was higher than in the bulk
of the casting films, which would account for some of the
small differences between the ATR-FTIR spectra of casting
films and the composite nanofibers.

Fig. 7 shows a comparison of i vitro dissolution profiles of
helicid from composite nanofibers, casting films, and crude
helicid particles (<100 pm). Dissolution rates of 3.12, 1.55,
and 0.12 mgmin~ ' for the composite nanofibers, casting
films, and crude helicid particles, repectively, were calculated
from regression of the linear phase of the release time-course.

The dissolution rate of helicid from the composite
nanofibers and the casting films was over 26-fold and near
13-fold faster than that from crude particles, respectively.

@ Springer
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The key factors should be that helicid presented in the
nanofibers and the casting films mainly in an amorphous
manner, and therefore no crystal lattice energy had to be
overcome for dissolution, and that the PVP-SDS-helicid-
mannitol complex allowed greatly improved drug wetability.
Due to the unique physical characteristics of electrospun
nanofiber mats, such as large surface area, high porosity, and
steric continuous web structures, which are useful for quickly
transferring solvent and drug molecules during the dissolu-
tion process, the amorphous nanofibers gave a drug
dissolution rate twice as fast as the casting films. Methods
for improving drug solubility or dissolution rate continue to
be highly sought after (37,38); electrospun amorphous
nanofibers can provide a useful strategy for this purpose,
and here the especial merit is that the preparation process
was free of organic solvents.
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Fig. 7 In vitro dissolution profiles, (a) crude helicid particles (<100 um);
(b) casting films; (€) composite nanofiber mats (n = 3).

Sixteen-mm diameter discs were cut from the composite
nanofiber mats and the casting films for i vitro permeation
tests. The casting films had an average thickness of 0.152 +
0.01 mm and a weight of 32.03%+0.34 mg (»=6), giving an
apparent density of 1.06 mg-em >, The electrospun
composite nanofibers had a thickness of 0.85£0.04 mm
and a weight of 34.41£0.57 mg (continuously electro-
spinning about 8 h). The apparent densities of the electro-
spun membrane were 0.201 mg-cm . Ten mg of the pure
helicid particles were spread on the mucosal surface evenly
as control.

Fig. 8 shows a comparison of # vitro permeation profiles
across porcine sublingual mucosa of helicid released from
composite nanofibers, casting films, and crude helicid
particles. The cumulative percentages of helicid transferred
across the membrane after the first hour were 50.3%, 18.4%
and 5.8% for the composite nanofibers, casting films, and
crude helicid particles, respectively. Regressed from the linear
time periods of transfer, the permeation equations for the
composite nanofibers, casting films, and crude helicid
particles were Q=0.08448t-0.0204 (R=0.9978, (<60 min),
0=0.02767t+0.01715 (R=0.9880, (<180 min), Q=
0.00803t+0.06588 (R=0.9992, (<360 min), respectively,
where Q is the proportion of helicid transferred, and ¢ is the
time in min. Thus, the composite nanofibers, casting films,
and crude helicid particles had a linear permeation rate of
32.5, 10.6, and 0.3 pg-min'-cm ™%, respectively.

The apparent permeability coefficient (P) could be
calculated using the following equation (39,40):

d
p_ Q/dt
Cod

where dQ/dt is the steady-state flux, Cy is the initial donor
concentration, and A is the diffusion area. The apparent
permeability coeflicient for composite nanofibers, casting
films and the helicid particles were 5.41x107°, 1.76x107°
and 5.17%107% em's™', respectively, indicating that the
composite nanofibers yielded a permeation rate of helicid
that was over 10-fold faster than that of the crude particles
and three-fold faster than the casting films. The faster
permeation rates from the composite nanofibers than form
the casting films can be explained by the fact that
permeability across the sublingual mucosa is a passive
diffusion process, and hence faster dissolution of helicid
would lead to an increased concentration gradient of drug
at the mucosal surface, which would facilitate rapid
partitioning of drug into the sublingual mucosa and
subsequent permeation (41). The SDS released from the
nanofibers may also improve permeation by extracting
intercellular lipids that act as a rate-limiting barrier to the
transport of helicid molecules (42).

CONCLUSIONS

This study has demonstrated that it is possible to combine
helicid, PVP, SDS, and mannitol to create uniform, compos-
ite nanofibers from their hot aqueous solutions using an
electrospinning process. The synergistic effects of raised
temperature and the presence of PVP and SDS in the
solutions not only improved the solubility of helicid, but also
facilitated the electrospinning process through favourable
changes in the viscosity, surface tensions and conductivity of
the solutions. The composite nanofibers had a uniform
structure with no beads-on-a-string morphology and no

i
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Fig. 8 In vitro permeation profiles: (a) crude helicid particles (<100 um);
(b) casting films; (c) composite nanofibers (n=3).
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particles arising from phase separation. XRD and DSC results
demonstrated that helicid, SDS and mannitol were mixed
together in the composite nanofibers in an amorphous
manner. The ATR-FTIR spectra verified that second-order
interactions, such as hydrogen bonding, electrostatic interac-
tion and hydrophobic interactions, occurred among the
components and likely play a significant role in promoting
the structural homogeneity of the nanofibers. The amorphous
state of the nanofibers and the PVP-SDS-helicid-mannitol
composites allowing improved drug wetability made their
i vitro drug dissolution rate and permeation rate be over
26-fold and 10-fold higher than that of crude helicid
particles, respectively. The unique physical characteristics of
nanofibers, such as large surface area, high porosity and
assembling in a three-dimensional continous web structure,
made their i vitro drug dissolution rate and permeation rate
be 2-fold and 3-fold higher than that of casting films,
respectively. The report here provides an example of the
systematic design, preparation, characterization and appli-
cation of a novel type of amorphous materials, which has the
potential to provide a useful strategy for enhancing the
absorbance of poorly water-soluble drugs and to be further
developed to prepare novel DDS.
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