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We electrospun supramolecular complexes of poly(vinyl alcohol) (PVA), hydroxypropyl-B-cyclodextrin
(HPBCD), and a poorly water soluble model drug (ketoprofen) to produce moisture-sensitive fibers for
potential sublingual drug delivery applications. Fast dissolving/disintegrating membranes are of particular
importance in sublingual delivery of drugs and other functional moieties, and materials such as
nanofibers with a high specific surface area may be well-suited for such applications. Surprisingly, the
concentrations of PVA and HPBCD required to produce uniform blend fibers are lower than the
respective neat components. We find that PVA plays a synergistic role in facilitating fiber formation,
enabling us to produce fibers with a high cyclodextrin (e.g. 90 wt%) content. We attribute the
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1. Introduction

Nanostructured materials that respond to stimuli such as
temperature, pH, and humidity are of great interest to enable
targeted drug delivery," particularly of compounds with low
aqueous solubility. Materials that are responsive to changes in
humidity may be useful for oral transmucosal delivery (sublin-
gual) applications for use in geriatric and pediatric patient care
as well as for patients with difficulty swallowing or with the
inability to produce sufficient saliva.'®'* Sublingual delivery has
typically involved fast dissolving/disintegrating drug delivery
membranes (FDDMs) in a powder form that promotes rapid
dissolution due to the high surface area. Nanofibers are an
alternative to powders with several advantages such as an
extraordinarily large surface area to mass ratio with a highly
porous mat structure, which facilitates rapid dissolution.
Electrospinning is a simple and versatile method to produce
polymer-based nanofibers.””**> Nanofibers can be produced
from synthetic polymers such as polyvinylpyrrolidone,
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can be tuned by over two orders of magnitude by varying the HPBCD/PVA ratio.

poly(ethylene oxide), and poly(vinyl alcohol) as well as natural
biopolymers such as gelatin, collagen, and alginate (more
exhaustive lists have been compiled elsewhere).'*'” Moreover,
the composition of nanofiber systems can be carefully selected
to provide a range of dissolution rates (rapid, sustained,
immediate, delayed, modified, etc.)."”*®* Nanostructured drug
delivery systems that can enhance the dissolution of poorly
water soluble (PWS) drugs are of particular interest and can be
achieved by electrospinning drug-embedded nanofibers.'*>*
For example, Yu et al. reported the first such example by elec-
trospinning ibuprofen loaded PVP filaments and illustrated the
rapid release (<15 s) capabilities of nonwoven nanofiber mats.*®
However, incorporating a drug into a nanofiber mat does not
ensure its delivery due to low drug loading or poor drug solu-
bility and stability.

The use of complexing agents may address these issues.
Incorporating the drug within an inclusion complex improves
the aqueous solubility as well as the bioavailability.>*** Cyclo-
dextrin (CD), donut shaped molecules made of 6, 7 or 8
membered a-p-glucopyranose rings (o, B or y CD, respectively),
are commonly used complexing agents as their hydrophobic
cavity can host PWS drugs while the hydrophilic exterior can aid
solubility.?*** While drug-CD complexes have been used to
deliver drugs via multiple administration routes including oral,
sublingual, ophthalmic, and transdermal,® the use of these
complexes within electrospun polymer nanofibers is yet to be
fully explored.

Cyclodextrins have been incorporated into nanofibers by
blending them with an electrospinnable polymer.*'-** Recently,
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the ability to electrospin small molecules, such as cyclodextrins,
to produce uniform fibers has been reported.*>** Previously, we
described the formation of hydroxypropyl-B-cyclodextrin
(HPBCD) electrospun nanofibers without the addition of a
carrier polymer via hydrogen bonding aggregation.” In this
work, we have electrospun moisture-sensitive, supramolecular
complexes of cyclodextrin, drug and poly(vinyl alcohol) (PVA), a
water soluble electrospinnable polymer. The use of PVA serves
two unique features: unlike other polymers it has no effect on
the complexation of CDs with PWS drugs*® and yet it plays a
synergistic role in facilitating fiber formation. We can thus
incorporate a high HPBCD content (as much as 90% per
weight of fibers) to maximize the drug loading. Using ketopro-
fen as a model PWS drug known to form inclusion complexes
with cyclodextrin, we show that the dissolution time can be
tuned over two orders of magnitude by varying the fiber
composition, i.e. the PVA content. These are promising mate-
rials for controlled release in sublingual drug delivery
applications.

2. Materials and methods

Poly(vinyl alcohol) (Mowiol 40-88) was purchased from Sigma-
Aldrich (205 kDa, 88% degree of hydrolysis), ketoprofen was
purchased from MP Biomedical (Solon, OH), and hydrox-
ypropyl-B-cyclodextrin (91.2% purity) was purchased from CTD,
Inc (High Springs, FL, technical grade, product code THPB-T),
and they were used without further purification. The choice of
PVA molecular weight was based on its electrospinnability, as
envisaged from our previous work.*?

Electrospinning

The HPBCD and PVA stock solutions were prepared by
combining appropriate amounts with deionized water and
mixing in a shaker bath overnight at 35 °C and 60 °C, respec-
tively. All solutions were stored at 4 °C. Various blends were
prepared by combining appropriate proportions of stock solu-
tions and mixing at 35 °C until homogenous. To load the model
drug, a known mass of ketoprofen powder was added to the
prepared blend solutions and mixed in a shaker bath.

The extent of drug loading was determined by known
methods established to determine cyclodextrin phase-solu-
bility.*® Briefly, excess ketoprofen was blended with the desired
PVA/HPBCD solution and the excess, undissolved powder was
removed by syringe-filtering the sample. The ketoprofen
content in the solution was then determined by UV-Vis absor-
bance spectrophotometry (Jasco V550). The presence of PVA and
HPBCD was found not to affect the UV absorbance spectrum for
ketoprofen.

For electrospinning, blends of HPBCD/PVA with and
without ketoprofen were loaded into a syringe fitted with a
stainless steel needle (0.508 mm i.d.) and attached to a power
supply (Gamma High Voltage Research, D-ES-30PN/M692).
A flow rate of 0.5 mL h™", a collecting distance of 12 cm, and
an applied voltage of 5-11 kV were used, as previously
described.**

This journal is © The Royal Society of Chemistry 2014
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Solution characterization

Viscosity measurements were performed at 25 °C on a TA
Instruments® AR-2000 stress controlled rheometer using with a
4 cm, 2° cone and plate geometry. All rheological measurements
were performed in triplicate to ensure reproducibility within
+5%. Surface tension measurements at the air-solution inter-
face were made using the Wilhelmy plate method with a plat-
inum rectangular thin blade. The electrical conductivity was
measured using an EC meter (Fisher Accumet BASIC AB30).

Fiber analysis

For SEM analysis, the electrospun fibers were coated with gold
and observed with a Hitachi S-3200 or FEI XL30 SEM. The
average fiber diameter was determined by measuring the fiber
diameters of at least 100 individual fibers from multiple SEM
images using Image] software provided by NIH. Fourier trans-
form infrared spectroscopy (FTIR) studies were performed
using a Nicolet 6700 FTIR spectroscope (Thermo Electron Corp).
Each spectrum was acquired with 256 scans with a resolution of
4 em™" and a spectral range of 4000-400 cm™ . For calorimetry
experiments, 8-12 mg of fibers were loaded and sealed in a
hermetic aluminum pan. Calorimetry studies were done using a
TA instruments® Q2000 Differential Scanning Calorimeter. The
samples were heated from room temperature to 250 °C, held
isothermally for 5 min, then cooled to room temperature, and
reheated to 250 °C at a rate of 10 °C min ™. The glass transition
temperature was determined from the inflection point of the
specific heat capacity of the second scan. X-ray diffraction
studies were conducted using an X'Pert PRO Materials Research
Diffractometer (PANalytical, Netherlands).

For the dissolution studies, approximately 5 mg of electro-
spun mat was placed in a beaker containing 25 mL of water. The
dissolution was monitored by videotaping with a Canon EOS
SLR Rebel SR1 in high resolution mode. The dissolution time
was determined as the time where no discernible gel was left on
the water surface.

3. Results and discussion

We began by electrospinning blends of PVA and HPBCD. Neat
PVA (6 wt%) and HPBCD (70 wt%) (the concentrations were
based on previous reports from our group'>**) could be elec-
trospun to produce uniform nanofibers with diameters of 233 +
33 nm and 996.7 + 117.2 nm, respectively (Fig. 1a and f). We
observed a decrease in the resulting fiber diameter with
increasing PVA content, (Fig. 1b-e, Table 1, ESI Fig. 1b and 2t).
To maximize the potential drug loading, we aimed to minimize
the amount of PVA. Interestingly, adding relatively small
amounts of PVA (0.1% w/w) to HPBCD (60% w/w) produced
uniform bead-free fibers, despite the observation that the
minimum concentrations required to produce uniform fibers
from neat HPBCD and neat PVA were 70 wt% and 5 wt%,
respectively. This is illustrated most clearly in Fig. 2, where the
beads obtained from electrospinning HPBCD (60% w/w, Fig. 2a)
transformed into microfibers upon the addition of a small
amount of PVA (Fig. 2b). We believe that in the systems with
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Fig. 1 SEM micrographs of the electrospun HPBCD/PVA blend fibers:
(a) 0/100 (b) 30/70, (c) 50/50, (d) 70/30, (e) 90/10, and (f) 100/
0 (HPBCD/PVA).

small amounts of PVA, fiber formation can be attributed to
hydrogen bonding aggregation between HPBCD molecules
facilitated by PVA, analogous to depletion flocculation. This
result is consistent with our previous study of forming fibers
from neat HPBCD, in which we showed that hydrogen bonding
plays a dominant role in forming extensive networks of CD
molecules via a mechanism akin to depletion flocculation and
provides enough molecular cohesion to elongate and form
fibers.**

The solution properties of the PVA/HPBCD system were
analyzed to better understand why blending with PVA promotes
fiber formation, even when the concentration is well below the
entanglement concentration.”” We compared systems that
produced uniform fibers: neat PVA (6 wt%), neat HPBCD (70 wt
%), and a blend (0.1/60 wt% PVA/HPBCD). The blends of
HPBCD and PVA had higher solution conductivities compared
to the neat HPBCD solution, as seen in Table 1 and in ESI

47
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Fig. 2 Morphology of the mats electrospun from (a) 60 wt% HPRCD
and (b) 60 wt% HPBCD/0.1 wt% PVA aqueous solutions.

Fig. 1.1 While the increase in conductivity may contribute to the
decrease in fiber diameter, it does not explain why blending
enhanced fiber formation. The addition of PVA also signifi-
cantly decreased the solution viscosity compared to the neat CD
system; however, a decrease in viscosity does not generally
facilitate fiber formation."” Therefore, other parameters must
influence fiber formation.

We hypothesize that extended networks are forming between
PVA and HPBCD, and aggregates may be responsible for stabi-
lizing the electrospinning jet and aiding the formation of
uniform fibers. The formation of these networks was probed by
examining the solution rheology to analyze the impact of
HPBCD addition on the polymer entanglement concentration
(Ce) of PVA. The C. was determined as the slope transition when
plotting the specific viscosity (s, = (1, — 75)/75) as a function of
polymer concentration, and it represents the concentration at
which polymer chains start to overlap and interact with one
another.” As seen in Fig. 3, the C. of the neat PVA solution (2.5
w/w) decreased to 1.7, 1.1, and 0.8 w/w with the addition of 20,
30, and 40 wt% HPBCD. The decrease in the C. indicates strong
interactions between the materials, which facilitate fiber
formation.”” Cyclodextrins are known to interact with other
cyclodextrin molecules via hydrogen bonding to form aggre-
gates.* The formation of these aggregates between HPRCD and
other molecules, including PVA, is possible.>® Moreover, these
interactions between HPBCD and the PVA chains might be
responsible for the shift in C, and the fiber formation at lower
concentrations than is possible for either neat material. The
ability of the addition of a small amount of PVA to facilitate
nanofiber formation is consistent with our previous work in
electrospinning neat HPBCD, which attributes the electro-
spinnability of neat HPBCD to a mechanism analogous to
depletion flocculation.**

Table 1 Properties of PVA and PVA/HPBCD solutions and the resulting electrospun fibers

Surface tension

Solution (HPBCD/PVA) Viscosity (cP) Conductivity (ps em™") (dynes per cm) Morphology Fiber diameter (nm)
0/100 185+ 7 195.2 + 1.2 52.7 £ 0.7 Nanofibers 233 + 33

30/70 195+ 9 180.5 £ 1.5 53.5+ 0.5 Nanofibers 345 £ 45

50/50 344 £ 10 183.1 £ 0.9 54.2 + 0.8 Nanofibers 409 + 41

70/30 554 £ 16 1752 £ 1 54.5 + 0.9 Nanofibers 634 £ 35

100/0 3250 £ 45 6.2 £ 0.4 58.0 = 0.8 Nanofibers 986.7 £+ 117.2
60/0.1 (>99% CD) 359 + 25 8.3 £0.3 58.4 + 0.9 Fibers 1325 £+ 515.2

13276 | RSC Adv., 2014, 4, 13274-13279
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Fig. 3 Specific viscosity of aqueous solutions containing PVA and
PVA/HPBCD blends.

Next, we examined electrospinning supramolecular
complexes of HPBCD/PVA/ketoprofen. The amount of ketopro-
fen that can be dissolved or loaded into a solution increased
with HPBCD content (Table 2). We found that the addition of
ketoprofen, even up to 9% loading, had no appreciable effect on
the fiber quality (Fig. 4), solution surface tension, or viscosity
(ESI, Table 17). At high ketoprofen loadings and high cyclo-
dextrin content, we observed a decrease in fiber diameter, which
can be attributed to the increase in solution conductivity upon
addition of the ketoprofen. Yu et al. reported a similar increase
in solution conductivity on the addition of ibuprofen to PVP
solutions.

We confirmed the presence of HPBCD/ketoprofen complexes
in the fibers by FTIR. Fig. 5 shows the infrared spectra of the
neat ketoprofen powder and the 50/50 HPBCD/PVA electrospun
fiber mats with and without ketoprofen. Neat ketoprofen has
two distinct peaks at 1697 and 1655 cm™ ', which are attributed
to the carbonyl groups in the dimeric carboxyl acid and the
ketonic groups, respectively.”* The spectrum of the 50/50
HPBCD/PVA electrospun fiber mats contains two overlapping
peaks at 1725 and 1740 cm™ ', which are attributed to the acetyl
groups of PVA.**> The spectrum of the ketoprofen loaded 50/50
HPBCD/PVA mats retains these overlapping peaks from the

Table 2 Summary of dissolution times and ketoprofen loading of
HPBCD blends. The dissolution time reported is the first time point at
which gels were no longer visible on video recordings. Ketoprofen
loading was determined using UV spectra

Blend ratio Dissolution

(HPBCD/PVA) time (s) Ketoprofen loading (%)
0/100 462 + 25 1.16 £ 0.09

30/70 520 £ 32 2.38 £0.11

50/50 415 + 28 3.74 £ 0.12

70/30 180 £ 19 5.01 £ 0.11

90/10 10 £ 1.5 7.12 £ 0.15

100/0 ~0.207 8.55 £ 0.10

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 SEM micrographs of electrospun ketoprofen loaded PVA/
HPBCD blend fibers: (a) 0/100 (b) 30/70, (c) 50/50, (d) 70/30, (e) 90/10,
and (f) 100/0 (HPBCD/PVA).

PVA, however the two carboxyl bands of ketoprofen are signifi-
cantly reduced and possibly shifted from 1697 and 1655 cm ™.
This reduction and/or shift of the ketoprofen carbonyl groups
indicates a change in the ketoprofen molecular interaction.
This change may be due to a disruption of the ketoprofen
intermolecular hydrogen bonding or the formation of an
inclusion complex that shields the ketoprofen carboxyl groups,

or a combination of both. Both types of interactions are

HPBCD(keto)

HPBCD

N~ 50/50 CD/PVA(keto)
/ \ 50/50 CD/PVA

Il l Il l Il l Il

1900 1800 1700 1600 1500
-1

Wavenumber (cm )

Absorbance (a.u.)

Fig. 5 Infrared spectrum of the ketoprofen carbonyl (C=0) stretching
region for the neat and drug loaded HPBCD fibers and HPBCD/PVA
blend fibers.
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Fig. 6 The (a) DSC thermograms and (b) X-ray diffraction patterns for ketoprofen and the other materials as specified.

expected to disrupt the crystalline nature of ketoprofen and
thus aid in rapid drug dissolution.*

Changes in the ketoprofen crystallinity upon fiber process-
ing were examined using DSC and XRD. The DSC thermographs
of the ketoprofen powder and the neat and ketoprofen loaded
nanofibers are presented in Fig. 6a. As an amorphous blend,
HPBCD/PVA does not exhibit any sharp peaks apart from a
broad endotherm due to the dehydration of water. Ketoprofen, a
crystalline drug, exhibits a single sharp endothermic response
at approximately 94 °C. However, this distinct peak disappears
when ketoprofen is loaded into the HPBCD/PVA mats. This
indicates that ketoprofen is no longer a crystalline material, but
is amorphously distributed in the fibrous mat, similar to
previous reports.’® Moreover, the XRD diffraction pattern of
neat ketoprofen displays numerous peaks that are indicative of
a crystalline material (Fig. 6b). These peaks disappear when
ketoprofen is incorporated into a fibrous mat, further sup-
porting the presence of an amorphously distributed drug.*®

Finally, we examined the dissolution of the HPBCD and
HPBCD/PVA blends with and without ketoprofen. The HPBCD/
ketoprofen complex fibers were extremely responsive to mois-
ture, and disintegrated and dissolved almost immediately as
each part of the mat made contact with the water surface. By
videotaping the dissolution and performing frame by frame
analysis, we estimated that a 1" square of nanofibers completely
dissolved in 0.207 s, as seen in ESI Fig. 3.1

Interestingly, the addition of PVA slowed the dissolution of
the membranes, despite the decrease in fiber size (Table 2). The
increase in dissolution time appears to be directly proportional
to the amount of PVA up to 70% PVA. With further increases in
PVA content, the dissolution rate decreased slightly, which may
indicate that both the solubility and fiber size affect the disso-
lution rates. Nevertheless, the dissolution time can be tuned
over two orders of magnitude by varying the fiber composition,
i.e. the PVA loading. Further explorations of the dissolution
rates in various environments (e.g. pH, enzymes that mimic
saliva, etc.) are needed.

Because ketoprofen was shown to be amorphously distrib-
uted within the fiber, it is believed that the total disintegration
and dissolution of the fibers led to the complete release of the
drug contained within. These results indicate that it is

13278 | RSC Aadv., 2014, 4, 1327413279

advantageous to create fibers with the highest possible HPBCD
content, not the smallest fiber diameter, to release the
maximum amount of drug in the shortest time.

4. Conclusions

We have electrospun moisture-sensitive fibers from supramo-
lecular complexes of PVA/HPBCD/ketoprofen for potential
sublingual drug delivery applications. Blending the two
components appears to enhance PVA entanglement, which
facilitated fiber formation. We attribute the enhancement of
PVA entanglement to the molecular interactions of the cyclo-
dextrin, which leads to networks of HPBCD aggregates and PVA
chains that are analogous to depletion flocculation. The effect
of fiber size on the dissolution rates was examined by varying
the amount of PVA in the electrospinning solution. The fiber
diameter decreased with increasing PVA content due to
increases in the solution conductivity, but the drug loading and
dissolution rates increased with decreasing PVA content.
Consequently the PVA content could be used to modulate the
drug amount and release time, with fibers having the highest
HPBCD content releasing the most drug in the shortest amount
of time.
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