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ARTICLE INFO ABSTRACT

Keywords: Ondansetron (ODS) is an effective antiemetic drug which suffers from limited solubility and bioavailability

Elecrrospi‘{ning during oral administration due to first-pass metabolism. However, these limitations can be mitigated through

gyﬁode"tm“ inclusion complexation with cyclodextrins (CDs). In this study, we have reported the electrospinning of polymer-
ndansetron

free, free-standing ODS/CD nanofibrous webs (NW), a promising approach for developing a fast-disintegrating
delivery system of an antiemetic drug molecule. Highly water soluble hydroxypropyl-beta-cyclodextrins
(HPBCD) were used as both complexation agent and electrospinning matrix. The computational study
revealed that the 1/2 (drug/CD) stoichiometry was more favorable compared to 1/1. The ODS/HPBCD NW was
obtained with higher loading efficiency (~96 %) compared to the control sample of ODS/polyvinyl alcohol
(PVA) NW (~80 %). The amorphous distribution of ODS raised by complexation and the highly water-soluble
nature of HPBCD resulted into faster and better release profile and quite faster disintegration property (~2 s)
in artificial saliva than polymeric ODS/PVA NW. Here, ODS/HPBCD NW was generated in the absence of a toxic
solvent or chemical to enable the drug loading in an amorphous state. From all reasons above, ODS/HPBCD NW
might be a promising alternative to the polymeric based systems for the purpose of fast-disintegrating oral drug

Fast disintegrating
Oral drug delivery
Antiemetic treatment

delivery.

1. Introduction

Tablet oral dosage forms of drug delivery are common in use due to
their ease of administration, controlled dosages, pain avoidance, and
economic benefits (Adepu and Ramakrishna, 2021). For patients who
have difficulty swallowing pills, such as pediatric, geriatric, or dyspha-
gic patients, tablets may not be a viable option of drug delivery. An
alternative closely followed in the pharmaceutical industry is oral fast
disintegrating delivery systems (FDDS) incorporated with active phar-
maceutical ingredients (APIs) in the form of solid dosage films, patches,
or tablets (Preis, 2015; Singh et al., 2021). These FDDS have a quick
dissolution and release of the API in the oral cavity without the need for
water. Moreover, they rapidly disintegrate in the oral mucosa and
leading to a lessened risk of choking (Baghel et al., 2013). The FDDS are
especially favorable for drugs with limited water solubility and low
bioavailability, as it avoids first-pass metabolism and thus leads to
higher absorption of the API in the body (Singh et al., 2021).

* Corresponding authors.

Electrospun nanofibrous webs with APIs has gained recent attention
for being a favorable method of forming FDDS due to the various
properties of nanofibers including high surface area, high porosity, and
mechanical integrity. These favorable properties accelerate the solubi-
lity of the APIs in aqueous solutions and improve their efficacy (Manuel
et al., 2016). It has been reported in the recent studies that electrospun
polymeric nanofibrous webs can be successfully incorporated with APIs
such as anti-inflammatory drugs (Yu et al., 2010a, 2009), dietary sup-
plements (Yu et al., 2010b), analgesics (Illangakoon et al., 2014), anti-
histamines (Akhgari et al.,, 2016; Abbas et al, 2016), and
chemotherapeutics (Wang et al., 2021) as oral FDDS. The amorphous
distribution of APIs from electrospun nanofibers is a particularly
attractive means of creating FDDS. It has been shown that the electro-
spinning of polymeric systems results in an amorphous distribution of
drug molecules from the evaporation rate of the solvent during elec-
trospinning process (Seif et al., 2015). However, the use of polymeric
systems can require toxic solvents to dissolve both polymer and drug
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molecules in the electrospinning solutions. (Seif et al., 2015; Sung and
Kim, 2020). The polymer-free nanofibrous webs of cyclodextrin inclu-
sion complexes, which are generated using an aqueous medium without
a need for additional toxic solvent or chemicals, might be a favorable
alternative to develop FDDS.

Cyclodextrins (CDs) are cyclic oligosaccharides which can form in-
clusion complexes with various type of compounds with non-covalent
interactions (Crini, 2014). It has been shown that complexation with
CD increases the water solubility and physicochemical properties of the
encapsulated compound and these make CD a favorable choice for
poorly water-soluble drug molecules (Saokham et al., 2018). Ondanse-
tron hydrochloride (ODS) is an antiemetic drug often prescribed to
combat nausea and vomiting after surgery, chemotherapy, or radiation
treatment (Kamranpour et al., 2021). The ODS suffers from the limited
aqueous solubility and its bioavailability is at around ~ 60% for tablet
administration and it could be increased to ~ 95% with the orally fast
disintegrating films (Kanouni et al., 2019; Zhu et al., 2015). In one of the
related studies of Cho et al., sulfobutyl-ether derivative of 8-CD has been
used to enhance the solubility and so the permeability of ODS (Cho et al.,
2008). Incorporation of ODS into nanofibers has been achieved previ-
ously using polyvinyl alcohol (PVA) to create webs for FDDS (Vuddanda
et al., 2016). To the best of our knowledge, polymer-free nanofibrous
webs of ODS and CDs which may be an improved means of antiemetic
delivery have not been reported in the literature yet.

In this study, the highly water-soluble CD derivative hydroxypropyl-
beta-cyclodextrin (HPBCD) was chosen for the inclusion complex for-
mation and electrospinning of ODS. HPBCD has been studied extensively
in animal and human trials and has been found to be well tolerated,
particularly if it is taken orally (Gould and Scott, 2005). As has been
shown previously with different drug molecules, including antibiotics
(Celebioglu and Uyar, 2019a), antivirals (Celebioglu and Uyar, 2021),
anti-inflammatories (Celebioglu and Uyar, 2019b), and steroids (Cele-
bioglu et al., 2021; Celebioglu and Uyar, 2020), the complexation ca-
pabilities of HPBCD make it a suitable means of polymer-free FDDS
formation having enhanced drug solubility. The purpose of this study is
generating polymer-free electrospun nanofibrous webs of ODS/HPCD
inclusion complexes (IC) for the development of FDDS which may be an
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alternative to conventional tablet and film forms for drug dosage for
antiemetics (Fig. 1). The ODS/PVA nanofibrous web was also generated
as control sample. The structural analysis and disintegration/release
tests of nanofibrous webs have been carried out by further techniques.

2. Materials and methods
2.1. Materials

Hydroxypropyl-beta-cyclodextrin (HPBCD) (Cavasol W7, DS: ~0.9)
was provided by Wacker Chemie AG (USA). The ondansetron hydro-
chloride (ODS) (>98.0 %, TCI America), polyvinyl alcohol (PVA) (Mw
85,000-124,000, 87-89% hydrolyzed, Sigma-Aldrich), dimethyl sulf-
oxide (DMSO, >99.9%, Sigma), buffer chemicals (phosphate buffered
saline tablet (Sigma Aldrich), sodium phosphate dibasic heptahydrate
(NagHPO4, 98.0-102.0%, Fisher Chemical), potassium phosphate
monobasic (KHyPO4, >99.0%, Fisher Chemical), sodium chloride (NaCl,
>99%, Sigma Aldrich), and o-phosphoric acid (85% HPLC grade, Fisher
Chemical), deuterated dimethyl sulfoxide (DMSO-dg, 99.8%, Cambridge
Isotope) were provided commercially. The required water was distilled
by Millipore Milli-Q ultrapure water system (Millipore, USA).

2.2. Electrospinning of nanofibrous web

The inclusion complexes of ODS with HPBCD were prepared in a ~
1:2 (drug:CD) ratio. First, the HPBCD (180%, w/v) was dissolved in
water, and the drug (8 %, w/w) was added to the solution and was
stirred overnight at room temperature. For the control samples, HPRCD
(180%, w/v), PVA (15%, w/v), and ODS/PVA (8 %, w/w of ODS, 15%,
w/v of PVA) solutions were prepared as well. The ODS/PVA solution
was prepared such that the percentage of ODS was the same as in the
ODS/HPBCD one. The solutions’ conductivity and viscosity were
measured before electrospinning. To measure the conductivity, a
conductivity-meter was used (FiveEasy, Mettler Toledo, USA) at room
temperature; viscosity was measured using a rheometer (AR 2000
rheometer, TA Instrument, USA) with a 20 mm, 4° cone-plate spindle, at
a shear rate of 0.01 to 1000 s~! at 20 °C. The viscosity values which

) Formation of ODS/HPBCD-inclusion
complex {IC)

AN

nanofibrous web

ODS/HPBCD-IC solution

"

Fig. 1. The chemical structure of (a) HPBCD and (b) ODS. (c) The schematic representation of inclusion complex formation between HPBCD and ODS, (c) and the

electrospinning of ODS/HPBCD-IC nanofibrous web.
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indicated consistency in the range of 200-800 s~! shear rate were
considered to determine the viscosity of the electrospinning solutions.
For electrospinning, each solution was individually loaded into dispos-
able plastic syringes with a 23 G needle and placed into electrospinning
equipment (Spingenix, model: SG100, Palo Alto, USA) having horizontal
configuration. A high voltage of 15 kV was supplied to the stainless-steel
needle while the electrospinning solution was being pushed through the
syringe at a steady rate of 0.5 mL/h. The nanofibers were deposited on a
collector plate covered in aluminum foil 15 cm away from the syringe.
The temperature and relative humidity were recorded as ~ 20 °C and ~
60%, respectively. Besides nanofibrous webs, the physical mixture of
ODS/HPBCD powder having the same molar ratio of ~ 1:2 (drug:CD)
was also formed as a control by the blending ODS and HPBCD till having
a homogenous mixture.

2.3. Physicochemical characterization

The scanning electron microscope (SEM, Tescan MIRA3, Czech Re-
public) images of nanofibrous webs were obtained to analyze fiber
morphology. All samples were sputtered with the thin layer of Au/Pd
prior the measurement. The average diameter (AD) of nanofibers (n =
~100) was verified by ImageJ software and given as average diameter
+ standard deviation. Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectrometer (PerkinElmer, USA) was used to re-
cord the FTIR spectra of ODS powder, ODS/HPBCD physical mixture,
and all nanofibrous webs. The absorption was recorded from 4000 —
600 cm™! at a resolution of 4 cm™! for 32 scans. X-ray diffractometry
(XRD, Bruker D8 Advance ECO) was used to determine the X-ray
diffraction patterns of ODS powder, ODS/HPBCD physical mixture, and
all nanofibrous webs in the range of 20 = 5°-30° (Cu-Ka radiation, 40 kV
and 25 mA). Thermal profiles of samples were obtained using differ-
ential scanning calorimetry (DSC, Q2000, TA Instruments, USA) and
thermogravimetric analyzer (TGA, Q500, TA Instruments, USA). For
DSC, the samples were loaded into a Tzero aluminum pan and heated at
a rate of 10 °C/min from 0 °C to 250° (Ny). For TGA, the samples were
heated in a platinum pan at a rate of 20 °C/min from 30 °C to 600 °C
(N2).

2.4. Loading efficiency test

To calculate the loading efficiency of samples, a fixed amount of
ODS/HPBCD and ODS/PVA nanofibrous webs (2 mg) were dissolved in
DMSO (5 mL). The ODS content was measured using UV — vis spec-
troscopy, (Perkin Elmer, Lambda 35, USA) (300 nm), and a calibration
curve of ODS in DMSO was taken with linearity and acceptability of R
> 0.99. The loading efficiency percentage was calculated using the
following equation.

Loading efficiency (%) = Ce/Ct x 100 (€D)]

where Ce is the concentration of loaded ODS and Ct the initial con-
centration of ODS in the nanofibrous samples. The results were repeated
at least three times to obtain an average + standard deviation. Proton
nuclear magnetic resonance (*H NMR, Bruker AV500 equipped with
autosampler) measurements were also utilized to examine the chemical
structure of drug for the ultimate samples and to calculate the loading
efficiency of ODS in nanofibrous webs roughly. 'H NMR solutions of
samples were prepared in d6-DMSO at the sample concentration of 40
mg/mL and spectra were recorded by 16 scans. Mestranova software
was used to process the data.

2.5. Computational methodology

The first-principles density functional calculations (Hohenberg and
Kohn, 1964; Kohn and Sham, 1965) were performed with the Vienna Ab
initio Simulation Package (VASP) (Kresse and Furthmiiller, 1996) to
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reveal the inclusion complex formation between ODS molecules and
HPBCD. The Perdew-Burke-Ernzerhof (PBE) form of generalized
gradient approximation (GGA) was used to estimate the exchange and
correlation energy terms (Perdew et al., 1997). The electron-ion in-
teractions were described with the projector-augmented-wave approach
(Blochl, 1994). The van der Waals interactions were included to GGA-
PBE functional by considering empirical dispersion correction (DFT-
D2) (Grimme, 2006). The kinetic energy cut-off which determines the
plane-wave basis set size, was set to 520 eV. The conjugate gradient
method was used to relax the ions by setting the total energy and force
(on each atom) convergence criteria to 10° eV and 1072 eV/A, respec-
tively. The solvent effect was computed by implementing an implicit
solvation approach (VASPsol) based on a self-consistent continuum
model (Mathew et al., 2016, 2014).

2.6. Pharmacotechnical properties

For phase solubility test, excess amount of ODS was mixed with
increasing concentrations of HPBCD, ranging from 0 to 160 mM, in 5 mL
of water. It was shaken on an orbital shaker at 450 rpm at room tem-
perature shielded away from light. After 24 h, the solutions were filtered
using a 0.45 pm PTFE filter, and the UV-vis spectroscopy was used to
measure the absorbance intensity at 210 nm. The measurements were
repeated three times for each HPPCD concentrations to obtain an
average =+ standard deviation. To plot the phase solubility diagram, the
calibration curve (R2 > 0.99) of ODS in water was used for converting
absorbance intensity into concentration (mM). Additionally, the binding
constant (Ks) was determined from the linear part of the phase solubility
diagram by using the following equation.

Ks = slope/Sy(1-slope) 2)

where Sy is the intrinsic solubility of ODS (~5.6 mM).

To determine the time-dependent release profiles, the same amount
of ODS/HPBCD and ODS/PVA nanofibrous webs (~5 mg) were
immersed in 5 mL of PBS buffer solution (pH 7.4). The samples were
placed on an orbital shaker at 200 rpm at 37 °C. Aliquots of 200 pL were
removed from each sample and replaced with 200 pL of fresh PBS buffer
at set time intervals. The UV spectra were recorded at 210 nm (n = 3).
The dissolution of the nanofibrous webs was recorded using approxi-
mately 5 mg of nanofiber in 5 mL of distilled water (Video-S1). On the
other hand, the disintegration profiles of ODS/HPBCD, HP3CD, PVA, and
ODS/PVA nanofibrous webs were observed in an artificial saliva envi-
ronment (pH 6.8; 2.38 g NagHPOy4, 0.190 g KHoPOy4, 8 g NaCl and few
drops of phosphoric acid in 1L water) to simulate disintegration in the
oral cavity. Filter paper (Fisherbrand, P5 Grade, ¢: 7 cm, medium
porosity, cellulose) was placed in petri dishes (¢: 10 cm) and wetted
with 10 mL of the artificial saliva solution. The excess medium was
drained after keeping systems like that for 10 s and then nanofibrous
webs having dimensions of ~ 2.5 X 3.0 cm were placed individually on
the wetted filter papers. Simultaneously, a video was filmed of the
disintegration of samples (Video-S2 and S3).”.

2.7. Statistical analysis

The results of the replicated experiments were given as mean values
+ standard deviations. The one-way or two-way of variance (ANOVA)
were applied for the statistical analyses. The OriginLab (Origin 2021,
USA) was used for the ANOVA analyses (0.05 level of probability).
3. Results and discussion

3.1. Morphology of nanofibrous webs

In this study, ~ 1:2 (drug:CD) molar ratio was applied to prepare the
electrospinning solution of ODS/HPBCD system which corresponds to 8
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% (w/w) of ODS content in the ultimate nanofibrous webs (NW). The
control sample of ODS/PVA NW was prepared with the same ODS
content of 8 % (w/w). The pristine HPBCD NW and PVA NW were also
generated as control samples. Fig. 2 indicates the optical photos and
SEM images of HPBCD NW, ODS/HPBCD NW, PVA NW and ODS/PVA
NW. All samples were formed with reasonable flexibility, foldability
(Fig. 2-i) and homogenous morphology (Fig. 2-ii). The solution prop-
erties (viscosity and conductivity) and the average diameter (AD) of
samples were summarized in Table 1. As expected, the addition of ODS
increased the viscosity of solution. The conductivity of the HPBCD so-
lution also amplified due to the existence of HCl salt in the formulation
of ODS which increased number of ions in the solution (Table 1). Even
the viscosity of the solution increased, the electrospinning jet of ODS/
HPPCD was exposed to higher stretching effect depending on its
distinctively higher conductivity values compared to pure HPBCD so-
lution, so thinner fibers was formed in case of ODS/HPBCD system (115
+ 45 nm) compared to HPBCD one (260 + 60 nm) (Xue et al., 2019). The
polymer-based systems of PVA depicted a similar trend in terms of
conductivity and viscosity values (Table 1). However, thicker nanofibers
having a ribbon shape were generated for ODS/PVA system (775 + 315
nm) when compared to PVA (330 + 55 nm) one. The ribbon-shaped flat
fibers were formed by the collapsing of polymer skin layer on the solvent
rich interior part of electrospinning jet. It has been reported that the
high viscosity and the conductivity of the electrospinning solutions
might be the reasons for the formation of ribbon like morphology (Itoh
et al., 2016). The high viscosity of solution might hinder the solvent
molecules at the core of electrospinning jet and so they could not
dissipate which resulting in the polymer skin. In case of high conduc-
tivity, the ionic mobility might promote the jet velocity and this might
boost the rapid drying of jet which can again cause the polymer skin
formation (Itoh et al., 2016).

3.2. Physicochemical properties

Fourier transform infrared (FTIR) spectroscopy was used for the
structural analyses of samples (Fig. 3). In case of HPBCD, peaks at
3324-3355 cm ™}, 2930 cm ™}, 1650 cmf1 and 1370 cm ™! correspond to
—OH stretching, C-H stretching, O-H bending and —-CH3 bending of CD,
respectively. The absorption bands at 1028 cm ™}, 1150 cm ™, and 1180
cm ™! correspond to coupled C-C/C-O stretching and antisymmetric C-O-
C glycosidic bridge stretching of CD (Yuan et al., 2015). For the FTIR
spectrum of ODS, distinct absorption bands were found at 3500-3220
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em ™!, corresponding with N-H stretching, 1634 cm™!, corresponding
with C = O stretching, 1580 em ™}, 1530 cm ™}, 1478 em ™Y, 782 em Y,
and 750 cm ™!, corresponding with phenyl C-H bending (Teaima et al.,
2020; Vuddanda et al., 2016). It is notable that various ODS peaks were
inhibited in the FTIR spectrum of ODS/HPBCD NW (Fig. 3a). On the
other hand, ODS peaks at 1634 cm ! and 1530 cm ™! shifted respectively
to 1638 cm ! and 1538 cm ™! with a broadening profile supporting the
inclusion complex formation (Mura, 2015). In case of ODS/HPSCD
physical mixture (PM), there are peaks at 1634 cm’l, 1530 cm’l, and
782 cm ! that aligned directly with the FTIR of pure ODS indicating the
lack of specific interaction between the ODS and HPBCD, as would be
expected of the physical mixture. In FTIR spectrum of ODS/PVA NW,
peaks corresponding to ODS were observed at 1627 cm ™}, 1581 cm ™,
1531 em ™}, 1482 em™}, and 753 cm™! with slight shifts compared to
pure ODS peaks (Fig. 3b). As reported in a related study of Vuddanda
et al., these shifts can be attributed a possible intermolecular hydrogen
bonding between ODS and PVA (Vuddanda et al., 2016).

X-ray diffractometry (XRD) was used to examine the crystalline
patterns of samples. Fig. 4a shows the XRD graphs of the ODS powder,
ODS/HPBCD PM and nanofibrous webs. ODS has a crystalline structure
with distinct peaks at 20 ~ 6, 12.5, 16.5, 20, 23, 24, 25.5, and 28. The
characteristic peaks of ODS were detected clearly for ODS/HPBCD PM at
20 ~ 6, 12.5, 16.5, 23, and 25.5. In contrast, any peaks corresponding
ODS was not observed at the XRD graph of ODS/HPBCD NW indicating
that inclusion complexation with HPBCD broke apart the ODS crystalline
structure and allowed it to take on an amorphous distribution within the
nanofibrous webs. In the case of ODS/PVA NW, a few ODS peaks were
noticed at low intensities with slight shifts corresponding with the FTIR
results where potential interaction between PVA and ODS was
confirmed evidently (Vuddanda et al., 2016). The differential scanning
calorimetry (DSC) finding suggested also the amorphization of ODS
within the ODS/HPBCD NW (Fig. 4b). ODS powder indicated a distinct
endothermic peak at ~ 185 °C representing the melting point of this
crystal drug molecule and additional peak at ~ 90 °C attributed to
dehydration of water (Fig. 4b). The endothermic peak taking part in the
range of 40-120 °C for HPBCD based samples was also due to the
dehydration of water. The melting peak of ODS was notably absent from
the DSC graph of ODS/HPBCD NW (Fig. 4b). This lack of an endothermic
melting point indicated that ODS was incorporated into sample amor-
phously, and no longer had a crystalline structure owing to complexa-
tion with HPBCD, aligning with the XRD results (Fig. 4a). On the other
hand, the melting point of ODS at 185 °C was present in the DSC graph of

Fig. 2. (i) Photos and (ii) SEM images of (a) HPBCD NW, (b) ODS/HPBCD NW (c) PVA NW, and (d) ODS/PVA NW (NW: nanofibrous web).
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Table 1
The solution properties and fiber diameters of resulting nanofibrous webs.

International Journal of Pharmaceutics 623 (2022) 121921

Sample PVA conc. HPBCD conc. ODS conc. Viscosity (Pa-s) Conductivity (uS/cm) Average diameter (nm)
(%, w/v)? (%, w/v)? (%, w/w)®

HPBCD - 180 - 0.4407 45.1 260 + 60

ODS/HPBCD - 180 8 0.6994 504.6 115 + 45

PVA 15 - - 0.9895 818.8 330 + 55

ODS/PVA 15 8 1.6510 2743.0 775 + 315

2 with respect to solvent (water); ® with respect to total sample amount.
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Fig. 3. The full and expanded range FTIR spectra of (a) ODS powder, HPBCD NW, ODS/HPBCD NW, ODS/HPBCD PM, and (b) ODS, PVA NW, and ODS/PVA NW

(NW: nanofibrous web; PM: physical mixture).

ODS/HPBCD PM indicating the crystalline state of the drug in the
physical mixture. As is observed in Fig. 4c, PVA NW had a broad peak at
the range of 30-110 °C corresponding to dehydration and an additional
one at 192 °C due to melting of polymer. For ODS/PVA NW, the over-
lapping melting peaks of ODS (185 °C) and PVA (192 °C) made it hard to
identify them separately. However, there was detected a shift of melting
point to a lower temperature (187 °C) with the addition of ODS in the
PVA system compared to pure PVA (192 °C) suggesting the potential
interaction between the PVA matrix and ODS that was also confirmed by
the analysis of FTIR (Fig. 3).

The thermal degradation profiles of samples were examined using
thermal gravimetric analysis (TGA) (Fig. 5). TGA thermograms of
HPBCD NW showed two weight losses; first one at 100°C was due to
evaporation of water from the sample, and the next one at 356 °C cor-
responded to the main degradation of HPBCD. The thermogram of ODS
powder showed three weight losses; the first one at 100 °C was again due

to evaporation of water, the second and third at 248 °C and 390 °C,
respectively corresponded to the thermal degradation of ODS (Tanveer
et al., 2021). In case of ODS/HPBCD NW, three steps of weight losses
were detected in line with the combination of ODS and HPBCD (Fig. 5a-
i). Except for the first weight loss at 100 °C, there was noticed a sig-
nificant difference in the derivative thermogram (DTG) profile of ODS/
HPBCD NW compared to individual thermograms of ODS and HPBCD
(Fig. 5a-ii). First, the main degradation step having peak value at 280 °C
showed an onset point at 230 °C which was substantially higher than the
main degradation step of pure ODS (160 °C). Secondly, even HPBCD
constituted a huge part of the ODS/HPBCD NW with ~ 90 % (w/w), the
next peak observed at 350 °C and matched with the main degradation of
HPBCD (356 °C) within the nanofibrous structure, was lower in terms of
derivative intensity when compared to the first peak at 280 °C. The
enhanced thermal degradation of ODS and the profile alteration of
HPBCD in ODS/HPPCD NW were the evidence of drug and CD
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Fig. 4. (a) XRD graphs of ODS, HPBCD NW, ODS/HPBCD NW, ODS/HPBCD PM,
PVA NW, and ODS/PVA NW. DSC thermograms of (b) ODS, HPCD NW, ODS/

HPBCD NW, ODS/HPBCD PM, and (c), ODS, PVA NW, and ODS/PVA NW (NW:
nanofibrous web; PM: physical mixture).

interaction in a way of encapsulation of ODS in the HPPCD cavity (Mura,
2015). For ODS/HPBCD PM, the first main weight loss step (268 °C)
corresponding to the ODS degradation indicated an onset point at 160 °C
likewise pure ODS. In addition, the second main weight loss belonging to
HPBCD thermal degradation took part at 356 °C by possessing higher
derivative intensity compatibly to higher content of HPBCD (~90 %, w/
w) in the physical mixture. On the other hand, pristine PVA NW depicted
a core weight loss at 320 °C and a small one at 435 °C due to thermal
degradation of polymeric matrix (Fig. 5b-i). For ODS/PVA NW, the
thermal degradation of ODS started at around 160 °C in the same way as
pure ODS powder. However, it was rather obvious that there was a
distinct difference in the thermal profile of ODS/PVA NW than the
pristine PVA and ODS associated with shifting all peaks to the higher
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temperature ranges (Fig. 5b-ii). This was also further evidence of in-
teractions between ODS and PVA, as noted earlier in the FTIR (Fig. 3),
XRD and DSC (Fig. 4) findings.

3.3. Loading efficiency

The initial molar ratio of ~ 1:2 (drug:CD) was applied to prepare the
ODS/HPBCD inclusion complex aqueous system resulting in 8 % (w/w)
of ODS in nanofibrous webs. The control sample of ODS/PVA NW was
also generated as to include the same amount of ODS (8 % (w/w)). The
loading efficiency test was performed by dissolving nanofibrous webs in
DMSO. It was found that ODS/HPBCD NW and ODS/PVA NW had
loading efficiencies of 95.4 + 1.3 and 79.9 + 2.7, respectively. The
higher loading efficiency for the ODS/HPBCD NW suggested that more
drug molecules was able to be incorporated into the ultimate nano-
fibrous webs due to inclusion complexation between ODS and HPBCD.
The statistical analysis depicted that the means of the two samples are
significantly different from each other (p < 0.05).

Proton nuclear magnetic resonance (*H NMR) spectroscopy also
enabled the calculation of the loading efficiency (%, w/w) of ODS/
HPBCD NW roughly and analyze the chemical structure of ODS after the
entire process of electrospinning. Fig. 6a indicates the 'H NMR spectra of
ODS, HPBCD NW and ODS/HPBCD NW. The integrated area of the
highlighted peaks of ODS and HPBCD were used for the calculation, and
it was detected that the initial molar ratio of ~ 1:2 (ODS:CD) was pre-
served and the ODS/HPBCD NW were obtained almost ~ 100 % (w/w)
of loading efficiency. This finding was slightly higher than the loading
efficiency test result in which this value was determined as ~ 96 (w/w)
for ODS/HPBCD NW. In case of ODS/PVA NW, the overlapping of some
peaks of ODS and PVA and the alteration observed at the characteristic
peaks of ODS disenabled the calculation of approximate loading effi-
ciency using 'H NMR technique. Fig. 6b shows the extended 'H NMR
spectra of ODS, ODS/HPBCD NW and ODS/PVA NW at the range of 7.1
and 8.1 ppm. It was obvious that there were significant shifts and pattern
differences at the given characteristic peaks of ODS in case of ODS/PVA
NW compared to ODS/HPBCD NW (Fig. 6b). The slight shifts of ODS
peaks for ODS/HPBCD NW can be assigned to the enveloping of drug
molecules into CD cavities by inclusion complexation. Moreover, it was
detected that there was a shift at the characteristic peaks of PVA cor-
responding to proton of hydroxyl groups (Fig. 6¢). All these alterations
can be attributed to a potential hydrogen bonding between ODS and
PVA which was also supported by previous findings of FTIR, XRD, DSC
and TGA.

3.4. Computational study

The interaction between ODS and HPBCD was examined by first-
principles computational methods. Within this framework, the ions of
ODS and HPBCD were first relaxed in vacuum and solvent, and the
ground state structures were obtained. Next, the ODS was inserted into
HPBCD through the wide (W) and narrow (N) rim. The optimized con-
figurations were obtained at different positions by considering head (H)
and tail (T) orientations of ODS (Fig. 7a-c). It should be noted that the
total energy (in vacuum and water) decreased as ODS approaches
HPPBCD, and no energy barrier was recognized. The lowest energy con-
figurations corresponding to ODS/HPBCD- inclusion complex (IC) for 1/
1 and 1/2 stoichiometries were presented in Fig. 7d-g. Even ODS/
HPBCD-IC can be formed for both orientations of ODS, H orientation
through wide rim was energetically more favorable for 1/1 stoichiom-
etry. Similarly, for 1/2 configuration, ODS interacted with the wide rims
of both HPPCDs. Following the formation of ODS/HPBCD-IC, the
complexation energy can be calculated by using the relation; Ecg = n*E
[HPBCD] + E[ODS] - E[ODS/HPBCD-IC] where E[HPBCD], E[ODS], and
E(ODS/HPBCD-IC) are the total energies of HPBCD, ODS, and ODS/
HPBCD-IC, respectively. n is the number of HPBCD, which was deter-
mined by stoichiometry. The estimated Ecg’s listed in Table 2 revealed
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web; PM: physical mixture).

that the stable ODS/HPBCD-IC can be formed both for 1/1 and 1/2
stoichiometries. Even the effect of including water on structures was
found to be minor, a significant decrease in Ecg with respect to vacuum
was observed. The decrease in Ecg indicated a reduction in the inter-
action strength between ODS and HPBCD, which can also be correlated
with release rates. On the other hand, it can be concluded that 1/2
stoichiometry was energetically more favorable compared to 1/1 one in
both water and vacuum environment. Finally, the solvation energy (Esg)
was calculated to reveal the effect of IC formation on the solubility of
ODS. Egg, can be defined as the difference between the total energy of IC
in water and vacuum (Egg = EVA®T[IC] — EV3UM[IC]). As listed in
Table 2, the Egg of ODS/HPBCD-IC became —88.1 and —155.9 kcal/mol
for 1/1 and 1/2 stoichiometries, respectively and this suggested that 1/2
stoichiometry provided better enhancement in solubility than 1/1
stoichiometry.

3.5. Pharmacotechnical profiles of nanofibrous webs

The phase solubility test was performed to analyze the effects of
increasing HPBCD concentrations on the solubility of ODS (Fig. 8a). The
intrinsic solubility of ODS without HPBCD was denoted as ~ 5.6 mM
and ~ 1.7 times higher solubility was achieved with inclusion
complexation for the highest HPBCD concentration (160 mM). The
binding constants (Ks) between ODS and HPBCD was also calculated as
6.2 M ! by using the phase solubility diagram. In this study, the time-
dependent release profiles of ODS/HPBCD NW and ODS/PVA NW
were studied in PBS buffer (pH 7.4) and Fig. 8b shows the release graphs
of samples. The significantly higher release performance of ODS/HPSCD
NW was obvious with ~ 80 % release concentration in 30 s compared to

ODS/PVA NW having ~ 0.6 % of ODS release in the same period. Af-
terwards, the release performance of ODS/HPBCD NW reached to ~ 100
% in 2 min and showed approximately plateau profile over 10 min. On
the other hand, ODS/PVA NW only got the release concentration of ~ 24
% at the end of 10 min (Fig. 8b). The noteworthy difference between
samples were also confirmed by the statistical analysis (p < 0.05). In
case of ODS/PVA NW, ODS crystals was encapsulated in a polymeric
matrix, and so the release of drug that was also very based on the
intrinsic water solubility of ODS molecules (~5.6 mM), occurred by the
dissolution of polymeric matrix in the aqueous medium. The crystal
state of ODS and the lower water solubility of PVA (~200 mg/mL)
polymer compared to HPBCD (>2000 mg/mL) were the main reasons of
the lower and slower release of ODS from ODS/PVA NW. As it was
revealed by the previous structural characterization, the potential
hydrogen bonding formed between PVA and ODS might be also a
retarding effect on exuding of drug into the liquid medium from poly-
meric matrix. These results demonstrated that the inclusion complexa-
tion between ODS and HPBCD enabled to attain a better release profile
for ODS compared to one encapsulated into a polymeric matrix due to
amorphous distribution and so enhanced solubility of ODS. The
distinctively higher water solubility of hydroxy-propylated pCD was also
one of the main reasons to obtain the higher and faster release of drug
molecules by the rapid dissolution of web substrate in the PBS medium.
The dissolution behavior of nanofibrous webs was also recorded visually
as depicted in Fig. 8c and Video-S1. The significantly faster dissolution
of HPBCD based nanofibrous webs compared to PVA ones was also
confirmed by this dissolution tests. As seen in captured photos taken in a
short time, PVA NW and PVA/ODS NW remained undissolved layer on
the top of the water (Fig. 8c-ii) while HPBCD NW and ODS/HPSCD NW



E. Hsiung et al. International Journal of Pharmaceutics 623 (2022) 121921

(a) ODS/HPBCD NW

sl a M\ I\\‘I ol

HPBCD NW

i . CHy
o | R=Hor /\r
OH

OR

o ! 1
Q11,12
2 1 10
3 g9 13 14
234 4 N 6,7
1 “ 13,14 | 1 12 67,0 .
l I 5 A

]
i(b 2 3 I
t( ) oDS !
! 1 4 13,14 1
]
1 ]
1 ]
= il
T i
I ]
] ]
' ODS/HPBCD NW !
]
! |
L ]
1 ]
: f :
\ ODS/PVA NW A I| |
T TR A :
: 1l I.II || -|||FL| !n 1
I I ILAl AN
[ . S s ~ 1
1 ]
[ 1
| 8.10 8.00 7.90 7.80 7.70 7.60 7.50 7.40 7.30 7.20 7.10
Y T A
(c) s
' il A
! ODS/PVA NW ' [\

I
I
I
I
I
I
I
I
I
I
I
I
I
1
I
1
I
I
I

Fig. 6. 'H NMR spectra of (a) ODS, HPBCD NW, ODS/HPBCD NW. Expanded *H NMR spectra of (b) ODS, HPBCD NW ODS and ODS/PVA NW, and (c) ODS/PVA NW
and PVA NW (NW: nanofibrous web).



E. Hsiung et al.

(d)
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Fig. 7. The top and side views of (a), (b) HPBCD, (c) ODS, (d), (¢) ODS/HPBCD-IC for 1/1 and (f), (g) ODS/HPBCD-IC for 1/2 stoichiometry.

Table 2

The complexation and solvation energies of ODS/HPBCD-IC for different ori-
entations in 1/1 and 1/2 stoichiometry. T and H indicate tail and head orien-
tation of ondansetron; N and W indicate narrow and wide rims of HPBCD.

ODS/HPPCD Ratio Orientation Egacuum Ejater Esg
kecal/mol kecal/mol kecal/mol
1/1 TH-WN 20.59 - -
HT-WN 27.03 16.25 —88.06
1/2 NW-TH-NW 60.80 - -
NW-TH-WN 88.96 46.30 —~136.61

completely dissolved and formed clear solutions in less than a second
(Fig. 8c-i).

The release profile of nanofibrous webs was further examined by
different kinetic models. The formulations and the result (R, regression
coefficient) were summarized in supporting information (Table S1). The
kinetic model calculations exhibited that the release profile of ODS/
HPBCD NW did not fit with the zero/first-order kinetics, Higuchi and
Hixson-Crowell models (Table S1). This established that the ODS release
did not occur in accordance with Fick's first law showing a time-
dependent release from an insoluble planar matrix (Peppas and Nar-
asimhan, 2014). On the other hand, comparatively higher consistency

was observed with Korsmeyer—Peppas model supporting the erosion and
diffusion-controlled release of ODS from ODS/HPBCD NW. The diffusion
exponent (n) value calculated using the Korsmeyer—Peppas equations
was detected in the range of 0.45 < n < 0.89 for ODS/HPBCD NW and
this also pointed the non-Fickian or irregular diffusion of ODS from
nanofibrous webs (Peppas and Narasimhan, 2014). For ODS/PVA NW,
the release profile depicted coherence with almost all kinetic models
taking part in calculations except Korsmeyer-Peppas (Table S1). This
promoted that the release of ODS was dominated by the Fickian diffu-
sion mechanism and the progressive disintegration of matrix as a func-
tion of time (Gouda et al., 2017; Peppas and Narasimhan, 2014).

The disintegration performance of the nanofibrous webs was evalu-
ated in simulated environment of oral cavity created with filter paper
wetted with artificial saliva (Balusamy et al., 2020). Fig. 9 depicted the
photos captured from Video-S2 and Video-S3. HPBCD NW and ODS/
HPBCD NW were absorbed within two seconds upon contact with the
filter papers (Fig. 9a, b). In comparison, the PVA and ODS/PVA NW did
not rapidly disintegrate, even after 50 s thin layer of nanofibrous webs
remained on the filter papers (Fig. 9c, d). Essentially, the high porosity
and high surface area of nanofibrous webs forms active interaction sides
for liquid medium and this contributes to the penetration of medium
through the fiber structures during dissolution and disintegration (Yu
etal., 2018). In case of ODS/PVA NW, the lower solubility of PVA matrix
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and the crystalline content of ODS in the nanofibrous web also latened
the disintegration of samples when compared with HPBCD based sam-
ples. In other words, the highly water-soluble nature of HPBCD raised an
advantageous dynamic for the fast disintegration of nanofibrous webs,
as well (Loftsson and Brewster, 2010). Thus, ODS/HPBCD NW would be
more suitable as an oral fast-disintegrating delivery system for ODS than
a PVA-based one, as it would disintegrate rapidly and entirely without
resulting a granular feeling in the oral cavity during administration.

4. Conclusions

In this study, ODS/HPBCD NW enabled the amorphous distribution
of ODS in the fibrous matrix by the non-covalent interaction of inclusion
complexation with CD cavity. On the other hand, ODS crystals were
embedded into polymeric PVA NW along with an additional hydrogen
bonding between ODS and PVA chains. The initial drug loading was ~ 8
% (w/w) for both nanofibrous webs, however, ODS/HPPCD NW was
obtained with higher loading efficiency (~96 %, w/w) compared to
ODS/PVA NW (~80 %, w/w) due to inclusion complexation. The su-
perior features of nanofibers such as high porosity and high surface area,
the amorphous state of ODS by inclusion complexation, and significantly
high solubility of HPBCD (>2000 mg/mL) provided faster dissolution/
disintegration of electrospun web in aqueous medium/artificial saliva
and better release of ODS from ODS/HPBCD NW compared to ODS/PVA
NW. ODS/HPBCD NW was produced without using an additional toxic
solvent or compounds in water and this can be considered as great
prospect for the industrialization of this new dosage formulations.
Briefly, inclusion complex nanofibrous web can be implemented for the
antiemetic drug molecule of ODS effectively. The orally fast-
disintegrating ODS/HPBCD NW might be a promising alternative to
the commercial dosage formulations of orally fast-disintegration ODS
tablets. Even, the unfavorable taste of ODS which can disturb the
compliance of the patient can be also removed by inclusion complexa-
tion. To conclude, ODS/HPBCD NW might be attractive during the
treatment of nausea and vomiting to be free of chewing and swallowing
complications and without a granular feeling in the oral cavity.
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