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Naproxen is a well-known non-steroidal anti-inflammatory drug (NSAID) that suffers from limited water
solubility. The inclusion complexation with cyclodextrin (CD) can eliminate this drawback and the free-
standing nanofibrous film (NF) generated from these inclusion complexes (ICs) can be a promising
alternative formula as an orally disintegrating drug delivery system. For this, naproxen/CD IC NFs were
generated using the highly water soluble hydroxypropylated derivative of BCD (HPBCD) with two different
molar ratios of 1/1 and 1/2 (drug/CD). The complexation energy calculated by the modeling study
demonstrated a more favorable interaction between HPBCD and naproxen for the 1/2 molar ratio than 1/1.
HPBCD/naproxen IC NFs were generated with loading concentrations of ~7-11% and without using toxic
chemicals. HPBCD/naproxen IC NFs indicated a faster and enhanced release profile in aqueous medium
compared to pure naproxen owing to inclusion complexation. Moreover, rapid disintegration in less than a
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Introduction

One of the major issues in the pharmaceutical industry is the
rising number of poorly water-soluble drugs and their low
bioavailability to the human body. Over 70% of new chemical
entities in the drug discovery pipeline are nearly insoluble in
water, leading to slow drug absorption, gastrointestinal
toxicity, and insufficient bioavailability."”* In response to this
problem, fast-disintegrating oral drug delivery systems have
gained an increasing amount of attention due to their ability
to provide rapid and enhanced drug absorption and improved
bioavailability by reducing the hepatic first-pass effect.** Fast-
disintegrating systems can be in flexible, thin, and free-
standing strip/film forms having hygroscopic profiles which
enable the dissolution of these systems in a moist
environment by eliminating the use of water. Here, the fast
disintegration of the delivery system in the oral mucosa
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second was achieved in an artificial saliva environment.

removes the choking hazard and need for swallowing which
results in a rise in patient compliance.®” Therefore, fast-
disintegrating oral drug delivery systems are useful alternative
pharmaceutical forms to tablets and capsules. Fast-
disintegrating systems can be generated through processes
such as freeze drying, granulation, molding, compression,
spraying, etc. which are meant to enhance the dissolution rate
and thus, the bioavailability of the drugs.® On the other hand,
the technique of electrospinning has become a prominent
approach for engineering nanomaterials in the form of free-
standing fibrous films as carriers of chemical and biological
compounds in therapeutic applications.”” The unique
properties of electrospun nanofibers such as highly porous
structure, high surface area, being lightweight and drug
encapsulation capability make these fibrous films attractive
for the emerging orally fast-disintegrating delivery system."’
Moreover, the potential of these nanofibrous films can be
verified by using different configurations of electrospinning
such as coaxial,™" triaxial'> and side-by-side."?

For developing water-soluble nanofibrous films with quick
disintegration times, different types of natural and synthetic
hydrophilic polymers have been employed including
polyvinyl alcohol (PVA),'*'*> poly(ethylene oxide) (PEO),"®
polyvinylpyrrolidone (PVP),">'® pullulan,'”® etc. just as used
for commercially available orally disintegrating films
(ODFs)."® However, toxic solvents, additional chemicals or
high processing temperature might be required for proper
incorporation of drug molecules into electrospun polymer
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matrices. At this point, cyclodextrin (CD) drug inclusion
complexes electrospun into nanofibrous films without using
a polymer or another toxic chemical can circumvent the
problems present in polymer-based drug carrier systems.?* >’
CDs, playing a key role in drug encapsulation, are a class of
oligosaccharides derived from starch. CDs are non-toxic and
bio-safe molecules having a donut shape which enables the
formation of inclusion complexes with various hydrophobic
compounds by encapsulating them into the relatively
hydrophobic inner cavity of CDs. Here, the inclusion
complexation can increase the water solubility,
bioavailability, and stability of the encapsulated bioactive
compounds and this ensures a widespread application for
CDs and their inclusion complexes particularly across the
medicine, pharmacy, and biotechnology areas.'®>%2°
Naproxen is a non-steroidal anti-inflammatory drug
(NSAID) that is used to reduce the inflammation, fever and
pain during the treatment of migraine, arthritis, kidney
stones, gout, menstrual cramps, etc. However, the poorly
water-soluble nature of naproxen limits its use for
pharmaceutical administration.>® As was reported previously,
this shortcoming of naproxen can be dissolved by forming
inclusion complexes with different types of CD
molecules.’*” Even, in a related study by Séon-Lutz et al.,
hyaluronic acid/PVA nanofibers were incorporated with the
inclusion complexes of hydroxypropyl-beta-cyclodextrin
(HPBCD) and naproxen for the purpose of wound dressing
applications.® In another study reported by the Uyar group,
poly(e-caprolactone) (PCL) nanofibers were functionalized
with naproxen/BCD inclusion complexes that provided an
enhanced release profile for the drug molecule compared to
the CD-free system.*® In this study, HPBCD was used to form
inclusion complexes with naproxen and then for the
electrospinning of this complex system in the absence of any
polymer or organic solvents (Fig. 1). The potential and the
favourableness of naproxen/HPBCD inclusion complex
nanofibrous films as a fast-disintegrating delivery system
were revealed using morphological, structural, and
pharmacotechnical characterization techniques.
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Fig. 1 Chemical structure of (a) hydroxypropyl-beta-cyclodextrin
(HPBCD) and (b) naproxen. Schematic representation of (c) inclusion
complex formation between naproxen and HPBCD molecules and (d)
electrospinning of a naproxen/HPBCD IC nanofibrous film.
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Experimental
Materials

Naproxen (99.3%, MP Biomedicals), buffer chemicals (phosphate
buffered saline tablet (Sigma Aldrich), sodium phosphate dibasic
heptahydrate (Na,HPO,, 98.0-102.0%, Fisher Chemical), sodium
chloride (NaCl, >99%, Sigma-Aldrich), monobasic potassium
phosphate (KH,PO,4, >99.0%, Fisher Chemical), o-phosphoric
acid (85%, Fisher Chemical), hydrochloric acid (Sigma-Aldrich,
Ph. Eur., BP, NF, fuming, 36.5-38%)), dimethyl sulfoxide (DMSO,
certified ACS, Fisher Chemical) and deuterated dimethyl
sulfoxide (DMSO-ds, deuteration degree min. 99.8%, Cambridge
Isotope) were obtained commercially. Hydroxypropyl-beta-
cyclodextrin (HPBCD) (Cavasol® W7 HP, standard grade, molar
substitution degree: ~0.9) was gifted from Wacker Chemie AG
(UsA). A Millipore Milli-Q ultrapure water system was used for
distilled water.

Preparation of inclusion complex systems and
electrospinning process

Clear solutions of HPBCD were prepared with a CD
concentration of 180% (w/w, with respect to solvent) in
distilled water (500 pL). Afterwards, naproxen was added to
the clear HPBCD solutions to separately attain 1/1 and 1/2
molar ratios (drug/CD) that corresponded to ~13.3% (w/w,
with respect to the total sample amount) and ~7.1% (w/w)
naproxen content in ultimate nanofibrous films. To form
inclusion complexes (ICs), the naproxen/HPBCD solutions
were stirred overnight at RT. Pure HPBCD solution (180% (w/
w)) was prepared as the control sample. The conductivity and
viscosity of all these aqueous systems were determined prior
the electrospinning procedure. The conductivity of solutions
was measured using a conductivity meter (FiveEasy, Mettler
Toledo, USA), while viscosity was measured using a
rheometer (AR 2000 rheometer, TA Instrument, USA, cone-
plate spindle (20 mm, 4°), shear rate (0.01-1000 s ')). The
electrospinning solutions of naproxen/HPBCD ICs and pure
HPBCD were individually transferred to a 1 mL plastic syringe
fixed with 27 G needles. The electrospinning process was
conducted in electrospinning equipment (Spingenix, model:
SG100, Palo Alto, USA). For this, the solution loaded syringes
were placed on a syringe pump and pushed with a flow rate
of 0.3 mL h™". The high voltage power source was set to 17.5
kv to apply voltage to the needle for the deposition of
nanofibers on the fixed metal collector. During the process,
the relative humidity and temperature were recorded at
around 26% and 20 °C, respectively.

Structural characterization

The morphology of naproxen/HPBCD (1/1) IC, naproxen/
HPBCD (1/2) IC and HPBCD nanofibrous films was examined
through scanning electron microscopy (SEM, Tescan MIRA3,
Czech Republic). Prior to the measurement, samples fixed on
the SEM stub were coated with a layer of Au/Pd to eliminate
the charging problem. The average diameter of fibers was
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defined following SEM imaging by using Image] software
upon calculating ~100 fibers for each sample.

The inclusion complex formation within naproxen/HPRCD
IC nanofibrous films were confirmed using different
techniques. Firstly, attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR, PerkinElmer, USA)
was used for this purpose. The FTIR spectra of nanofibrous
films and pure naproxen were recorded with 32 scans in the
range of 4000-600 cm™* and at a resolution of 4 cm™". X-ray
diffraction (XRD, Bruker D8 Advance ECO, Germany) also
established the IC formation within nanofibrous films by
analyzing the conversion of naproxen crystals into the
amorphous state by complexation. XRD measurements of
nanofibrous films and naproxen were performed in the range of
26 = 5-30° using Cu-Ka radiation at 40 kV and 25 mA. The
amorphization of naproxen was also confirmed using a
differential scanning calorimeter (DSC, TA Instruments Q2000,
USA). The DSC thermograms were obtained by heating samples
which were placed in a T-zero Al pan from 0 °C to 200 °C using
a 10 °C min" heating rate. On the other hand, a thermal
gravimetric analyzer (TGA, TA Instruments Q500, USA) provided
the thermal degradation profile of samples which were located
on the platinum pan and heated in the range of RT-500 °C in
increments of 20 °C min™".

Loading efficiency

To calculate the loading efficiency of naproxen/HPBCD (1/1) IC
and naproxen/HPBCD (1/2) IC nanofibrous films, ~1 mg of
samples were dissolved in 5 mL of DMSO. Here, DMSO was
selected to ensure the complete dissolution of components of
naproxen and HPBCD within nanofibrous films. The naproxen
content was measured using UV-vis spectroscopy (Perkin Elmer,
Lambda 35, USA) (274 nm) and the calibration curve of
naproxen in DMSO was obtained with R*> > 0.99. The loading
efficiency (%) was calculated by using the following formula;
Loading efficiency (%) = Ce/Ct x 100 (Formula 1)
where Ce is the concentration of loaded naproxen and Ct is the
initial concentration of naproxen in the nanofibrous films. The
measurements were repeated three times to attain an average +
standard deviation of results. Proton nuclear magnetic
resonance spectroscopy ("H-NMR) was also operated to analyze
the chemical structure and to determine the loading efficiency
of nanofibrous films roughly. For this, naproxen/HPBCD (1/1) IC
and naproxen/HPBCD (1/2) IC nanofibrous films and naproxen
were separately dissolved in dg-DMSO, and then placed in a 'H-
NMR spectrometer (Bruker AV500, with an autosampler) for
recording the 'H-NMR spectra (16 scans). The results were
examined by using Mestrenova software to calculate molar
ratios through integrating characteristic peaks of components.

2D-NMR measurement

The rotating frame Overhauser effect spectroscopy (ROESY)
method was applied to examine inclusion complex formation

This journal is © The Royal Society of Chemistry 2024
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between HPBCD and naproxen. Here, 2D-NMR measurement
was performed using a 600 MHz Varian INOVA nuclear
magnetic resonance spectrometer in D,O at 25 °C.

Computational methodology

To reveal the inclusion complex formation mechanisms at
the atomic scale, ab initio quantum mechanical calculations
based on density functional theory*® were performed using
VASP software.’" The element potentials were described by
the projector-augmented-wave method, and the size of the
plane-wave basis set was determined by the kinetic energy
cut-off, which was fixed to 520 eV. The exchange-correlation
potential was approximated by the Perdew-Burke-Ernzerhof
(PBE) form of generalized gradient approximation (GGA), and
van der Waals interactions were taken into account by
Grimme's dispersion correction (DFT-D2) method.*” The
HPBCD, naproxen molecules, and their inclusion complexes
were relaxed by the conjugate-gradient algorithm with precise
energy (for self-consistent electronic steps) and force (for
each ion) convergence criteria, which were 0.01 meV and 0.01
eV A7, respectively. The solvent effect was included in
calculations by the implicit solvation approach.*?

Pharmacotechnical properties

The phase solubility profile of naproxen in the existence of
CD was investigated by mixing the excess amount of
naproxen (~6 mg) with increasing concentrations of HPBCD
in the range of 0-32 mM in 5 mL of unbuffered water
consequently showing pH in the range of 5.6-4.1. The
mixtures were shaken on an orbital shaker (450 rpm) for 24 h
at RT. Afterwards, the aqueous systems were filtered using a
disposable PTFE filter (0.45 pm) and UV-vis spectroscopy was
used to record the absorbance intensity of aliquots at 230
nm. The calibration curve (R*> > 0.99) of naproxen in water/
ethanol (7/3, v/v) was applied to convert absorbance intensity
into concentration (mM). For each system, the measurements
were performed three times (average + standard deviation).
In addition, the binding constant (Ks) was calculated using
the linear part of the phase solubility diagram by applying
the following formula:
Ks = slope/Sy(1 - slope) (Formula 2)
where S, is the intrinsic solubility of naproxen (~0.4 mM).
The in vitro time-dependent release profiles of naproxen/
HPBCD (1/1) IC and naproxen/HPBCD (1/2) IC nanofibrous
films were analyzed in PBS buffer having pH 7.4. For this,
~10 mg of samples were immersed in 10 mL of buffer
solution and shaken on an orbital shaker at 200 rpm and 37
°C. Aliquots of 100 puL were taken from each sample system
at particular time intervals (30 s to 10 min) and then 100 pL
of fresh PBS buffer was readded into the same systems. For
each sample, tests were repeated three times (average +
standard deviation) and the absorbance intensity of removed
aliquots was measured using UV-vis spectroscopy (230 nm).
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The calibration curve (R* > 0.99) of naproxen in PBS/ethanol
(7/3, v/v) was applied to convert absorbance intensity into
release concentration (ppm). As the control, the release
profile of pure naproxen (~1.3 mg) in the buffer system (pH
7.4, 10 mL) was also examined using a drug concentration of
~0.6 mM which is higher than its intrinsic solubility (~0.4
mM) and corresponds to the initial drug content of ~10 mg
of naproxen/HPBCD (1/1) IC nanofibrous film. The release
behaviour of the samples was also analyzed from the point of
view of release kinetics by using different kinetic calculation
models (see the ESIt).

The dissolution profiles of naproxen (~0.7 mg) and
nanofibrous films (~5 mg) of HPBCD, the naproxen/HPBCD
(1/1) IC and the naproxen/HPBCD (1/2) IC were examined by
placing each sample in a vial and then adding 5 ml PBS to
each of the vials. A simultaneous video was recorded to
follow the dissolution behaviour (Video S17). Here, the
concentration of nanofibrous films (~1 mg mL-1) was kept
the same with an in vitro release test. On the other hand, the
evaluation of the disintegration profile was carried out in a
medium that emulated the oral cavity moist environment.
For this, filter paper (Fisherbrand, P5 Grade, @: 7 cm,
medium porosity, cellulose) was placed on Petri dishes (2: 10
cm) and saturated with 10 mL of the artificial saliva
solution.’® Afterwards, an excess amount of medium was
removed from the Petri dishes and then nanofibrous films of
HPBCD, the naproxen/HPBCD (1/1) IC and the naproxen/
HPBCD (1/2) IC (~6 x 7 cm) were placed individually on the
wetted filter paper. Video S21 was concurrently recorded to
reveal the disintegration behaviour of samples in the artificial
saliva environment.

Statistical analyses

The statistical analyses were performed through Origin Lab
(Origin, 2023, USA). The one-way or two-way of variance
(ANOVA) was applied with a 0.05 level of probability.

Results and discussion
Morphology of nanofibrous films

Fig. 2 shows the photos of electrospinning solutions and
ultimate HPBCD, naproxen/HPBCD (1/1) IC and naproxen/
HPBCD (1/2) IC nanofibrous films electrospun from these
solutions along with their representative SEM images. Here,
the HPBCD system was obtained as a clear solution (Fig. 2a-i)
while the naproxen/HPBCD (1/1) IC system yielded a turbid
one that was an indicator of the uncomplexed -crystal
naproxen existence in the solution (Fig. 2b-i). On the other
hand, a clear solution was observed for the naproxen/HPCD
(1/2) IC system (Fig. 2c-i) just as in the HPBCD solution due
to full complexation occurring between the drug and CD
molecules in the aqueous solution. From all these three
systems, free-standing, lightweight, and easily folded
nanofibrous films were generated as a result of the
electrospinning process as shown in Fig. 2a-c-i. The bead-
free and uniform fiber formation for HPBCD, naproxen/
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Fig. 2 (i) Photos of electrospinning solution and nanofibrous films and
(i) SEM images of nanofibrous films of (a) HPBCD, (b) the naproxen/
HPBCD (1/1) IC and (c) the naproxen/HPBCD (1/2) IC.

HPBCD (1/1) IC and naproxen/HPBCD (1/2) IC nanofibrous
films was demonstrated using SEM imaging (Fig. 2a-c-ii).

The average fiber diameter (AFD) calculated from the SEM
images and the solution properties including viscosity and
conductivity are summarized in Table 1. As confirmed by the
SEM images, thicker fibers were obtained for the naproxen/
HPBCD (1/1) IC nanofibrous film (260 + 70 nm) compared to
the naproxen/HPBCD (1/2) IC (180 + 90 nm) and HPBCD (195
+ 45 nm) nanofibrous films (Table 1). The statistical analyses
also depicted that the AFD of the naproxen/HPBCD (1/1) IC
nanofibrous film was significantly different from the others
(p < 0.05). The naproxen/HPBCD (1/1) IC system showed the
highest viscosity (1.103 Pa s) and lowest conductivity (40.95
uS ecm™') among the other two systems. This can be the
explanation for thicker fiber formation than HPBCD and
naproxen/HPBCD (1/2) IC nanofibrous films since a lower
amount of electrical charge was formed in the naproxen/
HPBCD (1/1) IC solution and it led to less stretching during
electrospinning (Table 1).**

Structural characterization

FTIR analysis can offer an understanding of interactions
between guest and CD molecules by inclusion complexation

This journal is © The Royal Society of Chemistry 2024
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Table 1 Solution properties and average fiber diameters (AFD, average * std deviation) of electrospun nanofibers

HPBCD conc.” Naproxen conc.” Viscosity Conductivity
Sample (%0, wiw) (%o, wiw) (Pas) (uS em™) AFD (nm)
HPBCD 180 — 0.877 44.26 195 + 45
Naproxen/HPBCD (1/1) 180 13.3 1.103 40.95 260 + 70
Naproxen/HPBCD (1/2) 180 7.1 1.064 45.48 180 + 90

“ With respect to the solvent. > With respect to the total sample amount.

which can result in shifts or disappearances of the
characteristic peaks of components.*> Here, Fig. 3 depicts the
full and expanded FTIR graphs of naproxen and nanofibrous
films of HPPCD, the naproxen/HPBCD (1/1) IC and the
naproxen/HPBCD (1/2) IC. The FTIR spectra of the HPBCD
nanofibrous film indicated characteristic bands belonging to
HPBCD: 3350 cm ™" (stretching vibration of O-H), 2930 cm™
(anti-symmetric vibration of CHj;), 1650 cm ™ (bending
vibration of O-H), 1150 ¢cm ™" (stretching vibration of C-0),
and 1023 cm™* (stretching of the antisymmetric C-O-C
glycosidic bridge) (Fig. 3a).*® The distinct characteristic peaks
of HPBCD were also detected in the FTIR spectra of the
naproxen/HPBCD IC nanofibrous film due to the higher
portion of CD content in the film structure (~87-93% (w/w)).
For pure naproxen, the characteristic absorption peaks were
observed at 1724-1682 cm™' (-C=O0 stretching), 1602 cm™
and 1505 ecm™' (C=C aromatic stretching), 1393 cm™" (CHj
bending), 1264 and 1027 em™* (symmetric aryl-O stretching),
and 1225 em™ (-O- stretching) (Fig. 3b and c).***"%% All
given characteristic peaks of naproxen were also observed in
the FTIR graphs of naproxen/HPBCD (1/1) IC and naproxen/
HPBCD (1/2) IC nanofibrous films and this proved the
existence of naproxen molecules in these samples
(Fig. 3b and c). Moreover, there was a shift noticed for the
characteristic peaks of naproxen in the case of the naproxen/
HPPCD IC nanofibrous films from 1631 cm™, 1602 cm ™,
1505 cm !, 1393 cm™!, 1264 cm™' and 1225 cm™' to 1634
cm ', 1607 em™, 1507 em Y, 1417 em Y, 1265 cm ! and 1230
em™', respectively (Fig. 3b). This confirmed the inclusion
complex formation between naproxen and HPBCD in both
electrospun nanofibrous films of the naproxen/HPBCD ICs.
In this study, XRD was utilized to examine the potential
transition of naproxen crystals into the amorphous state as a
result of the inclusion complex formation with HPBCD. Fig. 4a
shows the XRD graphs of naproxen and nanofibrous films of
HPBCD, the naproxen/HPBCD (1/1) IC and the naproxen/HPBCD
(1/2) IC. The distinct characteristic peaks of naproxen at 6.5°,
12.6°, 16.8°, 19.0°, 20.4°, 22.5° and 23.7° exhibited the
crystalline nature of this drug.*” On the other hand, broad halos
(10° and 18.5°) were detected in the case of the HPBCD
nanofibrous film owing to its amorphous state. For the
naproxen/HPBCD (1/1) IC nanofibrous film, the characteristic
peaks of naproxen were observed demonstrating the existence
of uncomplexed crystal drug parts within the sample. In
contrast, the naproxen/HPBCD (1/2) IC nanofibrous film
displayed an amorphous pattern identical to the pristine

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Full and (b and c) expanded FTIR graphs of naproxen, the
HPBCD NF, the naproxen/HPBCD (1/1) IC NF and the naproxen/HPBCD
(1/2) IC NF (nanofibrous film: NF).
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Fig. 4 (a) XRD and (b) DSC graphs of naproxen, the HPBCD NF, the
naproxen/HPBCD (1/1) IC NF and the naproxen/HPBCD (1/2) IC NF
(nanofibrous film: NF).

HPBCD nanofibrous film as a result of complete complexation
between naproxen and HPBPCD which ensured the full
amorphization of drug crystals within the film.

The amorphous distribution of naproxen in the naproxen/
HPBCD (1/2) IC nanofibrous film and the presence of drug
crystals in the naproxen/HPBCD (1/1) IC nanofibrous film
were further verified using the DSC technique. Fig. 4b shows
the DSC thermograms of naproxen and nanofibrous films of
HPBCD, the naproxen/HPBCD (1/1) IC and the naproxen/
HPBCD (1/2) IC. Here, the DSC thermogram of naproxen
showed an endothermic peak at ~156 °C corresponding to
the melting of drug crystals.”” On the other hand, both
HPBCD and naproxen/HPBCD (1/2) IC nanofibrous films
exhibited a broad endothermic peak at ~90 °C originating
from dehydration of water content in the samples. The
melting peak of naproxen was detected at around 144 °C with
a broader feature compared to pure naproxen in the case of
the naproxen/HPBCD (1/1) IC nanofibrous film, and this is
evidence for the existence of both complexed and
uncomplexed naproxen within the 1/1 based nanofibrous
film.**> Nonetheless, there was no distinct endothermic peak
detected at the respective region of the thermogram for the
naproxen/HPBCD (1/2) IC nanofibrous film supporting the
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complete complexation between naproxen and HPBCD
(Fig. 4b). It is obvious that the results of DSC aligned with
both XRD findings (Fig. 4a) and visual observations of
solution photos (Fig. 2).

Here, the TGA technique was applied to investigate the
thermal degradation profile of the nanofibrous films. Fig. 5
shows the TGA thermograms and derivative thermograms
(DTG) of naproxen and nanofibrous films of HPBCD, the
naproxen/HPBCD (1/1) IC and the naproxen/HPBCD (1/2) IC.
For the nanofibrous films, the weight-loss step completed at
around 100 °C corresponded to the water dehydration from
the samples. On the other hand, the main weight-loss
observed at ~360 °C was due to the thermal degradation of
HPBCD within the nanofibrous films (Fig. 5a). Differently
from the pristine HPBCD nanofibrous film, an additional
step was observed at ~305 °C in the case of the naproxen/
HPBCD IC ones which arose from the naproxen content
(Fig. 5b). However, it is obvious that the thermal degradation
of naproxen occurred at a higher temperature for the
naproxen/HPBCD IC nanofibrous films when compared to
pure naproxen degradation that happened at around 255 °C
(Fig. 5b).>* This shift also confirmed the inclusion complex
formation between naproxen and HPBCD which required a
higher level of energy for the thermal degradation process.
TGA analysis can also provide information about the

(a) 1004 Naproxen/HPBCD
90 (1/2) IC NF
Naproxen/HPBCD
_ 801 (1/1) IC NF
& 70- HPBCD NF
] Naproxen
E 60
£ 50+
=4
© 40
=
30 1
20 4
10 4
o
50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)
2.6
(b) 24] Naproxen/HPBCD
22 (1/2)IC NF
§ 2'0 Naproxen/HPBCD
3 (1/1)IC NF
1 1.8+ HPBCD NF
=l 1.61 Naproxen
g 1.4 1
g 1.2 1
S 1.0
©
2 0.8
@
S 061
0.4 4
0.2 1
0.0

50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)

Fig. 5 (a) TGA thermograms and (b) derivative thermograms (DTG) of
naproxen, the HPBCD NF, the naproxen/HPBCD (1/1) IC NF and the
naproxen/HPBCD (1/2) IC NF (nanofibrous film: NF).
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approximate content (%) of components within the samples.
Here, the TGA thermograms of the naproxen/HPBCD IC
nanofibrous films did not allow this calculation since the
thermal degradation of naproxen overlapped with the main
degradation of HPBCD. Even so, the DTG graphs clearly
exhibited the differences in naproxen and HPBCD contents
between the naproxen/HPBCD (1/1) IC and naproxen/HPBCD
(1/2) IC nanofibrous films. Such that, the step intensity of
naproxen was found to be lower in the case of the naproxen/
HPBCD (1/2) IC nanofibrous film compared to the naproxen/
HPBCD (1/1) IC one while it was higher for the HPBCD
weight-loss step. This finding supported the lower drug
content of the naproxen/HPBCD (1/2) IC nanofibrous film
(~7.1%, w/w) than that of the naproxen/HPBCD (1/1) IC
nanofibrous film (~13.3%, w/w).

Loading efficiency of nanofibrous films

The electrospinning solutions of naproxen/HPBCD IC systems
were prepared using 1/1 and 1/2 molar ratios (drug/CD) that
respectively corresponded to 13.3% and 7.1% (w/w) naproxen
content in the electrospun nanofibrous films. The loading
efficiency test revealed that the ultimate nanofibrous films of
the naproxen/HPBCD (1/1) IC and naproxen/HPBCD (1/2) IC
were respectively obtained with 83.73 + 4.36% and 100.03 +
3.51% (w/w) loading efficiency that corresponded to ~11.1%
and ~7.1% (w/w) naproxen content. The statistical analyses
also demonstrated the significant difference between the
samples (p < 0.05). In other words, there was detected a
slight loss of naproxen in the case of the naproxen/HPBCD
(1/1) IC nanofibrous film and this most likely originated from
the uncomplexed parts of drug molecules which caused
heterogeneity in its electrospinning solution. On the other
hand, no drug loss was noticed for the naproxen/HPBCD (1/2)
IC nanofibrous film owing to the complete complexation
attained between naproxen and HPBCD within the sample.
Here, "H-NMR analysis was also performed to examine the
chemical structure and rough content of naproxen molecules
within nanofibrous films. Fig. 6 shows the '"H-NMR spectra
of naproxen and nanofibrous films of the naproxen/HPBCD
(1/1) IC and naproxen/HPBCD (1/2) IC. It was found that the
characteristic peaks of naproxen presented the same pattern
in the 'H-NMR spectra of the naproxen/HPBCD (1/1) IC and
naproxen/HPBCD  (1/2) IC nanofibrous films. This
demonstrated the preserved chemical structure of this drug
molecule during the whole process. On the other hand, the
highlighted parts signified the non-overlapped integrated
peaks of naproxen and HPBCD which were used to calculate
the molar ratio of the ultimate nanofibrous films (Fig. 6). For
naproxen, the peaks located between 7 ppm and 8 ppm
corresponding to the aromatic ring of the molecule were
taken into account during the calculation.** For HPBCD, the
peak located at ~1 ppm corresponding to the methyl group
was used for the analysis.’® The results revealed that the
molar ratio (drug/CD) was found to be 1.00/1.04 and 1.00/
1.97 for the naproxen/HPBCD (1/1) IC and naproxen/HPBCD
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Fig. 6 'H-NMR spectra of naproxen, the naproxen/HPBCD (1/1) IC NF
and the naproxen/HPBCD (1/2) IC NF (nanofibrous film: NF).

(1/2) IC nanofibrous films, respectively, corresponding to
~96.1% and ~101.5% (w/w) loading efficiency. These
findings are approximately the same as the results of the
loading efficiency test; however, the difference distinguished
for the naproxen/HPBCD (1/1) IC nanofibrous film might be
due to the variations between test techniques. Briefly,
naproxen was effectively encapsulated into nanofibrous films
with different loading contents (~7-11%, w/w) due to
inclusion complexation between drug and CD molecules.

2D-NMR (ROESY) analysis

The ROESY technique enables probing interactions over
extended distances up to 5 A, so it is distinguished for the
investigation of nanoscale assemblies constructed with CD.*®
Therefore, 2D-NMR (ROESY) measurement was also performed
to examine the spatial interactions within the inclusion
complexes of naproxen and HPBCD. Fig. 7 depicts the existence
of spatial interaction between the H atoms of host and guest
molecules by the cross-peaks. The expanded ROESY spectra
(Fig. 7b) were the evidence of concurrent proton resonances
between the inner cavity protons (H; and Hs) of HPBCD and the
aromatic protons of naproxen. In other words, the ROESY
finding further revealed that the aromatic part of naproxen was
encapsulated in the hydrophobic cavity of HPBCD by inclusion
complexation.

Computational analysis

The interaction between naproxen and HPBCD and the
formation of ICs were examined by first-principles
computational methods. First, the ground state configurations
of naproxen and HPBCD were obtained individually by relaxing
structures in a vacuum. Next, the interaction between them was
analyzed by varying the position and orientation of naproxen.
The gradual decrease in total energy as naproxen approaches
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Fig. 7 (a) Full and (b) expanded 2D-NMR (ROESY) spectra of naproxen
and HPBCD recorded in D,O.

HPBCD indicated that interaction was energetically favourable
and providing activation energy was not required for binding.
While ICs can be formed for tail (T) and head (H) horizontal
orientations of naproxen, vertical arrangements did not fit due
to size match. The ground state configurations for 1:1
stoichiometry, where the total energy was minimum and the
force acting on the system was practically zero (below 0.01 eV
A', which was set as a threshold value), are shown in
Fig. 8a and b. At this point, complexation energy (Ecg), which
can be used to quantify the interaction strength, can be
calculated as:

Ecg = n x Ef]HPBCD] + Ef[naproxen]

- Eg[naproxen/HPBCD IC] (Formula 3)
where E[HPBCD], Efnaproxen], and E[naproxen/HPBCD IC]
are the total energies (calculated in a vacuum or solvent) of
HPBCD, naproxen, and the naproxen/HPBCD IC, respectively. n
indicates the number of HPBCD in the IC, which was 1 for 1:1
and 2 for 1:2 stoichiometry. The computed values are listed in
Table 2. Positive values of Ecp point out the stability of the
complex, and the T-orientation through the wide rim (B) was
energetically the most favourable configuration for 1:1
stoichiometry. Similarly, 1:2 stoichiometry was also examined,
and four stable designs are shown in Fig. 8c—f. The obtained
Eqg values were significantly larger than 1:1, implying that 1:2
was the preferred stoichiometry for the naproxen/HPBCD IC. It
should also be noted that the penetration through the narrow
rim (A) reduces Ecp due to the HP arms. As a next step, the
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Fig. 8 The top and side views of the naproxen/HPBCD IC in (a) B-T
and (b) B-H orientations for 1:1 stoichiometry and (c) B-HT-A, (d) B-
HT-B, (e) B-TH-A and (f) B-TH-B orientations for 1:2 stoichiometry.

computations were repeated in water to reveal the influence of
solvent on the attained properties. While the effect of water on
structures was found to be minute, a notable decrease in E.g
was recognized (Table 2). This decrease marked a reduction in
the binding strength between naproxen and HPBCD. Once the
total energies of the structures and IC were calculated, the
solvation energy (Esg) of the system can be estimated. Egg is
defined as:

Egp = E3°VV — pYac (Formula 4)
where E5°" and EY*° are the total energy of the IC in water
and a vacuum, respectively. As can be seen from Table 2, the
Egg, of the naproxen molecule increased from —9.5 kecal mol™
up to —72.2 keal mol™ and -104.0 kcal mol™ for 1:1 and 1:2
stoichiometries, respectively. The increase in Esg, in addition
to a decrease in Ecg in water, signals an enhancement in
solubility.
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Table 2 The complexation and solvation energies of the naproxen/HPBCD IC for different orientations (orient.) in 1:1 and 1:2 stoichiometries (drug:
CD). T and H indicate the tail and head orientations of naproxen; A and B indicate the narrow and wide rims of HPBCD (see Fig. 8)

Drug:CD Orient. E& (keal mol ™) ESY (keal mol ™) Esg (keal mol™)

1:1 B-H 6.25 — —
B-T 8.18 5.01 -72.16

1:2 B-HT-A 31.40 — —
B-HT-B 65.80 28.64 -104.04
B-TH-A 24.38 — —
B-TH-B 66.84 29.34 -103.69

Pharmacotechnical profiles of nanofibrous films

(a) 5.5 Y
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naproxen solubility was examined by a phase solubility test E /
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of the HPBCD molecule was ~0.4 mM and ~12.3 times § i) 3

higher solubility was attained for the highest HPBCD § - /

concentration of 32 mM by inclusion complexation. From § 0] 7

the linear part of the phase solubility diagram, the binding 2 151 /

constant (Ks) between naproxen and HPBCD was also 2 o] ¥

calculated to be 588 M. As is shown in Fig. S1,f the pH of 0.5 ‘/‘

the phase solubility test solutions decreased from 5.6 to 4.1 0.0 Tt

as the HPBCD concentration increased from 0 to 32 mM. 0246 8101214161820222426283032

Here, the decline observed at the pH values can be CD concentration (mM)

attributed to the increasing amount of solubilized naproxen (b) 1604

in the aqueous systems by inclusion complexation since —~1404

naproxen is a weak acid compound with a pK, 4.2 value.* £ Naproxen/HPBCD (1/1)IC NF

The other related reports in which the inclusion complexes %120'

of naproxen and HPBCD were studied revealed different Kg §1°°‘

values. For instance, Kg values were reported to be 2080 M™* & 804

and 2083 M ' for unbuffered systems in which pH was $ 6ol 3 $ s 4 9

recorded at around 4.5°° and 5,%” respectively. On the other g Naproxen/HRECR{1/2) 1€ NE

hand, 1123 M™* and 624 M™* were observed for buffer-based g 40

systems, respectively, having pH 7°° and 1.°° In another 201 2 :Naproxj‘-"

related study of Cirri et al., Ks values were found to be 4890
M, 2605 M™* and 230 M* for buffered systems with 1.1,
4.0 and 6.5 pH values, respectively.”> Here, the Kg of the
naproxen/HPBCD couple decreased as the pH value
increased and this was assigned to the progressive increase
of the naproxen ionized form that shows a lower affinity for
the apolar hydrophobic cavity of HPRCD.* However, it is
still obvious that different Ky values can be obtained from
the phase solubility analysis of the same host-guest (CD:
drug) system. These variations can be ascribed to differences
in the purity degree of molecules, CD concentration ranges
used in the experiments, and/or the substitution degree of
HPBCD.49’51'52

In this study, the time dependent release of naproxen from
the naproxen/HPBCD (1/1) IC and naproxen/HPBCD (1/2) IC
nanofibrous films was examined in a PBS buffer system having
pH 7.4. Fig. 9b shows the release graphs of nanofibrous films
compared with pure naproxen. As is seen, the naproxen/HPBCD
(1/2) IC nanofibrous film reached a release concentration of
65.72 + 7.01 ppm in 30 seconds, showed an almost plateau
profile over 10 minutes, and completed this period with 69.44 +

This journal is © The Royal Society of Chemistry 2024

f

o 1 2 3 4 5 6 7 8 9 10

(c)

Fig. 9 (a) Phase solubility diagram of naproxen against increasing
HPBCD concentrations. (b) In vitro time-dependent release profile of
naproxen, the naproxen/HPBCD (1/1) IC NF and the naproxen/HPBCD
(1/2) IC NF. (c) The dissolution profiles of (captured from Video S1t)
naproxen, the HPBCD NF, the naproxen/HPBCD (1/1) IC NF and the
naproxen/HPBCD (1/2) IC NF (nanofibrous film: NF).
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5.82 ppm of naproxen release (Fig. 9b). Here, the naproxen/
HPBCD (1/1) IC nanofibrous film also showed a fast release
behaviour by releasing 136.05 + 4.12 ppm of naproxen in the
first 30 seconds. Then, it reached a release concentration of
154.74 + 1.65 ppm till the end of 10 minutes with a slightly
increasing trend. On the other hand, pure naproxen displayed a
release based on the dissolution of the drug in PBS buffer with
a concentration of 7.24 + 1.94 ppm in the first 30 seconds, and
reached a release of 19.14 + 2.76 ppm at the end of 10 minutes
(Fig. 9b). The remarkable difference between the samples was
also established by the statistical analysis (p < 0.05). The
variation between the released concentrations of the
nanofibrous films was accordant with and proceeded from the
naproxen content of the naproxen/HPBCD (1/1) IC (~13%, w/w)
and naproxen/HPBCD (1/2) IC (~7%, w/w) systems. For the
naproxen/HPBCD (1/1) IC nanofibrous film, the increment
tendency detected on the release amount of naproxen in the
given time period might be due to the time-dependent
dissolution of drug crystals having an uncomplexed state
existing in the samples. On the other hand, the inclusion
complex formation between naproxen and HPBCD made it
possible to reach enhanced and faster release of naproxen from
the nanofibrous films compared to pure naproxen owing to the
amorphous state and thus, improved water solubility of
naproxen in the nanofibrous films. The notable aqueous
solubility of HPBCD (>2000 mg mL™") can be also considered
one of the main reasons to attain this better release profile in
the case of nanofibrous films by their fast dissolution in the
PBS medium. The dissolution profile of the samples was
monitored visually as shown in Fig. 9c¢ and Video S1.f Here,
pure naproxen did not dissolve completely in PBS buffer due to
its limited solubility, and undissolved particles remained
floating in aqueous medium. In contrast, the nanofibrous films
of HPBCD, the naproxen/HPBCD (1/1) IC and the naproxen/
HPBCD (1/2) IC instantly dissolved with the contact of the
medium (Fig. 9c). While the naproxen/HPBCD (1/2) IC
nanofibrous film dissolved close to that of the pure HPBCD
nanofibrous film without remaining any particles, a few
undissolved particles of naproxen were detected in the solution
of the naproxen/HPBCD (1/1) IC nanofibrous film. This finding
also reflected the whole amorphous state and incomplete
inclusion complexation in the case of the naproxen/HPBCD (1/
2) IC and naproxen/HPBCD (1/1) IC nanofibrous films,
respectively.

The release behaviour of the samples was supplementarily
inspected by various kinetic models. The formulations and their
results (R, regression coefficient) are given in the ESIt (Table S1).
The kinetic model calculations demonstrated that the release
profile of nanofibrous films did not adapt to the applied models
of zero/first-order, Higuchi and Hixson-Crowell models (Table
S17). This showed that the release of naproxen was not coherent
with Fick's first law displaying the time-dependent release from
an insoluble matrix.** However, comparatively better consistency
was detected with the Korsmeyer-Peppas model revealing the
erosion and diffusion-controlled release of naproxen from the
naproxen/HPBCD IC nanofibrous films. The release of naproxen
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HPBCD NF

Fig. 10 Disintegration profiles of the HPBCD NF, the naproxen/HPBCD
(1/1) IC NF and the naproxen/HPBCD (1/2) IC NF (captured from Video
S27) (nanofibrous film: NF).

presented consistency with almost all applied kinetic models by
proving the prepotency of the Fickian diffusion mechanism and
the progressive disintegration as a function of time for the release
behaviour of this drug molecule.”*”* The Korsmeyer-Peppas
equation also enabled the calculation of the diffusion exponent
(n) value, and it was detected in the range of 0.45 < n < 0.89 for
all samples pointing out the irregular diffusion of naproxen into
the aqueous medium.>?

For the examination of the disintegration profile, the moist
environment of the oral cavity was simulated using filter paper
which was saturated with an artificial saliva medium."® Fig. 10
shows the photos caught from Video S2.} It is obvious that the
naproxen/HPBCD IC nanofibrous films were immediately
absorbed by wetted filter paper in less than a second just after
contact (Fig. 10). The impressive disintegration behaviour of
nanofibrous films is essentially owing to unique properties
including the highly water-soluble nature of HPBCD, and the
high surface area and the high porosity of nanofibrous films
which create additional access channels and active sides during
the penetration of aqueous medium within fiber structures.’
Consequently, naproxen/HPBCD IC nanofibrous films would be
appropriate fast-disintegrating delivery systems for oral
applications by ensuring rapid release and disintegration
features and without giving an unfavourable granular sense
during treatments. This approach can be carried one step
further by conceiving nanofibrous films having multi-phase
release with an initial fast release profile.”>>*

Conclusions

In this study, polymer-free nanofibrous films of naproxen/
HPBCD ICs were generated with two different molar ratios of
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1/1 and 1/2 (drug/CD) having a uniform morphology with
~260 nm and ~180 nm average fiber diameter, respectively.
Naproxen/HPBCD IC nanofibrous films were obtained in
water and in the absence of toxic chemicals. While full
amorphous distribution of naproxen was provided in the
naproxen/HPBCD (1/2) IC nanofibrous film due to complete
complexation, uncomplexed naproxen parts were detected in
the case of the naproxen/HPBCD (1/1) IC nanofibrous film.
Accordingly, the naproxen/HPBCD (1/1) IC and naproxen/
HPBCD (1/2) IC nanofibrous films were respectively attained
with ~84% and ~100% loading efficiency that corresponds
to ~11% and ~7% (w/w) drug content. The complexation
energy calculated by the modeling study also demonstrated a
more favourable interaction between HPBCD and naproxen
for the 1/2 molar ratio compared to 1/1 (drug/CD).
Additionally, 2D-NMR (ROESY) results supported the complex
formation between naproxen and HPBCD molecules by the
encapsulation of the aromatic part of naproxen into the
hydrophobic cavity of HPBCD. Here, the highly porous
structure, high surface area and extremely high-water
solubility of HPBCD (>2000 mg mL™") made possible the fast
dissolution of naproxen/HPBCD IC nanofibrous films in
water. The amorphous state of naproxen arising from
inclusion complexation within nanofibrous films ensured a
faster release for naproxen than its pure crystal form. In
addition,  naproxen/HPBCD  IC  nanofibrous  films
disintegrated in the artificial saliva environment in less than
a second. Briefly, the findings displayed that naproxen/
HPBCD IC nanofibrous films can be a promising alternative
dosage form for the treatment of naproxen as an orally fast-
disintegrating drug delivery system. Further research on
electrospun nanofibrous films of different drugs using CD
inclusion complexes would be valuable for the progress and
understanding of these fast-disintegrating systems.
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