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ABSTRACT: Prednisolone is a widely used immunosuppressive
and anti-inflammatory drug type that suffers from low aqueous
solubility and bioavailability. Due to the inclusion complexation
with cyclodextrins (CDs), prednisolone’s drawbacks that hinder its
potential during the administration can be eliminated effectively.
Here, we have early shown the electrospinning of free-standing
nanofibrous webs of CD/prednisolone inclusion complexes (ICs)
in the absence of a polymer matrix. In this study, hydroxypropyl-
beta-CD (HPβCD) has been used to form ICs with prednisolone
and generate nanofibrous webs with a drug loading capacity of
∼10% (w/w). Pullulan/prednisolone nanofibrous webs have been
also fabricated as a control sample having the same drug loading
(∼10%, w/w). It has been demonstrated that prednisolone has
been found in an amorphous state in the HPβCD/prednisolone nanofibrous web due to inclusion complexation, while it has
retained its crystal structure in the pullulan/prednisolone nanofibrous web. Therefore, the HPβCD/prednisolone IC nanofibrous
web has shown a faster and enhanced release profile and superior disintegration feature in artificial saliva than the pullulan/
prednisolone nanofibrous web. The complexation energy calculated using ab initio modeling displayed a more favorable interaction
between HPβCD and prednisolone in the case of a molar ratio of 2:1 than 1:1 (CD: drug). Here, the HPβCD/prednisolone IC
nanofibrous web has been developed without using a toxic component or solvent to dissolve drug molecules and boost drug loading
in amorphous nature. The investigation of IC nanofibrous webs has been conducted to formulate a promising alternative to the
orally disintegrating tablet formulation of prednisolone in the market. The nanofibrous structure and the improved physicochemical
properties of prednisolone arising with the complexation might ensure a faster disintegration and onset of action against
commercially available and orally disintegrating delivery systems during the desired treatment.
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1. INTRODUCTION

For the conformity of patients, oral drug delivery is a desirable
way for the administration of drugs.1 In recent decades, orally
disintegrating tablets (ODTs) have aroused growing interest in
the pharmaceutical industry as an oral dosage form.2 ODTs
represent acceptable safety and convenience compared to
conventional tablet formulations since they can dissolve/
disintegrate in the oral cavity rapidly upon the contact with
saliva, so there is no need of further liquid or chewing process
during the administration.2 Besides tablet forms, orally
disintegrating delivery systems (ODDSs) are being searched
for the development of different treatment forms including
capsules,3 wafer/patches,4 or films/strips.5,6 All these dosage
formulations can offer advantages by getting an edge over
conventional tablet formulations.7 The ODDSs are especially
beneficial for pediatric and geriatric patients who can have
trouble in chewing and swallowing during treatments or have
the problem of vomiting.2−7 This system can be also suitable
for bedridden patients, the ones getting local therapy, during

travel, or in reduced liquid-intake care.2−7 Along with their
ease of application, it is also possible to enhance the aqueous
solubility, bioavailability, permeability, and delivery of poorly
water-soluble drugs using ODDSs.5,6 Moreover, the side effects
of formulations might be reduced by using fewer levels of
active ingredients owing to the elimination of the first-pass
metabolism and the rapid onset of action obtained by
ODDSs.8 On the other hand, the potential graininess which
may occur by the slow disintegration of tablet formulation
would lead to an unpleasant mouthfeel.8 Since it may affect the
compliance of the patient, the bitter taste of the active
ingredients can be another drawback of ODDSs. Additionally,
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depending on the technique used, fragile or brittle ODDS
products may be generated as such in freeze drying.8 Taking
into account all of these, finding an alternative formulation of
ODDSs can be essential to be considered by maintaining the
fast disintegration time (≤30 s) requirement of the United
States Food and Drug Administration.9

The nanotechnological technique of electrospinning has
recently drawn great attention for the development of ODDSs
since it enables the generation of free-standing fibrous webs
having nanoporosity and acceptable drug loading ca-
pacity.10−12 The three-dimensional (3D) porous structure,
high surface area-to-volume ratio, drug carrier/release
potential, and the acceptable mechanical integrity of electro-
spun nanofibrous webs make them an attractive alternative to
form ODDSs against the known dosage form.11 Here, the high
porosity and large surface area of electrospun nanofibers (NFs)
contribute to easy penetration of the liquid medium and this
procures the fast disintegration/dissolution profile of nano-
fibrous webs.10,11 Additionally, the amorphization of drug
crystals provided during the electrospinning procedure by the
rapid evaporation of solvent meets another important require-
ment of ODDSs with enhanced water solubility.13 In brief,
electrospun nanofibrous webs can demonstrate faster onset of
action and more rapid adsorption of drug molecules compared
to conventional ODDSs. Additionally, they can eliminate the
unacceptable grainy mouthfeel arising upon the administration
of other formulations. As an innovative approach, the drugs in
the class II−IV of the biopharmaceutical classification system
(BCS) have been incorporated into electrospun nanofibrous
webs of hydrophilic polymers for developing ODDSs. For this
purpose, the nanofibrous webs of polyvinylpyrrolidone
(PVP),14−16 polyvinyl alcohol (PVA),17 Eudragit,18 gelatin,19

the polymer blends of PVP/PVA,20 jelly fig polysaccharide/
pullulan21 and chitosan/pullulan22 have been incorporated
with different types of drug molecules including ornidazole,14

amlodipine besylate/valsartan,15 paracetamol/caffeine,16 phlor-
etin,17 moxifloxacin hydrochloride,18 repaglinide,20 ampicil-
lin,21 aspirin,22 and so forth. In these respective reports,
nonaqueous solvents, high stirring temperature (70 °C), or

soluble salt derivates of drug molecules have been used to
ensure the dissolution of both the polymer and drugs in the
electrospinning solution system. As a result of the evaporation
of the solvent, the recrystallization of drugs has been prevented
during the process and the drug molecules have been
distributed in an amorphous state in the polymeric matrix of
NFs. For the rapid release profile and the fast disintegration of
the substrate, the amorphous distribution of the drug molecule
is essential. On the other hand, nonaqueous/toxic solvents,
high process temperature, and the salt derivates of drug
molecules might be undesirable in terms of the administration
and the production of these formulations. Herein, cyclo-
dextrins (CDs) can address the disadvantages arising from the
routine of polymeric systems and might be a promising
alternative.
As a class of oligosaccharides, CDs have a key role in the

scientific research and global market of pharmaceuticals.23,24

The inclusion complexes (ICs) formed by the noncovalent
interaction between drug molecules and the CD cavity are the
main source of attention for the use of these starch derivative
molecules.23,24 This unique property can improve the aqueous
solubility, stability, and the bioavailability of drug molecules
used in the dosage formulations.23−25 Additionally, the bitter
taste of drugs can be masked and an inclusive release profile
from fast to controlled/sustained release can be attained as a
result of inclusion complexation with CDs.25,26 There are
current studies related to the electrospinning of polymeric
nanofibrous webs which have been incorporated with the CD/
drug ICs for the development of the ODDSs.27,28 On the other
hand, it has been recently shown that orally disintegrating
delivery formulation can be also developed by the electro-
spinning of CD/drug ICs without using a polymeric matrix for
various types of drug molecules such as a pain reliever/fever
reducer (paracetamol29), antiviral (acyclovir30), antibiotic
(sulfisoxazole31 and metronidazole32), and anti-inflammatory
(ibuprofen33 and hydrocortisone34) drugs. Here, the nano-
fibrous webs of CD/drug ICs have been generated using the
aqueous system in the absence of additional organic solvents or
toxic solubilizing compounds different from the polymeric

Figure 1. Main concept of the study. Chemical structure of (a) HβCD and (b) prednisolone. Schematic representation of (c) IC formation
between HβCD and prednisolone molecules (d) and electrospinning of HPβCD/prednisolone IC NFs.
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systems. Therefore, CD/drug IC nanofibrous webs might be
more attractive compared to polymeric ones for the develop-
ment of ODDSs since the complex formation can also offer an
improved solubility and bioavailability for the drug molecules
without using an additional agent.23,25

As a type of glucocorticoids, prednisolone is a well-known
immunosuppressive and anti-inflammatory drug which has
been widely used for the treatment of allergic reactions, blood
disorders, endocrine and intestinal problems, cancer, eye
diseases, and so forth.35−37 Prednisolone is included in the
class II category of the BCS due to its low solubility and high
permeability.38 The limited bioavailability arising with the low
water solubility of prednisolone also results in the side effects
including gastric irritation, osteoporosis, diabetes, and hyper-
tension.36−38 On the other hand, there are a remarkable
number of studies in the literature where the side effects of
prednisolone have been eliminated by forming ICs with
different types of CDs.35,37−44 In these studies, it has been
demonstrated that the aqueous solubility and so the
bioavailability and the therapeutic potential of prednisolone
can be enhanced by inclusion complexation.35,37−44 Even, Basu
et al. have reported the masked bitter taste of prednisolone
obtained by the inclusion complexation with βCD in the tablet
that they developed as a mouth-dissolving formulation.43 The
electrospinning of prednisolone incorporated nanofibrous webs
has been also studied for the purpose of a sustained45 and fast
release.46 In one of these related studies, Tawfik et al. have
generated orally disintegrating films based on the electrospun
nanofibrous web of PVA/prednisolone sodium phosphate
blends, which have also shown potential for masking the
unpleasant taste of prednisolone.46 The fast disintegrating
nanofibrous webs of prednisolone might be an attractive
alternative to the commercial ODT formulation of Orapred
ODT, which is produced by using the sodium phosphate salt
of prednisolone and additional stabilizers, solubilizers, sweet-
eners, and so forth. For this purpose, we first generated
polymer-free nanofibrous webs of hydroxypropyl-beta-CD
(HPβCD)/prednisolone ICs as ODDSs (Figure 1) in an
aqueous medium without using an additional toxic and
unfavorable compound. Pullulan/prednisolone nanofibrous
webs have been also fabricated as a control sample. The
structure and disintegration/release profiles of samples have
been examined by further analyses.

2. EXPERIMENTAL SECTION
2.1. Materials. HPβCD was gifted by Wacker Chemie AG

(USA) for scientific research. The degree of substitution (DS)
of HPβCD is 0.9 (2-hydroxypropyl) per glucose unit (Mw =
1500 g/mol). Prednisolone (99%, Acros Organics), pullulan
(Mw: 300 000 g/mol, TCI America), buffer chemicals
[phosphate-buffered saline (PBS) tablet (Sigma-Aldrich)],
sodium phosphate dibasic heptahydrate (Na2HPO4, 98.0−
102.0%, Fisher Chemical), potassium phosphate monobasic
(KH2PO4, ≥99.0%, Fisher Chemical), sodium chloride (NaCl,
>99%, Sigma-Aldrich), o-phosphoric acid [85% (high-perform-
ance liquid chromatography), Fisher Chemical], deuterated
dimethyl sulfoxide (DMSO-d6, 99.8%, Cambridge Isotope)
and DMSO (> 99.9%, Sigma-Aldrich) were used as received. A
Millipore Milli-Q ultrapure water system was used for high-
quality distilled water.
2.2. Electrospinning of NFs. The clear aqueous solutions

of HPβCD and pullulan were, respectively, prepared at the
concentrations of 180% (w/v) and 20% (w/v). Then,

prednisolone powder was added into HPβCD and pullulan
solutions. In the case of the HPβCD solution, the molar ratio
of the CD/drug was 2:1 and this corresponded to ∼10% drug
content (w/w in the total sample amount) for both CD and
pullulan systems. The aqueous solutions of HPβCD/
prednisolone and pullulan/prednisolone were mixed at room
temperature under the continuous stirring for 24 h. The
HPβCD/prednisolone solution turned clear due to inclusion
complexation; by contrast, the turbid feature of pullulan/
prednisolone was maintained by the end of stirring. The
pristine solutions of the control samples; HPβCD (180%, w/v)
and pullulan (20%, w/v), which were not incorporated with
prednisolone, were prepared in water, as well. The solution
properties of conductivity and viscosity were measured prior to
the electrospinning using a conductivity meter (FiveEasy,
Mettler Toledo, USA) and rheometer (AR 2000 rheometer,
TA Instrument, USA) (CP 20−4, 4°, 0.01−1000 s−1, 20 °C),
respectively. The electrospinning equipment (Spingenix,
model: SG100, Palo Alto, USA) was used for the generation
of NFs. For the electrospinning, the solutions were transferred
into disposable plastic syringes (1 mL) fixated with metallic
needles (21 or 23 G). The electrospinning solutions were fed
at a stable flow rate (0.5 mL/h), while high voltage (15 kV)
was applied to deposit NFs on the grounded metallic collector.
The ambient conditions of temperature and relative humidity
were, respectively, noted to be 18 °C and 25%. It is important
to mention that the HPβCD/prednisolone aqueous system
was initially prepared at a 1:1 M ratio; however, it was highly
heterogeneous, and this precluded the electrospinning of this
aqueous system into free-standing nanofibrous webs.

2.3. Structural Characterization. Scanning electron
microscopy (SEM, Tescan MIRA3, Czech Republic) was
employed to examine the morphology of HPβCD/predniso-
lone−IC, pullulan/prednisolone, HPβCD, and pullulan nano-
fibrous webs. The charging problem of the samples was
eliminated by sputtering with a thin layer of Au/Pd. The
average diameter (AD) (mean values ± standard deviations) of
fibers (n = ∼100) was calculated using ImageJ software. A
capillary flow porometer (1100-AEHXL, Porous Media Inc.,
Ithaca, NY, USA) was used to determine the average pore size
of the electrospun samples. Silwick having a surface tension of
20.1 dynes/cm was used as the wetting agent. For the
measurements, circular pieces (ϕ = ∼ 26 mm) from different
locations of nanofibrous webs were cut (weight = ∼ 20 mg and
thickness = 0.20 mm). At least three measurements were
conducted for each sample to obtain the results as mean values
± standard deviations.
The Fourier transform infrared (FTIR) spectra of the

samples were obtained using an attenuated total reflectance−
FTIR spectrometer (PerkinElmer, USA) (32 scan; 4000−600;
4 cm−1). The crystallinity of the samples was analyzed by an X-
ray diffractometer (Bruker D8 ADVANCE ECO, USA) (2θ:
5°−30°; Cu Kα). The thermal profile of the samples was
determined by using two different techniques with a
differential scanning calorimeter (DSC, Q2000, TA Instru-
ments, USA) (0−250 °C; 10 °C/min; N2) and thermogravi-
metric analyzer (TGA, Q500, TA Instruments, USA) (25−600
°C; 20 °C/min; N2). A nuclear magnetic resonance
spectrometer (Bruker AV500 having an autosampler, USA)
was used to record the proton nuclear magnetic resonance
(1H-NMR) spectra (16 scan; 25 °C) of the samples. Here, the
samples were dissolved in DMSO-d6 with 30 mg/mL
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concentration and Mestranova software was applied to process
the recorded spectra.
2.4. Pharmacotechnical Tests. The loading efficiencies of

HPβCD/prednisolone-IC and pullulan/prednisolone nano-
fibrous webs were calculated by dissolving a definite weight
of the samples (∼2 mg) in DMSO (5 mL) and by subsequent
UV measurement (UV−vis spectroscopy, PerkinElmer,
Lambda 35, USA, 260 nm) of these solutions. The calibration
curve of prednisolone in DMSO indicated linearity with R2 ≥
0.99, and triplicate measurements were performed for each
sample to attain the results as mean values ± standard
deviations. The loading efficiency was determined using the
following equation.

= ×C Cloading efficiency(%) / 100e t (1)

where Ce and Ct are, respectively, the concentration of loaded
prednisolone [loading capacity, % (w/w)] and the initial
concentration (%, w/w) of prednisolone. Here, DMSO was
selected to ensure the complete dissolution of all components
of the samples including HPβCD, prednisolone, and pullulan.
A phase solubility test was conducted on a HPβCD/

prednisolone system as studied previously.47 An excess amount
of prednisolone (∼2.7 mM) and HPβCD with increasing
concentration from 0 to 6 mM was mixed in water under
continuous shaking on an incubator shaker for 24 h (room
temperature, 450 rpm) by shielding from light. Each
suspension was then filtered with 0.45 μm PTFE filters and
measured using UV−vis spectroscopy (250 nm). The tests
were performed in triplicate (n = 3). For plotting the phase
solubility diagram, the calibration curve (R2 ≥ 0.99) of
prednisolone in water was used to adapt absorbance intensity
to the concentration (mM) values. The linear part of the
diagram was also applied to calculate the binding constant (KS)
using the equation below.

= −K Sslope/ (1 slope)s 0 (2)

where S0 is the intrinsic solubility of prednisolone (∼0.6 mM).
The time-dependent in vitro release profile of HPβCD/

prednisolone−IC and pullulan/prednisolone nanofibrous webs
was examined under the experimental conditions of ∼1 mg/
mL sample concentration in the PBS buffer solution (pH 7.4)
at 37 °C with 200 rpm speed of the incubator shaker. Here,
250 μL of the test solution was withdrawn at each
predetermined time interval and the fresh liquid medium was
again added to the same solutions. The released prednisolone
percentage (%) from nanofibrous webs was calculated by using
UV−vis spectroscopy measurements of the withdrawn aliquots
(250 nm). The tests were performed 3 times (mean values ±
standard deviations), and the release kinetics of each sample
was studied using different kinetic models (see the Supporting
Information).
The dissolution profile of HPβCD/prednisolone−IC and

pullulan/prednisolone nanofibrous webs was also examined in
the PBS buffer solution (pH 7.4) using the same sample
concentration of 1 mg/mL. Here, the pristine HPβCD and
pullulan nanofibrous webs were also tested for comparison. A
video was recorded concurrently during the addition of the
aqueous medium into glass vials (Video S1). On the other
hand, the disintegration profile of the same samples was
evaluated by simulating the physicochemical environment of
the tongue.48 For this, filter papers having a proper size in Petri
dishes were wetted using artificial saliva, which was prepared
by mixing 2.38 g Na2HPO4, 0.190 g KH2PO4, and 8 g NaCl in

1 L of distilled water and further adjusting its pH to 6.8 with
phosphoric acid. Then, the excess amount of artificial saliva
was removed from the Petri dishes and the nanofibrous webs
(∼4.5 × 3.5 cm) were separately placed on the top of the
wetted filter papers. The experiment was also video-recorded
(Videos S2 and S3).

2.5. Computational Methodology. We employed ab
initio quantum mechanical calculations49 based on density
functional theory (DFT) methods.50,51 The Perdew−Burke−
Ernzerhof form of the generalized gradient approximation was
used to treat the exchange−correlation functional.52 The van
der Waals corrections was included by using the D2 method of
Grimme.53 The projector augmented wave method54 was used
to describe the element potentials, and energy cutoff was fixed
to 520 eV. The integrations in the Brillouin zone were
performed at the Γ-point. The structures of HPβCD and
prednisolone molecules were optimized by using the conjugate
gradient method and the convergence criteria for energy and
force (on atoms) were set to 10−5 eV and 10−2 eV/Å,
respectively. The calculations in the solvent were modeled with
the implicit solvation approach where continuum dielectric
description was implemented.55

2.6. Statistical Analyses. OriginLab (Origin 2021, USA)
was applied for the ANOVA analyses (0.05 level of
probability). One-way of variance was used for the results of
average fiber diameter, loading efficiency, and phase solubility,
while two-way of variance was used for in vitro release test
finding.

3. RESULTS AND DISCUSSION
3.1. Morphology of NFs. In this study, a 1:1 (CD/drug)

molar ratio has been initially used to prepare the electro-
spinning solution of the HPβCD/prednisolone system.
However, the highly concentrated and viscous solution of
HPβCD (180%, w/v), which is required to form NFs from
CD,56 has repressed the efficient mixing of the HPβCD/
prednisolone (1:1) system. Therefore, 1:1 complexation and so
the reasonable electrospinning yield could not be attained from
the heterogeneous aqueous solution of HPβCD/prednisolone
(1:1). Afterward, the prednisolone content was correspond-
ingly decreased and the HPβCD/prednisolone aqueous system
having a 2:1 M ratio (CD/drug) was prepared for the efficient
electrospinning of HPβCD/prednisolone−IC nanofibrous
webs. The control sample of pullulan/prednisolone nano-
fibrous webs was also prepared with a prednisolone content of
10% (w/w, with respect to the total sample), which
corresponded to the molar ratio of 2:1 (CD/drug) used for
the electrospinning of HPβCD/prednisolone−IC nanofibrous
webs. Figure 2 shows the optical photos of the electrospinning
solutions and the ultimate webs. As it is seen in Figure 2c, the
HPβCD/prednisolone solution shows a clear feature due to
full complexation between HPβCD and prednisolone. In
contrast, the pullulan/prednisolone solution was turbid, which
indicated the existence of drug crystals in the solution (Figure
2d). Even so, the free-standing nanofibrous webs were
generated from both HPβCD and pullulan-based systems
with good flexibility and foldability (Figure 2). It was observed
that both nanofibrous webs still preserved their free-standing
and flexible structure even after 6 months of storage at the
conditions of 55−65% relative humidity and 18−22 °C
temperature. This suggested the long-term storage stability of
the electrospun NFs. Besides their mechanical integrity,
nanofibrous webs of HPβCD, pullulan and HPβCD/
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prednisolone−IC were generated along with a defect-free and
homogeneous morphology (Figure 3). On the other hand, it
was possible to observe the drug crystals over the fiber
structure from the SEM image of pullulan/prednisolone
nanofibrous webs (Figure 3d). The solution properties
(viscosity and conductivity) and the AD of the ultimate
nanofibrous webs have been listed in Table 1. In the case of
HPβCD-based samples, the AD value of HPβCD/predniso-
lone−IC nanofibrous webs (665 ± 265 nm) was higher than
that of pristine HPβCD nanofibrous webs (545 ± 220 nm).
Here, the electrospinning jet of HPβCD/prednisolone was
exposed to a lower stretching effect depending on its solution
properties of higher viscosity and lower conductivity; hence,
thicker fibers were obtained compared to the HPβCD
solution.57 The polymer-based systems of pullulan also
indicated a similar inclination in terms of the AD value and
solution properties (Table 1). Pullulan and pullulan/
prednisolone nanofibrous webs were generated with quite
similar AD values of 640 ± 195 and 655 ± 100 nm,
respectively. This similarity may be attributed to equalizer
viscosity and conductivity values of pullulan/prednisolone and
pullulan systems, resulting in a parallel stretching effect during
the electrospinning of both solutions. In this study, the average
pore size of the samples has been also examined using a
capillary flow porometer and the results have been summarized
in Table 1. The average pore size of samples has been found in
the range of ∼230−340 nm. Since the AD of samples has been
in a similar range, the pore size of samples has been detected in
the parallel range too. In one of the related studies, Frey and Li
have also reported that the average pore size of composite NFs
of nylon/PEO having an average fiber diameter at around
150−300 nm has been determined as ∼100 nm.58

3.2. Structural Characterization. Fourier transform
infrared (FTIR) spectroscopy analysis can reveal the IC
formation by the shifting, broadening, or disappearance
observed at the characteristic peaks of guest molecules.59

The FTIR spectra of prednisolone powder and the nanofibrous
webs of HPβCD, HPβCD/prednisolone−IC, pullulan, and
pullulan/prednisolone have been recorded and depicted in
Figure 4. The FTIR spectrum of pure prednisolone displays

characteristic peaks of carbonyl groups (CO) at 1705 and
1656 cm−1 and stretching vibration of CC moieties at 1614
cm−1.35 On the other hand, the FTIR spectrum of HPβCD
indicates a broad absorption band of −OH in the range of
3324−3355 cm−1 and major absorption bands of coupled C−
C/C−O stretching and antisymmetric C−O−C glycosidic
bridge stretching at 1028, 1150, and 1180 cm−1, respectively.60

Due to higher content of HPβCD in the sample (∼90%, w/w),
CD dominates these regions, and the characteristic peaks of
prednisolone are hidden in the given zone (Figure 4a). Since
pullulan has maltotriose repeating units which consist of
glucose subunits linked by α-(1,4) glycosidic bonds, its
chemical structure is quite similar to HPβCD.61 Therefore,
an analogous dominant pattern at the parallel zone of the FTIR
spectra has been also observed for pullulan-based samples just
like HPβCD (Figure 4a).61,62 In the case of expanded FTIR
spectra, the distinctive peaks of prednisolone are apparent in
the graphs of HPβCD/prednisolone−IC with shifted,
broadened, or attenuated profiles, unlike the prednisolone
spectrum (Figure 4b). Here, it has been found that the three
main characteristic peaks of prednisolone at 1705, 1656, and
1614 cm−1 have broadened and the stretching vibration peak
of CO at 1705 cm−1 has shifted to a higher frequency of
1713 cm−1 in the case of HPβCD/prednisolone−IC NFs.
Additionally, the other characteristic peaks of prednisolone at
about 1406, 1369, and 1303 cm−1 (δO−H and ωC−H)63 have
disappeared and all these observation can be attributed to the
IC formation with HPβCD.35 On the other hand, broadening,
shifting, or disappearance are not detected for the same peaks
of prednisolone in the FTIR spectrum of pullulan/
prednisolone nanofibrous webs, confirming the physical
mixture of the polymeric matrix and drug molecules (Figure
4b).
The IC formation has been further examined using the XRD

technique. It is a convenient approach to confirm the
complexation since the amorphization of the guest molecules
can be followed by the disappearance of their crystalline peaks
or decrease/shift in the peak intensity.59,64 Figure 5a indicates
the XRD graphs of prednisolone powder and the nanofibrous
webs of HPβCD, HPβCD/prednisolone−IC, pullulan, and
pullulan/prednisolone. The crystal structure of prednisolone is
exhibited by the sharp diffraction peaks at 13.9, 15.2, 16.3, and
18.0°. On the other hand, the amorphous nature of HPβCD
and pullulan is demonstrated by the broad halo patterns
recorded for the given 2θ range (Figure 5a). Here, the
HPβCD/prednisolone−IC nanofibrous web retains a similar
amorphous pattern of HPβCD nanofibrous webs with the
absence of prednisolone peaks, confirming the full encapsula-
tion of drug molecules in the cavities of host molecules.33,65

Conversely, the XRD graph of pullulan/prednisolone nano-
fibrous webs displays the typical peaks of prednisolone,
signifying the existence of undissolved drug crystals within
the nanofibrous matrix. The XRD findings are coherent with
the visual observation of electrospinning solutions, in which a
clear solution is obtained for the HPβCD/prednisolone−IC
system, while a turbid dispersion forms for the pullulan/
prednisolone system (Figure 2). As has been discussed in the
previous section, the drug crystals were also obvious in the
SEM image of the pullulan/prednisolone nanofibrous webs
(Figure 3d).
The variation in the DSC graphs of guest molecules

including shifting, broadening, or the disappearance of the
melting point can be attributed to the full or partial IC

Figure 2. Visual examination of the systems. Photos of electro-
spinning solutions and the resulting electrospun nanofibrous webs of
(a) HPβCD, (b) pullulan, (c) HPβCD/prednisolone−IC, and (d)
pullulan/prednisolone systems.
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Figure 3. Morphological analyses. SEM images and the diameter distribution graphs of (a) HPβCD, (b) pullulan, (c) HPβCD/prednisolone−IC,
(d) pullulan/prednisolone nanofibrous webs (the drug crystals have been highlighted with yellow circles) [The statistical analyses have revealed
that the mean value of HPβCD nanofibrous webs is significantly different from other three samples (p < 0.05)].

Table 1. Solution Properties of Viscosity/Conductivity and the AD/Pore Size of the Resulting Electrospun Nanofibrous Webs

sample concentration (%, w/v) viscosity (Pa·s) conductivity (μS/cm) AD (nm) average pore size (nm)

HPβCD 180 0.639 39.6 545 ± 220 231 ± 31
HPβCD/prednisolone−IC 180 0.879 37.6 665 ± 265 234 ± 27
pullulan 20 0.489 38.3 640 ± 195 297 ± 39
pullulan/prednisolone 20 0.722 44.2 655 ± 100 338 ± 28
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formation with CD.59,64 Figure 5b shows the DSC thermo-
grams of prednisolone powder and the nanofibrous webs of
HPβCD, HPβCD/prednisolone−IC, pullulan, and pullulan/
prednisolone. Here, the prednisolone thermogram has exhibits
an endothermic peak at 233 °C assigned to its crystal structure.
On the other hand, the DSC thermograms of HPβCD and
pullulan NFs show the typical broad endothermic peak of
dehydration. In the case of HPβCD/prednisolone−IC nano-
fibrous webs, the melting peak of prednisolone is not detected,
suggesting total inclusion complexation between prednisolone
and HPβCD (Figure 5b).33,65 However, for the pullulan/
prednisolone nanofibrous web, there occurs a small endother-

mic peak at about 233 °C unlike the pristine pullulan sample,
and this is connected with the crystal state of prednisolone in
the polymeric matrix (Figure 5b). In brief, the DSC findings
are correlated with the visual observations, SEM imaging, and
XRD analyses, where the complete amorphization of
prednisolone for HPβCD/prednisolone−IC nanofibrous web
and the permanency of drug crystals for pullulan/prednisolone
nanofibrous web have been clearly demonstrated.
The thermal analyses of samples have been further examined

using TGA. The TG and the derivate TG (DTG) curves of
prednisolone and nanofibrous webs of HPβCD, HPβCD/
prednisolone−IC, pullulan, and pullulan/prednisolone have
been depicted in Figure 6. The main degradation of HPβCD
and pullulan takes place in two steps of weight losses [Figure
6a,b(i)]. The first phase that was complete at about 100 °C is
attributed to the dehydration of water, while the main
degradation of HPβCD and pullulan, respectively, occurred
at ∼355 and ∼330 °C. As it is depicted in the DTG graph of
prednisolone, the degradation of the drug molecule is
actualized at similar ranges of HPβCD and pullulan
degradation and in multiple steps that start at 180 °C and
end at 495 °C [Figure 6a,b(ii)].63 Therefore, two steps of
weight losses have been observed for both HPβCD/
prednisolone−IC and pullulan/prednisolone nanofibrous
webs. Due to the occurrence of prednisolone and IC formation
with CD, the DTG curve of CD reduces in intensity and
becomes wider in the case of HPβCD/prednisolone-IC
nanofibrous webs, but none of the degradation steps of the
drug molecule are separately detected [Figure 6a(ii)].34 Since
drug compounds are in an uncomplexed and crystal state in the
pullulan/prednisolone nanofibrous webs, the DTG curve does
not become wider compared to the curve of the pristine
pullulan nanofibrous web. Additionally, the first weight loss
step of prednisolone becomes apparent at about 259 °C
differently from the DTG curve of the pristine pullulan
nanofibrous web [Figure 6b(ii)]. In brief, TGA analysis
demonstrates the interaction between the drug and CD by the
modified degradation profile of HPβCD.

3.3.1H-NMR Analysis and Loading Efficiency Test. The
structure of HPβCD/prednisolone−IC and pullulan/predni-
solone nanofibrous webs has been analyzed using 1H-NMR
technique as well. Figure 7 shows the 1H-NMR spectrum of
prednisolone powder and nanofibrous webs of HPβCD/
prednisolone−IC and pullulan/prednisolone, while the 1H-
NMR spectra of pristine HPβCD and pullulan nanofibrous

Figure 4. FTIR analyses of samples. (a) Full and (b) expanded-range
FTIR spectra of prednisolone, HPβCD NFs, HPβCD/prednisolone−
IC NFs, pullulan NFs, and pullulan/prednisolone NFs.

Figure 5. Examination of the crystal profile of samples. (a) XRD graphs and (b) DSC thermograms of prednisolone, HPβCD NFs, HPβCD/
prednisolone−IC NFs, pullulan NFs, and pullulan/prednisolone NFs.
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Figure 6. Thermal profile of the samples. (i) TG thermograms and (ii) DTG of (a) prednisolone, HPβCD NFs, and HPβCD/prednisolone−IC
NFs and (b) prednisolone, pullulan NFs, and pullulan/prednisolone NFs.

Figure 7. Chemical structure of samples. 1H-NMR spectra of prednisolone, HPβCD/prednisolone inclusion-IC NFs, and pullulan/prednisolone
NFs. The samples were dissolved in DMSO-d6 in order to record the 1H-NMR spectra.
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webs are shown in Figure S2. The descriptive peaks of drug
molecules detected in the 1H-NMR spectra of nanofibrous
webs verify the loading of prednisolone in the electrospun
samples (Figure 7). It is obvious that the nanofibrous webs of
HPβCD/prednisolone−IC and pullulan/prednisolone have
identical characteristic peaks of drug molecules, suggesting
the protection of the chemical structure of prednisolone during
the entire period of the electrospinning process. 1H-NMR
might also be a convenient method to calculate the amount of
drug molecules existing in the nanofibrous matrix. For this,
prednisolone and the nanofibrous samples are dissolved in
DMSO-d6 to ensure the full dissolution of all components. The
characteristic peaks of prednisolone, HPβCD, and pullulan
located, respectively, at 5.75−7.50 ppm (H-a,b,c),35 1.03 ppm
(−CH3),

65 and 6.52−6.76 ppm (−OH)66 have been integrated
and proportioned to calculate the approximate prednisolone
amount in nanofibrous webs of HPβCD/prednisolone−IC and
pullulan/prednisolone. It has been detected from the 1H-NMR
results that the initial prednisolone content (∼10%, w/w),
which has been used to prepare the electrospinning solution,
has been effectively preserved for both electrospun nanofibrous
webs. In other words, HPβCD/prednisolone−IC and
pullulan/prednisolone NF samples have been obtained with
∼100% loading efficiency.
In our study, the loading efficiency has also been further

evaluated upon dissolving nanofibrous webs in DMSO. Here,
the loading efficiency has been determined as 100.0 ± 0.6 and
98.2 ± 5.3% for HPβCD/prednisolone−IC and pullulan/
prednisolone nanofibrous webs, respectively. These results are
like 1H-NMR findings, where the loading efficiency of the
nanofibrous webs is found to be ∼ 100%. As has been
addressed in the previous sections, prednisolone has been
found in the undissolved crystal state in pullulan/prednisolone
NFs. However, DMSO-d6 and DMSO solvent systems used in
verification of loading efficiency also dissolve the crystal
prednisolone in the sample and this has enabled the calculation
of the drug content accurately. The statistical analyses have
indicated that the variation between samples is not significant
(p > 0.05).

3.4. Molecular Modeling Study. To reveal the complex-
ation mechanism between HPβCD and prednisolone, ab initio
quantum mechanical calculations have been performed. Within
this framework, first, the structures of HPβCD and
prednisolone have been optimized separately in vacuum and
water. Subsequently, the interaction between HPβCD and
prednisolone has been investigated by taking into account
different configurations. The orientation of the molecule [head
(H)tail (T)] and width of CD rims [narrow (A)wide
(B)] can affect the complex formation. Our analyses have
indicated that the IC between HPβCD and prednisolone can
form spontaneously and does not require activation energy.
The energetically most favorable configurations for 1:1 and 2:1
stoichiometries (HPβCD/prednisolone) have been illustrated
in Figure 8. For a 1:1 M ratio, prednisolone enters HPβCD
through a wide rim, and tail orientation is preferred. In a
similar manner, IC with a 2:1 M ratio could be obtained when
the tail and head segments of prednisolone interact with the
wide rims of HPβCD. Similar results and trends have been
obtained when calculations have been performed either in
vacuum or water. Once IC forms, the strength of interaction
between prednisolone and HPβCD can be estimated using the
complexation energy (EC). EC can be calculated by using the
following relation.

β

β

= * [ ] + [ ]

− [ ]

E n E E

E

HP CD prednisolone

HP CD/prednisolone
C

(3)

where E[HPβCD], E[prednisolone], and E[HPβCD/predni-
solone] are the total energy of HPβCD, prednisolone, and
HPβCD/prednisolone IC, respectively. n is equal to 1 or 2
depending on the molar ratio. It should be noted that the
energies have been calculated either in vacuum or in water.
The obtained data have been listed in Table 2. EC is high for
both stoichiometries, which points out strong binding between
prednisolone and HPβCD. Additionally, EC significantly
increased for the 2:1 (HPβCD/prednisolone) stoichiometry,
indicating 2:1 as the preferred molar ratio. This observation
supports the previous findings in which we could obtain free-
standing nanofibrous webs from the 2:1-based HPβCD/

Figure 8. Modeling study showing the interaction between HPβCD and prednisolone. The top and side views of HPβCD/prednisolone IC for (a)
1:1 and (b) 2:1 stoichiometries. The orientation of prednisolone (head-H and tail-T) and HPβCD (narrow rim-A and wide rim-B) has been
labeled.
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prednisolone−IC system in contrast to the 1:1-based one.
Finally, the solvation energy (ES), which is correlated with the
solubility of the system, has been computed by the following
relation.

β

β

= [ ] −

[ ]

E E EHP CD/prednisolone

HP CD/prednisolone
S

water vacuum

(4)

Ewater[HPβCD/prednisolone] and Evacuum[HPβCD/predni-
solone] are the total energy of HPβCD/prednisolone IC in
water and vacuum, respectively. The obtained values for the
most favorable configurations have been given in Table 2. The
significant increase in ES following the complex formation
points out substantial enhancement in the solubility of
prednisolone.
3.5. Phase Solubility Analysis and In Vitro Release

Profile. The effect of increasing the HPβCD concentration on
the water solubility of prednisolone has been examined by
phase solubility analysis.47 The phase solubility diagram which
has been plotted for prednisolone concentration (mM) against
the increasing concentration of HPβCD has been depicted in
Figure 9a. The statistical analyses indicate that the variation
between HPβCD concentrations is significant (p < 0.05). The
linear increase of the solubility of prednisolone in the given
HPβCD concentration range is attributed to the AL-type phase
solubility profile, indicating the 1:1 (molar ratio, host/guest)
inclusion complexation tendency of the system.47 Our finding
is correlated with the previous phase solubility studies in which
the AL-type diagram has been obtained for the IC system of
prednisolone and HPβCD.42,67,68 On the other hand, as
discussed in the molecular modeling study (Figure 8),
prednisolone shows a more favorable complexation state in
the case of the 2:1 M ratio (CD/drug) compared to 1:1. The
variance between findings might be raised from the essential

differences between these two approaches. In the case of
molecular modeling, the individual molecules are introduced in
the water or vacuum environment to examine the interaction
potential. In contrast, in the phase solubility test, the behavior
of the guest molecules is followed against the increasing
concentration of host molecules in the aqueous environment.
Here, the water solubility of prednisolone (∼0.6 mM)
increases ∼4.8 times for the highest CD concentration of 6
mM (Figure 9a), and the binding constant (KS) has been
determined as 1150 M−1 for the performed experimental
conditions. In the respective studies, the KS value has been
reported as 556 M−1,67 1286.4 M−1,42 and 1319 M−168 for the
HPβCD/prednisolone system. It is obvious that our result has
approximated the given values of the previous reports, and the
variations between all these studies might originate from the
experimental conditions or the different DS of hydroxypropyl
groups in the used HPβCD.69

Figure 9b shows the in vitro release profile of HPβCD/
prednisolone and pullulan/prednisolone nanofibrous webs.
Here, the HPβCD/prednisolone nanofibrous web releases 93.5
± 2.9% of drug molecules in 30 s and an almost plateau profile
is seen up to 10 min at which 101.0 ± 0.9% of drug release has
been attained (Figure 8b). We have obtained a similar fast−
release profile in our previous reports in which approximately
all drug molecules encapsulated into IC NFs have been
released into the liquid medium at the 30th second of the
test.32,34,70 On the other hand, the pullulan/prednisolone
nanofibrous web just released 29.6 ± 10.6% of prednisolone in
30 s and reached 56.0 ± 13.0% of drug release at the end of 10
min (Figure 9b). Our finding reveals the enhanced release
profile of prednisolone in the aqueous medium, thanks to IC
formation with HPβCD. Since prednisolone is encapsulated in
the pullulan system in the crystal form, the pullulan/
prednisolone nanofibrous web shows significantly lower release
% compared to HPβCD/prednisolone-IC nanofibrous web.
The lower solubility of the pullulan polymer (∼500 mg/mL)
compared to HPβCD (>2000 mg/mL) might be also
conducive to the worst release performance of the pullulan/
prednisolone nanofibrous web that we also observed in the
dissolution test discussed in the following section. To
conclude, the release of prednisolone from the pullulan/
prednisolone nanofibrous web happens by the steady
dissolution of drug crystals in the liquid medium. On the
other hand, the IC structure of the HPβCD/prednisolone−IC
nanofibrous web guarantees the rapid dissolution and the

Table 2. Molecular Modeling Calculation Resultsa

molar ratio
(HPβCD/prednisolone) orientation

ECE
(vacuum)
kcal/mol

ECE
(water)
kcal/mol

ESE
kcal/mol

1:1 H-AB −11.54
1:1 T-AB −30.11 −31.08 −83.80
2:1 T-ABAB −29.02
2:1 T-ABBA −85.13 −51.72 −115.10

aComplexation and solvation energies of HPβCD/prednisolone IC
for different orientations in 1:1 and 2:1 stoichiometries.

Figure 9. Physicochemical properties of the samples. (a) Phase solubility diagram of prednisolone against increasing HPβCD concentration and
(b) time-dependent release profile of HPβCD/prednisolone−IC NFs and pullulan/prednisolone NFs.
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release profile of the sample. Additionally, the statistical
analyses show significant variations between the samples (p <
0.05).
The release profiles of the electrospun nanofibrous webs

have been also examined by different kinetic models. The
details of the formulations and correlation coefficient values
(R2) (Table S1) have been given in the Supporting
Information. The results indicate that the release profile of
the HPβCD/prednisolone−IC nanofibrous web does not fit to
the zero-/first-order and Higuchi models. These findings prove
that prednisolone does not release in a time-dependent manner
from a water-insoluble planar matrix in the case of the
HPβCD/prednisolone−IC nanofibrous web (Fick’s first
law).71 On the other hand, a relatively higher R2 value
(0.7785) is observed for the kinetic model of Korsmeyer−
Peppas compared to others, and the diffusion exponent (n)
value (0.6757) is determined in the range of 0.45 < n < 0.89.
This might be attributed to the irregular/non-Fickian diffusion,
diffusion-based, and erosion-controlled release of prednisolone
from the HPβCD/prednisolone−IC nanofibrous web.71,72 In
contrast, the pullulan/prednisolone nanofibrous web displays
higher R2 values for each of the respective kinetic models than
the HPβCD/prednisolone−IC nanofibrous web (Table S1).
As in the HPβCD/prednisolone−IC nanofibrous web, the
highest R2 value (0.8773) is detected for the Korsmeyer−
Peppas model together with an n value of 0.5999 as a result of
kinetic calculations of the pullulan/prednisolone nanofibrous
web. This result has also demonstrated the diffusion-based and
erosion-controlled release of prednisolone from the pullulan/
prednisolone nanofibrous web.71,72

3.6. Fast Dissolution and Fast Disintegration Profile.
The fast dissolution property of nanofibrous webs has been
tested visually by adding a PBS buffer having a pH 7.4 (Video
S1 and Figure 10). Since HPβCD/prednisolone−IC and
pullulan/prednisolone nanofibrous webs have been obtained
with the same loading capacity (10%, w/w), the dissolution
test is performed using 1 mg/mL sample concentration to
ensure the identical amount of prednisolone for both
electrospun webs. The pristine HPβCD and pullulan nano-
fibrous webs (1 mg/mL) have been also evaluated for
comparison. Here, the pristine HPβCD nanofibrous web is
instantly (≤1 s) dissolved by the addition of the aqueous
medium due to high water solubility feature of HPβCD. The
HPβCD/prednisolone−IC nanofibrous webs also rapidly
disappear (≤1 s) upon the contact of the buffer solution
without an indication of undissolved prednisolone. Even
pullulan is a water-soluble polymer, the pullulan nanofibrous
web does not dissolve as fast as HPβCD-based nanofibrous
webs by the addition of the liquid medium, and the pullulan
web structure is still obvious at the bottom of the vial after 25 s
(Figure 10). On the other hand, the undissolved prednisolone
parts are still obvious for the pullulan/prednisolone nano-
fibrous web even until the end of 25 s. Here, the crystal state of
prednisolone and the lower aqueous solubility of the pullulan
matrix, compared to the HPβCD one, have been considered as
the main reasons for the worst dissolution profile of the
pullulan/prednisolone nanofibrous web. This finding has been
correlated with the SEM, XRD, and DSC results, where the
drug crystal in the pullulan/prednisolone nanofibrous web has
been confirmed. In brief, the fast dissolution test performed
visually using the identical sample concentration with the in
vitro release test also suggests the enhanced water solubility of
prednisolone in HPβCD/prednisolone−IC nanofibrous webs.

The fast−disintegration profile of the electrospun nano-
fibrous webs has been also examined in the artificial saliva
formed using a moistened filter paper to simulate the humidity
in the oral cavity.48 The photos taken from the recorded
Videos S2 and S3 have been categorized in Figure 11 for each
sample. It is clear from both photos and videos that HPβCD
and HPβCD/prednisolone−IC nanofibrous webs have been
immediately absorbed by the moistened filter paper and
disintegrated instantly in less than 2 s (Figure 11a,b). In
contrast, the disintegration of the pullulan nanofibrous web
takes more time (∼20 s) compared to HPβCD-based samples
(Figure 11c). Even a thin layer of the pullulan/prednisolone
sample is retained on the filter paper at the end of the test
without disintegrating (Figure 11d). The relatively lower
solubility profile of the pullulan polymer and the crystalline
drug content of the sample can be the main reasons for the
slower and worst disintegration profile of the pullulan/
prednisolone nanofibrous web. The more rapid disintegration
feature of the HPβCD/prednisolone-IC nanofibrous web
might make the material more attractive and proper for the
orally disintegrating formulas than the polymer-based system
of pullulan by removing the potential unfavorable grainy
mouth feeling. Here, the high surface area and the 3D porous
structure of the nanofibrous webs are also driving influences
for the fast dissolving and fast disintegrating of nanofibrous

Figure 10. Dissolution profile of the samples. The dissolution
behavior of the nanofibrous webs of HPβCD (CD), HPβCD/
prednisolone−IC (CD/PDS), pullulan (Pull), and pullulan/predni-
solone (Pull/PDS) in PBS buffer (pH 7.4). The photos have been
captured from Video S1.
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samples besides the distinct aqueous solubility of HPβCD. All
these properties ensure the effective penetration of the liquid
medium through the electrospun webs by promoting the active
contact sides. Additionally, the inclusion complexation
between the guest molecule and HPβCD, which provides the
amorphous distribution of drugs in the nanofibrous webs,
supports the enhanced solubility and so the fast release of
prednisolone in the aqueous medium. Consequently, the
HPβCD/prednisolone−IC nanofibrous web might be a perfect
candidate for ODDS against the polymer-based one and
conventional tablet formulations.

4. CONCLUSIONS

This study reports the successful generation of free-standing
and polymer-free nanofibrous webs of HPβCD/prednisolone
ICs via the electrospinning technique. Hydrophilic and
polymer-based nanofibrous webs of pullulan/prednisolone
have also been electrospun for comparative analysis. Due to
inclusion complexation, HPβCD ensures the amorphous
distribution of prednisolone in the nanofibrous matrix. On
the other hand, prednisolone crystals have been maintained in
the case of pullulan nanofibrous webs. The faster dissolution/
disintegration of the HPβCD/prednisolone−IC nanofibrous
web compared to the pullulan/prednisolone one has been
derived from the synergy of superior properties such as the
amorphous state of prednisolone arising with inclusion
complexation, high surface area and high porosity of the
electrospun NFs, the high aqueous solubility of HPβCD. The
faster disintegration of the HPβCD/prednisolone−IC nano-
fibrous web in the artificial saliva and the more rapid and
higher release of prednisolone from this web structure have
been also provided by the respective advantages. There has
been no need for toxic solvents or chemicals to produce the
HPβCD/prednisolone−IC nanofibrous web, so the use of only
water might be also a huge gain during the industrialization of
this novel orally disintegrating dosage formulation. To
conclude, the approach of generation of polymer-free nano-
fibrous webs of CD ICs can be executed for the

immunosuppressive and anti-inflammatory drug molecules of
prednisolone. HPβCD/prednisolone−IC nanofibrous webs
might stand out as a promising alternative to the commercially
available ODT formulations. Here, the unfavorable taste of
prednisolone which can affect the compliance of the patient
might be also eliminated due to inclusion complexation. Even,
HPβCD/prednisolone−IC nanofibrous webs might be note-
worthily attractive during the treatment of allergic reactions to
be free of swallowing and chewing difficulties.
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