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Hydrocortisone/cyclodextrin complex electrospun
nanofibers for a fast-dissolving oral drug delivery
system†

Asli Celebioglu * and Tamer Uyar *

The electrospinning of hydrocortisone/cyclodextrin complex nanofibers was performed in order to develop

a fast-dissolving oral drug delivery system. Hydrocortisone is a water-insoluble hydrophobic drug, yet, the

water solubility of hydrocortisone was significantly enhanced by inclusion complexation with

hydroxypropyl-beta-cyclodextrin (HP-β-CyD). In this study, hydrocortisone/HP-β-CyD complexes were

prepared in aqueous solutions having molar ratios of 1/1, 1/1.5 and 1/2 (hydrocortisone/HP-β-CyD). Highly

concentrated aqueous solutions of HP-β-CyD (180%, w/v) were used for hydrocortisone/HP-β-CyD

systems (1/1, 1/1.5 and 1/2) in order to perform electrospinning without the use of an additional polymer

matrix. The turbidity of hydrocortisone/HP-β-CyD (1/1 and 1/1.5) aqueous solutions indicated the presence

of some uncomplexed crystals of hydrocortisone whereas the aqueous solution of hydrocortisone/HP-β-

CyD (1/2) was homogeneous indicating that hydrocortisone becomes totally water-soluble by inclusion

complexation with HP-β-CyD. Nonetheless, the electrospinning of hydrocortisone/HP-β-CyD systems (1/1,

1/1.5 and 1/2) successfully yielded defect-free uniform nanofibrous structures. Moreover, the electro-

spinning process was quite efficient that hydrocortisone was completely preserved without any loss yield-

ing hydrocortisone/HP-β-CyD nanofibers having the initial molar ratios (1/1, 1/1.5 and 1/2). The structural

and thermal characterization of the hydrocortisone/HP-β-CyD nanofibers revealed that hydrocortisone

was totally inclusion complexed with HP-β-CyD and was in the amorphous state in hydrocortisone/HP-β-

CyD (1/2) nanofibers whereas some uncomplexed crystalline hydrocortisone was present in hydrocorti-

sone/HP-β-CyD (1/1 and 1/1.5) nanofibers. Nevertheless, hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2)

complex aqueous systems were electrospun in the form of nanofibrous webs having a free-standing and

flexible nature. The hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibrous webs have shown fast-

dissolving behavior in water or when they were in contact with artificial saliva. Yet, the hydrocortisone/HP-

β-CyD (1/2) nanofibrous web dissolved more quickly than the hydrocortisone/HP-β-CyD (1/1 and 1/1.5)

nanofibrous webs due to the full inclusion complexation and the amorphous state of hydrocortisone in this

sample. In short, the results suggest that polymer-free electrospun nanofibrous webs produced from hy-

drocortisone/HP-β-CyD could be quite applicable for fast-dissolving oral drug delivery systems.

Introduction

Fast-dissolving oral drug delivery systems are gaining more
and more interest in the pharmaceutical industry.1–5 These
fast-dissolving oral drug delivery systems are mostly in the
form of tablets and films/strips which either dissolve or disin-
tegrate in the mouth very rapidly without the need of any wa-
ter for swallowing the drugs.1–7 Recently, electrospinning of
nanofibrous webs incorporating active pharmaceutical ingre-

dients (APIs) was shown to be a very favourable approach for
the development of fast-dissolving drug delivery systems.8–24

The electrospun nanofibrous webs made of hydrophilic mate-
rials can readily dissolve or disintegrate due to their very large
surface area and highly porous structure.16–21 Electrospinning
can be an alternative to freeze drying which has potential to
continuously produce solid nanofibrous formulations incor-
porating APIs with very high encapsulation efficiency.22 More-
over, due to the excellent drying effect of the electrospinning
process, API loaded nanofibrous webs can be used as they are
if the electrospinning solutions are formulated for the final
dosage of APIs or they can be continuously electrospun onto
a water-soluble matrix to obtain a double-layered structure,
which can be cut into orally fast-dissolving webs as finished
dosage forms by the continuous process.23,24
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The incorporation of APIs in the electrospun fiber matrix
can be performed either by solution electrospinning in which
the carrier matrix and API are dissolved or dispersed in a
common solution21 or with a solvent-free approach by melt
electrospinning.25,26 The solution electrospinning approach
is an easy and versatile process and more common compared
to melt electrospinning to incorporate APIs into the nano-
fiber matrix, since the solution electrospinning process does
not require high temperature and it is typically performed at
room temperature. The melt electrospinning approach is very
limited since there are only a few biopolymers that can be
melt electrospun and since high temperature is required for
melting the polymeric matrix, there is also a possibility of
thermal degradation or evaporation of APIs during the melt
electrospinning process. The solution electrospinning process
also offers different nozzle setups including single noz-
zles,8,14,19 multiple nozzles,27 and core–shell nozzles,18,20,28

and nozzle-less electrospinning is possible as well.29

Hydrophilic water-soluble polymeric matrices (e.g., poly-
vinylpyrrolidone (PVP),9,13,17,30,31 gelatin,16,19,32 polyĲvinyl
alcohol) (PVA),33 and chitosan/pullulan34) are chosen for the
electrospinning of nanofibrous webs and the incorporation
of APIs mostly results in amorphous dispersion within the
polymeric nanofiber matrix after electrospinning.9,10,12,17,35

The very large surface area and highly porous structure along
with the amorphous state of APIs make these nanofibrous
webs suitable for fast-dissolving oral drug delivery systems.
Very recently, it has been shown that polymer-free fast-
dissolving oral drug delivery systems can be developed by
electrospinning of nanofibers from cyclodextrin inclusion
complexes with drugs (i.e., sulfisoxazole,8 paracetamol,14

spironolactone,36 diclofenac sodium,15 voriconazole,22 and
ibuprofen37) without using any polymeric matrix. Cyclodex-
trins (CyDs) are already being used in drug formulations
since hydrophobic APIs become water-soluble by inclusion
complexation with CyDs. Moreover, such API/CyD inclusion
complex systems can also enhance the bioavailability and sta-
bility of APIs.38–40 In addition, the electrospinning of nano-
fibers from aqueous solutions of CyD inclusion complexes
with APIs has another advantage where it is possible to use
only water for the electrospinning without the need of a poly-
meric carrier and without using organic solvents.8,14,22 On
the other hand, when biopolymers are used as carrier nano-
fiber matrices for encapsulating the APIs, mostly ethanol or
some other acidic or organic solvent mixtures are used for
the electrospinning solution in order to dissolve the polymer
matrix and hydrophobic APIs, so, the presence of a residual
toxic solvent could raise safety concerns for such
systems.9,13,17,19,30–34

CyDs are produced from enzymatically hydrolyzed starch
by the action of cyclodextrin glucosyltransferase and they are
classified as cyclic oligosaccharides having a doughnut-
shaped molecular structure. CyDs can form inclusion com-
plexes with a variety of hydrophobic molecules including APIs
within their truncated cone-shaped hydrophobic cavity due to
hydrophobic interactions. CyDs are water-soluble, in particu-

lar, modified CyDs (e.g., hydroxypropylated-CyD, methylated-
CyD and sulfobutylated-CyD) are highly water-soluble com-
pared to native CyDs (i.e., α-CyD, β-CyD and γ-CyD).41 There-
fore, inclusion complexation of hydrophobic APIs with CyDs
significantly improves their water-solubility and increase
their bioavailability.41,42

The electrospinning of API/CyD inclusion complex formu-
lations would yield nanofibrous webs with a fast-dissolving
character and such electrospun nanofibrous webs would be
quite suitable for designing fast-dissolving oral drug delivery
systems for pharmaceutical products.43 For instance, electro-
spinning of polymeric nanofibers incorporating API/CyD in-
clusion complexes was performed for fast-dissolving drug de-
livery purposes.19,43 Moreover, electrospinning of API/CyD
inclusion complex systems without using any polymeric ma-
trix would provide more advantages for the development of
fast-dissolving oral drug delivery systems.8,14,15,22,36,37 For in-
stance, CyDs are highly water-soluble compared to polymeric
matrices, hence, with CyDs being a fiber matrix and inclusion
complex host, nanofibers solely electrospun from API/CyD in-
clusion complexes would dissolve instantly in the oral cavity
without the need of water and provide enhanced solubility to
APIs by inclusion complexation. Also, by polymer-free electro-
spinning of API/CyD systems,8,37 much higher API loadings
are possible if needed for the finished dosage forms. The for-
mulation of poorly water-soluble APIs into orally fast-
dissolving tablets/films is quite a challenge since the volume
of saliva in the oral cavity is very low when compared to that
of the gastric liquid. Hence, most of the currently marketed
orally fast-dissolving drugs are either formulated with salt
forms of APIs or they are simply formulated with the choice
of APIs having high water-solubility.44,45 Therefore, polymer-
free electrospun nanofibrous webs of CyD inclusion com-
plexes with poorly water-soluble APIs would have very fast-
dissolution in the oral cavity due to the very large surface
area and highly porous structure of the API/CyD nanofibrous
webs along with the very high water-solubility of CyDs and
enhanced water-solubility of APIs by CyD inclusion
complexation.8,37

In this study, we have chosen hydrocortisone as a model
API for the electrospinning of polymer-free nanofibrous webs
of a hydrocortisone/CyD inclusion complex for the develop-
ment of orally fast-dissolving drug delivery systems. Hydro-
cortisone, a corticosteroid, is extensively used in therapy due
to its broad range of anti-inflammatory and immunosuppres-
sive effects. However, hydrocortisone is a water-insoluble hy-
drophobic drug molecule that suffers from low bioavailabil-
ity, nonetheless, the water solubility of hydrocortisone can be
significantly enhanced by CyD inclusion complexes.46–49 For
instance, the use of CyDs is considered for the oral disease
treatment of hydrocortisone,50 formulation of aqueous oph-
thalmic solutions of hydrocortisone,51 and in oral paediatric
hydrocortisone solution.48 Electrospinning of polymeric
nanofibers incorporating hydrocortisone has also been
reported for skin wound healing52–55 and controlled drug de-
livery purposes.56 Yet, to the best of our knowledge, there is
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no study related to fast-dissolving electrospun nanofibrous
webs incorporating hydrocortisone. More importantly, this is
the first report summarizing our effort to develop an orally
fast-dissolving hydrocortisone delivery system based on
polymer-free electrospun nanofibrous webs of hydrocorti-
sone/CyD inclusion complexes.

Experimental
Materials

Hydroxypropyl-beta-cyclodextrin (HP-β-CyD, Cavasol W7 HP,
DS: ∼0.9) was a free-sample donated by Wacker Chemie AG
(USA). Hydrocortisone (98%, Alfa Aesar), deuterated dimethyl-
sulfoxide (d6-DMSO, 99.8%, Cambridge Isotope), sodium
chloride (NaCl, >99%, Sigma Aldrich), potassium phosphate
monobasic (KH2PO4, ≥99.0%, Fisher Chemical), sodium
phosphate dibasic heptahydrate (Na2HPO4, 98.0–102.0%,
Fisher Chemical) and o-phosphoric acid (85% (HPLC), Fisher
Chemical) were obtained commercially. All chemicals were
used without additional purification. High-quality distilled
water was supplied from a Millipore Milli-Q ultrapure water
system.

Electrospinning of nanofibers

Clear hydroxypropyl-beta-cyclodextrin (HP-β-CyD) solutions
were prepared in distilled water with 180% (w/v) solid con-
centration. Hydrocortisone was subsequently added to the
clear HP-β-CyD solutions to attain 1/0.5, 1/1, 1/1.5 and 1/2 hy-
drocortisone/HP-β-CyD molar ratios, separately, which
corresponded to hydrocortisone contents of 32%, 20%, 14%
and 11% (w/w, with respect to the total sample amount) for
the ultimate electrospun nanofibers of hydrocortisone/HP-β-
CyD, respectively. The hydrocortisone/HP-β-CyD aqueous sys-
tems were stirred for 24 hours at room temperature in order
to obtain inclusion complexes. The hydrocortisone/HP-β-CyD
(1/0.5, 1/1 and 1/1.5) solutions were turbid due to undissolved
hydrocortisone whereas the hydrocortisone/HP-β-CyD (1/2) so-
lution was clear by the end of 24 hours mixing. The pristine
HP-β-CyD nanofibers were produced for comparative studies
and the uniform nanofiber morphology was ensured by
electrospinning of 200% HP-β-CyD (w/v) concentration in
aqueous solution.

The electrospinning equipment (Okyay Tech, model: SG10,
Turkey) was used for the nanofiber production. The solution
of HP-β-CyD and hydrocortisone/HP-β-CyD (1/0.5, 1/1, 1/1.5
and 1/2, molar ratio) was loaded into a 1 mL syringe fixed
with a 27 G metal needle, separately. Then, the loaded sy-
ringe was positioned onto the syringe pump and the flow rate
was set to 0.5 mL h−1. A high voltage power supply ensured a
stable voltage of 15 kV during the electrospinning process,
and the nanofibers were deposited on a grounded metal col-
lector that was covered with a piece of aluminium foil sheet
and located at a distance of 15 cm from the tip of the needle.
The electrospinning was performed under ambient condi-
tions where the temperature and humidity were set at 20 °C
and 55%, respectively. The electrospun nanofibers obtained

from pristine HP-β-CyD solution and hydrocortisone/HP-β-
CyD (1/1, 1/1.5 and 1/2, molar ratio) solutions are denoted as
HP-β-CyD nanofibers, hydrocortisone/HP-β-CyD (1/1) nano-
fibers, hydrocortisone/HP-β-CyD (1/1.5) nanofibers and hydro-
cortisone/HP-β-CyD (1/2) nanofibers. For comparison, a physi-
cal mixture of the hydrocortisone/HP-β-CyD (1/1) system was
prepared, as well. The pristine HP-β-CyD nanofibrous web
(∼25 mg) was homogeneously blended with hydrocortisone
powder (∼6.5 mg) to obtain the hydrocortisone/HP-β-CyD (1/
1) physical mixture.

Characterization

Morphological analysis. The morphological examination
of nanofibers of HP-β-CyD and hydrocortisone/HP-β-CyD (1/1,
1/1.5 and 1/2) was carried out using a scanning electron
microscope (SEM, Tescan MIRA3, Czech Republic). Prior to
the measurements, nanofibrous webs were fixed onto SEM
stubs using carbon tape and sputtered with a thin layer of
Au/Pd to avoid charging during SEM imaging. The working
distance and accelerating voltage were set as 10 mm and 12
kV, respectively, for the SEM imaging. The average fiber di-
ameter (AFD) of nanofibers was calculated using ImageJ soft-
ware (∼100 fibers) from different locations of SEM images.

The two main parameters influencing the morphology of
nanofibers, viscosity and conductivity of the solutions, were
also determined as a part of this study. The viscosity of the
HP-β-CyD solution and hydrocortisone/HP-β-CyD solutions
(1/1, 1/1.5 and 1/2, molar ratio) was determined using a rhe-
ometer (AR 2000 rheometer, TA Instrument, USA) fitted with
a 20 mm cone/plate accessory (CP 20–4 spindle type, 4°) un-
der the shear rate range of 0.01–1000 s−1 at 22 °C. The con-
ductivity of the same solutions was measured using a
conductivity-meter (FiveEasy, Mettler Toledo, USA) at room
temperature.

FTIR analysis. The Fourier transform infrared (FTIR) spec-
tra of the hydrocortisone powder, HP-β-CyD nanofibers, hy-
drocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers and hy-
drocortisone/HP-β-CyD (1/1) physical mixture were obtained
using an attenuated total reflectance Fourier transform infra-
red (ATR-FTIR) spectrometer (PerkinElmer, USA). The spectra
were recorded between 4000 and 600 cm−1 at a resolution of
4 cm−1 and upon 64 scans.

Thermal analysis. The thermal characteristics of the sam-
ples were investigated using a thermogravimetric analyzer
(TGA, Q500, TA Instruments, USA) and differential scanning
calorimeter (DSC, Q2000, TA Instruments, USA). TGA mea-
surements were performed under a N2 atmosphere and the
samples put onto a platinum TGA pan were heated from
room temperature to 550 °C at a heating rate of 20 °C min−1.
Prior to the DSC measurements, the samples were sealed in a
Tzero aluminum pan. Then, the samples were heated at a
flow rate of 10 °C min−1 from 0 °C to 240 °C under a N2

atmosphere.
XRD analysis. An X-ray diffractometer (Bruker D8 Advance

ECO) was used to investigate the X-ray diffraction (XRD)
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patterns of the hydrocortisone powder, HP-β-CyD nanofibers,
hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers and
hydrocortisone/HP-β-CyD (1/1) physical mixture. The XRD
graphs were recorded between 2θ angles of 5° and 30° by ap-
plying Cu-Kα radiation. The voltage and current were set to
40 kV and 25 mA, respectively.

1H-NMR analysis. Proton nuclear magnetic resonance (1H-
NMR) spectra were recorded using a nuclear magnetic reso-
nance spectrometer (Bruker AV500, with an autosampler) at
25 °C. The molar ratio between hydrocortisone and HP-β-CyD
in hydrocortisone/HP-β-CyD nanofibers was calculated by 1H-
NMR. For 1H-NMR measurements, hydrocortisone powder,
HP-β-CyD nanofibers, and hydrocortisone/HP-β-CyD (1/1,
1/1.5 and 1/2) nanofibers were dissolved in d6-DMSO at a 40
g L−1 sample concentration. The 1H-NMR spectra were
scanned 16 times and Mestrenova software was used to
achieve the integration of chemical shifts (δ, ppm) for each
sample. Then, the peaks of hydrocortisone (–CH3; 0.75 ppm)
and HP-β-CyD (–CH3; 1.03 ppm) were used to calculate the
molar ratio of hydrocortisone/HP-β-CyD in hydrocortisone/
HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers.

Phase solubility profile of the hydrocortisone/HP-β-CyD
system. Phase solubility analysis of hydrocortisone was
performed according to a method reported by Higuchi and
Connors.57 A definite amount of hydrocortisone above its sol-
ubility and HP-β-CyD powder with an increasing concentra-
tion (0–8 mM) were put into glass vials, separately, and then
5 mL of water was added to each vial. The vials were sealed,
shielded from light and shaken for 24 hours on an incubator
shaker at 25 °C and 450 rpm. Afterwards, the suspensions
were filtered with a 0.45 μm PTFE filter. The filtered aliquots
were measured using UV-vis-spectroscopy (PerkinElmer,
Lambda 35) to calculate the amount of hydrocortisone
dissolved. The experiments were performed in triplicate (n =
3) and the average absorption results were adapted to con-
centration (mM) using a calibration curve which showed line-
arity and acceptability with R2 ≥ 0.99. Then, the phase solu-
bility diagram was plotted in order to calculate the binding
constant (Ks) from the following equation:

Ks = slope/S0(1 − slope) (1)

where S0 is the intrinsic solubility of hydrocortisone in the
absence of HP-β-CyD.

In vitro release test. The time dependent release profiles
of hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibrous
webs at the same weight of ∼40 mg was investigated in dis-
tilled water (50 mL) at room temperature. For comparison,
∼8 mg of hydrocortisone powder was also examined which
corresponded to the theoretical hydrocortisone content in hy-
drocortisone/HP-β-CyD (1/1) nanofibers. For the test, the
nanofibrous webs and hydrocortisone powder were precisely
weighed and placed into a beaker and then the water me-
dium was poured into the samples. The solutions were
shaken with a speed of 200 rpm and 0.5 mL of sample solu-
tion was withdrawn and an equal amount of fresh medium

was refilled at the given time points. The dissolved amount
of hydrocortisone was analyzed using UV-vis-spectroscopy at
a wavelength of 248 nm. The calibration curve of hydrocorti-
sone showed linearity and acceptability with R2 ≥ 0.99, and
measurement results were adapted to this calibration curve
to convert absorbance to concentration (μg mL−1). The experi-
ments were performed three times and the results were
reported as average.

Solubility, dissolution and disintegration profile of hydro-
cortisone/HP-β-CyD nanofibrous webs. The solubility en-
hancement of hydrocortisone encapsulated in hydrocorti-
sone/HP-β-CyD nanofibers was also indicated after long term
stirring of the hydrocortisone powder and hydrocortisone/
HP-β-CyD nanofiber solutions (24 hours). For this experi-
ment, ∼2.2 mM hydrocortisone powder and hydrocortisone/
HP-β-CyD (1/1) nanofibers (∼20 mg), hydrocortisone/HP-β-
CyD (1/1.5) nanofibers (∼28 mg) and hydrocortisone/HP-β-
CyD (1/2) nanofibers (∼35 mg) that have the same amount of
hydrocortisone were stirred in distilled water (5 mL) for 24
hours at 150 rpm. Then, the solutions were filtered using a
0.45 μm PTFE filter and their UV-vis absorbance was mea-
sured in the range of 190–340 nm.

For the dissolution test, ∼6 mg of hydrocortisone/HP-β-
CyD nanofibrous webs (1/1, 1/1.5 and 1/2) (∼2 cm × 1.2 cm)
and ∼1.2 mg of hydrocortisone powder were immersed in 4
mL of distilled water in plastic Petri dishes. Here, the
amount of hydrocortisone powder (∼1.2 mg) was determined
according to the hydrocortisone content of ∼6 mg hydrocorti-
sone/HP-β-CyD (1/1) nanofibrous web which has the highest
drug content of 20% (w/w). During the immersion, a video
was recorded concurrently in order to follow the dissolution.

Bi et al. reported a technique in which the physiological
conditions under the surface of a moist tongue were simu-
lated.58 Here, the disintegration profiles of hydrocortisone/
HP-β-CyD nanofibrous webs were investigated with a slightly
modified version of this method. Firstly, pieces of filter paper
having a suitable size were placed in plastic Petri dishes (10
cm), and then they were wetted with 10 mL of artificial saliva
(2.38 g Na2HPO4, 0.19 g KH2PO4 and 8 g NaCl were dissolved
in 1 L distilled water, pH was adjusted to 6.8 by addition of
phosphoric acid). Afterwards, the excess artificial saliva was
completely removed from the Petri dishes and a piece of hy-
drocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibrous web
(∼3 cm × 3.7 cm) was placed at the centre of the filter paper.
The disintegration of hydrocortisone/HP-β-CyD (1/1, 1/1.5 and
1/2) nanofibrous webs was recorded as a video.

Results and discussion
Electrospinning of nanofibers

Typically, organic solvents or organic solvent/water mixtures
are used to dissolve both polymeric matrices and hydropho-
bic drugs for the electrospinning of drug/polymer based fast-
dissolving nanofibers.21,59 Even though most of the organic
solvents evaporate during electrospinning, the use of organic
solvents for the electrospinning process and the possibility of
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remaining toxic organic solvent residues in the fiber matrix
may be quite problematic for these drug formulations in the
pharmaceutical industry. On the other hand, the use of CyDs
as a fiber matrix offers a great advantage since hydrophobic
drug molecules become water-soluble by inclusion complexa-
tion with CyDs, therefore, the electrospinning of drug/CyD
systems can be performed in water in order to produce fast-
dissolving nanofibers.8,14 Here, the electrospinning solution
of hydrocortisone/HP-β-CyD complex was prepared in water
by using a high concentration of HP-β-CyD (180%, w/v)
(Fig. 1). Initially, aqueous solutions of hydrocortisone/HP-β-
CyD having 1/0.5, 1/1, 1/1.5 and 1/2 molar ratios were pre-
pared for the electrospinning (Fig. 1d). The hydrocortisone/
HP-β-CyD (1/0.5, 1/1 and 1/1.5) systems were turbid due to
the presence of uncomplexed/undissolved hydrocortisone.
The hydrocortisone/HP-β-CyD (1/0.5) solution was very hetero-
geneous and very turbid due to the presence of a high
amount of undissolved hydrocortisone since a low amount of
HP-β-CyD was used. Yet, the turbidity was lower for hydrocor-
tisone/HP-β-CyD (1/1) and it was much lower for hydrocorti-
sone/HP-β-CyD (1/1.5) since a higher amount of hydrocorti-
sone became soluble as the amount of HP-β-CyD was
increased. In contrast, the hydrocortisone/HP-β-CyD aqueous
solution having a 1/2 molar ratio resulted in a clear solution
since the hydrocortisone become fully water-soluble by HP-β-
CyD inclusion complexation (Fig. 1d). The electrospinning
was performed in order to produce nanofibers from hydro-
cortisone/HP-β-CyD (1/0.5, 1/1, 1/1.5 and 1/2) systems. Since

the hydrocortisone/HP-β-CyD (1/0.5) solution was very hetero-
geneous due to the presence of a high amount of undissolved
hydrocortisone, the electrospinning of the hydrocortisone/
HP-β-CyD (1/0.5) aqueous system was unsuccessful in which
we could not obtain nanofibers. On the other hand, the
electrospinning of hydrocortisone/HP-β-CyD aqueous solu-
tions having 1/1, 1/1.5 and 1/2 molar ratios was successful
resulting in uniform and bead-free electrospun nanofibers
(Fig. 2b–d). As a control sample, pristine HP-β-CyD nano-
fibers without hydrocortisone was also electrospun in which
200% (w/v) HP-β-CyD aqueous solution was used to produce
bead-free nanofibers (Fig. 2a). Even though the hydrocorti-
sone/HP-β-CyD (1/1 and 1/1.5) solutions contained undis-
solved hydrocortisone crystals, the SEM images of electro-
spun hydrocortisone/HP-β-CyD (1/1 and 1/1.5) nanofibers did
not show any hydrocortisone crystals suggesting that the hy-
drocortisone crystals are small in size and homogeneously
distributed within the fiber matrix (Fig. 2b and c). The fiber

Fig. 1 (a) Chemical structure and schematic illustration of HP-β-CyD
and hydrocortisone molecules. Schematic representation of the (b)
formation of the hydrocortisone/HP-β-CyD complex and (c) electro-
spinning of hydrocortisone/HP-β-CyD complex nanofibers and (d) the
photographs of hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) solutions
and the resulting electrospun nanofibrous webs.

Fig. 2 SEM images and the fiber diameter distribution graphs of (a-i
and ii) HP-β-CyD nanofibers, (b-i and ii) hydrocortisone/HP-β-CyD (1/
1) nanofibers, (c-i and ii) hydrocortisone/HP-β-CyD (1/1.5) nanofibers
and (d-i and ii) hydrocortisone/HP-β-CyD (1/2) nanofibers.
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diameter distribution was between 90 and 320 nm having an
average fiber diameter of 190 ± 55 nm for hydrocortisone/HP-
β-CyD (1/1) nanofibers. For hydrocortisone/HP-β-CyD (1/1.5)
nanofibers, the fiber diameter distribution was between 110
and 770 nm having an average fiber diameter of 330 ± 165
nm. The hydrocortisone/HP-β-CyD (1/2) nanofibers have a fi-
ber diameter distribution between 70 and 790 nm with an av-
erage fiber diameter of 375 ± 160 nm (Table 1). The different
fiber diameter values for the hydrocortisone/HP-β-CyD (1/1,
1/1.5 and 1/2) nanofibers were due to the different viscosity
and conductivity values of the hydrocortisone/HP-β-CyD solu-
tions. Even though the hydrocortisone/HP-β-CyD (1/1) solu-
tion had a higher viscosity value than the hydrocortisone/HP-
β-CyD (1/1.5 and 1/2) solutions, the conductivity of the hydro-
cortisone/HP-β-CyD (1/1) solution was also higher which
resulted in thinner fibers during electrospinning. The pris-
tine HP-β-CyD solution had the highest viscosity value com-
pared to the hydrocortisone/HP-β-CyD solutions since a
higher concentration (200%, w/v) was used for the electro-
spinning of pure HP-β-CyD nanofibers. In addition, the con-
ductivity of the HP-β-CyD solution was very close to that of
the hydrocortisone/HP-β-CyD (1/1) solution but it was higher
than those of the hydrocortisone/HP-β-CyD (1/1.5 and 1/2) so-
lutions. Therefore, the electrospinning of pristine HP-β-CyD
nanofibers resulted in an average fiber diameter of 215 ± 65
nm where the fiber diameter distribution was between 100
and 360 nm. The hydrocortisone/HP-β-CyD (1/1.5) solution
had a higher viscosity and a higher conductivity value than
the hydrocortisone/HP-β-CyD (1/2) solution, so, the average fi-
ber diameter of the hydrocortisone/HP-β-CyD (1/1.5) nano-
fibers was slightly less than that of the hydrocortisone/HP-β-
CyD (1/2) nanofibers due to their higher solution conductiv-
ity. In general, solutions having higher conductivity yield
thinner fibers upon more stretching of the jet during electro-
spinning.60,61 Hence, the trend in different fiber diameters
among HP-β-CyD nanofibers and hydrocortisone/HP-β-CyD
(1/1, 1/1.5 and 1/2) nanofibers correlates with the literature.
Moreover, the electrospinning of hydrocortisone/HP-β-CyD (1/
1, 1/1.5 and 1/2) solutions resulted in uniform nanofibers in
the form of nanofibrous webs having a self-standing charac-
teristic (Fig. 1d) that would be quite suitable for fast-
dissolving oral drug delivery systems.

Structural characterization

FTIR is a suitable technique to prove the existence of guest
molecules in the inclusion complex nanofibers.8,33 FTIR is

also a convenient approach to examine the formation of in-
clusion complexes between CyD and guest molecules owing
to broadening, shifts, disappearance and/or attenuation in
the characteristic peaks of guest molecules due to interaction
with CyD cavities.62,63 The FTIR spectra of the hydrocortisone
powder, HP-β-CyD nanofibers, hydrocortisone/HP-β-CyD (1/1,
1/1.5 and 1/2) nanofibers and hydrocortisone/HP-β-CyD (1/1)
physical mixture are shown in Fig. 3. In the full range FTIR
spectra of the samples, there exists a noticeable stretching
peak between 3000 and 3600 cm−1 which corresponds to the
–OH groups of HP-β-CyD.8,33 The other prominent absorption
bands are observed at around the 1020 and 1150 cm−1 region
due to the vibrations of coupled C–C/C–O stretching and anti-
symmetric C–O–C glycosidic bridge stretching.8,33 It is chal-
lenging to obtain evidence about the inclusion complexation
from this region, since the higher amount of CyD in the
inclusion complex formulation causes overlapping and so,
characteristic peaks of guest molecules are masked inher-
ently. Nevertheless, a strong band of hydrocortisone
appearing at the range of 1642–1709 cm−1 corresponding to
the CO bending was observed in the FTIR spectra of hydro-
cortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers (Fig. 3b).64

These findings proved the presence of hydrocortisone in the
samples of hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2)
nanofibers. Furthermore, the CO bending peak of hydro-
cortisone is reduced in intensity and shifted from the range
of 1642–1709 cm−1 to 1653–1714 cm−1 in the case of hydro-
cortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers due to the
complexation (Fig. 3b). On the other hand, there is no shift
for the same peaks of hydrocortisone in the hydrocortisone/
HP-β-CyD (1/1) physical mixture.64 Moreover, the other char-
acteristic peaks of hydrocortisone became obvious in the case
of the hydrocortisone/HP-β-CyD (1/1) physical mixture
(Fig. 3c) because of the uncomplexed state of hydrocortisone.
Briefly, the FTIR analysis validates the presence of hydrocorti-
sone in hydrocortisone/HP-β-CyD nanofibers and asserts that
the hydrocortisone is encapsulated in the HP-β-CyD by inclu-
sion complexation.

Typically, poorly water-soluble drug molecules and poly-
meric carrier matrices are both dissolved in common solvent
systems or in mixed solvent systems in order to prepare
electrospinning solutions. The electrospinning technique has
the advantage because the solvent rapidly evaporates during
the electrospinning process as the electrified fluid jet solid-
ifies in the form of fibers. The rapid solidification of the poly-
meric fiber matrix reduces the mobility of the drug molecules
so that the drug molecules cannot come into contact with

Table 1 The solution properties and the fiber diameters of the resulting electrospun nanofibers

Sample
HP-β-CyD concentration
(%, w/v)

Molar ratio of
hydrocortisone/HP-β-CyD

Viscosity
(Pa S)

Conductivity
(μS cm−1)

Average fiber
diameter (nm)

HP-β-CyD 200 — 1.533 36.3 215 ± 65
Hydrocortisone/HP-β-CyD (1/1) 180 1/1 1.395 37.6 190 ± 55
Hydrocortisone/HP-β-CyD (1/1.5) 180 1/1.5 1.339 34.7 330 ± 165
Hydrocortisone/HP-β-CyD (1/2) 180 1/2 1.156 28.9 375 ± 160
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each other to form crystals. Therefore, drug molecules are of-
ten present in the amorphous physical state and distributed
homogeneously within the electrospun nanofiber matrix.21,59

The amorphous nature of the drug molecules encapsulated
in fiber matrices along with the very large surface area and

highly porous characteristics of electrospun nanofibrous
webs facilitates their fast-dissolution.21 XRD is a useful tech-
nique to investigate whether the drug molecules are in the
crystalline form or in the amorphous state in the electrospun
nanofiber matrix.10,59,65

XRD is also a very handy analytical technique to character-
ize the inclusion complexation of CyDs with guest mole-
cules.62,63 In the case of inclusion complexation, the guest
molecules reside in the CyD cavity and separate from each
other, and therefore cannot form crystals.63 The XRD patterns
of pure hydrocortisone, hydrocortisone/HP-β-CyD (1/1, 1/1.5
and 1/2) nanofibers and the physical mixture of hydrocorti-
sone/HP-β-CyD (1/1) are shown in Fig. 4. Hydrocortisone is a
crystalline drug molecule which has distinct diffraction peaks
at 14.4°, 15.2° and 17.4° (Fig. 4). The hydrocortisone/HP-β-
CyD (1/1 and 1/1.5) solutions were turbid indicating the pres-
ence of undissolved/uncomplexed hydrocortisone crystals.
The XRD data of hydrocortisone/HP-β-CyD nanofibers corre-
late with the visual observation of their solutions. The XRD
pattern of hydrocortisone/HP-β-CyD (1/1) nanofibers has
shown the characteristic diffraction peaks of hydrocortisone
signifying that some hydrocortisone molecules are present in
the crystal form in the nanofiber matrix. The hydrocortisone/
HP-β-CyD (1/1) physical mixture was also prepared and ana-
lyzed for comparison. The XRD peaks of hydrocortisone in
hydrocortisone/HP-β-CyD (1/1) nanofibers were less intense
than those in the hydrocortisone/HP-β-CyD (1/1) physical mix-
ture even though these two samples have the same amount
of hydrocortisone. This indicates that some hydrocortisone
was complexed within HP-β-CyD whereas some uncomplexed
hydrocortisone was in the crystalline from in the hydrocorti-
sone/HP-β-CyD (1/1) nanofiber matrix. The XRD pattern of hy-
drocortisone/HP-β-CyD (1/1.5) nanofibers has shown very low

Fig. 3 (a) The full and (b and c) expanded range FTIR spectra of the
hydrocortisone powder, HP-β-CyD nanofibers (NF), hydrocortisone/
HP-β-CyD (1/1, 1/5 and 1/2) nanofibers (NF) and hydrocortisone/HP-β-
CyD (1/1) physical mixture (PM).

Fig. 4 XRD patterns of the hydrocortisone powder, HP-β-CyD nano-
fibers (NF), hydrocortisone/HP-β-CyD (1/1, 1/5 and 1/2) nanofibers
(NF), hydrocortisone/HP-β-CyD (1/2) nanofibers (NF) after 3 months of
storage (at 55–65% RH and ∼22 °C) and hydrocortisone/HP-β-CyD (1/
1) physical mixture (PM).
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intensity for hydrocortisone crystals suggesting that very little
amounts of uncomplexed hydrocortisone were present in this
sample. The XRD data correlate with the visual observation
of the hydrocortisone/HP-β-CyD (1/1.5) solution, which was
much less turbid than the hydrocortisone/HP-β-CyD (1/1) so-
lution indicating that a much lower amount of uncomplexed/
undissolved hydrocortisone was present in this solution
(Fig. 1d). Even though the XRD data have clearly proven the
presence of some hydrocortisone crystals in hydrocortisone/
HP-β-CyD (1/1 and 1/1.5) nanofibers, the hydrocortisone crys-
tals were not seen in the SEM image of hydrocortisone/HP-β-
CyD (1/1 and 1/1.5) nanofibers (Fig. 2b and c), suggesting that
the hydrocortisone crystals are not coarse but rather distrib-
uted homogeneously in small sizes within the nanofiber ma-
trix. On the other hand, the hydrocortisone/HP-β-CyD (1/2)
solution was clear indicating that hydrocortisone molecules
are totally complexed with HP-β-CyD and become water solu-
ble (Fig. 1d). As anticipated, no diffraction peaks of hydrocor-
tisone were recorded for the hydrocortisone/HP-β-CyD (1/2)
complex nanofibers elucidating that hydrocortisone mole-
cules are inside the HP-β-CyD cavity and the inclusion com-
plexation prevents the crystallization of hydrocortisone mole-
cules. The XRD pattern of hydrocortisone/HP-β-CyD (1/2)
complex nanofibers has a broad halo pattern similar to that
of pristine HP-β-CyD nanofibers indicating that the
amorphization of hydrocortisone is achieved by inclusion
complexation. In addition, there was no sign of re-
crystallization of hydrocortisone even after 3 months of stor-
age at 55–65% RH and at ∼22 °C, indicating the stability of
the hydrocortisone/HP-β-CyD (1/2) complex nanofibers
(Fig. 4). The hydrocortisone/HP-β-CyD (1/2) nanofibrous web
still kept its fibrous structure and it was intact keeping its
self-standing and flexible character (Fig. S1†). The pristine
HP-β-CyD is an amorphous molecule66 and therefore the
electrospun HP-β-CyD nanofibers have a broad halo diffrac-
tion pattern. It is important to note that the amorphous state
of hydrocortisone is preferred which facilitates its fast-disso-
lution. The dissolution tests which will be discussed below
indicated that the hydrocortisone/HP-β-CyD (1/2) complex
nanofibrous matrix has shown a fast-dissolving behaviour
due to the complete inclusion complexation of hydrocorti-
sone with HP-β-CyD along with the highly porous structure
and high surface area of the nanofibrous webs and the highly
water-soluble nature of HP-β-CyD as a nanofiber matrix.

The thermal characteristics of the hydrocortisone/HP-β-
CyD nanofibers were investigated by differential scanning cal-
orimetry (DSC). DSC is a useful technique to investigate the
presence of crystals by observation of the melting point. In
addition, DSC provides useful information on inclusion com-
plexation between CyD and host molecules.63 For instance,
the melting point of guest molecules disappears in the case
of inclusion complexation since guest molecules are sepa-
rated from each other by the CyD cavity and therefore cannot
form crystals.63 The DSC thermogram of pure hydrocortisone
reveals its crystalline nature showing a distinct melting peak
at 222 °C (Fig. 5). The pristine HP-β-CyD nanofibers are in

the amorphous state and have shown a broad peak in the
range of 30–140 °C due to water loss.67 The DSC thermogram
of hydrocortisone/HP-β-CyD (1/1) nanofibers shows an endo-
thermic peak at 209 °C having a peak area of ∼13.5 J g−1 due
to the melting of hydrocortisone crystals. The physical mix-
ture of hydrocortisone/HP-β-CyD (1/1) has also shown a melt-
ing peak at 210 °C with a peak area of 18.5 J g−1. The
recorded melting peak area for hydrocortisone/HP-β-CyD (1/1)
nanofibers was less than the melting peak area for the physi-
cal mixture of hydrocortisone/HP-β-CyD (1/1). This suggests
that hydrocortisone was partially complexed with HP-β-CyD
but the major amount of hydrocortisone was in the
uncomplexed state in hydrocortisone/HP-β-CyD (1/1) nano-
fibers. The DSC thermogram of hydrocortisone/HP-β-CyD (1/
1.5) nanofibers shows the melting of hydrocortisone crystals
at 210 °C having a peak area of ∼1.1 J g−1. Yet, the melting
peak area for hydrocortisone/HP-β-CyD (1/1.5) nanofibers was
much smaller than the melting peak area of hydrocortisone/
HP-β-CyD (1/1) nanofibers, which clearly confirmed that the
amount of crystalline hydrocortisone in the hydrocortisone/
HP-β-CyD (1/1.5) nanofibers is much lower than that in the
hydrocortisone/HP-β-CyD (1/1) nanofibers. In the case of hy-
drocortisone/HP-β-CyD (1/2) nanofibers, there was no melting
peak recorded for hydrocortisone suggesting that hydrocorti-
sone was fully in the inclusion complexation state in the
nanofiber matrix. The hydrocortisone/HP-β-CyD (1/2) solution
was clear and homogeneous (Fig. 1d) indicating that hydro-
cortisone was fully dissolved by HP-β-CyD inclusion complex-
ation. In short, the DSC data correlate with the XRD data and
visual observations of the hydrocortisone/HP-β-CyD solutions
(1/1, 1/1.5 and 1/2). Hydrocortisone was fully in the amor-
phous state in hydrocortisone/HP-β-CyD (1/2) nanofibers
whereas it was mostly crystalline in hydrocortisone/HP-β-CyD
(1/1) nanofibers and there were very little amounts of crystal-
line hydrocortisone in hydrocortisone/HP-β-CyD (1/1.5)
nanofibers.

Fig. 5 DSC thermograms of the hydrocortisone powder, HP-β-CyD
nanofibers (NF), hydrocortisone/HP-β-CyD (1/1, 1/5 and 1/2) nanofibers
(NF), and hydrocortisone/HP-β-CyD (1/1) physical mixture (PM).
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TGA measurements of the hydrocortisone powder, HP-β-
CyD nanofibers and hydrocortisone/HP-β-CyD (1/1, 1/1.5 and
1/2) nanofibers were performed by thermo-analytical studies
(Fig. 6). The hydrocortisone powder exhibits a mass loss that
starts at 205 °C and ends at 500 °C. In the case of pristine
HP-β-CyD nanofibers, there are two main weight losses from
25 °C and 400 °C which correspond to water loss (up to 100
°C) and the main degradation of HP-β-CyD (max. temp 358
°C). As it is shown in Fig. 6, the main degradation of hydro-
cortisone occurs at the similar temperature range of HP-β-
CyD degradation, therefore two steps of mass losses are also
observed for hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2)
nanofibers. On the other hand, the derivative curve of HP-β-
CyD nanofibers became wider and reduced in intensity in the
case of hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nano-
fibers due to the hydrocortisone content in these samples
(Fig. 6b). While the main degradation of HP-β-CyD starts at
280 °C for HP-β-CyD nanofibers, it shifts to lower tempera-
tures of 233 °C, 238 °C and 244 °C for hydrocortisone/HP-β-
CyD (1/1) nanofibers, hydrocortisone/HP-β-CyD (1/1.5) nano-
fibers and hydrocortisone/HP-β-CyD (1/2) nanofibers, respec-
tively. Even the third step mass loss of the hydrocortisone
powder becomes apparent for hydrocortisone/HP-β-CyD (1/1)
nanofibers at 430 °C due to their higher hydrocortisone con-
tent compared to hydrocortisone/HP-β-CyD (1/2) nanofibers.

Since hydrocortisone/HP-β-CyD (1/1) nanofibers contain a
higher amount of hydrocortisone (20% (w/w), with respect to
the total sample amount) than hydrocortisone/HP-β-CyD (1/
1.5) nanofibers (14% (w/w), with respect to the total sample
amount) and hydrocortisone/HP-β-CyD (1/2) nanofibers (11%
(w/w), with respect to the total sample amount), the main
degradation profile of HP-β-CyD probably shifts to a lower
temperature in the case of hydrocortisone/HP-β-CyD (1/1)
nanofibers (233 °C) compared to hydrocortisone/HP-β-CyD (1/
2) complex nanofibers (238 °C) and hydrocortisone/HP-β-CyD
(1/2) complex nanofibers (244 °C) (Fig. 6b). Actually, it is also
possible to calculate the component ratios in the samples by
the TGA technique. However, the degradation step of hydro-
cortisone is overlapped with the main degradation of
HP-β-CyD in the case of hydrocortisone/HP-β-CyD (1/1, 1/1.5
and 1/2) nanofibers (Fig. 6b) which makes it difficult to cal-
culate the content of hydrocortisone in hydrocortisone/HP-β-
CyD (1/1, 1/1.5 and 1/2) nanofibers from the TGA data. Essen-
tially, the increase in thermal stability of guest molecules is
very common for the CyD complex and considered as evi-
dence of inclusion complexation.63 Here, TGA revealed the
interaction between hydrocortisone and HP-β-CyD in hydro-
cortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers by means
of altered degradation profiles of HP-β-CyD molecules.

1H-NMR analysis was carried out to determine the molar
ratio between hydrocortisone and HP-β-CyD in electrospun
hydrocortisone/HP-β-CyD nanofibers. The initial molar ratio
between hydrocortisone and HP-β-CyD in hydrocortisone/HP-
β-CyD solutions were determined to be 1/1, 1/1.5 and 1/2
prior to the electrospinning. However, the molar ratio may
change for hydrocortisone/HP-β-CyD nanofibers depending
on the encapsulation efficiency of the electrospinning pro-
cess. Here, the molar ratio of each hydrocortisone/HP-β-CyD
system was calculated by using the proportion of the inte-
grated peaks of hydrocortisone and HP-β-CyD. For hydrocorti-
sone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers, the –CH3 pro-
tons of hydrocortisone (0.75 ppm) and HP-β-CyD (1.03 ppm)
were used for the calculations (Fig. 7).47

As observed in Fig. 7, the given peaks of hydrocortisone
and HP-β-CyD are quite suitable for the calculations due to
their distinct profiles. It is important to have similar loading
of active compounds after electrospinning in order to attain
the high yield of drug encapsulation for inclusion complex
nanofibers. The 1H-NMR data showed that the molar ratios
of hydrocortisone/HP-β-CyD in hydrocortisone/HP-β-CyD (1/1,
1/1.5 and 1/2) nanofibers were the same as the initial ratios
of 1/1, 1/1.5 and 1/2. The 1H-NMR findings revealed that the
ultimate electrospun hydrocortisone/HP-β-CyD nanofibers
were obtained without any loss of hydrocortisone ensuring
the initial molar ratios of 1/1, 1.5 and 1/2 (hydrocortisone/
HP-β-CyD). As discussed in the DSC and XRD analyses, there
is uncomplexed hydrocortisone in the case of hydrocortisone/
HP-β-CyD (1/1 and 1/1.5) nanofibers. Since the NMR solvent
d6-DMSO could dissolve the uncomplexed hydrocortisone
fraction in the hydrocortisone/HP-β-CyD (1/1 and 1/1.5) nano-
fibers, the exact and the initial molar ratios of 1/1 and 1/1.5

Fig. 6 (a) TGA thermograms and (b) derivatives of hydrocortisone
powder, HP-β-CyD nanofibers (NF) and hydrocortisone/HP-β-CyD (1/1,
1/1.5 and 1/2) nanofibers (NF).
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were calculated from the 1H-NMR spectra. The results con-
firmed that electrospinning is an efficient encapsulation
technique where hydrocortisone/HP-β-CyD nanofibers can be
successfully produced along with a desired hydrocortisone
content and without any loss.

Solubility, dissolution and disintegration profile of
hydrocortisone/HP-β-CyD nanofibrous webs

Phase solubility tests are commonly performed to obtain in-
formation about the solubilizing effect of CyD on hydropho-
bic drug molecules. Additionally, phase solubility diagrams
enable calculations of the stability constants of inclusion
complexes formed between CyD and drug molecules.46,68,69

In this study, the dynamic equilibrium of hydrocortisone/HP-
β-CyD solutions having different HP-β-CyD concentrations
reached up to 24 hours and the filtered aliquots of the solu-
tions were examined by the UV-vis spectroscopy technique.
The phase solubility diagram (Fig. 8a) shows the solubility
manner of hydrocortisone against increasing HP-β-CyD con-
centrations from 0 to 8 mM. The solubility of hydrocortisone
was increased ∼2.8 times in the 8 mM concentrated solution
of HP-β-CyD owing to the inclusion complex formation.
According to the method reported by Higuchi and Connors,
there are different types of phase solubility diagrams
depending on the CyD and guest molecules.57 The A-type
phase solubility diagram is generally observed for modified
CyD systems and has subtypes of AL, AN and AP which stand
for linear increases in guest solubility as a function of CyD
concentration, positive deviation of isotherms and negative
deviation of isotherms, respectively.57,68 In our case, the
phase solubility diagram adopts a manner of forming an AN-

type pattern suggesting that the highest HP-β-CyD concentra-
tion of 8 mM might be considered as the approximate limits
and less effective for the solubilization of hydrocortisone.
Using the straight-line portion of the phase solubility dia-
gram, the apparent stability constant (Ks) was calculated
according to eqn (1). The Ks value, which essentially repre-
sents the binding strength between the CyD cavity and guest
molecules, was calculated to be 417 M−1 for our hydrocorti-
sone/HP-β-CyD system. Other related studies, in which the in-
clusion complexes of hydrocortisone and HP-β-CyD were in-
vestigated, presented different stability constant values of 636

Fig. 7 1H-NMR spectra of pure hydrocortisone, HP-β-CyD nanofibers
(NF), and hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers (NF).
1H-NMR spectra were recorded by dissolving the samples in d6-DMSO.
The characteristic peaks of hydrocortisone and HP-β-CyD are
highlighted with yellow and purple colors, respectively.

Fig. 8 (a) Phase solubility diagram of the hydrocortisone/HP-β-CyD
complex system and the inset photograph of the hydrocortisone/HP-
β-CyD systems for different HP-β-CyD concentrations. (b) Time de-
pendent release profiles and (c) UV-vis spectra of aqueous solutions of
hydrocortisone and hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2)
nanofibers (NF).
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M−1,70 1400 M−1,71 1450 M−1 (ref. 72) and 1700 M−1 (ref. 73)
for the hydrocortisone/HP-β-CyD system. Loftsson et al.
reported that the variation between the stability constant
values for the same drug/CyD system might originate from
the degree of substitution (DS) differences of HP groups in
HP-β-CyD, and the binding strength between the drug and
HP-β-CyD decreases upon increasing the DS.74 Our data and
the previously reported results are in agreement with this
proposal.

The stability constant for the hydrocortisone/HP-β-CyD
system was reported in the range of 1400–1700 M−1 when HP-
β-CyD having a DS of ∼0.6 was used,71–73 and a stability con-
stant of 636 M−1 was reported for HP-β-CyD having a DS of
∼1.70 In our case, we have obtained a stability constant of
417 M−1 for the hydrocortisone/HP-β-CyD system in which
the HP-β-CyD we used has a DS of ∼0.9.

The comparison of the in vitro release profile of hydrocor-
tisone from hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2)
nanofibers and hydrocortisone powder is shown in Fig. 8b.
The hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibrous
webs disappeared instantly after they came into contact with
the dissolution media. Hydrocortisone/HP-β-CyD (1/1), hydro-
cortisone/HP-β-CyD (1/1.5) and hydrocortisone/HP-β-CyD (1/2)
nanofibrous webs released 133.5 ± 4.7 μg mL−1, 95.9 ± 1.7 μg
mL−1 and 76.2 ± 2.8 μg mL−1 hydrocortisone in the first 30
seconds, respectively confirming their fast-dissolution behav-
ior and all the samples showed a plateau profile up to 10 mi-
nutes. On the other hand, the hydrocortisone powder did not
dissolve immediately and only 33.1 ± 7.4 μg mL−1 hydrocorti-
sone was released into the dissolution medium in the first 30
seconds and it reached up to a concentration of 77.4 ± 10.0
μg mL−1 by the end of 10 minutes. This finding verified the
significant improvement of the fast-dissolution profile of hy-
drocortisone in the hydrocortisone/HP-β-CyD nanofibrous
webs compared to that of the pure hydrocortisone powder.
The enhanced rapid release profile of hydrocortisone from
hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibrous
webs can be attributed to these unique features: (i) inclusion
complex formation between hydrocortisone and HP-β-CyD;
(ii) the high water-solubility of HP-β-CyD; (iii) the high sur-
face area and highly porous structure of nanofibrous webs
which provide an effective penetration path and a higher
amount of contact sites for the dissolution media. As seen in
Fig. 8b, hydrocortisone/HP-β-CyD nanofibrous webs showed
different released profiles for the same sample amount (∼40
mg) of webs and this reflects the different hydrocortisone
contents in hydrocortisone/HP-β-CyD nanofibers. When the
released concentration of hydrocortisone is compared with
the theoretical/initial concentrations, it is noticed that ∼80%,
∼86% and ∼90% of hydrocortisone is released from the hy-
drocortisone/HP-β-CyD (1/1), hydrocortisone/HP-β-CyD (1/1.5)
and hydrocortisone/HP-β-CyD (1/2) nanofibrous webs, respec-
tively. As is seen, hydrocortisone/HP-β-CyD (1/2) nanofibers
indicated the highest initial release amount of hydrocorti-
sone compared to the other two hydrocortisone/HP-β-CyD
(1/1 and 1/1.5) nanofibers. This is most probably due to the

fully amorphous state of hydrocortisone in the hydrocorti-
sone/HP-β-CyD (1/2) nanofibrous web, which ensures a supe-
rior dissolution and release profile in the aqueous medium.
On the other hand, the presence of some uncomplexed hy-
drocortisone in hydrocortisone/HP-β-CyD (1/1 and 1/1.5)
nanofibrous webs leads to a lower dissolution and released
amount of hydrocortisone in the given time period. In brief,
both the inclusion complexation and the nanofibrous struc-
ture of the hydrocortisone/HP-β-CyD nanofibers enhanced
the dissolution rate and the release of hydrocortisone, which
suggests that hydrocortisone/HP-β-CyD nanofibrous webs
may have huge potential to be utilized as a fast-dissolving
oral drug delivery system.

The solubility improvement of hydrocortisone in hydrocor-
tisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers was also dem-
onstrated by the constant stirring in water for 24 hours at
room temperature. Firstly, hydrocortisone and hydrocorti-
sone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibers having the
same amount of hydrocortisone were dissolved in water.
Then, the solutions were filtered to remove the undissolved
fractions of hydrocortisone and UV-vis spectroscopy measure-
ments were carried out for the ultimate aqueous solutions.
The UV-vis spectra of the solution of hydrocortisone and hy-
drocortisone/HP-β-CyD nanofibers are shown in Fig. 8c. Even
though all solutions were prepared with the same amount of
hydrocortisone (2.2 mM), the intensities of the hydrocorti-
sone/HP-β-CyD nanofiber solutions are higher than that of
the hydrocortisone solution. This finding clearly indicated
that the inclusion complexation enhanced the water solubil-
ity of hydrocortisone in hydrocortisone/HP-β-CyD nanofibers.
Actually, hydrocortisone/HP-β-CyD (1/1) nanofibers (∼20 mg),
hydrocortisone/HP-β-CyD (1/1.5) nanofibers (∼28 mg) and hy-
drocortisone/HP-β-CyD (1/2) nanofibers (∼35 mg) were
weighed so as to have the same amount of hydrocortisone. As
seen from the UV-vis spectra, hydrocortisone/HP-β-CyD (1/1)
nanofibers depict a bit lower intensity compared to hydrocor-
tisone/HP-β-CyD (1/1.5 and 1/2) nanofibers. Even though
there is a high amount of uncomplexed and crystalline hydro-
cortisone in hydrocortisone/HP-β-CyD (1/1) nanofibers (which
was proved by the XRD and DSC analyses), the dissolution of
hydrocortisone/HP-β-CyD (1/1) nanofibers in high water con-
tent (5 mL) and the long stirring period of 24 hours achieve
dissolution of crystalline hydrocortisone in the presence of
HP-β-CyD, so the intensity of the UV-vis spectrum is not very
different from those of hydrocortisone/HP-β-CyD (1/1.5 and
1/2) nanofibers. Yet, there were still little amounts of
uncomplexed/crystalline hydrocortisone in the solution of hy-
drocortisone/HP-β-CyD (1/1) nanofibers which could not be
dissolved and filtered out, so the intensity of the UV-vis spec-
trum is a bit lower than those of the solution of hydrocorti-
sone/HP-β-CyD (1/1.5 and 1/2) nanofibers. On the other hand,
the UV-vis spectrum of hydrocortisone/HP-β-CyD (1/1.5) nano-
fibers depicted almost the same intensity as the UV-vis spec-
trum of hydrocortisone/HP-β-CyD (1/2) nanofibers, since the
experimental conditions provided enough time for some
uncomplexed hydrocortisone to form inclusion complexes
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with free HP-β-CyD molecules in this highly diluted solution.
For the electrospinning solution of hydrocortisone/HP-β-CyD
(1/1 and 1/1.5), the highly viscous solution of HP-β-CyD hav-
ing a very high concentration (180%, w/v) makes stirring and
mixing of the system difficult to achieve efficient inclusion
complexation between hydrocortisone and HP-β-CyD. There-
fore, a lower complexation efficiency was obtained in the case
of the hydrocortisone/HP-β-CyD (1/1 and 1/1.5) systems com-
pared to the hydrocortisone/HP-β-CyD (1/2) system. The inclu-
sion complexation between hydrocortisone and HP-β-CyD
was much more efficient and hydrocortisone was fully
complexed in the hydrocortisone/HP-β-CyD (1/2) system due
to the higher content of HP-β-CyD. In addition, a very similar
UV-vis spectrum (Fig. S2†) was recorded for the hydrocorti-
sone/HP-β-CyD (1/2) complex nanofibers stored for 3 months
(55–65% RH and ∼22 °C) confirming the stability of the hy-
drocortisone/HP-β-CyD nanofibers over long storage periods.

The fast dissolution of hydrocortisone/HP-β-CyD nano-
fibrous webs (∼6 mg) was visually examined by immersing
the nanofibrous webs in 4 mL of water in Petri dishes (Fig. 9
and Video S1†). The hydrocortisone powder (∼1.2 mg) was
also tested for comparison. Here, hydrocortisone/HP-β-CyD
nanofibrous webs immediately dissolved upon contact with
water; in contrast, the pure hydrocortisone powder remained
on the water surface over this period of time without dissolu-
tion showing that it is a poorly water-soluble drug (Fig. 9).
The dissolution test also proved the existence of
uncomplexed hydrocortisone in the hydrocortisone/HP-β-CyD

(1/1 and 1/1.5) nanofibrous webs. As seen in Fig. 9, while hy-
drocortisone/HP-β-CyD (1/2) nanofibers completely dissolved
in water in 2 seconds, there are still undissolved hydrocorti-
sone fractions in hydrocortisone/HP-β-CyD (1/1 and 1/1.5) so-
lutions because of the uncomplexed/crystalline hydrocorti-
sone content in the hydrocortisone/HP-β-CyD (1/1 and 1/1.5)
nanofibrous webs. Since the hydrocortisone/HP-β-CyD (1/1)
nanofibrous web contains a higher amount of uncomplexed
hydrocortisone compared to the hydrocortisone/HP-β-CyD (1/
1.5) nanofibrous web, the undissolved hydrocortisone frac-
tions are more obvious in the Petri dish in the case of hydro-
cortisone/HP-β-CyD (1/1) nanofibers. Even so, a fast-
dissolving character was observed for the hydrocortisone/HP-
β-CyD (1/2) nanofibrous web resulting in complete dissolu-
tion and clear solution without any indication of undissolved
hydrocortisone.

The disintegration of hydrocortisone/HP-β-CyD nano-
fibrous webs was further examined using wet filter paper to
simulate the moist environment of the oral cavity.58 As ob-
served in Fig. 10 and Video S2,† the hydrocortisone/HP-β-CyD
(1/2) nanofibrous web was quickly adsorbed by artificial sa-
liva and dissolved instantly. On the other hand, the hydrocor-
tisone/HP-β-CyD (1/1) nanofibrous web indicated a slower dis-
integration profile compared to the hydrocortisone/HP-β-CyD
(1/2) nanofibrous web because of the uncomplexed/crystalline
hydrocortisone content. The Hydrocortisone/HP-β-CyD (1/1.5)
nanofibrous web indicated an intermediate performance
among the others, because of the small uncomplexed

Fig. 9 The dissolution behaviour of hydrocortisone powder and
hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) nanofibrous webs in
distilled water. The pictures were captured from the video given as
Video S1.†

Fig. 10 The disintegration behaviour of hydrocortisone/HP-β-CyD (1/
1), hydrocortisone/HP-β-CyD (1/1.5) and hydrocortisone/HP-β-CyD (1/
2) nanofibrous webs in an artificial saliva environment. The pictures
were captured from the video given as Video S2.†
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hydrocortisone content in it. The high water solubility of HP-
β-CyD is a significant dynamic factor for the high dissolution
and disintegration rates of the hydrocortisone/HP-β-CyD
nanofibrous webs.40 Furthermore, the porous structure and
high surface area of the nanofibrous webs ensure an incredi-
ble penetration path and interaction sites for the aqueous
system through the nanofibers which also provide fast disin-
tegration and dissolution of nanofibers.21 To conclude, the
nanoporous structure of hydrocortisone/HP-β-CyD nano-
fibrous webs can lead to their easy penetration to saliva in
the mouth and high water solubility of HP-β-CyD and inclu-
sion complexation of hydrocortisone with HP-β-CyD can pro-
vide fast-dissolution and instant release of hydrocortisone
which makes hydrocortisone/HP-β-CyD nanofibrous webs
very appropriate for fast-dissolving oral drug delivery
systems.

Conclusion

Electrospun nanofibrous webs from inclusion complexes of
drug/cyclodextrin systems can be very promising materials
for the development of fast-dissolving oral drug delivery sys-
tems. Cyclodextrins are already well-known and applicable in
pharmaceutics due to their solubility enhancement of poorly
water-soluble drugs by forming inclusion complexation with
a variety of drug molecules. Therefore, the choice of cyclodex-
trins as nanofiber matrices and encapsulating drug mole-
cules within cyclodextrin cavities by inclusion complexation
would enhance the water solubility and fast-dissolution of
poorly water-soluble drugs for oral drug delivery systems. For
this purpose, we have produced hydrocortisone/HP-β-CyD
nanofibrous webs by electrospinning. The initial molar ratios
of hydrocortisone/HP-β-CyD (1/1, 1/1.5 and 1/2) in aqueous
solutions were completely preserved yielding hydrocortisone/
HP-β-CyD nanofibers having the same molar ratios
confirming that the electrospinning process was quite effi-
cient without any loss of hydrocortisone. The electrospinning
of hydrocortisone/HP-β-CyD aqueous solutions yielded defect-
free nanofibers which were collected in the form of self-
standing and flexible nanofibrous webs. The electrospun hy-
drocortisone/HP-β-CyD nanofibrous webs were readily
dissolved when placed in water or when wetted with artificial
saliva. The results elucidated that electrospun hydrocorti-
sone/HP-β-CyD nanofibrous webs could be promising mate-
rials as fast-dissolving oral drug delivery systems. In conclu-
sion, cyclodextrins form inclusion complexes with a variety of
drugs; hence, this proof-of-concept study dealing with electro-
spun hydrocortisone/HP-β-CyD nanofibrous webs can be ex-
tended to other drug/CyD inclusion complex nanofibers in or-
der to develop fast-dissolving oral drug delivery systems.
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