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ABSTRACT: Encapsulation of dietary supplements into electrospun cyclodextrin (CD) inclusion complex (IC) nanofibers can
pave the way for the development of novel delivery systems with orally fast-disintegrating properties. Here, resveratrol/CD-IC
nanofibrous films were fabricated using the electrospinning technique. Resveratrol is a well-known bioactive agent with its
antioxidant potential, and it is commonly used in the formulation of dietary supplements. Here, the hydroxypropylated (HP-) βCD
and γCD were used for both encapsulation of resveratrol and the electrospinning of free-standing nanofibrous films. SEM imaging
confirmed the uniform fibrous morphology of electrospun films. The encapsulation and amorphization of resveratrol by inclusion
complexation were verified using various techniques including FTIR, 1H NMR, XRD, DSC, TGA, and computational modeling.
Besides the results of all these techniques, phase solubility studies also revealed the more favorable complex formation of resveratrol
with HPβCD compared to HPγCD. Nanofibrous films were obtained having ∼100% loading efficiency without a loss during the
process. The amorphous distribution of resveratrol and the unique properties of nanofibers ensured the fast disintegration of
nanofibrous films in the saliva simulation. The enhanced solubility of resveratrol also ensured an improved antioxidant property. The
polymeric resveratrol/pullulan nanofibrous film was also formed as a control sample. CD-IC nanofibrous films showed faster
disintegration/dissolution, higher/faster release profile, and significantly better antioxidant potential compared to resveratrol/
pullulan-based samples.

KEYWORDS: resveratrol, cyclodextrin, electrospinning, nanofibers, orally fast disintegrating, dietary supplement, antioxidant, fast release,
enhanced solubility

1. INTRODUCTION

Bioactive compounds including antioxidants, vitamins, aromas,
essential oils, and so forth hold important properties having the
potential to promote human health. Therefore, they have
aroused growing interest in the food and pharmaceutical
industries and have been widely used in the formulation of
dietary supplements. However, the drawbacks of poor water
solubility, low bioavailability, and low stability against light,
heat, and oxygen create challenges during their processing,
storage, and consumption. Hence, these bioactive compounds
are being encapsulated into a proper carrier system in order to
ensure enhanced water solubility, bioavailability, and a longer
shelf-life.1 As encapsulation techniques, freeze-drying, spray-
drying, co-precipitation, emulsion, or extrusion can come into
prominence.1 On the other hand, the electrohydrodynamic
approach of electrospinning has recently appeared to be a
promising alternative method for the encapsulation of
bioactive compounds in the matrices of nanofibers having
submicron diameters.2 Electrospun films combined with
bioactive compounds display a huge potential to be used in
food-based applications owing to their free-standing, flexible,
and highly porous structure.3,4 The electrospun films based on
biopolymers having insoluble nature in water can be effectively
used for food packaging purposes when they are incorporated
with bioactive compounds.5 In other respects, the use of
hydrophilic and edible polymers for the generation of
functional electrospun films can enable to obtain fast

disintegrating delivery systems which can freely disintegrate
upon contact with aqueous medium.6,7 In our latest reports, we
demonstrated that the fast-disintegrating delivery system can
be also obtained from the electrospun nanofibrous films of
cyclodextrin (CD) inclusion complexes of different bioactive
compounds including antioxidants8−10 and vitamins.9

As a type of oligosaccharide, CDs have drawn great attention
of worldwide market of food and pharmaceutical indus-
tries.11−13 Since CDs are classified as Generally Recognized as
Safe (GRAS) by the US Food and Drug Administration, they
are being used in the formulation of drugs and nutrition-based
products.14 These starch-derived molecules can form non-
covalent interactions with a variety of molecules, and this
makes them the main source of interest as an encapsulation
agent. As a result of inclusion complexation with CD, the
aqueous solubility, bioavailability, and stability of bioactive
compounds or drug molecules can be improved markedly.12,15

In addition, different release profiles such as fast, controlled
and/or sustained, masking of unpleasant taste/odor and longer
shelf-life can be provided by this approach.15,16
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Resveratrol is a nonflavonoid polyphenolic compound from
the stilbene family and it is generally found in different types of
fruits and vegetables and especially in grape skins.17

Resveratrol is known to possess antioxidant, anti-inflammatory,
antibacterial, and anticarcinogenic properties.18,19 Therefore, it
displays great potential for the treatment of various diseases
including cancer, diabetes, obesity, arthritis, cardiovascular
disorders, and so forth.18,19 Despite all its benefits, the poor
water solubility, low bioavailability, and low stability limit the
application potential of this bioactive compound.20 To
overcome these drawbacks, emulsions, liposomes, biopoly-
meric particles, and CD inclusion complexes were utilized as
different encapsulation approaches.21 The inclusion complex-
ation with CD particularly showed the increased water
solubility of resveratrol for different types of CDs.20 Nano-
technology-based formulations have also been reported for
improving the bioactivity of resveratrol molecules.22 There are
several studies in the literature in which the electrospinning
technique was employed for the encapsulation of resveratrol in
the polymeric nanofibrous films, as well.23−26 However, there
has been no study reported that is related to the electro-
spinning of polymer-free nanofibrous films from the resvera-
trol/CD inclusion complexes for the development of orally
fast-disintegrating dietary supplement. Orally disintegrating
tablets (ODTs) have already been followed with great interest
over the last decades in the pharmaceutical industry.27 ODT
formulations can provide an extra convenience for the users
compared to conventional tablets because they can disintegrate
in the oral cavity instantly upon contact with the saliva. Here,
additional liquid or chewing activity is not essential during
their administration, so ODTs are especially useful for ones
who have difficulties in chewing and swallowing process or
having problem of vomiting.27,28 In addition to ease of
implementation, the water solubility, bioavailability, and

delivery of poorly soluble compounds can be improved by
ODT.27,28 As mentioned previously, resveratrol shows poor
bioavailability and this is because of phase II and presystemic
metabolism of this bioactive compound throughout the
gastrointestinal tract.29 The very recent studies showed that
the transmucosal pathway can be an alternative administration
route to enhance the permeation of resveratrol across the
tissues.29−31 Since oral mucosa is highly vascularized, it enables
the direct absorption of compounds into the systemic
circulation, so the first-pass hepatic metabolism is eliminated
by bypassing the gastrointestinal tract.32 Herein, orally
disintegrating delivery systems can be a solution to profit
from therapeutic potential of resveratrol by applying the
alternative route of oral mucosa.
In our very recent studies, we have shown that the

nanofibrous films of drug/CD inclusion complexes might
have potential to be used for fast-disintegrating delivery
systems as an alternative to the ODT formulations.33−36

Therefore, the fast disintegrating nanofibrous films of
resveratrol might be a promising alternative to the
commercially available tablet formulations. For that purpose,
we achieved to produce electrospun nanofibrous films of
resveratrol/CD inclusion complexes in aqueous medium
without using an additional polymeric carrier matrix or
unfavorable/toxic chemicals (Figure 1). Here, the highly
water-soluble and hydroxypropylated derivates of CD,
hydroxypropyl-β-cyclodextrin (HPβCD) and hydroxypropyl-
γ-cyclodextrin (HPγCD), were chosen and resveratrol/pullulan
nanofibrous films were produced as a control sample, as well.
The structural analyses, dissolution/disintegration, release, and
antioxidant profiles of samples were evaluated further.

Figure 1.Main concept of the study. Chemical structure of (a) HPβCD and HPγCD and (b) resveratrol. (c) Schematic representation of inclusion
complex formation between resveratrol and CDs and (d) electrospinning of resveratrol/CD nanofibrous films.

ACS Food Science & Technology pubs.acs.org/acsfoodscitech Article

https://doi.org/10.1021/acsfoodscitech.1c00456
ACS Food Sci. Technol. 2022, 2, 568−580

569

https://pubs.acs.org/doi/10.1021/acsfoodscitech.1c00456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.1c00456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.1c00456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.1c00456?fig=fig1&ref=pdf
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.1c00456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2. MATERIALS AND METHODS
2.1. Materials. Hydroxypropyl-β-cyclodextrin (HPβCD) (Cavasol

W7 HP, DS: ∼0.9) and hydroxypropyl-γ-cyclodextrin (HPγCD)
(Cavasol W8 HP Pharma, DS: ∼0.6) are kind gift of Wacker Chemie
AG (USA) for our scientific research. The as-received pullulan (Mw
300,000 g/mol, TCI America), resveratrol (99%, TCI America), 2,2-
diphenyl-1-picrylhydrazyl (DPPH, ≥97%, TCI America), methanol
(≥99.8% (GC), Sigma-Aldrich), dimethyl sulfoxide (DMSO, >99.9%,
Sigma-Aldrich), sodium chloride (NaCl, >99%, Sigma-Aldrich), o-
phosphoric acid (85% (HPLC), potassium phosphate monobasic
(KH2PO4, ≥99.0%, Fisher Chemical), sodium phosphate dibasic
heptahydrate (Na2HPO4, 98.0−102.0%, Fisher Chemical), Fisher
Chemical), phosphate-buffered saline (PBS) tablets (pH 7.4, Sigma-
Aldrich), and deuterated dimethylsulfoxide (DMSO-d6, 99.8%,
Cambridge Isotope) were provided commercially. The high-quality
distilled water was obtained using a Millipore Milli-Q ultrapure water
system (Millipore, USA).
2.2. Phase Solubility Study. The phase solubility profile of

resveratrol/CD was determined as reported previously.37 Here, excess
amount of resveratrol (∼2.8 mM) was mixed with the increasing
concentration of CD from 0 to 6 mM in 5 mL of water. After shaking
on an incubator shaker (450 rpm, shielded from light, room
temperature) for 24 h, each suspension was filtered with PTFE filter
(0.45 μm). Then, filtered aliquots were measured using UV−vis-
spectroscopy (317 nm) (PerkinElmer, Lambda 35, USA) and their
absorbance intensity was converted to concentration (mM) by the
calibration curve of resveratrol taken in water (R2 ≥ 0.99). The phase
solubility diagrams of HPβCD and HPγCD were plotted using the
mean values ± standard deviations of triplicate measurements. The
equation below was used to calculate the binding constants (Ks).

= −K Sslope/ (1 slope)s 0 (1)

where S0 is the intrinsic solubility of resveratrol (∼0.17 mM).
2.3. Computational Methodology. First-principles computa-

tional methods based on density functional theory (DFT)38,39

implemented in VASP40 were employed to study the interaction of
resveratrol molecules with CDs. Generalized gradient approximation
(GGA-PBE) was utilized for the exchange−correlation functional.41

The van der Waals interactions were taken into account using the
Grimme method (DFT-D2).42 The element potentials were identified
by projector augmented-wave (PAW) potentials43 with 520 eV kinetic
energy cutoff. All the structures were optimized by the conjugate
gradient method by setting the energy and force criteria to 10−5 eV
and 10−2 eV/Å. The interaction between the structures and water was
examined using the implicit solvation model where continuum
dielectric description was implemented.44

2.4. Electrospinning. The clear solutions of CD and pullulan
were, respectively, prepared by the solid concentration of 180% (w/v)
and 20% (w/v) in water. Resveratrol powder was subsequently added
to CD and pullulan solutions to provide ∼7% resveratrol content (w/
w, in proportion to total sample amount). This resveratrol amount
corresponds to the molar ratio of 1:2 (guest/CD) in the case of
resveratrol/HPβCD and resveratrol/HPγCD systems and these
solutions were stirred overnight to ensure the inclusion complex
formation between resveratrol and CD molecules. The control
samples of pristine CD and pullulan solutions were prepared having
solid concentrations of 200 and 20% (w/v), respectively. The solution
properties of viscosity and electrical conductivity were verified for
each system using a rheometer (AR 2000 rheometer, TA Instruments,
USA) [cone/plate spindle (20 mm diameter and 4° cone angle), shear
rate range: 0.01−1000 s−1 (21 °C)] and conductivity meter
(FiveEasy, Mettler Toledo, USA), respectively. The electrospinning
process was performed using the configurable electrospinning
equipment (Spingenix, model: SG100, Palo Alto, USA). The
resveratrol/HPβCD, resveratrol/HPγCD, and resveratrol/pullulan
aqueous systems were separately loaded into plastic syringes (1
mL) that were fitted with metallic nozzles (23 G). The electro-
spinning parameters of flow rate, high voltage, and nozzle-to-collector
distance were applied as 0.5 mL/h, 15 kV, and 15 cm, respectively, to

deposit electrospun nanofibrous films on the grounded stationary
metal collector. The temperature and relative humidity were observed
to be 45% and 21 °C, respectively, throughout the electrospinning of
nanofibers. It is noteworthy to point out that resveratrol/HPβCD and
resveratrol/HPγCD aqueous systems had been first prepared with 1:1
(guest/CD) molar ratio; however, the high heterogeneity of these
systems precluded the generation of nanofibrous films efficiently.

2.5. Structural Characterizations. The morphology of electro-
spun HPβCD, HPγCD, pullulan, resveratrol/HPβCD, resveratrol/
HPγCD, and resveratrol/pullulan nanofibers was examined using
scanning electron microscopy (SEM, Tescan MIRA3, Czech
Republic). For the measurements, the samples were fixed on the
SEM stubs and coated with a thin Au/Pd layer to reduce the charging
problem. SEM imaging was performed under high vacuum with a
working distance of 10 mm by applying an accelerating voltage of 10
kV. The average diameter (AD) (mean values ± standard deviations)
of samples (∼100 fibers) was calculated using ImageJ software. The
crystalline and the amorphous structures of resveratrol powder,
HPβCD, HPγCD, pullulan, resveratrol/HPβCD, resveratrol/HPγCD
and resveratrol/pullulan nanofibrous films were evaluated using an X-
ray diffractometer (Bruker D8 ADVANCE ECO, USA) (2θ region:
5°−30°; radiation source: Cu Kα; current/voltage: 25 mA/40 kV).
The thermal profile of the samples was examined by differential
scanning calorimetry (DSC, Q2000, TA Instruments, USA) (temper-
ature range: 0−280 °C; heating rate: 10 °C/min N2) and
thermogravimetric analysis (TGA, Q500, TA Instruments, USA)
(temperature range: 25−600 °C; heating rate: 20 °C/min, N2).
Additionally, attenuated total reflectance Fourier transform infrared
spectrometry (ATR-FTIR, PerkinElmer, USA) was conducted to
record the FTIR spectra of the samples (4000−600 cm−1; resolution
of 4 cm−1; 64 scans). A proton nuclear magnetic resonance (1H
NMR) spectrometer (Bruker AV500 with autosampler, USA) was
used to verify the loading of resveratrol and to determine the rough
amount of resveratrol in resveratrol/HPβCD, resveratrol/HPγCD,
and resveratrol/pullulan nanofibrous films (solvent: DMSO-d6;
sample concentration: 40 mg/mL; 16 scan). Mestranova software
was used to process 1H NMR spectra.

2.6. Loading Efficiency. To calculate the loading efficiency of
samples, a certain amount (∼5 mg) of resveratrol/HPβCD,
resveratrol/HPγCD, and resveratrol/pullulan nanofibrous films were
dissolved in dimethyl sulfoxide (DMSO) (5 mL). Then, UV−vis-
spectroscopy (326 nm) was used to determine the loaded resveratrol
content in the samples (the calibration curve in DMSO; R2 ≥ 0.99).
The experiments were performed in triplicate. The equation given
below was used for the calculation.

= ×C CLoading efficiency (%) / 100e t (2)

where Ce is the loaded resveratrol concentration and Ct is the initial
resveratrol concentration.

2.7. Dissolution and Disintegration Test. The dissolution
profile of resveratrol powder, resveratrol/CD nanofibrous films, and
resveratrol/pullulan nanofibrous film was examined by adding 5 mL of
PBS into the vials. Here, ∼15 mg of nanofibrous films and ∼1 mg of
resveratrol powder [according to the initial resveratrol content of ∼7
(w/w)] were used and a video was recorded simultaneously during
the test (Video S1). To examine the disintegration profile of samples,
artificial saliva (2.38 g of Na2HPO4, 0.190 g of KH2PO4, and 8 g of
NaCl in 1 L of distilled water; phosphoric acid for pH 6.8) was made
to simulate the moist environment of the tongue.45 Then, the filter
paper located into Petri dishes (10 cm) was moistened with this 10
mL of artificial saliva. After the excess artificial saliva was removed
from the Petri dishes, nanofibrous webs (∼3 cm × 4.5 cm) were put
onto the filter paper while a video was filmed concurrently (Video
S2).

2.8. In Vitro Release Test. The time-dependent in vitro release
test of resveratrol/CD and resveratrol/pullulan nanofibrous films was
conducted for the sample concentration of 1 mg/mL in PBS buffer
(pH 7.4) at 37 °C. The 0.25 mL of test aliquots was withdrawn, and
the same amount of fresh PBS medium (0.25 mL) was added at the
predetermined times while the solutions were shaken on the incubator
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(200 rpm). Then, UV measurements of these aliquots were performed
(317 nm) to assess the released amount of resveratrol from
nanofibrous films. The absorbance intensity of each measurement
was converted into released % using the calibration curve (R2 ≥ 0.99).
The release profile (released %) of samples was plotted against time
using the triplicate measurement results in mean values ± standard
deviations. Different kinetic models were used to evaluate the release
kinetics and the details are summarized in the Supporting
Information.
2.9. Antioxidant Activity Test. 2,2-Diphenyl-1-picrylhydrazyl

(DPPH) radical scavenging assay was used to evaluate the antioxidant
potential of samples. The aqueous solutions of nanofibrous films and
the resveratrol powder were prepared with the increasing resveratrol
concentration of 13 to 210 μg/mL. Each solution had a different
resveratrol concentration and was mixed with the methanolic solution
of DPPH (75 μM) at a volume ratio of 6/1, v/v (DPPH/sample).
Then, they were incubated in the dark for 30 min and the DPPH
absorption intensity of solutions was measured (517 nm) using UV−
vis spectroscopy. The results were given as mean ± standard deviation
for the triplicate experiments of all samples. The radical inhibition
activity of each sample was calculated in terms of % using the
equation given below.

= − ×A A AInhibition (%) ( )/ 100control sample control (3)

where Asample is the absorbance of sample solution and Acontrol is the
absorbance of control DPPH solution. The concentration-dependent
results also enabled to calculate the 50% inhibition value (IC50),
which shows the essential amount of the sample to reduce the
absorption intensity of DPPH by 50%.46

2.10. Statistical Analyses. The statistical analyses were
conducted using the one-way/two-way of variance (ANOVA).
OriginLab (Origin 2021, USA) was used for all these ANOVA
analyses (0.05 level of probability).

3. RESULTS AND DISCUSSION
3.1. Phase Solubility Analysis. The phase solubility

analysis was conducted to examine the effects of increasing
HPβCD and HPγCD concentrations on the solubility of
resveratrol molecules, as depicted in Figure 2. The linear

relationship between resveratrol and modified CD concen-
trations observed in the diagram points to the AL-type profile.
As stated by Higuchi and Connors, the phase solubility
diagram having AL-type profiles suggests the development of
inclusion complexes having a 1:1 molar ratio (guest/CD).37

While the solubility of resveratrol without CD was denoted as
∼0.17 mM, it was able to achieve ∼16.3 times higher solubility
with HPβCD inclusion complexation. On the other hand,

resveratrol molecules were able to achieve ∼6.2 times higher
solubility in the presence of HPγCD. As seen in Figure 2, the
binding constants (Ks) were, respectively, calculated as 4663
and 991 M−1 for HPβCD and HPγCD systems for the noted
experimental conditions. The statistical analysis also showed
that there is a significant difference between CDs (p < 0.05).
The distinct variation between the resveratrol/HPβCD and
resveratrol/HPγCD system might be due to HPβCD providing
a better cavity size matching compared to HPγCD.47 This led
to a much larger Ks value and hence, more solubility for the
resveratrol/HPγCD inclusion complex system compared to the
resveratrol/HPγCD one. The Ks value for the resveratrol/
HPγCD system could not be found from the previous reports
in the literature. On the other hand, in other related studies in
which the phase solubility test was performed for HPβCD, the
AL-type diagrams were also obtained with a similar range of Ks
values such as 6778,48 5988,49 and 6960 M−1.50 The slight
differences between Ks might be due to different substitution
degrees of HPβCD used in the studies which can lead to
different binding strengths between CD and guest molecules.51

3.2. Computational Modeling Analysis. To understand
the complexation between resveratrol molecules and HPβCD
and HPγCD, computational modeling studies were performed.
Initially, the resveratrol and CDs were separately optimized in
vacuum and water. Afterward, the interaction of resveratrol
with both CDs was examined by considering the orientation of
the molecule [head (H)−tail (T)] and rims of the CDs [wide
(B)−narrow (A)]. The variation of energy with respect to the
location of resveratrol and CDs revealed that IC can be formed
for both HPβCD and HPγCD without providing activation
energy. CD-IC configurations for 1:1 and 1:2 stoichiometries
are shown in Figure 3. For 1:1 stoichiometry, T- and H-
orientations were preferred for HPβCD and HPγCD,
respectively. As width of HPγCD is larger than HPβCD,
resveratrol moved toward the HP arms to strengthen the
interaction. For 1:2 stoichiometry, while the tail of resveratrol
was inside the CD, the head part interacted with the wide rim
for both of the cases. Similar configurations were also obtained
when calculations were repeated in water. The complexation
energy (ECE) with and without solvent can be estimated as

= × [ ] + [ ] − [ ‐ ]E n E E ECD resveratrol CD ICCE (4)

where E[CD], E[resveratrol], and E(CD-IC) are the total
energy (in vacuum or in water) of HPβCD or HPγCD,
resveratrol, and CD-IC, respectively, and n is equal to 1 (2) for
1:1 (1:2) stoichiometry. The obtained values are summarized
in Table 1 and they pointed out that stable resvera-
trol:HPβCD-IC and resveratrol:HPγCD-IC configurations
can be formed within 1:1 and 1:2 stoichiometries. It is noticed
that even the inclusion in water did not significantly alter the
IC configurations, the strength of interaction between
resveratrol and CD reduced. The decrease in ECE can be
related to the interaction of phenolic hydroxyl groups with
water.52 Our results also revealed that the poor solubility of
resveratrol in water can be intensely improved by complex-
ation. This effect can be quantified by calculating the solvation
energy (ESE)

= [ ‐ ] − [ ‐ ]E E ECD IC CD ICSE
water vacuum

(5)

Ewater[CD-IC] and Evacuum[CD-IC] are the total energy of
resveratrol:HPβCD-IC and resveratrol:HPγCD-IC in water
and vacuum, respectively, as listed in Table 1. While ESE of
resveratrol was calculated as −69.04 kJ/mol, it increases up to

Figure 2. Phase solubility study. Phase solubility diagram of
resveratrol/HPβCD and resveratrol/HPγCD systems.
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−445.80 and −628.90 kJ/mol for resveratrol:HPβCD-IC (1:2)

and resveratrol:HPγCD-IC (1:2), respectively. This significant

increase in ESE indicated the enhancement in solubility. It is

also obvious from Table 1 that the ECE
vacuum and ECE

water values

were found higher in the case of 1:2 stoichiometry for both CD

types compared to 1:1 stoichiometry suggesting our findings of

the electrospinning process which will be discussed in the
following section.

3.3. Morphology of Nanofibrous Films. In this study,
the aqueous systems of resveratrol/CD were initially prepared
having a 1:1 molar ratio (guest/CD). However, the
heterogeneity of the solutions did not enable to obtain
polymer-free and free-standing nanofibers from these systems.

Figure 3. Modeling study showing interaction between CDs and resveratrol. The top and side view of resveratrol:HPβCD-IC for (a) 1:1 and (b)
1:2 and resveratrol:HPγCD-IC for (c) 1:1 and (d) 1:2 stoichiometry. The orientation of resveratrol (head-H and tail-T) and CDs (narrow rim-A
and wide rim-B) is shown.

Table 1. Complexation (ECE) and Solvation Energies (ESE) of Resveratrol/HPβCD and Resveratrol/HPγCD Systems for
Different Orientations in 1:1 and 1:2 Stoichiometry (Molar Ratio)

guest/host molar ratio orientationa ECE
Vacuum kJ/mol ECE

Water kJ/mol ESE kJ/mol

resveratrol/HPβCD 1:1 H-AB 51.80
resveratrol/HPβCD 1:1 T-AB 68.53 60.29 −329.74
resveratrol/HPβCD 1:2 T-ABAB 128.61
resveratrol/HPβCD 1:2 T-ABBA 328.61 154.35 −445.80
resveratrol/HPγCD 1:1 H-AB 107.32 81.80 −359.03
resveratrol/HPγCD 1:1 T-AB 54.68
resveratrol/HPγCD 1:2 H-ABAB 236.02 144.35 −628.90
resveratrol/HPγCD 1:2 H-ABBA 178.24

aOrientation of resveratrol: head-H and tail-T; orientation of CDs: narrow rim-A and wide rim-B.
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This finding is not coherent with the phase solubility result in
which the AL-type diagram was detected showing the existence
of a 1:1 molar ratio between CD and guest molecules.
However, the electrospinning system is significantly concen-
trated (180% CD, w/v) compared to the phase solubility one
(0.9% CD, w/v). This might be the reason to observe the
heterogeneous structure for the 1:1 molar ratio-based electro-
spinning solutions which may limit the efficient stirring of the
system to attain 1:1 complexation. On the other hand, the 1:2
molar ratio was optimized to generate nanofibers from both
resveratrol/CD systems which was also supported with the
computational modeling calculations. Here, the pristine
systems of pullulan and CDs had clear solutions that were
able to produce free-standing nanofibers with the electro-
spinning technique (Figure 4-i). The resveratrol/HPβCD
solution was also suggesting the complete complexation
between HPβCD and resveratrol, while the resveratrol/
HPγCD and resveratrol/pullulan solutions were turbid
showing the existence of uncomplexed resveratrol content in
these systems (Figure 4-i). Nevertheless, free-standing and
flexible nanofibrous films that can be folded without damage
were obtained for all systems (Figure 4). As displayed in Figure
4, the morphologies of each system were examined using the
SEM technique which confirmed the homogeneous and defect-
free nanofiber formation for all samples. Additionally, CD,
pullulan, and resveratrol concentrations along with the solution
viscosity, conductivity, and nanofiber’s AD are summarized in
Table S1 for each system. In previous studies, it was shown
that the viscosity and conductivity properties of solutions are
the most prominent elements influencing the morphology of
the obtained nanofibers.4,53 As seen in Table S1, the systems
containing HPγCD have higher viscosities and lower
conductivities compared to the systems containing HPβCD.
This indicates that HPγCD solutions were less exposed to
stretching during the electrospinning process and hence were
able to produce thicker fibers (Table S1). We can confirm this
by comparing the ADs of the nanofibers: while the resveratrol/
HPγCD system was able to produce nanofibers with an AD of
760 ± 370 nm, the resveratrol/HPβCD system was able to
produce fibers with 400 ± 160 nm thickness. On the other
hand, we also observe that pullulan had a much lower viscosity;

thus, we can expect thinner fibers (385 ± 70 nm). However, it
is approximately in the same range of resveratrol/HPβCD
nanofibers. This could point to another solution property
affecting the diameter of fibers such as the surface tension of
solutions since it is a polymer-based system compared to the
other CD-based solutions.4 For all systems, the addition of
resveratrol to the pristine CD and pullulan slightly increased
the conductivity values of the solutions, while a significant
change for the viscosity values was not detected (Table S1).
Depending on that, we could not find a steady trend in the AD
of samples. The results of statistical calculations showed that
the diameter of HPβCD nanofibers is significantly different
from all others (p < 0.05). On the other hand, there is no
significant differences between HPγCD and resveratrol/
HPγCD; resveratrol/HPβCD and pullulan; and resveratrol/
HPβCD and resveratrol/pullulan nanofibers (p > 0.05).

3.4. Structural Characterization. To analyze the
crystalline pattern of the samples, powder X-ray diffraction
(XRD) was utilized, and the measurement results are displayed
in Figure 5. Resveratrol has a crystalline structure, and this can
be seen in the graph by the intense and sharp diffraction peaks

Figure 4. Visual examination and morphological analyses. (i) Photographs of electrospinning solutions and the ultimate nanofibrous films (NF)
and (ii) SEM images of (a) HPβCD NF, (b) resveratrol/HPβCD NF, (c) HPγCD NF (d) resveratrol/HPγCD NF, (e) pullulan NF, and (f)
resveratrol/pullulan NF.

Figure 5. Examination of crystal profile of samples. XRD patterns of
resveratrol powder, HPβCD NF, resveratrol/HPβCD NF, HPγCD
NF, resveratrol/HPγCD NF, pullulan NF, and resveratrol/pullulan
NF.
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at 6.6, 16.4, 19.2, 22.4, 23.6, and 28.4°. It can also be observed
that for the pristine nanofibrous films of HPβCD, HPγCD, and
pullulan, there are broad peaks corresponding to the
amorphous structures of the samples. For the inclusion
complex system, XRD finding can prove the interaction
between CD and guest by the disappearance, shift, or
attenuation of the characteristic peaks of guest molecules.34,54

For resveratrol/HPγCD nanofibrous films, tiny crystalline
peaks of resveratrol at 16.4 and 19.2° pointing to the remaining
uncomplexed active compounds in the sample were detected.
To contrast, these peaks were not observed in the resveratrol/
HPβCD nanofibrous film. A similar amorphous characteristic
of the pristine HPβCD was found in the case of nanofibrous
film of resveratrol/HPβCD suggesting the full encapsulation of
the resveratrol molecules inside the HPβCD cavities. Here, the
resveratrol molecules were separated from each other and
could not come together to form the crystals again, so the
distinctive peaks of resveratrol were not detected in the XRD
graph of the resveratrol/HPβCD nanofibrous film. In the
control sample of resveratrol/pullulan, the distinct peaks of
resveratrol were detected at 6.6, 13.4, 16.4, 19.2, 22.4, and
25.4°, since there are no complex structures in this sample.
Here, thermal characterization of samples was conducted

using the DSC technique which can also be utilized to clarify
the interaction between CD and guest molecules by the shifts,
broadenings, disappearances, or attenuation observed in the
volatilization, melting, decomposition, or oxidation peaks of
components.54,55 In general, inclusion complexation raises
absence, broadening, or intensity remission of the endothermic

peaks of guest molecules.54,55 As presented in Figure S1a, the
DSC curve of resveratrol displays a sharp endothermic peak at
266 °C corresponding to its melting point. On the other hand,
the broad endothermic peak detected at around 90 °C for
other samples corresponds to the water loss. The melting peak
of resveratrol was not observed in the case of the resveratrol/
CD nanofibrous film confirming that the guest molecule
remained in an almost completely amorphous state in the
samples. A small endothermic peak was observed for the
resveratrol/pullulan nanofibrous film at around 240 °C
differently from other resveratrol-incorporated samples which
suggested the crystal state of resveratrol in the sample (Figure
S1b). As another thermal behavior analysis, TGA was
performed, and the results of the analysis are displayed in
Figure S2. Here, resveratrol powder indicated weight loss
which started at around 200 °C and ended up at 400 °C. The
pristine- or resveratrol-included CD and pullulan nanofibrous
films have primary weight loss up to 100 °C rising from the
dehydration of the samples (Figure S2). The pristine CD and
pullulan nanofibrous film exhibit, respectively, main weight loss
in the ranges of 260−430 and 200−480 °C due to main
thermal degradation (Figure S2). Principally, the inclusion
complexation can improve the thermal stability of guest
molecules. This might be detected by shifting of the thermal
degradation step of guest to the higher temperatures.56 In the
case of the resveratrol/CD nanofibrous film, an additional
degradation step was not observed for resveratrol, it was
overlapped with the main degradation of CD suggesting the
enhanced thermal stability of the guest molecule by the

Figure 6. FTIR analyses of samples. (a) Full and (b,c) expanded range FTIR spectra of resveratrol powder, HPβCD NF, resveratrol/HPβCD NF,
HPγCD NF, resveratrol/HPγCD NF, pullulan NF, and resveratrol/pullulan NF.
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formation of an interaction between CD and guest molecules
(Figure S2 a,bii). On the other hand, the degradation step of
resveratrol was detected for the resveratrol/pullulan nano-
fibrous film as an additional step at around 240 °C. Briefly,
both DSC and TGA results validated the inclusion complex
formation between resveratrol and CD. However, the
uncomplex part of resveratrol could not be detected in the
resveratrol/HPγCD nanofibrous film just like it was identified
from XRD analysis (Figure 5) and the reason might be the
different sensibilities of the techniques.
Figure 6 displays the FTIR spectra of resveratrol powder,

CD, pullulan, resveratrol/CD, and resveratrol/pullulan nano-
fibrous films. FTIR is also a commonly used technique to
examine the inclusion complex formation.54 Attenuation, shift,
or disappearance of the characteristic peaks of the components
can be observed in the FTIR spectrum depending on the
interaction between CD and guest molecules.54 The major
peaks of CD were identified at around 1020−1200 cm−1

(coupled C−C/C−O and antisymmetric C−O−C stretching),
1370 cm−1 (−CH3 bending vibrations), 1650 cm−1 (O−H
bending), 2930 cm−1 (C−H stretching), and 3000−3600 cm−1

(primary/secondary −OH stretching).57 Pullulan has analo-
gous peaks in the parallel region with CD due to their similar
chemical structures including ν(C−O) stretching at 1020−
1200 cm−1; H−O−H bending at 1641 cm−1; ν(C−H)
stretching at 2925 cm−1; and ν(O−H) stretching at 3313
cm−1.58 Pure resveratrol peaks of 1510 cm−1 (benzene skeleton
vibrations) and 1583 cm−1 (C−C olefinic stretching) shifted,
respectively, to 1590 and 1516 cm−1 in the case of resveratrol/
CD nanofibrous films. Additionally, the peaks of resveratrol at

828 and 804 cm−1 corresponding to C−H vibration shifted
to 840 and 799 cm−1, respectively. The shifts which were also
pointed in the expanded areas of FTIR graphs (Figure 6b,c)
confirmed the inclusion complex formation between resvera-
trol and CD molecules.54 For the resveratrol/pullulan
nanofibrous film, the peaks of resveratrol at 828, 1510, and
1583 cm−1 were observed without shift, and this observation
proved the existence of the active compound in the absence of
specific interaction with pullulan.
In this study, the initial molar ratio of 1:2 (resveratrol/CD)

was used for the preparation of the resveratrol/CD inclusion
complex aqueous system which corresponds to the ∼7% (w/
w) of resveratrol content in the nanofibrous film. Here, 1H
NMR was used to determine the approximate loading capacity
(%, w/v) of electrospun samples. Figure 7 indicates the 1H
NMR spectra of resveratrol/HPβCD, resveratrol/HPγCD, and
resveratrol/pullulan nanofibrous films which were recorded by
dissolving samples in DMSO-d6 prior to the measurement. The
integrated area of the characteristic peaks of resveratrol, CD,
and pullulan, which are highlighted in Figure 7, was utilized for
the calculations. The final molar ratio between CD and
resveratrol in resveratrol/HPβCD and resveratrol/HPγCD
nanofibrous films was detected as ∼1:2 (resveratrol/CD)
[∼7% (w/w)] showing the complete preservation of the active
compound over the course of process. In the case of the
resveratrol/pullulan nanofibrous film, the loading capacity was
also determined as ∼7% (w/w). It is also noteworthy to
mention that the resveratrol has the identical characteristic
peaks for electrospun samples suggesting its protected
chemical structure during the electrospinning (Figure 7).

Figure 7. Chemical structure of samples. 1H NMR spectra of resveratrol/HPβCD NF, resveratrol/HPγCD NF, and resveratrol/pullulan NF which
were recorded by dissolving samples in DMSO-d6.
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The further loading efficiency test was conducted by dissolving
nanofibrous films in DMSO. Here, results were found to be
compatible with the 1H NMR measurement such that the
loading efficiency values of all samples were detected as ∼100%
corresponding to the ∼7% (w/w) loading capacity. The
statistical analysis also revealed that the means of the two CD
types are not significantly different from each other (p > 0.05).
Briefly, the initial resveratrol content was protected for
resveratrol/HPβCD, resveratrol/HPγCD, and resveratrol/
pullulan nanofibrous films, further confirming the total
encapsulation of the resveratrol molecules.
3.5. Dissolution and Disintegration Profiles. The

dissolution behavior of resveratrol/HPβCD, resveratrol/
HPγCD, and resveratrol/pullulan nanofibrous films was
visually examined by adding water into the glass vials (Figure
8i and Video S1). For comparison, pristine resveratrol powder
was analyzed, as well. As seen in the captured images in Figure
8ai, pristine resveratrol powder remained undissolved on the
surface of the water for the entire profiling, proving its poor
water solubility (∼0.17 mM). Here, both resveratrol/CD
nanofibrous films were able to complete total dissolution and
form clear solutions in less than 2 s (Figure 8b-i,c-i), while
there was still a remaining layer of undissolved sample in the
vial upon 15 s in the case of the resveratrol/pullulan
nanofibrous film (Figure 8d-i). The lower water solubility of
the pullulan polymer (∼500 mg/mL) compared to hydrox-
ypropylated CD (>2000 mg/mL) and the uncomplexed and
crystal state of resveratrol in the resveratrol/pullulan nano-
fibrous film might lead to the worse dissolution profile than
resveratrol/CD-based samples. Besides the extremely high
aqueous solubility of HPβCD and HPγCD, the amorphous
distribution of resveratrol in these nanofibrous films also
ensured an immediate dissolution upon contact with aqueous
medium (Figure 8-i). It was discussed in the previous sections
that there were detected uncomplexed parts of resveratrol in
the resveratrol/HPγCD nanofibrous film. However, they were
not obvious in the vial of sample used for the dissolution test
since the crystal part had a small portion throughout the
nanofibrous film.
Additionally, the disintegration behavior of resveratrol/CD

and resveratrol/pullulan nanofibrous films was studied using
the simulated environment of oral cavity.45 Photographs
captured from Video S2 are depicted in Figure 8ii. Here,
resveratrol/CD nanofibrous films were immediately absorbed
and disintegrated in less than 5 s upon contact with filter paper
which was wetted with artificial saliva (Figure 8a-ii,b-ii). Even,
there was crystalline state of resveratrol in the resveratrol/
pullulan nanofibrous film, the sample was absorbed by the
simulated environment in less than 5 s; however, a thin layer of
film remained on the Petri dish (Figure 8c-ii). This might be
initiated by the content of crystalline resveratrol and also lower
aqueous solubility of pullulan compared to CD-based systems.
The high water solubility of hydroxypropylated derivates of
HPβCD and HPγCD was an influential dynamic for the fast
disintegration of nanofibrous samples.59 The high surface area
and porous feature of nanofibrous films also guaranteed the
penetration of water through the fibrous structure effectively
and created active interaction sides for aqueous medium
during both dissolution and disintegration processes.6 Here,
the inclusion complexation also ensured an enhanced solubility
for resveratrol by the amorphization of the compound and this
can enhance the bioavailability of resveratrol during its
treatment.60 To conclude, resveratrol/CD nanofibrous films

would be more suitable for an orally fast-disintegrating delivery
system, as it would disintegrate rapidly and without leaving a
grainy feeling behind upon administration.

3.6. In Vitro Release Profile. In this study, the time-
dependent release profiles of resveratrol powder, resveratrol/
HPβCD, resveratrol/HPγCD, and resveratrol/pullulan nano-
fibrous films were examined in PBS buffer having pH 7.4 and
the plotted graph is depicted in Figure 9a. As it is seen,
resveratrol/HPβCD and resveratrol/HPγCD nanofibrous films
reached a high release concentration of 85.0 ± 7.6 and 78.9 ±

Figure 8. Dissolution and disintegration profiles of samples.
Dissolution behavior of (a-i) resveratrol powder, (b-i) resveratrol/
HPβCD NF, (c-i) resveratrol/HPγCD NF, and (d-i) resveratrol/
pullulan NF (The pictures are captured from Video S1).
Disintegration behavior of (a-ii) resveratrol/HPβCD NF, (b-ii)
resveratrol/HPγCD NF, and (c-ii) resveratrol/pullulan NF (The
pictures are captured from Video S2).
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3.4%, respectively, just in 30 s. Then, almost plateau profile was
monitored over 10 min with the highest release concentration
of 97.1 ± 0.5 and 86.0 ± 1.3% for resveratrol/HPβCD and
resveratrol/HPγCD nanofibrous films, respectively. The higher
release profile of the resveratrol/HPβCD nanofibrous film
compared to the resveratrol/HPγCD one increased from the
trace quantities of resveratrol crystals existed in the HPγCD-
based sample. On the other hand, resveratrol powder and
resveratrol/pullulan nanofibrous film only reached the release
concentration of 9.4 ± 5.4 and 2.7 ± 1.2%, respectively, in 30 s
and released 17.8 ± 8.5 and 4.5 ± 1.9% of resveratrol at the
end of 10 min (Figure 9a). The significant difference between
samples was also confirmed by the statistical analysis (p <
0.05). Here, the release of crystals occurred by the steady
dissolution of resveratrol molecules in the aqueous medium, so
it highly depended on the intrinsic solubility of resveratrol in
water (∼0.17 mM). Since resveratrol crystals were encapsu-
lated in an additional polymeric matrix in the case of the
resveratrol/pullulan nanofibrous film, it might have created a
barrier for the resveratrol molecules during exuding into the
liquid medium, so the lower and slower release was detected
for nanofiber-based samples compared to the powder form of
active compound (Figure 9a). These findings revealed that
inclusion complexation ensured an enhanced solubility and so
higher release profile for resveratrol compared to its pristine
powder form or crystal form encapsulated into another type of
polymeric matrix. Besides the amorphous state of resveratrol in

the case of inclusion complexes, the significantly higher
aqueous solubility of HPβCD and HPγCD (>2000 mg/mL)
compared to pullulan (∼500 mg/mL) might also lead to a
much better release profile for CD-based samples by the faster
dissolution in the liquid medium.
In order to examine the release profiles, different kinetic

models were applied further, and the formulations and the R2

(regression coefficient) values are given in the Supporting
Information (Table S2). The results revealed that the release
profile of samples fits with the neither zero/first-order kinetics
nor the Higuchi model and this confirmed that the release of
resveratrol did not happen in a time-dependent manner from
an insoluble planar matrix in water (Fick’s first law).61 On the
other hand, relatively higher coherence was detected with the
Korsmeyer−Peppas model compared to others and this finding
established the erosion and diffusion-controlled release of
resveratrol. The slope of the fitted graphs of Korsmeyer−
Peppas equations enables to calculate the diffusion exponent
(n) value.61,62 For CD inclusion complex nanofibrous films, the
n value was found in the range of 0.45 < n < 0.89 pointing to
the non-Fickian or anomalous diffusion of resveratrol from
samples. In the case of the resveratrol/pullulan nanofibrous
film and resveratrol powder, the quasi-Fickian diffusion profile
was determined with n < 0.45 value (Table S2).63

3.7. Antioxidant Activity Profile. Reactive oxygen species
(ROS) or free radical can lead to cancer, stroke, and
neurodegenerative diseases as a result of oxidation of various
biomolecules including DNA, proteins, and lipids.64 Anti-
oxidant agents can hinder the destructive consequences of free
radicals and ROS by inhibiting them.64 Resveratrol is a well-
known phenolic compound which indicates antioxidant activity
by donating the hydrogen atom from its phenol group to the
radical acceptor.65 Here, the DPPH assay was used to examine
the antioxidant property of samples and the reduction at the
absorbance intensity of DPPH (517 nm) was followed for the
analysis. In this study, antioxidant performance of samples was
investigated for the different concentrations of resveratrol
(13−210 μg/mL) encapsulated in the nanofibrous films. For
control, the powder form of resveratrol was also evaluated for
the same concentration range. Figure 9b shows the radical
inhibition (%) graphs of samples against the increasing
concentration of resveratrol with the representative photo-
graphs of the antioxidant test solutions. As it was expected,
higher scavenging activity was obtained for the higher
concentration of resveratrol (Figure 9b). For the highest
resveratrol concentration (210 μg/mL), resveratrol/HPβCD
and resveratrol/HPγCD nanofibrous films displayed 98.5 ± 0.9
and 92.6 ± 0.9% radical scavenging performance, respectively.
On the other hand, resveratrol powder and resveratrol/
pullulan nanofibrous film indicated uttermost 11.9 ± 0.5 and
11.2 ± 2.6% inhibition activity, respectively, in the given
concentration range. These findings are also correlated with
the photographs of DPPH systems where the color of solutions
of resveratrol/CD nanofibrous films became yellow, while the
color of control sample solutions (resveratrol and resveratrol/
pullulan) remained purple hue (Figure 9b). As it was
addressed in the previous parts, there was a trace amount of
uncomplexed, so the crystal resveratrol part in the resveratrol/
HPγCD nanofibrous film and this might lead to slightly lower
radical scavenging compared to the resveratrol/HPβCD
nanofibrous film. The significantly better antioxidant potential
of the resveratrol/CD nanofibrous film compared to control
samples is due to the amorphous state and the enhanced

Figure 9. Release profile and antioxidant properties of samples. (a)
Time-dependent release profiles of resveratrol powder, resveratrol/
HPβCD NF, resveratrol/HPγCD NF, and resveratrol/pullulan NF.
(b) Concentration-dependent antioxidant performance graphs and
the representative solution photographs of resveratrol powder,
resveratrol/HPβCD NF, resveratrol/HPγCD NF, and resveratrol/
pullulan NF.
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aqueous solubility of resveratrol by inclusion complexation
such that a higher amount of resveratrol took part in the radical
scavenging process. It is noteworthy to mention that the
pristine CD and pullulan nanofibrous films did not show a
radical inhibition activity (data are not given). The
concentration-dependent antioxidant test enabled to calculate
the IC50 value of samples which corresponds to the
concentration of the active compound needed to scavenge
the 50% of initial DPPH concentration.46 The IC50 value of
resveratrol/HPβCD, resveratrol/HPγCD, resveratrol/pullulan
nanofibrous films, and resveratrol powder was determined to
be 41.7, 47.8, 1056.2, and 901.6 μg/mL, respectively. In other
words, less amount of substrate is needed in the case of
resveratrol/CD-based samples compared to the resveratrol/
pullulan nanofibrous film and resveratrol powder to obtain an
antioxidant property. The significant difference between
samples were also confirmed by the statistical analysis (p <
0.05).
To conclude, the inclusion complex nanofibrous films of

resveratrol were generated using two different derivatives of
CD (HPβCD and HPγCD) without using a carrier polymeric
matrix. The free-standing, flexible, and foldable nanofibrous
films were obtained with homogeneous and defect-free
morphology for both CD types using the molar ratio of 1:2
(guest/CD). The polymeric resveratrol/pullulan nanofibrous
film was also produced as the control sample. The loading
efficiency of nanofibrous films was determined to be ∼7% (w/
w, with respect to the final sample) and this revealed that all
samples were obtained having ∼100% loading efficiency
without a loss during the process. While phase solubility
findings indicated that HPβCD can form more favorable
inclusion complexes with resveratrol compared to HPγCD,
computational modeling study showed that 1:2 molar ratio is
energetically more preferred compared to 1:1. The amorphiza-
tion of resveratrol crystals as a result of inclusion complexation
was verified using XRD and DSC techniques. The inclusion
complex formation was further proved by FTIR measurements.
1H NMR findings revealed that the chemical structure of
resveratrol was preserved along the whole procedure
comprising the preparation of solutions and electrospinning
process. The solubility of the poorly water-soluble resveratrol
was significantly enhanced in the case of CD-based nano-
fibrous films such that resveratrol/CD nanofibrous films
showed a faster release/dissolution profile in liquid medium
compared to the polymeric system of pullulan by releasing
∼79−85% of resveratrol just in 30 s. Moreover, resveratrol/CD
nanofibrous films were immediately absorbed by the saliva
simulation and disintegrated in less than 5 s upon contact
while the thin layer of the resveratrol/pullulan nanofibrous film
remained on the filter paper after the absorption by artificial
saliva. Additionally, the antioxidant efficiency of resveratrol was
significantly improved for resveratrol/CD nanofibrous films as
a result of its improved aqueous solubility. Here, higher water
solubility, better release and antioxidant profiles were attained
for the HPβCD-based nanofibrous film compared to the
HPγCD one due to more favorable complex formation
between HPβCD and resveratrol. Here, polymer-free resver-
atrol/CD nanofibrous films were generated using water in the
absence of supplementary toxic solvents or chemicals. This is
particularly attractive for the food- and pharmaceutical-based
applications and is important for the industrialization of CD
inclusion complex nanofibrous films. Briefly, the unique
properties of CD inclusion complexes and electrospun

nanofibrous films were integrated for developing a new-
generation dietary supplement formulation having orally fast-
disintegrating feature. This innovative design can be
considered as a promising step in the development of an
alternative route of resveratrol administration and can pave the
way of avoiding metabolic instability of this bioactive
compound by employing fast disintegration in the oral mucosa.
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