Research Paper

Electrospinning of Hydroxypropyl-β-cyclodextrin/
Polyvinylpyrrolidone Resveratrol-loaded Nanofibers:
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Xiang et al.: Resveratrol-loaded Nanofibers
In the present study, hydroxypropyl-β-cyclodextrin-polyvinylpyrrolidone-loaded resveratrol nanofibers
were prepared via electrospinning to achieve higher water solubility of resveratrol. The hydroxypropyl-βcyclodextrin-polyvinylpyrrolidone-loaded resveratrol electrospinning nanofibers were characterized with
scanning electron microscopy, Fourier-transform infrared spectroscopy, Raman spectroscopy, differential
scanning calorimetry, and ultraviolet irradiation test. Results obtained indicated successful encapsulation of
resveratrol in hydroxypropyl-β-cyclodextrin-polyvinylpyrrolidone nanofibers, the diameter of the fiber could
reach nanoscale and resveratrol existed in an amorphous state. The ultraviolet irradiation test demonstrated
that the resveratrol electrospinning nanofibers were more stable than pure resveratrol when exposed to
ultraviolet light. The solubility test indicated that the resveratrol electrospinning nanofibers had better
water-solubility than pure resveratrol. Furthermore, the in vitro release study indicated that resveratrol
electrospinning nanofibers achieved slow and sustained resveratrol release.
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Resveratrol (RS) is a natural flavonoid polyphenol
compound that can mainly be found in grapes,
mulberries,
cranberries,
peanuts,
Polygonum
[1]
cuspidatum , and other natural food sources[2].
Multiple biologic effects of RS have been reported,
including cardiovascular protection[3], anticancer[4],
antiinflammatory[5], antioxidant[6], antiviral[7] and
immune regulation activities[8].
However, the poor water solubility of RS remains
a major challenge for the application in the food
industry[9]. This property renders RS unstable under
ultraviolet irradiation, leading to low bioavailability in
vivo. Therefore, the solubility and stability of RS must
be enhanced to increase its application value and a large
number of studies have addressed these questions.
On one hand, modifying the molecular structure
of RS to create a water-soluble RS through siteselective enzymatic glycosylation[10] and water-soluble
carbamate ester derivatives of RS[11], increased the
water solubility of RS 380-fold. On the other hand,
physical inclusion technologies can increase the
stability of RS under light exposure. For example,

α-cyclodextrin (CD)/RS host-guest complexes
were reported to reduce the UV degradation and
isomerization of trans-RS[12]. Similarly, RS-hordein
nanoparticles were self-assembled via liquid-liquid
dispersion[13], and the stability of RS in nanoparticles
improved by 26 %. Moreover, RS encapsulated in a
protein matrix[14] increased the stability of trans-RS
to UV light exposure. Nevertheless, previous studies
have ignored important details, such as the complex
operation process, a number of uncontrollable factors,
and the low encapsulation efficiency.
To overcome these disadvantages, nanofibers
(NFs) loaded with bioactive substances based
on electrospinning became a feasible alternative.
The electrospinning fibers have received growing
attention in several fields such as food engineering[15],
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biomedical engineering , sensing material , and
catalytic carriers[18]. Bioactive substance-loaded
NFs have a large specific surface area[19], enabling
excellent encapsulation efficiency. Hydroxypropylβ-CD (HP-β-CD) has a tubular structure[20], which
is hydrophilic externally and lipophilic internally.
This amphiphilic structure can solubilize insoluble
substances, to improve water solubility and promote
slow release and improved stability. In addition, HPβ-CD has relatively low relative surface activity and
hemolytic activity, so it is safer to use and widely used
in pharmacy[21]. Polyvinylpyrrolidone (PVP) is a watersoluble nitrogen-containing polymer that is non-toxic
and has excellent biocompatibility for biologically
active tissues[22].
[16]

[17]

In this study, RS-NFs were created with HP-β-CD/PVP
as bioactive substance carriers by electrospinning, and
we hypothesize that RS might be dispersed uniformly
in the NFs and improve their water solubility. The NFs
were characterized using scanning electron microscopy
(SEM), Fourier-transform infrared spectroscopy
(FTIR), differential scanning calorimetry (DSC) and
ultraviolet irradiation tests. The solubility in water and
in vitro release of the RS-NFs were tested as well.

MATERIALS AND METHODS
RS (98 %, Hengyuan Plant Biochemical Co., Ltd.,
China), HP-β-CD (Zhiyuan Biotechnology Co.,
Ltd., China), PVP, sodium dihydrogen phosphate,
disodium hydrogen phosphate, anhydrous ethanol,
and hydrochloric acid were of analytical grade and
purchased from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China.
The following provides the manufacturers of the
equipment used, collector thermostatic magnetic
heating stirrer (DF-101S, Yuhua Instrument Co.,
Ltd., China); ultrasonic cleaner (Meimei Ultrasonic
Instrument Co., Ltd., China); electrospinning machine
(Nanon-01A, MECC, Japan); rotating viscometer
(NDJ-1, Shanghai Precision Instrument Co., Ltd.,
China); field emission SEM (Sigma HD, Zeiss,
Germany); Cressington sputter coater (Cressington
108 Auto, Ted Pella, Inc., USA); Fourier-transform
infrared spectrometer (Alpha, Bruker, Germany);
Raman spectrometer (Renishaw microprobe RM2000,
UK); differential scanning calorimeter (TA Instruments
Q2000, USA); UV spectrophotometer (TU-1901,
Purkinje General Instrument Co., Ltd. Beijing, China);
dark box type UV automatic analyser (ZF-20C, Gucun
electro-optical instrument factory, China); dissolution
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tester (RC-3, Xintianguang Analytical Instrument
Technology Co., Ltd., China); dialysis bag (MD34,
MWCO 8000D, Sigma Aldrich, China); desktop high
speed centrifuge (TG16-WS, Ordinary Instrument and
Meter Co., Ltd., China).
Preparation of RS-loaded nanofibers (RS-NFs):
RS-NFs were prepared using an electrospinning
device. At room temperature, 0.5, 1, 1.5, 2 g HP-β-CD
was dissolved in 10 g anhydrous ethanol to generate
transparent polymer solution. Then, 5 % and 10 %
RS with respect to HP-β-CD were mixed to ensure
complete mixing. Two grams of PVP was added and
dissolved. The solution was sonicated for 30 s. Then,
a syringe loaded with the polymer solution was fitted
with a 27 G steel needle and pumped at a flow rate
of 0.2 ml/h. A voltage of 26.5 kV was applied, the
tip-collector distance remained at 12.3 cm, and the
nanofiber was collected through aluminum foil. The
electrospinning conditions were kept at 25±5° with
a humidity of approximately 50±5 % throughout the
experiments.
Scanning electron microscopy (SEM):
Morphologies and dimensions of pure RS, 0, 5, and 10
% RS-NFs were observed using a field emission SEM
(Sigma HD, Zeiss, Germany). All samples were sputter
coated with gold (Cressington 108 Auto, Ted Pella,
Inc., USA) at 0.06 mA for 20 s prior to the analysis. The
average fiber diameters and their diameter distributions
were determined by measuring 100 fibers for each
image from three randomly selected SEM images
using Nano Measurer (version 1.2) software.
Fourier-transform infrared (FT-IR) and Raman
spectra:
The pure RS, 0, 5 and 10 % RS-NFs were tablet
compressed with potassium bromide (KBr), and FT-IR
of the NFs were recorded using an Alpha instrument
(Bruker, Germany) at a resolution of 2 cm-1 with 32
scans over the wavelength range of 400-4000 cm-1[23].
Raman spectroscopy was used to detect the atomic
non-polar bond vibration of RS in the HP-β-CD/PVP
NFs. The excitation wavelength was 785 nm, and the
testing wavelength ranged from 300 to 3500 cm-1.
Differential scanning calorimetry (DSC):
DSC (TA Instruments Q2000, USA) was performed
under nitrogen atmosphere at a flow rate of 50 ml/min.
About 5-10 mg pure RS, 0, 5 and 10 % RS-NFs were
enclosed in the aluminium plate and heated from 30
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to 350° with a heating rate of 10°/min . Then the
differential thermal scanning heating curves of samples
were recorded.
[24]

Ultraviolet irradiation test:
RS (0.32 g) was precisely weighed and dissolved
in 500 ml ethanol and the solution was diluted 100
times. Then, the solution was under the 254 nm UV
light irradiation for 0, 5, 15, 30, 60, 120, and 240 min.
Finally, the corresponding absorbance was measured.
5 and 10 % RS-NFs were treated in the same way and
contained 0.32 g RS.
Water solubility properties:
The balance method has been widely used in research
and high-purity material preparation, and has been
used as a standard for calibrating new solubility
measurement methods[25]. For example, Baka[26]
measured the solubility of hydrochlorothiazide using
the classic shake flask method. The balance method was
used to determine the dissolution-related properties of
RS-NFs.
Firstly, excessive 5 and 10 % RS-NFs were added into
1 ml H2O, then heated to 37°, and shaken for three
days after sealing. Furthermore, stirred it continuously
or intermittently during the period to promote the
dissolution of solids until it were as close as possible to
the real solid-liquid equilibrium state. After setting, the
saturated supernatant was collected and its composition
was analysed by UV spectroscopy to obtain the
solubility data of the solid solute in the liquid solvent.
Five and ten percent RS-NFs that contained 0.32 g RS
were precisely weighed, dissolved in 500 ml ethanol
and the solution was diluted 100 times. The solution
was sonicated for 30 s and then, the absorbance was
measured at 305 nm. Finally, the loading efficiency
and encapsulation efficiency could be calculated using
the following Eqn., loading efficiency (%) = weight of
the RS in NFs/(weight of the HP-β-CD+PVP+feeding
RS); encapsulation efficiency (%) = weight of the RS
in NFs/weight of the feeding RS.
Five and ten percent RS-NFs were precisely weighed
before and after freeze-drying, and the moisture content
could be calculated with the Eqn., moisture content (%) =
(weight before freeze drying–weight after freeze
drying)/weight before freeze drying. The conditions for
freeze-drying were as follows: cold trap temperature
was –60°, sample drying temperature was 10°, drying
time was 48 h, and drying pressure was 1 Pa.
July-August 2019

In vitro release:
In vitro dissolution studies were conducted according
to the Chinese Pharmacopeia (2015 ED.) method II,
which is a paddle method using a dissolution apparatus
with sink conditions C<0.2 C s. 10 mg pure RS, 5
and 10 % RS-NFs, which contained 10 mg RS were
dispersed in a specific amount of solvent and placed
in a MD34 dialysis bag with the tongs closed at both
ends. After that, dialysis bags were put into 500 ml
appropriate solution. The appropriate solution was
PBS (pH = 6.8, 7.4) and hydrochloric acid solution
(pH = 1). The mixture was stirred at 50 rpm/min and
37°. At predetermined time intervals, samples of 5.0 ml
were withdrawn from the dissolution medium and
replaced with fresh medium via injectors to maintain a
constant volume. The sample solutions were analysed
at 305 nm on a UV spectrophotometer. Pure RS was
used as a control.
Statistical analysis:
Each experiment was performed three times and the
results are presented as the mean±standard deviation
(SD). All data were collected and converted to graphs
using Origin 8.0 software.

RESULTS AND DISCUSSION
In this study, single factor experiment was used to
optimize the ratio of the excipients and the content of
the RS in the electrospinning process. Among those,
the considerations included the success of the spinning
process, the state of the electrospun fiber and the state
of the electrospinning solution. First of all, 5 groups
of HP-β-CD:PVP were set up in different proportions,
and the optimal ratio of HP-β-CD:PVP was determined
by observing the success or failure of the spinning
process and the morphology of the electrospun fibers.
The results were shown in Table 1. After determining
that the ratio of HP-β-CD:PVP was 1:2 (g/g), different
amounts of RS were added, and the appropriate drug
content was selected by the state of the electrospinning
solution and the spinning effect. The results were
shown in Table 2, and the RS content was determined
to be 5 and 10 %, both of which were nanoscale, and
the fiber morphology was good. Therefore, HP-βCD:PVP is 1:2, and the RS content is 5 and 10 % were
the optimal conditions.
Morphologies of the RS-NFs by electrospinning and
the diameter distribution histogram are shown in
fig. 1. SEM was performed to study RS with the
irregular crystalline structure while the RS-NFs had
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TABLE 1: FORMULATION OPTIMIZATION OF ELECTROSPINNING SOLUTION (HP-β-CD:PVP)
HP-β-CD:PVP
0.5:2

Spinning effect
Powdered product, not fibrous

1:2

Spinning succeeded

1.5:2

Spinning succeeded

2:2

Electrospun fiber state
—
Smooth surface, uniform thickness,
nanoscale
Rough surface, uneven thickness,
reaching micron level

The electrospinning solution was too viscous, the syringe does
not move, and the spinning was unsuccessful

—

TABLE 2: FORMULATION OPTIMIZATION OF ELECTROSPINNING SOLUTION (RESVERATROL CONTENT)
Resveratrol content
5%
10 %
15 %

Electrospinning solution state
Clear and transparent light yellow solution
Clear and transparent yellow solution
White viscous substance in solution, incomplete
dissolution

Spinning effect
Spinning succeeded
Spinning succeeded
—

Fig. 1: SEM images and diameter distribution histogram of pure RS and RS-NFs
(A) Pure RS; (B) 0 % RS-NFs; (C) 5 % RS-NFs; (D) 10 % RS-NFs

diameters between 300 and 900 nm and were free of
defects and homogeneous in composition.
When the HP-β-CD/PVP in anhydrous ethanol was
electrospun, the solution viscosity was 1.42 Pa.s,
which was lower than the critical spinning viscosity.
At this time, it was difficult to maintain the continuity
of the jet during the spinning process, and a stable
fluid could not be formed. A small amount of adhesion
or mass is formed on the receiving screen, and NFs
with rough surface were generated with a diameter of
about 380 nm (fig. 1B). The viscosity of the solution is
one of the most important factors for the morphology
of NFs[27]. Adding RS to the HP-β-CD/PVP solution
621

could increase the viscosity, resulting in uniform
smooth NFs without rough surfaces (fig. 1C). When
the RS content was 5 %, the solution viscosity was
4.06 Pa.s, a good fiber morphology was formed, the
fiber diameter distribution was uniform, and the average
diameter reaches 500 nm. The reason was that as the
concentration of the solution increases, the viscosity
of the solution also increased rapidly, preventing the
jet from deforming, thereby forming a uniform fiber.
When the RS content was 10 %, the solution viscosity
was 8.17 Pa·s. As the weight ratio of RS increased
from 5 to 10 %, the NF diameters gradually increased
from 500 to 750 nm (fig. 1D). When the concentration
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The FTIR spectrum showed three characteristic peaks
of pure RS, which corresponded to the three typical
strong bands in fig. 2, 1383.85 cm−1 could be assigned
to the C=O stretching vibration, 1586.53 cm−1 could
be assigned to the C=C olefinic bond stretching
vibration, and 1606.21 cm−1 could be assigned to
the C=C aromatic double bond stretching vibration.
Nevertheless, the strength of the characteristic peak
decreased or disappeared clearly in the RS-NFs. It is
worth mentioning that with the increase of the content of
RS, the infrared characteristic absorption peak showed
no obvious difference between individual RS-NFs.
Therefore, an additional analysis of this phenomenon
was conducted, using the Raman spectrum because the
infrared and Raman spectra are complementary[28].

There was high intensity at 1616 cm-1, showing that RS
were clearly detected in RS-NFs (fig. 3A) and with the
amount of RS increase, the characteristic peak became
more pronounced (fig. 3B). Moreover, the changes of
material characteristic peak proved that the formation
of the inclusion compound and the characteristic peaks
of RS and HP-β-CD/PVP in the spectrum of RSNFs demonstrated the successful loading of RS into
RS-NFs.
DSC analysis was performed to investigate the thermal
stability of RS-NFs. Fig. 4 shows the DSC curves. This
shows that the pure RS powder had a sharp endothermic
peak at approximately 270.08°, which corresponds to
the decomposition temperature of RS[29]. The RS-NFs
showed no distinct thermal peak at this temperature.
On the DSC chart, the size and position of the peak
reflected the change in the microscopic properties of
the material, and the thermal stability was poor when
the endothermic peak is apparent. However, the stable

Transmittance (%)

and viscosity of the electrospinning solution were
low, only polymer beads could be obtained. When the
concentration and viscosity of the solution were higher
than a critical value, the solution jet was stretched by
the electric force and had a long relaxation time due to
the increase of the degree of entanglement between the
molecular chains. Furthermore, the entangled molecular
chain was oriented along the jet axial direction. The
formation of the continuous electrospinning fiber
structure was a result of the effective suppression of
partial molecular chain breakage in the jet. When the
molecular chains of the solution were highly entangled,
the force was stretched more evenly and the jet whipped
due to surface charge and electric field force. After the
solvent evaporated, the solvent solidified into fibers,
while increasing the fiber diameter. The morphologic
observations suggest that pure RS with irregular crystal
structure turned into smooth, uniform fibers through
electrospinning.
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Fig. 2: FT-IR spectra of pure RS and RS-NFs
(▬) RS, (▬) 0% RS-NFs, (▬) 5 % RS-NFs, (▬) 10 % RS-NFs,
(▬) physical mixture
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Fig. 3: Raman spectrums of pure RS and RS-NFs
(▬) RS, (▬) 0% RS-NFs, (▬) 5 % RS-NFs, (▬) 10 % RS-NFs
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DSC curve of RS-NFs was relatively flat, with few
endothermic peaks appearing or low endothermic
peaks, indicating that the RS-NFs had good thermal
stability. This illustrated that RS and HP-β-CD/PVP
carrier formed a blend, and there were no RS crystals
in RS-NFs.
The fig. 5 shows that the concentration of pure RS
decreased by 56 % while the concentration of RS-NFs
decreased by 38 % under ultraviolet irradiation during
4 h. This illustrates that the RS-NFs can slow down the
speed of the RS light decomposition and the RS-NFs
were more stable than pure RS to light.

Heat flow (mw/mg)

The solubility in water of 5 % RS-NFs was 19.52 mg/ml,
which was 650 times higher than the solubility of pure
RS, while the solubility in water of 10 % RS-NFs
was 18.2 mg/ml, which was 605 times higher than the
solubility of pure RS. With the increase of the content
of pure RS, the solubility in water of the RS-NFs
decreased gradually. This phenomenon was caused by
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250

300

Temperature ( )
°

Fig. 4: DSC curves of pure RS and RS-NFs
(▬) RS, (▬) 0% RS-NFs, (▬) 5 % RS-NFs, (▬) 10 % RS-NFs
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Fig. 5: Ultraviolet irradiation curves of pure RS and RS-NFs
(▬■▬) 10 % RS-NFs, (▬●▬) 5 % RS-NFs, (▬▲▬) RS
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the relative decline of HP-β-CD, while HP-β-CD had
good solubility in water.
The loading efficiencies of 5 % RS-NFs and 10 % RSNFs were 4.877 and 9.738 %, respectively, and their
encapsulation efficiencies were 97.54 and 97.38 %,
respectively. Due to the large specific surface area of
NFs, RS-NFs had excellent encapsulation efficiency.
Moreover, the moisture contents of 5 % RS-NFs and
10 % RS-NFs were 4.15 and 4.87 %, respectively;
therefore, the moisture content of RS-NFs was low and
it was easy to preserve[30].
As shown in fig. 6, the RS-NFs showed a prominent
sustained release behaviour in solutions at pH 7.4
and pH 6.8 within 24 h (fig. 6A and B). However,
the RS-NFs show less obvious sustained release in
pH 1 solution within 4 h (fig. 6C). The pH 1 solution
simulated gastric juice and the pH 7.4 and 6.8 solutions
simulated intestinal juice. The average residence time
of food in the stomach is about 4 to 5 h, while it is 10
to 20 h in the intestine[31]. The intestinal juice of people
with gastrointestinal diseases is more acidic than the
intestinal juice of healthy people. Therefore, the test
demonstrated that RS-NFs have a certain sustainedrelease effect by combining the first 4 h of simulated
gastric fluid and the subsequent 20 h of simulated
intestinal fluid release behaviour.
RS has low solubility in water, resulting in low
bioavailability, and its application is limited. In
addition, the indications for RS are characterized by
frequent onset and long-term use, and RS is absorbed
in all stages of the intestine. Therefore, RS is suitable as
a sustained-release preparation in terms of improving
bioavailability, reducing the amount of drug used and
the number of administrations, reducing toxic side
effects, and increasing patient compliance.
In the current study, HP-β-CD/PVP loading RS-NFs
were fabricated via electrospinning. The electrospinning
process dispersed RS well into the HP-β-CD/PVP and
formed a homogeneous NF structure, resulting in
higher solubility in water, which is 650 times higher
than pure RS. This work enables inferences about other
bioactive substance that are structurally similar to RS,
thus promoting their water solubility.
Electrospinning technology has a good application
in tissue engineering, drug transportation and so on.
Electrospun fibers has the advantages of large specific
surface area, high drug loading and controllable drug
release, and has good application prospects in drug
delivery, they can be used to carry antibiotics, anticancer
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Fig. 6: In vitro release curves of pure RS and RS-NFs in different solvent systems
(▬■▬) RS, (▬●▬) 5 % RS-NFs, (▬▲▬) 10 % RS-NFs; A: pH 1, B: pH 6.8, C: pH 7.4

drugs, and other biological agents such as proteins
and DNA by coating and embedding. Therefore, RSNFs are beneficial to increase the water solubility of
RS, improve bioavailability and application value
in the medical field. How to control the diameter of
electrospun fibers to tens or even a few nanometers is
a difficult problem, and researchers need to constantly
explore this mystery.
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