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Abstract: The aim of present study was to obtain novel fibrous materials based on cellulose
derivative and polyethylene glycol loaded with natural biologically active compound quercetin by
electrospinning. Several methods including scanning electron microscopy (SEM), IR spectroscopy,
X-ray diffraction analysis (XRD), water contact angle measurements, differential scanning
calorimetry (DSC), and UV-VIS spectroscopy were utilized to characterize the obtained materials.
The incorporation of polyethylene glycol in the fibrous material resulted in increased hydrophilicity
and burst release of quercetin from the fibers. Quercetin-containing fibrous mats exhibited high
antioxidant activity as estimated by DPPH free radical scavenging method. In vitro tests with HeLa
tumor cells and SH-4 melanoma skin cells were performed in order to determine the cytotoxicity of the
novel materials. It was found that the fibrous CA/PEG/QUE materials exhibited high cytotoxic effect
against both cell lines. Therefore, the novel polymeric materials containing quercetin are promising
candidates for biomedical and pharmaceutical applications.

Keywords: quercetin; electrospinning; cellulose acetate; polyethylene glycol; antioxidant activity;
radical scavenging; antitumor effect; HeLa; SH-4

1. Introduction

Plants are a valuable source of bioactive compounds such as terpenes, phenolic compounds,
essential oils, alkaloids, etc. Some plant extracts possess antidiabetic, antihyperlipidemic, antioxidant,
and anti-inflammatory activities [1]. Quercetin occurs abundantly in a variety of fruits and vegetables [2].
This biologically active compound exhibits remarkable antioxidant [3-5], anti-inflammatory [6],
antibacterial [7,8], and anti-tumor [9] activities, and it possesses high anti-allergic activity [10].
However, quercetin is almost insoluble in water, sparingly soluble in gastrointestinal fluids, and it
is metabolized by human intestinal bacteria [11,12]. For that reason, it is necessary to develop
suitable carriers of quercetin capable to enhance its solubility in water, which will lead to enhanced
bioavailability and thus to improved biological activity. An approach to circumvent the low water
solubility of quercetin is its incorporation into amorphous polymer matrices.

Various carriers have been investigated as potential carriers for plant-derived products. Madaan
et al. have used polyamidoamine (PAMAM) dendrimers as oral drug delivery carriers for quercetin
and have shown improved aqueous solubility of the incorporated flavonoid [13]. In order to enhance
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stability and solubility of quercetin, liposome-chitosan hydrogel beads have been developed by the
injection gelation method [14]. The fabricated spheres have three-dimensional network structure with
improved chemical stability of the bioactive compound. Multiphase hydrogel system incorporated with
quercetin loaded liposomes for wound healing applications has been fabricated as well. The prepared
hydrogel combines the effect to control the release of quercetin with haemocompatibility and good
mechanical properties as well as accelerates wound healing [15].

In recent years, electrospinning has proven to be a promising technique for the fabrication of
polymeric drug delivery carriers [16]. This is due to the fact that when the diameters of the polymer
fibers decrease to micrometers or nanometers, some interesting properties of the materials occur.
These include high-surface-area-to-volume ratio, flexible surface modification and modulation of the
drug release profile, improved therapeutic effect and mechanical properties, and reduced undesirable
side effects. Moreover, electrospinning offers high loading capacity and high encapsulation efficiency
of the incorporated drugs.

Electrospun materials are suitable carriers of biologically active compounds of both natural [17]
and synthetic origin [18]. Quercetin has been incorporated in polymer fibers from polycaprolactone,
poly(vinyl pyrrolidone) [19], polylactic acid, zein [20], polylactic-co-glycolic acid [21], and ethyl
cellulose [22].

The aim of this work was to fabricate and characterize electrospun materials of cellulose acetate
(CA) and polyethylene glycol (PEG) for quercetin delivery. The composition of the polymer matrix
was selected so as to improve the release of quercetin from the fibers. The antioxidant activity of the
obtained novel materials as well as the behavior of the materials in contact with HeLa tumor cells and
SH-4 melanoma skin cells were investigated.

2. Materials and Methods

2.1. Materials

Cellulose acetate (CA) with M,, = 30,000 g/mol and DS 39.8% was purchased from Aldrich
(St. Louis, MO, USA). Polyethylene glycol (PEG) with (Mr = 1900-2200 g/mol) was obtained
from Fluka (Buchs, Switzerland). Quercetin (QUE >95%; Sigma-Aldrich, St. Louis, MO, USA)
and Tween 80 (Acros Organics, Amsterdam, Netherlands) were used. Acetone (Sigma-Aldrich,
Darmstadt, Germany) and ethanol (Sigma-Aldrich, >99.8% (GS)) of analytical grade of purity
were used. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) from Sigma—-Aldrich (Darmstadt, Germany),
3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT; Sigma—-Aldrich, Darmstadt,
Germany), ethidium bromide (EtBr; Sigma Chemical, Balcatta, Australia), acridine orange (AO;
Sigma Chemical, Balcatta, Australia) and 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI,
Sigma-Aldrich, Darmstadt, Germany) were of analytical grade of purity and were used without further
purification. All culture reagents Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma—Aldrich,
Schnelldorf, Germany), fetal bovine serum (FBS) (Gibso/BRL, Grand Island, NY, USA), glutamine,
penicillin, and streptomycin (LONZA, Cologne, Germany) were used as received. The disposable
consumables were supplied by Orange Scientific, Braine-1’Alleud, Belgium. HeLa human cervical
cancer cells (ATCC, CCL-2) and SH-4 melanoma cells (ATCC, CRL-7724) were obtained from the
American Type Cultures Collection (ATCC, Rockville, MD, USA).

2.2. Preparation of Fibrous Materials by Electrospinning

Fibrous materials of different composition were obtained by electrospinning: CA, CA/PEG,
and CA/PEG/QUE. Three types of solutions were prepared for electrospinning in acetone/water 80/20
yv: (i) CA, (i) CA/PEG (80/20 w/w), and (iii) CA/PEG (80/20 w/w) with QUE (10 wt% in respect to total
polymer weight). The total polymer concentration was 10 wt%.

The electrospinning apparatus used for the preparation the fibers consisted of a pump with
adjustable speed and 5 mL syringe (12 mm internal diameter) fitted to a metal needle with a tip (size:
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20GX1 %) connected to the positively charged electrode of a high voltage power supply (up to 30 kV).
The spinning solutions were placed in the syringe. The electrospinning was performed at 21 °C, relative
humidity —50%, applied voltage of 25 kV and a tip-to-collector distance of 15 cm to the grounded
rotating metal cylindrical collector (1000 rpm). The constant delivery rate of the spinning solutions of
3 mL/h was provided by a pump Syringe Pump NE-300 (New Era Pump Systems, Inc., New York,
NY, USA).

2.3. Characterization of the Fibrous Materials

The morphology of the fibrous materials was evaluated by scanning electron microscopy (SEM).
SEM analyses were performed on a Jeol JSM-5510 scanning electron microscope (Tokyo, Japan).
The samples were vacuum-coated with gold by cathode sputtering using a Jeol JFC-1200 apparatus.

Mean fiber diameter was estimated by Image J software [23] (U.S. National Institutes of Health,
Bethesda, MD, USA) by measuring the diameters of at least 60 fibers. The criteria for overall evaluation
of electrospun materials were used to evaluate their morphology [24].

The materials were analyzed by Fourier transform infrared spectroscopy (Shimadzu Co., Kyoto,
Japan), supplied with a MIRacle ATR device (diamond crystal; depth of penetration of the IR beam
into the sample: approximately 2 um) (PIKE Technologies, Fitchburg, WI, USA) in a scanning range
of 600-4000 cm~! with a resolution of 4 cm~!. All spectra were corrected for H,O and CO, using an
IRsolution software programme.

The thermal characteristics of the materials were analyzed by differential scanning calorimetry
(DSC). Samples were heated in the temperature range from 0 to 380 °C at a heating rate of 10 °C/min in
nitrogen atmosphere (TA Instruments, DSC Q2000, New Castle, DE, USA).

Computer-controlled D8 Bruker Advance ECO powder diffractometer with filtered Cu K&
radiation was used to perform X-ray diffraction (XRD) analyses. Data were collected in the 26 range
from 5° to 60° with a step of 0.02° and counting time of 1 s step~!.

Easy Drop DSA20E KRUSS GmbH apparatus (Hamburg, Germany) was used to determine
the water contact angle values of fibrous materials. Deionized water (10 uL) was dropped on the
surface of fibrous specimens. The water contact angle value was assessed after averaging at least
10 measurements for each specimen.

Quercetin content in the fibrous materials was determined by dissolving samples (1 cm?) in
10 mL of acetone/water (80/20 v/v). Then the absorbance at 373 nm was measured using a DU 800
spectrophotometer UV (Beckman Coulter, Brea, CA, USA). The QUE loading efficiency was calculated
from the following equation:

Loading efficiency = (amount of loaded QUE/amount of QUE in the feed) X 100%

Quercetin release profile was studied in vitro at 37 °C in acetate buffer at pH 5.5, constant ionic
strength 0.1 (CH3COONa/CH3COOH) containing Tween 80 (acetate buffer/Tween 80 = 99.2/0.8 v/v).
The tested mats were immersed in 100 mL buffer solution stirred at 150 rpm with an electromagnetic
stirrer. Aliquots of the test solution were withdrawn at determined time intervals and the amount
of QUE in the release medium was determined from the absorbance at 373 nm by using DU 800 UV
spectrophotometer (Beckman Coulter). A calibration curve absorbance/QUE concentration (correlation
coefficient R = 0.999) was used for the calculations.

The antioxidant activity of the materials was determined using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assay. For this purpose, ethanol solution of the DPPH (2.5 mL) with a
concentration of 1 X 107 M was added to 0.5 mL of ethanol solution of QUE (0.5 mg QUE). Fibrous
mats of CA/PEG (5 mg mat) and CA/PEG/QUE (5 mg mat containing 0.5 mg QUE) were immersed in
3 mL of DPPH solution in ethanol. The as-prepared mixed solutions were kept in the dark at 20 °C for
30 min. The antioxidant activity was evaluated by measuring the absorbance of the solutions at 517 nm
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using a DU 800 UV-vis spectrophotometer (Beckman Coulter), to detect the amount of DPPH radicals
remaining in the solution. The antioxidant activity (AA%) was calculated using the following equation:

(ADPPH - Asample)

Inhibition, AA,% = x 100

ApPPH

where Agample-absorption at 517 nm for DPPHe solution after the addition of the solution containing
QUE or fibrous materials, Appp.-absorption at 517 nm for DPPHe solution. All experiments were
performed in triplicate.

2.4. MTT Cytotoxicity Assay

HelLa cells and SH-4 (Homo sapiens skin melanoma) (from ATCC, Rockville, MD, USA) were
cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin
in a CO;, incubator at 37 °C and 5% CO,. Cell were trypsinized after reaching 80-90% confluence,
by 0.25% Trypsin-EDTA and counted with a hemocytometer. Cells were placed in a 96-well plate
with a concentration of 1 X 10° cells per well. The medium was changed after overnight incubation
at 37 °C in humidified air with 5% CO, to facilitate cells attachment. Hel.a and SH-4 cells were
placed in contact with fibrous materials (CA/PEG and CA/PEG/QUE) for 24 and 48 h. HeLa cells and
SH-4 incubated alone and in the presence of QUE were used as controls. MTT assay was used to
determine the effect of different fibrous materials on cell viability [25]. Each variant was assayed by
five measurements. After culturing in the presence of mats, the HeLa and SH-4 cells were washed
twice with PBS (pH 7.4) and further incubated with 100 pL of MTT working solution (Sigma Chemical)
at 37 °C for 3 h. The supernatants were aspirated, and 100 pL of lysing solution (DMSO/ethanol 1:1)
was added to each well to dissolve the resulting formazan. MTT assay reading was performed using
ELISA plate reader (TECAN, SunriseTM, Grodig/Salzburg, Austria). The percentage of cell viability
was calculated as follows:

cell viability (%) = ODsyg (experimental)/ODsyq (control) x 100
2.5. Study of the Effect of the Fibrous Mats on HeLa and SH-4 Cells Using Fluorescence Microscopy

Double Staining Assay with AO-EtBr

HeLa and SH-4 cells were plated on glass lamellas (12 mm OJ) placed on the bottom of 24-well
plates, at a concentration of 2 X 10° cells mL™!, and incubated at 37 °C for 24 h in a CO, incubator to
form a monolayer. After that, CA/PEG and CA/PEG/QUE fibrous mats sterilized by UV-light were
placed in 24-well plates for further 24 h incubation. Untreated tumor cells were used as negative control
and QUE-treated HeLa or SH-4 cells were used as positive control. After 24 h of incubation, the mats
were removed and glass lamellas were washed twice with phosphate-buffered saline (PBS, pH 7.4)
to remove unattached cells, then stained with AO and EtBr (equal volume), mounted onto glass
slides, and processed immediately for fluorescent microscopy (Leika DM 5000B, Wetzlar, Germany).
Images were recorded by a digital camera connected to the microscope.

2.6. DAPI-Staining

The nuclear morphology of the Hela or SH-4 cells was observed using
4’ 6-diamidino-2-phenylindole (DAPI) staining. 1 x 10° cells/well were seeded on glass cover sleeps
in 24-well tissue culture plates, and were cultured in the presence of the fibrous mats for 24 h after
overnight incubation in a CO, incubator. Cells were fixed with 3% paraformaldehyde at room
temperature and subsequently stained for cell nuclei observation by a fluorescence microscope
(Leica DM 5000B, Wetzlar, Germany).
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3. Results

In our previous study, it was found that cellulose acetate (CA) fibers, electrospun from a solution
with a polymer concentration of 10 wt.%, were defect-free, homogeneous, and with an average
fiber diameter of 780 nm. The obtained CA-based fibers have been shown to be suitable carriers of
the natural polyphenolic compound curcumin [17]. We have also shown that the incorporation of
water-soluble polymers into the cellulose acetate-based polymeric matrix enhances the solubility of
curcumin, its wetting ability, and release [26].

The types of the fibers obtained in the present study by electrospinning of (i) CA solution,
(i1) CA/PEG blend solution, and (iii) CA/PEG/QUE blend solution are schematically represented in
Figure 1 (insets). The selected polymer carriers, solvent system, and process parameters enabled
obtaining fibrous materials with quantitative loading efficiency (~100%).

X, 586 1840

(b)

(©)

Figure 1. Micrographs of the fibers: (a) CA, (b) CA/PEG, and (c) CA/PEG/QUE and their schematic
representation (insets).

3.1. Preparation of Fibrous Mats by Electrospinning

SEM micrographs of the obtained CA, CA/PEG, and CA/PEG/QUE fibrous materials are shown in
Figure 1. Electrospinning of CA solution under the selected conditions resulted in obtaining defect-free
fibers with mean fiber diameter of 780 + 80 nm (Figure 1a). It was found that the incorporation of PEG
resulted in decrease of the mean fiber diameter. The mean fiber diameter of CA/PEG fibrous material
was 530 + 150 nm (Figure 1b). This is probably due to the presence of PEG, which lowers the solution
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viscosity and leads to the fabrication of fibers with smaller diameters. Further decrease in the mean
fiber diameters to 390 + 150 nm was observed in the case of CA/PEG/QUE fibrous materials (Figure 1c).

3.2. IR Spectra of Fibrous Materials

The FTIR spectra of quercetin (powder), CA mats, CA/PEG mats, and CA/PEG/QUE mats are
presented in Figure 2. Characteristic bands for C=O functional groups at 1740 cm~!, for CH; groups
at 1369 and 1226 cm™, as well as ether C-O-C groups at 1037 cm™! characteristic for the CA were
observed (Figure 2a) [27]. The presence of PEG in CA/PEG and CA/PEG/QUE mats resulted in bands
at 1100 cm ™! characteristic of the PEG ether groups and at 2875 cm™! due to vC-H. In the IR spectrum
of CA/PEG/QUIE fibers, a shift of the characteristic band for C=0O stretching vibrations up to 1747 cm~,
compared to the IR spectra of the CA/PEG fibers without QUE (1739 cm™1), was detected (Figure 2b).
Furthermore, in the IR spectrum of the CA/PEG/QUE mat, there is another shift of the characteristic
bands for C=C down to 1600 cm~! and 1508 cm~! compared to the spectrum of the CA/PEG mat
(1604 cm~! and 1512 cm ™!, respectively). A similar shift for the band characteristic of the C=0 of the aryl
ketone groups of QUE (from 1666 cm™! to 1651 cm™! for the QUE-containing CA/PEG fibers) was also
observed. These shifts suggest that hydrogen bonding between CA or PEG and QUE molecules occurs.
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Figure 2. Cont.
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Figure 2. IR spectra of: (a) CA and CA/PEG and (b) CA/ PEG/QUE fibers and quercetin (powder).
3.3. Water Contact Angle

The composition of the fibrous material influences the measured contact angle values. The contact
angle value of the CA fibrous mat was 120.08 + 3.0°. It was found that the CA fibrous material was
hydrophobic, and the water droplets remained spherical on it (Figure 3a,a’).

120.8°£3.0°

(@) @)

Figure 3. Cont.
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(b) (b")

Figure 3. Images of distilled water droplets deposited on the surface of mats: (a) and (a’). CA; (b) and
(b”). CA/PEG/QUE.

The incorporation of a water-soluble polymer affected the contact angle value. The water contact
angle value for the CA/PEG and CA/PEG/QUE mats (Figure 3b,b") reduced to 0°.

3.4. X-ray Diffraction Analysis

Figure 4 presents the XRD patterns of the CA/PEG mat (Figure 4a), CA/PEG/QUE mat (Figure 4b)
and QUE powder (Figure 4c). X-ray diffraction analysis revealed that the CA/PEG mat was
amorphous [28]. Figure 4c shows the X-ray pattern of the QUE (powder), where the main diffraction
peaks for quercetin are clearly observed at 20 = 12.5°, 15.7°, 17.3°, and 27.3°. The presence of these
sharp diffraction peaks indicated that the QUE (powder) was highly crystalline. The presence of
amorphous halo was recorded in the XRD patterns of CA/PEG/QUE mats Figure 4b. No diffraction
peaks for the crystalline phase of QUE were detected, revealing that QUE incorporated in the fibrous
material was in amorphous state.

20 (degrees)
Figure 4. X-ray diffraction pattern of: (a) CA/PEG fibrous material, (b) CA/PEG/QUE fibrous material,
and (c) QUE powder.
3.5. Thermal Characteristics of the Fibrous Mats

The thermal behaviors of the quercetin (powder), CA/PEG, and CA/PEG/QUE fibers were
evaluated by DSC analysis. The DSC thermograms (first heating run) of QUE (powder), CA/PEG,
and CA/PEG/QUE mats are presented on Figure 5. The melting peak (323 °C) for QUE appeared in
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the thermogram of the QUE (powder), along with a characteristic broad endothermic peak (116 °C)
associated with water molecules loss [29].

T, (CA)
Tm(PEG) 209°C CA/PEG mat
| s1C %
T, (CA)
T, (PEG :
6(1°C ) A CA/PEG/QUE mat
=)
—_ Tm
=3 116°C a23c QUE
; \
o
L
®
Q
T
¥ T v T T v ¥ T T T T T T T T T T ¥ T T T ¥ v T T ¢' ¥ T v T T
0 50 100 150 200 250 300 350 400

Temperature (°C)

Figure 5. DSC thermograms (first heating run) of: quercetin powder (QUE), CA/PEG/QUE mat,
and CA/PEG mat.

The CA/PEG fibers showed a peak for PEG melting point (~ 57 °C). An endothermic peak at
209 °C corresponding to Tr, of cellulose acetate was also detected. The results are in good agreement
with the data presented in the literature concerning the thermal characteristics of cellulose derivative
fibers obtained by electrospinning [30-32]. The CA/PEG/QUE mat showed a peak for the PEG melting
point and a peak for the melting point of CA. However, no peak corresponding to the melting point of
QUE was observed in the DSC thermogram of CA/PEG/QUE fibers, which evidenced that the QUE
incorporated in the fibers was in amorphous state (Figure 5).

3.6. In Vitro Release Profile of Quercetin

In our previous study, we have found that the composition of the polymer matrix played a
significant role in the release profile of curcumin from fibrous materials based on cellulose acetate and
polyvinyl pyrrolidone [26].

The solubility of quercetin in water is low, lower than 0.01 g/L at 20 °C [33,34]. It has been
reported that Tween 80 improves the solubility of poorly soluble compounds (drugs) for better oral
administration [35]. Lu et al. have shown that the solubility of quercetin does not change significantly
in buffer solutions with different pH compared to its solubility in water [11]. The authors have found
that the solubility of quercetin increases by the addition of surfactants, especially by the addition of
0.8% Tween 80.

In the present study, the release of QUE from the CA/PEG/QUE fibrous mat was performed under
model conditions using a procedure for quercetin release in the presence of Tween 80 [11]. The QUE
release was carried out in acetate buffer/Tween 80 = 99.2/0.8 v/v. Figure 6 shows the release profile of
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QUE. The amount of QUE released from the CA/PEG/QUE fibers was about ca. 85.3% for 360 min and
remained unchanged within 24 h.

100+

804

40-§

Cumulative release (%)

20+

0 T T T T T T T
0 50 100 150 200 250 300 350

Time (min)

Figure 6. QUE release profile from CA/PEG/QUE fibers. The results are presented as average values
from three separate measurements with the respective standard deviation; acetate buffer/Tween 80
(99.2/0.8 vv), pH 5.5, 37 °C, ionic strength 0.1.

The results for the release of quercetin from CA/PEG/QUE fibers were cross-checked by determining
the residual amount of QUE after 24 h stay in the release medium. For this purpose, the fibrous mats
were dissolved in acetone/water and the absorbance of the obtained solution at 373 nm was recorded.
It was found that the total amount of released and residual QUE in the fibrous mats was close to 100%,
thus corroborating the findings from the release experiments.

PEG has been reported to improve the solubility of poorly water-soluble biologically active
compounds and drugs [35,36]. Several factors affect the release of quercetin from fibrous materials.
The simultaneous wetting of the fibrous materials provokes the diffusion of the low-molecular-weight
biologically active compound. On the other hand, the wetting depends on the hydrophilic/hydrophobic
characteristics and the crystallinity of the polymer/polymers. The release is also affected by the
crystalline/amorphous state of the biologically active compound. The diffusion of the biologically
active compound also depends on the fiber diameter, the presence of defects and pores. It was found
that the hydrophilicity of PEG-containing mats assisted the penetration of the buffer medium as well
as the release of biologically active compound quercetin.

3.7. Evaluation of the Antioxidant Activity

It is well known that quercetin exhibits antioxidant and anti-inflammatory activities [37,38].
It can be assumed that its incorporation into CA/PEG fibrous materials will impart them
antioxidant activity. Therefore, we evaluated the antioxidant capacity of CA/PEG/QUE mats using
2,2-diphenyl-1-picrylhydrazyl (DPPHe) radical scavenging assay. DPPHe is a stable free radical, and its
ethanol solution gives a strong absorption band at 517 nm and a purple color. The reaction was studied
using UV-visible spectrophotometry by monitoring the decrease in the absorption of DPPHe in the
presence of CA/PEG/QUE mat. For comparison, the antioxidant activity of CA/PEG mats was studied
as well. It was found that the CA/PEG mats exhibited very low antioxidant activity (absorbance of
DPPHe decreased by approximately 6.3%, Figure 7 (3)). Moreover, the color of the solution of DPPH
in contact with CA/PEG mat was not substantially altered, as can be seen from Figure 6. In contrast,
after 30 min of contact with DPPH solution, QUE-containing mats exhibited high antioxidant activity
(DPPHe absorption decreased by approximately 94.4%). The color of the DPPH solution changed to
pale yellow upon contact with CA/PEG/QUE mat (Figure 7 (2)). Moreover, the change in absorption of



Antioxidants 2020, 9, 232 11 of 16

DPPH solution upon contact with ethanol solution of QUE was similar to that obtained by contact
with the fibrous mat containing QUE at the same QUE content (Figure 7 (1)).

100+ 97.4%

% DPPH

&
289 ] 287 %
nass mase masm masE
1000 00 1.000 1000

l ﬂl

0
el
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=

DPPH scavenging activity (%)

6.3%
N\
0' T T & T T
2 3 4
Formulation

Figure 7. Antioxidant activity of: 1- ethanol solution of quercetin, 2- CA/PEG/QUE mat, and 3 -CA/PEG
mat. *** p < 0.001. Photos of the corresponding solutions are shown.

3.8. MTT Cytotoxicity Assay

In recent years, there has been a rising necessity of developing novel antitumor agents that are
more effective and less toxic. Quercetin is such a bioactive compound that is shown to inhibit the
growth of various cancer cells [9]. However, cancer treatment could be ineffective in many cases due to
relapses and/or the spread of the disease. Thus, the development of new therapeutic strategies remains
an important goal in the ongoing battle against this insidious and widespread disease.

The cytotoxic effect of QUE on HeLa human cervical cancer cells and SH-4 (human melanoma)
was determined by the MTT assay. Figure 8 shows the effect of the materials on the proliferation of
HeLa tumor cells and SH-4 skin melanoma cells after 24 h and 48 h. It can be seen that QUE inhibited
the cell proliferation. This action was more obvious at higher QUE concentration. The CA/PEG mat
did not display any statistically significant antiproliferative activity, as the cell viability was 91.4 + 3.2%
and 99.0 + 0.3% for HeLa and SH-4 cells, respectively. The percentage of viability of HeLa and SH-4
cells treated with free QUE (200, 100 and 50 uM/L) after 24 h was lower as compared to the non-treated
control and CA/PEG fibrous materials. The viability of HeLa cells was 65.9 + 1.3%, 58.1% + 2.9%,
and 32.2 + 3.5% for QUE with concentration 50, 100, and 200 uM/L, respectively (Figure 8a). The SH-4
cells viability was 99.7 + 0.7%, 95.6% =+ 0.5% and 39.3% =+ 1.5% for QUE with concentration 50, 100,
and 50 uM/L, respectively (Figure 8c). For the CA/PEG/QUE mat, after 24 h, the percentage of HeLa and
SH-4 cells viability was significantly reduced to 3.5 + 0.5% and 7.9 + 0.6% (Figure 8). It is noteworthy
that mats containing QUE exhibited much higher antiproliferative activity as compared to CA/PEG mat
and free QUE. This is due to the fact that the obtained novel CA/PEG/QUE mats contain the biological
active compound in sufficient quantity in order to manifest its antitumor activity and moreover the
incorporated PEG facilitates the solubility and the release of QUE. After 48 h (Figure 8b,d of incubation,
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the inhibition of HeLa and SH-4 cells growth in the presence of CA/PEG/QUE fibrous mat was even
higher. Antioxidant activity and kinase inhibition have been proposed as molecular mechanisms of
QUE for its anticancer effect [39]. It was observed in the present study that QUE exhibited some higher
antiproliferative activity against HeLa cells than that against SH-4 cells. This can be explained with the
different susceptibility of the cells to QUE.

-
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Figure 8. Effect of CA/PEG mat, CA/PEG/QUE mat, and QUE on HeLa tumor cells (a,b) and SH-4
melanoma cells (c,d) after 24 h (a,c) and 48 h (b,d). Control-untreated HeLa or SH-4 cells; CA/PEG mat;
CA/PEG/QUE mat; QUE (50, 100 and 200 uM/L); *** p < 0.001.

3.9. Double Staining Assay with AO—EtBr

The type of cell death was determined by staining of HeLa and SH-4 cells cultivated in the
presence of fibrous CA/PEG and CA/PEG/QUE mats with AO and EtBr (1:1 w/w) mixture. The stained
cells were observed using a fluorescence microscope (Figures 9a—c and 10a—c).
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(d) (e) ()

Figure 9. Fluorescence micrographs of AO and EtBr double-stained (a—c) and stained with DAPI
(d—f) HeLa cancer cells incubated for 24 h (a,d) untreated cells; after incubation with: (b,e) CA/PEG
mat, (¢,f) CA/PEG/QUE mat; bar = 20 um.

(a) (b) (c)

(d) (e) (f)

Figure 10. Fluorescence micrographs of AO and EtBr double-stained (a—c) and stained with DAPI
(d—f) SH-4 skin melanoma cells incubated for 24 h (a,d) untreated cells; after incubation with:
(b,e) CA/PEG mat, (c,f) CA/PEG/QUE mat; bar = 20 um.

It is well known that the AO passes through intact membranes and emits green fluorescence when
interacting with DNA, whereas EtBr passes through the damaged membranes, binds to DNA, and this
results in orange staining. The fluorescence micrographs of the observed morphological changes in HeLa
and SH-4 cancer cells that resulted from the contact with the fibrous mats are presented in Figures 9a—c
and 10a—c, respectively. The controls of untreated cancer cells had predominantly light yellow-green
nuclei staining, light green granular cytoplasm (Figures 9a and 10a). After cultivation in the presence
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of fibrous CA/PEG mat, no significant changes in the staining of nuclei and cytoplasm were observed
compared to control untreated cells. However, after contact with the fibrous CA/PEG/QUE mat, both
cells lines showed distinct alterations in the cellular and nuclear morphology (Figures 9c and 10c).
The nuclei of HeLa cells cultured in presence of CA/PEG/QUE mat revealed chromatin condensation
and intensive green or orange staining as well as increased vacuolization of the cytoplasm (Figure 9c).
Early apoptotic chromatin condensation changes and membrane blabbing were found in CA/PEG/QUE
mat-treated SH-4 cells (Figure 10c). The performed studies have shown that upon contact of cells with
QUE-containing mats, the presence of cells with morphological lesions characteristic of early and late
stages of apoptosis is observed.

In addition, DAPI staining was applied to examine the changes in the nuclei of HeLa and SH-4 cells
in vitro. Fluorescence micrographs of untreated HeLa cells (Figure 9d) show that they possessed intact
nuclei, which was oval in shape with diverse size. The nuclei had smooth edges and evenly distributed
chromatin. Intact nuclei and evenly distributed chromatin were also observed in the control SH-4 cells.
In both cell lines (controls), cell nuclei were observed at different stages of mitosis. Cancer cells that
had been in contact with the CA/PEG mat were characterized by morphology of the nuclei, which did
not differ from that of the control cancer cells (Figure 9¢) and (Figure 10e). Fluorescence micrographs
of HeLa and SH-4 cells that were in contact with a QUE-containing mat showed a decrease in cell
number and changes in cell morphology of both cell types. Condensation of chromatin (not evenly
distributed), fragmentation of the nucleus, and formation of apoptotic bodies (Figures 9f and 10f)
revealed the presence of morphological changes. This indicated that quercetin-containing fibrous mats
caused cell death via apoptosis. The results show that new CA/PEG/QUE fibrous materials have the
potential to be used for local delivery and release of QUE directly into the tumor site, as well as to be
used directly on cancerous lesions on the skin.

4. Conclusions

Novel fibrous materials with antioxidant and antitumor activities based on cellulose acetate,
polyethylene glycol, and quercetin were successfully obtained by electrospinning. It was found that
the incorporation of PEG in the polymer matrix resulted in hydrophilization of the material and
promoted the QUE release. In addition, it was shown that the quercetin-containing fibrous materials
exhibited high antioxidant activity. The in vitro studies performed with cancer cell lines (HeLa and
SH-4) showed that quercetin-containing materials exhibited promising antitumor activity. The obtained
results revealed that the obtained novel fibrous materials are promising candidates for application
in medicine.

Author Contributions: I.R. and N.M. conceived the original concept. N.S. and M.S. conducted the experiments
and characterized the fibrous materials. A.G. and R.T. performed the experiments with HeLa and SH-4 cell lines.
M.S., N.M. and LR. wrote the manuscript. M.S., N.M., LR. and R.T. revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Bulgarian Ministry of Education and Science (Grant D01-217/30.11.2018)
under the National Research Programme “Innovative Low-Toxic Bioactive Systems for Precision Medicine
(BioActiveMed)” approved by DCM # 658/14.09.2018.

Acknowledgments:  Financial support from the Bulgarian Ministry of Education and Science
(Grant D01-217/30.11.2018) under the National Research Programme “Innovative Low-Toxic Bioactive Systems for
Precision Medicine (BioActiveMed)” approved by DCM # 658/14.09.2018 is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. David, A.; Arulmoli, R.; Parasuraman, S. Overviews of biological importance of quercetin: A bioactive
flavonoid. Pharmacogn. Rev. 2016, 10, 84-89.
2. Lakhanpal, P; Rai, D.K. Quercetin: A Versatile Flavonoid. Internet |. Med. Updat. 2007, 2, 22-37. [CrossRef]


http://dx.doi.org/10.4314/ijmu.v2i2.39851

Antioxidants 2020, 9, 232 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Boots, A.W.; Haenen, G.RM.M,; Bast, A. Health effects of quercetin: From antioxidant to nutraceutical. Eur. J.
Pharmacol. 2008, 585, 325-337. [CrossRef] [PubMed]

Ozgen, S.; Kilinc, O.; Selamoglu, Z. Antioxidant Activity of Quercetin: A Mechanistic Review. Turk. J. Agric.
Food Sci. Technol. 2016, 4, 1134-1138. [CrossRef]

Mihaylova, D.; Schalow, S. Antioxidant and stabilization activity of a quercetin-containing flavonoid extract
obtained from Bulgarian Sophora japonica L. Braz. Arch. Biol. Technol. 2013, 56, 431-438. [CrossRef]

Li, Y,; Yao, J.; Han, C.; Yang, J.; Chaudhry, M.; Wang, S.; Liu, H.; Yin, Y. Quercetin, inflammation and immunity.
Nutrients 2016, 8, 167. [CrossRef] [PubMed]

Jaisinghani, R. Antibacterial properties of quercetin. Microbiol. Res. 2017, 8, 1-14. [CrossRef]

Hirai, I; Okuno, M.; Katsuma, R.; Arita, N.; Tachibana, M., Yamamoto, Y. Characterisation of
anti-Staphylococcus aureus activity of quercetin. Int. J. Food Sci. Tech. 2010, 45, 1250-1254. [CrossRef]
Zhou, J.; Fang, L.; Liao, J.; Li, L.; Yao, W.; Xiong, Z.; Zhou, X. Investigation of the anti-cancer effect of quercetin
on HepG2 cells in vivo. PLoS ONE 2017, 12, 1-10. [CrossRef]

Milcek, J.; Jurikova, T.; Skrovankova, S.; Sochor, J. Review: Quercetin and its anti-allergic immune response.
Molecules 2016, 21, 623. [CrossRef]

Lu, B;; Huang, Y.; Chen, Z; Ye, J.; Xu, H.; Chen, W.; Long, X. Niosomal nanocarriers for enhanced skin
delivery of quercetin with functions of anti-tyrosinase and antioxidant. Molecules 2019, 24, 2322. [CrossRef]
[PubMed]

Gongalves, V.S.S.; Rodriguez-Rojo, S.; De Paz, E.; Mato, C.; Martin, A.; Cocero, M.]. Production of water
soluble quercetin formulations by pressurized ethyl acetate-in-water emulsion technique using natural origin
surfactants. Food Hydrocoll. 2015, 51, 295-304. [CrossRef]

Madaan, K.; Lather, V.; Pandita, D. Evaluation of polyamidoamine dendrimers as potential carriers for
quercetin, a versatile flavonoid. Drug Deliv. 2016, 23, 254-262. [CrossRef] [PubMed]

Huang, J.; Wang, Q.; Chu, L.; Xia, Q. Liposome-chitosan hydrogel bead delivery system for the encapsulation
of linseed oil and quercetin: Preparation and in vitro characterization studies. LWT Food Sci. Technol. 2020,
117,108615. [CrossRef]

Jangde, R.; Srivastava, S.; Singh, M.R.; Singh, D. In vitro and In vivo characterization of quercetin loaded
multiphase hydrogel for wound healing application. Int. J. Biol. Macromol. 2018, 115, 1211-1217. [CrossRef]
[PubMed]

Torres-Martinez, E.J.; Bravo, ]JM.C.; Medina, A.S.; Lizeth, G.; Gonzalez, P; Géomez, L.J.V. A Summary
of Electrospun Nanofibers as Drug Delivery System: Drugs Loaded and Biopolymers Used as Matrices.
Curr. Drug Deliv. 2018, 15, 1360-1374. [CrossRef]

Tsekova, P.B.; Spasova, M.G.; Manolova, N.E.; Markova, N.D.; Rashkov, I.B. Electrospun curcumin-loaded
cellulose acetate/polyvinylpyrrolidone fibrous materials with complex architecture and antibacterial activity.
Mat. Sci. Eng. C 2017, 73, 206-214. [CrossRef]

Toncheva, A.; Spasova, M.; Paneva, D.; Manolova, N.; Rashkov, I. Polylactide (PLA)-Based Electrospun
Fibrous Materials Containing Ionic Drugs as Wound Dressing Materials: A Review. Int. |. Polym. Mater.
Polym. Biomat. 2014, 63, 657—671. [CrossRef]

Wang, G.; Su, Y,; Yu, J.; Li, R.; Ma, S.; Niu, X.; Shi, G. Preparation of Electrospun Active Molecular Membrane
and Atmospheric Free Radicals Capture. Molecules 2019, 24, 3037. [CrossRef]

Aytac, Z.; Ipek, S.; Durgun, E.; Uyar, T. Antioxidant electrospun zein nanofibrous web encapsulating
quercetin/cyclodextrin inclusion complex. . Mater. Sci. 2018, 53, 527-1539. [CrossRef]

Eskitoros-Togay, $.M.; Emre Bulbul, Y.; Dilsiza, N. Quercetin-loaded and unloaded electrospun membranes:
Synthesis, characterization and in vitro release study. J. Drug Deliv. Sci. Technol. 2018, 47, 22-30. [CrossRef]
Li, C; Wang, Z.; Yu, D.; Williams, G.R. Tunable biphasic drug release from ethyl cellulose nanofibers
fabricated using a modified coaxial electrospinning process. Nanoscale Res. Lett. 2014, 9, 1-10. [CrossRef]
[PubMed]

Rasband, W.S. (1997-2018) Image], U.S. National Institutes of Health, Bethesda, Maryland, USA.
Available online: https://imagej.nih.gov/ij/ (accessed on 3 January 2016).

Spasova, M.; Mincheva, R.; Paneva, D.; Manolova, N.; Rashkov, 1. Perspectives on: Criteria for complex
evaluation of the morphology and alignment of electrospun polymer nanofibers. J. Bioact. Compat. Polym.
2006, 21, 465-479. [CrossRef]


http://dx.doi.org/10.1016/j.ejphar.2008.03.008
http://www.ncbi.nlm.nih.gov/pubmed/18417116
http://dx.doi.org/10.24925/turjaf.v4i12.1134-1138.1069
http://dx.doi.org/10.1590/S1516-89132013000300011
http://dx.doi.org/10.3390/nu8030167
http://www.ncbi.nlm.nih.gov/pubmed/26999194
http://dx.doi.org/10.4081/mr.2017.6877
http://dx.doi.org/10.1111/j.1365-2621.2010.02267.x
http://dx.doi.org/10.1371/journal.pone.0172838
http://dx.doi.org/10.3390/molecules21050623
http://dx.doi.org/10.3390/molecules24122322
http://www.ncbi.nlm.nih.gov/pubmed/31238562
http://dx.doi.org/10.1016/j.foodhyd.2015.05.006
http://dx.doi.org/10.3109/10717544.2014.910564
http://www.ncbi.nlm.nih.gov/pubmed/24845475
http://dx.doi.org/10.1016/j.lwt.2019.108615
http://dx.doi.org/10.1016/j.ijbiomac.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/29730004
http://dx.doi.org/10.2174/1567201815666180723114326
http://dx.doi.org/10.1016/j.msec.2016.12.086
http://dx.doi.org/10.1080/00914037.2013.854240
http://dx.doi.org/10.3390/molecules24173037
http://dx.doi.org/10.1007/s10853-017-1580-x
http://dx.doi.org/10.1016/j.jddst.2018.06.017
http://dx.doi.org/10.1186/1556-276X-9-258
http://www.ncbi.nlm.nih.gov/pubmed/24940180
https://imagej.nih.gov/ij/
http://dx.doi.org/10.1177/0883911506068495

Antioxidants 2020, 9, 232 16 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55-63. [CrossRef]

Tsekova, P.; Spasova, M.; Manolova, N.; Rashkov, I.; Markova, N.; Georgieva, A.; Toshkova, R. Electrospun
cellulose acetate membranes decorated with curcumin-PVP particles: Preparation, antibacterial and antitumor
activities. J. Mater. Sci. Mater. Med. 2018, 29, 1-14. [CrossRef] [PubMed]

Wan, S.; Sun, Y.; Qi, X.; Tan, F. Improved bioavailability of poorly water-soluble drug curcumin in cellulose
acetate solid dispersion. AAPS PharmSciTech. 2012, 13, 159-166. [CrossRef]

Zhou, W.; He, J.; Cui, S.; Gao, W. Studies of Electrospun Cellulose Acetate Nanofibrous Membranes.
Open Mater. Sci. |. 2011, 5, 51-55. [CrossRef]

Telangea, D.; Wavarea, K.; Patila, A.; Umekara, M.; Anandb, S.; Daveb, V. Drug-phospholipid complex-loaded
matrix film formulation for enhanced transdermal delivery of quercetin. J. Excip. Food Chem. 2018, 9, 31-50.
Barud, H.; J'unior, A.M.; Santos, D.; de Assunc, RM.N.; Meireles, C.; Cerqueira, D.; Filho, G.; Ribeiro, C.;
Messaddeq, Y.; Ribeiro, S. Thermal behavior of cellulose acetate produced from homogeneous acetylation of
bacterial cellulose. Thermochim. Acta 2008, 471, 61-69. [CrossRef]

Tungprapa, S.; Jangchud, I.; Supaphol, P. Release characteristics of four model drugs from drug-loaded
electrospun cellulose acetate fiber mats. Polymer 2007, 48, 5030-5041. [CrossRef]

Liu, H.; Hsieh, Y. Ultrafine fibrous cellulose membranes from electrospinning of cellulose acetate. J. Polym.
Sci. Pol. Phys. 2002, 40, 2119-2129. [CrossRef]

Chebil, L.; Humeau, C.; Anthoni, J.; Dehez, F; Engasser, J.; Ghoul, M. Solubility of Flavonoids in Organic
Solvents. . Chem. Eng. Data 2007, 52, 1552-1556. [CrossRef]

Srinivas, K.; King, J.; Howard, L.; Monrad, J. Solubility and solution thermodynamic properties of quercetin
and quercetin dihydrate in subcritical water. J. Food Eng. 2010, 100, 208-218. [CrossRef]

Kalepu, S.; Nekkanti, V. Insoluble drug delivery strategies: Review of recent advances and business prospects.
Acta Pharm. Sin. B 2015, 5, 442-453. [CrossRef] [PubMed]

Buzova, D.; Kasak, P.; Miskovsky, P.; Jancura, D. Solubilization of poorly soluble photosensitizer hypericin by
polymeric micelles and polyethylene glycol. Gen. Physiol. Biophys. 2013, 32, 201-208. [CrossRef] [PubMed]
Xu, D.; Hu, M.; Wang, Y.; Cui, Y. Antioxidant activities of quercetin and its complexes for medicinal
application. Molecules 2019, 24, 1123. [CrossRef]

Lesjak, M.; Beara, I.; Simin, N.; Pinta¢, D.; Majki¢, T.; Bekvalac, K.; Or¢i¢, D.; Mimica-Duki¢, N. Antioxidant
and anti-inflammatory activities of quercetin and its derivatives. J. Funct. Food 2018, 40, 68-75. [CrossRef]
Galluzzo, P.; Martini, C.; Bulzomi, P.; Leone, S.; Bolli, A.; Pallottini, V.; Marino, M. Quercetin-induced
apoptotic cascade in cancer cells: Antioxidant versus estrogen receptor a-dependent mechanisms. Mol. Nutr.
Food Res. 2009, 53, 699-708. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1007/s10856-017-6014-4
http://www.ncbi.nlm.nih.gov/pubmed/29275497
http://dx.doi.org/10.1208/s12249-011-9732-9
http://dx.doi.org/10.2174/1874088X01105010051
http://dx.doi.org/10.1016/j.tca.2008.02.009
http://dx.doi.org/10.1016/j.polymer.2007.06.061
http://dx.doi.org/10.1002/polb.10261
http://dx.doi.org/10.1021/je7001094
http://dx.doi.org/10.1016/j.jfoodeng.2010.04.001
http://dx.doi.org/10.1016/j.apsb.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26579474
http://dx.doi.org/10.4149/gpb_2013023
http://www.ncbi.nlm.nih.gov/pubmed/23479449
http://dx.doi.org/10.3390/molecules24061123
http://dx.doi.org/10.1016/j.jff.2017.10.047
http://dx.doi.org/10.1002/mnfr.200800239
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Fibrous Materials by Electrospinning 
	Characterization of the Fibrous Materials 
	MTT Cytotoxicity Assay 
	Study of the Effect of the Fibrous Mats on HeLa and SH-4 Cells Using Fluorescence Microscopy 
	DAPI-Staining 

	Results 
	Preparation of Fibrous Mats by Electrospinning 
	IR Spectra of Fibrous Materials 
	Water Contact Angle 
	X-ray Diffraction Analysis 
	Thermal Characteristics of the Fibrous Mats 
	In Vitro Release Profile of Quercetin 
	Evaluation of the Antioxidant Activity 
	MTT Cytotoxicity Assay 
	Double Staining Assay with AO–EtBr 

	Conclusions 
	References

