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ARTICLE INFO ABSTRACT

Keywords: The anticancer potential of quercetin (Q), a plant-derived flavonoid, and underlining molecular mechanisms are
Electrospun fibers widely documented in cellular models in vitro. However, biomedical applications of Q are limited due to its low
Quercetin bioavailability and hydrophilicity. In the present study, the electrospinning approach was used to obtain poly-
25:22 ts(;srlcsoma lactide (PLA) and PLA and polyethylene oxide (PEO)-based micro- and nanofibers containing Q, namely PLA/Q

Breast cancer and PLA/PEO/Q, respectively, in a form of non-woven fabrics. The structure and physico-chemical properties of

HSP Q-loaded fibers were characterized by scanning electron and atomic force microscopy (SEM and AFM), X-ray
powder diffraction (XRD), differential scanning calorimetry (DSC), goniometry and FTIR and Raman spectros-
copy. The anticancer action of PLA/Q and PLA/PEO/Q was revealed using two types of cancer and nine cell lines,
namely osteosarcoma (MG-63, U-2 OS, SaOS-2 cells) and breast cancer (SK-BR-3, MCF-7, MDA-MB-231, MDA-
MB-468, Hs 578T, and BT-20 cells). The anticancer activity of Q-loaded fibers was more pronounced than the
action of free Q. PLA/Q and PLA/PEO/Q promoted cell cycle arrest, oxidative stress and apoptotic cell death that
was not overcome by heat shock protein (HSP)-mediated adaptive response. PLA/Q and PLA/PEO/Q were
biocompatible and safe, as judged by in vitro testing using normal fibroblasts. We postulate that PLA/Q and PLA/
PEO/Q with Q releasing activity can be considered as a novel and more efficient micro- and nano-system to
deliver Q and eliminate phenotypically different cancer cells.

1. Introduction

Drug-delivery systems (DDS) are very useful approaches in anti-
cancer strategies to maximize the drug-mediated therapeutic effects in
cancer cells and minimize adverse side effects in normal neighboring
cells and tissues [1]. The mode of delivery can affect the
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pharmacokinetics, distribution, cellular uptake and metabolism, excre-
tion and clearance, as well as toxicity of a drug [1]. Nanocarriers such as
nanoparticles, nanofibers, nanogels, micelles, and microspheres can be
used to deliver anticancer drugs, which otherwise in an unmodified form
are too toxic, insoluble, rapidly cleared or unstable as free molecules for
biological applications [1-3].
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Electrospinning, a fiber fabrication method, utilizes high voltage and
polymers to produce fiber-based matrix with interconnected pores that
can be loaded with a number of therapeutic agents [2-4]. Electrospun
structures are characterized by large surface area, high porosity and
tunable morphology and these features can be modulated to provide
micro- and nanofibers with dedicated physicochemical properties,
degradation kinetics, and drug release profiles [2-5]. A plethora of
polymers is considered to obtain electrospun fiber-based drug delivery
micro- and nano-systems, such as natural polymers, for example, hyal-
uronic acid, chitosan, dextran, gelatin, collagen, and synthetic polymers,
for example, poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA), poly(e-caprolactone) (PCL), and their combinations [2-6].
Furthermore, small molecule drugs, proteins and nucleic acids can be
encapsulated within or immobilized onto the electrospun fibers for
controlled drug release for biomedical applications in oncology and
regenerative medicine [2-6].

Quercetin, a pentahydroxyflavone ubiquitously present in edible
vegetables, fruits and wine, is characterized by beneficial bioactive ef-
fects, such as antioxidant, anticancer, antidiabetic, anti-inflammatory,
antibacterial, antiarthritic, neuro- and cardioprotective, and wound
healing properties [7-9]. Anticancer action of quercetin is documented
in a number of cancer cell types that is based on the modulation of the
activity of numerous signaling pathways, for example, PI3K/Akt and
Ras/ERK, interactions with proteins, and induction of oxidative stress
that may result in apoptotic cell death and the inhibition of cell prolif-
eration, migration, invasion, and angiogenesis [7,8,10-13]. However,
biomedical applications of quercetin may be limited due to its low oral
bioavailability, because of poor aqueous solubility and permeability,
instability in stomach and intestine, short biological half-life, and
extensive first past metabolism in the liver before reaching the systemic
circulation [7,8]. A number of approaches was designed and tested to
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10 to 1. Free quercetin (Q, CAS No: 849061-97-8, Q4951, Merck KGaA,
Darmstadt, Germany, >95 % (HPLC)) was used at 9 %. To obtain the
single-component (PLA), two-component (PLA/Q and PLA/PEO) and
multi-component (PLA/PEO/Q) fibers, the electrospinning machine (TL-
BM device, TONG LI TECH, Shenzhen, China) equipped with a working
chamber, control panel, infusion pumps with adjustable flow rates of pl/
min and ml/h, and standard electrospinning nozzles was used. During
electrospinning, nanofibers and microfibers were applied to a rotary
manifold for 1 h. After dissolution, the solutions were placed in dedi-
cated tanks and, using a system of Teflon tubes, were transported to the
working chamber for the conversion into micro- and nanofibers using an
electrostatic field (PLA, PLA/Q, PLA/PEO and PLA/PEO/Q). The fibers
falling on the surface of the collector formed then a non-woven fabric.
The following conditions were applied: solution flow 20 ml/h, rotary
collector, collector speed 20 rpm, voltage 0.95-1.00 kV/cm, solution
temperature 25 °C, temperature in the working chamber 23 °C, relative
humidity in the working chamber 35 %. Upon preparation of quercetin-
loaded fibers using 9 % quercetin, quercetin loading efficiency was
analyzed. To do so, fiber mats (1 cm diameter) were weighed and 1 ml of
dichloromethane (DCM, CAS No.: 75-09-2, 34856, Merck KGaA,
Darmstadt, Germany, >99.8 % (HPLC)) was added to dissolve fiber mats
at room temperature for 2 h. Next, the amount of quercetin was analyzed
in a solution of dimethyl sulfoxide (DMSO): Dulbecco's phosphate
buffered saline (DPBS) (1:10) (DMSO, CAS No.: 67-68-5, grade: molec-
ular biology, >99.5 % (GC)) using a UV spectrophotometer (the absor-
bance was measured at 365 nm). The absorbance of solutions upon PLA
and PLA/PEO incubations were used as control (background) absor-
bance for PLA/Q and PLA/PEO/Q quercetin loading efficiency experi-
ments, respectively. The concentration of quercetin (ug/ml) was read
against the calibration curve. The incorporation efficiency of the fibers
was calculated using the following formula:

Incorporation efficiency (IE) [%] = (the amount of quercetin loaded/theoretical quercetin amount in the fiber) x 100.

improve the uptake and bioavailability of quercetin, for example,
quercetin encapsulation in liposomes and fabrication of quercetin
nanoparticles and nanocrystals [7,8]. Data on anticancer potential of
quercetin-loaded electrospun nanofibers are scarce [14-16]. The au-
thors limited their analysis to only one cancer cell line [14-16]. Thus,
more comprehensive studies are needed to document if electrospun
fiber-based micro- and nano-delivery of quercetin may potentiate its
antineoplastic activity.

In the present study, electrospun fibers containing polylactide (PLA),
polyethylene oxide (PEO) and high concentrated quercetin (9 %) were
fabricated, and their effects were evaluated against nine cancer cell
lines, namely osteosarcoma cells (MG-63, U-2 OS, SaOS-2 cell lines) and
breast cancer cells (SK-BR-3, MCF-7, MDA-MB-231, MDA-MB-468, Hs
578T, and BT-20 cell lines) with different genetic traits and phenotypic
features. Improved anticancer action of quercetin in a form of quercetin-
loaded electrospun fibers was documented and discussed.

2. Materials and methods

2.1. Preparation of quercetin-loaded fibers and the analysis of quercetin
loading efficiency

The synthetic polymeric materials polylactide (PLA, CAS No.: 26100-
51-6) and polyethylene oxide (PEO, average Mv 100,000, CAS No.:
25322-68-3) (Merck KGaA, Darmstadt, Germany) were used to prepare
quercetin (Q)-loaded fibers. Acetone (CAS No.: 67-64-1, >99.9 %) and
chloroform (CAS No.: 67-66-3, >99.5 %) solution (70:30, Chemland,
Stargard, Poland) was applied and PLA and PEO were used at a ratio of

2.2. Physico-chemical characterization of quercetin-loaded fibers

2.2.1. Optical microscopy

The gross morphology of fibers was analyzed using Olympus
DSX1000 digital microscope and dedicated software (OLYMPUS, Shin-
juku Monolith, Shinjuku-ku, Tokyo, Japan).

2.2.2. Scanning electron microscopy (SEM)

The fiber structure was studied using a ZEISS SUPRA 25 scanning
electron microscope (Jena, Germany) using an accelerating voltage of
3-25 kV. The samples were sputtered with gold and then placed in the
working chamber of the SEM microscope, where analysis was carried
out at magnifications of 5000-10,000x. The fiber diameter and its
spatial distribution were investigated using Digital Micrograph 365
software.

2.2.3. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) measurements were carried out
using Innova instrument (Bruker Nano Inc., Santa Barbara, CA, USA) to
investigate the morphology and roughness of quercetin-loaded fibers.
AFM tapping mode was used to analyze the morphology of the fibers
using silicon cantilevers (TESPA-V2 from Bruker Nano Inc.) with a
spring constant of ~37 N/m, a resonance frequency of 331 kHz, and an
apex radius of curvature ~7 nm. The measurements were performed at
ambient air (22-24 °C). The AFM images and roughness data were
analyzed using the NanoScope Analysis software.
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2.2.4. BET surface area analysis

Brunauer-Emmett-Teller (BET) gas adsorption-based method was
used to assess specific surface area and porosity using a Gemini VII
2390t specific surface area analyzer (Micrometrics, Ottawa, Canada).
Samples (0.2 g) were subjected to drying under vacuum at 30 °C for 24 h
to remove moisture and adsorbed gases. The dried samples were further
placed in the device and the environment for the measurement was
created (making a vacuum, immersing the sample in nitrogen, deter-
mining the measurement). For adsorption and desorption, pressures
ranging from 0.1 to 1 mmHg were adopted. Nitrogen with a purity of 5.0
was used as a measurement gas.

2.2.5. X-ray diffraction analysis (XRD)

The phase structure of quercetin-loaded fibers was determined by
wide-angle X-ray diffraction using a Rigaku MiniFlex 600 diffractometer
(Rigaku, Tokyo, Japan) equipped with a copper CuKa radiation source
(A = 0.1542 nm), a Kp Ni filter and an ultrafast silicon D/teX detector.
The measurements were carried out at room temperature (22-24 °C), in
the 20 3-90° angle range, with a measurement speed of 1.5°/min and a
measurement step of 0.02°.

2.2.6. Weight loss analysis

In order to evaluate the initial weight loss of the polymeric materials,
the following steps were included: samples were prepared from the
obtained materials, each sample was weighed using an analytical bal-
ance, the samples were immersed in distilled water at 37 °C for 24, 48
and 72 h, the samples were removed then from the water, frozen at
—40 °C for 24 h and freeze-dried then for 24 h using a freeze-dryer to
evaporate the water. After drying, the samples were weighed again and
the difference in the mass after 24, 48 and 72 h of water treatment was
calculated.

2.2.7. Differential thermal analysis/thermogravimetry (DTA/TG)

Heat flow (DTA) and mass change (TG) measurements were per-
formed using a simultaneous thermal analyzer STA Netzsch F3 Jupiter
(Selb, Germany) in an argon atmosphere. The heating rate was 10 K/min
in the range from room temperature (25 °C) to 600 °C. Tested samples
weighed 13-20 mg. Aluminium oxide crucibles were used for the mea-
surements. The temperatures and mass changes were read out using
dedicated software.

2.2.8. Wettability

The contact angle of electrospun non-woven fabric was measured
using a PGX Goniometer (Fibro Systems AB, Hagersten, Sweden) with a
dynamic method. Distilled water was automatically applied at a con-
stant volume of 4 + 0.2 pl to the tested surface with the goniometer. At
least eight measurements were considered for each sample. The
following conditions were used: relative humidity 49 + 2 %, tempera-
ture 22 + 1 °C.

2.2.9. Fourier-transform infrared spectroscopy (FTIR)

FTIR absorption spectra were recorded using a BRUKER Vertex 70
FTIR spectrometer (Billerica, MA, USA) with an ATR Golden Gate dia-
mond adapter, in the spectral range from 600 cm ™! to 4000 cm ™! with a

resolution of 4 cm ™.

2.2.10. Raman spectroscopy

The Raman spectra were obtained using an inVia Micro Raman
Renishaw spectrometer combined with a Leica DM 2500 M microscope
(Renishaw, Wotton-under-Edge, Gloucester-shire, England, UK). The
measurements were taken with a backscattering geometry, with 785 nm
laser as an excitation source, in three randomly selected positions. The
exposure time was set at 10 s with triple scan accumulation. The data
were collected in the spectral range of 200-4000 cm ™! with spectral
resolution over 1 cm ™. The measurements were carried out with a 50x
magnification. Baseline correction and normalization were performed
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during data processing.

2.3. Cell lines and fiber treatment

The following human normal and cancer cell lines were used, namely
normal foreskin fibroblasts (BJ cells, CRL-2522™, ATCC, Manassas, VA,
USA), osteosarcoma cell lines MG-63 (86051601), U-2 OS (92022711)
and Sa0S-2 (89050205) (ECACC, Public Health England, Porton Down,
Salisbury, UK) and breast cancer cells SK-BR-3 (HTB-30™), MCF-7
(HTB-22™), MDA-MB-231 (HTB-26™), MDA-MB-468 (HTB-132™),
Hs 578T (HTB-126™), and BT-20 (HTB-19™) (ATCC, Manassas, VA,
USA). Cells were grown at 37 °C in DMEM medium supplemented with
10 % (v/v) FBS and 100 U/ml penicillin, 0.1 mg/ml streptomycin, and
0.25 pg/ml amphotericin B (Corning, Tewksbury, MA, USA) in a
controlled humidified atmosphere containing 5 % COs. In the case of BJ
cells, proliferatively active fibroblasts were only considered (cells at
population doubling levels between 30 and 40) [17]. Cells were treated
with four types of electrospun fibers, namely polylactide-only fibers
(denoted as PLA), polylactide/polyethylene oxide-only fibers (denoted
as PLA/PEO), polylactide fibers containing quercetin (denoted as PLA/
Q) and polylactide/polyethylene oxide fibers containing quercetin
(denoted as PLA/PEO/Q) for 24 and 48 h. For cell culture in 6-well
plates, Q-loaded fibers containing quercetin, in a form of non-woven
fabrics, were used with the diameter of 2 cm and the mass of 3.4 and
5.5 mg for PLA/Q and PLA/PEO/Q, respectively. Taking into account
that 2 x 10° cells were seeded, cells were stimulated with quercetin at
15.3 and 24.75 ng of quercetin per cell, for PLA/Q and PLA/PEO/Q,
respectively.

For MTT test, a free quercetin at the concentrations of 12.5, 25 and
50 uM (Q, Merck KGaA, Darmstadt, Germany) was also used.

2.4. Quercetin release in cell-free in vitro system

PLA/Q and PLA/PEO/Q were left in deionized water for up to 72 h at
37 °C and the amount of released quercetin into an aqueous solution was
then determined using UV/VIS spectroscopy based on the absorbance
measurements at 365 nm. The absorbance of solutions upon PLA and
PLA/PEO incubations were used as control (background) absorbance for
PLA/Q and PLA/PEO/Q release experiments, respectively. The con-
centration of quercetin (pg/ml) was read against the calibration curve.
The quercetin release is presented as AC (pg/ml).

2.5. Quercetin-loaded fiber uptake

To examine the cellular uptake of PLA/Q and PLA/PEO/Q, osteo-
sarcoma and breast cancer cells were cultured in a 12-well plate at a cell
density of 1 x 10° cells per well for 24 h. PLA, PLA/PEO, PLA/Q and
PLA/PEO/Q were then added and cells were stimulated for 48 h.
Quercetin uptake was analyzed using imaging flow cytometry (Amnis®
FlowSight® imaging flow cytometer) and IDEAS software (version
6.2.187.0, Luminex Corporation, Austin, TX, USA). Two parameters
were considered, namely Normalized Frequency and Intensi-
ty_MC_ChO03. Representative histograms are presented.

2.6. MTT assay

Quercetin-loaded fiber-mediated changes in the metabolic activity of
normal and cancer cells were assessed using MTT test [18]. Briefly, cells
were seeded onto a 96-well plate at a cell density of 5 x 10° cells per well
and incubated at 37 °C for 24 h. Fibers (PLA, PLA/PEO, PLA/Q and PLA/
PEO/Q) were added for 48 h and the metabolic activity was then
measured as previously described [18]. The effects of 12.5, 25, and 50
M quercetin were also studied. Metabolic activity at untreated condi-
tions is considered as 100 %.
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2.7. Wound healing assay

Quercetin- loaded fiber-mediated changes in cell migration was
analyzed using in vitro scratch assay (wound healing assay) [19]. Oste-
osarcoma cells were seeded at a cell density of 2 x 10° in a 6-well plate
and cultured at 37 °C for 24 h. The monolayer of cells was then wounded
with a micropipette tip (10 pl) forming a scratch. The medium was then
exchanged and fibers (PLA, PLA/PEO, PLA/Q and PLA/PEO/Q) were
added for up to 48 h. Cell migration-based wound healing (the distance
between two sides of a wound) was then documented and analyzed
using the Olympus IX71 microscope and dedicated software.

2.8. Cell proliferation-related parameters

Quercetin-loaded fiber-mediated changes in osteosarcoma cell
number, phases of cell cycle, and the levels of cell cycle inhibitor p21
were analyzed as biomarkers of cell proliferation upon 48 h stimulation
with fibers. The cell count was calculated using TC10™ Automated Cell
Counter (Bio-Rad, Hercules, CA, USA). DNA content-based analysis of
the phases of the cell cycle (GO/G1, S and G2/M) was conducted using a
Muse® Cell Analyzer and a Muse® Cell Cycle Assay Kit according to the
manufacturer's instructions (Luminex Corporation, Austin, TX, USA).
Representative histograms (%) are presented. The nuclear levels of p21
were revealed using immunostaining with dedicated primary antibody
anti-p21 (1:800, MA5-14949) and secondary antibody conjugated to
Texas Red (1:1000, T2767) (Thermo Fisher Scientific, Waltham, MA,
USA). Digital cell images were captured using a confocal imaging system
IN Cell Analyzer 6500 HS (Cytiva, Marlborough, MA, USA). Quantitative
analysis of p21 levels in the nucleus was conducted using IN Carta
software (Cytiva, Marlborough, MA, USA). Nuclear levels of p21 are
presented in relative fluorescence units (RFU).

2.9. Apoptotic cell death

Quercetin-loaded fiber-induced apoptosis in osteosarcoma and
breast cancer cells was studied using Muse® Cell Analyzer and Muse®
Annexin V and Dead Cell Assay Kit (Luminex Corporation, Austin, TX,
USA) [18]. Briefly, after 48 h stimulation with the fibers, four sub-
populations (%) were distinguished, namely live (Annexin V-negative,
7-AAD-negative), early apoptotic (Annexin V-positive, 7-AAD-negative),
late apoptotic (Annexin V-positive, 7-AAD-positive) and necrotic cells
(Annexin V-negative, 7-AAD-positive). Representative dot-plots (%) are
presented.

2.10. Oxidative stress

Quercetin-loaded fiber-induced oxidative stress was studied using
Muse® Cell Analyzer and Muse® Oxidative Stress Kit (Luminex Corpo-
ration, Austin, TX, USA) containing a superoxide indicator, a fluorogenic
probe dihydroethidium [18]. After 48 h stimulation with the fibers, two
subpopulations were analyzed, namely superoxide-positive and
superoxide-negative cells. Representative histograms (%) are presented.

2.11. Phosphorylation status of Akt and ERK1/2

Quercetin-loaded fiber-mediated changes in the activity of extra-
cellular signal-regulated kinase 1/2 (ERK1/2) and Akt (protein kinase B)
were analyzed using Muse® Cell Analyzer and Muse®PI3K/MAPK Dual
Pathway Activation Kit using two conjugated antibodies, anti-phospho
Akt (Ser473)-Alexa Fluor™ 555 and anti-phospho ERK1/2 (Thr202/
Tyr204, Thr185/Tyr187)-PECy5 (Luminex Corporation, Austin, TX,
USA) according to the manufacturer's instructions. Briefly, after 48 h
stimulation with the fibers, four subpopulations were revealed (%),
namely pERK1/2-negative and pAkt-negative (no activation), pERK1/2-
positive and pAkt-negative (ERK1/2 activation), pERK1/2-positive and
pAkt-positive (ERK1/2 and Akt dual activation), pERK1/2-negative and
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pAkt-positive (Akt activation). Representative dot-plots (%) are
presented.

2.12. HSP70 and HSP90 levels

After treatments with PLA, PLA/PEO, PLA/Q and PLA/PEO/Q, cells
were fixed and immunostained as described elsewhere [18]. Briefly,
cells were incubated with the primary antibodies anti-HSP70 (1:200,
PA5-14521) and anti-HSP90 (1:200, MA1-10373) (Thermo Fisher Sci-
entific, Waltham, MA, USA) at 4 °C overnight. Dedicated fluorochrome
conjugated secondary anti-mouse and anti-rabbit antibodies (1:1000,
T2767, A10524) (Thermo Fisher Scientific, Waltham, MA, USA) were
then used for 1 h incubation at room temperature. The nuclei were
detected using Hoechst 33342 staining. Digital cell images were ac-
quired using a confocal imaging system IN Cell Analyzer 6500 HS
(Cytiva, Marlborough, MA, USA) or Amnis® FlowSight® imaging flow
cytometer (Luminex Corporation, Austin, TX, USA). Quantitative anal-
ysis was performed using IN Carta software (Cytiva, Marlborough, MA,
USA) and IDEAS software version 6.2.187.0 (Luminex Corporation,
Austin, TX, USA), respectively. HSP70 and HSP90 levels (total, nuclear
and cytosolic) are presented as relative fluorescence units (RFU).

2.13. Cellular thermal shift assay (CETSA)

The interactions between quercetin and HSP70 were analyzed using
cellular thermal shift assay (CETSA) with minor modifications [20].
Briefly, 1.2 x 107 Hs 578T breast cancer cells were treated with 50 pM
quercetin for 24 h. As a vehicle, dimethyl sulfoxide (DMSO, CAS No.: 67-
68-5, grade: molecular biology, >99.5 % (GC)) was used. Cells were
then collected and resuspended in DPBS (Dulbecco's phosphate buffered
saline) containing a protease inhibitor cocktail (Roche, Basel,
Switzerland). Cell suspensions (100 pl) were heated to dedicated tem-
peratures for 3 min using a thermal cycler, followed by 3 min cooling at
room temperature. Cells were then incubated at —80 °C overnight, and
subjected to two freeze-thaw cycles. For each cycle, samples were
incubated at —80 °C for 30 min, placed at room temperature for 5 min,
and vortexed vigorously. Lysates were then centrifuged (14,000 rpm, at
4 °C for 20 min). The supernatants were further processed for western
blotting protocol [18]. The primary anti-HSP70 (1:1000, PA5-34772)
and secondary HRP-linked antibody (1:3000, 7074) (Thermo Fisher
Scientific, Waltham, MA, USA, Cell Signaling Technology, Danvers, MA,
USA) were used. Densitometric measurements were performed and data
were normalized to DMSO-treated sample at 50.4 °C.

2.14. Hemocompatibility test

The biocompatibility of quercetin-loaded fibers was studied using in
vitro hemolysis test [21]. Briefly, 100 pl of whole blood samples were
incubated with PLA, PLA/PEO, PLA/Q and PLA/PEO/Q at 37 °C for 24
and 48 h. The absorbance was then measured in the supernatants at 541
nm using a Tecan Infinite®M200 absorbance mode microplate reader
(Tecan Group Ltd., Mannedorf, Switzerland). The treatment with 37.5
mM KCl served as a positive control (CTR). Hemolytic activity of CTR
was considered as 100 %.

2.15. Statistical analysis

The data were calculated as the mean + SD of at least three inde-
pendent experiments. Box and whisker plots with median, lowest, and
highest values were also considered. Fiber-treated and non-treated
groups were compared using one-way analysis of variance (ANOVA)
followed by Dunnett's multiple comparison test. Probability values (p) of
<0.05 were assumed as statistically significant. Statistical analysis was
performed using the GraphPad Prism 8 software.
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3. Results and discussion

In the present study, polylactide (PLA) and/or PLA and polyethylene
oxide (PEO) were applied to obtain quercetin (Q)-loaded fibers (PLA/Q
and PLA/PEO/Q, respectively) for biomedical applications. Q-loaded
fibers were prepared using 9 % quercetin and electrospinning approach.
Upon preparation of Q-loaded fibers, quercetin loading efficiency was
analyzed using UV/VIS spectroscopy and dichloromethane as a solvent.
Incorporation efficiency (IE) was established to be 84 &+ 2 % and 91 + 2
% for PLA/Q and PLA/PEQ/Q, respectively.

3.1. The structure and physico-chemical properties of quercetin-loaded
fibers

The optical microscopy-based analysis of gross morphology of PLA,
PLA containing quercetin (PLA/Q), PLA/PEO, and PLA and PEO con-
taining quercetin (PLA/PEO/Q) fibers is shown in Fig. S1 (top). The fiber
diameter was determined after conducting twenty measurements at
randomly selected areas (Fig. S1, bottom). The average fiber diameter
values were similar among four fiber categories (about 3 pm, Fig. S1,
bottom). However, different fiber diameter ranges were observed
(Fig. S1, bottom). The diameter distribution of PLA, PLA/Q, PLA/PEO
and PLA/PEO/Q fibers was then further evaluated using scanning
electron microscopy (Figs. S2A-C, S3A-C, S4A-C and Fig. 1A-C). PLA
non-woven fabric contained 18 % of nanofibers (diameter below 1000
nm) and 82 % microfibers (diameter above 1000 nm) (Fig. S2C).
Addition of 9 % quercetin to PLA fibers resulted in a decrease of nano-
fiber fraction (4 %) compared to PLA fibers (Fig. S3C). The presence of
PEO in PLA fibers (PLA/PEO) dramatically affected the fiber diameter
(Fig. S4C). Only PLA/PEO microfibers with diameter above 2.01 pm
were observed (100 %) (Fig. S4C). When quercetin was added to PLA/
PEO fibers, a fraction of PLA/PEO/Q nanofibers appeared (42 %)
(Fig. 1C). Thus, one can conclude that the presence of quercetin signif-
icantly modulated the properties of obtained material, which, when
subjected to an electrostatic field, was stretched much more intensely
than this without the additive resulting in a significant reduction in
diameter and the occurrence of two fractions (micro- and nanofibers) of
almost equal proportion (58 and 42 %, respectively, Fig. 1C). Atomic
force microscopy was also used to analyze the topography of fibers, but
their surface roughness was the most important information they pro-
vided (Fig. S5). The level of roughness affects some fiber properties like
biocompatibility, through conductive to cell adhesion, growth, and
proliferation. The surface roughness should be considered especially in
the design of the nanomaterials and nanocomposites for biomedical
applications. The fiber diameter was between 2 and 3 pm, which is
consistent with the results obtained using other microscopic methods.
The surface roughness analysis was performed on the topography AFM
data (Fig. S5E). The values for four roughness parameters for PLA, PLA/
Q, PLA/PEO and PLA/PEO/Q surfaces are presented in Fig. S5E. The
highest roughness was observed in the case of PLA/PEO (29 nm),
whereas the roughness of other surfaces was comparable based on
roughness average (Ra) values (between 10 and 14 nm, Fig. S5E). The
specific surface area (m2/g) was also evaluated using BET method
(Fig. 1D). The specific surface area was associated with fiber diameter as
the lowest specific surface area of 1.9 m?/g was observed for PLA/PEO
fibers with exclusive fraction of microfibers with diameter higher than
2.01 pm (Fig. 1D). Quercetin addition resulted in elevation of the spe-
cific surface area that was more pronounced in the case of PLA/PEO/Q
compared to PLA/PEO than in case of PLA/Q compared to PLA (Fig. 1D).
The fiber diameter may modulate the specific surface area of tested
samples as well as the cellular response [22]. In turn, the specific surface
area may affect the rate of release of bioactive substances/drugs [23].
The method of manufacture, morphology and drug concentration may
determine the drug release profile. For example, microfluidic-
electrospinning technique was used to obtain implantable trilayer
structured fiber device (PLA- and poly(e-caprolactone)-based platform)
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for time-programmed release of drug combination (a chemotherapy
agent doxorubicin and an angiogenesis inhibitor apatinib) for syner-
gistic treatment of breast cancer [24].

The analysis of XRD diffractograms revealed the existence of an
amorphous structure in all fibers both Q containing and Q-free fibers
(Figs. 1E, S2D, S3D and S4D, XRD diffractogram of free quercetin is also
shown in Fig. S6A for comparison) that is important in terms of the
bioavailability of drug-loaded polymeric material. The geometric
properties of the fibers provoked the changes in the surface properties of
the structures obtained and these consequently altered the dissolution
rate of the materials, when exposed to an aqueous environment for 24,
48 and 72 h (Fig. 1F). A weight loss was considered as a parameter of
dissolution process in water (Fig. 1F). PLA fibers were characterized by
the weaker ability to dissolve in water (a weight loss of 1.57 % after 72 h
incubation in water, Fig. 1F). The effect of quercetin in the case of PLA/
Q fibers was only very slight compared to a weight loss of PLA after 72 h
incubation in water (Fig. 1F). The highest weight loss of fibers in an
aqueous environment was observed for PLA/PEO fibers with a weight
loss of 8.69 % after 72 h incubation in water that is related to the
leaching of PEO from the fiber material (Fig. 1F). This effect is not
noticed in the case of PLA/PEO fibers containing quercetin (PLA/PEO/
Q) (Fig. 1F). Thus, one can conclude that the presence of quercetin
significantly limited the solubility of the polymer PEO (Fig. 1F). The
thermogravimetric (TG) analysis was then performed in the relation to
the change in the sample weight with heating (Figs. 1G, S2E, S3E and
S4E, the thermogravimetric analysis of free quercetin is also shown in
Fig. S6B for comparison). The addition of PEO and quercetin attenuated
weight loss at 350 °C (Figs. 1G, S2E, S3E and S4E). For example, for PLA
fibers at 350 °C, there was an almost 100 % loss of initial sample weight
(Fig. S2E). At the same temperature for PLA/Q fibers, there was 95 % of
weight loss (Fig. S3E). Thus, quercetin limited a weight loss. In the case
of PLA/PEO fibers, 100 % sample weight loss occurred above 400 °C that
is of course related to the addition of PEO to the PLA matrix (Fig. S4E).
Again, the presence of quercetin in the PLA/PEQ/Q fibers caused 95 %
of weight loss at 400 °C (Fig. 1G). Thus, quercetin modulated the ther-
mal stability of both PLA and PLA/PEO fibers.

All types of fibers were hydrophobic, as judged by water contact
angle analysis (Figs. 1H, I, S2F, S3F and S4F). The highest hydropho-
bicity was shown for PLA non-woven fabric (the contact angle of 135 +
4°) and the lowest was documented for PLA/PEO/Q non-woven fabric
(the contact angle of 129 + 3°) (Fig. 1I). The combination of PLA with
PEO slightly affected the hydrophobicity of the samples tested, but this
effect was insignificant (Fig. 11).

Lastly, the chemical characterization of PLA, PLA/Q, PLA/PEO and
PLA/PEO/Q fibers was provided using FTIR and Raman spectroscopy
(Fig. 1J-M and Table S1). Infrared spectra showed that, in contrast to
quercetin-free fibers, in the region of 1700 to 1500 cm ™, there were
four bands in the spectra of unattached quercetin and quercetin-loaded
fibers (denoted as asterisks, Fig. 1J). The band of free quercetin recorded
at 1663 cm™! corresponded to stretching vibrations of the carbonyl
group of C=0 [25]. The band maximum of quercetin-loaded fibers
shifted to lower frequencies of 1656 cm ™' due to the formation of
hydrogen bonds with the polymer matrix using the ketone groups of
quercetin [26] (Fig. 1K and L and Table S1). Characteristic bands for
quercetin at 1607, 1560 and 1520 cm ! were also observed in fibers
containing quercetin and indicated C—C aromatic bond stretching [25]
(Fig. 1K and L and Table S1). Incubation in water for 24, 48 and 72 h did
not affect FTIR spectra of PLA/Q and PLA/PEO/Q (Fig. 1K and L). The
vibrational spectroscopic characterization of PLA, PLA/Q, PLA/PEO and
PLA/PEO/Q fibers was also performed using Raman spectroscopy
(Fig. 1M). Raman spectra also varied between quercetin-free fibers (PLA
and PLA/PEO) and fibers containing quercetin (PLA/Q and PLA/PEO/
Q) that was manifested by the appearance or disappearance of certain
spectral lines (Fig. 1M). Furthermore, we have decided to analyze more
comprehensively the stability of Q-loaded fibers in aqueous solution
over time using SEM (Table S2) and Raman spectroscopy (Fig. S7). First,
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Fig. 1. Physico-chemical characterization of polylactide (PLA)-based fibers (PLA), PLA-based fibers containing quercetin (PLA/Q), PLA and polyethylene oxide
(PEO)-based fibers (PLA/PEO) and PLA and PEO-based fibers containing quercetin (PLA/PEO/Q). Scanning electron microscopy (SEM) was used to analyze the
geometry (A, B) and diameter distribution (C) of PLA/PEO/Q in acetone and chloroform solution; magnification 5000 (A), magnification 10,000 (B). (D) BET
calculated specific surface area [m2/g] for PLA, PLA/Q, PLA/PEO and PLA/PEO/Q. (E) XRD diffractogram of PLA/PEO/Q. (F) Weight loss [%]. Incubation in water
for 24, 48 and 72 h was considered. (G) Differential thermal analysis/thermogravimetry (DTA/TG) measurements to analyze heat flow (DTA) and mass change (TG)
during heating of PLA/PEO/Q. (H) The analysis of the contact angle of PLA/PEO/Q using PGX goniometer. (I) wettability angle test results for PLA, PLA/Q, PLA/PEO
and PLA/PEO/Q. (J) FTIR spectra of PLA/PEO, PLA/Q and PLA/PEO/Q (bottom). FTIR spectrum of free quercetin (Q) along with the chemical formula for quercetin
is shown for comparison (top). Asterisks were used to indicate four bands in the spectra of free quercetin and quercetin-loaded fibers in the region of 1700 to 1500
em! (ina frame, bottom). FTIR spectra of PLA/Q (K) and PLA/PEO/Q (L) recorded immediately after formation in a solution of acetone and chloroform on a flat
Eollector surface (0 h) and after 24, 48 and 72 h incubation in water (24, 48 and 72 h, respectively). (M) Raman spectra of PLA, PLA/Q, PLA/PEO and PLA/PEO/Q.

SEM-based analysis of fiber diameter over time was performed
(Table S2). For PLA samples, the effect of the incubation in distilled
water was evident. A decrease in fiber diameter was observed as evi-
denced by an increase in the presence of fibers below 2 pm from 68 % for
PLA (at O h) to 87 % for PLA (at 96 h), the decrease in fiber diameter may
indicate a gradual degradation process of PLA. For PLA/Q samples, the
addition of quercetin to PLA slightly altered the diameter of the resulting
PLA/Q (at 0 h) fibers compared to the initial quercetin-free PLA (at 0 h)
polylactide samples. For PLA/PEO samples, when comparing the PLA (at
0 h) sample with PLA/PEO (at O h), the effect of the PEO polymer on the
fiber diameter is noticeable, thus producing PLA/PEO fibers with a
significantly larger diameter than PLA. Upon incubation in water, PEO
dissolves in the test samples, leading to a decrease in fiber diameter over
time. The study showed that after 96 h of sample incubation in water,
the fraction of fibers with diameters below 2 pm increased in PLA/PEO
samples from 0 % for PLA/PEO (at 0 h) to 74 % for PLA/PEO (at 96 h).
This huge increase in the fiber fraction below 2 pm may explain why the
weight loss of the PLA/PEO samples is the most pronounced compared
to other samples (Fig. 1F). For PLA/PEO/Q samples as is the case for
PLA/Q samples, the addition of quercetin significantly altered fiber
diameter below 2 pm in the samples tested, a significant increase in fi-
bers below 2 pm is observed from 0 % for PLA/PEO (at O h) to 82 % for
PLA/PEO/Q (at 0 h). When immersed in water, a significant increase in
fiber diameter (above 2 pm) is noticed, from 18 % for PLA/PEO/Q (at 0
h) to 100 % for PLA/PEO/Q (at 48 h) and 93 % for PLA/PEO/Q (at 96 h).
This result is opposite compared to PLA/PEO samples, where a decrease
in fiber diameter is observed over time. However, for the PLA/PEO/Q
samples, the observed changes in the diameter of the samples may be
related to the swelling of the PLA/PEO/Q fibers due to the absorption of
water by the hydrophilic polymer PEO, whose dissolution and perme-
ation into the aqueous solution may be hindered by the presence of
quercetin, which is poorly soluble in water. The results of the study can
be related to those shown in Fig. 1F, where, for the PLA/PEO sample, a
significant loss of initial sample mass over time is observed, while for the
PLA/PEO/Q sample, the loss of sample mass is less evident. Time-
dependent changes in fiber composition were also studied upon incu-
bation in aqueous solution for up to 96 h using Raman spectroscopy
(Fig. S7). No differences were observed in the spectra of PLA samples
before and after wetting in water (Fig. S7). The significant changes are
visible after a longer incubation time (48 h and 96 h) in water (Fig. S7).
This indicates a change in the chemical structure of the fibers, which
may be associated with the degradation of the material. The disap-
pearance of some bands has been recorded: band associated with CHs
vibrations (2998 cm™!, 1387 cm ™!, 1298 cm ™}, 1129 em™ 1), C-CHj vi-
brations (1045 em™, 310 em™!), C=0 (1769 cm™!), C-CO (874 cm™ ).
The appearance of new bands was also observed: 2949 cm ™!, 2907 cm™?
and 1320 cm ™! indicating a change in the structure of the environment
of C—H bonds, intense band at 2245 cm™! associated with the appear-
ance of triple bonds or X = Y=C bonds, 1096 em ! characteristic for C-
0-Cand C—O in alcohols, 800 cm ™', 516 cm ™! and 448 cm ™!, which are
difficult to be clearly identified. No differences were observed in the
spectra of PLA/Q samples before and after wetting in water (Fig. S7). No
significant differences were observed in the spectra recorded for samples
after incubation in water for 48 h and 96 h (Fig. S7). There is a general
weakening of the intensity of the bands, but there is no change in the

structure of the bands. This indicates fiber stability and no modification
in the chemical structure of the material. No differences were observed
in the spectra of PLA/PEO samples at different time points (Fig. S7). This
indicates a good stability of the material, and no visible changes in the
chemical structure. For PLA/PEO/Q samples, the noticeable changes are
visible after 48 h and 96 h incubation time in water (Fig. S7). Some
bands in the spectrum of the PLA/PEO/Q sample after a longer incu-
bation time disappear or is weakened. The lines are related to the vi-
brations of chemical bonds in polymers (2948 cm™?, 1771 cm™!, 1452
em 1, 1390 cm ™!, 1044 cm ™!, 873 em ™Y, 404 cm 1) as well as quercetin
(1656 cm ™, 1615 cm ™!, 1569 cm ™!, 789 cm ™%, 697 cm ™). Some bands
characteristic for polymers (1129 ecm™!, 1090 em™!) and quercetin
(1319 em™ Y, 596 ecm™) are still present. The changes in chemical
structure of the material during incubation are also evidenced by the
appearance of new chemical bonds manifested in additional spectral
bandls: 1549 cm ™), 1479 ecm ™!, 1414 cm ™!, 816 cm ™!, 542 em™?, 428
cm .

3.2. The anticancer activity of quercetin-loaded fibers against
osteosarcoma cells

Quercetin, a plant-derived flavonoid, has a plethora of biological
activities including broad-spectrum anticancer properties; however, its
biomedical applications are limited due to low bioavailability in bio-
logical systems [7-9,27]. To overcome these difficulties, a number of
drug delivery nano-systems have been proposed [7,27,28]. In the pre-
sent study, electrospun PLA and PLA/PEO fibers (Figs. 1, S1-5) were
used as a micro- and nanoformulation to provide high concentrated
quercetin into cancer cells of two different types, namely osteosarcoma
and breast cancer cells and test their anticancer potential in vitro. Three
OS cells were selected on the basis of differences in the activity of
proliferation-related and cell death signaling pathways, DNA damage
responses, and the maintenance of redox homeostasis [29]. Six breast
cancer cells with different receptor status (ER-positive, triple negative,
and HER2-positive) and mutation patterns were also considered
[30,31]. Such approach allowed for the evaluation of broad-spectrum
anticancer activity of quercetin-loaded fibers.

First, quercetin release in cell-free system in vitro was analyzed
(Figs. 2A, S8A). PLA and PLA/PEO fibers containing quercetin were
incubated in distilled water for up to 72 h. As one can observe in Fig. 2A,
quercetin was released from Q-loaded fibers (i.e., PLA/PEO/Q) at the
concentrations between 4 pg/ml (24 h incubation of PLA/PEO/Q in
aqueous solution) and 7.5 pg/ml (72 h incubation of PLA/PEO/Q in
aqueous solution). In contrast to PLA/PEO/Q, the quercetin release from
PLA/Q did not exceed 4 pg/ml (Fig. 2A). However, quercetin was
released faster from PLA/Q than from PLA/PEQ/Q (Fig. 2A). Quercetin-
loaded fibers were also efficiently taken up by OS cells (MG-63 > SaOS-
2 > U-2 0S) (Fig. 2B). The anticancer activity of quercetin-loaded fibers
against OS cells was initially assessed using MTT assay (Fig. 2C). Three
concentrations of free quercetin (12.5, 25 and 50 pM that corresponded
to 3.75, 7.5 and 15 pg/ml) were used for comparative analysis (Fig. 2C).
Except U-2 OS cells, free quercetin was not active against OS cells and
normal BJ cells (Fig. 2C). In contrast, PLA/PEO/Q treatment resulted in
almost 50 % decrease of metabolic activity of SaOS-2 cells (p < 0.001,
Fig. 2C). The effects of quercetin-loaded fibers against normal BJ cells
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Fig. 2. PLA/Q and PLA/PEO/Q release (A), uptake (B) and mediated effects on metabolic activity (C), apoptosis induction (D) and cell number (E) in three oste-
osarcoma cell lines, namely MG-63, U-2 OS, and SaOS-2 cells. (A) The concentration of released quercetin into an aqueous solution was monitored using UV/VIS
spectroscopy between 2 and 72 h incubation in cell-free in vitro system. The concentration of quercetin (pg/ml) was calculated using the calibration curve (Fig. S8A).
The quercetin release is presented as AC (ug/ml). Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to quercetin release at time 0 (ANOVA and
Dunnett's a posteriori test), **#p < 0.001, *#p < 0.01, *p < 0.05 compared to quercetin release from PLA/PEO/Q at appropriate time point (Student's t-test). Cells
were treated with the fibers for 48 h (B-D). (B) Quercetin uptake was documented using imaging flow cytometry and dedicated software. Two parameters were
applied, namely Normalized Frequency and Intensity_ MC_Ch03. Representative microphotographs and histograms are presented. ChO1 and Ch09, bright field (BF);
Ch03, Cyanine-3 (CY3)/orange; Ch06, side scatter (SSC). (C) Metabolic activity was analyzed using MTT test. Metabolic activity at untreated conditions is considered
as 100 %. BJ human fibroblasts were used to also assess the effects of Q-loaded fibers on normal cells. (D) Apoptosis was evaluated using flow cytometry and dual
staining approach, namely Annexin V and 7-AAD staining. Four subpopulations were distinguished, namely live cells (dual staining-negative), early apoptotic cells
(Annexin V-positive), late apoptotic cells (dual staining-positive) and necrotic cells (7-AAD-positive). (E) Cell number was assessed using an automated cell counter.
Data were normalized to control conditions. Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to CTR untreated control (ANOVA and Dunnett's a
posteriori test). CTR, control conditions; Q, treatment with a free quercetin; PLA, treatment with polylactide-based fibers; PLA/Q, treatment with polylactide-based
fibers containing quercetin; PLA/PEO, treatment with polylactide and polyethylene oxide-based fibers; PLA/PEO/Q, treatment with polylactide and polyethylene
oxide-based fibers containing quercetin.
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Fig. 3. Quercetin-loaded fiber-mediated effects on cell migration (A), cell cycle progression (B) and the levels of cell cycle inhibitor p21 (C) in three osteosarcoma
cell lines, namely MG-63, U-2 OS and SaOS-2 cells. (A) Cell migration was evaluated using wound healing assay. Representative microphotographs are shown. (B)
Cells were treated with the fibers for 48 h. The phases of the cell cycle were studied using DNA content-based analysis of cell cycle using flow cytometry and
dedicated DNA staining. (C) Nuclear signals of p21 were revealed using imaging cytometry and dedicated anti-p21 antibody. Nuclear levels of p21 are shown as
relative fluorescence units (RFU). Bars indicate SD or box and whisker plots are shown, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to CTR untreated control
(ANOVA and Dunnett's a posteriori test). CTR, control conditions; PLA, treatment with polylactide-based fibers; PLA/Q, treatment with polylactide-based fibers
containing quercetin; PLA/PEO, treatment with polylactide and polyethylene oxide-based fibers; PLA/PEO/Q, treatment with polylactide and polyethylene oxide-
based fibers containing quercetin.
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were limited (Fig. 2C). We asked then if quercetin-based fiber-mediated
changes in metabolic activity of OS cells (Fig. 2C) may reflect its cyto-
toxic (apoptosis induction, Figs. 2D and S8B) or cytostatic activity (a
decrease in cell number, Fig. 2E). PLA/PEO/Q promoted a massive in-
duction of apoptotic cell death in three OS cell lines (U-2 OS>MG-63 >
Sa0S-2) (p < 0.001, Fig. 2D). PLA/Q also induced apoptosis in MG-63
and U-2 OS cells (p < 0.001, Fig. 2D). Quercetin-loaded fiber-associ-
ated apoptosis was also accompanied by a decrease in cell number of
about 50 % compared to control conditions in three OS cell lines (p <
0.001, Fig. 2E). Cytostatic activity of quercetin-based nanoplatforms
was further evaluated in OS cells (Fig. 3). PLA/PEO/Q inhibited cell
migration as judged by wound healing assay in three OS cell lines
(Fig. 3A). PLA/Q and PLA/PEO/Q caused S and G2/M cell cycle arrest in
three OS cell lines (Figs. 3B and S8C). Cytotoxic and cytostatic activity of
quercetin in cellular models of osteosarcoma was studied in almost all
cases at the concentrations ranging from 10 to 1000 pM and up to 48 h
treatment [11]. The authors reported both quercetin-mediated G1/S and
G2/M cell cycle arrest that was dependent on osteosarcoma cell line
[11]. For example, quercetin (50 pM, 48 h stimulation) affected the G2/
M phase of cell cycle of U-2 OS cisplatin (CDDP)-resistant cells that
surprisingly was accompanied by decreased expression of cyclin D1, but
not a diminution in cyclin B1 levels [32]. The authors concluded that
quercetin-mediated changes in the G2/M phase of cell cycle may be
executed by other cyclin Bl-independent mechanisms [32]. In contrast,
quercetin-mediated G2/M cell cycle arrest was accompanied by a
decrease in cyclin Bl levels and cyclin Bl-associated Cdc2 kinase ac-
tivity and an increase in Cdk-inhibitor p21<"1/WAF! Jevels in MCF-7
breast cancer cells [33]. Quercetin-induced apoptosis in MCF-7 cells
was also attenuated by the expression of antisense—leCIPl/WAFl [33].
Cytostatic activity of PLA/Q and PLA/PEO/Q was not mediated by
elevated levels of p21 in OS cells (Fig. 3C). Perhaps other cell cycle in-
hibitors are involved in PLA/Q and PLA/PEQ/Q-associated inhibition of
cell proliferation in OS cells. This issue requires further elucidation.

As quercetin-based anticancer action may be mediated by oxidative
stress and changes in the activity of signaling pathways regulating cell
survival and cell death [10-13,34], we decided then to study PLA/Q and
PLA/PEO/Q-induced redox imbalance (Figs. 4A and S9A) and phos-
phorylation status of selected kinases, namely Akt and ERK1/2 in OS
cells (Figs. 4B and S9B). Indeed, PLA/Q and PLA/PEO/Q promoted an
elevation in superoxide levels in three OS cell lines (Fig. 4A). PLA/PEO/
Q-induced oxidative stress was more pronounced than PLA/Q-induced
oxidative stress in OS cells (Fig. 4A). MG-63 cells were the most sus-
ceptible to PLA/Q and PLA/PEO/Q-associated redox disequilibrium
compared to other OS cells (Fig. 4A). PLA/Q and PLA/PEO/Q also
promoted the activation of Akt, a survival kinase in MG-63 cells (Figs. 4B
and S9B); however, this adaptive response was not able to attenuate
PLA/Q and PLA/PEO/Q-induced apoptosis in these cells (Fig. 2D). This
is also true in the case of PLA/PEO/Q-mediated increase in the levels of
phosphorylated Akt and apoptosis induction in U-2 OS cells (Figs. 2D
and 4B). In contrast, in SaOS-2 cells, quercetin-loaded fibers did not
stimulate the activity of Akt (Fig. 4B). In conclusion, Akt activation in Q-
loaded fiber-treated MG-63 and U-2 OS cells did not prevent against
apoptotic cell death and related cytotoxicity (Figs. 2D and 4B). How-
ever, quercetin-induced apoptosis in methotrexate-resistant osteosar-
coma cell line U-2 OS/MTX300 was mediated by mitochondrial
dysfunction and dephosphorylation of Akt [35]. Thus, quercetin-
mediated Akt inhibition/activation and related cancer cell fates may
depend on experimental settings.

As Akt and pAkt (S473) are client proteins of HSP90 and quercetin
can mediate its anticancer action by inhibiting the bioactivity of Akt and
heat shock proteins [10,34,36-38], the levels of HSP70 and HSP90 were
then analyzed upon PLA/Q and PLA/PEO/Q stimulations in OS cells
(Figs. 4C and S9C). PLA/Q and PLA/PEO/Q-induced Akt activity was
accompanied by elevated levels of both nuclear and cytosolic fractions
of HSP70 and HSP90 upon 48 h stimulations with quercetin-loaded fi-
bers in MG-63 cells (Fig. 4C). Similar effects, but milder, were observed
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after 24 h treatment with PLA/Q and PLA/PEO/Q in MG-63 cells
(Fig. S9C). However, HSP-mediated protective response in PLA/Q and
PLA/PEO/Q-treated MG-63 cells did not prevent or attenuate quercetin-
loaded fiber-stimulated apoptosis in these cells (Fig. 2D). In SaOS-2 and
U-2 OS cells, the effects of PLA/Q and PLA/PEO/Q on the levels of
HSP70 and HSP90 were limited (Figs. 4C and S9C). After 48 h treatment,
PLA/Q promoted the nuclear and cytosolic fractions of HSP70 in SaOS-2
cells and PLA/PEO/Q induced an increase in nuclear levels of HSP90 in
U-2 OS cells (Fig. 4C). According to the literature, there are no data on
quercetin-mediated effects on heat shock protein pools and related
cytotoxicity in osteosarcoma. The levels of heat shock factor 1 (HSF1),
HSP27 and HSP70 were compared in quercetin-treated neuroblastoma
and Ewing's sarcoma cells [39]. The authors concluded that quercetin-
based anti-proliferative effect was more pronounced in neuroblastoma
cells with massive decrease in HSP levels compared to Ewing's sarcoma
cells [39]. Moreover, HSP inhibition by quercetin potentiated sensitivity
to doxorubicin [39].

3.3. The anticancer activity of quercetin-loaded fibers against breast
cancer cells

The utility of quercetin-loaded fibers as anticancer universal nano-
platform was further studied using six breast cancer cell lines with
different receptor and mutation status varying in drug responses,
namely HER2-positive SK-BR-3 cells, ER-positive MCF-7 cells and four
triple negative breast cancer (TNBC) cell lines MDA-MB-231, MDA-MB-
468, Hs 578T, and BT-20 cells [30,31]. Imaging flow cytometric-based
analysis revealed that PLA/Q and PLA/PEO/Q were efficiently taken
up by six breast cancer cell lines (Fig. 5A). Similar to OS cells (Fig. 2C),
free quercetin did not affect the metabolic activity of SK-BR-3, MCF-7
and MDA-MB-231 cells (Fig. 5B). The metabolic activity of SK-BR-3 was
also not affected when these cells were stimulated with quercetin-loaded
fibers (Fig. 5B). In contrast, TNBC, especially MDA-MB-468 cells, were
the most sensitive to PLA/Q and PLA/PEO/Q treatments compared to
other breast cancer cells, as judged by MTT results (Fig. 5B). MDA-MB-
468 and SK-BR-3 cells were the most and least susceptible to PLA/Q and
PLA/PEO/Q-mediated apoptotic cell death compared to other breast
cancer cells, respectively (Figs. 5C and S10A). Except of Hs 578T cells,
PLA/PEO/Q-induced apoptosis was more pronounced than PLA/Q-
promoted apoptosis in breast cancer cells (Figs. 5C and S10A). A sys-
temic review demonstrated that quercetin may promote apoptosis in
both ER-positive and triple negative breast cancer cells that was medi-
ated by different mechanisms, for example, oxidative stress, mitochon-
drial  dysfunction, wupregulation of proapoptotic proteins,
downregulation of antiapoptotic proteins and cell cycle regulatory
proteins [34]. Quercetin was also reported to reverse tamoxifen resis-
tance in breast cancer cells by downregulation of HER2 (human
epidermal growth factor receptor 2) [40]. Thus, quercetin may also limit
HER2-mediated neoplastic effects in breast cancer cells [40].

We were then interested if quercetin-loaded fibers may also promote
HSP-mediated protective response in breast cancer cells as observed for
osteosarcoma cells (Fig. 4C). First, the basal levels of HSP70 and HSP90
were compared in six phenotypically different breast cancer cells
(Fig. 6A). MDA-MB-468 and SK-BR-3 cells were characterized by the
highest levels of both HSP proteins compared to other breast cancer cells
in control conditions (Fig. 6A). In contrast, the control levels of HSP70
and HSP90 were the lowest in MDA-MB-231 and Hs 578T that may
modulate HSP-based stress responses. Six breast cancer cell lines were
then incubated with PLA/PEO/Q and the levels of HSP70 and HSP90
were monitored and compared to PLA/PEO treatment (Fig. 6B). Upon
PLA/PEO/Q stimulation, HSP-mediated response was the most pro-
nounced in TNBC cells (Fig. 6B). The highest increase in HSP70 and
HSP90 levels was observed in PLA/PEO/Q-treated Hs 578T cells
(Fig. 6B). In contrast, PLA/PEO/Q did not affect the levels of HSP70 and
HSP90 in SK-BR-3 cells (Fig. 6B). However, HSP-based adaptive
response in PLA/PEO/Q-stimulated TNBC cells did not result in the
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Fig. 4. Quercetin-loaded fiber-mediated oxidative stress (A), activation of Akt and ERK1/2 (B), and changes in the levels of heat shock proteins (HSP70 and HSP90)
(C) in three osteosarcoma cell lines, namely MG-63, U-2 OS, and SaOS-2 cells. Cells were treated with the fibers for 48 h. (A) Oxidative stress marker was considered,
namely the levels of superoxide. Superoxide levels were assessed using flow cytometry and dihydroethidium staining. Two subpopulations were revealed, namely
superoxide-positive and superoxide-negative cells. (B) The activation of Akt and ERK1/2 was analyzed as phosphorylation status of Akt and ERK1/2 using flow
cytometry and dedicated anti-phospho-Akt and anti-phospho-ERK1/2 antibodies. Cells with single activation (Akt activation or ERK1/2 activation) and dual acti-
vation (Akt activation and ERK1/2 activation) were distinguished. (C) Immunofluorescence-based analysis of nuclear and cytoplasmic levels of HSP70 and HSP90
was performed using imaging cytometry and dedicated anti-HSP70 and anti-HSP90 antibodies. Nuclear and cytoplasmic levels of HSP70 and HSP90 are presented as
relative fluorescence units (RFU). Bars indicate SD or box and whisker plots are shown, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to CTR untreated control
(ANOVA and Dunnett's a posteriori test). CTR, control conditions; PLA, treatment with polylactide-based fibers; PLA/Q, treatment with polylactide-based fibers
containing quercetin; PLA/PEO, treatment with polylactide and polyethylene oxide-based fibers; PLA/PEO/Q, treatment with polylactide and polyethylene oxide-
based fibers containing quercetin.
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Fig. 5. PLA/Q and PLA/PEO/Q uptake (A), mediated metabolic activity (B) and apoptosis induction (C) in six breast cancer cell lines, namely SK-BR-3, MCF-7, MDA-
MB-231, MDA-MB-468, Hs 578T, and BT-20 cells. Cells were treated with the fibers for 48 h. (A) Quercetin uptake was documented using imaging flow cytometry
and dedicated software. Two parameters were applied, namely Normalized Frequency and Intensity MC_ChO03. Representative microphotographs and histograms are
presented. Ch01, bright field (BF); Ch03, Cyanine-3 (CY3)/orange. (B) Metabolic activity was analyzed using MTT test. Metabolic activity at untreated conditions is
considered as 100 %. (D) Apoptosis was evaluated using flow cytometry and dual staining approach, namely Annexin V and 7-AAD staining. Four subpopulations
were distinguished, namely live cells (dual staining-negative), early apoptotic cells (Annexin V-positive), late apoptotic cells (dual staining-positive) and necrotic
cells (7-AAD-positive). Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to CTR untreated control (ANOVA and Dunnett's a posteriori test). CTR,
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Fig. 6. Comparative analysis of HSP70 and HSP90 pools in untreated conditions (A), PLA/PEO/Q-mediated changes in HSP70 and HSP90 levels (B) and quercetin-
associated stability of HSP70 (C) in six breast cancer cell lines, namely SK-BR-3, MCF-7, MDA-MB-231, MDA-MB-468, Hs 578T, and BT-20 cells. The basal levels of
HSP70 and HSP90 (A) and upon stimulation with PLA/PEO/Q (B, cells were treated with the fibers for 48 h) were determined using imaging flow cytometry and
dedicated anti-HSP70 and anti-HSP90 antibodies. Representative microphotographs and histograms are presented. ChO1 and Ch09, bright field (BF); Ch04, Texas
Red (TR); Ch11, Cyanine-5 (CY5). (C) The interactions between quercetin and HSP70 in Hs 578T cells were studied using cellular thermal shift assay (CETSA). Upon
stimulation with quercetin (Q), western blotting protocol was performed using dedicated anti-HSP70 antibody. Representative blots and densitometric analysis are
shown. Data were normalized to DMSO-treated cells (DMSO was used to dissolve quercetin). A decrease in HSP70 levels indicated limited stability of HSP70 upon Q
treatment. Bars indicate SD, n = 3, *p < 0.05 compared to DMSO-treated cells (ANOVA and Dunnett's a posteriori test). DMSO, treatment with dimethyl sulfoxide; Q,
treatment with quercetin; PLA/PEO, treatment with polylactide and polyethylene oxide-based fibers; PLA/PEO/Q, treatment with polylactide and polyethylene

oxide-based fibers containing quercetin.

suppression of apoptotic cell death (Fig. 5C). Thus, increased levels of
HSP70 and HSP90 did not protect against PLA/PEO/Q-induced
apoptosis in osteosarcoma (Figs. 2D and 4C) and breast cancer cells
(Figs. 5C and 6B). Heat shock proteins are commonly overexpressed in
breast cancer that may promote cell proliferation, apoptosis resistance,
and result in poor clinical outcomes [41]. Quercetin is reported to be a
heat shock protein inhibitor that induced apoptosis in breast cancer cells
[38,42,43]. For example, 48 h treatment with 25 pM quercetin signifi-
cantly decreased the levels of HSP27, HSP70 and HSP90 in MCF-7 and
MDA-MB-231 cells [38]. As HSP-based response was the most pro-
nounced in PLA/PEO/Q-treated Hs 578T cells (Fig. 6B), these cells were
also used to study the effect of quercetin on HSP70 stabilization/
degradation using cellular thermal shift assay (CETSA) (Fig. 6C). Hs
578T cells were incubated with 50 uM quercetin for 24 h that did not
show any HSP70 stabilizing effect of quercetin (Fig. 6C). Instead,
quercetin limited thermal stability of HSP70 as judged by decreased
levels of HSP70 in quercetin-treated Hs 578T cells (Fig. 6C). Thus, the
effects of PLA/PEO/Q (Fig. 6B) and free quercetin (Fig. 6C) on heat
shock proteins may be diverse in Hs 578T cells.

To the best of our knowledge, there are no data on the broad-
spectrum anticancer potential of PLA/Q and PLA/PEO/Q-based fibers.
In general, quercetin containing electrospun fibers are studied in terms
of antibacterial activity as a part of wound dressing [44]. For example,
electrospun nanofiber membranes (ENM) consisting of polycaprolactone
(PCL), chitosan oligosaccharides (COS) and quercetin/rutin were
fabricated and tested as the potential bioactive dressing for wound
healing [44]. The authors concluded that PCL-COS-quercetin membrane
possessed superior performance among all nanofiber membranes [44].
Co-axial electrospinning was also used to obtain colon-specific nano-
delivery system for quercetin based on chitosan nanoparticles [14,15].
However, this nano-system containing quercetin was tested against only
one colon cancer cell line, namely Caco-2 cells [14,15]. Q-loaded elec-
trospun fiber mat caused GO/G1l cell cycle arrest and promoted
apoptosis in Caco-2 cells [14,15]. The authors concluded that Q-loaded
electrospun fiber mat may be considered as a promising form in the oral
therapy of colon disorders [14,15]. More recently, anticancer activity of
electrospun cellulose acetate (CA) and polyethylene glycol (PEG) fibers
containing 5 % quercetin was analyzed using a cervical cancer model in
vitro, namely HeLa cells [16]. Q-loaded CA-PEG fibers induced apoptosis
in HeLa cells as judged by AO/EtBr dual staining; however, Q-loaded
electrospun fiber mat-mediated apoptosis was not documented in other
cancer cells [16].

According to the literature data, there were numerous attempts to
improve water solubility, chemical stability and bioavailability of
quercetin by using different non-electrospun fiber-based delivery sys-
tems such as lipid-based carriers, polymer nanoparticles, inclusion
complexes, micelles, and conjugates [28,45-47]. Advantages and
shortcomings have been reported for each quercetin delivery system,
and the use of particular DDS should be based on particular application
field [28,45-47]. For example, the use of solid lipid nanoparticles (SLN)
may be limited due to tendency to aggregation, recrystallization risk,
and low encapsulation loading [45]. Furthermore, liposome-based sys-
tems are characterized by relatively low stability at acidic pH and high
cost of raw materials, whereas conjugate-based carriers require complex
preparation methods and are sensitive to pH [45]. Several disadvantages
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of using micelles as quercetin carriers have been also reported, namely
limited solubilization capacity and high amount of surfactants or surface
active agents that are needed for encapsulation [45].

3.4. Hemocompatibility of PLA/Q and PLA/PEO/Q

We have already observed that 48 h treatments with PLA/Q and
PLA/PEO/Q had limited effects against normal human fibroblasts
(Fig. 2C). Whole blood samples were also treated with quercetin-loaded
fibers and their hemocompatibility was assessed using in vitro hemolysis
test (Fig. S10B). Hemolytic activity of PLA/Q and PLA/PEO/Q was
compared to KCl treatment (a positive control of hemolysis, 100 % of
hemolysis) (Fig. S10B). 24 h stimulation with PLA/Q and PLA/PEO/Q
resulted in 10 and 15 % of hemolysis compared to KCl-treated samples,
respectively (Fig. S10B). However, prolonged treatment (48 h) with
PLA/Q and PLA/PEO/Q caused 30 and 40 % of hemolysis compared to
positive control (Fig. S10B). Thus, one can conclude that erythrocytes
are relatively more sensitive to PLA/Q and PLA/PEO/Q treatments than
fibroblasts (Figs. 2C and S10B).

4. Conclusions

In the present study, electrospun fibers based on polylactide, poly-
ethylene oxide and quercetin were developed and their anticancer ac-
tivity was tested for the first time using two types of cellular cancer
models in vitro, namely osteosarcoma and breast cancer cells with
different receptor status. Quercetin-loaded fibers were more effective
against cancer cells compared to the action of free quercetin. Quercetin-
loaded fiber-based anticancer effects were mediated by the induction of
oxidative stress, cell cycle arrest and apoptosis, and inhibition of cell
migration. Selective anticancer potential of quercetin-loaded fibers were
documented, as judged by its limited effects against normal cells. We
propose that electrospun fiber-based micro- and nano-system can be
considered as a novel approach for efficient quercetin delivery to cancer
cells and quercetin-mediated elimination of cancer cells by apoptotic
cell death.
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