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ABSTRACT: In recent years, amount of evidence suggests that silibinin (SLB), an active constituent isolated from the
seeds of Silybum marianum, possesses pleiotropic anticancer effects in different cancers. In this study, poly (lactic-co-
glycolic acid) (PLGA) polymer was used to fabricate SLB containing nanofibers (NFs) by the electrospinning method.
The NFs were characterized by their unique morphological features, degradation rate, and drug release profile. The
cytotoxic effects, production of intracellular reactive oxygen species (ROS), and the gene expression of apoptotic
proteins were investigated in A549 human lung adenocarcinoma cells and normal human lung epithelial cell line
(BEAS-2B cells) treated with free SLB and SLB-loaded PLGA NFs. The results indicated that both free SLB and SLB-
loaded NFs had no effect on BEAS-2B cells, but were cytotoxic against A549 cells, increasing intracellular ROS levels
in cancer cells. In addition, both agents induced the gene expression of apoptotic proteins, and the SLB-loaded NFs
acted more efficiently than the free SLB. With further study, hence, the SLB-loaded NFs could be potentially used as an

anti-cancer agent against human lung adenocarcinoma.
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INTRODUCTION

Lung cancer is one of the most commonly diagnosed
cancers worldwide, making up almost 25% of all can-
cer deaths [1,2]. 5-year survival rate for lung cancer
is as low as 18%. The survival rate is improved to
54% with non-metastatic disease, making feasible the
surgical removal of the primary mass [3]. Still, the
early-stage lung cancer survival is considerably poor in
comparison to surgical outcomes for early-stage breast
and prostate cancers where 5-year survival rates are
higher than 90% [4]. Lung cancer compromises the
lung function. Therefore, massive local excision of
the tumor, i.e. lobectomy, exacerbates the already
limited pulmonary function. While on the other hand,
wedge resection preserves lung tissue, the cancer re-
currence rate is increased up to two-fold caused by the
remaining tumor cells at the resection site [5]. Since
2-year survival diminishes to as low as 20%, further
surgical resection is not warranted; and chemotherapy
and radiotherapy are largely palliative [6]. Therefore,
devising novel measures to efficiently control the local
recurrence rate of lung cancer is highly needed.
Localized implantable devices are novel drug de-
livery systems that guarantee the high concentration
of the drugs at the tumor site with the advantage
of low systemic side effects by circumventing the
systemic circulation [7,8]. Polymeric electrospun
nanofibers (NFs) are localized implantable devices
known for their nano-scale sizes, adjustable surface
morphology, similar structure to the extracellular ma-
trix (ECM), favourable surface area to volume ratio,
and higher drug-loading volume with the capacity to
co-deliver various therapeutic agents [9, 10]. Electro-

spinning is an efficient technique for constructing NFs
from diverse substances like composites and ceramics
[11,12]. The therapeutic agents are incorporated into
the NFs through various electrospinning methods like
blend, coaxial, and emulsion electrospinning [13, 14].

Silibinin (SLB), a flavonoid compound isolated
from Silybum marianum with anti-proliferative and
apoptotic effects both in vitro and in vivo, has been
implemented as a chemopreventive agent [15,16].
SLB has a negligible effect on non-cancerous cells, and
phase I studies on humans have revealed that SLB is
well tolerated in patients with prostate cancer [17].
SLB exerts antitumor effects by various mechanisms
including mitochondrial outer membrane permeabili-
sation, inhibition of apoptosis, cell proliferation, angio-
genesis, and metastasis, induction of cell cycle arrest,
and increasing the generation of intracellular reactive
oxygen species (ROS) [18,19]. SLB has anti-cancer
effects against various cancers including prostate [20],
colorectal [21], and breast cancers [22]. Moreover, its
activity against lung cancer is thoroughly investigated
and well documented [23].

In the present study, we examined the practicabil-
ity of SLB loading onto poly (D,L-lactide-co-glycolide)
(PLGA) NFs by blend electrospinning technique, aim-
ing to utilize it as an implantable drug for the treat-
ment of lung cancer and for the prevention of disease
recurrence. Since PLGAs are highly biodegradable
and biocompatible NFs for the delivery of anti-cancer
agents [24], PLGA NFs opted for the nanoencapsu-
lation purposes. To investigate comparatively the in
vitro cytotoxic effects, the degree of ROS production,
as well as the apoptosis induction, A549 human lung
adenocarcinoma cells were treated with both free SLB
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and SLB-loaded PLGA NFs.

MATERIALS AND METHODS
Materials

The A549 human lung adenocarcinoma cells and
human normal lung epithelial cells (BEAS-2B) were
obtained from the Pasteur Institute of Iran. Fetal
Bovine Serum (FBS) and RPMI1640 were provided
from Gibco, Invitrogen, UK. Penicillin G, streptomycin,
silibilin, poly(D,Llactide-co-glycolide) (PLGA, Mw 38—
54 kDa, lactide:glycolide = 50:50), dichloromethane,
methanol, dimethyl sulfoxide (DMSO), 3(4,5-dimethyl
thiazol-2-yl)2, 5-diphenyl-tetrazolium  bromide
(MTT), and 2/,7'-dichlorofluorescein  diacetate
(DCFDA) were obtained from Sigma-Aldrich (St Louis,
Missouri, USA). TRIzol reagent was obtained from
Invitrogen, Carlsbad, CA, USA. Revert Aid First-strand
cDNA Synthesis Kit was obtained from Fermentas,
St Leon-Rot, Germany. SYBR Green Master Mix was
purchased from Takara, Kusatsu, Japan.

Electrospinning

A mixture of dichloromethane and methanol (4:1, v/v)
at a concentration of 20% (w/v) was implemented
to dissolve PLGA for the preparation of an electro-
spinnable solution. To gain 20% (wt/wt %) SLB-
PLGA NFs, 1 g of SLB was added into 5 g of PLGA
solution and stirred magnetically overnight at 25 °C.
Then, the solution was loaded into a 10 ml plastic
syringe with a blunted 22-gauge needle and introduced
into the electrospinning system (FNM Ltd., Iran). The
electrospinning was performed at a voltage of 22 kV
with a flow rate of 1.0 ml/h, and a needle-to-collector
distance of 200 mm. Ultimately, the manufactured
electrospun NFs were collected on a foil-coated rotat-
ing collector and subsequently dried overnight under a
vacuum oven to remove the residual solvents.

Fiber characterization

Field emission scanning electron microscopy (FE-SEM)
(MIRA3 TESCAN, Czech) with an accelerating voltage
of 10 kV was utilized to evaluate the morphological
features of the NFs. The mean diameter of the mats
was quantitated by the image analysis software (Im-
age J, National Institutes of Health, Bethesda, VA)
through measuring the diameter of 100 randomly
selected fibers from the FE-SEM photographs. The
crystallinity of SLB-loaded PLGA NFs were examined
by X-ray diffraction (Bruker AXS model D8Advance
diffractometer using CuKa radiation (A = 1.542 A
with the Bragg angle ranging from 10° to 70°. To
examine the fiber degradation rate, 10 mg of the NFs
were incubated with 2 ml of phosphate buffer solution
(PBS, pH 7.4) at 37 °C; and the samples were obtained,
vacuum-dried for 24 h, and weighed at different times.
To obtain the degradation rate of the electrospun NFs,
the weight of the samples was plotted against time.
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In vitro drug release profile

The SLB release pattern from the NFs was calculated in
PBS buffer at 37 °C and the normal pH of extracellular
fluid (pH 7.4) and the acidic environment around
tumor cells (pH~5.5). 10 mg of dried SLB-loaded
PLGA NFs were put into 1 ml PBS under shaking at
60 rpm and 37°C. At established times, the 1 ml PBS
was replaced with 1 ml fresh PBS. Lambda 950 Visible-
UV spectrophotometer (PerkinElmer Fremont, CA) was
utilized to calculate the amount of SLB in the collected
PBS via a calibration curve at the wavelength that
SLB exhibits the maximum absorbance (237 nm). The
accumulative discharge of SLB from the PLGA fibers
was calculated as a function of incubation time.

In vitro cytotoxicity assay

The cytotoxicity of free SLB and SLB-loaded PLGA NFs
against A549 non-small cell lung cancer cells was eval-
uated using the MTT colorimetric assay. In summary,
a density of 100 cell/cm? was added in 24-well plates
and incubated at 37 °C overnight for attachment of the
NFs. Then, the cells in 1 ml media were treated with
10 mM and 20 mM of free SLB as well as the SLB-
PLGA NFs in which the amount of drug was determined
to be equal with the applied free drug concentrations,
and incubated at 37 °C in 5% CO, for 48 h. Next, the
media was discarded and the cells were incubated with
100 pl of MTT solution at 37 °C for 4 h. Afterward, the
solution was removed, and 200 ul DMSO was added to
the wells to dissolve formazan crystals. Finally, 100 ul
of each sample was added to each well of the 96-well
plate, and absorbance at 570 nm was determined using
ELISA reader (Dynex MRX). The relative viability of
the cells was measured by OD test/OD control x 100%,
and the average value from three measurements was
obtained.

Reactive oxygen species (ROS) determination

Intracellular ROS levels were quantitated via
the peroxide-dependent oxidation of the cell-
permeable fluorogenic probe 2’,7’ dichlorofluorescein
diacetate (DCFDA) to the highly fluorescent 2’,7'-
dichlorofluorescein (DCF). The A549 lung cancer cells
were carried into black 96 well plates at a density of
104 cell/ecm? and incubated for 24 h. Next, the cells
were washed with PBS, and 20 uM of DCFDA was
added to each well. After penetrating into the cells,
DCFDA was hydrolyzed to the cell impermeable DCE
Then, cells were incubated for 45 min at 37°C, the
supernatant was removed, and the cells were exposed
to free SLB and SLB-loaded PLGA NFs in PBS for
0.5-4 h. The generation of ROS in response to free
SLB and SLB-loaded PLGA NFs were measured by
quantitating the oxidation of DCFDA to the fluorescent
DCF via a Synergy HT fluorescent plate reader at
excitation/emission wavelength = 480/530 nm.


http://www.scienceasia.org/
www.scienceasia.org

ScienceAsia 49 (2023)

Real-time quantitative PCR

The in vitro capability of the free SLB and the SLB-
loaded PLGA NFs to alter the mRNA levels of apoptotic
genes (Bax, Bcl-2, caspase-3, and caspase-9) in A549
lung cancer cells were assayed by real-time quantita-
tive PCR (qRT-PCR). The cells were exposed to free
SLB and SLB-loaded PLGA NFs for 48 h. Then, the
total RNA of the cells was extracted using the TRIzol
reagent. The quality and quantity of the extracted
RNA were assessed by electrophoresis on 1.5% agarose
and 0D260/280 ratio measurements via UV-Vis spec-
trophotometry (NanoDrop, Thermo Fisher Scientific
Inc, USA), respectively. Equal amounts of RNA from
individual samples were used to generate cDNA by
the use of Revert Aid First-strand cDNA Synthesis Kit.
Next, specific primers (Takapou Zist Co., Iran) and
SYBR Green Master Mix were utilized to amplify the
synthesized cDNAs via qRT-PCR. The sequence of qRT-
PCR reactions in a Rotor-Gene™ 6000 system (Corbett
Research, Australia) was as follows: initial denatura-
tion at 95 °C for 10 min; then cycles of denaturation at
95°C for 15 s, annealing at 60 °C for 30 s, and extension
at 72°C for 30 s. Finally, amplicons were analyzed
by melting curve analysis of 70°C-95 °C. To measure
the relative gene fold changes, the comparative Ct
method (2722€T) was adopted, and the validation of
the expression of the target genes was normalized to
the housekeeping gene Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).

Statistical analysis

All tests were performed in triplicate and data were
expressed as the mean =+ standard deviation (SD). Sta-
tistically, differences between groups were measured
by applying a one-way ANOVA test through GraphPad

Prism 7.01. A value of p < 0.05 was considered
statistically significant.
RESULTS

Fiber characterization

Blend electrospinning was performed to generate
PLGA NFs containing SLB. Fig. 1 shows FE-SEM mi-
crographs of the neat PLGA and SLB-loaded PLGA
NFs. Both types could be transformed into a bead-
free, smooth surface, randomly-oriented electrospun
NFs with a well-interconnected porosity which can
augment the tumor cell trapping and prevent cell
migration and metastasis.

The mean diameters of the neat PLGA NFs and
the SLB-loaded PLGA NFs were 330+65 nm and
370+51 nm, respectively. Loading SLB into PLGA
NFs slightly increases the fiber diameter. To examine
the crystallization characteristics of SLB in the PLGA
NFs, XRD analysis was performed. The XRD patterns
of pure SLB, PLGA, and SLB-loaded PLGA NFs were
demonstrated in Fig. 2. The sharp peaks of pure SLB,
especially at 20 angles, were 15°, 20°, 22°, 30°, and
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42° denoting the crystalline form of pure SLB. The
diffractograms of SLB-PLGA revealed the shapeless
state of the polymer. In the XRD of the PLGA, low-
intensity peaks across the range of 15-25 6 were
noted, resembling a dome-shaped graph. It could be
deduced that a relative amount of SLB existed on or
close to the surface of the NFs, since internalization of
the agent into the NFs stopped recrystallization of SLB
as the crystal nucleation was inhibited.

In vitro degradation

Fig. 3A shows the in vitro matrix degradation rates of
the neat PLGA and SLB-loaded PLGA NFs. During the
first 3 days, no loss of NFs was detected. However, in
the following days, degradation of the PLGA occurred
at a relatively constant rate due to the low molecular
weight of the material. The degradation rates of the
neat PLGA NFs and SLB-loaded PLGA NFs were almost
identical since the amount of SLB loaded onto PLGA
NFs was relatively low and constituted a small portion
of the total weight of the fibers.

Release profile

The cumulative SLB release from the PLGA NFs was
examined at pH 7.4 and pH 6.0. As shown in Fig. 3B,
SLB release had two consecutive phases: the initial
rapid phase over 72 h during which almost 69% of the
SLB was released and the late constant phase in which
the remaining SLB was slowly discharged over a 16-day
period. Furthermore, no difference was noted between
the release pattern of SLB at pH = 5.5 and pH 7.4.

Cytotoxic effects

The cytotoxicity of both pure and NF-loaded SLB was
examined in A549 lung cancer cells by the MTT assay
(Fig. 4A). Increasing concentrations of SLB led to re-
duced cell viability in a dose-dependent manner. Based
on these preliminary findings, the 20 mM dose of SLB
was selected for further evaluation. By mass molarity
calculation and by measuring the amount of SLB in a
fixed weight of NFs using UV-vis spectroscopy at A,
of SLB (237 nm), 120 mg of NFs containing 2.5 mg
of SLB in 1 ml media equal to 20 mM of free SLB
was chosen for MTT assay. As shown in Fig. 4B, neat
NFs, free SLB, and SLB-NFs had no significant effect
on the viability of normal human lung epithelial cell
line (BEAS-2B cells). While SLB significantly reduced
the viability of A549 lung cancer cells, the SLB-loaded
NFs further diminished the viability; and the difference
between free SLB and SLB-loaded NFs was statistically
significant (Fig. 4C).

Generation of ROS

The ROS generation in A549 lung cancer cells treated
with free SLB and SLB-loaded NFs was examined at
different time intervals in tissue culture polystyrene
(TCP) control group and unloaded neat NFs group.
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Fig. 2 XRD patterns of pure SLB, PLGA NFs, and SLB-loaded
PLGA NFs.

However, SLB-loaded NFs significantly and time-
dependently elevated the intracellular levels of ROS
(Fig. 5). As noted in Fig. 5, free SLB was also capable
of increasing the intracellular levels of ROS; however,
SLB-loaded NFs acted more efficiently compared with
free SLB.

Apoptosis related gene expression

The gene expression of proteins involved in apoptosis
was investigated (Fig. 6). The results revealed that
both free SLB and SLB-loaded NFs increased the gene
expression of apoptotic proteins Bax, caspase 3, and
caspase 9; and meanwhile, both agents reduced the
gene expression of anti-apoptotic proteins Bcl-2 and
hTERT. Generally, SLB-loaded NFs performed more
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efficiently than free SLB. It should be underlined that
the expression of all above-mentioned genes remained
unchanged in TCP control group and neat unloaded
NFs group.

DISCUSSION

The findings of the present investigation demonstrated
that SLB-loaded NFs had cytotoxic effects on the A549
lung cancer cells and induced the apoptotic genes.
However, further in-depth studies are essential to eval-
uate the in vivo efficiency of the compound, and to
elucidate the related molecular mechanisms.

As underlined in the results section, the release
of SLB from the PLGA NFs had a biphasic pattern; an
initial rapid phase and a late gradual phase. The initial
rapid release could be the consequence of the diffusion
of SLB located on the surfaces of the NFs; however,
the sustained discharge of SLB could be ascribed to
the slow degradation of PLGA NFs [25]. This was
supported by the finding that the weight of the PLGA
NFs remained relatively constant in the initial phase
and then began to decrease gradually. Mirzaeei et al
incorporated amoxicillin and metronidazole on PLGA
electrospun NFs and found that about 80% of the
agents were released over the initial 90 h, followed
by a gradual liberation of the agents over the next
200 h [26]. Likewise, releases of artemisinin from the
polycaprolactone/collagen NFs demonstrated a simi-
lar biphasic release pattern [27,28]. Moreover, the
release pattern of SLB did not change in pH 5.5 and
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* indicates a significant difference at p < 0.05. Values are expressed as mean =+ SD of three parallel measurements.

pH 7.4; this is important because local hypoxemia
acidifies the environment around the tumors, thereby
altering the kinetics of the released drug [29]. We
found that SLB-loaded NFs were more cytotoxic to
A549 lung cancer cells in comparison to the free SLB.
This is attributed to the fact that the free drug is
susceptible to degradation and is rapidly metabolized
and inactivated by the cells. However, a substantial

amount of drug loaded on the PLGA nano scaffold is
rapidly diffused out, exerting its therapeutic effects,
followed by the second stage drug release owing to
the gradual degradation of PLGA NFs and sustained
release of the drug, rendering the intact therapeutic
substance available for much longer periods which
enhances its therapeutic efficiency [30].

Cancer cells have higher levels of ROS compared
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with normal cells due to increased cell metabolism;
however, the redox balance is maintained in cancer
cells caused by elevated antioxidant capacity. It is
now known that most chemotherapeutic drugs exert
oxidative stress by induction of ROS generation or
by inhibition of antioxidant pathways. Therefore,
redox balance is disturbed in cancer cells and initiates
ROS-mediated cell damage in tumor cells [31]. In
the present work, it was shown that SLB elevated
intracellular levels of ROS in A549 cells. In line
with these findings, Kim et al [32] demonstrated that
SLB increased the production of ROS in breast cancer
cells by downregulating the notch-1/ERK/Akt signal-
ing pathways and consequently inducing cell death.
Apoptosis is a process of programmed cell death
mediated by a cascade of consecutive proteins es-
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pecially caspases, that are activated upon exposure
to ionizing radiation and chemotherapeutic agents
[33,34]. It had been shown that SLB induced apop-
tosis by inducing the cleavage of caspase 3 and poly
(ADO-ribose) polymerase 1 (PARP-1), triggering cell
death in glioblastoma cell lines [35]. Moreover, it
was demonstrated that the treatment of pancreatic
cancer cells (SW1990) with SLB at the concentration
of 200 uM increased the population of apoptotic cells
to 27.69%, while the apoptotic rate in the normal pan-
creatic cells was only 8.84% [36]. The Bcl-2 family, the
principal regulators of apoptosis, consists of proteins
that either induce or oppose apoptosis. The increased
ratio of pro-apoptotic Bax to anti-apoptotic Bcl-2 and
Bcl-xL. proteins triggers apoptosis and leads to in-
creased permeability of the outer membranes of the
mitochondria [37]. Furthermore, human telomerase
reverse transcriptase (hTERT) is the catalytic subunit
of telomerase holoenzyme, increased expression of
which augments telomerase activity in cancer cells
that opposes apoptosis and maintains cell longevity
[38,39]. In the present study, we demonstrated that
SLB was capable of increasing the gene expression of
apoptotic proteins bax, caspase 3, and caspase 9; and
reducing the gene expression of anti-apoptotic proteins
bel-2 and hTERT in A549 cells. These findings were in
line with the results obtained by Amirsaadat et al [18]
that showed SLB-loaded nanoparticles downregulated
the gene expression of hTERT in A549 lung cancer
cells.

CONCLUSION

To obtain SLB loaded PLGA NFs, we utilized the blend
electrospinning technique. Nearly 70% of SLB was
released initially during the first 3 days, followed by a
sustained SLB discharge owing to the gradual degrada-
tion of the nanofibrous scaffold. It was found that SLB-
loaded NFs were more effective in terms of cytotoxic
properties against A549 lung cancer cells compared
with free SLB due to constant release and availability
of the drug during the treatment period. Moreover,
SLB-loaded NFs significantly increased the intracellu-
lar ROS generation, a determining factor in inducing
cell apoptosis. This was supported by the finding that
the gene expression of pro-apoptotic genes, including
bax, caspase 3, and caspase 9, were upregulated; and
simultaneously, the gene expression of anti-apoptotic
genes, including bcl-2 and hTERT, were downregulated
in the A549 lung cancer cells. In conclusion, the SLB-
loaded PLGA NFs could potentially be used as the
implantable drug delivery system for the prevention of
lung cancer re-emergence after surgical resection.
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