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a b s t r a c t

Many studies have so far confirmed the efficiency of phytochemicals in the treatment of prostate cancer.
Eupatorin, a flavonoid with a wide range of phytomedical activities, suppresses proliferation of and in-
duces apoptosis of multiple cancer cell lines. However, low solubility, poor bioavailability, and rapid
degradation limit its efficacy. The aim of our study was to evaluate whether the use of mPEG-b-poly
(lactic-co-glycolic) acid (PLGA) coated iron oxide nanoparticles as a carrier could enhance the therapeutic
efficacy of eupatorin in DU-145 and LNcaP human prostate cancer cell lines. Nanoparticles were prepared
by the co-precipitation method and were fully characterized for morphology, surface charge, particle
size, drug loading, encapsulation efficiency and in vitro drug-release profile. The inhibitory effect of
nanoparticles on cell viability was evaluated by MTT test. Apoptosis was then determined by Hoechest
staining, cell cycle analysis, NO production, annexin/propidium iodide (PI) assay, and Western blotting.
The results indicated that eupatorin was successfully entrapped in Fe3O4@mPEG-b-PLGA nanoparticles
with an efficacy of (90.99 ± 2.1)%. The nanoparticle’s size was around (58.5 ± 4) nm with a negative
surface charge [(�34.16 ± 1.3) mV]. In vitro release investigation showed a 30% initial burst release of
eupatorin in 24 h, followed by sustained release over 200 h. The MTT assay indicated that eupatorin-
loaded Fe3O4@mPEG-b-PLGA nanoparticles exhibited a significant decrease in the growth rate of DU-145
and LNcaP cells and their IC50 concentrations were 100 mM and 75 mM, respectively. Next, apoptosis was
confirmed by nuclear condensation, enhancement of cell population in the sub-G1 phase and increased
NO level. Annexin/PI analysis demonstrated that eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles
could increase apoptosis and decrease necrosis frequency. Finally, Western blotting analysis confirmed
these results and showed that Bax/Bcl-2 ratio and the cleaved caspase-3 level were up-regulated by the
designing nanoparticles. Encapsulation of eupatorin in Fe3O4@mPEG-b-PLGA nanoparticles increased its
anticancer effects in prostate cancer cell lines as compared to free eupatorin. Based on these results, this
formulation can provide a sustained eupatorin-delivery system for cancer treatment with the drug
remaining active at a significantly lower dose, making it a suitable candidate for pharmacological uses.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Prostate cancer is the second most common cancer among men
and the fourth most common cancer all over the world. Almost 1.3
University.
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million new cases of prostate cancer and 359,000 associated deaths
worldwide were estimated in 2018 [1]. During the past few de-
cades, prostate cancer incidence was reported to be much lower
among Asian people [2]. One basic reason is that their normal meal
contains flavonoids-rich components (from vegetables, fruits, and
other natural products) [3].

Flavonoids are widely identified as a class of natural products
with cancer protective properties through multifactorial pathways
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[4]. Eupatorin, a natural methoxyflavone isolated from several
plants, has been shown to exhibit anti-proliferative [5], anti-
angiogenesis [6], anti-inflammatory [7] and cytotoxic properties
[8] in cell culture studies in vitro and in vivo.

Although the use of natural products for the prevention and
treatment of prostate cancer has shown promising results in pre-
clinical testing, their use on humans has had several challenges [9].
In general, flavonoids have an inappropriate pharmacokinetic
profile (i.e., absorption, distribution, metabolism, excretion, and
toxicity), determined by inefficient systemic delivery, very short
half-life in plasma, low aqueous solubility, limited bioavailability,
poor oral absorption, negligible cellular uptake and extensive first
pass metabolism [10e12]. Also, the poor chemical stability of fla-
vonoids has been shown to restrict their usefulness and several
factors, such as oxygen exposure, temperature, light, ultraviolet
radiation and pH, were shown to reduce their stability and result in
their subsequent degradation [13]. These properties lead to using
higher doses of such drugs resulting in systemic toxicity [14].

Despite the challenges in the use of natural products, the liter-
ature suggests that nanotechnology provides a novel system for the
delivery of herbal medicines and active constituents [15]. Nano-
herbal drug delivery system has many advantages including
improving the solubility, stability and bioavailability of the drug,
promoting its sustained release to increase the pharmacological
effects, reducing the required dose, toxicity and side effects, and
protecting the drug against possible physical and chemical degra-
dation [16,17].

A variety of novel nanoparticles have been reported to deliver
cancer therapeutics [18]. Super paramagnetic iron oxide nano-
particles (SPIONs) are the only magnetic nanoparticles approved
for clinical application by the US Food and Drug Administration
(FDA) [19], which have been investigated as carriers for targeted
drug delivery [20]. They have low toxicity, remain in circulation for
a long time, and are usually biodegradable. Nevertheless, the up-
take of SPIONs by the target cells is inefficient due to the negative
charge on both the plasma membrane and the SPION surface.
Therefore, a complex coating fabricated from transduction agents is
often applied to raise the nanoparticles’ labeling efficiency [21].

Amphiphilic block copolymers are one of the most successfully
used biodegradable polymers to enhance the uptake of SPIONs by
cancer cells. One of the blocks is hydrophilic, poly (ethylene glycol)
(mPEG), and the other one is hydrophobic, poly (lactic-co-glycolic)
acid (PLGA). Recently, numerous publications have reported PLGA-
based nanotechnologies in drug delivery because they are highly
biocompatible [22] and can enhance molar relaxivity of the Fe and
cellular internalization [23]. These nanosystems allow the assess-
ment of drug biodistribution, optimization of strategies and real-
time monitoring of therapeutic responses [24].

The main purpose of our study was to design an appropriate
nano-based drug delivery system to promote eupatorin efficiency.
We compared the inhibitory effects of free eupatorin and eupa-
torin-loaded Fe3O4@mPEG-b-PLGA nanoparticles on cell viability in
DU-145 and LNCaP human prostate cancer cell lines. In so doing,
SPIONs nanoparticles stabilized with oleic acid were synthesized
and subsequently coated by mPEG-b-PLGA as a eupatorin carrier.
We completely characterized the nanoparticles and cytotoxicity
was determined by different apoptotic detection tests.

2. Materials and methods

2.1. Reagent and antibody

Poly(ethylene glycol) methyl ether-block-poly(lactide-co-glyco-
lide) or mPEG-b-PLGA (PEG average Mn 5,000, PLGA Mn 7000),
oleic acid, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide) (MTT), Hoechest 33342, Dil 42364, sulfanilamide, N-1-
naphthyl ethylenediamine dihydrochloride (NED) and RNase A
were bought from Sigma Aldrich Co. (UK). The antibodies directed
against Bax, Bcl-2, Caspase-3, and b-actin were obtained from Cell
Signaling Technology (Danvers, Massachusetts, USA). RPMI 1640
media, fetal bovine serum (FBS), penicillinestreptomycin and
trypsin/EDTA were purchased from Gibco Co. (Grand Island, USA).
Electrochemiluminescence (ECL) reagents and polyvinylidene
fluoride (PVDF) membranes were purchased from Amersham
Bioscience (Arlington Heights, USA). Annexin V-Fluos staining kit
was purchased from Roche Life Science (Penzberg, Germany).

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker DRX-500 Avance spectrometer operated at 500.13 MHz for
1H and 125.77MHz for 13C, using a 5mmQNP probe. CDCl3 for NMR
was purchased from Armar Chemicals. Chemical shifts were
expressed in ppm, and the residual CDCl3 signal (dH 7.27/dC 77.0) as
the reference [25].

2.2. Plant material

The aerial parts of Salvia mirzayanii were collected in March
2011 on Genu Mountain in Bandar Abass area of Southern Iran. The
plant material was identified by Mr. Soltanipoor, Agricultural and
Natural Resources Center (ANRC) of Hormozgan, Bandar Abbass,
Iran, and a voucher specimen (5322) was deposited in the herbar-
ium of ANRC.

2.3. Extraction and isolation of eupatorin

The dried plant material (4.5 kg) was ground and extracted by
macerationwith n-hexane (5� 25 L), acetone (5� 25 L), andMeOH
(5 � 25 L). Evaporation of the acetone extract afforded 125 g of a
dark gummy residue. The extract was separated on a silica gel
column (230e400 mesh, 127.0 cm � 5.0 cm, 750 g) with a gradient
of n-hexane-EtOAc (100/0 to 0/100) as eluent, followed by
increased concentration of MeOH (up to 25%) in EtOAc. After
screening by TLC (thin layer chromatography), fractions with
similar compositions were pooled to yield 30 combined fractions.
Fraction 16 [eluted with hexane-EtOAc (55:45, V/V)] contained a
crude solid, which was triturated with Me2CO to yield eupatorin
(250 mg).

2.4. Cell culture condition

Human prostate cancer cell lines (DU-145 and LNCaP) and hu-
man umbilical vein endothelial cell line (HUVEC) were obtained
from NCBI (National Cell Bank of I.R. Iran) and grown in RPMI 1640
medium supplemented with 10% heat inactivated FBS. All cells
were cultured at 37 �C in a humidified incubator with 5% CO2.

2.5. Synthesis of nanoparticles

Magnetic nanoparticles (Fe3O4) were synthesized [26] and oleic
acid surface modification was performed based on the previously
described method [27].

Synthesis of eupatorin-loaded Fe3O4@mPEG-b-PLGA nano-
particles was based on the nano-precipitation method according to
previously published data [28]. Briefly, 30 mg of Fe3O4 nanoparticle
modified with oleic acid was dispersed in 2 mL of acetone and
sonicated for 10 min (5 s on/3 s off) using the Bandelin probe
sonicator to obtain a homogeneous suspension. On the other hand,
10mg of eupatorinwas dissolved in 2mL of acetone andmixedwell
for 2 min, followed by the addition of 70 mg of mPEG-b-PLGA. The
compound was then completely dissolved and added to iron oxide
nanoparticle suspension. The mixture was vortexed for 10 min
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without interruption and finally drop wised in 40 mL of deionized
water on a magnetic stirrer. Then, acetone was evaporated in a
rotary evaporator and the remaining contents were freeze-dried to
remove the water without destroying the nanoparticle structures.

Additionally, mPEG-b-PLGA coated iron oxide nanoparticles
without eupatorin were prepared in the same way as a control
sample.

2.6. Characterization of nanoparticles

2.6.1. Dynamic light scattering (DLS)
The mean diameter, size distribution and surface charge (zeta

potential) of the nanoparticles in the aqueous dispersion were
measured by the same instrument, Zetasizer Nano ZS (Malvern
Instruments) at 25 �C. Briefly, 1 mg of the nanoparticles was
dispersed in 2 mL of deionized water and sonicated for 10 min. The
hydrodynamic size average of the nanoparticles was determined by
DLS. Afterward, samples were placed in an electrophoretic cell and
zeta potential was measured.

2.6.2. Thermal gravimetric analysis (TGA)
The presence and proportion of organic compounds onto the

surfaces of magnetite mPEG-b-PLGA nanoparticles were investi-
gated by TGA Q50 V6.3 Build 189. The temperature of the sample
gently increased from room temperature to 600 �C at the rate of
10 �C/min under nitrogen atmosphere. Moreover, the presence of
mPEG-b-PLGA on magnetite nanoparticles surface was confirmed
by TGA as mentioned above.

2.6.3. Transmission electron microscopy
The morphological investigation of nanoparticles and the

selected area electron diffraction (SAED) pattern was done using a
Zeiss LEO 906 transmission electron microscopy (TEM). The nano-
particle was dispersed in distilled water and sonicated for 10min. A
drop of nanoparticle suspension was placed on the TEM grid (car-
bon coated 200 mesh cupper grid, TED PELLA INC., USA). The grid
was perfectly dried and observed under the TEM at 150 kV.

2.6.4. Drug loading and encapsulation efficiency
To evaluate the drug concentration in a nanoparticle, a UV ab-

sorption measurement was performed. First, 3 mg of the nano-
particle was re-dissolved in 50 mL of acetone (spectroscopy grade),
vortexed carefully with the final volume reaching 5 mL by adding
phosphate buffered saline (PBS). Next, the insoluble magnetite
debris was removed from the solution by centrifuging at 13,000 g
for 15 min. Finally, the eupatorin content in the acetone solution
was assessed by UV absorption at a maximum wavelength of
335 nm (characteristic absorption band of eupatorin). With respect
to a standard plot of eupatorin calibration curve under the identical
concentration, the amounts of drug content and encapsulated drug
in the nanoparticle were calculated using Eqs. (1) and (2),
respectively:

Drug loading content ð%Þ¼Weight of the eupatorin in nanoparticles
Weight of nanoparticles

� 100 (1)

Encapsulation efficiency ð%Þ¼ Weight of the eupatorin in nanoparticles
Weight of feeding eupatorin

� 100

(2)

2.6.5. In vitro drug release
To study the drug release pattern, 3 mg of the nanoparticles

were dispersed in 1 mL of PBS (pH¼ 7.4) and transferred into a pre-
swelled dialysis bag (molecular weight cut-off 12,400 Da). Both
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ends of the tubewere fixed with a knot. The bag was immersed into
the 10 mL of preheated PBS as a release medium with a similar pH
to the PBS in the bag. Subsequently, beakers were placed on a stirrer
whose temperaturewas set at 37 �C. At the selected time points, i.e.,
1, 2, 4, 8, 24, 48, 72 and 200 h, 2 mL of the exterior solution was
taken for UVeVis analysis and replaced with 2 mL of fresh PBS. At
fixed time intervals (e.g., 10 days) the medium in the vessel was
completely removed and replaced with fresh release medium. The
eupatorin concentration was determined by a UVeVis spectro-
photometer at maximum wavelength. According to the drug
release behavior, the cumulative amount of released drug was
calculated and the percentages of the released drug from mPEG-b-
PLGA nanoparticles were plotted against time.

2.7. MTT assays of cell growth/viability

DU-145 and LNCaP cells were seeded in 96-well culture plates at
a density of 104 cells/well. After overnight incubation, the medium
was replaced with different doses of eupatorin and eupatorin-
loaded Fe3O4@mPEG-b-PLGA nanoparticles (25e300 mM) for 24 h.

Stock solutions of eupatorin were prepared in dimethyl sulf-
oxide (DMSO) and were brought to different concentrations
(5e300 mM) by dilution in medium immediately before use. The
final concentration of the vehicle in the medium was always 0.1%.

The concentrations of eupatorin-loaded Fe3O4@mPEG-b-PLGA
nanoparticles were calculated as equal to free eupatorin for
comparing cell viability in the same doses. Since the evidence from
drug release profiles showed that during the initial 24 h, around
30% of eupatorin was released from the nanoparticles, the desired
amounts of eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles
were weighted and dissolved in cell culture media. Each sample
was vortexed for 30 min before treatment.

The viability of cells was determined by theMTTassay. Briefly, at
the appropriate time, 20 mL of 5 mg/mL MTT was added to each
well. The cells were incubated at 37 �C for 3 h and the mediumwas
taken away and the purple formazan crystals were solubilized with
100 mL of DMSO. The absorbance was measured at 490 nm by a
microplate reader (BioTek, ELX 800, USA). The results were
expressed as the percentage of cell growth relative to the control
untreated cells according to the following equation:

IC50 ¼ (0.5 � b)/a (3)

where a is the coefficient of concentration (slope of the line) and b
is the intercept. These factors were obtained from the scatter plot of
dose-response data.
2.8. Morphological analysis of the cell by Hoechst and Dil staining

For evaluating DNA condensation, DU-145 and LNCaP cells were
seeded in 6-well culture plates at a density of 105 cells/well and
treated with free eupatorin and eupatorin-loaded Fe3O4@mPEG-b-
PLGA nanoparticles. After 24 h, both floating and attached cells
were harvested and washed with PBS twice. The samples were
fixed with cold methanol and kept at 4 �C overnight. The cells were
added to the Hoechst solution 33342 with a concentration of 10 ng/
mL and incubated for 10 min in the dark. They were then washed
three times with PBS; DNA condensation and nuclear fragmenta-
tion were shown under the fluorescence microscopy (Zeiss, Ger-
many). Dil is a fluorescent membrane dye for studying plasma
membrane morphology. After drug treatment, the cells were
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washed twice with PBS and exposed to Dil (20 mM) for 30 min in an
incubator and then washed three times with PBS again. Plasma
membrane morphologies were evaluated by fluorescence micro-
scopy (Zeiss, Germany).

2.9. Cell cycle analysis

DU-145 and LNCaP cells were plated in 6-well culture dishes
(3 � 105 per well). After preincubation, the cells were treated with
the indicated concentration of free eupatorin and eupatorin-loaded
Fe3O4@mPEG-b-PLGA nanoparticles for 24 h. After the treatment,
both floating and attached cells were harvested, centrifuged and
fixed for 3 h in 70% cold ethanol. After washing twice with cold PBS,
the cells were re-suspended in PI Master Mix: 40 mL of propidium
iodide (PI) (20 mg/mL), 950 mL of PBS and 10 mL of RNase (50 mg/mL)
at 37 �C for 30 min in the dark. Cell cycle distribution was analyzed
by flow cytometry (Coulter Epics Beckman, Germany). The resulting
DNA was quantified by FlowJo software V7.6.1 (Developed by
FlowJo LLC, Ashland, Oregon, USA) for detecting the sub-G1 phases
of the cell cycle.

2.10. Annexin/PI cell death assay

To quantify apoptosis, DU-145 and LNCaP cells were seeded into
6-well plates with a density of 3 � 105 cells per well. After pre-
incubation, the cells were treated with the indicated concentration
of free eupatorin and eupatorin-loaded Fe3O4@mPEG-b-PLGA
nanoparticles for 24 h. After the treatment, both floating and
attached cells were collected, centrifuged and washed twice with
PBS. The pellet was re-suspended in a mixture of 1X binding buffer
(400 mL), PI (10 mL), and annexin V-FITC (5 mL). The mixture was
incubated for 15 min in the dark at room temperature. The stained
cells were analyzed directly by a flow cytometer (Coulter Epics,
Beckman Coulter, Germany).

2.11. Nitric oxide release

To stimulate NO production, the Griess reagent (sulfanilamide
and NED) under acidic conditions was used. Under this condition,
the accumulated nitrite (NO2

-), which is a stable breakdown
product of NO, can be evaluated. After treatment of the cells, 50 mL
of each condition medium was mixed with 50 mL of sulfanilamide
solution and incubated for 10 min at room temperature in the dark.
Then, 50 mL of NEDwas added to themixture and shaken for 10min
in the dark. The absorbance was determined using the Biotek
ELX800 microplate reader at 490 nm.

2.12. Western blotting

Detection of Bax/Bcl-2 ratio and cleaved caspase-3 in the cells
extracts was determined by Western blotting analysis. After the
treatment, cells were lysed in lysis buffer. Cells extracts were then
harvested and the total protein concentrations were measured by
Bradford’s method [29]. Equal amounts of protein were electro-
phoresed by 12.5% SDS-PAGE gel and then transferred onto a PVDF
membrane using a semi-dry transfer technique. Following the
blocking stage with 5% non-fat dry milk in tris-buffered saline with
Tween 20 (TBST), the membrane was probed with primary and
secondary antibodies. Finally, the antibody-protein complexes
were observed with an ECL detection kit (Amersham Bioscience,
USA). Finally, the intensity of each bandwasmeasured using ImageJ
(version 1.46).
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2.13. Statistical analysis

The quantitative data were presented as mean ± SEM. A com-
parison between the groups was made by one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test to analyze the
differences. The statistical significance was achieved with P values
less than 0.05 (*P < 0.05, **P < 0.01, and ***P < 0.001).

3. Results

3.1. Identification of eupatorin

Eupatorin was obtained as yellow crystals, and its 1H NMR
(Fig. 1A), 13C NMR (Fig. 1B), distortionless enhancement by polari-
zation transfer (DEPT-135) (Fig. 1C) data were used to identify it as
5,30-dihydroxy-6,7,40-trimethoxyflavone. Its spectral data were in
agreement with those previously described in the literature [25].

Eupatorin: 1H NMR (500 MHz, CDCl3, d, ppm, J/Hz): 7.52 (1H, d,
J ¼ 2.2, H-20), 7.48 (1H, dd, J ¼ 8.5, 2.2, H-60), 6.99 (1H, d, J ¼ 8.5, H-
50), 6.62 (1H, s, H-8), 6.59 (1H, s, H-3), 4.03 (3H, s, OMe), 4.01 (3H, s,
OMe), 3.97 (3H, s, OMe); 13C NMR (125 MHz, CDCl3, d, ppm): 164.2s
(C-2), 104.9d (C-3), 183.1s (C-4), 153.6s (C-5), 133.0s (C-6), 159.1s (C-
7), 91.0d (C-8), 153.4s (C-9), 106.6s (C-10), 124.9s (C-10), 111.1d (C-
20), 146.5s (C-30), 149.9s (C-40), 112.7d (C-50), 119.5d (C-60), 61.3q
(OMe), 56.7q (OMe), 56.6q (OMe).

3.2. Preparation and characterization of nanoparticles

In this study, eupatorin-loaded Fe3O4@mPEG-b-PLGA nano-
particles were prepared, as described previously.

The size distribution of nanoparticles in drug delivery system is
very important because of its impact on the drug release profile
[30]. The mean particle size and distribution, as well as the zeta
potential of the eupatorin-loaded Fe3O4@mPEG-b-PLGA nano-
particles were determined by a DLS technique using a Zetasizer
Nano-ZS. According to the results of the DLS study, nanoparticles
had a mean diameter of (58.5 ± 4) nmwith polydispersity index of
0.167 ± 0.04. We verified that the nanoparticles had a uniform size
and were well dispersed. The zeta potential of nanoparticles was
found to be (�34.16 ± 1.3) mV, suggesting the sufficiently high
surface charge of the nanoparticles and confirming their stability in
dispersion [31].

TGA is a useful method for the determination of the residual
components in nanoparticles and is based on the observation of
weight loss of individual components. As shown in Fig. 2A, 6%
weight loss in the TGA curve (a) corresponds to the removal of
absorbed water in Fe3O4 nanoparticles. The second peak (b) rep-
resents the oleic acid-stabilized Fe3O4 nanoparticles and theweight
loss is also associated with the evaporation of water and decom-
position of oleic acid. The third peak (c) shows Fe3O4@mPEG-b-
PLGA nanoparticles and the weight loss is related to the degrada-
tion of the mPEG-b-PLGA layer in the range of 200e400 �C. The
maximumweight loss temperature is about 300 �C according to the
differential thermogravimetric (DTG) thermogram (Fig. 2B) and the
percentage of the weight loss is 33.62 % (m/V). The residual weight
of the sample above 300 �C indicates that only Fe3O4 nanoparticles
remained and the mPEG-b-PLGA had been completely decom-
posed. These results suggest that most of the initial magnetite
nanoparticles were incorporated into the mPEG-b-PLGA polymer
matrix.

Nanoparticle morphological features were analyzed with TEM.
As shown in Fig. 3A, TEM image verified that most of the



Fig. 1. Identification of eupatorin. (A) 1H NMR (CDCl3, 500 MHz). (B) 13C NMR (CDCl3,
125 MHz) and (C) DEPT-135 NMR (CDCl3, 125 MHz) spectrum of eupatorin.
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nanoparticles had a regular spherical shape, and at optimum con-
ditions, the particle size was below 100 nm. Dark regions corre-
spond to the magnetic nanoparticles incorporated into the mPEG-
b-PLGA domains. The results suggest that the magnetic nano-
particles are well coated with the mPEG-b-PLGA. SAED patterns of
nanoparticles are presented in Fig. 3B. The presence of white spotty
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diffraction rings attributed to the (220), (311), (400), (422), (511),
and (440) planes of the cubic inverse spinel construction of the
magnetite was indicated using the SAED pattern, demonstrating
the presence of SPION nanoparticles.

3.2.1. Drug content and encapsulation efficiency of nanoparticles
Eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles were

quantified for their drug loading percentage and encapsulation
efficiency by absorption spectra at 335 nm using calibration curve
which was generated by known concentrations of eupatorin solu-
tions. The drug content and encapsulation efficiency of the nano-
particles were (8.28 ± 0.14)% and (90.99 ± 2.1)%, respectively.

3.2.2. In vitro drug release
In order to determine whether eupatorin-loaded Fe3O4@mPEG-

b-PLGA nanoparticles are effective in drug delivery, we employed
the in vitro drug release of eupatorin from nanoparticles at
different time intervals (1, 2, 4, 8, 24, 48, 72 and 200 h). Our findings
showed that eupatorin was initially released at a rapid rate with
30% of it released in 24 h, which was followed by the gradual
release until 200 h (Fig. 4). The observed burst release could be due
to the release of the absorbed eupatorin on the surface of nano-
particle whereas the sustained release was attributed to the release
of the encapsulated eupatorin from the polymer matrix.

3.3. Effects of free eupatorin and eupatorin-loaded Fe3O4@mPEG-b-
PLGA nanoparticles on the cell growth

The cell growth rate was assessed in the presence of various
concentrations of free eupatorin and eupatorin-loaded Fe3O4@m-
PEG-b-PLGA nanoparticles (25e300 mM) using MTT assay. The re-
sults showed that the viability of both human prostate cancer cell
lines was decreased in a dose-dependent manner in 24 h.

In DU-145 cells, the IC50 values of the free eupatorin and
eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles were
150 mMand 100 mM (Fig. 5A) while in LNCaPs theywere 100 mMand
75 mM, respectively (Fig. 5B). It was also demonstrated that the
blank nanoparticles (Fe3O4@mPEG-b-PLGA nanoparticles) and
DMSO as the eupatorin solvent had no significant effects on the
growth rate of either of the cell lines. On the other hand, free
eupatorin and eupatorin-loaded Fe3O4@mPEG-b-PLGA nano-
particles displayed negligible toxicity against HUVECs as normal
cells (Fig. 5C). These results indicated that the slower and sustained
release of eupatorin from the nanoparticles reduced its effective
dose (IC50) and showed better in vitro therapeutic effects than free
eupatorin in both prostate cell lines.

After MTT assay, the IC50 of eupatorin-loaded Fe3O4@mPEG-b-
PLGA nanoparticles (100 mM for DU-145 and 75 mM for LNCaP) was
determined for all treatments and 3 groups were defined for each
cell lines: control, free eupatorin, and nano-eupatorin.

3.4. Morphological analysis of apoptotic cells by fluorescence
staining

Apoptosis includes a collection of biochemical events leading to
many types of morphological changes, such as cell blebbing, cell
lysis, plasma membrane changes, cell shrinkage, nuclear fragmen-
tation, chromatin condensation and DNA degradation [32]. Change
in nuclear morphology is proof of the late stage in cell apoptosis
with the change in Hoechst staining intensity [33]. As shown in
Fig. 6, untreated cells displayed pseudopodial projections with
prominent nuclei and intact cell membranes. Free eupatorin and
nano-eupatorin induced morphological modifications and nuclear
condensation in both DU-145 (Fig. 6B and C) and LNCaP (Fig. 6E and
F) cells when compared with the control (Fig. 6A and D). However,



Fig. 2. Thermal gravimetric analysis/differential thermogravimetric (TGA/DTG) of nanoparticles. (A) TGA curves of Fe3O4 nanoparticle (a-black), oleic acid-stabilized Fe3O4 nano-
particles (b-red) and Fe3O4@mPEG-b-PLGA nanoparticles (c-blue). (B) Corresponding DTG thermogram.

Fig. 3. TEM micrographs of eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles. The TEM image revealed the smooth spherical shape of nanoparticles with good dispersibility
(Magnification bar ¼ 60 nm).
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the apoptotic index for the cells treated with nano-eupatorin was
significantly increased and the cells displayed crescent-shaped
nuclei with compact chromatin (arrows). In addition, obvious re-
ductions in the total cell numbers and morphological changes
occurred simultaneously because of the anti-proliferative activity
of eupatorin.

Dil stain was used for detecting plasma membrane morphology.
It is softly fluorescent in aqueous suspension, but becomes bright
when bound to the cell membrane and diffuses laterally to the
entire cell. As can be seen in Fig. 6, treatment with nano-eupatorin,
compared to free eupatorin, was more effective in making the cells
non-adherent and round shaped (arrowheads) in both DU-145
(Fig. 6H and I) and LNCaP (Fig. 6K and L) cell lines in comparison
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with the control cells.

3.5. Effect of free eupatorin and nano-eupatorin on cell cycle

The flow cytometric analysis was used in order to determine
how free eupatorin and nano-eupatorin had changed the distri-
bution of cells during cell cycle phases. Free eupatorin induced an
arrest of cells at the G2-M interphase in both cell lines, for DU-145:
38.14% (Fig. 7B) compared with control 20.38% (Fig. 7A) and for
LNCaP: 31.63% (Fig. 7E) compared with control 15.93% (Fig. 7D).
Interestingly, free eupatorin did not significantly affect the cells in
the S and sub G1 phases. In contrast, treatment of the cells with
nano-eupatorin led to a further increase in sub-G1 arrest in both



Fig. 4. In vitro release profile of eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles
in PBS buffer (pH 7.4) at 37 �C. The release curve showed the burst release phase and
sustained release phase. About 30% of the eupatorin was released during the first 24 h
as a burst release phase. The sustained release phase started after the first 24 h and
continued to 200 h during which the amount of release reached approximately 80%.
The plot represents the mean ± SD of triplicate results.
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cell lines, for DU-145: 20.33% (Fig. 7C) compared with control 2%
(Fig. 7A) and for LNCaP: 12.43% (Fig. 7F) comparedwith control 1.7%
(Fig. 7D). Using the percentage of cells in the sub-G1 peak as a
marker for apoptosis due to DNA fragmentation [34], apoptosis was
verified in DU-145 and LNCaP human prostate cancer cell lines
during nano-eupatorin treatment.

3.6. The effect of eupatorin and nano-eupatorin on the induction of
apoptosis

The annexin V-PI assay is based on the principle that just after
the induction of apoptosis, phosphatidylserine is displaced from
the inner plasmamembrane to the outer leaflet [35]. The binding of
annexin V to phosphatidylserine (PS) and PI to nucleic acids can be
used to detect the population of apoptotic cells. Free eupatorin had
the same effects on DU-145 and LNCaP human prostate cancer cell
lines and increased both necrotic and late apoptotic cells (Figs. 8B
and E) compared to the untreated group (Figs. 8A and D). As shown
in Fig. 8C, although nano-eupatorin showed the same effects as that
of free eupatorin on DU-145 apoptosis rate (11% apoptosis by free
eupatorin vs. 16% apoptosis by nano-eupatorin), it could signifi-
cantly reduce the necrotic cells (12% necrosis by free eupatorin vs.
4% necrosis by nano-eupatorin). On the other hand, in LNCaP cells,
necrosis and late apoptosis rate had no significant change following
nano- and free eupatorin treatment (Figs. 8E and F). However, as
shown in Fig. 8F, nano-eupatorin was more effective in comparison
to free eupatorin in increasing the number of cells undergoing early
apoptosis (3% early apoptosis by free eupatorin vs. 40% early
apoptosis by nano-eupatorin).

3.7. Comparison of NO production between free eupatorin and
nano-eupatorin

Evaluation of nitrite accumulation in the culture medium was
used to specify NO production. Cells were treated as described
previously and the culture medium was gathered after 24 h incu-
bation. The nitrite concentration was measured by Griess reagent.
As shown in Fig. 9, nano-eupatorin, in comparison with the control
group, significantly increased NO production in both DU-145 (1.4
fold) and LNCaP (2.8 fold) cell lines while no significant changes
were observed in the free eupatorin treated group.

3.8. Free eupatorin and nano-eupatorin changed the expression
level of apoptotic-related proteins

Two main groups of proteins that play an important role in
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apoptotic cell death are the members of the Bcl-2 family and a class
of cysteine proteases known as caspases [36]. The Bcl-2 family can
be divided into two functionally separate groups: anti-apoptotic
proteins and pro-apoptotic proteins. Bcl-2 is an anti-apoptotic
protein and protects against cell death. Bax is a pro-apoptotic
protein that is expressed during apoptosis and promotes cell
death. Increasing Bax/Bcl-2 ratio has commonly been used to show
the induction of apoptosis in cells [37]. Western blotting was
applied to assess the expressions of Bcl-2, Bax, and caspase-3
(Fig. 10A). As shown in Fig. 10B, in cells treated with free eupatorin,
Bax/Bcl-2 ratios were increased to 5.1 and 7.5 in DU-145 and LNCaP
cells, respectively. Interestingly, nano-eupatorin was significantly
more effective than its free form and increased Bax/Bcl-2 ratio to
13.5 and 20.5 in DU-145 and LNCaP, respectively, in comparison
with the control. Furthermore, nano-eupatorin increased the levels
of cleaved caspase-3 to 2.5 fold and 1.7 fold in DU-145s and LNCaPs,
respectively (Fig. 10C). Finally, no significant difference was
observed in cleaved caspase-3 levels in the free eupatorin treated
cells vs. control group.

4. Discussion

Today, cancer is a great danger and affects the lives of millions of
people all over the world. Although much money is spent in
developing chemotherapy drugs and treatment methods each year,
most patients suffer from serious unwanted side effects due to the
non-selective effects of chemotherapeutic drugs on normal cells
[38]. Phytochemicals, the bioactive compounds in fruits, vegetables,
nuts, seeds, plants, and marine products have been linked to
reducing the incidence of major diseases including cancer by
inducing apoptosis, autophagy and inhibiting cell proliferation [39].

Among multiple plant-based bioactive compounds, flavonoids
have been well described. They are classified into six groups:
flavonols, flavones, flavanols, flavanones, anthocyanidins, and
isoflavonoids. Eupatorin (C18H16O7/30,5-dihydroxy-40,6,7-trime
thoxyflavone) is one of the powerful flavonoid candidates
which suppresses proliferation and induces apoptosis in multiple
cancer cellular models [40]. The therapeutic efficacy of eupatorin
is greatly limited by the low solubility, poor permeability, low
bioavailability and short biological half-life [41].

Various nanocarriers are reported in the literature for their drug
delivery system, which bypass such limitations in cancer treatment
[42]. In this study, we designed the encapsulation of eupatorin in
mPEG-b-PLGAcoated ironoxidenanoparticle as a carrier tocompare
the inhibitory effects of the free and nano-forms of eupatorin on cell
proliferation in human prostate cancer cellular models. SPIONs
which consist of magnetite (Fe3O4) have quickly become promising
candidates for cancer therapy because of their high magnetic
responsiveness, biodegradability, biocompatibility and high de-
liveryefficiency [43]. Also, several studies have reported that SPIONs
are widely used as magnetic resonance imaging contrast agents for
the prediction and real-time monitoring of anticancer drug release
in vitro and in vivo [44]. In this study, Fe3O4 nanoparticles were
stabilized by oleic acid in order to improve SPIONs with better oil-
solubility, stability, and low cytotoxicity. As naked SPIONs can
easily aggregate and precipitate in aqueous solutions and blood
plasma [45], we coated SPIONs with the mPEG-b-PLGA polymer to
increase nanoparticles’ biocompatibility and uptake by the cells.
PLGA is a well-known biocompatible polymer, which is hydrolyti-
cally degraded into nontoxic oligomers and monomers, lactic acid
and glycolic acid. It has been extensively engaged in the applications
of drug delivery, tissue engineering and molecular imaging [46].

The results showed that most of the synthesized nanoparticles
had a uniform spherical shape, optimum size and were well
dispersed. The surface zeta potential of the eupatorin-loaded



Fig. 5. Inhibitory effect of free eupatorin, eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles and Fe3O4@mPEG-b-PLGA nanoparticles on cell viability in DU-145 cells (A), LNCaP
cells (B) and HUVEC cells (C) after 24 h. Although there was a reduction in viability of DU-145 and LNCaP cells treated with both forms of eupatorin in comparison with control,
eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles reduced IC50 dose from 150 mM to 100 mM in DU-145 and from 100 mM to 75 mM in LNCaP cells, in comparison with free
eupatorin treatment. HUVECs as normal cells showed no significant reduction in viability. It was also demonstrated that the blank nanoparticles and DMSO, at the dose which was
equal to the highest concentration of eupatorin, had no significant effects on the growth rate of either of the cell lines. All data are presented as mean ± SD (n ¼ 7). The significant
difference was found by one-way ANOVA, compared to the untreated control. ****P < 0.0001. DMSO: dimethyl sulfoxide; NP: nanoparticle.
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Fe3O4@mPEG-b-PLGA nanoparticles was (�34.16 ± 1.3) mV. This
negative charge was enough to make the particles repel each other,
therefore preventing the possibility of aggregation and remaining
in circulation for a long time. The drug release behavior from the
nanoparticles exhibited a biphasic pattern with the initial burst
release, followed by a lag period of about 200 h (Fig. 4). The sus-
tained release of the entrapped drug from the nanoparticles pro-
longed the biological half-life of the natural compounds in the
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plasma [47].
Cancer cells are highly metabolic and porous in nature and are

known to internalize nanoparticles rapidly, compared to the
normal cells, through enhanced permeability [48]. Therefore, we
hypothesized that eupatorin-loaded Fe3O4@mPEG-b-PLGA nano-
particles will uptake within both prostate cancer cell lines and
release their payload after entering the cell.

The in vitro cell growth/viability test (MTTassay) was performed



Fig. 6. Hoechst and Dil staining. The cells were treated with the IC50 of eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles (100 mM for DU-145 and 75 mM for LNCaP) for 24 h.
Nuclear morphology and plasma membrane changes of apoptotic cells can be investigated by phase-contrast fluorescence microscopic examination. Free eupatorin induced nuclear
condensation in both DU-145 (B) and LNCaP (E) cells. However, as identified by the arrows, the apoptotic index for the cells treated with nano-eupatorin was significantly increased
and crescent-shaped nuclei with compact chromatin were seen in both DU-145 (C) and LNCaP (F) cells in comparison with the control (A and D). Similarly, treatment with nano-
eupatorin, compared to free form, was more effective in making the cells round shaped in both DU-145s (H and I) and LNCaPs (K and L), in comparison with the control cells (G and
J). Arrowheads display a reduction in cell adhesion of apoptotic cells. All experiments were repeated three times.
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to evaluate the effects of both free and nano-forms of eupatorin
against two prostate cancer cell lines (DU-145 and LNCaP). The
results showed that although there is a decrease in the viability of
both cell lines up to 50 mM of free eupatorin, dose-dependent in-
crease up to 300 mMmakes no significant change on cells’ viability.
In contrast, by using nano-eupatorin, a decreased cell growth rate
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was detected, which suggested that nano-encapsulation protects
eupatorin against degradation and enhances its biocompatibility
and solubilization potential. In our study, high encapsulation effi-
ciency (90.00%) provides optimal drug loading of nanoparticles and
thus increases the therapeutic index and decreases the effective
dose of eupatorin. In another study by Nassir et al., [49] resveratrol



Fig. 7. Cell cycle arrest. DU-145 and LNCaP cells were incubated in the presence of the IC50 of eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles (100 mM for DU-145 and 75 mM
for LNCaP) for 24 h. The cell cycle phase distribution was determined by flow cytometry and graphs A to E represent one of the replicates. Interestingly, although free eupatorin
induced an arrest of cells at the G2/M interphase in both DU-145 and LNCaP cells (B and E), it did not significantly affect the cells in the S and sub G1 phases. In contrast, treatment of
the cells with nano-eupatorin led to a further increase in sub-G1 arrest in both DU-145 (C) and LNCaP cells (F) compared with control (A and D). A summary of cell cycle progression
has been shown in bar graph (G). Data are shown as the mean ± standard deviation (n ¼ 3). *Significantly different from control cells (*P < 0.05, **P < 0.01). # Significantly different
from free eupatorin (#P < 0.05).
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Fig. 8. Apoptosis percentage. Detection of apoptotic cells by annexin V-FITC and propidium iodide-doubled staining after treatment with the IC50 dose of eupatorin-loaded
Fe3O4@mPEG-b-PLGA nanoparticles (100 mM for DU-145 and 75 mM for LNCaP) for 24 h. Q1 shows necrotic cells, Q2 shows late apoptotic cells, Q3 shows early apoptotic cells, and
Q4 shows the viable cells. Free eupatorin had the same effects on both human prostate cancer cell lines and increased necrotic and late apoptotic cells (B and E) in comparison with
control (A and D). Interestingly, although nano-eupatorin showed the same effects as that of free eupatorin on the DU-145 apoptosis rate, it could significantly reduce the necrotic
cells (C). On the other hand, in LNCaP cells, necrosis and late apoptosis rate had no significant change following nano- and free eupatorin treatment (E and F). However, nano
eupatorin was more effective in comparison to free form in increasing the number of cells undergoing early apoptosis. All experiments were repeated three times.
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(RL), a natural polyphenol, and resveratrol-loaded PLGA nano-
particles (RLPLGA) were designed and their mode of apoptotic cells
death against LNCaPs was determined. Similar to our findings, clear
evidence for enhanced LNCaPs growth inhibition was observed for
RLPLGA nanoparticles which exhibited an IC50 of 15.6 mM and IC90
of 41.1 mM, compared to RL which had nearly double IC50 and IC90.
Also, the results of the MTT cell viability assay for the curcumin and
curcumin-loaded PLGA nanoparticles on prostate cancer cell lines,
LNCaP, PC3, DU145, and a nontumorigenic cell line (PWR1E)
showed a 35% reduction in IC50 when curcumin was encapsulated
in nanoparticles [50]. In addition, as an IC50 dose for both free and
nano-forms of eupatorin in LNCaP cells is lower than DU-145
(100 mM vs. 150 mM in free and 75 mM vs. 100 mM in nano-form
respectively), it can be suggested that androgen receptors (AR) in
LNCaPs make them more capable than DU-145s of receiving the
eupatorin released from the nanoparticles. Flavonoids are a group
of phytoestrogens and have a structural similarity to testosterone
[51] and have a binding affinity to AR [52]. Some possible mecha-
nisms of flavonoid action on the AR in prostate cancer include
competing with androgens for AR binding sites, induction of AR
degradation and inhibition of ligand-AR complex translocation to
the nucleus [53].

Manipulation of the cell cycle may either prevent or induce an
apoptotic response in cells. Therefore, the cell cycle is known as one
of the critical points in the treatment of cancer. Like many other
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flavonoids, eupatorin is able to inhibit the proliferation of cancer
cells mainly by arresting cell cycle progression. Eupatorin is able to
arrest cells at the G2-M phase in human leukemia cells [54], human
colon cancer cells [55], HeLa cervical carcinoma cells [56] andMDA-
MB-468 cells [8]. Eupatorin-5-methyl ether (C19H18O7) caused G1
arrest in MCF7 cells and upregulation of p21, JNK, p-JNK [57]. Our
results are similar to those of the literature described above and we
observed that the IC50 dose of free eupatorin induced G2/M arrest
in both cell lines while the IC50 concentration of the nano-eupa-
torin caused subG1 arrest which might result in apoptosis induc-
tion. These findings are consistent with those of other studies
which have demonstrated that cell cycle distribution in treatment
with drug loaded nanoparticles may have a different effect
compared to the free form of the drugs [58,59].

We have further analyzed the rate of apoptosis with annexin/PI
thorough phosphatidylserine redistribution to confirm the results
from the cell cycle. Our findings confirmed that eupatorin increased
the percentage of apoptotic and necrotic cells in both DU-145 and
LNCaP cell lines [55]. Although nano-eupatorin treatment induced
approximately the same early and late apoptosis compared to its
free form, the significant decrease in necrosis rate was observed in
DU-145 cells. However, in LNCaP cells, nano-eupatorin had similar
effects in inducing a late stage of apoptosis and necrosis but was
more effective than free eupatorin in inducing the early stage of
apoptosis. This finding is consistent with the study by Lin et al. [60],



Fig. 9. Effect of the IC50 of eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles
(100 mM for DU-145 and 75 mM for LNCaP) on NO production after 24 h. In comparison
with the control group, nano-eupatorin significantly increased NO production in both
DU-145 (1.4 fold) and LNCaP (2.8 fold) cell lines, while no significant change was
observed in the free eupatorin treated group. The results are expressed as mean ± SEM
(n ¼ 3). *P < 0.05 and ***P < 0.001.

Fig. 10. Western blotting analysis of apoptotic proteins in human prostate cancer cell
lines. Cells were treated with the indicated concentration of eupatorin-loaded
Fe3O4@mPEG-b-PLGA nanoparticles (100 mM for DU-145 and 75 mM for LNCaP) for
24 h. Effect of free eupatorin and nano-eupatorin on the expression of Bax, Bcl-2, and
cleaved caspase-3 levels (A). The densities of Bax/Bcl-2 ratio (B) and cleaved caspase-3
(C) bands were measured, and their ratio to b-actin was calculated. As noted above,
nano-eupatorin was significantly more effective than its free form in increasing the
Bax/Bcl-2 ratio and the levels of cleaved caspase-3 in DU-145 and LNCaP cells.

M.S. Tousi, H. Sepehri, S. Khoee et al. Journal of Pharmaceutical Analysis 11 (2021) 108e121
which showed that liposomal berberine could enhance early
apoptosis in HepG2 cells compared to free berberine.

In the next step, the amount of NO, as an important mediator
that participates in a variety of physiological and biological path-
ways associated with cell apoptosis and proliferation, was deter-
mined [61,62]. NO, a free radical and water-soluble gas produced
endogenously, may demonstrate a biphasic response in tumor cells.
At low concentrations (less than 100 nM), it causes angiogenesis
which leads to tumor progression. On the contrary, at high con-
centrations (more than 500 nM), NO acts as a proapoptotic
modulator and tends to be cytotoxic in cancer cells [63]. Interest-
ingly, Laavola et al. [7] demonstrated that eupatorin had a biphasic
effect on NO production. While at low concentrations, approxi-
mately 40 mM nitrite was produced by murine J774 macrophages,
NO production was inhibited by eupatorin at high concentrations.
This could be used to verify our results which showed that free
eupatorin did not make any significant changes in NO production.
On the other hand, sustained release of eupatorin in nano-
formulated form can lead to a lower dose requirement, causing an
overproduction of NO which initiates apoptotic pathways resulting
in a remarkable anti-cancer effect on both human prostate cancer
cell lines. Prolonged production of NO has been associated with the
release of cytochrome C from the mitochondria, activation of cas-
pase, modulation of anti-apototic Bcl-2 proteins, and increase in
p53expression [64]. Also, activation of AR could lead to NO pro-
duction [65] which inhibits the proliferation of AR-positive (LNCaP)
much more efficiently than AR-negative (DU-145) human prostate
cancer cells [66].

Our results confirmed that although the nano-form has a
stronger effect, both the free and nano-forms of eupatorin
increased the expression of Bax (a pro-apoptotic protein) and
decreased the expression of Bcl-2 (an anti-apoptotic protein),
leading to an increase in Bax/Bcl-2 ratio in DU-145 and LNCaP
prostate cancer cells in comparison with untreated cells. This is in
line with Sarvestani et al. [67] who reported that eupatorin induced
apoptosis via the mitochondrial pathway by decreasing mito-
chondrial membrane potential and increasing the ratio of Bax/Bcl-2
expression. Interestingly, although there is no significant difference
between free eupatorin and control, nano-eupatorin led to huge
increases in the expression of cleaved caspase-3, especially in the
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DU-145 cell line. This may be due to the fact that at the first stage of
eupatorin release, apoptotic pathway is triggered from mitochon-
dria by increasing the amounts of Bcl-2 family proteins. Since there
is a lag time between translocation of Bax and cell death, sustained
eupatorin release is able to shift cells at the end stage of apoptosis
and increase the expression of cleaved caspase-3.

5. Conclusions

In conclusion, our results indicated that the treatment of DU-
145 and LNCaP human prostate cancer cell lines with eupatorin-
loaded Fe3O4@mPEG-b-PLGA nanoparticles can be more effective
in inhibiting cancer cell growth in comparison to the treatment
with free eupatorin. Based on these results, this formulation can
provide a sustained release of eupatorin into tumor cells, which
makes it a suitable candidate for pharmacological use. However,
more animal models and in vivo studies are required to clarify the
efficacy and safety of eupatorin-loaded Fe3O4@mPEG-b-PLGA
nanoparticles before clinical trials in the future.
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