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Abstract Selenium nanoparticles (Se NPs) have been recog-
nized as promising materials for biomedical applications. To
prepare Se NPs which contained cancer targeting methods and
to clarify the cellular localization and cytotoxicity mecha-
nisms of these Se NPs against cancer cells, folic acid pro-
tected/modified selenium nanoparticles (FA—Se NPs) were
first prepared by a one-step method. Some morphologic and
spectroscopic methods were obtained to prove the successful-
ly formation of FA—Se NPs while free folate competitive
inhibition assay, microscope, and several biological methods
were used to determine the in vitro uptake, subcellular local-
ization, and cytotoxicity mechanism of FA—Se NPs in MCF-7
cells. The results indicated that the 70-nm FA—-Se NPs were
internalized by MCF-7 cells through folate receptor-mediated
endocytosis and targeted to mitochondria located regions
through endocytic vesicles transporting. Then, the FA-Se
NPs entered into mitochondria; triggered the mitochondria-
dependent apoptosis of MCF-7 cells which involved oxidative
stress, Ca*+ stress changes, and mitochondrial dysfunction;
and finally caused the damage of mitochondria. FA—Se NPs
released from broken mitochondria were transported into nu-
cleus and further into nucleolus which then induced MCF-7
cell cycle arrest. In addition, FA—Se NPs could induce cyto-
skeleton disorganization and induce MCF-7 cell membrane
morphology alterations. These results collectively suggested
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that FA—Se NPs could be served as potential therapeutic
agents and organelle-targeted drug carriers in cancer therapy.
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Introduction

Cancer is a great threat to public health, with more than 3.2
million new cases being diagnosed and more than 1.7
million patients lose their lives each year just in Europe
(Milosavljevic et al. 2002). Most of cancer patients are suffer-
ing from the toxicity and side effect of chemotherapy
(Stéphanie et al. 2011). The development of new drugs
with high efficacy and high selectivity to cancer cells is more
and more important.

The trace mineral selenium (Se) is an essential nutrient of
fundamental importance to human biology and involves a
lot physiological functions. It has many important health
effects particularly in relation to the immune response and
cancer prevention activity, which are almost certainly linked
to Se-dependent enzyme (Rayman 2000) or selenoprotein
functions (Rock and Moos 2009). The risk of many cancers
such as prostate, lung, and colon cancers is decreased with
Se supplementation (Fang et al. 2010; Reid et al. 2002).
Simultaneously, the side effect of radiotherapy can also be
reduced by Se supplement (Tabassum et al. 2010) which
both indicate the potential application of Se compounds in
cancer treatment. But Se is also toxic at a level not much
higher than the beneficial requirement (Koller and Exon
1986). The dose and form of Se also remarkably affect their
toxicity and anticancer activity (Abdulah et al. 2005;
El-Bayoumy and Sinha 2004). Nano-Se, a red nanomaterial, is
an excellent antioxidant with reduced risk of Se toxicity and
has many applications in life science (Wang et al. 2007). As an
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antioxidant, Nano-Se can be used as a protective agent against
chemotherapy such as the protection effect in preventing the
renal injury induced by cisplatin (Li et al. 2011a). Moreover,
Nano-Se also has wonderful anti-cancer activity to various
cancers (Huang et al. 2010; Kong et al. 2011; Zheng et al.
2011). The synthetic methods of Se nanoparticles (Se NPs) are
also extensively developed in recent years (Li et al. 2010; Xia
2007). But it is unfortunate that there is still no cancer targeting
method. In addition, the interaction of Se NPs with tumor cells,
their uptake mechanism, and the relationship of subcellular
localization and cytotoxicity are also poorly understood.

Folic acid (FA), a kind of vitamin which solves the
expensive and short life issues of antibody and oligopeptide
as a target ligand, is studied extensively as an optimal
targeting ligand for cell imaging and cancer treatment
(Wang et al. 2010). Folate receptor (FR), known as a high
affinity membrane folate-binding protein, is overexpressed
in many tumors (Elnakat and Ratnam 2006). FA modified
nanomaterials for specific targeting FR overexpressed cancers
are also widely developed (Yoo and Park 2004; Zhang et al.
2007). Those methods can improve the uptake efficiency of
nanomaterials in FR-positive cancer cells effectively and im-
ply a wonderful prospect of FA linked drugs in cancer therapy
(Sudimack and Lee 2000).

In the present work, we have synthesized folate molecules
protected nanoparticles (FA—Se NP) by one-step method and
characterized it using transmission electron microscope
(TEM), dynamic light scattering (DLS), ultraviolet and visible
(UV/VIS), and Fourier transform infrared spectra (FTIR).
Free FA competitive inhibition assay was used to study the
intracellular uptake of FA—Se NP by inductively coupled
plasma mass spectrometry (ICP-MS). Cellular uptake and
intracellular localization of FA—Se NP in MCF-7 cells was
detected by TEM experiments. In the present study, we also
tried to examine the cytotoxic mechanism of FA—Se NP in
MCEF7 cells. Our results suggest that the internalization and
subcellular localization of FA—Se NPs play a critical role in
their cytotoxicity to MCF-7 cells.

Materials and methods

Reagents, cell line, and cell culture Sodium selenite, ascor-
bic acid, and FA/folate were both purchased from Sigma
(USA). Fetal bovine serum, Dulbecco’s modified Eagle me-
dium (DMEM), trypsin, and 3-(4, 5)-dimethylthiazo(-z-y1)-
3,5-di-phenytetrazoliumromide (MTT) kit were obtained from
Gibco (USA). Annexin V-FITC/PI apoptosis detection Kit,
cell cycle phase determination kit, rhodamine 123 kit,
DCFH-DA kit, 5,5',6,6'-tetrachloro-1,1’,3,3'-tetracthyl-imida-
carbocyanine iodide (JC-1) kit, 2-(4-amidinophenyl)-6-indo-
lecarb-amidine dihydrochloride (DAPI) kit, and fluo-3 AM kit
were purchased from Beyotime (China). All reagents used in
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the experiments were analytical grade. Ultrapure water used
for all experiments was supplied by cascade RO water purifi-
cation system from Pall (USA). The cord blood mesenchymal
stem cell (CBMSC) and MCF-7 cell lines were purchased
from Life Science Research Institute of the Cell Resource
Center, Shanghai, China. Cells were cultured at 37 °C and
5 % CO, in DMEM supplemented with 10 % fetal bovine
serum, 100 U/mL penicillin, and 100 g/mL streptomycin.

Preparation of FA—Se NPs A 2.6-mL folic acid solution
(1 g/L) was mixed with 300 pL sodium selenite solution
(0.05 M) in a 10-mL beaker. A 2.4-mL aqueous ascorbic
acid solution (0.05 M) was slowly added into the mixtures
under sonication condition. After 15 min reaction under
sonication, some sodium hydroxide (0.5 M) was added into
the above solutions until it came to be clear. At last, the
solutions were dialyzed (MWCO 8,000-14,000) against
ultrapure water at 4 °C until no Se was detected in the outer
solutions as determined by inductively coupled plasma-
atomic emission spectrometry (ICP-AES) analysis. The di-
alyzed FA—Se NPs was serially passed through 0.22-um
pore-size filters to get rid of bacteria. The Se concentration
of the obtained FA—Se NPs solutions was also determined
by ICP-AES analysis and was restored at 4 °C for subse-
quent experiments. The control Se NPs were prepared the
same way as FA—Se NPs but without FA molecules as
protective agent.

Characterization of FA-Se NPs UV/VIS absorbance of as-
prepared products was characterized by a scanning spectro-
photometer (Varian, USA) with a 1-cm path length. All the
spectra were subtracted background with baseline which is
obtained from the absorption of purified water. The FTIR
spectra of FA, FA—Se NPs, and control Se NPs were recorded
with KBr pellets using a spectrometer (Bruker, Germany) at
room temperature.

The FA—Se NPs solution was dropped onto the copper
net and dried at room temperature for 12 h. TEM images
were taken by using a transmission electron microscope
(Philips Co, Holland) operating at an accelerating voltage
of 200 kV. DLS was used to test size distribution and zeta
potential of FA—Se NPs, which was performed at 25 °C
(Malvern, UK), equipped with a 532-nm laser at a fixed
scattering angle of 90°(n>3).

ICP-MS analysis Human MCF-7 breast cancer cells, which
overexpress FR (Pan and Feng 2008), were chosen for the
following experiments. The intracellular uptake of FA—Se NPs
in MCF-7 cells was analyzed by inductively coupled plasma
mass spectroscopy (Bruker, Germany) using a free FA com-
petitive inhibition assay as described previously (Li et al.
2009). When free FA molecules were added into the cell
culture medium together with FA-modified nanoparticles,
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there would be a competition between free FA molecules and
FA molecules on the nanoparticles when binding to FR on the
FR-positive cell surface. This competition would inhibit the
intracellular uptake of FA modified nanoparticles through
inhibiting the FR-mediated endocytosis. MCF-7 cells were
plated at a density of 2x10°cells per well in six-well plates.
After 24 h incubation, the medium was replaced with medium
contained 2.5 pg/mL FA—Se NPs alone or with medium
contained 2.5 pg/mL FA-Se NPs and 0.01, 0.05, 0.1, 0.2,
0.4, and 0.5 mM free FA molecules to incubate for 3 h,
respectively. The treatment of samples for ICP-MS was also
performed as reported (Ke et al. 2010). The medium was
removed and the cells were then washed three times with
ice-cold phosphate buffer solution (PBS) to remove the media
residues. After lysed by trypsin and washed three times with
PBS, the centrifuged cell pellets were dissolved in 37%HCI
and were incubated for 1 h at 70 °C. The samples were diluted
to 4 mL before the selenium concentration was determined by
ICP-MS. Uptake of FA—Se NPs is expressed as the content of
selenium per cell. Measurement for each treatment was
repeated in triplicate.

TEM analysis for cell samples The uptake process of FA—Se
NPs into MCF-7 cells and the distribution of FA—Se NPs
absorbed into MCF-7 cells were imaged by TEM (Philips Co,
Holland). The cells were seeded at a density of 1x106 cells
each well in a six-well plate and treated with 2.5 pg/mL FA-
Se NPs 3, 6, 24, and 48 h, respectively. After harvesting, the
cells were washed with PBS, fixed with 2.5 % glutaraldehyde,
embedded in resin, and obtained thin section through micro-
tome which were stained with osmic acids and imaged with
TEM at last.

MTT assay MTT assays were used to test the cell viability
changes caused by FA—Se NPs. MCF-7 cells and CBMSC
were seeded into 96-well plate with a density of 3x10° for
24 h and incubated with different concentration of FA-Se
NPs for 48 h. MTT reagents (10 uL, 5 mg/mL PBS) were
then added into each well for 4 h incubation, the medium
was removed, and the cells were suspended in 150 pL
DMSO for 15 min. A spectrophotometer (TECAN, Switzer-
land) was used to test absorbance with wavelength at
570 nm.

Determination of apoptosis rate and cell cycle distribution To
detect the apoptotic rate of FA—Se NPs treated MCF-7 cells,
Annexin V-FITC/PI apoptosis detection kit was used
according to the manufacturer’s instructions. After incuba-
tion with different concentrations of FA—Se NPs for 48 h,
cells were harvested, washed with PBS, suspended in
Annexin V binding buffer, and incubated with FITC-
labeled Annexin V and PI for 15 min at room temperature
in dark. Then, the samples were immediately analyzed by a

flow cytometer (BD Inc, USA) with excitation wavelength
at 488 nm.

After 48 h treatment with FA—Se NPs, the cells were
harvested, washed with PBS, and fixed with 70 % ethanol
overnight at 4 °C. The fixed cells were washed twice with
PBS, treated with RNase A, stained with PI (50 ng/mL), and
analyzed by a flow cytometer excitated by 488 nm.

Measurements of ROS and free Ca®* levels After incubation
with different concentrations of FA—Se NPs for 24 h, cells
were harvested, washed twice with PBS, and suspended in
PBS. To detect the changes in ROS and free Ca®" levels, the
suspended MCF-7 cells were incubated with DCFH-DA and
fluo-3 AM for 30 min in dark at room temperature, respec-
tively. After collected and washed twice with PBS, the
samples were measured by flow cytometer with excitation
wavelengths both at 488 nm for DCFH-DA and fluo-3 AM.

Measurements of mitochondrial membrane potential
disruption The mitochondrial specific probe JC-1 was used
following the instructions to confirm the disruption of mito-
chondrial membrane potential (MMP). After incubated with
FA-Se NPs and washed with PBS, 1 mL DMEM medium and
I mL JC-1 staining solution were added to incubate for
20 min. After incubation, the medium was removed, washed
twice with JC-1 cleaning solution, and immediately examined
under a confocal microscope with excitation wavelength set at
514 nm.

Rhodamine 123 was also used to detect the disruption
of MMP and detected by flow cytometer. After treated
with FA—Se NPs, the harvested and washed cells were
incubated with rhodamine 123 for 30 min in dark at room
temperature. Flow cytometer with excitation wavelengths
at 488 nm was used to detect the fluorescence intensity of
rhodamine 123 after the cells were collected and washed
twice with PBS.

Caspase-3 and caspase-9 activity assay Caspase-3 and
caspase-9 activities were both determined using a similar
fluorescence quantitative method as described previously
(Patil et al. 2010). After incubation, cells were harvested
by scraping and washed twice with PBS. The cell pellets
were then suspended in cell lysis buffer and incubated for
15 min on ice. After centrifugation at 16,000xg for 15 min,
the collected supernatants were immediately measured to
obtain the protein concentration and caspase activity.
The cell lysates were added into 96-well plates and then
incubated with specific caspase-3 substrates (Ac-DEVD-
pNA) and specific caspase-9 substrates (Ac-LEHD-pNA)
for 2 h at 37 °C, respectively. Caspase-3 and caspase-9
activities were determined by fluorescence intensity with
the excitation wavelength both set at 405 nm using a
spectrophotometer.
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Measurements of the organization and the amounts of F-
actin The untreated and FA-Se NPs treated MCF-7 cells
were fixed by 4 % paraformaldehyde for 15 min and incu-
bated with 1 uM rhodamine—phalloidin for 60 min in the
dark at room temperature. After washed triple with PBS,
cells were then incubated with 50 uM DAPI for 4 min and
washed triple with PBS. A laser scanning confocal micro-
scope (Carl Zeiss, Germany) was used to image the nuclear
morphology and the organization of F-actin cytoskeleton,
respectively.

The amounts of F-actin in FA—Se NPs untreated or trea-
ted MCF-7 cells were determined by flow cytometer with
special staining of actin-tracker green. The harvested and
washed cells were fixed by 4 % paraformaldehyde for
15 min, washed triple with PBS, incubated with actin-
tracker green for 30 min, washed triple with PBS, and then
suspended in PBS. At last, samples were immediately ana-
lyzed by a flow cytometer (BD Inc, USA) and excitated by
496 nm.

Atomic force microscope measurements Atomic force mi-
croscope (AFM) (Veeco, USA) was used to obtain topo-
graphic images of FA—Se NPs treated or untreated MCF-7
cells in the contact mode. Organic contaminates of the
silicon nitride tips used in all measurements were removed
by ultraviolet irradiation. The curvature radius of the tips is
less than 10 nm, with a force constant set at 10 mN/m and an
oscillation frequency set at 255 kHz. Samples were fixed by
paraformaldehyde solution and detected in air after dried at
room temperature. Single-cell imaging was obtained from
more than five cells, and each cell was scanned for three
times.

Statistical analysis Each experimental group was repeated
at least three times. Statistical analysis was performed
using Student’s ¢ test. P<0.05 was regarded as statistically
significant.

Results

Characterization of FA—Se NPs In this study, we introduced
a new method to prepare FA—Se NPs by a redox system.
Figure la showed the size distribution of FA—Se NPs
obtained by TEM which indicated that the uniform spherical
FA—Se NPs were obtained in an average diameter of 70 nm
and was similar with the results obtained by DLS in Fig. 1b.
The zeta potential of FA—Se NPs in aqueous solution was
obtained by DLS experiments and showed a mean zeta
potential of =45 mV (Fig. 1b).

UV/VIS absorbance spectra and FIRT absorbance spectra
were used to confirm the successful modification of Se NPs
with FA molecules. Figure 1¢ showed the UV/VIS absorbance
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spectra of FA—Se NPs solution, free FA solution, and Se NPs
solution, respectively. There was a clear peak at 279 nm in the
spectra of free FA solution, and a similar peak was also found
in the spectra of FA—Se NPs solution at 276 nm. But in the
spectra of Se NPs solution, there was just one clear peak at
261 nm which was distinct from 279 nm. Similarly, there was
a clear peak at 340 nm in the spectra of free FA solution which
also expressed in the spectra of FA—Se NPs, while nearly no
absorbance was observed at 340 nm in the spectra of Se NPs
solution.

The FTIR spectra of FA—Se NPs we prepared showed
two clear absorbance peaks at 1,694.2 and 1,604.1 cm '
when the IR spectra of FA showed a similar absorbance
peaks at 1,693.8 and 1,605.7 cm™ ' (Fig. 1d). But there were
no similar special absorbance peaks in the IR spectra of Se
NPs which had just one clear peak at 1,623.8 cm ' in this
region. The disappearance of O—H broad absorbance peak
between 2,500and 3,000 cm ! in the FTIR spectra of FA-Se
NPs indicated that the successful modification of FA mole-
cules onto Se NPs was mostly due to carboxyl functional-
ities of FA molecules. These results indicated that FA—Se
NPs were prepared successfully to obtain an average diameter
of 70 nm and protected by FA molecules by carboxylation
(shown as Fig. le).

Cellular uptake The above characterizations demonstrated
the successful modification of FA onto the surface of Se
NPs. To further investigate the cellular uptake mechanism of
FA—Se NPs in FR overexpressed cancer cells, we performed
a free FA competitive inhibition experiments in MCF-7
cells. The results determined by ICP-MS were expressed
as Se content per cell and given in Fig. 2a a. As expected,
when additional free FA molecules were introduced, the
uptake of FA—Se NPs decreased even at low FA concen-
trations. When more FA molecules were added, the cellular
uptake of FA—Se NPs decreased again in a dose-dependent
manner which suggested that additional FA molecules could
inhibit the intracellular uptake of FA—Se NPs.

Recently, TEM has always been used to test the endocy-
tosis process and intracellular distribution of nanoparticles
in cells (Evans et al. 2011). It could give some significant
internal information about the relationship between nano-
particles and cellular organelles such as mitochondria, lyso-
somes, and nucleus (Qiu et al. 2010). In order to corroborate
the endocytosis process of FA—Se NPs, we checked the
endocytosis process of the MCF-7 cells upon FA—Se NPs
treatments using TEM. From Fig. 2a (b, c), we found that
the FA—Se NPs in medium were bigger than 70 nm and had
no definite shape or volume. This indicated that FA—Se NPs
could form some amorphous aggregates with different sizes
before entering into cells. Those aggregates can be enclosed
by the plasma membrane of MCF-7 cells to form endocytic
vesicles for intracellular transport.
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Fig. 1 Characterization of FA—Se NPs. a TEM images of FA—Se NPs
with different ranges, the given bar in a and b are 500 and 200 nm,
respectively. b DLS characterization of FA—Se NPs. a Size distribution
and b zeta potential of FA—Se NPs in aqueous solution obtained by
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Fig. 2 FR-mediated endocytosis and intracellular localization of FA—
Se NPs in MCF-7 cells. a FR-mediated endocytosis of FA—Se NPs in
MCEF-7 cells. a Free FA competitive inhibition assay detected by ICP-
MS. The cellular uptake of FA—Se NPs by MCF-7 cells was expressed
here as Se content per cell. Data were the average of three independent
experiments£=SD. b, ¢ TEM images showed the endocytosis process of
FA—Se NPs in MCF-7 cells. b The process of FA—Se NPs were released
into cytoplasm from endocytic vesicles and then transported into the
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bance spectra of FA—Se NPs, free FA, and Se NPs, respectively. d The
scheme for the formation process of FA—Se NPs

related to the cellular ultrastructure and intracellular traffick-
ing (Wang et al. 2011a). TEM images can provide spatial

mitochondria. ¢ The mitochondria damage induced by FA—Se NPs. d
The FA—Se NPs released from broken mitochondria translocated into
nucleus or nucleolus and induced the nucleolus structural damage.
Scale bars in all these images were 1 um. FA—Se NPs in MCF-7 cells
were indicated by white thick arrow. White arrows in these images
showed the locations of FA—Se NPs in MCF-7 cells. Letters N, NE, V,
and M are abbreviations of nucleus, nucleolus, vesicle, and mitochon-
dria, respectively

@ Springer



1056

Appl Microbiol Biotechnol (2013) 97:1051-1062

and temporal information about the endocytosis process,
trafficking process, and subcellular localization of FA-Se
NPs in MCF-7 cells. The results in Fig. 2a had showed that
FA—Se NPs were internalized by MCF-7 cells through FR-
mediated endocytosis way. The endocytic vesicles formed
during the endocytic process were used to transport FA—Se
NPs into cells. After FA—Se NPs were transport further into
the cell by endocytic vesicles, they were released into cyto-
plasm from endocytic vesicles after 3 h treatment (Fig. 2b
a). After continuous incubation for 6 h, most FA—Se NPs
were transported to mitochondria located region in cyto-
plasm (Fig. 2b b) and then began to enter into the mitochon-
dria (Fig. 2b c). This implied that mitochondria were the
main targeted organelle of FA—Se NPs in MCF-7 cells in the
early period of time after been internalized. Before the entry
of FA—Se NPs, there showed regular and clear mitochondri-
al crista structures in cross section of mitochondria (indicat-
ed by black thick arrows in Fig. 2b ¢) or intensive and intact
structures in longitudinal sections of mitochondria (Indicat-
ed by black thick arrows in Fig. 2b a, b). This indicated that
these mitochondria were under health physiological status
with normal mitochondrial structures before FA—Se NPs
were trafficked into them.

After treatment with FA—Se NPs for 24 h, the longitudi-
nal sections of mitochondria presented characteristic vacu-
olation (indicated by black thick arrows in Fig. 2c ¢). The
mitochondrial crista in cross section of mitochondria nearly
all disappeared and even appeared breakages with fogged
mitochondrial membrane after the entry of FA—Se NPs
(indicated by black thick arrows in Fig. 2¢ b). These
changes of mitochondrial structure indicated that the entry
of FA—Se NPs into mitochondria could affect the structure

and physiological status of mitochondria directly. Due to the
damage of mitochondria, FA—Se NPs were released from the
broken mitochondria into cytoplasm again. These released
FA—Se NPs did not transport and distribute randomly in
cells or get out of cells, but been trafficked into nucleus
(Fig. 2d a). After incubated with FA—Se NPs for 48 h, FA—
Se NPs were transported into cell nucleus and some FA—Se
NPs even got into nucleolus. It is worth noting that there
were some voids appeared in nucleolus after the entry of
FA—Se NPs into nucleolus (indicated by black thick arrow in
Fig. 2d b, c).

Anti-proliferative effect of FA—Se NPs In order to determine
if FA—Se NPs have selective killing effect on FR over
expressed cancer cells, the viability to MCF-7 and CBMSC
was assessed by MTT assays. The results shown in Fig. 3a
revealed that FA—Se NPs strongly suppressed MCF-7 cell
growth after 48 h treatment with a dose-dependent killing
effect. The half maximal inhibitory concentration (ICs) of
FA-Se NPs for MCF-7 cells was 2.47 pug/mL. As our
expected, FA—Se NPs showed lower cytotoxicity toward
normal CBMSC whose ICso was 22.52 ug/mL, much higher
than that of MCF-7 cells. These data suggested that FA—Se
NPs could suppress the growth of MCF-7 cells effectively
and selectively.

Apoptosis effects and cell cycle arrest induced by FA-Se
NPs Flow cytometric analysis was performed to further
assess the apoptotic MCF-7 cells induced by FA—Se NPs. As
seen in Fig. 3¢, when treated with 5 ng/mL FA—Se NPs, the
number of early apoptotic cells (12.74 %) was significant
higher than that of control group (4.27 %). Additionally, the
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number of necrosis or late apoptotic MCF-7 cells was also
much higher than that of control group. These results indicated
that FA—Se NPs could induce apoptosis of MCF-7 cells.

Besides, the effect of FA—Se NPs on cell cycle distribu-
tion was also detected with PI staining and determined by
flow cytometric. The average percentage of cells in S phase
increased from 20.2 to 33.5, 39.1, 36.8, and 35.3 % after
0.5, 2.5, 5, and 10 ng/mL FA—Se NPs treatment, respective-
ly(Fig. 3b), implying that FA—Se NPs treatment arrested the
MCEF-7 cell cycle in S phase.

Mitochondria-dependent apoptosis induced by FA—Se
NPs ROS were highly reactive molecules which generated
from cellular metabolism as a byproduct. To determine if
ROS were involved in FA—Se NPs induced apoptosis, we
examined the induction of cellular ROS production in re-
sponse to FA—Se NPs exposure by flow cytometry. The
results (Fig. 4a, ¢) implied that mean fluorescence intensity
(MFI) of FA—Se NPs treated cells ranged from 46.60 to
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80
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EVENTS
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85.95 while the MFI of control group was just 30.63, show-
ing the potential role of ROS in FA—Se NPs induced MCF-7
cell apoptosis.

Increasing of intracellular Ca’+ concentrations was also
recognized to be an important factor for cell death and
injury. We found that the MFI of intracellular free Ca®"
was 29.98 for control group but increased remarkably after
the FA—Se NPs treatment from 41.00 to 79.41 (Fig. 4b, d).
The results indicated that the increase of intracellular Ca**
was also closely related to FA—Se NPs induced MCF-7 cell
apoptosis.

In this work, JC-1 staining was used to confirm the disrup-
tion of MMP as a qualitative method (Li et al. 2011b), and
rhodamine 123 was used to detect MMP as a quantitative
method (Huang et al. 2012). The JC-1specfic staining could
provide a distinct visualized result because red fluorescence
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Fig. 4 Flow cytometric analysis of ROS and Ca*+ levels in designated
concentrations FA—Se NPs treated MCF-7 cells. a Changes of ROS
levels in FA-Se NPs treated MCF-7 cells. b Changes of Ca*" concen-
tration in FA—Se NPs treated MCF-7 cells. ¢ ROS levels changes in
MCE-7 cells, ROS levels in each FA—Se NPs treatment group treatment

Concentration of FA-Se NPs (ug/mL)

are significantly different with control. d Ca®" concentration changes in
MCEF-7 cells, ROS levels in each FA—Se NPs treatment group are
significantly different with control. The data in ¢, d both represent
three separated experiments
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indicated that FA—Se NPs induced the disruption of MMP in
MCEF-7 cells (Fig. 5a). Moreover, the MFI of rhodamine 123
also decreased in a dose-dependent manner after the treatment
of FA—Se NPs against MCF-7 cells (shown in Fig. 5b). These
information both demonstrated that FA—Se NPs could induce
MMP disruption in MCF-7 cells due to the FA—Se NPs
entered into mitochondria.

In order to confirm the apoptosis pathways, we also tested
the activity of caspases which were central initiators and
executioners of the apoptotic process (Danial and Korsmeyer
2004). As shown in Fig. Sc, the activity of caspase-9 signifi-
cantly increased to 442 % after treated with 5 pg/mL FA-Se
NPs for 24 h. Similarly, the activity of caspase-3 increased to
243 % with 5 pg/mL FA—Se NPs treatment.

Cell morphological changes induced by FA-Se NPs The
morphological changes of F-actin and nucleus induced by
FA-Se NPs in MCF-7 cells were tested by specific staining
of the F-actin cytoskeleton with rthodamine-labeled phalloi-
din and staining of the nucleus with DAPI. As shown in
Fig. 6a, the staining of control MCF-7 cells showed a
mainly homogeneous cytoplasmic distribution of F-actin
with intact, plump nucleus, and the cells contact with each
other intimately. After 24 h treatment with FA—Se NPs, the
F-actin aggregated and formed dot-like structures(shown as
white arrows), with some shrinked and broken nuclear bod-
ies (shown as gray arrows); furthermore, the cells appeared
more spread out on the substratum. The amounts of F-actin
before or after FA—Se NPs treatment in MCF-7 cells was
tested by staining F-actin with actin-tracker green and
shown in Fig. 6b. The fluorescent signal of actin-tracker
green in MCF-7 cells decreased with FA—Se NPs treatment

Fig. 5 The mitochondria-
dependent apoptosis induced by
FA—-Se NPs in MCF-7 cells.

a Changes of MMP in FA-Se
NPs treated MCF-7 cells tested
by confocal microscopy (JC-1
staining), the scale bars were all
30 pum. b Changes of MMP in
MCEF-7 cells treated with FA—
Se NPs tested by flow cytome-
try. ¢ Caspase-9 and Caspase-3

activity were measured with B
whole cell extracts by a fluoro- 400
metric method. All data were T
expressed as mean values+ = 300
standard deviation from three §
independent experiments § 200

2

S

T 100

0
Concentration of FA-Se NPs (rg/mL)
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indicated that FA—Se NPs could induce the depolymeriza-
tion of F-actin.

AFM was used to observe a variety of changes in surface
morphology and membrane ultrastructure of MCF-7 cells
before or after FA—Se NPs treatment. It was demonstrated that
control MCF-7 cells had oval shape and the cell membrane
was relatively smooth and intact, but the FA—Se NPs treated
MCF-7 cells were deformed and the cell membrane became
more roughness with shrunk cell tails (Fig. 7a). The distribu-
tion of nanoparticles on cell membrane implied that the nano-
particles (indicated by white arrows in Fig. 7b) on cell
membrane became bigger from 120 to 360 nm with FA-Se
NPs treatment (shown in Fig. 7c). Additionally, the height of
these nanoparticles was also increased, from 41 nm for the
control cells to 120 and 228 nm for 0.5 and 2.5 pg/mL FA-Se
NPs treated group, respectively (Fig. 7d).

Discussion

This study provides a new method to prepare folate-modified
selenium nanoparticles and provides some important informa-
tion to understand the subcellular localization and cytotoxicity
mechanism of selenium nanoparticles in MCF-7 cells. It is
reported that the sol system was stable when its absolute value
of average zeta potential was higher than 30 mV (Muller and
Jacobs 2002). This demonstrated that FA—Se NPs were elec-
tronegative and stable in aqueous solution. This stable prop-
erty would contribute to its further medical and nutritional
applications. The special peak at 276 and 340 nm in the
spectra of FA—Se NPs but not found in the spectra of Se NPs
could be ascribed to the FA molecules conjugated on Se NPs.
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Additionally, the characteristic IR absorption peaks of folic
acid at 1,605 and 1,693 cm ' (Zhang et al. 2002) were also
observed in the spectrum of FA—Se NPs, but not observed
in the IR absorption of Se NPs. These results demonstrated
that the FA molecules had been successfully conjugated
onto Se NPs.

Free FA molecules can inhibit the binding capacity of FA
molecules linked drugs to FR on cell membrane (Kalber et
al. 2011). When free FA molecules were added, there would

Fig. 7 Cell morphology of FA—
Se NPs treated and control MCF-
7 cells imaged by AFM. a
Topography images and their
corresponding 3-D mode of
control, 0.5 pg/mL FA-Se NPs
treated and 2.5 pg/mL FA-Se
NPs treated MCF-7 cells. Scale
bar 10 um. The black arrows in
these images indicated the
shrunk cell tails. b Topography
of MCF-7 cell membrane ultra-
structure on corresponding cell
region indicated by black frame
in a. Scale bar 1 um. ¢ Histo-
grams of the particle size
extracted from images in b. d
Height profiles of the particle in
c. Cell imaging was obtained
more than five cells per group,
and each cell was scanned for
three times

Control

80

160nm

Actin tracker

be a competition between free FA molecules and FA mole-
cules on the Se NPs when binding to FR on the MCF-7 cell
surface. This competition would inhibit the intracellular
uptake of FA—Se NPs through inhibiting FR-mediated en-
docytosis of FA—Se NPs. This inhibition effect demonstrat-
ed that the FA molecules on the surface of Se NPs facilitated
the uptake efficiency of FA—Se NPs into MCF-7 cells
through FR-mediated endocytosis way. Based on the cell
cycle distribution results, we could conclude that that FA—Se
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NPs arrested the cell cycle of MCF-7 cells at S phase, whose
main aim was to synthetize DNA for cell division (Laskey et
al. 1989). The reason why FA—Se NPs arrested MCF-7 cell
cycle at S phase was mostly due to the influence of FA—Se
NPs on the DNA synthesis process in S phase after the entry
of FA-Se NPs into nucleolus. Before the entry of FA-Se
NPs into nucleus, MCF-7 cells had intact, plump nucleolus
with no voids and the chromatin is homogeneously distrib-
uted in the nucleolus, without chromatin condensation or
breakage (labeled by NE in Fig. 2b b). The voids appeared
in nucleolus also demonstrated the damage of chromatin and
the broken of nucleolar structures.

High levels of ROS could cause cellular damage depend-
ing on the duration of ROS stress to mediate apoptosis by
regulating the expression of various apoptosis regulatory
proteins (Trachootham et al. 2006) and could therefore
function as anti-tumor species (Lu et al. 2007). There even
highlighted a novel strategy for cancer therapy that prefer-
entially eradicates cancer cells by targeting the ROS stress-
response pathway (Raj et al. 2011). ROS generation also
acted as an important role in selenium compounds, especial-
ly in Se NP-induced cancer cell apoptosis (Chen et al.
2008). The increasing of ROS induced by FA—Se NPs
demonstrated that FA—Se NPs could disturb the balance of
ROS in MCF-7 cells to induce cell apoptosis. The loss of
MMP would lead to the release of cytochrome c, the de-
crease of adenosine triphosphate generation (Waterhouse et
al. 2001), the activation of caspases, and the initiation of
apoptotic cascades (Hu and Kavanagh 2003). Caspase-9 has
been identified as the indicator of mitochondria-dependent
apoptosis pathways and always activated by Apaf-1 or cy-
tochrome c, which present only in mitochondria while
caspase-3 has been regarded as the downstream effector
caspase of apoptosis (Adams 2003). The loss of MMP, the
increasing of caspase-9 and caspase-3 activity, indicated the
activation of mitochondria-dependent apoptosis pathways.
These results demonstrated that FA—Se NPs induced MCF-7
cell apoptosis through mitochondria -dependent pathways
involved the increasing of intracellular ROS level and Ca*"
level as critical mediators. These changes led to the damage
of mitochondria membrane, induced the release of FA—Se
NPs from the broken mitochondria, and been further trans-
ported into nucleus.

F-actin had been viewed as a “good thing” that is necessary
for cell motility and sustained cell signaling because it could
provide the capability of cells to move organelles like mito-
chondria within the cytoplasm (Dustin 2006). More signifi-
cantly, F-actin might be critical for delivering proapoptotic
molecules to mitochondria (Tang et al. 2006). Our study
showed that FA—Se NPs were not only able to alter the
organization of cytoskeleton architecture by disrupting F-
actin distribution but also could decrease the expression of
F-actin to change the cytoskeleton composition of MCF-7

@ Springer

cells. As a nondestructive cell surface imaging tool, AFM
could provide us a lot of information about ultrastructural
changes in cell-surface topography at nanoscale (Jin et al.
2010) so that AFM was always used in cell imaging, espe-
cially in cancer detection (Lekka and Laidler 2009). The
nanoparticles on cell surface observed by AFM were reported
as clusters of membrane proteins (Grimellec et al. 1998). The
changes of cell membrane morphology and membrane pro-
teins implied that some physiological changes could occur in
membrane proteins, such as opening/closing of ion channels,
disrupting of structure, or changing of chemical composition
of the outer membrane proteins (Wang et al. 2011b).

Taking all results obtained here into account, we proposed
a mechanism of intracellular localization and cytotoxicity for
FA-Se NPs in MCF-7 cells (Fig. 8). At first, when FA-Se
NPs were added into the culture medium, some irregular
aggregates formed before FA—Se NPs were internalized by
cell membrane. The FA molecules on FA—Se NPs aggregates
were attracted by the FR on MCF-7 cell membrane. After
binding with FR, the plasma membrane surrounding the FA—
Se NPs began to invaginate until an endocytic vesicle was
formed to transport FA—Se NPs into MCF-7 cells. The endo-
cytic vesicles which were transported further into the cell
would rapidly be acidified due to the colocalized proton
pumps action in the vesicle membrane (Lee et al. 1996). This
acidification environment presumably protonated the car-
boxyl moieties on the FR protein, thus promoting a confor-
mational change that would enable the escaping of FA—Se
NPs from FR (Leamon and Reddy 2004). The nonbinding
FA—Se NPs would then be released from endocytic vesicles
into cytoplasm. The unconstrained FA—Se NPs would not
deliver randomly in cytoplasm but accumulate to the region
around mitochondria spontaneously and then entered into

74 FA-Se NPs

Fig. 8 The proposed mechanism for cellular uptake, subcellular local-
ization, and cytotoxicity of MCF-7 cells by FA—Se NPs
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mitochondria. The entering of FA—Se NPs into mitochon-
dria induced the generating of ROS, releasing of free Ca’
" and finally led to the damage of mitochondria. Those
changes then induced the activation of caspase-9, the
activation of downstream apoptosis executor caspase-3,
and further induced mitochondria-dependent apoptosis in
MCF-7 cells. The FA-Se NPs broke out from the dis-
rupted mitochondria and then translocated to the nucleus.
The FA—Se NPs entered nucleus kept moving into nucle-
olus and induced the disruption of chromatin in nucleolus
which made the intact and plump nucleolus damage. As
results, the FA—Se NPs in nucleolus would induce MCF-
7 cell cycle arrested in S phase. Additionally, the FA—Se
NPs in cytoplasm induced depolymerization of F-actin and
disorganization of F-actin cytoskeleton which directly caused
the morphology changes of MCF-7 cells.

Based on the above experiments, we have proposed a
mechanism to understand the subcellular localization and
cytotoxicity of FA—Se NPs in MCF-7 cells. We believe that
understanding the role of cell internalization, intracellular
transportation, and subcellular distribution of FA—Se NPs in
cancer cells will shed new light in delineating the cytotoxicity
mechanisms of Se NPs. The mitochondria-targeted and
nucleus-targeted properties of FA—Se NPs in FR overex-
pressed cancer cells make it a potential carrier for releasing
mitochondria-specific or nucleus-specific drugs to kill FR
overexpressed tumor selectively. The similar manner would
work for other Se NPs and contribute to the design of
organelle-targeted drug carriers.

In summary, we first reported that FA can function as both
protecting and modifying agent in the production of Se NPs.
The spherical FA—Se NPs were successfully modified and
protected by FA molecules and obtained in an average diam-
eter of 70 nm. FA—Se NPs were internalized by MCF-7 cells
through a FR-mediated endocytosis way and formed endocytic
vesicles to transport FA—Se NPs into cytoplasm. The FA-Se
NPs in endocytic vesicles were then released into cytoplasm
and accumulated to mitochondria. The entry of FA—Se NPs
into mitochondria induced mitochondria-dependent apoptosis
and further induced the disruption of mitochondria. FA—Se
NPs in cytoplasm then transported into nucleus and nucleolus
which induced the damage of nucleolus and the arrest of cell
cycle. Our findings suggested that FA—Se NPs can be targeted
to tumor cells in a site-dependent manner and thus exhibit
potential application in targeted therapy of tumors.
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