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ABSTRACT: Surface-capping agents play key roles in cellular uptake and biological activity of functional nanomaterials. In the
present study, functionalized selenium nanoparticles (SeNPs) have been successfully synthesized using Polyporus rhinocerus water-
soluble polysaccharide−protein complexes (PRW) as the capping agent during the reduction of selenium salts. The acquired
monodisperse, spherical PRW-SeNPs presented desirable size distribution and stability in the solution. Moreover, PRW surface
decoration significantly enhanced the cellular uptake of SeNPs via endocytosis. Exposure to PRW-SeNPs significantly inhibited the
growth of A549 cells through induction of apoptosis and G2/M phase arrest (IC50 = 4.06 ± 0.25 μM) supported by an increase of
sub-G1 and G2/M phase cell populations, DNA fragmentation, and chromatin condensation. Caspase-3/8 activation induced by
PRW-SeNPs indicated that the activation of death receptors was the main cause of PRW-SeNP-induced apoptosis. Collectively, the
results suggest that it is highly efficient to use PRW as a surface decorator of SeNPs to enhance cellular uptake and anticancer
efficacy, and the PRW-SeNPs are potential chemopreventive agents for lung cancer therapy.
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■ INTRODUCTION

Chemotherapy is a main treatment method for cancer that
essentially means applying cytotoxic medications to kill cancer
cells or make them less active. However, chemotherapeutic
agents can very often be cytotoxic to normal cells as well,
resulting in side effects such as hair loss, nausea, and
hematological and neurotoxic side effects. Scientists in
different fields have devoted their efforts to harnessing the
power of nanotechnology to improve the imaging, diagnosis,
and targeted therapy of cancer treatment.1,2 Cancer nano-
technology, a comprehensive and interdisciplinary subject, has
emerged on the basic rationale that nanomaterials have novel
optical, magnetic, electronic, and structural properties that are
not available for individual molecules or bulk solids.3,4

Nanotechnology offers diversified nanoscale tools for
medicine. Among them, nanoparticles are rising as novel
methods of drug delivery and have become a new focus of
research. As delivery vehicles of anticancer drugs, nano-
particles can enhance active or passive targeting and thus
increase selectivity, reduce toxicity, and prolong the half-life of
drugs in the human body.5 The size, stability, and surface
properties of nanoparticles greatly affect the efficiency of their
biological effects, and these characters are largely determined
by the capping agents of nanoparticles.
Selenium (Se) is an essential trace element for human and

animal health, and its biological functions are mainly exhibited
through selenium-containing enzymes.6 Besides its application
potential for its antioxidant activity,7 Se is also a chemopreventive

and chemotherapeutic agent in various chemical forms for
its special physiological properties.8,9 In addition, the role of
selenocompounds as sensitizers can make various kinds of
cancer cells susceptible to some widely used chemopreventive
and chemotherapeutic agents and prevent the occurrence of
drug resistance in cancer cells.10−13 The bioavailability and
side effects of Se are closely related to its chemical forms;
thus, it is imperative to fully characterize Se species that are
highly bioavailable but produce few side-effects. Recently,
Se nanoparticles (SeNPs) have drawn much attention due
to their excellent bioavailability, biological activity, and low
toxicity compared to organic or inorganic Se.14−21 Studies
have shown that functionalized SeNPs could be internalized
by cancer cells through endocytosis and then induce cell
apoptosis by triggering apoptotic signal transduction path-
ways.18,22 Therefore, SeNPs are considered to be potential
candidates for cancer chemoprevention and chemotherapy
other than Se supplementation.
The capping agents of SeNPs can not only control the size

and stability of SeNPs but also play an important role in
enhancing cellular uptake, promoting cancer selectivity, and
prolonging the circulation of SeNPs in physiological systems.
However, the physicochemical properties of capping agents are
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closely related to the bioavailability of SeNPs.23 Recently, fabri-
cation of nanomaterials with naturally originated biomacromo-
lecules as templates or capping agents has emerged as a hot
field in biomedical nanomaterial.15,18,20 Mushroom polysaccharide−
protein complexes have been used as immunomodulating and
anticancer agents in Asia for decades.24 Apart from possess-
ing different forms of β-D-glucan with different molec-
ular weights, water solubilities, degrees of branching and con-
formation, polysaccharide−protein complexes also have imino
groups originating from the proteins, triggering various bio-
logical reactions.25,26 Due to their unique chemical structures,
polysaccharide−protein complexes can be superior stabilizers
of nanoparticles, protecting them to evade clearance and
enhancing the stability and cell penetration. Our previous study
demonstrated that surface decoration with polysaccharide−
protein complexes isolated from mushroom sclerotium of
Pleurotus tuber-regium could improve the size and stability of
SeNPs and enhance their selectivity and anticancer ability
toward human breast carcinoma MCF-7 cells.18 Interestingly,
the water-soluble polysaccharide−protein complexes (PRW)
extracted from another mushroom sclerotium, namely,
Polyporus rhinocerus, which is a traditional Chinese medicine
for treating liver cancer, chronic hepatitis, and gastric ulcer,27

were found to possess striking host-mediated antitumor activity
on Sarcoma 180 implanted BALB/c mice and had a prominent
cytotoxic effect on various human leukemic cell lines mediated
by cell cycle arrest in vitro.28 A recent study also demonstrated
that PRW exhibited strong antiproliferative activity against both
human breast (MCF-7) and lung (A549) carcinomas.29

Unlike the polysaccharide−protein complexes isolated from
the sclerotium of Pleurotus tuber-regium, PRW has a smaller
molecular weight (4 × 105 kDa) and has relatively high amounts
of protein content (41.3%) and mannose content (12.1%).28

Thus, in the present study, we are interested to determine
whether the PRW can be used as a capping agent to prepare
novel SeNPs. Besides, the effect of PRW surface decoration on
size, stability, and anticancer efficacy, cellular uptake efficiency of
SeNPs was also evaluated. In particular, the apoptosis-inducing
effect and corresponding signaling pathway triggered by the
PRW-SeNPs were further investigated on lung adenocarcinoma
A549 cells also.

■ MATERIALS AND METHODS
Materials and Chemicals. Sodium selenite (Na2SeO3), thiazolyl

blue tetrazolium bromide (MTT), 4′,6-diamidino-2-phenyindole
(DAPI), Lyso Tracker Red, coumarin-6, propidium iodide (PI), and
a bicinchoninic acid (BCA) kit were purchased from Sigma. A terminal
transferase dUTP nick end labeling (TUNEL) assay kit was purchased
from Roche Molecular Biochemicals. Substrates for caspase-3 (Ac-DEVD-
AMC), caspase-8 (Ac-IETD-AFC), and caspase-9 (Ac-LEHD-AFC) were
purchased from Calbiochem. Vitamin C was purchased from Guangzhou
chemical reagent factory. The water-soluble polysaccharide-protein
complexes (PRW) were isolated from the sclerotia of Polyporus
rhinocerus as previously described.28

Preparation of PRW-SeNPs. Different volumes (0−6 mL) of
aqueous PRW stock solution (0.25%) were mixed with aqueous
sodium selenite solution (1 mL, 25 mM), and then Milli-Q water
was added to 24 mL. Freshly prepared ascorbic acid solution (1 mL,
100 mM) was added dropwise into the mixtures under magnetic stirring,
and the systems were allowed to react under room temperature in the
dark for 24 h. Then the solution was dialyzed against Milli-Q water in
the dark with intermittent changes of water at intervals until no Se was
detected in the outer solution by ICP-AES analysis. A similar procedure
was used to prepare PRW-SeNPs containing coumarin-6 except that
coumarin-6 was added to the reaction system at a concentration of

4 μg/mL after the addition of 3 mL of PRW. After reacting for 24 h
under room temperature in the dark, the solution was dialyzed against
Milli-Q water by intermittent changes of water at intervals until no Se
and coumarin-6 were detected in the outer solution. ICP-AES analysis
and a fluorescent spectrophotometer were used to measure the Se and
coumarin-6 in the solution, respectively.

Characterization of PRW-SeNPs. The PRW-SeNPs obtained
were characterized by microscopic and spectroscopic methods includ-
ing transmission electron microscopy (TEM), high-resolution TEM
(HR-TEM), selected area electron diffraction (SAED), energy
dispersive X-ray (EDX), dynamic light scattering (DLS), and Fourier
transform infrared spectra (FT-IR). Briefly, TEM was carried out with
a Hitachi (H-7650) at an acceleration voltage of 80 kV. The HR-TEM
images, corresponding SAED pattern, and EDX were taken on a JEOL
2010 high-resolution TEM operated at 200 kV. A Zetasizer Nano ZS
particle analyzer (Malvern Instruments Limited) was used to measure
the particle size, size distribution, and stability of the nanoparticles
in aqueous solution by DLS measurement. FT-IR of the samples
was carried out on a FT-IR spectrometer (Equinox 55, Bruker) in the
range of 4000−500 cm−1 using the KBr disk method.

Cell Lines and Cell Culture. The human cancer cell lines used in
this study, including lung cancer cells A549, liver cancer cells HepG2,
neuroblastoma cells Neuro-2a, breast adenocarcinoma cells MCF-7,
and melanoma cells A375, and human normal kidney cells HK-2 were
purchased from American Type Culture Collection (ATCC, Manassas,
VA, USA) and maintained in DMEM supplemented with fetal bovine
serum (10%), penicillin (100 U/mL), and streptomycin (50 U/mL) at
37 °C in a humidified incubator with 5% CO2 atmosphere.

MTT Assay. The in vitro anticancer activities of PRW-SeNPs were
determined by MTT assay as previously described.30 Results were
expressed as the percentage of the absorbance of treated groups
relative to the control group.

In Vitro Cellular Uptake of PRW-SeNPs. To assess the difference
of cellular uptake of PRW-SeNPs between cancer and normal cells, we
used A549 and HK-2 cells to make quantitative analysis of the cellular
uptake of coumarin-6-loaded PRW-SeNPs as previously described.31

The cellular uptake efficiency of PRW-SeNPs was expressed as the
percentage of the fluorescence of the tested wells over that of the
positive control wells. The intracellular activity of coumarin-6-loaded
PRW-SeNPs in A549 cells was traced with Lyso Tracker Red and
DAPI staining as previously described.32

Flow Cytometric Analysis. The effects of PRW-SeNPs on the cell
cycle distribution of A549 cells was examined by flow cytometric
analysis.33

TUNEL-DAPI Co-staining Assay. The PRW-SeNP-induced DNA
fragmentation and nuclear condensation in A549 cells was examined
by TUNEL-DAPI costaining assay.34

Caspase Activity Assay. A549 cells were treated with PRW-
SeNPs for 72 h, and then a fluorometric method was used to measure
the activities of caspase-3, -8, and -9 as previously described.33

Statistical Analysis. All experiments were carried out at least
in triplicate, and results were expressed as the mean ± SD. Statistical
analysis was performed using SPSS statistical program version 13
(SPSS Inc., Chicago, IL, USA). The difference between two groups
was analyzed by Student’s t test, and the difference between three
or more groups was analyzed by one-way ANOVA multiple comparisons.
Difference with P < 0.05 (*) or P < 0.01 (**) was considered statistically
significant.

■ RESULTS AND DISCUSSION

Preparation and Characterization of PRW-SeNPs.
Particle size is a key factor determining nanoparticles’ biological
properties, such as cellular uptake, and particles ranging from
30 to 150 nm in size are more desired, especially in biological
applications.35 As a result, regulating the size of nanomaterials
is of great significance. In the present study, we created SeNPs
with ideal sizes by using PRW as capping agent of SeNPs in the
simple redox system of selenite and ascorbic acid. Without
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PRW surface decoration, SeNPs can aggregate and precipitate
easily (Figure 1A, left). According to the results from time
course of study on particle size and polydispersity index (PDI),
PRW-SeNPs presented desirable size and stability in the
solution, and there were no significant differences among these
concentrations (300, 400, 500, 600 mg/L) within a month
(data not shown). When 300 mg/L PRW was added as capping
agent, the SeNPs existed as monodispersed spherical particles
in aqueous solution with an average diameter of about 50 nm
(Figure 1A, right). The HR-TEM image of lattice fringes and
corresponding SAED pattern of PRW-SeNPs are shown in
Figure 1B. The clear lattice fringes of HRTEM image marked
representatively are about 0.31 nm, indicating the nanoparticles
possessed a crystal structure. The diagram from surface
elemental composition analysis of PRW-SeNPs by HRTEM-
EDX showed three signals, including a strong Se atom signal
(76.1%) from SeNPs; minor signals of C (19.0%) and O
(4.9%) probably originated from the PRW (Figure 1C).
Stability of nanomaterials is an important factor that affects

their medicinal application.36 Therefore, it is necessary to
investigate the particle size, size distribution, and size stability of
PRW-SeNPs. As shown in Figure 2A, the particle size of SeNPs
has something to do with the concentrations of PRW. The
average particle size of PRW-SeNPs was effectively controlled
from 686.3 ± 28.66 (SeNPs alone) to 83.57 ± 1.79 nm at an
optimal concentration of 300 mg/L PRW. Above 300 mg/L,
the average particles size of PRW-SeNPs did not present
significant differences, and the particle size distribution dropped
from 295−615 to 33−190 nm for the control and 300 mg/L
PRW groups, respectively, as shown in Figure 2C,D. The PRW-
SeNPs synthesized with optimal PRW concentration (i.e.,
300 mg/L) were highly water-dispersible for over 1 month, shown
in Figure 2B. All of these results suggest that PRW-SeNPs possess
superior characteristics and may be suitable agents for medicinal
application.
The binding of PRW to SeNPs was characterized by FT-IR.

The FT-IR spectra of PRW, SeNPs alone, and PRW-SeNPs are

shown in Figure 2E. The absorbance peaks at 1533 and 3300−
3450 cm−1 from the spectrum of PRW corresponded re-
spectively to the secondary −CO−NH− group of the proteins
and the stretching vibrations of hydroxyl groups of the
polysaccharides. PRW-SeNPs showed a FT-IR spectrum similar
to that of PRW. However, the peaks shifted from 1533 and
3400 to 1525 and 3421 cm−1, respectively, indicating the
interaction between the hydroxyl and imino groups from PRW
complex and Se atom. These results suggest that the formation
of Se−O and Se−N bonds between PRW and spherical SeNPs
is the main interaction between them, leading to the highly
stable spherical structure of the nanoparticles.

In Vitro Anticancer Activity of PRW-SeNPs. Active
targeting of nanoparticles, a strategy of cancer nanotechnology,
is usually achieved by combination of a targeting component to
the surface of nanoparticles, which leads to the preferential
accumulation of nanoparticles in the tumor site, individual
cancer cells, or intracellular organelles inside cancer cells.37

This technology application is based on molecular recognition,
namely, specific interactions such as lectin−carbohydrate,
ligand−receptor, and antibody−antigen interactions. Among
them, lectin−carbohydrate and carbohydrate-based ligand−
receptor are usually involved in the design of targeted drug
delivery.38,39 Research shows that the surface of cancer cells
exhibits specific receptors and lectins.37,40,41 Therefore,
carbohydrate moieties usually are used in target drug delivery
systems to these lectins or receptors for efficient active cancer
targeting. As a kind of natural polysaccharide−protein complex,
PRW is more than a targeting component, but has intrinsic

Figure 1. Representative TEM images of SeNPs without and with PRW
surface decoration (A); HR-TEM images of lattice fringes (0.31 nm)
and corresponding SAED pattern of PRW-SeNPs (B); representative
EDX analysis of PRW-SeNPs (C). PRW-SeNPs were obtained at a
concentration of 300 mg/L PRW after reacting for 24 h at room
temperature in the dark.

Figure 2. Relationship between particle size of SeNPs and the
concentrations of PRW (A); stability of particle size of PRW-SeNPs
in a time course study (B); size distribution of SeNPs (C) and
PRW-SeNPs (D); FT-IR analysis of PRW-SeNPs (E): a, PRW; b,
PRW-SeNPs; c, SeNPs alone. PRW-SeNPs were obtained at a
concentration of 300 mg/L PRW after reacting for 24 h at room
temperature in the dark.
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anticancer activity. SeNPs are novel Se species possessing high
anticancer activities as well. The anticancer activity of their
product, PRW-SeNPs, was evaluated by MTT assay. PRW-
SeNPs exhibited a broad spectrum of inhibition against several
selected cancer cell lines, including A549, HepG2, Neuro-2a,
MCF-7, and A375 (Figure 3A). Among them, A549 showed the
highest sensitivity to PRW-SeNPs. PRW-SeNPs significantly
inhibited the growth of A549 cells in a dose-dependent manner
(IC50 = 4.06 ± 0.25 μM), but were hardly cytotoxic toward the
normal kidney cells HK-2, as shown in Figure 3B. The cellular
morphological changes of A549 cells exposed to PRW-SeNPs
for 72 h were also examined by phase-contrast microscopy,
showing dose-dependent cell number decrease, cell shrinkage,
loss of intercellular contact, and formation of apoptotic bodies,
whereas the control group retained its number and shape
(Figure 3C). These results suggest that the cytotoxicity of PRW-
SeNPs was cancer-specific.
To better illustrate the effect of PRW surface decoration on

the anticancer activity of SeNPs, the cytotoxicity of PRW-
SeNPs and SeNPs against A549 cells at concentrations of 5 and
10 μM was further compared. As shown in Figure 3D, PRW-
SeNPs at a concentration of 10 μM significantly decreased the
cancer cell viability to 40.1%, whereas SeNPs under the same
condition achieved only a 10.2% decrease. The relatively high
IC50 values of SeNPs (>100 μM) and PRW (>400 μg/mL)
against A549 cells (data not shown) strongly suggest that PRW
surface decoration is decisive to the strong anticancer activity of
SeNPs against A549 cells.

Figure 3. IC50 values of selected human cancer cells treated by PRW-SeNPs (A); cell viability of cancer cells A549 and normal cells HK-2 (B) and
morphological changes in A549 (C); cytotoxicity of PRW-SeNPs, SeNPs, and PRW toward cancer cells A549 (D). Cells were treated for 72 h. Cell
viability was determined by the MTT assay. Cells morphological changes were observed by phase-contrast microscopy (magnification, 100×).

Figure 4. Quantitative analysis of cellular uptake efficiency of
coumarin-6-loaded PRW-SeNPs and SeNPs by A549 cells (A) and
only PRW-SeNPs by HK-2 cells (B). After 0.5, 1.0, and 2.0 h of
incubation at indicated concentrations of coumarin-6-loaded nano-
particles for 37 °C, the cells were lysed in 0.2 M NaOH solution (0.5%
Triton X-100). The fluorescence intensity of the solution was
determined by fluorometry.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403564s | J. Agric. Food Chem. 2013, 61, 9859−98669862



In Vitro Cellular Uptake and Localization of PRW-
SeNPs. To achieve a nanomaterial-based anticancer therapeutic
effect, the nanoparticles absorbed into cancer cells must reach a
relatively high level of concentration. Targeting nanoparticles

created for cancer treatment are more likely to be absorbed into
cancer cells than normal cells to reach therapeutic concen-
tration and have greater potential to become a candidate for
anticancer agents. In the present study, A549 and HK-2 cells

Figure 5. Cellular uptake and intracellular localization of PRW-SeNPs in A549 cells. Cells were exposed to DAPI (nucleus, blue fluorescence), Lyso
Tracker Red (lysosomes, red fluorescence), and coumarin-6-loaded nanoparticles (100 μM) at 37 °C for indicated times and then visualized under a
fluorescence microscope (magnification, 200×).

Figure 6. Flow cytometric analysis of cell cycle distribution of A549 cells. A549 cells exposed to indicated concentrations of PRW-SeNPs for 72 h were
collected and stained with PI after ethanol fixation. Following flow cytometry, cellular DNA histograms were analyzed by the MultiCycle software.
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were used to determine the selectivity of PRW-SeNPs between
cancer and normal cells. Intracellular PRW-SeNP concentra-
tions increased in a time- and dose-dependent manner in A549,
as shown in Figure 4A. After 0.5, 1.0, and 2.0 h of treatment
with 100 μM coumarin-6-loaded nanoparticles, the intracellular
concentrations of PRW-SeNPs increased to 0.62 ± 0.07, 1.18 ±
0.09, and 1.93 ± 0.11 μmol/107 cells, respectively, which were
about 2.8−4.5 times that of 500 μM SeNPs without PRW
surface decoration. On the contrary, few PRW-SeNPs were
absorbed into HK-2 cells (Figure 4B). These results revealed
that PRW surface decoration efficiently enhances internalization
of SeNPs into A549 cancer cells, but exhibits minimal internali-
zation to normal HK-2 cells.
The A549 cell line was used for further investigation of the

intracellular fate of the nanoparticles. In this study, PRW-SeNPs
were loaded with coumarin-6 fluorescent dye, which emits green
fluorescence. The localization of PRW-SeNPs in A549 cancer
cells was detected by using specific probes, Lyso Tracker Red, and
DAPI, for fluorescence imaging of lysosomes and cell nucleus,
respectively. As shown in Figure 5, the overlay of the blue, green,
and red fluorescences clearly indicates the colocalization of PRW-
SeNPs and lysosomes in A549 cells. This suggests that the main
target organelle of PRW-SeNPs is lysosomes, not cell nuclei.
Moreover, the concentration of PRW-SeNPs in lysosomes
increased in a time-dependent manner supported by the rapid
increase in green fluorescence intensity.
Induction of Apoptosis and Cell Cycle Arrest by PRW-

SeNPs. Apoptosis and cell cycle arrest are the crucial
mechanisms accounting for the anticancer action of Se.6,42

However, different forms of Se have different mechanisms for
anticancer activity. Flow cytometry was used to analyze cell
cycle distribution of A549 cells induced by PRW-SeNPs. The
representative DNA histograms clearly showed that exposure of
A549 cells to different concentrations of PRW-SeNPs resulted in
G2/M phase arrest and a dose-dependent increase in apoptotic
population reflected by the subdiploid peaks (Figure 6). The
induction of apoptosis was further confirmed by the occurrence of
DNA fragmentation and nuclear codensation detected TUNEL-
DAPI costaining assay. As shown in Figure 7, DNA fragmentation,

formation of apoptotic bodies, nuclear condensation, and chro-
matin condensation were observed in A549 cells exposd to 10 and

20 μM PRW-SeNPs for 24. Taken together, our results suggest
that apoptosis and G2/M phase arrest are the major modes of
growth inhibition induced by PRW-SeNPs in A549 cells.

Induction of Caspase-Mediated Apoptosis by PRW-
SeNPs. Extrinsic and intrinsic signaling pathways are the two
major pathways that lead to apoptosis. In both pathways, signaling
results in the activation of a family of cysteine proteases, named
caspases, which are the central regulators of apoptosis. Caspase-3, -8,
and -9 acted as central effectors of apoptosis and initiators
of death receptor-mediated and mitochondria-mediated apoptotic
pathways, respectively. To examine the possible signaling path-
ways involved in PRW-SeNP-induced apoptosis in A549, we
measured the activities of the aforementioned initiator and effector
caspases. As shown in Figure 8, exposure to 5, 10, and 20 μM

PRW-SeNPs significantly increased the activities of caspase-3
and -8 in a dose-dependent manner. The figures from the 20 μM
groups are 140.94 ± 6.71 and 136.50 ± 1.54% for caspase-3 and -8,
respectively, whereas no significant change was observed for
caspase-9 activities. It is thus speculated that the extrinsic
pathway, namely, the death receptor-mediated pathway, was the
main signaling pathway in PRW-SeNP-induced apoptosis.
In this study, a simple method for the preparation of size

controllable, highly stable SeNPs decorated by PRW under a
simple redox system was successfully created. SeNPs alone were
easily aggregated to form bigger size and then precipitated,
thus preventing their cellular uptake and biological action. In
contrast, PRW surface decoration effectively reduced the
diameter of SeNPs, which effectively facilitated the endocytosis
and led to higher cellular uptake. Moreover, the specific interac-
tions between PRW and biomolecules and receptors on the
cancer cell membranes may play an important role in enhancing
the cellular uptake of SeNPs, which increased the cytotoxicity of
Se nanopartilces toward A549 cells. Studies on the underlying
mechanisms revealed that the main modes of cell death induced
by PRW-SeNPs were death receptor-mediated apoptosis and
cell cycle arrest. Our findings in this study suggest that the use
of PRW as surface decorator could be a simple approach to
improve the selective uptake and anticancer action of SeNPs, and
PRW-SeNPs might become potential candidates for targeted
lung cancer treatment.
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