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ABSTRACT: The poor permeability of glioma parenchyma represents a major
limit for antiglioblastoma drug delivery. Gracilaria lemaneiformis polysaccharide
(GLP), which has a high binding affinity to αvβ3 integrin overexpressed in glioma
cells, was employed in the present study to functionalize selenium nanoparticles
(SeNPs) to achieve antiglioblastoma efficacy. GLP−SeNPs showed satisfactory size
distribution, high stability, and selectivity between cancer and normal cells. In U87
glioma cell membrane, which has a high integrin expression level, GLP−SeNPs
exhibited significantly higher cellular uptake than unmodified SeNPs. As expected,
U87 cells exhibited a greater uptake of GLP−SeNPs than C6 cells with low integrin
expression level. Furthermore, the internalization of GLP−SeNPs was inhibited by
cyclo-(Arg-Gly-Asp-Phe-Lys) peptides, suggesting that cellular uptake into U87 cells
and C6 cells occurred via αvβ3 integrin-mediated endocytosis. For U87 cells, the cytotoxicity of SeNPs decorated by GLP was
enhanced significantly because of the induction of various apoptosis signaling pathways. Internalized GLP−SeNPs triggered
intracellular reactive oxygen species downregulation. Therefore, p53, MAPKs, and AKT pathways were activated to advance cell
apoptosis. These findings suggest that surface decoration of nanomaterials with GLP could be an efficient strategy for design and
preparation of glioblastoma targeting nanodrugs.
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■ INTRODUCTION

Glioblastoma multiforme (GBM) is becoming the most lethal
primary brain tumor in humans worldwide, representing
approximately 45−50% of all primary intracranial tumors.
Malignant gliomas are typically extremely aggressive, highly
invasive, and neurologically destructive tumors. Malignant
gliomas are locally invasive tumors that are unpredictable and
the nodus of treatment at present. Consequently, patients
diagnosed with malignant gliomas have only a very poor
survival rate.1−3 Therefore, great efforts have been paid to
explore effective therapeutic modalities for antiglioblastoma
therapy. Glioma cells are widely distributed throughout the
brain and have no obvious boundary from other brain normal
cells. Therefore, it is very difficult to make a complete surgical
resection. Moreover, GBM has a high recurrence rate and a
high mortality rate.4 Other treatment methods such as
radiotherapy or chemotherapy followed by surgery resection
are also essential in the treatment of malignant gliomas. For
example, biodegrable carmustine wafers improved the total life
expectancy of cancer patients;5 however, their benefits are
limited due to the deficiency in drug accumulation in the
glioma and the substantial side effects generated by nonspecific
biodistribution.6−8 Unfortunately, most of the chemotherapeu-
tic agents failed to step over the blood−brain barrier (BBB) and

blood−tumor barrier (BTB), which restricts the drugs from
reaching the glioma sites. Therefore, it causes low penetration
across the BBB and poor action efficacy of the chemo-
therapeutics.9−11 Accordingly, in order to overcome the BBB
and BTB restrictions, multifunctional drug delivery systems
based on cell membrane receptor-mediated targeting cellular
uptake have kindled great interest of scientists involved in
antiglioblastoma therapy.12

Nanobiotechnology, especially nanoparticles with good
biocompatibility and targetability, is playing an increasingly
significant role in enhancement of drug uptake in cancer cells,
and these nanobiotechnology can be applied to treatments of
glioma.13 Selenium (Se) is a vital dietary trace element and
necessary for mammalian life. It plays an essential role in the
growth and functioning of living cells of higher animals and
humans. Lack of Se will lead to damage of the immune system
and increase the risk of developing cancers.14 Recently, a novel
Se species, elemental Se nanoparticles (SeNPs), has attracted
more and more attention for their higher anticancer efficacy
and lower side effects compared to other inorganic and organic
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selenocompounds.15 Many studies have shown that SeNPs
exhibited excellent antioxidant activities in vitro and in vivo
through improved activation of selenoenzymes that delete free
radicals inside the body.16 Nevertheless, SeNPs without specific
cell targeting effects may results in drug toxicity and adverse
side effects to cancer patients. Furthermore, development of
SeNPs as an anticancer agent has been difficult due to the poor
stability and low cellular accumulation.17 Therefore, an effective
cancer-targeting design could enhance the drug delivery system.
Particularly, cancer-targeted ligands could be linked to
nanoparticles through covalently or noncovalently bonds.
This could enhance the ability of nanoparticles to specifically
accumulated in cancer cells but not in normal cells..
In recent decades, natural polysaccharides as unique raw

materials have been attracting particular interest for the
attractive characteristics, such as nontoxicity, high compatibility
and degradability, hydrophilicity, and protectiveness, which are
pivotal characteristics for pharmic delivery and intercep-
tion.18−20 The majority of polysaccharides have the effects of
antivirus, anticancer, and immune-enhancing activities. For
example, a lot of derivatives of chitosan could enhance drug
uptake in cells and increase gene expression as a nonviral
vector.21−23 In addition, spirulina polysaccharide (SPS) is also
found as an effective inhibitor of corneal neovascularization;
thus, it exhibits application potential in therapy of corneal
diseases involving neovascularization and inflammation.24

Gracilaria lemaneiformis, phylum Rhodophyta, family Gracilar-
iaceae, and genus Gracilaria, possesses many bioactive functions
such as antitumor, antiviral, antioxidant, hypotensive, and
hypolipidemic effects.25 Polysaccharide is the key component
and important biological active substance of G. lemaneiformis. D-
Galactose and 3,6-anhydro-L-galactose are basic units of G.
lemaneiformis polysaccharide (GLP).26 It has been reported that
αvβ3 integrin is an important receptor of cellular adhesion
molecules, which is overexpressed in the majority of maglignant
tumors such as glioma, melanoma, ovarian, and breast
cancers.27 In this study, GLP exhibits a fairly high affinity to
αvβ3 integrin. GLP extracted from the alga G. lemaneiformis can
be degraded by hydrogen peroxide (H2O2). After degradation,
the biological activity of GLP can be noticeably improved.28

Thus, GLP could serve as an ideal candidate for therapeutics of
cancers. In this study, GLP was used as a surface decorator of
nanomaterials. SeNPs functionalized by GLP (GLP−SeNPs)
were prepared in an attempt to increase the retention time of
Se, thus achieving higher cellular uptake and improved cancer-
targeting effects and anticancer efficacy. GLP and SeNPs were
coadministered to enhance glioblastoma-specific drug accumu-
lation and penetration. The in vitro antiglioblastoma effects and
the underlying action mechanisms were investigated in detail.
Taken together, our results suggest that GLP could be an ideal
surface decorator for nanomaterials in design and construction
of glioblastoma-targeting nanodrugs.

■ EXPERIMENTAL METHODS
Materials. Polysaccharide powder of GLP was provided by the

Institute of Hydrobiology, Jinan University. Caspase substrates were
purchased from Calbiochem. The chemical reagents were purchased
from Sigma−Aldrich. Milli-Q water used in this study was collected
from a ultrapure water purification system (Millipore).
Preparation of GLP and GLP−SeNPs. GLP solution was

prepared via an oxidative degradation technique as described.28

Briefly, 0.5 g of GLP was dissolved into 50 mL of Milli-Q water to
form a 1% mixed solution, 1 mL of 30% H2O2 was added, and the
solution was ultrasonicated by using a water bath at 65 °C for 6 h at

100 W. Then, the reaction solution was filtered, and the precipitate
was washed with Milli-Q water. Finally, the precipitate was diluted
with Milli-Q water to 50 mL. Four samples were prepared, and the
concentrations of GLP were 0.2, 1, 5, and 10 mg/mL, respectively.
Samples were stored at 4 °C.

Se nanoparticles were prepared utilizing the same method as
previously described.29,30 Fresh Na2SeO3 and ascorbic acid (Vc)
solutions of 100 mM concentration were prepared. At room
temperature, the Na2SeO3 solution was added into the different
mass concentrations of GLP solutions, and the final concentration of
Na2SeO3 was 2 mM. Then, Vc was added drop by drop to the mixture,
and the four mixtures were stirred for 24 h on a magnetic stirring
apparatus. The excess GLP and Na2SeO3 were eliminated by dialysis
for 24 h. Inductively coupled plasma−atomic emission spectroscopy
was applied to determine the Se concentrations. The in vitro cellular
uptake and localization of GLP−SeNPs were determined by using
coumarin-6, which was incorporated into GLP−SeNPs and acted as a
probe. The 4 μg/mL coumarin-6 was prepared with the same
procedure except being added into the Na2SeO3 and GLP solution
before Vc to form coumarin-6-loaded GLP−SeNPs.

Characterization of GLP−SeNPs. Transmission electron micros-
copy (TEM, Hitachi, H-7650) was used to characterize the obtained
GLP−SeNPs. According to the TEM protocol, the power particles
were dispersed onto a holey carbon film on copper grids, and then,
micrographs were recorded at an acceleration voltage of 80 kV. A
Zetasizer Nano ZS particle analyzer (Malvern Instruments Limited)
was used to determine the size hydrodynamic distribution and stability
of the nanoparticles in aqueous solution. Fourier transform infrared
spectroscopy (FT-IR, Equinox 55, Bruker) was measured in the range
4000−500 cm−1.

Hemolysis Activity Examinations. The hemolysis property of
GLP−SeNPs was examined by spectrophotometry as in Nogueira et
al.31 The erythrocyte agglutination of samples was studied by a phase
contrast microscope (Life technologies, EVOS FL auto) for 10 or 120
min (SeNPs, GLP, and GLP−SeNPs at concentrations of 5, 10, and 20
μM).

Cell Culture and Cell Viability by MTT Assay. All human cell
lines were gliocytoma cells in this study, including U87 and C6 cells.
Chem-5 cells (human brain glial cells), HK-2 (Human Glandular
Kallikrein-2), L02 human liver cells, HepG-2 cells (liver hepatocellular
cells), Hela cells (Henrietta Lacks strain of cancer cells), MCF-7 cells
(Michigan Cancer Foundation-7 cells), and A375 cells (human-
melanoma cell line A375) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). As described in our
previous papers,30 in a humidified incubator with 5% CO2 atmosphere,
all cell lines were incubated in DMEM media supplemented with 10%
fetal bovine serum, 50 units/mL streptomycin and 100 units/mL
penicillin at 37 °C. Cell viability was determined by MTT assay
according to the protocol.29 GLP−SeNPs with different concen-
trations were added into cells that were already seeded in culture plates
for 24 h at 37 °C. After 72 h, MTT solution (5 mg/mL in PBS, 20
mL) was added. The medium containing MTT was removed after 5 h,
and DMSO (150 mL) was added. Finally, by using a microplate
spectrophotometer (Versamax) and with DMSO as the blank, the
absorbance at 570 nm was recorded. The data were expressed as the
percentage of MTT reduction relative to the absorbance of control
cells. In addition, the cell viability of U87 cells or C6 cells was
determined in the same way after they were treated with different
concentrations of GLP−SeNPs for 24, 48, and 72 h.

Cellular Uptake Mechanisms of GLP−SeNPs. Quantitative
analysis of cellular uptake of GLP−SeNPs was carried out by using a
fluorescence microplate reader as described in our previous papers.32

With excitation and emission wavelengths at 430 and 485 nm,
fluorescence intensity from 6-coumarin-loaded GLP−SeNPs inside the
wells was recorded. The percentage of the fluorescence of the
nanoparticles over that added was the cellular uptake efficiency.

Furthermore, U87 cells and C6 cells were also seeded and incubated
with a density of 8000 cells per well (100 μL). After 24 h, the medium
was removed and changed into cyclo-(Arg-Gly-Asp-Phe-Lys)
(cRGDfK) peptide (2 mg of cRGDfK peptide was dissolved into
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700 μL of PBS and diluted into different concentrations). After 2 h of
incubation, the same concentration of 6-coumarin-loaded GLP−
SeNPs was added. Finally, after 4 h of incubation, the cellular uptake
efficiency was determined by fluorescence microplate.
Intracellular Trafficking of GLP−SeNPs. The lysosomal marker

Lyso Tracker Red was used to trace the intracellular localization of
coumarin-6-loaded GLP−SeNPs in U87 cells. First, U87 cells were
incubated in 2 cm cell culture dishes with 80 nM lyso-tracker DND-99
(Sigma−Aldrich) for 2 h until 70% confluence was stained. Then, 1
mg/mL DAPI H33258 (Sigma−Aldrich) was added. After 30 min, 160
μM 6-coumarin-loaded GLP−SeNPs and Lyso Tracker Red were
incubated for different times at 37 °C. After rinsing them with PBS for
three times, the stained cells were examined by using a fluorescence
microscope (Nikon Eclipse 230 80i).
Flow Cytometric Analysis. Flow cytometry was carried out as

described in our previous study.30 By using MultiCycle software, we
analyzed the cell cycle distribution. The proportion of the cells in G0/
G1, S, and G2/M phases was expressed as a DNA histogram. The
apoptotic cells with hypodiploid DNA contents were detected by
quantifying the sub-G1 peak.
Caspase Activity. As described in our previous paper, with the

excitation and emission wavelengths at 380 and 460 nm, respectively,
caspase activity was determined by fluorescence intensity with using
specific caspase-3, -8, and -9 substrates.17

Intracellular Reactive Oxygen Species (ROS) Generation.
GLP−SeNPs induced ROS were analyzed as previously described.17

After the cells were stained with dihydroethidium (DHE, Beyotime),
utilizing a fluorescence microplate reader, with excitation and emission
wavelengths at 300 and 600 nm, respectively, the intracellular ROS was
monitored by analyzing the DHE fluorescence intensity.
Western Blot. Total cellular proteins were acquired after U87 cells

were treated with GLP−SeNPs for 72 h and incubated with lysis buffer
(Beyotime). Then, the effects of GLP−SeNPs on the expression levels
of proteins associated with different signaling pathways were
analyzed.17

Statistical Analysis. Results were expressed as the mean ±
standard deviation (SD), which were from at least three independent
experiments. A two-tailed Student’s t test was applied to analyze the
difference between two groups. One-way ANOVA multiple compar-
isons were used to analyze the significance among three or more
groups. Difference with P < 0.05(*) or P < 0.01(**) was considered
statistically significant.

■ RESULTS AND DISCUSSION

Design and Characterization of GLP−SeNPs. Most of
the natural polysaccharides reported possess a variety of
biological activities. The most attractive characteristic of these
polysaccharides is their antitumor activities, and they can be
used as a decorator to stabilize inorganic nanomaterials.29 GLP,
extracted from G. lemaneiformis, is a natural polysaccharide
complex. GLP possesses anticancer activity, but degraded GLP
has demonstrated higher anticancer activities.28 In this study,
GLP was attached to SeNPs as a capping agent, so that the
targeting effects and cell-penetrating activity of SeNPs were
significantly improved. It was reported that Se nanoparticles
can be produced by the redox reaction between selenite and
ascorbic acid.29,32 Therefore, Se nanoparticles were obtained in
the same way in our study. According to the previous study, D-
galactose and 3,6-anhydro-L-galactose are the major compo-
nents of GLP, and there are a large number of hydroxyl groups
and amino groups in GLP.33 Therefore, stable and size-
controllable GLP−SeNPs were successfully obtained by
attaching GLP to the surface of SeNPs (Figure 1A). SeNPs
were very unstable when there was no GLP. The precipitation−
accumulation course of SeNPs was very rapid. However, the
solution of GLP−SeNPs was monodispersed when GLP
existed. In addition, the average diameter of GLP−SeNPs was
the minimum with an average diameter of 50 nm when the
GLP concentration was 5 mg/mL. The average diameter
reached 600 nm without GLP surface decoration (Figure 1C)
because of the fast precipitation and accumulation of SeNPs.
Moreover, the particle size of GLP−SeNPs could be regulated
(Figure S1, Supporting Information). The particle size
exceeded 50 nm when GLP concentration was 0.2 or 1 mg/
mL, and the diameter of GLP−SeNPs was about 123 nm when
the concentration of GLP was 10 mg/mL. Results indicated
that GLP regulated the particle size of SeNPs effectively in a
specific range of concentrations. The stability of nanoparticles is
an important indicator in measuring its application prospect.
When the concentration of GLP−SeNPs was 5 mg/mL, the
particle size of GLP−SeNPs showed a slight increase as the
storage time increased, but the size remained within 100 nm in
40 days (Figure 1F), which was more stable than that of SeNPs
decorated by mushroom polysaccharides−protein complexes

Figure 1. Characterization of GLP−SeNPs. (A) Schematic structure of GLP−SeNPs. (B) TEM images of GLP−SeNPs (5 mg/mL GLP), scale bar
100 nm. (C) Size distribution of SeNPs and GLP−SeNPs (5 mg/mL GLP). (D) ζ potentials of SeNPs, GLP, and GLP−SeNPs (5 mg/mL GLP).
(E) FT-IR spectra of SeNPs, GLP, and GLP−SeNPs (5 mg/mL GLP). (F) Time course of size distribution of GLP−SeNPs (5 mg/mL GLP).
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within the same period of time.29 Besides, as shown in Figure
2D, the ζ potentials of SeNPs, GLP, and GLP−SeNPs were
−45.8, 31.6, and −24.0 mV, respectively. The differences in ζ
potential, demonstrating the adsorption between SeNPs and
GLP, was mainly controlled by electrostatic forces.
The TEM image showed that GLP−SeNPs were mono-

disperse particles with high uniformity in water and near-
spherical in shape. Similarly, as shown in Figure 1B, the size
determined by TEM was consistent with those previously
measured. Figure 1E showed the FT-IR spectra of SeNPs, GLP,
and GLP−SeNPs, respectively. The resemblance of three
spectra indicated that SeNPs and GLP formed the GLP−
SeNPs. In all three spectra, the characteristic absorption peaks
of the hydroxyl group (−OH) were observed. However, the
peak in the GLP spectrum at 3436 cm−1 shifted slightly to 3431
cm−1 in the GLP−SeNPs spectrum, indicating the weak
interaction between the hydroxyl group and Se atoms. The
peak at 1637 cm−1 corresponded to the stretching vibration of
−CO−NH− in the GLP spectrum shifted to 1631 cm−1 in the
GLP−SeNPs spectrum. The above results suggested that Se−O
and Se−N bonds might be formed between SeNPs and GLP.
Moreover, the IR OSO asymmetric stretching vibration
absorbance peaks at 1376−1 cm in the spectrum of GLP−
SeNPs indicated the existence of a sulfated group. Additionally,
the characteristic absorption peak at 932 cm−1 was assigned to
3,6-anhydro-galactose, the intense peak at 1071 cm−1 was
attributed to the glycosidic linkage C−O−H and C−O−C
stretching vibration, and the weak peak at 2915 cm−1

corresponded to the C−H stretching vibration.33 The differ-
ence and appearance of the above peaks from the IR spectra

indicated the surface decoration of SeNPs by GLP, which could
contribute to the high stability of the nanoparticles.

Hemocompatibility of GLP−SeNPs. The hemolysis
experiments were performed to study the hemocompatibility
of the nanoparticles (Figure 2). The hemolysis test is
considered as a very simple and indispensable measure to
assess the hemocompatibility of materials.34 The release of
hemoglobin was used to quantify their erythrocyte-damaging
properties.31 The red blood cells (RBCs) were exposed to
SeNPs and GLP−SeNPs at different concentrations for 10 and
120 min, respectively. As shown in Figure 2A−C, the
nanoparticles showed minor hemolysis destruction (less than
5%) to RBCs even at a high concentration of 20 μM. The
hemolysis rate of GLP−SeNPs was lower (less than 1.5% even
at the highest concentration) than the unloaded SeNPs and
single GLP in all conditions. Similarly, as shown in Figure 2D,
slight agglutination of erythrocytes was induced by 20 μM
concentration of unloaded SeNPs and GLP, but there was no
agglutination after treatment with 20 μM GLP−SeNPs for 2 h.
Only a few gathered until treated with 40 μM GLP−SeNPs.
These results indicated that SeNPs, GLP, and GLP−SeNPs
were hemocompatible allowing potential application for drug
delivery but GLP−SeNPs was much better than unloaded
SeNPs and single GLP in their delivery efficiency. There is
some evidence that the properties of nanoparticles such as
structure, size, surface chemistry, softness, surface charge, and
agglomeration state play an important role in the interaction
with RBCs.35 Therefore, the main reason for the low hemolysis
rate might be that the nanoparticles were hydrophilic and had a
small size.

Figure 2. Hemocompatibility of SeNPs, GLP, and GLP−SeNPs. (A−C) Percentage of hemolysis caused by SeNPs, GLP, and GLP−SeNPs after
incubation with human erythrocytes for 10 and 120 min at 37 °C, respectively. Each value represents the mean ± SD of three experiments. (D)
Human erythrocytes agglutination investigated by phase microscopy after incubation with SeNPs, GLP, and GLP−SeNPs for 2 h, respectively.

Figure 3. (A) Scheme of GLP−SeNPs targeting effects on cancer cells. (B) Antitumor activity of GLP−SeNPs on various glioma cells and normal
cells. Each value represents means ± SD (n = 3).
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In Vitro Anticancer Activity of GLP−SeNPs. In the
preliminary screening, nine cell lines were treated with the
GLP−SeNPs. HepG-2, Hela, MCF-7, U87, C6, and A375 cells
are the most common malignant tumor cells. Chem-5, HK-2,
and L02 cells were human normal cells. The results indicated
that GLP−SeNPs were more cytotoxic to the tumor cells than
human normal cells (Figure 3A). Moreover, the GLP−SeNPs
were most sensitive to U87 cells with an IC50 value of 9.1 ±
1.53 μM and significantly inhibited the U87 cells growth in a
dose-dependent manner as shown in Figure 3B. However, the
GLP−SeNPs were noncytotoxic toward the normal brain glial
cells (Chem-5: IC50 = 159.9 ± 9.73 μM), Hk-2 cells (human
kideny cell: IC50 = 79.5 ± 4.26 μM), and L02 cells (human liver
cell: IC50 = 95.6 ± 7.68 μM). The results idicated the low
cytotoxicity of GLP−SeNPs to normal human cells and their
cytotoxicity was cancer specific. Moreover, C6 cells also belong
to the gliomas, and the IC50 value was 27.6 ± 3.13 μM.
Therefore, the most sensitive U87 cells and C6 cells were
chosen to further elucidate the aiticancer action of GLP−
SeNPs. The different sensitivity of cancer cells to GLP−SeNPs
could be due to their diversified cellular protein expression
profiles.
The cell viability of GLP−SeNPs, SeNPs, and GLP on U87

cells and C6 cells was also analyzed (Figure S2, Supporting
Information). It demonstrated low toxicity to U87 cells and C6
cells when SeNPs or GLP was provided alone. Only GLP−
SeNPs could significantly affect the cell viability and had a
higher effect on U87 cells than C6 cells. Furthermore, the cell
viability was determined by GLP−SeNPs at 24, 48, and 72 h
(Figure S3, Supporting Information). After exposure to GLP−
SeNPs for different times, the growth of U87 and C6 cell lines
was obviously inhibited, but the viability of U87 cells was lower
than that of C6 cells in a dose- and time-dependent manner.
For example, the cell viability of U87 cells was 44.6% after
treatment with 10 μM GLP−SeNPs for 72 h, which was lower
than that of C6 cells at 68.5%. Likewise, when the cell viability
of U87 and C6 cells was 50.0% in 72 h, the IC50 value of U87

cells was 8.62 μM, which was lower than that of C6 cells at
24.11 μM. The results indicated that the GLP−SeNPs exhibited
higher cytotoxicity against U87 cells than C6 cells under the
same conditions.

In Vitro Cellular Uptake of GLP−SeNPs. The efficacy of
cellular uptake is an important parameter for delivering the
targeted nanomaterial-based drug successfully.36 In this study,
GLP on the surface of SeNPs identified the overexpressed
integrin receptor in the glioma cell membrane, which effectively
enhanced the cellular uptake of tumor-targeting nanoparticles
(Figure 4A). Recently, it was reported that the expression level
of αvβ3 integrin in U87 cells is much higher than in C6 cells.37

Therefore, the expression level of the integrin receptor on the
cell membrane should be examined first in order to analyze
whether the receptor contributes to the cellular uptake of
GLP−SeNPs. The results indicated that the expression level of
integrin receptor was obviously higher in U87 cells compared
to C6 cells (Figure 4B), suggesting that GLP had a superior
guided selectivity for U87 cells to C6 cells.
The quantitative analysis of cellular uptake, which confirmed

the dose-dependent cellular association of GLP−SeNPs and
SeNPs in U87 and C6 cells, was carried out by analyzing
fluorescence intensity from intracellular coumarin-6-loaded
nanoparticles.29 Before analyzing fluorescence intensity, U87
and C6 cells were first incubated with 40, 80, and 160 μM
coumarin-6-loaded GLP−SeNPs and 1000 μM coumarin-6-
loaded SeNPs for 1, 2, and 4 h. Results are shown in Figure 4C,
D. The intracellular concentrations of GLP−SeNPs increased
in a time- and dose-dependent manner. A higher accumulation
of GLP−SeNPs was observed compared with that of SeNPs in
U87 cells than in C6 cells. After 1, 2, and 4 h incubations with
160 μM 6-coumarin-loaded GLP−SeNPs, the GLP−SeNPs
intracellular concentrations increased from 14.5 to 22.6 and
37.7 μmol per 108 cells, respectively, which were several times
higher than 1000 μM SeNPs without GLP surface decoration in
U87 cells. However, the absorption efficiency was lower
regardless if GLP−SeNPs or SeNPs were added in C6 cells.

Figure 4. Selective cellular uptake of GLP−SeNPs. (A) Scheme of GLP−SeNPs targeting effects on U87 cells and C6 cells. (B) Integrin expression
in U87 and C6 cells. Western blot was applied to determine the expression level of integrin. (C) Quantitative analysis of cellular uptake efficacy of
coumarin-6-loaded GLP−SeNPs in U87 cells. (D) Quantitative analysis of cellular uptake efficacy of coumarin-6-loaded GLP−SeNPs in C6 cells.
Each value represents means ± SD (n = 3).
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Therefore, these results demonstrated that the uptake and
cytotoxicity of SeNPs against cancer cells could be efficiently
improved by GLP decoration, which is similar to chitosan as
previously reported.38

Fluorescent microscopy analysis showed the intracellular
trafficking of GLP−SeNPs in U87 cells, so the intracellular
trafficking of coumarin-6-labeled GLP−SeNPs in U87 cells was
observed. Lyso Tracker Red was used to label lysosomes, and
DAPI is a blue nuclei dye. As shown in Figure 5, after 1 h

exposure to coumarin-6-labeled GLP−SeNPs, the cellular-
associated fluorescent signal in U87 cells was observed,
indicating that GLP−SeNPs shuttled across the cell membrane
in 1 h accumulated gradually in lysosomes and eventually
dispersed in the cytoplasm. After incubated for 8 h, we
observed a higher accumulation of GLP−SeNPs with bright
fluorescence. During the whole experimental process, no green
fluorescence signal was detected in the blue cell nucleus;
therefore, the main target of GLP−SeNPs is the lysosome
rather than the nucleus.
In order to further investigate the importance of the integrin

receptor, a cRGDfK peptide competing assay was performed.
To study whether GLP could guide conjugate GLP−SeNPs to
αvβ3 integrin-rich tumor cells, cRGDfk peptide were
preincubated with U87 and C6 cells for 2 h and then treated

with GLP−SeNPs (160 μM). As shown in Figure 6, the cellular
association of GLP−SeNPs was remarkably inhibited by
preadded cRGDfk in a dose-dependent manner. cRGDfk
effectively blocked the internalization of GLP−SeNPs in U87
and C6 cells. Likewise, the cellular uptake in U87 cells was
greater than in C6 cells no matter what the concentration of
cRGDfk peptide was. These expected results demonstrated that
αvβ3 integrin receptor-mediated endocytosis might explain the
selective cellular uptake of GLP−SeNPs between U87 and C6
cells.

Induction of Cancer Cell Apoptosis by GLP−SeNPs.
Apoptosis plays an essential role in a wide variety of different
biological systems, including normal cell cycle, the immune
system, embryonic development, morphologic change, and
chemical-induced cell death.39 Moreover, cell apoptosis was
postulated to be the crucial mechanism for the anticancer
activity of Se and selenocompounds.40 To investigate whether
apoptosis was involved in cell death induced by GLP−SeNPs,
flow cytometry was performed. As the results show in Figure 7,
a significant dose-dependent increase in sub-G1 cell amount
was observed after U87 and C6 cells were treated with GLP−
SeNPs for 72 h, and the cell population of sub-G1 phase
determined the ultimate degree of cell apoptosis. When treated
with the same concentration of GLP−SeNPs (20 μM), the U87
cell population of sub-G1 peaks was 41.6%, which was much
higher than the impact on C6 cells (8.1%). Only 12.4% C6 cell
number of sub-G1 peaks was observed when the concentration
of GLP−SeNPs reached 80 μM. No significant change was
detected in G0/G1, S, and G2/M phases.
Caspases are a family of cystein proteases, and they are very

important during apoptosis.41 Caspase-3 plays a pivotal role in
diseases related cell apoptosis,42 while caspase-8 and -9 play the
part of initiators of death receptor-mediated and mitochondria-
mediated apoptotic pathways, respectively.43 To identify how
caspases are involved in GLP−SeNPs-induced apoptosis, a
fluorometric assay was applied to measure the activation of
caspase-8, caspase-9, and caspase-3. The results elucidated that
GLP−SeNPs triggered dose-dependent activation of caspase-3,
caspase-8, and caspase-9 in U87 and C6 cells (Figure 8A, B),
which indicated that both of the pathways, death receptor-
mediated and mitochondria-mediated pathways, were involved
in the apoptosis induced by GLP−SeNP. It could be observed
that, no matter in U87 or C6 cells, the activity of caspase-9 had
a markedly higher level compared to caspase-8. The GLP−
SeNPs played a higher impact on U87 cells than C6 cells once
again. A western blotting assay was taken to further study the
expression level of caspases in U87 cells after being treated with
different concentrations of GLP−SeNPs. Poly-ADP−ribose

Figure 5. Intracellular trafficking of coumarin-6-loaded GLP−SeNPs
in U87 cells. The cells were treated with coumarin-6-loaded GLP−
SeNPs (160 μM) for different periods of time and stained with lyso-
tracker (red fluorescence, lysosome) and DAPI (blue fluorescence,
nucleus). Original magnification: 20×.

Figure 6. (A, B) Effects of cRGDfK peptide on the cellular internalization induced by GLP−SeNPs. The cells were exposed to cRGDfK peptide for 2
h and then treated with GLP−SeNPs (160 μM) for 1 h. All experiments were performed in triplicate.
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polymerase (PARP) is a DNA repairase and induces cell
apoptosis. PARP is also the cleavage substrate of caspase in cell
apoptosis.44 As shown in Figure 8C, the expression level of
caspase-3, -8, -9, and PARP were downregulated with rise in
concentration. On the contrary, the expression level of c-PARP
and c-caspase-3 were on the rise. Therefore, after treated with
GLP−SeNPs for 72 h, caspase-3, -8, and -9 could be activated
effectively and triggered cleavage PARP in U87 cells.
Mitochondria are the energy factories of cellular activities,

but a variety of factors can result in damage to the structure and
function of mitochondria and further induce cell apoptosis.45

We also investigated whether GLP−SeNPs had any impact on
mitochondria. Fluorescent microscopy imaging was used to
analyze nanoparticles in U87 cells. As shown in Figure 8D, two

special fluorescent tracers, red mito-tracker and blue DAPI,
were used to label the mitochondria and the nucleus. At first,
mitochondria were present as red threadlike filaments; then,
U87 cells treated with 6-coumarin−GLP−SeNPs (green
fluorescence) entered into the cytoplasm and finally dispersed
around the mitochondria. We observed mitochondria fragmen-
tation and aggregation, and at 24 h, they came together into
small particles. The results suggested that GLP−SeNPs also
had an impact on mitochondria.

Activation Intracellular Apoptotic Signaling Pathways
by GLP−SeNPs. The intermediate level ROS is a crucial factor
in all kinds of cell signal ways. ROS concentration can cause cell
damage and even induce cell apoptosis.46 In order to study
whether GLP−SeNPs could trigger ROS-mediated apoptosis,

Figure 7. Flow cytometry of (A) U87 and (B) C6 cells treated with GLP−SeNPs for 72 h.

Figure 8. Caspase activity in GLP−SeNPs-induced apoptosis in (A) U87 and (B) C6 cells. U87 and C6 cells were exposed to GLP−SeNPs for 72 h.
Difference between groups is indicated at *P < 0.05 and **P < 0.01. (C) The expression of caspase family members by western blot. β-Actin was
used as loading control. (D) Colocalization of GLP−SeNPs (green fluorescence), DAPI (blue fluorescence), and mito-tracker (red fluorescence) in
U87 cells. Original magnification: 100×.
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the intracellular ROS level was monitored by detecting the
fluorescence intensity of dihydroethidium. As shown in Figure
9A, ROS generation of U87 cells declined sharply after the

exposure to GLP−SeNPs at different concentrations for 10
min, which did not change in 120 min. Likewise, we observed
GLP−SeNPs downregulate ROS generation (55.87%, 160 μM)
in U87 cells, which was higher than that in C6 cells (27.62%,
160 μM) (Figure S4, Supporting Information) at 10 min. In
order to further verify that GLP−SeNPs could induce ROS

downregulation, we found the stronger fluorescent intensity of
DHE in U87 cells in Figure 9B.
Free radicals control the cellular balance between life and

death by their concentrations, including cell apoptosis or
necrosis. At low concentrations, ROS can activate a tran-
scription factor and accelerate cellular proliferation and
differentiation at a wider physiological significance. New
research finds that ROS-mediated DNA damage can also
make a difference in a series of signal transduction pathways at
low concentrations, such as p-ATM, pBRCA1, pCHK1, and
mitogen-activated protein kinases (MAPKs) pathways.47

p53, a tumor suppressor gene, acts as a transcriptional factor
to affect cell cycle arrest, the DNA repairing system, and cell
apoptosis.48 The expression of p53 and its phosphorylation in
U87 cells were analyzed in order to show whether the p53
pathway was involved in GLP−SeNPs-induced cell apoptosis.
The western blot results showed that the total p53 expression
level in U87 was barely changed by the treatment of GLP−
SeNPs but the phosphorylation of p53 was dramatically
upregulated. The changes in phosphorylation of ATM and
Chk1 could promote phosphorylation of p53 at Ser 20 and
strengthen the stability and activity of the p53 tetramerization
domain (Figure 10A). To investigate how p53 was activated by
GLP−SeNPs, the effects of the GLP−SeNPs on DNA were
examined. p53 expression could be activated by DNA damage
that acts as an irritant. Moreover, the phosphorylation of the
histone at the Ser 139 residue is closely related to DNA
damage, especially DNA double-stranded breaks.48 As shown in
Figure 10A, the histone phosphorylation at the Ser 139 site was
remarkably triggered by GLP−SeNPs. Likewise, the changes in
phosphorylation of BRCA1 occurred in response to cell cycle
progression and DNA damage, suggesting that the apoptosis
was triggered by GLP−SeNPs through DNA damage-mediated
p53 activation.
MAPK and AKT are pivotal in the research of anticancer

drugs. MAPK is one of the intricate signaling pathways in

Figure 9. (A) U87 cells were treated with different concentrations of
GLP−SeNPs for different times, and the intracellular ROS levels were
detected by DHE fluorescence intensity. All experiments were
performed in triplicate. (B) Changes of ROS level in U87 cells
incubated with GLP−SeNPs for indicated times. Pictures were taken
at 0, 10, 20, 40, 80, and 120 min.

Figure 10. Activation of intracellular apoptotic signaling pathways by GLP−SeNPs in U87 cells. (A) Activation of p53 signaling pathway. (B)
Phosphorylation status and expression levels of MAPKs and AKT pathways. (C) The main signaling pathway of apoptosis induced by GLP−SeNPs.
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cells.49 JNK, ERK, and P38 are all included in the family of
MAPK. The MAPK cascade pathway can converge extracellular
signals and play an important role in signal transduction.50

Once the cells were treated with chemotherapeutic drugs and
chemopreventive agents, the MAPK signal pathway might be
activated by extracellular signal molecules and induce cell
apoptosis. Moreover, AKT kinases regulate many cellular
processes including cell proliferation and survival, cell size,
angiogenesis, and tissue invasion.51 After U87 cells were
exposed to GLP−SeNPs, the protein expression levels of total
and phosphorylated MAPKs and AKT were investigated by a
western blotting assay. As shown in Figure 10B, when the U87
cells were exposed to 5, 10, and 20 μM GLP−SeNPs for 72 h,
the phosphorylation of pro-apoptotic kinases p38 and JNK was
upregulated in a dose-dependent trend. However, conflicting,
the phosphorylation of antiapoptotic kinases AKT and ERK
was remarkable repressed by GLP−SeNPs. Therefore, MAPKs
and AKT signal pathways made a great contribution to
apoptosis induced by GLP−SeNPs. The main signaling
pathway of GLP−SeNPs-induced apoptosis is shown in Figure
10C.

■ CONCLUSIONS
In summary, GLP-loaded SeNPs has been successfully
synthesized under a simple redox system and shown to
function as an intracellular delivery system for improving
anticancer activity. GLP served as a surface decorator to
stabilize the SeNPs, and the size of GLP−SeNPs was
controllable. GLP−SeNPs demonstrated a high selectivity
between normal and cancer cells. Moreover, the cellular uptake
and anticancer effect were effectively improved because of the
synergism of GLP and SeNPs. The cytotoxicity toward
glioblastoma was extremely enhanced by GLP−SeNPs via
apoptosis induction. Furthermore, GLP−SeNPs showed a
higher biological selectivity toward U87 cells than C6 cells
because GLP could recognize and combine with the integrin
receptor, which was overexpressed in the U87 cell membrane.
From the results of in vitro anticancer activities, we concluded
that GLP−SeNPs selectively infiltrated the U87 cell membrane
through αvβ3 integrin-mediated uptake, which was demon-
strated by preadded cRGDfk. Internalized GLP−SeNPs
triggered intracellular ROS downregulation, thus accelerating
cell apoptosis by activating the cell signal pathways of p53 and
MAPKs. This cancer-targeted design of SeNPs that was surface
decorated by GLP might provide a feasible solution for efficient
antiglioblastoma drug delivery.
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