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[Gd@C,,(OH),,], nanoparticles inhibit the
migration and adhesion of glioblastoma cells
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Abstract. In our previous study, [Gd@Cs,(OH),,],, a fuller-
ene-based nanoparticle, exhibited potent anti-tumor effects in
mouse tumor-bearing models without detectable toxicity. The
mechanism involved in the anti-tumor effect exerted by [Gd@
Cs,(OH),,], remains to be elucidated. This study found that
glioblastoma cells treated with [Gd@C,,(OH),,], nanoparticles
showed a significant impairment in migration and adhesion by
cell chemotaxis, scratch and adhesion assays in vitro.
Furthermore, our data showed that the key proteins, CD40
and ICAM-1, were involved in the inhibition of adhesion in
the [Gd@C,,(OH),,], nanoparticle-treated glioblastoma cells.
Thus, our study suggests that the [Gd@Cg,(OH),,], nanopar-
ticle is a new potential anti-tumor effector and a therapeutic
component for malignant glioblastoma infiltration.

Introduction

Fullerene, the third allotrope of carbon, was synthesized in
1985 (1). Due to its unique geometric structure and chemical
properties, fullerene derivatives have attracted interest in
physics, chemical, biological and medical applications (2).
The endohedral metallofullerenes recently attracted atten-
tion due to their special biomedical effect (3,4). Gadolinium
fullerene compounds, Gd@Cg,, composed of a Gd** ion
trapped in an 82-carbon fullerene cage, were initially used
as a contrast agent in magnetic resonance imaging (MRI) for
intracellular labeling and T1 enhancement (5). Based on this
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structure, Gd@C,,(OH)x was studied as a new generation of
high-efficiency MRI contrast agents (6,7).

During an investigation using mouse models to compare
the anti-tumor efficacy of metallofullerenol nanoparticles with
the anti-tumor effects of anti-neoplastic agents CTX (cyclo-
phosphamide) and CDDP (cisplatin), Gd@Cg,(OH),, (22-nm
nanoparticles through large molecular interactions in aqueous
solutions) was identified and showed a strong anti-tumor
activity (4). This high anti-tumor efficacy was not due to direct
toxic effects on tumor cells, and the content of this nanoparticle
was less than 0.05% of the exposed dose (4). It was therefore
suggested that [Gd@C,,(OH),,], plays a role by inhibiting the
migration and/or adhesion ability of glioblastoma cells.

The present study examined the hypothesis that [Gd@
Cs,(OH),,], nanoparticles directly participate in glioblas-
toma cell migration and adhesion. Cells treated with [Gd@
C;,(OH),,], nanoparticles exhibited significant impairment in a
series of migration and adhesion assays in vitro. Furthermore,
our data showed that the key proteins, CD40 and ICAM-I,
were involved in the [Gd@C,,(OH),,], nanoparticle-mediated
adhesion of glioblastoma cells. Results indicated that [Gd@
C;,(OH),,], inhibited cancer cell adhesion through the down-
regulation of CD40 and ICAM-1. Thus, [Gd@C,,(OH),,],
nanoparticle may be a new potential anti-tumor effector and
therapeutic component for malignant glioblastoma infiltration.

Materials and methods

Cell culture and reagents. Cells from the human glioblastoma
cell line LN-229 were obtained from the American Type
Culture Collection (Manassas, VA, USA) and cultured in
RPMI-1640 with 10% fetal bovine serum (complete medium).
The chemotaxis chambers and membranes were acquired
from Neuroprobe (Gaithersburg, MD, USA). The recombinant
human epithelial growth factor (EGF) was obtained from R&D
Systems (Minneapolis, MN, USA). Fibronectin (0.1%) and
MTT were from Sigma (St. Louis, MO, USA). The antibodies
against CD40, ICAM-1 and f-actin were acquired from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

MTT cell proliferation assay. Cells (1x103/well) were plated
in 96-well plates in 100 pl of complete medium. Following
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Figure 1. MTT assay of [Gd@C,,(OH),,], nanoparticle-treated glioblastoma
LN-229 cells. A total of 3 doses (10, 50 and 100 pg/ml) of [Gd@Cy,(OH),,],
nanoparticles were used. MTT assay was performed after 24, 48 and 72 h of
treatment, respectively. The result is representative data from at least three
independent experiments. Columns, mean of triplicate measurements.

overnight attachment, the cells were exposed to different
concentrations of [Gd@Cg,(OH),,], nanoparticles (10, 50
and 100 ug/ml) for 3 days. To perform the assay, 10 ul of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution was added to each well. After 4 h of incu-
bation at 37°C, followed by the addition of 150 pl dimethyl
sulfoxide to each well and vibration for 10 min, absorbance
was measured at 490 nm in a microplate reader. Triplicate
wells with pre-determined cell numbers were subjected to the
above assay concomitantly with the test samples to normalize
the absorbance readings. The experiments were conducted in
triplicate and repeated at least three times independently.

Western blotting. Western blotting was performed as described
by Zhang et al (8). Briefly, the LN-229 cells were serum-starved
for 2 h and then treated with [Gd@Cg,(OH),,], nanoparticles
for 24 h. The treated and control cells were washed twice
with ice-cold phosphate-buffered saline (PBS), and subse-
quently activated by 10 ng/ml EGF for 0, 5 or 15 min. The
reactions were stopped by ice-cold PBS (pH 6.8). The cells
were lysed with 1X SDS lysis buffer containing Tris-HCI (pH
6.8), 62.5 mM, 2% SDS and 10% glycerol for 20 min on ice.
Samples were boiled for 10 min, followed by centrifugation at
10,000 rpm for 10 min, and supernatants were isolated. Equal
amounts of protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and elec-
trotransferred onto nitrocellulose membranes (Immobilon-P,
Millipore, Billerica, MA, USA). The blots were probed with
the appropriate dilutions of primary antibody overnight at 4°C
(CD40, 1:50; ICAM-1, 1:50) and incubated with the proper
dilution of alkaline phosphatase-conjugated secondary anti-
bodies.

Chemotaxis assay. Chemotaxis assay was performed as
previously described (8). The cells were treated for 2 h in the
serum-free medium and then with [Gd@C,,(OH),,], nanopar-
ticles for 24 h. The cells (8x103 cells/ml) suspended in binding
medium (RPMI-1640, 0.1% BSA and 25 mM HEPES) were
added to the upper chambers. The EGF (10 ng/ml) was loaded
into the lower chemotaxis chamber. The polycarbonate filter
(8-um pore size; Neuroprobe, Cabin John, MD, USA) was
pre-treated with 10 pg/ml fibronectin overnight, air-dried and
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inserted between the upper and lower chambers. The lower
chamber was then incubated at 37°C in 5% CO, for 3.5 h. The
filter membrane was rinsed, fixed and stained. The number
of migrating cells were counted at a magnification of x400 in
three separate fields by light microscopy. The chemotaxis index
was determined as the ratio of the number of migrating cells in
the nanoparticle gradient to the number of migrating cells in
the control medium. For the chemokinesis assay (checkerboard
assay), the control and treated cells were suspended in medium
containing different concentrations of EGF before being loaded
to the upper chambers. Different concentrations of EGF were
added to the lower chambers. All of the samples were tested in
triplicate, and data are expressed as the mean + SD. Statistical
analysis was carried out to determine the significance of the
chemotactic response by using PRISM 3, a two-way analysis
of variance analysis.

Scratch assay. The LN-229 cells were plated in 35-mm dishes
overnight and starved for 2 h, and subsequently treated with
different concentrations (1, 10, 50 and 100 pg/ml) of [Gd@
C;,(OH),,], nanoparticles for 24 h. A scratch was then made
with an even trace in the middle of the cells using a 10-pl
pipette tip (8). The cells were incubated at 37°C in 5% CO, for
an appropriate time period, and the distance of the wound was
measured under a light microscope. The samples were tested
in triplicate, and the data are expressed as the mean + SD.

Adhesion assay. The adhesion assay was carried out as
previously described (8). The cells were treated for 2 h in the
serum-free medium and then with [Gd@Cg,(OH),,], nano-
particles for 24 h. The control or treated cells (2.7x105/ml)
were suspended in complete medium. Then, 1.5 ml cells in
the presence of 10 ng/ml EGF were immediately added to
a 35-mm dish containing glass coverslips. The coverslips
were pre-treated with 10 pg/ml of fibronectin in serum-free
medium for 2 h at 37°C and then air-dried for 30 min at room
temperature. After 5, 15 and 30 min of incubation, the cells
were gently washed twice with ice-cold PBS and fixed. The
cells attached to the coverslips were counted under a light
microscope at a magnification of x200.

Statistical analysis. Statistical analysis was carried out using
PRISM 3 from GraphPad Software (San Diego, CA, USA).
Data are presented as mean + SD. Statistical significance
for comparisons between the groups was determined using
Student's paired two-tailed t-test. The results were generated
from three independent experiments.

Results

The MTT assay was initially applied to confirm that the [Gd@
C;,(OH),,], nanoparticles had no toxicity towards the LN-229
glioblastoma cells. A total of 3 doses (10, 50 and 100 pug/ml)
of [Gd@C,,(OH),,], nanoparticles were used in this assay.
The [Gd@C,,(OH),,], nanoparticles did not show any cellular
toxicity at 24 h (Fig. 1), which was consistent with a previous
report by Chen et al (4).

Cell migration is a highly dynamic phenomenon that is
essential to biological morphogenesis, wound healing, cancer
metastasis and immune response (9-12). In order to examine
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Figure 2. (A) Chemotaxis and (B) chemokinesis assays of [Gd@Cy,(OH),,], nanoparticle-treated glioblastoma LN-229 cells. A total of 3 doses (10, 50 and
100 pg/ml) of [Gd@Cg,(OH),,], nanoparticles were used in the chemotaxis assay, and 50 pg/ml of [Gd@Cg,(OH),,], nanoparticles (NP) was used in the

chemokinesis assay. A 24-h treatment of nanoparticles was performed in the two assays. EGF (10 ng/ml) was used as a chemoattractant (two-way ANOVA
analysis, "P<0.05). Columns, mean of triplicate measurements; bars, standard deviation.
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Figure 3. Scratch assay of [Gd@Cg,(OH),,], nanoparticle-treated glioblastoma LN-229 cells. LN-229 cells were treated with 50 pg/ml [Gd@Cq,(OH),,],
nanoparticles, and the scratch assay was performed after the 24-h treatment. The migration distance of the cells was measured at various time points (6, 9, 12
and 24 h) after the scratch was made in the culture dish. (A) Images of treated cells at 24 h after the scratch. (B) Migration distance of LN-229 cells at various

time points (two-way ANOVA analysis, "P<0.05).

the manner in which [Gd@Cg,(OH),,], nanoparticles affect
cell migration, we performed cell chemotaxis and scratch
assays. A 48-well EGF-induced chemotaxis model was
applied to perform 3 h cell chemotaxis. The cells treated with
50 and 100 ug/ml of [Gd@C,,(OH),,], nanoparticles showed
decreased chemotactic ability compared to the control. The
low dose of 10 pg/ml did not show a significant inhibition
effect (Fig. 2A). The 50 pg/ml dose of [Gd@C,,(OH),,], nano-
particles was selected for the experiments mentioned below.
Apart from the chemotaxis assay, we also carried out a
chemokinesis assay that presents random cell motility stimu-

lated in a gradient-independent manner (8). Chemokinesis
was also impaired in the cells treated with 50 pg/ml of [Gd@
C;,(OH),,], nanoparticles, which may have accounted for the
decrease in chemotaxis (Fig. 2B). The change in cell prolifera-
tion, however, did not interfere with the chemotaxis of LN-229
cells, as it only took <3 h to complete the chemotaxis assay in
this study, shorter than the doubling time.

A scratch assay was used as an in vitro assay for wound
healing and directional movement (13). When a scratch was
created in the fluent monolayer cells, the [Gd@Cg,(OH),,],
nanoparticle-treated (50 pg/ml) LN-229 cells required a longer
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Figure 4. Inhibition of the adhesion ability of [Gd@C;,(OH),,], nanoparticle-treated glioblastoma LN-229 cells. (A) An adhesion assay was performed after
a 24-h treatment in the presence or absence of 50 pg/ml of [Gd@Cg,(OH),,], nanoparticles. Images were captured at 5 and 15 min after the treated cells
were loaded in the culture dishes. (B) Quantitative results of the adhesion assay. Data were collected at 5, 15 and 30 min, respectively (two-way ANOVA
analysis, "P<0.05). (C) Western blotting of CD40 and ICAM-1 in glioblastoma LN-229 cells. Cell lysates were obtained after a 24-h treatment in the presence
or absence of 50 yg/ml of [Gd@Cg,(OH),,], nanoparticles and with 10 ng/ml EGF stimulation for 0, 5 or 15 min, respectively. B-actin was used as a loading
control. The results are representative data of at least three independent experiments.

time to fill the gap, further supporting a defect in the migration
ability (Fig. 3A and B).

The process of cell movement can be divided into three
stages. The first includes the reorganization of the actin work
at its leading edge. The second involves adherence to the
substrate at the leading edge and the consequent deadherence.
The third stage involves the contractile force required by the
action of the acto-myosin network to pull the cell forward
(14). Therefore, adhesion is critical for cell movement. This
study investigated the manner in which [Gd@C,,(OH),,],
nanoparticles affect cell adhesion in LN-229 cells. Following
treatment with [Gd@Cy,(OH),,], nanoparticles for 24 h, the
adhesion ability of control and treated LN-229 cells were
compared. At 5 min of adhesion assay, the adhesion ability
of LN-229 cells showed a similar level in the absence or
presence of a 50 pg/ml treatment of [Gd@C,,(OH),,],. At
15 min, nanoparticle treatment inhibited the adhesion ability
of LN-229 cells (Fig. 4A and B).

CD40, a TNF-R-related cell surface receptor, was reported
to be expressed in glioma cells in vitro and in vivo (15). CD40
up-regulates the expression of ICAM-1 and plays a role in cell
adhesion (16,17). The protein level of CD40 and ICAM-1 was
detected upon [Gd@C,,(OH),,], treatment. We found that
LN-229 cells treated with 50 pyg/ml of [Gd@C,,(OH),,], nano-
particles exhibited a decreased expression level of CD40 and
ICAM-1 responding to a 5- and 15-min EGF stimulation,
which was consistent with the decreased adhesion ability.

Discussion

The rapid development of nanotechnology and the discovery
of its desirable applications has allowed for a wide variety

of nanoparticles to provide a broad range of opportunities in
multidisciplinary fields, such as medicine, therapeutics, clin-
ical diagnosis (18), disease treatment and physiological and
immunological mechanisms (19). By using novel nanoparticles
to identify and treat cancer, nano-medicine has the potential
to specifically treat cancer cells while leaving healthy cells
intact in the human body (20). Manufactured nanoparticles,
such as carbon black and fullerene (the third allotrope of
carbon), are widely used due to their desirable properties in
the medical field (5). Our previous studies demonstrated that
Gadolinium fullerene compounds, Gd@Cg,,, composed of a
Gd* ion trapped in an 82-carbon fullerene cage, are able to
effectively inhibit tumor growth without detectable cytotox-
icity in vitro and toxic side effects in vivo (2,4,5,21). Based on
this function, we hypothesized that Gd@C,,(OH)x influences
the migration and adhesion of tumor cells.

Directed cell migration and polarity are crucial in various
biological processes, including wound healing and immune
responses, as well as in pathological phenomena, such as
tumor invasion and metastasis (9-12). In the present study,
the chemotaxis and scratch assays showed that the [Gd@
Cs,(OH),,], nanoparticle-treated LN-229 cells exhibited a
significantly decreased migration ability. However, what role
the nanoparticle plays in migration remains to be elucidated,
and further studies are necessary.

ICAM-1 is one of the critical adhesion proteins of cancer
cells and is present constitutively on the cell surface (16,22).
The investigation of CD40 and ICAM-1 interaction showed
that CD40 activation up-regulates ICAM-1 expression with
the concomitant enhanced adhesion of tumor cells, and this
process is mediated via the p38 MAPK signal transduction
pathway (16). In the present study, glioblastoma cells treated
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with [Gd@C,,(OH),,], nanoparticles exhibited CD40 and
ICAM-1 down-regulation followed by decreased adhesive
ability. This suggests that the [Gd@C,,(OH),,], nanoparticle
function on cell adhesion is mediated by CD40/ICAM-1
signaling.

We found that the [Gd@Cg,(OH),,], nanoparticle is a
type of nano-material that exerts an anti-tumor effect. Our
results suggest that [Gd@Cg,(OH),,], nanoparticles, due to
their unique physical size and surface chemical properties,
can target multiple molecular processes simultaneously and,
therefore, are promising for the development of more effective
tumor chemotherapy.
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