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Glioblastoma are characterized by an invasive phenotype, which is thought to be responsible for recur-

rences and the short overall survival of patients. In the last decade, the promising potential of ultrasmall

gadolinium chelate-coated gold nanoparticles (namely Au@DTDTPA(Gd)) was evidenced for image-

guided radiotherapy in brain tumors. Considering the threat posed by invasiveness properties of glioma

cells, we were interested in further investigating the biological effects of Au@DTDTPA(Gd) by examining

their impact on GBM cell migration and invasion. In our work, exposure of U251 glioma cells to

Au@DTDTPA(Gd) led to high accumulation of gold nanoparticles, that were mainly diffusely distributed in

the cytoplasm of the tumor cells. Experiments pointed out a significant decrease in glioma cell invasive-

ness when exposed to nanoparticles. As the proteolysis activities were not directly affected by the intracy-

toplasmic accumulation of Au@DTDTPA(Gd), the anti-invasive effect cannot be attributed to matrix remo-

deling impairment. Rather, Au@DTDTPA(Gd) nanoparticles affected the intrinsic biomechanical properties

of U251 glioma cells, such as cell stiffness, adhesion and generated traction forces, and significantly

reduced the formation of protrusions, thus exerting an inhibitory effect on their migration capacities.

Consistently, analysis of talin-1 expression and membrane expression of beta 1 integrin evoke the stabiliz-

ation of focal adhesion plaques in the presence of nanoparticles. Taken together, our results highlight the

interest in Au@DTDTPA(Gd) nanoparticles for the therapeutic management of astrocytic tumors, not only

as a radio-enhancing agent but also by reducing the invasive potential of glioma cells.

Introduction

Glioblastoma (GBM) is the most aggressive, deadliest, and
most common brain malignancy in adults. GBM is character-
ized by an invasive phenotype, which enables tumor cells to
infiltrate into the surrounding brain tissue. GBM tumor cells
invade a healthy brain and migrate along Scherer’s structures,

including pre-existing blood vessels, white matter tracts and
the subarachnoid space. The high migratory capability of these
tumor cells is thought to be responsible for the short overall
survival of GBM patients, since infiltrative cells always remain
following cytoreductive surgery and lead to recurrence.
Unfortunately, several experimental converging clues suggest
that migration/invasion abilities of glioblastoma cells could be
enhanced by therapeutic intervention such as surgical excision
or irradiation.1

In a recent review, we presented how the rapid development
of nanomedicine for cancer applications opens up new per-
spectives for GBM therapy and imaging-guided treatments.
Among promising innovations, many preclinical studies are
ongoing to investigate the potential of gold nanoparticles as a
drug delivery system, to enhance external beam radiotherapy
or to induce photothermal ablation.2 The lack of significant
cell toxicity in a wide concentration range may explain the
craze for the use of gold nanoparticles (AuNPs) in cancer thera-
pies. In this therapeutic context, gold nanoparticles with a dia-
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meter smaller than 10 nm should be preferred because (i) they
can be eliminated by renal clearance which is a pre-requisite
for the in vivo application of non-biodegradable nanoparticles3

and (ii) they are more efficient than large nanoparticles for
enhancing the radiation dose effect.4 In accordance with these
prerequisites, Roux’s research group has developed ultrasmall
polyaminocarboxylate-coated gold nanoparticles, namely
Au@DTDTPA, that exhibit a promising potential for image-
guided radiotherapy for brain tumors. Au@DTDTPA nano-
particles behave as positive contrast agents for magnetic reso-
nance imaging (MRI) and as radiotracers for nuclear imaging
(planar scintigraphy and single photon emission computed
tomography (SPECT)) when they are labeled with Gd3+ and
99mTc4+ or 111In3+ ions, respectively. After intravenous injec-
tion, authors showed that these nanoparticles are removed
from the body mainly by renal excretion. Furthermore, X-ray
irradiation 5–10 minutes after intravenous administration of
Au@DTDTPA(Gd) increased the life span of rats bearing brain
tumor by a factor 2 in comparison with animals treated only
by radiotherapy.5

Despite the lack of major toxicity of gold nanoparticles,
some articles have reported that AuNP internalization by cells
can affect cell proliferation, migration and invasion, and alter
metabolic activity and reprogram secretome. For example,
Pernodet et al. found that actin stress fibers disappeared and
properties such as cell spreading, cell adhesion, and cell
growth were altered dramatically as a result of intracellular
gold nanoparticle presence in human dermal fibroblasts.6

Similarly, gold nanoparticles seem to be able to reduce tumor
growth and metastasis.7,8

Knowing that migrating cells remain a major threat for glio-
blastoma-bearing patients, these recent data about AuNPs led
us to further investigate the potential of Au@DTDTPA(Gd) and
to examine their effects on GBM cell migration and invasion.
Glioma cell invasion is a complex multi-step biological process
that is regulated by an integrated network of biochemical and
biomechanical events, involving many changes in morphologi-
cal and adhesion properties and microenvironment remodel-
ing. In this context, different in vitro approaches such as 3D
spheroid tumor invasion assays, scratch assay and cell tracking
by time-lapse video microscopy, traction force microscopy or
atomic force microscopy, allowed us to obtain more insight
into migration/invasion properties of glioblastoma cells when
exposed to Au@DTDTPA(Gd) nanoparticles.

Results and discussion
Au@DTDTPA(Gd) nanoparticle uptake and consequences on
cell viability and proliferation

In the past two decades, many studies have demonstrated that
cellular uptake depends on the nanoparticle size, shape and
coating.9–11 The cellular accumulation of gold nanoparticles
was time- and concentration-dependent until a steady-state9–11

and quantitative and qualitative distribution appeared as a key
parameter that affects direct cytotoxicity and therapeutic

activity such as radiosensitizing potential.12,13 Hence, the first
step aimed at quantifying intracellular gold after glioma cell
exposition to Au@DTDTPA(Gd) and evaluating consequences
on cell viability and proliferation.

Elemental Au quantification by inductively coupled plasma
mass spectrometry (ICP-MS) revealed that after 24 h of
exposure, the quantity of Au accumulated in U251 cells was
similar regardless of the concentration of nanoparticles used
(1 and 5 mM). The number of Au@DTDTPA(Gd) nanoparticles
taken up reached about 6 × 105 to 7 × 105 per cells (Table 1).
STED microscopy experiments were conducted using cyanine
3-labeled Au@DTDTPA(Gd) and markers of particular com-
partments (i.e. antibodies directed against EEA1 for endo-
somes, calnexin for rough endoplasmic reticulum, vinculin for
focal adhesion complexes and CoxIV for mitochondria
(Fig. 1A–D)), to know the precise subcellular distribution of
nanoparticles. Nanoparticles clearly accumulate in the cyto-
plasm in a diffuse pattern, while fluorescence is also observa-
ble in punctate structures at the periphery of the nucleus
(Fig. 1E). Surprisingly, we did not notice small or large clusters
of nanoparticles in cytoplasmic vesicles such as endosomes or
in focal adhesion complexes. The ultrasmall size of
Au@DTDTPA(Gd) nanoparticles and the lack of endosome/
lysosome-confined intracellular clusters render nanoparticles
undetectable by the usually used transmission emission
microscopy. Similarly, Huang et al. have synthetized 2 nm,
6 nm and 15 nm-sized gold nanospheres and used tiopronin,
a pharmaceutical drug including a thiol group, as a stabilizing
agent. The authors quantified 5 × 105 to 5 × 106 nanoparticles
per cell in a breast cancer monolayer model and they showed
that the 2 and 6 nm AuNPs mostly localized in the cytoplasm
without any aggregation and also about 15% were able to enter
the nucleus.11 Afterwards, Boyoglu et al. confirmed that 3 nm
and 10 nm AuNPs are efficient at entering the cytoplasm and
nucleus of Hep-2 cells.14

Even if gold materials are generally considered to be bio-
inert, nontoxic and biocompatible, nanoscale gold particles
may have much higher bioactivity due to their increased
“surface area to volume ratio” that can result in direct cyto-
toxicity. Induction of apoptosis, cell cycle delay or generation
of reactive oxygen species were described as potential cytotoxic
effects of gold nanoparticles, according to their physico-
chemical properties.15,16

Table 1 Quantification of gold in the U251 cells based on ICP-OES
analysis. U251 cells maintained as monolayer culture were exposed for
24 h to Au@DTDTPA(Gd) at 1 or 5 mM. After nanoparticles removal, the
cells were rinsed, detached, counted and centrifuged to obtain a pellet.
Samples were then mineralized and proceeded as described in
Experimental section

Au@DTDTPA(Gd)
concentration

Gold quantity
(µg) Nanoparticles per cell

1 mM 0.48 ± 0.042 6.17 × 106 ± 5.65 × 104

5 mM 0.55 ± 0.037 6.99 × 106 ± 5.46 × 104
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Fig. 1 Localization of Au@DTDTPA(Gd) nanoparticles in U251 cells. (A–D) To know precisely subcellular distribution of Au@DTDTPA(Gd) nano-
particles, confocal and STED microscopy experiments were conducted using cyanine3-labeled Au@DTDTPA(Gd) (green fluorescence) and markers
of particular compartments (red fluorescence): antibodies labelled with STAR RED were directed against (A) EEA1 for endosomes, (B) calnexin for
rough endoplasmic reticulum, (C) vinculin for focal adhesion complexes and (D) CoxIV for mitochondria. Left panel: confocal overview of a fixed
cell (scale bar 5 µm). A region delineated by dotted white rectangle is the zoomed in confocal (middle panel) and STED (right panel) image (scale
bar 2 µm). (E) Maximal image intensity in XY, XZ, and YZ sections through the U251 nuclei after Au@DTDTPA(Gd)-Cy3 exposure (1 mM). XY section
shows one slice through the nucleus of a single U251 cell; the XZ section shows a cut along the horizontal yellow line through the nucleus; the YZ
section shows a cut along the vertical yellow line through the nucleus. The white dotted line delineates the nucleus of the cell. The green fluor-
escence signal corresponds to Au@DTDTPA(Gd): only the nanoparticles that cross the given cut are visible. The green intensity profile indicates a
strong accumulation of nanoparticles at the periphery of the nucleus as well as their presence to a lesser extent in the nucleus. (F) Based on trypan
blue exclusion assay and a TC20™ automated cell counter, viable cells were determined in control cell cultures (Ctrl) or 24 h after exposure to
Au@DTDTPA(Gd) nanoparticles (1 mM or 5 mM). Results are presented as mean ± SD (n ≥ 4).
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With 97% cell viability following a 24 h exposure, no direct
toxic effects were noticed on U251 cells despite the strong
internalization of nanoparticles in cancer cells (Fig. 1F). When
the global behavior of U251 glioma cells was followed for 70 h
with a cell-impedance measurement system (xCELLigence real-
time cell analysis system), no alteration was noticed for nano-
particle-treated cells (data not shown). Using flow cytometry,
we also investigated the influence of gold nanoparticles on cell
cycle distribution and the proliferation index (i.e. percent S
phase + percent G2/M phase) was calculated as previously
described.17 Sixteen hours after the removal of Au@DTDTPA
(Gd) nanoparticles, the proliferation index of U251 glioma
cells treated with gold nanoparticles was unchanged as com-
pared to untreated cells (ESI SI1†).

Collectively, our results indicate that the concentrations of
the Au@DTDTPA(Gd) nanoparticles used in this study are
lower than those affecting the viability and proliferation of
U251 glioblastoma cells.

Au@DTDTPA(Gd) nanoparticles reduced the invasion abilities
of glioma cells

Both in patients and in vitro models, glioblastoma cells are
well-known to exhibit a highly invasive behavior leading to
diffuse infiltration of the surrounding.18 To explore and deci-
pher the mechanisms developed by invading cells in glioblas-
toma, the invasive behavior of the U251 cell line was exten-
sively studied using a variety of methods and materials to
mimic the in vivo microenvironment (2D or 3D extracellular
matrix, organotypic slice). Multicellular tumor spheroids
embedded in a 3D matrix represent invaluable tools to analyze
cell invasion and to mimic the cancer microenvironment.19,20

We have investigated the impact of Au@DTDTPA(Gd) nano-
particles on invasive capacities of U251 cells. For this purpose,
U251 spheroids were exposed to 1 and 5 mM Au@DTDTPA(Gd)
nanoparticles for 24 h and then, embedded in a matrix mixing
Matrigel® and hyaluronic acid. As recently published, we have
previously confirmed that Au@DTDTPA(Gd) nanoparticles
were able to diffuse and be distributed throughout the spher-
oids, reaching the center of the tumor.21 Fig. 2 shows represen-
tative images of U251 spheroids in their 3D matrix 4 days post-
seeding. While the dark areas correspond to spheroids’ cores
including necrotic, quiescent and proliferative cells, we can
notice the cells on the edge that radially extend into the matrix
(Fig. 2A). Some of them seem to move individually (black
arrows) while other organized in clusters (denser areas),
suggesting collective cell motion (white arrows) (Fig. 2B). To
assess the effect of Au@DTDTPA(Gd) nanoparticles on U251
invasiveness, spheroid initial/end sizes and invasiveness areas
were determined. With or without exposure to nanoparticles,
the central core similarly grew during the culture to reach the
mean final size of 0.516 ± 0.028 mm2, 0.420 ± 0.076 mm2 and
0.494 mm2 ± 0.026 mm2 for untreated-, 1 mM and 5 mM nano-
particle-treated spheroids, respectively. As shown in Fig. 2C,
the invasion capacities of the U251 cells pretreated with
Au@DTDTPA(Gd) were approximately 20–25% lower than
those of the control cells: invasion distances and invasion

areas reached respectively, 820 ± 16 µm and 3.570 ± 0.135 mm2

for untreated control spheroids; 644 ± 14 µm and 2.719 ±
0.154 mm2 for 1 mM nanoparticle-treated spheroids (p < 0.005
vs. Ctrl); 678 ± 21 µm and 2.899 ± 0.147 mm2 for 5 mM nano-
particle-treated spheroids (p < 0.005 vs. Ctrl). Thus, 3D inva-
sion assays revealed a significant inhibitory effect of our ultra-
small gold nanoparticles on invasive capacities of U251.
Inhibitory effects were previously described by Zhou et al. for
breast, prostate and melanoma cancer cells exposed to gold
nanorods using transwell invasion assays.22 Similarly, Au@Pt
nanoseeds have been shown to reduce the invasiveness of
kidney cancer cells in Boyden chambers.23

To overcome the structural restraints of brain tissue organ-
ization, invading glioma cells need remarkable plasticity and
proteolytic activity allowing them to move through the brain
parenchyma, along the blood vessels and white matter
tracks.24 In this context, we were interested in studying the
impact of Au@DTDTPA(Gd) uptake in the first step, on pro-
teolysis abilities of U251 cells and in the second step, on
intrinsic cell plasticity and motility.

Impact of Au@DTDTPA(Gd) nanoparticle uptake on
proteolytic activity and on glioma cell motility

Matrix metalloproteinases (MMPs) like serine proteases uroki-
nase plasminogen activators constitute the main groups of
proteases capable of degrading extracellular matrix proteins
(fibronectin, type IV-collagen, proteoglycan, etc) and are
involved in GBM growth and dissemination. A strong corre-
lation exists between elevated levels of urokinase plasminogen
activators (uPA) and MMPs with cancer progression, meta-
stasis and shortened patient survival.25

Concerning the MMP family, gelatinases MMP-2 and
MMP-9 and the membrane-type MT1-MMP are found to be
expressed by glioma cells and already described for their con-
tribution in tumor progression.26 Moreover, a previous study
has demonstrated the downregulation of MMP-2 and -9
expression after the exposure of papillary thyroid carcinoma
cells to 10 nm AuNPs at a dose of 50 µg mL−1.27 Thus, we
explored the effects of Au@DTDTPA(Gd) on metalloprotease
expression and activity. RT-qPCR analysis indicated that U251
cells expressed MT1-MMP and MMP-2, but not MMP-9.
Exposure to Au@DTDTPA(Gd) induced a slight but not signifi-
cant decrease in MT1-MMP and MMP2 mRNA levels. Using the
gelatin zymography method, we focused on proteolytic activity
of gelatinases. In accordance with others,28 we did not detect
any gelatinolytic activity of MMP-2 nor MMP-9 in conditioned
media of U251 cells, even in untreated samples. MT1-MMP
analysis was performed by using a biotinylation approach in
order to recover only active MT1-MMP at the cell membrane.
Proteolytic activity of MT1-MMP was found in untreated U251
at the same level as after Au@DTDTPA(Gd) nanoparticle
uptake (ESI SI2†).

Thus, the MMPs do not seem to be involved in the reduced
invasive capabilities of U251 cells treated with NPs. The plas-
minogen/plasmin system is another system well described for
its involvement in the extracellular matrix degradation during
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GBM progression.29 Notably, the serine protease urokinase
plasminogen system (uPA, uPAR) participates actively in ECM
restructuring through plasmin and MMPs activation. Our pre-
liminary analyses using RTqPCR on cell lysates and proteome
arrays on conditioned media did not show noteworthy influ-
ence of NPs on the plasminogen/plasmin system (data not
shown).

While the reduced abilities of invasion of U251 after
Au@DTDTPA(Gd) endocytosis cannot be directly explained by
the interference of the nanoparticles with the proteolysis pro-
cesses, we questioned whether the nanoparticles can affect the
migration capabilities of glioma cells. Glioblastoma cells show
a versatile repertoire of migration modes, allowing them to
adapt their strategies in response to changing environmental
conditions. Indeed, these tumor cells can exhibit individual
(amoeboid or mesenchymal) or collective migration modes,
depending on the local properties of the extracellular matrix.30

In this regard, different tests were carried out to evaluate the
effects of Au@DTDTPA(Gd) on migration capacities of U251
cells.

A scratch assay which is considered as the standard in vitro
technique was firstly performed for probing collective cell

migration in two dimensions.31 Images were captured immedi-
ately (0 h) and 16 h after the scratch and surface of the healing
wound was determined using imageJ software (Fig. 3A). At the
end point of the experiment, the healing area reached 33% for
the control. After exposure to nanoparticles, the recovery of the
wounded area was only 15%, i.e. 2 times less than that in the
control samples (Fig. 3B).

Then, time-lapse video microscopy and cell tracking experi-
ments were performed on monodisperse cells to estimate cell
velocity and directionality. While traditional methods rely on
Boyden chamber migration assays to measure individual
migration in response to chemotactic signals, we preferred
time-lapse video microscopy because it allows the measure-
ment of individual migration parameters and the visualization
of morphological changes that cell undergoes during
migration.32 In untreated U251 cells, movies revealed a
repeated sequential polarized apparition of enlarged lamelli-
podia associated with cell polarity and directional displace-
ment of cells with typical mesenchymal morphologies (Movie
1† left).

Looking at each cell individually, exposition to
Au@DTDTPA(Gd) seems to interfere with cell polarity estab-

Fig. 2 Impact of Au@DTDTPA(Gd) nanoparticles on U251 invasiveness based on 3D invasion assay. U251 spheroids (∼450 ± 70 µm in diameter)
were exposed to 1 or 5 mM Au@DTDTPA(Gd) for 24 h. After nanoparticle removal, the spheroids were seeded in 6-well culture plates (one spheroid
per well) and each one was embedded in a mixture of Matrigel®, complete culture medium enriched with hyaluronic acid. (A) Using ImageJ soft-
ware, the total area of invasion (manual yellow delineation) and the core area (white delineation) were determined 4 days after seeding for each
spheroid, allowing calculation of the “invasion surface” (1 pixel = 10.58 µm). (B) Representative images of invasion for untreated- or Au@DTDTPA
(Gd)-treated spheroids showed areas of collective (white arrows) and individual (black arrows) invasion. (C) Histograms represent the core growth
(left histograms) and the invasion surface (right histograms) for untreated- or Au@DTDTPA(Gd)-treated spheroids. Results are presented as mean ±
SD (n ≥ 11 spheroids for at least n ≥ 3 independent experiments). **p < 0.01 according to the Mann–Whitney U test.
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lishment, as we observed a fast turnover of lamellipodia in any
direction that leads to both reduced directional displacement
and reduced apparent velocity (Movie 1† right). Indeed, cell
tracking quantification revealed that U251 cells seeded onto
fibronectin exhibit a velocity of 0.72 ± 0.02 μm min−1 and the
traveled distance reached 1050 ± 31 μm per 24 h. U251 cell
motility rates were significantly altered after nanoparticle
endocytosis, because U251 cell velocity was decreased by 43%
(0.39 ± 0.02 μm min−1), the traveled distance by 45% (581 ±

26 μm per 24 h) and directional cell migration (Euclidian dis-
tance) by 65% compared to untreated cells (Fig. 3C–E).

Together, these results indicate that Au@DTDTPA(Gd) can
exert a significant inhibitory effect on both collective and indi-
vidual migration of U251 cells. Our specific observations for
the Au@DTDTPA(Gd) nanoparticles can probably be general-
ized to most of the gold nanoobjects. Indeed, several previous
studies using wound healing assay or a transwell chamber
have reported that gold nanospheres and gold nanorods,

Fig. 3 Impact of Au@DTDTPA(Gd) nanoparticles on collective and individual migration of U251 cells. (A and B) Collective migration of
U251 glioma cells was assessed using wound healing assays. As soon as the nanoparticles were removed, a scratch was made into the confluent
monolayer of U251 cells and (A) photographs at ×40 magnification were captured immediately and 16 h after scratching. Representative images
show the gap filling under control conditions (Ctrl) or after 24 h of exposure to 5 mM Au@DTDTPA(Gd) nanoparticles (scale bar 800 µm). (B) The
plugin “MRI wound healing assay tool” from ImageJ software was used to measure the gap area at 0 h and 16 h, and calculate the wound healing
rates as plotted on histograms. The results are presented as mean ± SD (n = 8 independent experiments). (C–E) Individual migration was monitored
by video microscopy. After seeding on fibronectin-coated coverslip, 48 untreated or nanoparticle-treated cells were individually tracked for 24 h by
video microscopy (×20 magnification objective, using a Zeiss Axio Observer). Histograms represent (C) accumulated distance (D) Euclidean distance
(E) and velocity. Results are presented as mean ± SD. **p < 0.01 and ****p < 0.0001 according to the Mann–Whitney U test.
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regardless of their size, their concentration or the cell lines
used, could reduce tumor cell migration. For example, Zhou
et al. showed decreased chemotactic responses in a transwell
chamber when breast, prostate or skin cancer cells were
exposed to gold nanorods.22 More recently, Li et al. performed
wound healing assays and demonstrated that gold nano-
spheres reduced liver cancer cell migration.33 Similarly, time-
lapse video microscopy of wound healing of lung and prostate
cancer cells has shown that gold nanospheres affect early cell
migration (6 h) with decreased gap filling.34

Au@DTDTPA(Gd) nanoparticle uptake affects the intrinsic
biomechanical properties of glioma cells and cell–ECM
interactions

From a biomechanical standpoint, tumor cell motion in case
of mesenchymal migration requires cell deformation and
active generation of traction force on the underlying extracellu-
lar matrix to pull the cell forward. Cell deformation is directly
dependent on the stiffness properties and the transition to a
motile phenotype is characterized by changes in focal
adhesion and cytoskeletal dynamics. Previous studies have
reported a correlation between cell stiffness and metastatic
potential of cancer cells7 and that cancer cells are softer than
normal cells.35 Then, we investigated the impact of
Au@DTDTPA(Gd) on the deformability and stiffness of U251
by using AFM-indentation measurements and by Young’s
modulus determination. In this case, an isolated cell was
taken out of a cell culture on fibronectin coated coverslip and
AFM measurements were realized in areas outside the nucleus,
where the cell height was at least 3 times superior to the
indentation depth in order to calculate Young’s modulus.
Young’s modulus was found to be remarkably stable on
control cells with values equal to 1.61 ± 0.17 kPa. After
Au@DTDTPA(Gd) uptake, Young’s modulus dramatically
increased to reach 4.56 ± 2.58 kPa on fibronectin (Fig. 4A).
Moreover, it is well documented that cell migration is depen-
dent on lamellipodial protrusions.36 Using AFM error images,
we have analyzed the number of membrane protrusions and
demonstrated that treatment with Au@DTDTPA(Gd) induced a
decrease of about 50% in the protrusion number (5.30 ± 0.39
protrusions per 100 µm2 for the control samples vs. 2.43 ± 0.31
protrusions per 100 µm2 for the treated cells) (Fig. 4B). All
these results highlighted the potential of NPs to diminish the
capacities of U251 cells to displace.

In order to explain and correlate the increase in Young’s
modulus and the decrease in the migration capabilities of
U251 cells after Au@DTDTPA(Gd) treatment, fluorescently
labeled phalloidin has been used to study actin cytoskeleton
organization by confocal microscopy. ESI SI3† shows the 3D
isosurface reconstruction of cells using 2 different thresholds
for untreated control cells or nanoparticle-treated cells. At the
lowest threshold (Fig. 4C), a clear difference appears in the
actin labeling between untreated and Au@DTDTPA(Gd)-
treated cells. While only the actin cortex is visible in control
cells, the Au@DTDTPA(Gd)-treated cells exhibit well-developed
intracellular stress fibers and a thicker actin cortex. Adhesion

structures appear clearly at the edge of U251 cells and more
actin patches with the highest threshold value (framed areas)
are present in nanoparticle-treated cells. Our observations cor-
roborate previously published studies that reported changes in
F-actin fiber organization when cells were exposed to inorganic
nanoparticles.37 More recently, Mulens-Arias et al. showed that
AuNPs disturbed the adhesive structures and affected focal
adhesion dynamics, in particular, characterized by an increase
or a decrease in mature focal adhesion in the first 2 h follow-
ing exposure according to the type of cells studied (mesenchy-
mal stem cells or endothelial cells, respectively). Nevertheless,
the effects appear to be dependent on the nanoparticle core
size and cell type.38 Consistently, we conducted further mole-
cular investigations to determine how Au@DTDTPA(Gd) inter-
feres with the actin cytoskeletal system. Thus, we studied by
immunoblotting the membrane expression of beta 1 integrin
in biotinylated extracts (Fig. 4D and E) and expression of Talin-
1 (Fig. 4F). While no difference in the total beta 1 integrin
expression was noticed between untreated- and nanoparticle-
treated cells, membrane expression of beta 1 integrin was
doubled when U251 cells were exposed to 5 mM Au@DTDTPA
(Gd) nanoparticles. In parallel, Talin-1 expression, an ubiqui-
tous cytosolic protein that is found in high concentrations in
focal adhesions, was markedly increased in Au@DTDTPA(Gd)-
treated cells. These results evoke the stabilization of focal
adhesion plaques in the presence of nanoparticles, confirming
the disturbance of focal adhesion dynamics.39

To adhere and migrate, cells generate traction forces
through the cytoskeleton.40 So, using time-lapse traction force
microscopy (TFM), we examined the differences in traction
forces generated by U251 cells pre-exposed or not to
Au@DTDTPA(Gd) nanoparticles (Movie 2†). Traction force
microscopy yields a spatial image of the stress exerted by the
cells on elastic gel substrates. As a cell attaches to the surface
of the substrate, it deforms the substrate proportionally to the
applied mechanical force and these elastic deformations can
be followed by video microscopy and described quantitatively
with high precision.41 Under moderate stiffness mimicking
conditions in healthy and tumor brain tissues (E = 5 to 15
kPa),42 measurements of cellular force indicate that after 24 h
of exposure to Au@DTDTPA(Gd), U251 glioma cells exhibit
stronger traction stresses compared to the non-exposed cells
(Fig. 5A and B) with the force ratios reaching 13 410 ± 381 Pa
µm−2 and 18 056 ± 616 Pa µm−2 (p = 0.0047), respectively.
These data confirm that nanoparticles accumulated in the cell
cytoplasm induce changes in force generation and corroborate
previous data showing higher levels of cell traction force for
TR146 epithelial cells that have been exposed to TiO2 or SiO2

nanoparticles while migrating collectively.43

In order to reinforce the results obtained on cytoskeleton,
stiffness and TFM, we finally focused our investigations on the
direct adhesion properties of U251 cells by using cell adhesion
assay performed at 3 time points (15, 30 and 60 min) on a
fibronectin or hyaluronic acid coating. As expected, in the
control group, the percentage of attached cells increased over
time, with a maximum reaching 24.8% and 27.8% for U251
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Fig. 4 Impact of Au@DTDTPA(Gd) nanoparticles on biomechanical properties and cell morphology of U251 cells. (A–B) AFM measurements were
performed to assess the surface density of protrusions and the cell mechanical properties (characterized by Young’s modulus) of U251 cells treated
or not with Au@DTDTPA(Gd). A minimum of 50 cells for each condition were analyzed. (A) Young’s modulus and (B) number of protrusions per
100 µm2 were plotted on histograms. (C) Representative z-stack images of the F-actin cytoskeleton (Alexa Fluor™ 488 Phalloidin) obtained by con-
focal microscopy. (D–E) Effect of Au@DTDTPA(Gd) nanoparticles on the membrane Beta 1 integrin expression. (D) Cell extracts were prepared from
U251 biotinylated cells treated or not with 5 mM Au@DTDTPA(Gd) nanoparticles. Expression of Beta 1 integrin localized at the cell surface was ana-
lysed by 10% SDS-PAGE followed by western blotting. (E) Expression of Beta 1 integrin was quantified by densitometry and results are representative
of three independent experiments and expressed as mean ± SD relative to the control (100%). (F) Effect of Au@DTDTPA(Gd) nanoparticles on Talin-1
(full size) expression. Cell extracts were prepared from U251 cells treated or not with 5 mM Au@DTDTPA(Gd) nanoparticles. Expression of Talin-1
was analysed by 10% SDS-PAGE followed by western blotting.
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Fig. 5 Impact of Au@DTDTPA(Gd) nanoparticles on traction forces and adhesion. (A) Representative snapshots of TFM analysis of single cells with
the force represented as magnitude of control cells (left) and Au@DTDTPA(Gd) nanoparticle-treated cells (right) superimposed with the cell segmen-
tation used for force integration. (B) Force ratio (in pN µm−2) corresponding to the integration of the force values over the surface obtained by the
segmentation of untreated- and nanoparticle-treated U251 cells and normalized by the surface value. (C and D) After 24 h of exposure to 5 mM
Au@DTDTPA(Gd) nanoparticles, U251 cells were exposed to Hoechst 33342 at 1/1000 during 15 minutes. Then, the cells were trypsinated and plated
on 48 wells plates coated with (C) fibronectin or (D) hyaluronic acid during 15, 30 and 60 minutes. Fluorescence intensities (λexc/λem: 350/461 nm
for Hoechst 33342) were recorded. Histograms represent the percentage of cells that have adhered after 15, 30 and 60 minutes. Results are pre-
sented as mean ± SD (n = 7 independent experiments). *p < 0.05 and **p < 0.01 according to the Mann–Whitney U test. (E) Representative images of
attached cells on fibronectin-coated surface at the time point 15 min were captured for U251 cells treated or not with 5 mM Au@DTDTPA(Gd) nano-
particles (F-actin – green, cell nuclei – blue).

Paper Nanoscale

9244 | Nanoscale, 2021, 13, 9236–9251 This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 1
2:

46
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr08936b


plated on fibronectin and hyaluronic acid, respectively (Fig. 5C
and D). Regardless of the coating and the time points, pretreat-
ment with Au@DTDTPA(Gd) conferred a significantly higher
ability to adhere to the substrate. After 15 min of cell incu-
bation with the matrix coating, 25.5 ± 1.7% of U251 cells
treated with nanoparticles bind to fibronectin, compared to
only 12.6 ± 1.0% of control cells (p = 0.0043). For U251 cells
exposed to nanoparticles, adhesion at 60 min reached 42.2 ±
4.1% compared to 23.8 ± 3.1% for control cells (p = 0.0159).
According to the images captured after 15 minutes (Fig. 5E),
the cytoskeleton appeared more developed for the
Au@DTDTPA(Gd)-treated cells than for the control cells, which
may explain the earlier and more important adhesion for the
treated cells.

Taken together, our experiments demonstrated that
Au@DTDTPA(Gd) uptake is able to counteract the migration
capabilities of U251 glioma cells. These effects occur through
an alteration of the intrinsic biomechanical behavior of cells
that were characterized by an increase of Young’s modulus, a
reorganization of the actin cytoskeleton and adhesion struc-
tures, and higher traction forces. All these data are consistent
with enhanced anchorage of the cells after treatment with
Au@DTDTPA(Gd) nanoparticles that likely explain the dimin-
ished capacities of collective and individual migration. Such
effects of metal-based nanoparticles on cell motility seem to
be generalized as some of them have already been observed for
other inorganic nanoparticles and other cell types.22,33,38,43

Our experiments have gone further as 3D invasion assays
demonstrated that reduced motility of glioma cells also occur
in a confined environment, reducing glioma invasive potential.
Underlying mechanisms remain unclear and ongoing experi-
ments are now devoted to decipher at the molecular level the
action of Au@DTDTPA(Gd) nanoparticles on glioma cells.

Furthermore, Winckler’s group has recently demonstrated
that glioma cells emit thin ultralong membrane protrusions
(called as tumor microtubes) which help them to invade and
colonize healthy brain tissue and form a complex network that
conveys resistance to standard tumor treatment modalities
such as radiotherapy.44,45 In light of this recent knowledge,
our results showing that Au@DTDTPA(Gd) nanoparticles can
significantly affect the protrusion number emitted by cells
appear particularly promising.

Experimental section
Au@DTDTPA(Gd) nanoparticles and ICP-OES dosage of gold

The synthesis and characterization of the Au@DTDTPA(Gd)
nanoparticles were described earlier46,47 (ESI SI4†).

For a typical preparation of these gold nanoparticles,
HAuCl4·3H2O (200 mg, 51 × 10−5 mol) was placed in a 250 mL
round-bottom flask and was dissolved with methanol (60 mL).
In another flask, DTDTPA (256 mg, 50 × 10−5 mol), water
(40 mL) and acetic acid (2 mL) were mixed. This solution con-
taining DTDTPA was added to the gold salt solution under stir-
ring. The mixture turned from yellow to orange. NaBH4

(195 mg, 515 × 10−5 mol) dissolved in water (13.2 mL) was
added to the gold-DTDTPA solution under stirring at room
temperature. At the beginning of NaBH4 addition, the solution
first became dark brown then a black flocculate appeared. The
vigorous stirring was maintained for 1 h before adding
aqueous hydrochloric acid solution (2 mL, 1 M). After the
partial removal of the solvent under reduced pressure the pre-
cipitate was retained on the polymer membrane and washed
thoroughly and successively with 0.1 M hydrochloric acid,
water and acetone. The resulting black powder was dried (up
to 200 mg of dry powder of Au@DTDTPA) and dispersed in
aqueous solution of sodium hydroxide (NaOH 0.01 M) with a
final concentration of 50 mM gold.

The functionalization of Au@DTDTPA nanoparticles by
organic dyes (aminated cyanine 3, Cy3-NH2) was inspired from
the grafting of aminated cyanine-5.21 A solution of
Au@DTDTPA (9 mL, 50 mM in gold) was adjusted to pH 5. For
the activation of the carboxylic groups, EDC (397 mg) and NHS
(477 mg) in deionized water (6.48 mL) were added to the
colloid under stirring at room temperature. The agitation was
maintained for 90 min. Afterwards, the pH of the solution was
adjusted at pH 7.5 and Cy3-NH2 was added to the aqueous sus-
pension of Au@DTDTPA nanoparticles. The solution was
stirred for 15 minutes at room temperature and for 12 h at
4 °C.

After the reaction with Cy3-NH2, the nanoparticles were
purified by dialysis against an acidic medium (pH 5,
Molecular Weight Cut-Off (MWCO): 6 kDa). The dialysis bath
was changed four times (6 h, 20 h, 26 h, and 40 h after the
immersion of a dialysis tube in acid aqueous solution) until it
became colorless. After purification by dialysis, gold nano-
particles were concentrated by centrifugation using centrifugal
concentrators (Vivaspin®, MWCO: 10 kDa) until a gold concen-
tration of 50 mM.

Whatever the type of nanoparticles (Au@DTDTPA or fluo-
rescent Au@DTDTPA nanoparticles), the labeling with gadoli-
nium ions is performed through the addition of GdCl3 to col-
loidal solution under stirring at room temperature. For a final
gold concentration of 45–50 mM, the gadolinium concen-
tration is 5 mM.

The titrations of gold in colloids and in the cells were per-
formed by ICP-OES analysis. The samples were first minera-
lized in ultrapure aqua regia to a final concentration of at least
20 µg L−1 in gold. An ICP-OES (710 ES Varian/Agilent) with an
axial torch with a concentric nebulizer and cyclonic spray
chamber was used. The parameters fixed during the measure-
ment were: power of 1.2 kW with argon auxiliary of 1.5 L
min−1 and nebulizer pressure of 200 kPa. The emission lines
used to measure the gold concentration were 268 nm, 243 nm
and 208 nm. The efficacy of the atomization is about 60% for
gold. An ionizing buffer was employed for the measurements.

Cell culture

The human primary glioblastoma cell line U-251MG (Uppsala,
Sweden) was obtained from American Type Culture Collection
and was cultured in Dulbecco’s Modified Eagle’s Medium
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(DMEM) supplemented with 10% fetal bovine serum, 0.4%
L-asparagine, 0.36% L-serine, 1% L-glutamine, 1% essential
amino acids, 0.5% non-essential amino acids, 0.4% vitamins,
1.25% sodium pyruvate, and 1% penicillin–streptomycin. The
cells were maintained in monolayers in a tissue culture incuba-
tor at 37 °C under a 5% CO2 95% air atmosphere, and were
subcultured twice a week. DMEM, amino acids, vitamins, and
antibiotics were purchased from Gibco/Life Technologies
(France), while other reagents were obtained from Sigma-
Aldrich (Saint Louis, MO, USA).

Cell counting was performed using a TC20™ automated
cell counter (Bio-Rad, France) and viability assessment was
performed using Trypan blue exclusion assay that allows the
detection of live (unstained) and dead (stained) cells.

3D invasion assays

To generate U251 spheroids, 1 × 106 cells were plated in
75 cm2 flasks previously coated with hydrophobic poly(2-
hydroxyethyl methacrylate) to prevent cell adhesion. Four days
later, U251 spheroids are harvested and placed in a spinner
culture flask with magnetic stirring for 10 days for growing.
Then the spheroid suspension was filtered through 380 and
520 µm nylon mesh filters that allowed collecting spheroids of
homogeneous size (∼400–500 µm). These spheroids were then
cultured in 6-well plates coated with poly(2-hydroxyethyl meth-
acrylate) in the presence or absence of 5 mM Au@DTDTPA(Gd)
for 24 h. After treatment, each spheroid was placed into indi-
vidual wells of a 96-well plate and then embedded with 100 µL
of a mixture of Matrigel® and hyaluronic acid (100 µg mL−1).
The spheroids were maintained at 37 °C in a humidified 5%
CO2 atmosphere for 4 days, allowing invasion and migration
processes to take place. After staining with thiazolyl blue tetra-
zolium bromide (MTT 1 mg mL−1), invasion of viable cells was
imaged using the GelCount® system (Oxford Optronix, UK).
The mean area (in µm2) and the mean distance (in µm) of
invasion from at least 34 independent spheroids (6 indepen-
dent experiments) were quantified using Image J and
GelCount® Software. Initial and final surface (in µm2) of at
least 19 independent spheroids (3 independent experiments)
were quantified using Image J.

Wound healing assay

U251 glioblastoma cells were seeded at a concentration of 2.5
× 105 cells per well in a 6-well plate containing Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum (FBS) and incubated for 24 h at 37 °C under a
humidified 5% CO2 atmosphere. After attachment of the cells
to the plate, the cells were treated with 5 mM Au@DTDTPA
(Gd) nanoparticles for 24 h. When the nanoparticles were
removed, a scratch was created into the confluent monolayer
of U251 cells using a sterile p1000 pipet tip. The cells were
then replaced into the incubator for 16 h. Three representative
images of each scratch area were captured at 0 h ( just after
scratching cells) and 16 h after incubation using a trans-
mitted-light microscope (Nikon DIAPHOT 300 equipped with
digital camera Nikon Digital sight-DS-Fi1) (40× magnification).

The plugin “MRI Wound Healing Tool” from ImageJ helped us
to determine the area of the gaps for each image. As an indi-
cator of the collective migration ability, the wound healing rate
was calculated as follows: (Area0 h − Area16 h)/Area0 h × 100.

Cell tracking by time-lapse video microscopy imaging

U251 cells (1 × 104) seeded on a fibronectin-coated 24-well
plate were allowed to attach to the substrate and treated with
5 mM Au@DTDTPA(Gd) nanoparticles during 24 h. Before
imaging, cells were treated with 1 µg mL−1 mitomycin C for
2 h to inhibit cell proliferation. The cells were then PBS-
washed and fresh medium was added. The cells were main-
tained at 37 °C under a 5% CO2 atmosphere in a temperature-
controlled chamber (PECON) and then observed under a 20×
magnification objective during 24 h using a Zeiss Axio
Observer (Carl Zeiss MicroImaging GmbH, Germany). Data
were acquired using the MetaMorph software (Roper
Scientific). Cell velocity, distance and directional persistence
analyses were computed using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). For each condition,
48 randomly chosen cells have been tracked.

Atomic force microscopy imaging

Prior to AFM analyses, 5 × 105 U251 cells were seeded onto
50 mm Willco-dish® pre-coated with 10 µg mL−1 fibronectin.
On the next day, the cells were treated with 5 mM
Au@DTDTPA(Gd) nanoparticles during 24 h. The cells were
washed with PBS before adding 2 mL of medium. Then, AFM
measurements were performed with a BioScope Catalyst™
(Bruker, Billerica, USA) mounted on a Nikon Eclipse Ti
inverted microscope (Nikon, Tokyo, Japan) and operated in the
PFQNM mode to acquire topographical and mechanical
images of live cells. This mode has proved itself to allow
higher resolution at a faster acquisition speed (similar to
tapping mode imaging) than the classical Force–Volume
measurements. Preliminary experiments have been conducted
using SCANASYST-AIR probes (Bruker, Billerica, USA) having a
nominal spring constant of 0.4 N m−1 and a resonance fre-
quency of ∼70 kHz but generally speaking, the cantilever was
too stiff for this type of cells. This prompted us to utilize
PFQNM-LC-A-CAL probes (Bruker, Billerica, USA), having a
nominal spring constant of 0.1 N m−1 and a resonance fre-
quency of ∼45 kHz, the tips being calibrated as previously
described. The tip geometry (“ace of spades” pyramidal shape,
with a tip height of 17 μm and an apex diameter of approxi-
mately 130 nm) is designed on purpose to minimize the
viscous drag during imaging in liquids. For PFQNM experi-
ments, we used a PeakForce frequency of 0.25 kHz in order to
maximize the contact time between the tip and the sample
(and also collect more than one force curve per pixel), and a
PeakForce amplitude of 1 μm to optimize tracking since the
cells are quite high (up to 7 µm). Images were captured in the
culture medium at a resolution of 256 or 128 pixels per line, at
37 °C using a Perfusing Stage Incubator (Bruker, Billerica,
USA). The Petri dish was put on the baseplate when the temp-
erature set point was reached and stabilized over time (a
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Lakeshore temperature controller was used). Young’s
modulus, step height, surface and volume measurements were
calculated using NanoscopeAnalysis (Bruker, Billerica, USA). In
the present study, only the surface density of protrusions and
the cells mechanical properties were considered. With respect
to Young’s modulus calculations, for each type of cells, 10
different cell dishes coming from the same culture were ana-
lyzed one after the other (each dish has never been handled
more than 3 h) and the experiments were triplicated to draw a
reliable conclusion. Overall, a minimum of 50 cells for each
condition (with and without NP incubation) were analyzed.
Considering both the indentation depth of the tip given by the
deformation channel and the cell height given by the cross sec-
tions achieved on height images at the same locations,
Young’s modulus was exclusively calculated in areas where the
cell height was at least 3 times superior to the indentation
depth, in order to avoid any influence of the substrate on the
measured values. Thus, perinuclear areas were avoided. The
Sneddon model was used to estimate the interaction between
the tip and the substrate. In order to avoid mechanical stress
to the cells, the loading force was adjusted between a few tens
up to a few hundreds of piconewtons. The force curves were
extracted from the chosen area from the PFQNM images using
the Peak Force Capture option of the Nanoscope software. For
the topographical AFM measurements (more in particular the
cell protrusions), a minimum of 50 images were processed for
each condition.

Immunocytofluorescence

U251 cells were plated at the density 5 × 103 cells per well in
8-well Labtek II coated with 10 µg mL−1 of fibronectin for one
day. The cells were exposed to 5 mM Au@DTDTPA(Gd) for
24 h. The cells were fixed with PFA 4% for 30 min, then gently
washed three times with PBS. To visualize F-actin distribution,
slides were incubated for 45 min with Alexafluor-488-conju-
gated phalloidin (Ab176753, Abcam) diluted 1/1000 in PBS
with 2% (w/v) BSA. The cells were then washed three times
with PBS. Immunofluorescence-labeled cell preparations were
analyzed using a Zeiss LSM 710 confocal laser scanning micro-
scope with the 63× oil-immersion objective zoom 1× and Zeiss
operating system (Carl Zeiss MicroImaging GmbH,
Deutschland). Acquisitions were performed by exciting
Alexafluor 488 with Argon laser. Emitted fluorescence was
detected through the appropriate wavelength window. Twenty
images were captured with a 0.25 µm z-step.

Confocal and STED microscopy

Confocal and STED microscopy on immunostained U251 cells
were performed using the STEDYCON (Abberior Instruments
GmbH). Confocal microscopy was performed under pulsed
excitation of Cy3 and Abberior STAR RED at 561 nm and
640 nm respectively, on samples mounted on a Abberior
mount liquid antifade (Abberior GmbH). STED depletion was
performed using a pulsed 775 nm laser source. Image proces-
sing and analysis were performed using Image J.

Due to the high concentration of metallic nanoparticles in
cells, STED observation could occasionally prove to be very
difficult and the use of high STED laser powers was pre-
cluded.48 However, we managed to obtain comparison of STED
and confocal on cells or cell regions at resolution of <80 nm
(and down to 50 nm) (Fig. 1).

Proteins extraction and western-blot analysis

Whole-cell extracts were prepared as previously described.49

Briefly, whole-cell extracts were prepared by scraping cells in
ice-cold lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl,
5 mM EDTA, 1% Triton X-100, and proteinase inhibitor
cocktail).

Cell surface protein isolation was performed as previously
described.49 After washing, the cell surface proteins were bioti-
nylated with PBS containing 0.5 μg mL−1 of EZ-Link sulfo-
NHS-LC-biotin (Thermofisher) for 30 min at 4 °C. After three
washes, the cells were incubated with 100 mM glycine for
30 min at 4 °C in order to limit nonspecific binding. The cells
were washed three times in ice-cold lysis buffer before protein
extraction. Solubilized biotinylated proteins were then affinity
purified using 40 μL of monomeric avidin-agarose beads (GE
Healthcare, Chicago, IL, USA) incubated with 120 μg of biotiny-
lated proteins. Incubation was performed overnight at 4 °C
under gentle orbital agitation (5 rpm), and then followed by
five washes in lysis buffer.

The protein concentrations in whole-cell extracts and mem-
brane extracts were quantified by the Bradford method (Bio-
Rad Laboratories, Marne-la-Vallée, France). Proteins were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, transferred onto a nitrocellulose membrane
(Schleicher & Schuell GmbH, Mantes la Ville, France), and
incubated overnight at 4 °C with primary antibodies.
Immunoreactive bands were revealed using an ECL Plus che-
miluminescence kit from Amersham Biosciences (Orsay,
France). GAPDH was used as a control to ensure equal loading.

Traction force microscopy

TFM requires three distinct procedures: (1) cells are plated on
an elastic substrate containing fiducial markers allowing the
quantification of gel deformation visually, for instance fluo-
rescent beads or quantum dots. (2) A discrete gel displacement
caused by adherent cells is calculated by tracking fluorescent
beads movements. The most common techniques for tracking
are particle image velocimetry (PIV) and particle tracking velo-
cimetry (PTV). (3) Finally, the traction force field f is calculated
from the displacement field by making use of a mechanical
model of the elastic substrate.50

Polyacrylamide gel coated coverslips were prepared at a 17
kPa modulus as previously described,51 using the following
specific conditions: 1.5 × 105 U251 cells were then seeded
before adding 1 mM Au@DTDTPA(Gd)-Cy3 during 24 h.

The cells were washed twice and then observed under a 63×
objective using a Zeiss Axio Observer (Carl Zeiss MicroImaging
GmbH) and a CoolSNAP HQ (Roper Scientific, France) camera.
Image acquisitions were performed every 5 min during
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3 hours and beads displacement was analyzed using the
JEasyTFM plugin running under ImageJ.

Cell adhesion assay

6 × 104 U251 cells per mL were plated in 25 cm2 flasks for 3
days. Then, tumor cells were treated with 5 mM Au@DTDTPA
(Gd) for 24 h. In parallel, 48-well plates were pre-treated with
10 μg ml−1 of fibronectin or with 10 μg ml−1 hyaluronic acid in
HBSS for 1 h at 37 °C and then dried overnight at 4 °C. Control
or treated tumor cells were then stained with 1 mL Hoechst
33342 (20 µM in HBSS, Thermo Scientific, 62249) for 30 min at
37 °C and harvested. 1 × 105 stained cells per well were added
on the pre-coated P48 plates. After 15, 30, and 60 min of incu-
bation at 37 °C under a humidified 5% CO2 atmosphere, the
cells were gently washed once with HBSS.

Measurement of attached cells after 15, 30, and 60 min.
Washed cells were lysed with DMSO 100%. Quantification of
fluorescence intensity of cell lysates (λexc/λem: 350 nm/461 nm)
with a Tecan Infinite 200 microplate reader (Infinite M200 pro,
Tecan™) allowed assessing the attached cells for 7 indepen-
dent experiments, each condition was realized in duplicate. To
quantify the fluorescence at 0 min, 1 × 105 stained cells were
transferred in 1.5 mL Eppendorf tubes, then centrifuged at
300G during 10 min at 20 °C. The supernatants were removed,
and then the stained cells were lysed with DMSO 100%.

F-actin cytoskeleton of attached cells after 15 min.
Au@DTDTPA(Gd) treatment and cell adhesion assay were con-
ducted as previously described using Lab-Tek™ II Chamber
Slide™ 8 wells coated with 10 µg mL−1 of fibronectin. 5 × 104

stained U251 cells were plated and after 15 min at 37 °C in a
humidified 5% CO2 atmosphere, the cells were gently washed
once with HBSS. The cells were fixed with PFA 4% during
30 min, and then gently washed once with PBS. F-Actin stain-
ing was performed using Alexafluor-488-conjugated phalloidin
(Ab176753, Abcam) diluted 1/1000 in PBS with 2% (w/v) BSA.
Phalloidin fluorescence was analyzed using an ImageXpress®
Micro Confocal device with 10× Plan APO objective and
MetaXpress Software (Molecular Devices, Sunnyvale, CA).
Acquisitions were performed by exciting Alexafluor 488.
Emitted fluorescence was detected through the appropriate
wavelength window. Ten images were captured with a 1 µm
z-step.

Statistical analysis

The Mann–Whitney U test was used to compare untreated and
treated groups. A P-value less than 0.05 was considered as stat-
istically significant.

Conclusion

Over the last decade, Roux et al. have developed the
Au@DTDTPA(Gd) nanoparticles, i.e. original ultrasmall nano-
particles composed of a gold core and dithiolated polyamino-
carboxylate shell doped with ∼50 gadolinium ions, and
demonstrated their relevance and their potential for MRI-

guided radiation therapy.46,47 In particular, preclinical experi-
ments demonstrated that Au@DTDTPA(Gd) could be of inter-
est for the management of brain tumor.5

In the present work, exposure of U251 glioma cells to
Au@DTDTPA(Gd) led to high accumulation of gold nano-
particles, that were mainly diffusely distributed in the cyto-
plasm of the tumor cells. Our results showed no direct in vitro
cytotoxicity, and U251 cell proliferation was not altered. By
contrast, our experiments pointed out a noticeable decrease in
glioma cell invasiveness when tumor cells were exposed to
Au@DTDTPA(Gd) nanoparticles. As the proteolysis activities
were not directly affected by the intracytoplasmic accumulation
of nanoparticles under our experimental conditions, the anti-
invasive effect cannot be attributed to a matrix remodeling
impairment. Instead, Au@DTDTPA(Gd) nanoparticles affected
the intrinsic biomechanical properties of U251 glioma cells,
such as cell stiffness, adhesion and generated traction forces,
and significantly reduced the formation of protrusions, thus
exerting an inhibitory effect on their migration capacities.

While initially developed for combining with radiation
therapy, the Au@DTDTPA(Gd) nanoparticles could have huge
interest for therapeutic management of astrocytic tumors, not
only as an radio-enhancing agent but also by reducing invasive
potential of glioma cells. Indeed, it is well-established that
migrating/invading glioblastoma cells preserve their stem-like
properties with maintained tumorigenic potential52 which
makes anti-invasive strategies become a priority.53,54
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