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A B S T R A C T

Aims: Glioblastoma multiforme (GBM) is the most devastating malignant primary brain tumor known. Life
expectance is around 15 months after diagnosis. Several events contribute to the GBM progression such as un-
controlled genetic cancer cells proliferation, angiogenesis (mostly vascular endothelial growth factor (VEGF)-
mediated), tissue invasion, glioma stem cell activity, immune system failure, and a hypoxic and inflammatory
tumor microenvironment. Tumor cells antiproliferative effect of 20 nm citrate-covered gold nanoparticles (cit-
AuNP) has been reported, along with anti-inflammatory and anti-oxidative effects. We aimed to test whether
either chronic treatment with 20 nm cit-AuNP or anti-VEGF antibody (Ig)-covered AuNP could reduce GBM
progression in mice.
Main methods: Effect of the gold nanoparticles on the GL261 glioblastoma cells proliferation in vitro, and on the
GL261-induced glioblastoma cell growth in C57BL/6 mice in vivo were tested. Besides, fluorophore-conjugated
gold nanoparticles penetration through the GL261 plasma cell membrane, gold labelling in brain parenchyma
of glioblastoma-carrying mice, and VEGF expression into the tumor were evaluated.
Key findings: We observed cit-AuNP did no change the GL261 cells proliferation. Similarly, we demonstrated
chronic treatment with either cit-AuNP or anti-VEGF Ig-covered AuNP did not modify the GL261 cells-induced
GBM progression in mice. By the end, we showed AuNPs did not trespass in appreciable amount both the
GL261 plasma cell membrane and the tumoral blood brain barrier (BBB), and did not change the VEGF expression
into the tumor.
Significance: 20 nm cit-AuNP or anti-VEGF Ig covered-AuNP are not good tools to reduce GBM in mice, probably
because they do not penetrate both tumor cells and BBB in enough amount to reduce tumor growing.
1. Introduction

Glioblastoma multiforme (GBM) is the most aggressive form of pri-
mary brain malignant tumor and the most common one, accounting for
48% of all malignant central nervous system (CNS) tumors [1]. It reaches
people around 60 years old but can occur at any age [for revision, [2, 3, 4,
5]]. Therapeutic strategies such as chemotherapy (using more frequently
temozolomide), radiotherapy and surgical resection can be used,
although GBM recurrence is frequently observed. In fact, the overall
survival in affected people is around 15 months and the overall 5-year
odrigues).
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survival is less than 5% [6, 7]. Then, a search for a more effective
treatment is mandatory.

GBM physiopathology involves uncontrolled genetic cancer cells
proliferation, angiogenesis, tissue invasion, glioma stem cell activity,
immune system failure in recognizing cancer cells and a hypoxic and
inflammatory tumor microenvironment [8, 9]. Regarding to the GBM
inflammation, cells like microglia, infiltrating macrophages, T-lympho-
cytes, non-neoplastic astrocytes and mast cells, cytokines such as trans-
forming growth factor-beta (TGF-β), interleukin 6 (IL-6), interleukin 8
(IL-8) and tumor necrosis factor-alpha (TNF-α), and transcription factors
ember 2020
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Table 1. The gold nanoparticles features.

Features/Nanoparticle types cit-AuNP Anti-VEGF Ig-covered AuNP DY654-AuNP

Average size (nm) 20.1 � 2.4 - -

Hydrodynamic diameter (DLS) (nm) 22.9 � 3.7 39.0 � 3.4 37.8 � 2.1

Zeta potential (mV) -26.1 � 0.5 -8.02 � 0.3 -6.4 � 0.5

pH 5 5 7.5

Concentration (nanoparticles/mL) 1.9 � 1012 1.9 � 1012 1.9 � 1012

Peak SPR wavelength (nm) 522 527 527

Data provided by the manufacturer (Nitparticles Company, Zaragoza, Spain).
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such as nuclear factor-kappa B (NF-κB), all contribute in different ways to
tumor progression [10].

Another important player for the GBM progression is the vascular
endothelial growth factor (VEGF), which is over-expressed by GBM
cancer cells, mainly glioma stem cells (GSC) under hypoxia, and con-
tributes to tumor development by inducing neovascularization [11]. In
fact, GBM is a highly vascularized tumor [12]. GSC are present in low
amount into the tumor, however, they are essential for tumor progression
once these cells are self-renewing, show resistance to radiotherapy and
chemotherapy, in vitro differentiate into other cell types, and are greatly
responsible for tumor recurrence [13]. The tumor vascularization is
immature, disorganized, and usually partially thrombus occluded though
[11]. Fluid can easily trespass the blood brain barrier (BBB) and leads to
cerebral edema, which highly influences tumor progression and symp-
toms [14].

Nanodrugs are an exciting therapeutic tool and some therapies con-
taining those drugs have been marketed the last two decades. They are
used to treat different diseases, such as infections, some cancers,
inflammation, and others (for revision, [15, 16, 17, 18, 19]).

As nanoparticles, the gold ones (AuNP) reunite several desirable
features. They are easy to prepare, biocompatible, easy to obtain a spe-
cific size nanoparticle and to conjugate with a variety of molecules,
including, drugs and antibodies. Besides, AuNPs own a special property,
which is called surface plasmon resonance (SPR). The SPR enables the
AuNP to absorb light and convert it into heat. Thus, hyperthermic ther-
apy can be performed using AuNP [20]. Furthermore, we demonstrated
that 20 nm citrate-covered AuNP (cit-AuNP) can reduce in vivo leukocyte
adhesion to endothelial cells in surgery-stimulated mesenteric vessels of
Wistar rats [21].

Taking the inflammatory microenvironment of the GBM into ac-
count, strategies to reduce its effects may be of great importance to
prevent the full GBM progression. In fact, reduction of microglia/
macrophage influence on the GBM after peptide R use, an antagonist
of the chemokine receptor CXCR4, or K-rhein inhalation, a CD38 in-
hibitor, in tumor-bearing mice showed great reduction of tumor vol-
ume [22, 23]. Although the mechanism by which gold nanoparticles
interfere with the leukocytes function in cancer is largely unknown,
whether gold nanoparticles could impair the immunosuppressive
leukocytes, they would be beneficial for reducing the GBM growth.
Besides, a reactive oxygen species (ROS)-rich microenvironment fa-
vors a series of epigenetic alterations that further support the GBM
progression, for example, changes in the deoxyribonucleic acid (DNA)
methylation and acetylation of histones, with consequent DNA repair
enzymes malfunctioning [24, 25]. Once some studies have demon-
strated an antioxidative effect of 20 nm citrate-covered gold nano-
particles, they could potentially reduce the GBM growing [26, 27].
Furthermore, it was reported that gold nanoparticles reduce tumor
cells proliferation, enhances caspase 3 and 8 expressions, and reduces
Bcl-2 and the mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) expressions [28, 29]. Caspases 3
and 8 are proapoptotic enzymes, Bcl-2 modulates the proapoptotic
effects of caspases, and MAPK/ERK signaling play important roles in
the following processes: cell growth, proliferation, differentiation,
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migration and apoptosis, all of them are important for tumor pro-
gression [30, 31, 32]. However, whether 20 nm citrate-covered gold
nanoparticles can inhibit the GL261 cells proliferation and tumor
progression remains largely unknown.

Regarding to the chemotherapy, besides temozolomide, the standard
drug used to treat GBM and that increases in some months the median
survival [7], VEGF antibody (Ig) (bevacizumab) was approved by the
Food and Drug Administration (FDA) agency in USA and is the only drug
used today in recurrent GBM [33]. Unfortunately, its effects in GBM are
noticeably short. Part of the transient action of bevacizumab is supposed
to come of bevacizumab targets only the circulatory VEGF, but not the
VEGF located in the brain parenchyma. Free antibodies do not cross the
BBB, and transport through the BBB using virus, nanocarriers and local
delivery promises to be excellent strategies to overcome that drawback
[34, 35, 36]. In this way, whether an anti-VEGF Ig-covered gold nano-
particle can reduce GBM progression in mice remains elusive.

Then, in this paper we aimed to test whether chronic 20 nm cit-AuNP
or an anti-VEGF Ig-covered AuNP treatment could reduce the GBM pro-
gression in mice. We found that neither 20 nm cit-AuNP or an anti-VEGF
Ig-covered AuNP changed the GL261-cells induced GBM volume in mice,
probably by not trespassing in enough amount either the tumor cell
plasma membrane or the BBB.

2. Material and methods

2.1. Gold nanoparticles (AuNP)

All gold nanoparticles used in this study were ordered from the
Nitparticles Company (Zaragoza, Spain) and their features are showed
in the Table 1 below. Citrate (cit)-AuNP were diluted in Milli-Q H2O,
citrate used to stabilize the gold nanoparticles in solution, avoiding
aggregates formation and, then, changes in nanoparticles diameter.
Cit-gold nanoparticles stability is one year, according to the manu-
facturer. The anti-VEGF Ig-covered AuNP were prepared by previously
conjugating the 20 nm cit-AuNP with 5 kDa polyethylene glycol-(PEG)
COOH and their further functionalization with the low endotoxin and
azide free anti-mouse VEGF-A monoclonal Ig (catalog #512808, Bio-
legend, CA, USA). The conjugated anti-VEGF Ig gold nanoparticles
were diluted in 10 mM 2-(N-morpholino)ethanesulfonic acid (MES).
According to the vendor, the binding between gold nanoparticles and
antibodies is high and the bond is stable, it is performed in the Fc
region of the antibody, leaving the antibody Fab region available for
binding the antigen. The bioconjugate stability will depend on the
long-term stability of the antibody itself against degradation. Bio-
conjugation was confirmed as demonstrated in the Table 1 below and
supplementary material. Antibody functional activity after gold
nanoparticle bioconjugation was also confirmed as demonstrated in
the supplementary material. The DY654-AuNP were previously pre-
pared by conjugating the 20 nm cit-AuNP with 5 kDa polyethylene
glycol-(PEG)COOH and their further functionalization with the fluo-
rophore DY-654. The conjugated DY654 gold nanoparticles were
diluted in phosphate buffered saline (PBS) 1x.



V.C.J. Silva et al. Heliyon 6 (2020) e05591
2.2. GL261 cell culture

The murine glioblastoma cell culture lineage GL261 was purchased
from the Banco de C�elulas do Rio de Janeiro (Rio de Janeiro, Brazil). The
GL261 cells were maintained in the RPMI 1640 cell media (Cultilab, Sao
Paulo, Brazil), supplemented with 10% heat inactivated fetal bovine
serum (FBS) (Vitrocell, Sao Paulo, Brazil) in a humidified CO2 incubator,
containing 5% CO2 and at 37 �C.

2.3. GL261 cell growth curve

The effect of cit-AuNP on the GL261 cell proliferation was tested. To
perform that, the GL261 cells were seeded on a 24-well plate (1 � 104

cells/well). Twenty-four hours later, the cells were placed in contact with
the following serial dilution of cit-AuNPs: 0.01%, 0.03%, 0.1%, 0.3%,
1%, or RPMI medium, and GL261 count in each well was performed 24,
72 and 96h later, using a hemocytometer. Medium containing or not the
cit-AuNP was replaced every 48 h. A 0.05% trypsin/EDTA solution
(Cultilab, Brazil) was used to cover the cell monolayer in each well to
detach the cells just before counting. It was followed a centrifugation
(3000x rpm), dispersion in 1 mL of RPMI medium and Trypan blue (10:1,
vol:vol) (Sigma-Aldrich, St. Louis, MO, USA), and count.

2.4. Animals

Seven-week-old female C57BL/6J mice (18–22 g body weight) were
purchased from the Facility for specific-pathogen-free (SPF) mice pro-
duction at University of Sao Paulo (USP) Medical School Animal Facility
Network at USP. They were kept in the mice vivarium of the Pharma-
cology Department in the Institute of Biomedical Sciences (IBS) until use.
Mice were housed under specific pathogen free conditions, controlled
room temperature (22–24 �C) and humidity (40–80%). They were fed
chow and water ad libitum till use. All experimental procedures involving
animals performed in this study were previously approved and certified
(#060/2015) by the Ethical Committee for Animal Usage of IBS (called
CEUA-ICB), which follows rules determined by the National Council for
Experimental Animal Controlling (called CONCEA, Brazil) and the Na-
tional Institutes of Health (NIH) guide for the care and use of Laboratory
animals. All efforts were made to reducing suffering.

2.5. In vivo tumor induction

GBM was in vivo induced in 8- to 10-week-old female C57BL/6J mice
by injecting 1 � 105 GL261 cells into the brain parenchyma. Animal
species and lineage were chosen based on the immune system integrity
for the GBM model we used, our previous experience, and reliability of
the results [37]. Briefly, mice were intraperitoneally (IP) anesthetized
with a solution containing ketamine and xylazine (100 mg/kg and 10
mg/kg body mass, respectively). Mice were then positioned in an acrylic
plaque in a sphinx pose and a vertical incision was performed in the skin
to expose the skull. Using an electrical drill, a 2 mm hole was done in the
skull, 1 mm to the right of the sagittal suture and 1 mm posterior to the
coronal suture. Through the hole and using a 10 μL Hamilton syringe and
a 26G needle attached, 1 � 105 GL261 cells dispersed in 2 μL RPMI cell
medium without FBS were injected 2.7 mm to the right of the sagittal
suture, 0.5 mm posterior to the coronal suture and 2.4 mm deep into the
cerebral parenchyma over 8 min. To do that, an automated microinjec-
tion system attached to a motorized stereotaxic device was used (Neu-
rostar, Sindelfingen, Germany). Needle was kept in position into the
tissue for 10 min after injection. The original skull bone was placed back
and fixed with bone cement (Fillcanal®, Technew, Rio de Janeiro, RJ,
Brazil). Nylon 6-0 suture (Shalon, Goiania, GO, Brazil) was used to close
the incision and 2 mg/kg body mass ketoprofen (Biofen®, Biofarm,
Jaboticabal, SP, Brazil) was IP injected by the end of the surgical pro-
cedure in order no alleviate pain. All surgery was done under sterile
operating room condition.
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2.6. Chronic treatment with gold nanoparticles

Eight days after GBM induction in mice, 1 � 1011 cit-AuNP, 1 � 1011

anti-VEGF Ig covered-AuNP, anti-VEGF Ig, or saline were randomly
intravenously (IV) injected (in a volume of 100 μL) in the femoral vein of
mice once every three days up to the 25th day after GBM induction,
performing then six shots. Alternate femoral vein was used at each time.
To access the femoral vein, a small incision was performed in the skin
under anesthesia with 4% isoflurane (Isoforine®, Cristalia, Itapira, SP,
Brazil). After injection, nylon 6-0 suture was used to close the incision.
The whole procedure lasted 15 min. Aseptic conditions were performed
during the injection process. In a parallel study performed in our lab, the
same dose of cit-AuNP (1 � 1011 nanoparticles) was seen to dramatically
reduce inflammation in brain of sepsis-induced female mice the same age
used in this study (unpublished results). Anti-VEGF Ig (used as control)
was injected the same amount (8.9 mg/kg body weight) present in the 1
� 1011 anti-VEGF Ig covered-AuNP (according to the manufacturer, there
was 5.6 anti-VEGF Ig molecules per AuNP).
2.7. Tumor volume, body weight and chow intake measurements

Twenty-five days after the GBM induction, mice were weighed,
anesthetized using a ketamine/xylazine solution (100 mg/kg and 10 mg/
kg body mass, respectively), a transcardial perfusion with 1x PBS was
performed and brain was removed. An acrylic apparatus (World Preci-
sion Instruments, Sarasota, FL, USA) was used to cut the brain in 2-mm
coronal slices to determine the tumor volume. The 2-mm slices were
digitalized using a scanner (Epson Stylus TX235W, Manaus, AM, Brazil)
and the total tumor areas were quantified using the Image J software
(Image J 1.47v, NIH, USA). Tumor volume was expressed as percentage
of the ipsilateral hemisphere. Tumors were frozen and kept in -80 �C
freezer until use. Chow intake was measured 24 h before brain collection
and expressed as g/24 h/kg body mass.
2.8. GL261 cell uptake of gold nanoparticles

To visualize the uptake of the AuNP by the GL261 cells, we used
DY654-AuNP, which are fluorescent AuNP emitting light in the wave-
length of 654 nm GL261 cells (the total number of 2 � 106) were seeded
in a 12-well plate and 48 h later 10% DY654-AuNP were added into the
wells. Cells were washed three times with 1x PBS 20, 40, 60 and 120 min
following the DY654-AuNP incubation, RPMI mediumwas added in each
well and AuNP cell uptake was quantified by confocal fluorescent mi-
croscopy (Axiovert 100M, ZEISS). Result was expressed as percentage of
cells in each field containing a red fluorescence.
2.9. Measurement of gold nanoparticles in the cerebral parenchyma

Tumor-containing brains collected from twenty-five-day GBM-car-
rying mice 24h after the last i.v. chronic injection with either cit-AuNP or
saline were incubated in 4% paraformaldehyde for 24h, followed by
another 24h incubation with 30% sucrose solution, and tissue blocked
using OCT® tissue freezing media (Tissue-Tek®, Sakura, Alphen aan den
Rijn, the Netherlands). Tissues were kept at -80 �C freezer until usage.
Ten millimeters brain cross sections were obtained using cryostat (Leica
CM 1850, Heidelberg, Germany), they were fixed in glass slides previ-
ously coated with a thin layer of poly-L-lysine solution (Sigma-Aldrich,
USA), put in contact with 1x PBS containing 0.3% Tween 20 (Sigma-
Aldrich, USA) for 10 min, and gold presence was quantified using the
commercially available kit GoldEnhance (Nanoprobes, Yaphank, NY,
USA), following the manufacturer protocol. As positive control, cit-AuNP
disposed in a glass slide were used, and as negative control, ultrapure
water. Black labeling was characteristic of gold presence and visualized
by light microscopy.



Figure 1. Effect of the citrate-covered gold nanoparticles (cit-AuNP) on the
GL261 glioblastoma cells growth curve. Cit-AuNP in different concentrations
(0.01%, 0.03%, 0.1%, 0.3%, or 1%) dissolved in culture medium or culture
medium alone (control group) were incubated along with the glioblastoma
GL261 cells for up to 96h. Number of GL261 cells were counted 24, 72 and 96h
after cit-AuNPs incubation or cell culture medium incubation. No difference was
observed after incubation with cit-AuNP compared to the control group (P >

0.05). Results are average of five different assays. Not significant, n.s.
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2.10. Western blotting

Frozen cerebral tumor was powered, homogenized in lysis buffer
(10% RIPA buffer, Merk Millipore, MA, USA), added 1 mM phenyl-
methylsulfonyl fluoride (PMSF) (Amresco, Solon, OH, USA), 10 mM so-
dium orthovanadate (Sigma-Aldrich), 100 mM sodium fluoride
(LabSynth, Diadema, SP, Brazil), 10 mM sodium pyrophosphate (Sigma-
Aldrich), and 0.2% protease inhibitor (P8340, Sigma-Aldrich), for 30min
at 4 �C, and centrifuged (15.000x g, 4 �C, 20 min) to obtain supernatant.
Total proteins were quantified in supernatant (PierceTM BCA Protein
Assay Kit, ThermoFisher Scientific), samples treated with Laemmli's
buffer containing 350 mM dithiothreitol, and 50 μg of proteins were
loaded on a 15% polyacrylamide gel (Sigma-Aldrich) and transferred to a
Figure 2. Effect of citrate-covered gold nanoparticles (cit-AuNP) on the GL
A) Representative 2 mm-cerebral sections of the GBM-carrying mice intravenously and
25 after GBM induction, injected once every three days. GBM is darker than the health
the 25-day-GBM-carrying mice chronically treated with cit-AuNP or saline. No differ
AuNP treatment compared to the control group (P > 0.05). Three to four animals
significant, n.s.
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polyvinylidene fluoride membrane (PVDF) (Amersham Hybond-P, GE
Healthcare Life Sciences, UK) for 40 min, 80V and 4 �C. Nonspecific
binding was blocked using 3% BSA in tween Tris buffered saline (TTBS)
buffer (pH 7.6) (LabSynth) for 1 h, at room temperature. Membranes
were incubated overnight with anti-VEGF-A primary antibody (1:500,
vol:vol, Biolegend, CA, USA) diluted in blocking solution, at 4 �C. Beta-
actin labeling (1:5,000, vol:vol, Abcam, Cambridge, MA, USA) after
membrane stripping (Restore™ Western Blot Stripping Buffer, Thermo
Fisher Scientific) was used as loading control and results were related to
it. HRP-conjugated secondary antibody (1:5,000, vol:vol, Santa Cruz
Biotechnology) was incubated with the membrane for 1 h, at room
temperature, blotting was visualized after incubation with a quimolu-
minescence solution (Pierce® ECL Western Blotting Substrate, Thermo
Fisher Scientific), and images captured using a luminescence reader de-
vice (Carestream Molecular Imaging, Gel Logic 2200 PRO, Carestream
Health, NY, EUA). Blotting density was quantified using the software
Image J (Wayne Rasband), and expressed as arbitrary units.

2.11. Statistical analysis

All results are expressed as mean� standard error of the mean (SEM).
To verify whether there was difference between groups, unpaired student
t-test or one-way ANOVA followed by Tukey test were used. All analyses
were performed using the Prism 5 software (GraphPad Software, Inc.),
and statistical significance was set as P < 0.05.

3. Results

3.1. Gold nanoparticles did not change the GL261 cell proliferation

Initially, we determined whether cit-AuNP could or not interfere with
the GL261 cell proliferation, in vitro. We observed that none of the cit-
AuNP concentration (0.01%, 0.03%, 0.1%, 0.3%, or 1%) tested
261 cells-induced glioblastoma multiforme (GBM) progression in mice.
chronically treated with cit-AuNP or saline (control group) from day 8 up to day
tissue. Tumor volume quantification (B), body weight (C) and food intake (D) of
ence was observed in the tumor volume, body weight and food intake after cit-
per group were tested and comparison was made by using unpaired t-test. Not



Figure 3. Effect of anti-VEGF antibody (Ig)-covered gold nanoparticles on the GL261 cells-induced glioblastoma multiforme (GBM) progression in mice.
A) Representative 2 mm-cerebral sections of the GBM-carrying mice intravenously and chronically treated with anti-VEGF Ig-covered-AuNP, anti-VEGF Ig or saline
(control groups) from day 8 up to day 25 after GBM induction, injected once every three days. GBM is darker than the health tissue. Tumor volume quantification (B),
and body weight (C) of the 25-day-GBM-carrying mice chronically treated with anti-VEGF Ig-covered AuNP, anti-VEGF Ig or saline. No difference was observed in both
the tumor volume and the body weight after anti-VEGF Ig-covered AuNP or anti-VEGF Ig treatment compared to the control group (P > 0.05). Three animals per group
were tested and comparison was made by using ANOVA. Not significant, n.s.

V.C.J. Silva et al. Heliyon 6 (2020) e05591
changed the GL261 growth curve measured along 96h after cit-AuNP
incubation (Figure 1).

3.2. Tumor volume was not changed after gold nanoparticles treatment

Chronic treatment with cit-AuNP did not change the tumor volume of
GBM-carrying mice compared with the control group (treated with sa-
line) (Figure 2A, B). The same way, chronic treatment with cit-AuNP did
not modify both the body weight (Figure 2C) and the food intake
(Figure 2D) measured 25 days after the GBM induction.

Performing another strategy, we tested whether anti-VEGF Ig-covered
AuNP could reduce the GBM progression in mice.We observed anti-VEGF
Ig covered-AuNP did not reduce GBM volume in mice (Figure 3A, B).
Similarly, anti-VEGF Ig the same amount present in the anti-VEGF Ig
covered-AuNP was injected in mice and did not change the GBM volume
(Figure 3A, B). Anti-VEGF Ig covered-AuNP or anti-VEGF Ig did not
reduce both the body mass of GBM-carrying mice (Figure 3C) and the
amount of clotted blood vessels in the tumor (supplemental figure),
measured 25 days after tumor induction.

3.3. Gold nanoparticles were not uptaken by the GL261 cells

Once it was previously demonstrated gold nanoparticles can
modify some cellular processes, such as signaling pathways, intracel-
lular ROS concentration and proteins expression [26, 27, 28], we
verified whether AuNPs were uptaken or not by the GL261 tumor cells
in an attempt to explain why no change in tumor volume was observed
after chronically treating mice with cit-AuNP. To measure the traffic of
gold nanoparticles through the GL261 cell membrane, we used fluo-
rescent gold nanoparticles (DY654-AuNPs). We incubated GL261 cells
in presence of the DY654-AuNP for 20, 40, 60 and 120 min. It was not
5

observed any important DY654-AuNP uptake by the GL261 cells in any
time tested compared with the control group (not incubated with
DY654-AuNP) (Figure 4).

3.4. Gold was not found in the cerebral parenchyma of gold nanoparticles
chronically treated GBM-carrying mice

We tested whether gold nanoparticles trespassed the BBB of the GBM-
carrying mice by measuring gold in their cerebral parenchyma. We found
no detectable gold both in the tumor and peritumoral areas of chronically
treated GBM-carrying mice (Figure 5).

3.5. Anti-VEGF Ig-covered AuNP chronic treatment did not change the
VEGF expression in the cerebral GBM tumor of mice

Wemeasured the VEGF expression in the GBM tumor in brain of mice
previously treated with anti-VEGF Ig-covered AuNP and we demon-
strated VEGF concentration did not significantly changed compared to
mice treated with saline (control) (Figure 6). Similarly, no difference in
the VEGF expression into the tumor was observed in mice chronically
treated with the anti-VEGF neutralizing antibody (Figure 6).

4. Discussion

In this paper, we showed that cit-AuNP or anti-VEGF Ig covered-AuNP
did not reduce GBM progression in mice probably by not crossing in
enough amount both the GL261 tumor cell membrane and the BBB.

Initially, we tested the effect of cit-AuNP on the GL261 glioblastoma
cell line growth curve. We observed that 20 nm cit-AuNP, in different
concentrations, did not change the GL261 proliferation status. Similar
results were observed by other authors using different glioma/



Figure 4. GL261 cells uptake of fluorescent DY654 covered gold nanoparticles (DY654-AuNP). A) Representative images of GL261 cells in presence of DY654-
AuNP or RPMI medium. Images were captured 20, 40, 60 or 120 min after adding the DY654-AuNP solution to the cell culture medium. B) Quantification of the
fluorescent cells (in % of field). There was no difference in percentage of fluorescent cells in any time tested (P > 0.05). One-way ANOVA was used as statistical test.
Results are the average of three different assays. Not significant, n.s.
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glioblastoma cell lines, particularly: U87, U87-EGFRvIII, U251, T98G, or
U138 [38, 39, 40]. Absence of gold nanoparticles effects on tumor cells
growth may come from their low uptake into the cells. In fact, we
observed no important penetration of DY654-AuNP into the GL261 cells.
Similar result was reported by BHAMIDIPATI & FABRIS [41] who
demonstrated negligible uptake of PEG-AuNP by U87 glioma cell line and
fibroblasts. Some factors like the gold nanoparticle covering and the type
of tumor cell are known to influence the nanoparticle uptake. Corrobo-
rating with that, it was demonstrated that polyethylene imine (PEI)/-
fluorescein isothiocyanate (FITC)-covered gold nanoparticles were up to
80% internalized by JHH520, JHH407 and GBM1 glioblastoma stem
cells lines. The uptake rate varied though depending on the cell type
[42]. In the same way, dithiolated diethylenetriaminepentaacetic acid
ultrasmall nanoparticles (4.5 nm in size) showed strong cell line depen-
dence of the nanoparticle uptake, being higher in the glioblastoma
U87-MG, pancreatic BxPC-3 and prostate PC-3 than in other cell lines
[43]. Then, if an intracellular target is intended for a particular tumor
cell, the gold nanoparticle covering must be carefully chosen.

Phototermal antitumor effect of gold nanoparticles has been widely
described in animal models of GBM [44, 45]. The phototermal property
of gold nanoparticles is due to the electron movement around the
nanoparticle surface under near infrared light stimuli. This is called SPR
[46]. Gold nanoparticles can also be used to carry drugs, interfering or
silencing RNAs, or antibodies that target structures important for the full
tumor growing. In fact, shrinkage of GBM was observed in GBM carrying
rodents when spherical nucleic acids, consisting of a gold or lipid core
surrounded by a layer of small interfering RNA (siRNA), micro RNA
(miRNA), or antagonists, were used [47]. In the same way,
6

cisplatin-carrying gold nanoparticles functionalized with a cell uptake
peptide reduced the GBM size, but that reduction was not observed in the
group treated with gold nanoparticles without cisplatin [48]. Using a
chronic treatment with either cit-AuNP or anti-VEGF Ig covered-AuNP,
we did not observe change in the GBM progression in mice. Further-
more, we did not observe alteration in the tumor volume after injecting
anti-VEGF Ig by itself. Thus, reduction in the GBM progression after
AuNP treatment may come from both the AuNP covering type, which can
lead to greater BBB permeability, the AuNP surface area, which can allow
enhanced number of antitumoral cargo, and/or the in vivo GBM experi-
mental model used to test the gold nanoparticles effect. Further studies
are needed to address this issue. Regarding to the VEGF antibody treat-
ment, absence of long-acting effect of VEGF blockade reducing blood
vessels, and consequently not changing glioblastomamultiforme volume,
similar to our results, has largely been reported in the literature [49, 50].

Among the difficulties in treating the GBM, it is highlighted its
infiltrative capacity, difficulty in identifying the tumor margins,
presence of glioma stem cells, and the obstacle imposed by the BBB to
the chemotherapy [51]. Then, trespass the BBB in a pharmacological
concentration is important for reducing the GBM progression. How-
ever, as observed before for tumor cell internalization, nanoparticle
covering may be of great importance to determine the number of
nanoparticles that crosses the BBB. In fact, it was demonstrated that
arginine-glycine-aspartic acid-like peptide decorated gold nano-
particles in brain tumor was 1.5-fold that of undecorated nanoparticles
and 5-fold that of PEGylated nanoparticles [52]. Besides, the size of
nanoparticles is also an important factor that influences the nano-
particle capacity of crossing the BBB. KANG et al. [53] demonstrated



Figure 5. Gold visualization in tumoral (T) and peritumoral (PT) areas of brain slices obtained from glioblastoma multiforme (GBM)-carrying mice
chronically treated with citrate-covered gold nanoparticles (cit-AuNP) or saline. Representative images of the cerebral tumor (yellow-circled) and peritumoral
areas from GBM-carrying mice 24h after the last i.v. injection of saline (A) (control group) or cit-AuNP (B). No gold labelling was noticed in tumor and peritumoral
cerebral areas from cit-AuNP-treated mice compared to the control group. In C, cit-AuNP and kit GoldEnhance reagent (Nanoprobes, Yaphank, NY, USA) positive
control reaction carried out on a glass slide. Black tiny spots are spread all around the image and is highlighted by the large labeled black cluster the left side (black
arrow). In D, ultrapure water served as negative control for gold labelling in which no black spot is noticed. Bar length ¼ 100 μm.

Figure 6. VEGF expression in cerebral glioblastoma
multiforme (GBM)-carrying mice chronically treated
with anti-VEGF Ig-covered gold nanoparticles (anti-
VEGF Ig-covered AuNP), anti-VEGF Ig, or saline. Upper
part: Representative images of VEGF and beta-actin blot-
ting performed in cerebral GBM of mice 25 days after in-
duction. |Animals were previously intravenously (i.v.)
treated (chronically) with anti-VEGF Ig-covered AuNP,
anti-VEGF Ig, or saline (control group). Lower part:
Quantification of blotting in each group. No statistical
difference was observed among groups (P > 0.05). Three
animals per group were tested and comparison was made
by using ANOVA. Results were normalized by the beta
actin expression. Not significant, n.s. Arbitrary units, a.u.
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that 10 nm fluorescent AuNP are found in the glioblastoma
U87MG-induced tumor in mice, whereas 50 and 100 nm fluorescent
AuNP were located only close to the blood vessels in the tumor. It was
also reported that 3 nm glutathione-covered AuNP reached 73c mu-
rine glioma cells-induced glioma tumor thrice more than 18 nm
glutathione-covered AuNP, even though those concentrations were
dramatically lower than those observed in liver and spleen [54]. In the
present study, we did not observe measurable presence of gold both in
the GL261-induced GBM tumoral and peritumoral areas from the 20
nm cit-AuNP chronically treated mice. This result may explain the
paralleled absence of effect of cit-AuNP chronic treatment in the
GL261-induced GBM progression we observed. The same way, we did
not observe change in the VEGF concentration into the tumor tissue in
mice previously treated with the anti-VEGF Ig-covered AuNP, what
reinforces these nanoparticles did not cross in appreciable amount the
BBB to change the VEGF concentration into the tumor. In fact, VEGF
adsorption to gold nanoparticles, even in absence of VEGF neutralizing
antibody, was previously reported, in vitro [55]. Low tumor 22 nm
PEG-AuNP entrance and short survival curve were also observed in
mice carrying U251 cells-induced GBM [40]. Then, strategies to
enhance the AuNP concentration in the glioblastoma and reduce the
tumor size may include diminish the AuNP size, add different cover-
ings, or include concomitant radiotherapy. In fact, it was demon-
strated radiotherapy increases gold nanoparticles passage through the
BBB, prolongs survival in mice carrying U251 glioma cells-induced
tumor and enhances uptake of gold nanoparticles by tumor cells
[40, 56]. Further studies are needed to determine the effect of
radiotherapy along with 20 nm cit-AuNP chronic treatment in the
GL261-induced GBM in mice.

5. Conclusions

In this article we demonstrated that either cit-AuNP or anti-VEGF Ig-
covered AuNP is not a good option to treat GBM obtained after GL261
cells injection in brain parenchyma of mice. The lack of the antitumoral
effect of gold nanoparticles was probably because they were not inter-
nalized in great number into the tumor cells or did not cross enough the
BBB.
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