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ABSTRACT: Skin cancer is a global health issue and mainly composed of melanoma and nonmelanoma cancers. For the first
clinical proof of concept on humans, we decided to study good prognosis skin cancers, i.e., carcinoma basal cell. In UE, the first-line
treatment remains surgical resection, healing most of the tumors, but presents aesthetic disadvantages with a high reoccurrence rate
on exposed areas. Moreover, the therapeutic indications could extend to melanoma and metastasis, which is a different medical
strategy that could combine this treatment. Indeed, patients with late-stage melanoma are in a therapeutic impasse, despite recent
targeted and immunological therapies. Photothermal therapy using gold nanoparticles is the subject of many investigations due to
their strong potential to treat cancers by physical, thermal destruction. We developed gold nanoparticles synthesized by green
chemistry (gGNPs), using endemic plant extract from Reunion Island, which have previously showed their efficiency at a preclinical
stage. Here, we demonstrate that these gGNPs are less cytotoxic than gold nanoparticles synthesized by Turkevich’s method.
Furthermore, our work describes the optimization of gGNP coating and stabilization, also taking into consideration the gGNP path
in cells (endocytosis, intracellular trafficking, and exocytosis), their specificity toward cancerous cells, their cytotoxicity, and their in
vivo efficiency. Finally, based on the metabolic switch of cancerous cells overexpressing Glut transporters in skin cancers, we
demonstrated that glucose-stabilized gGNP (gGNP@G) enables a quick internalization, fourfold higher in cancerous cells in
contrast to healthy cells with no side cytotoxicity, which is particularly relevant to target and treat cancer.

■ INTRODUCTION
Skin cancer is the most common malignancy in the Caucasian
population. Its incidence has been increasing over the recent
decades, and it is not an artifact of a better screening.1 General
population aging2 as well as increased recreational UV light
exposure could explain this increased incidence.3 There are
two main categories of skin cancers: melanoma and non-
melanoma skin cancer, which includes basal cell and squamous
cell carcinomas. Malignancies from the latter category are
usually not fatal but present high potential of multiple injuries
on exposed areas, and the first-line treatment is surgery to
remove the tumor. Surgery shows its efficiency to treat these
diseases, but according to the size and location of the tumor, it
could leave patients disfigured. Melanoma’s prognosis is more
concerning because it evolves quickly and can spread to other

organs. A matter of days/weeks could impact the patient
prognosis.4 Nowadays, 45 years after the first Food and Drug
Administration (FDA)-approved drug against metastatic
melanoma,5 the 5-year survival rate to this diagnosis is still
below 40%.6 Therefore, new, innovative therapeutic strategies
are needed to improve this prognosis.

Photothermal therapy (PTT) is a treatment based on a
nonionizing laser in combination with a light-sensible thermal
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nanoplatform named photosensitizer. The last decade shows
particular interest of PTT in cancer treatment. Recently,
Nomura et al. showed that a maintenance of tumor
temperature above 43 °C by PTT is enough to cure
intradermal tumors in mice.7 Thanks to their high biocompat-
ibility and surface plasmon resonance (SPR), gold nano-
particles (GNPs) are considered as good photosensitizers
when combined with a near-infrared (NIR) laser.8 Hybrid
silica-GNPs are already tested in clinical trials for the treatment
of prostate neoplasms.9,10 Interestingly, treatment of skin
lesions, acne vulgaris, using the same hybrid silica-GNPs for
PTT shows no side effects, no scars, and a good enough
efficiency to be approved by the US FDA.11

GNPs are small particles, made of gold, with one of their
dimensions in the range of 1 to 100 nm. Their mode of
synthesis,12−14 size,15−21 shape,22−25 and coating26−29 have a
great impact on their toxicity,12−15,22,26 distribution,16,17

internalization,17−20,23−25,27−29 and their exocytosis.21 Our
team developed a green, patented protocol to synthesize
“green” GNPs (gGNPs).30,31 Extracts from Hubertia ambavilla,
an endemic plant from Reunion Island with bioreducing
properties, were used to reduce gold salts and to stabilize
GNPs. This patented reverse synthesis led to 15 nm spherical
gold-core nanoparticles with an average hydrodynamic
diameter of 35 to 70 nm, according to the coating, which is
considered as an optimal size for endocytosis.18,32 Previously,
we demonstrated the efficiency of PTT, using our gGNPs
intratumorally injected, to treat melanoma in mice.34,35 Since
then, we continuously developed our gGNP-candidate to make
it the most suitable possible for human use. Particularly, we
need gGNPs to stay highly stable in both extracellular and
intracellular media. Previous studies from Moros and co-
workers reported the interest of a carbohydrate coating in
avoiding nonspecific protein and that glucose-coating might
increase the intracellular stability of glucose-coated gold
nanoparticles.36−38 In this report, we compared cytotoxicity
of gGNP vs the conventional GNP, with same size, but
synthesized according to the classical Turkevich’s method39

(tGNP). The study concerned also the functionalized
nanoparticles with different coatings: (1) gGNP with no
supplemented coating; (2) gGNP@G which is a gGNP
stabilized by glucose; and (3) gGNP@G@CBOP11 which is
a GNP@G functionalized with CBOP11, a mimic of VEGFR
ligand for targeting. We unraveled gGNPs’ journey in cells,
showed their ability to accumulate in tumor cells, and
compared their efficiencies in the treatment of melanoma in
mice. It permitted us to select one gGNP-candidate to go into
clinical trials.

■ RESULTS
GNP Synthesis and Coating Design. GNPs were

synthesized according two different methods: tGNP was
synthesized following Turkevich’s protocol using chemicals
like citrate,39 and gGNP was synthesized in a reverse protocol
following the green chemistry rules using Hubertia ambavilla
extracts rich in bioreducer molecules.30 The macroscopic color
change of plant extract/citrate solution after the introduction
of the tetrachloroauric acid indicates the expected formation of
spherical nanoparticles and was confirmed by UV−visible
spectroscopy. An absorption peak was observed around 521
and 537 nm for tGNP and gGNP respectively, which
originated from the surface plasmon resonance (SPR) of the
gold nanoparticles (Figure S1A,D). The size and shape of the
GNPs were further confirmed by measuring the diameter of
the Au nanoparticles using the transmission electron
microscopy (TEM) images (Figure S1B,E), which indicated
that they were predominantly spherical with an average
diameter of 15 nm (Figure S1C,F). Since the SPR band
position depends on the thickness of the capping molecule
shell, we obtained different SPR positions for the same gold
core size.40 To confirm the capacity of these gGNP to be used
for PTT, an in vitro study was performed to measure the
hyperthermia induced by laser irradiation. A temperature
increase of 14 and 20 °C was observed for an irradiation of 0.2
and 0.6 W/cm2 respectively (Figure S1G,H).

Figure 1. GNP design rational. (A) Comparison of tGNP and gGNP toxicity on healthy human melanocytes (PCS-200-013) using the LDH
method and normalized to lysed cells (100%) and control cells (0%). Histograms represent the mean with SEM as error bars. (B,C) Transcription
of the SLC2A1, SLC2A2, SLC2A3, SLC2A4, FLT1, and KDR genes coding respectively for Glut-1, Glut-2, Glut-3, Glut-4, VEGFR1, and VEGFR2
proteins in healthy skin and primary melanomas. Box plots are presented on a linear scale for the cohorts of patients GSE46517 (n = 39) (B) and
GSE114445 (n = 22) (C). Both cohorts are sourced from historical data sets49,50 *P < 0,05; ***P < 0,001; ****P < 0,0001 evaluated by the Welch
t test.
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We compared cytotoxicity of tGNP and gGNP on healthy
melanocytes and on melanoma cells using the lactate
dehydrogenase (LDH) secretion. In brief, the LDH release
from cells losing their membrane integrity catalyzes the
oxidation of pyruvate into lactate and leads to the reduction
of NAD+ to NADH that allows the transformation of
tetrazolium salt into red formazan quantified by absorbance
at 490 nm. In our protocol, supernatants were centrifuged to
remove GNPs to avoid background before adding tetrazolium
salt. Results are expressed as a percentage of cell death, 100%
cell death corresponding to lysed cells and 0% of cell death
being the control condition with no GNPs (Figure 1A). After 6
h of incubation, we observed a higher percentage of cell death
in cells incubated with tGNP at 6 nM (32%) in comparison

with cells incubated with gGNP at the same concentration
(10%) in human normal melanocytes (HEMa). Therefore, we
further investigated only gGNPs as a nanosensitizer or
photoabsorbent agent for the mediation of the plasmonic
photothermal destruction. Toxicity of citrate-produced GNPs
was already mentioned in the literature.13,23,29,41−44

Our goals are to produce highly stable gGNPs in
physiological conditions and to specifically accumulate in
cancerous cells and optimize their endocytosis in these cells. It
is known that in tumors there is (1) a metabolic
reprogramming of cells with, notably, an increase of glucose
uptake (Warburg effect)45,46 and (2) an overexpression of
VEGFR1/2 at the membrane of cancerous cells inducing an
autocrine loop of growth regulation by tumors.47,48 To confirm

Figure 2. Internalization of gGNP@G and gGNP@G@CBOP11 is an active clathrin/dynamin-dependent process specific of glucose receptors and
glucose receptors/VEGFR respectively. (A) Representative images of gGNP (left), gGNP@G (middle), and gGNP@G@CBOP11 (right)
internalization in SK-MEL-28. gGNP fluorescence (top), Dapi DAPI and cell marker (HCS) (middle) and merge (bottom) pictures. Cells were
incubated for 4 h with gGNP at 6 nM. The scale bar represents 10 μm. (B) Relative fluorescence intensity due to GNPs was assessed by flow
cytometry after 1 h incubation of SK-MEL-28 with GNPs at 4 °C. Cells were treated with PBS or trypsin at 1% in order to assess the efficiency of
trypsin to detach gGNPs attached to the membrane. (C) Evolution of gGNP (black), gGNP@G (green), and gGNP@G@CBOP11 (red)
internalization in the presence or not of free CBOP11 (blue) according to time. Relative fluorescence intensity due to GNPs was assessed by flow
cytometry at the different time point. Cells were incubated at 37 °C with gGNPs at 3 nM and then treated with trypsin 1%. Black, green, and red
rings represent gGNP, gGNP@G, and gGNP@G@CBOP11 internalization after one hour of incubation at 4 °C, respectively. * Represents the
statistical difference with blue and green curves, # with black curve. (D) Relative gGNP fluorescence in SK-MEL-28 cells incubated for 30 min in
media with or without glucose containing gGNP@G at 3 nM. Relative fluorescence intensity due to GNPs was assessed by image analysis after
observation by a confocal microscope. (E−G) Immunoblotting of cells transfected or not with SiRNAsiRNA against clathrin heavy chain (CHC)
(G) or dynamin-2 (DNM2) (E). GAPDH production was assessed as an internal control. (F−H) Relative gGNP fluorescence in SK-MEL-28 cells
transfected or not with SiRNAsiRNA against CHC (H) or DNM2 (F) after 30 min incubation with gGNP at 3 nM. Relative fluorescence intensity
due to GNPs was assessed by image analysis after observation by a confocal microscope. All experiments were performed at least three times. * or #
P < 0.05 evaluated by the Welch t test.
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that glucose transporters, GLUT, and VEGFR1/2 are good
cancer markers, we analyzed the expression of GLUT1−4 and
VEGFR1/2 encoding genes in tumors of patients with
melanoma. We extracted the probe sets for these genes
available in two cohorts GSE4651749 and GSE11444550 with
more than 22 specimens consisting of at least 16 samples of
melanomas in a single platform. Levels of GLUT1−4 and
VEGFR1/2 gene expression were compared between healthy
skin and melanoma specimens. We found that, at least, one
GLUT gene −GLUT1 and GLUT3 in GSE46517, GLUT3 in
GSE114445− and one VEGFR gene −VEGFR1 in GSE46517
and VEGFR2 in GSE114445− was significantly upregulated in
melanomas specimens, compared to healthy skin (Figure
1B,C). The same analysis was performed on cutaneous
squamous cell carcinomas, using cohorts GSE3297951 and
GSE5346252 (Figure S2), and on cutaneous basal cell
carcinomas using cohort GSE5346253 (Figure S3). The same
expression pattern was observed: overexpression of GLUT1
and/or GLUT3 and overexpression of VEGFR1 and/or
VEGFR2 encoding genes in tumors cells compared to healthy
skin. Therefore, we decided to coat our gGNPs with glucose
(gGNP@G) to, first, stabilize them and, second, to target
GLUT1/3. Then, we developed another gGNP@G candidate
also able to target VEGFR1/2 by functionalizing gGNP@G
with a VEGF macrocyclic mimic, CBOP11 peptide, gGNP@
G@CBOP11.

The stabilization of gGNPs with glucose and their
functionalization with CBOP11 peptide were confirmed in
our previous study by combining different techniques: Raman
spectroscopy, X-ray photoelectron spectroscopy, dynamic light
scattering, and zet̂a potential.34

gGNP Internalization Depends on Their Coating.
Then, we analyzed the endocytosis of gGNP, gGNP@G, and
gGNP@G@CBOP11 in SK-MEL-28, a human melanoma cell
line, by immunofluorescence and flow cytometry (Figure 2A−
D).

As described in the literature, GNPs could emit fluorescence
according to their gold core size.54 Thus we did not add any
fluorescent marker to the gGNP. We observed an efficient

uptake of gGNP@G and gGNP@G@CBOP11 in SK-MEL-28
cells in comparison to uncoated gGNPs (Figure 2A).
Treatment with trypsin 1% efficiently removed more than
80% of surface-associated gGNP (Figure 2B), thus allowing us
to follow the internalization kinetics of gGNPs by flow
cytometry (FACS). SK-MEL-28 cells were incubated with
different gGNPs from 5 to 60 min, and their internalization
was assessed by FACS (Figure 2C). We observed that gGNP@
G and gGNP@G@CBOP11 are 8−10 times more internalized
than gGNPs after 30 min of incubation. Up to 30 min, the
internalization kinetics of gGNP@G@CBOP11 was faster than
gGNP@G (Figure 2C). The fact that this difference is not seen
later might reflect an equilibrium between endocytosis and
intracellular trafficking (recycling and degradation) of nano-
particles mediated by VEGFR. Cells were preincubated with
free CBOP11 in order to saturate VEGFR1/2 receptors. We
observe a slowdown of the kinetics of gGNP@G@CBOP11
endocytosis, becoming closer to the GNP@G internalization
kinetics (Figure 2C). This reveals that CBOP11 could speed
up the endocytosis of gGNP@G at early time points. Then, we
tested the effect of glucose coupling on gGNP@G internal-
ization by adding glucose for 30 min. Glucose supplementation
reduces by 20% gGNP@G internalization (Figure 2D).
Altogether, these data indicate that gGNP@G and gGNP@
G@CBOP11 are efficiently internalized in a glucose- and
glucose/CBOP11-dependent manner, respectively.
Internalization of gGNP@G and gGNP@G@CBOP11 Is

an Active, Dynamin-, and Clathrin-Dependent Process.
Several endocytosis pathways exist. As GLUT and VEGFR are
both internalized by clathrin-dependent or clathrin-independ-
ent dynamin-dependent processes,55−59 we tested if the same
pathways were involved in gGNP@G and gGNP@G@
CBOP11 internalization. First, we observed that the internal-
ization level of gGNP@G and gGNP@G@CBOP11 is much
higher after 1 h of incubation at 37 °C rather than 4 °C, which
is not the case for gGNP (Figure 2C), suggesting that only
gGNP@G and gGNP@G@CBOP11 are internalized through
an active pathway. Then, we depleted either dynamin-2
(DNM2) protein, a pinchase enzyme involved in the fission

Figure 3. Ultrastructure showing gGNP@G and gGNP@G@CBOP11 journey in SK-MEL-28 cells. Representative TEM pictures of SK-MEL-28
cells incubated for 4 h with 6 nM of gGNP@G or gGNP@G@CBOP11. Arrows show gGNP internalized through pits at the membrane (left), then
stored in lysosome-like structure in cells (middle), and finally exocytosed (right).
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of endocytic vesicles from the plasma membrane (Figure 2E),
or the CHC protein, a coated protein involved in clathrin-
dependent endocytosis (Figure 2G), by transfection of specific
siRNA. In both cases (Figure 2F−H), we observed a 50−60%
decrease of gGNP@G and gGNP@G@CBOP11 internal-
ization when either DNM2 or CHC was depleted. TEM
images (Figure 3, left) showed the presence of gGNP@G and
gGNP@G@CBOP11 in endocytic pits resembling clathrin-
coated ones, confirming that gGNP@G and gGNP@G@
CBOP11 are actively internalized by SK-MEL-28 cells in a
dynamin- and clathrin-dependent process.
Internalization of gGNP@G and gGNP@G@CBOP11 Is

Specifically Enhanced in Cancerous Cells in Compar-
ison with Healthy Cells. The fact that glucose or CBOP11
coupling boosted gGNP@G or gGNP@G@CBOP11 endocy-
tosis indicates that these nanoparticles enter via glut trans-
porters or VEGFR which are both overexpressed in
melanomas. Thus, we tested if gGNP@G and gGNP@G@
CBOP11 internalizations were higher in malignant cells in
contrast to healthy ones by comparing their uptake in SK-

MEL-28 cells, derived from a melanoma of a 51-year-old
human male, and in normal primary human melanocytes of an
adult (HEMa) (ATCC − PCS-200-013). For that, we first
incubated cells separately with the gGNPs for 30 min,
detached them with trypsin 1%, and analyzed them by FACS
(Figure 4C). In both cases, we observed a 3−4-fold gGNP
internalization in cancerous SK-MEL-28 cells than in healthy
HEMa cells. Then, to better mimic the tumor environment in
vitro, we cocultivated the two cell types and segregated these
cells by FACS through the FSC channel (Figure 4A). When
cocultured, three populations are present: a low FSC one,
mainly composed of HEMa cells (1), the second one with high
FSC, mainly composed of SK-MEL-28 cells (3), and an
intermediate FSC population, composed of both HEMa and
SK-MEL-28 cells (2) (Figure 4C). For both gGNPs, we
observed an increase gGNP intensity in cells according to the
SK-MEL-28/HEMa ratio with also 3−4 times more gGNPs
internalized in the SK-MEL-28 population (3) in comparison
to gGNPs internalized in the HEMa population (1) (Figure
4D). Therefore, in our model, we showed that gGNP@G and

Figure 4. Enhanced gGNP@G and gGNP@G@CBOP11 internalization in cancerous cells. (A,B) Gating strategy of population analyzed in (C)
and (D), respectively. (C) Comparison of internalization of gGNP@G and gGNP@G@CBOP11 in SK-MEL-28 or in healthy melanocytes
cultivated separately. (D) Comparison of internalization of gGNP@G and gGNP@G@CBOP11 in SK-MEL-28 or in healthy melanocytes
cultivated together. “Human Melanocyte” and “SK-MEL-28” populations are composed of a majority of human melanocyte and SK-MEL-28,
respectively. The “Mix” population is a population of healthy melanocyte and SK-MEL-28 cells that are not distinguishable through the FSC
channel. The proportion of healthy melanocyte/SK-MEL-28 is between the same ratio in “Human Melanocyte” and in “SK-MEL-28” populations.
(C,D) Cells were incubated with gGNP@G and gGNP@G@CBOP11 at 6 nM for 30 min. Gold fluorescence intensity was assessed by flow
cytometry. *P < 0.05 evaluated by the Welch t test.
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gGNP@G@CBOP11 are specifically more internalized in
cancerous cells than in healthy cells.
Intracellular Trafficking and Exocytosis of gGNP@G

and gGNP@G@CBOP11 in Tumor Cells. To better
understand the fate of internalized gGNP in cells, we studied
intracellular trafficking and putative exocytosis of gGNP@G
and gGNP@G@CBOP11 in SK-MEL-28 cells. First, cells were
incubated for 4 h with gGNP@G, gGNP@G@CBOP11, or
fluorescent transferrin as a control. After fixation, EEA1
(marker of early endosomes), LAMP1 (marker of lysosomes),
or RAB11 (marker of recycling endosomes) compartment was

stained, and the colocalization ratio was calculated and
normalized to have 100% colocalization of Tf-488 positive
compartments with Tf-647 positive compartments (Figure
5A,B). Both gGNP@G and gGNP@G@CBOP11 show the
same intracellular trafficking with 50−60% of colocalization
with LAMP1 positive compartments suggesting that gGNPs
are sorted toward lysosomes. TEM images confirmed that
gGNP@G and gGNP@G@CBOP11 can be located in
lysosomal-like structures (Figure 3, middle).

Then we studied gGNP exocytosis, by incubating SK-MEL-
28 cells with Tf-AF647 and gGNP@G or gGNP@G@

Figure 5. Intracellular trafficking and exocytosis of gGNP@G and gGNP@G@CBOP11 in SK-MEL-28 cells. (A) Representative images of tf-488
(top), gGNP@G (middle), and gGNP@G@CBOP11 (bottom) colocalization with EEA1 (left), LAMP1 (middle), and RAB11 (right) endosomes
in SK-MEL-28. Cells were incubated for 4 h with gGNP at 6 nM. The scale bar represents 10 μm. (B) Colocalization ratio of Tf-488 (white),
gGNP@G (green), and gGNP@G@CBOP11 (red) with EEA1, LAMP1, and RAB11 endosomes. Colocalization with Tf-647 positive endosomes
is used as an internal control. (C) Evolution of transferrin (Tf, blue), gGNP@G (green), and gGNP@G@CBOP11 (red) exocytosis according to
time. Relative fluorescence intensity due to gold nanoparticles was assessed by image analysis after observation at a confocal microscope at the
different time point. Cells were incubated at 37 °C with gGNP at 3 nM during 4 h, then washed twice, and incubated with media/SVF for different
time points. All experiments were performed at least three times. *P < 0.05 evaluated by the Welch t test.

Figure 6. Effect of nanoparticles and laser irradiation on the tumor volume of mice bearing subcutaneous B16F10 murine melanoma xenograft.
Evolution of median relative tumor volume (A) or T/C ratio (B) after treatment with 0.3 mg/mL GNP@G (±laser at 0.2 W/cm2), 0.3 mg/mL
GNP@G@CBOP11 (±laser at 0.2 W/cm2), laser at 0.2 W/cm2 only, or 5 mg/kg every 5 days of anti-PD1 mAb. Five mice per condition were
included.
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CBOP11 for 4 h before incubating them at different time
points in a gGNP-free medium (Figure 5C). We observed a
quick transferrin exocytosis (50% decrease of Tf-AF647
intensity after 5 min) and a slower exocytosis of gGNP@G
and gGNP@G@CBOP11 (50% decrease in 30 min). This
difference between transferrin and gGNP exocytosis could be
explained by the intracellular trafficking of these two cargos.
Transferrin is a very well-known cargo endocytosed by a
clathrin-dependent pathway that is quickly recycled back at the
plasma membrane.60 Once internalized, gGNP@G and
gGNP@G@CBOP11 are sorted in lysosomes before being
exocytosed by electron-dense vesicles (Figure 3, right)
suggesting a lysosomal exocytosis. Lysosomal exocytosis leads
to lysosome excretion in order to clear the cell61 and has
already been involved in nanoparticle excretion.62,63

gGNP@G Is More Efficient In Vivo Than gGNP@G@
CBOP11. Except for the 30 first minutes of internalization,
there is no statistical difference between gGNP@G and
gGNP@G@CBOP11 in terms of endocytosis ratio, cell type
specificity, intracellular trafficking, and exocytosis. Therefore,
both compounds have been accepted in preclinical tests.

For this comparison study, a unique power laser was used
and was set up to 0.2 W/cm2. Treated melanoma bearing mice
did not show significant weight loss (the toxicity limit set by
the National Cancer Institute (NCI) is −20%). The
monitoring of tumor volume showed a significant antitumor
activity of gGNP@G and gGNP@G@CBOP11 with a T/C
ratio lower than 42 and 48% respectively at D6 (Figure 6).

The relative area under the curve was 55 and 67% which
indicates a global inhibition of tumor proliferation of 45 and
33%. No regression was observed (Table 1). With the
reference treatment: anti-PD1 mAb, no antitumor activity

was observed (T/C > 42% and a relative area under the curve
of 113% (Table 1) for 10 days of treatment.
gGNP@G Efficiency. To assess the efficiency of gGNP@G,

several power lasers were tested: 0.2, 0.6, and 1 W and
nanoparticles were used at 0.15 mg/mL. The relative areas
under the curve are respectively 51, 57, and 21% for GNP@G
combined with a laser treatment at 0.2, 0.6, and 1 W
respectively (Figure 7A) that indicate a global inhibition of
tumor proliferation of 49, 43, and 79%. No regression was
observed (Table 2). Thus, a significant antitumor activity of
gGNP@G combined to laser was observed with a T/C ratio
lower than 42%.

The survival rate of mice treated with 0.15 mg/mL + 1 W,
0.3 mg/mL + 0.6 W, and 0.3 mg/mL + 1 W was significantly
higher than that of control mice (P < 0.05) (Figure 7B,C).

Three days after the treatment, a crust on the tumor site of
the mice treated with gGNP@G 0.3 mg/mL combined to a
power laser of 1 W and in a mouse treated with gGNP@G 0.15
mg/mL combined to a power laser of 1 W was observed. An
ulceration then appeared 3 to 6 days later with bleeding. No
damage was observed on health skin irradiated with the laser.
Safety Studies. No in vitro and in vivo toxicity of gGNP@

G was reported, as shown in Table 3

■ DISCUSSION
Previous studies from our team demonstrate the power of
Hubertia ambavilla to reduce gold to obtain different shapes of
gGNP (spherical or flower-shape) with different properties. In
oncology, our effort strongly focused on the 15 nm spherical
shape gGNP. Our team showed the interest of photothermal
therapy using intratumorally injected gGNP@G@CBOP11 in
subcutaneous melanomas in mice.34,35 This study aimed to

Table 1. Antitumor Activity of gGNP@G and gGNP@G@CBOP11 Compared to Reference Treatment against the
Subcutaneous B16F10 Murine Melanoma Xenografts

inhibition of tumor growth

compound dose administration route rAUCa optimal T/Cb (%) activity ratingc

gGNP@G 0.3 mg/mL i.t. 55 36.6 L
gGNP@G@CBOP11 0.3 mg/m i.t. 67 56.0 L
anti-PD1 mAb 5 mg/kg i.p. 113 97.8 0

arAUC = relative area under the tumor growth curve (expressed as a percentage of the median area under the tumor growth curve of the control
group). bT/C = (median tumor volume of drug-treated group/median tumor volume of control group) × 100; according to NCI criteria, a T/C ≤
42% is the minimum level for activity.33 The optimal T/C is the lowest value, reflecting the maximal tumor growth inhibition. cActivity Rating: “0”:
inactivity if T/C > 42%; “L”: low level of activity if T/C ≤ 42%; “H”: High level of activity if T/C ≤ 10%; “T”: toxicity if body weight loss >20% or
% presumed drug-related death >20%.33

Figure 7. Effects of gGNP@G and laser irradiation on the tumor volume of mice bearing subcutaneous B16 murine melanoma xenograft and their
survival. (A) Evolution of median relative tumor volume after treatment with 0.15 mg/mL GNP@G irradiated with NIR laser at different power.
(B,C) Kaplan−Meier survival curve of mice treated with 0.15 mg/mL (B), or 0.3 mg/mL (C) irradiated with an NIR laser at different powers. Five
mice per condition were included.
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compare three gGNP candidates, gGNP, gGNP@G, and
gGNP@G@CBOP11, for their internalization, intracellular
trafficking, exocytosis, specificity to cancerous cells, toxicity,
and PTT efficiency before the translation to clinics. gGNPs,
because of their slow, nonspecific internalization, were quickly
abandoned. Addition of CBOP11 to gGNP@G is not worth it.
It permitted to speed up gGNP internalization up to 30 min,
but it does not change the final internalization ratio, the
specificity to cancerous cells, the intracellular trafficking, or the
exocytosis. On the contrary, it brings cytotoxicity and a
decrease of gGNP stability (data not shown). Therefore,
gGNP@G has been chosen to be tested in clinics.

Otto Warburg was the first one to show the glucose over-
uptake of cancerous cells.45 Since then, studies have shown an
overexpression of GLUT1 and/or GLUT3 in different
cancers,64−66 which we confirmed here in skin cancer.
Melanoma, basal cell carcinoma, and squamous cell carcinoma
are the three main forms of skin cancer, representing more
than 99% of the cases. Interestingly, it was previously shown
that GLUT1 and GLUT3 expression was positively correlated

with glucose uptake in malignant melanomas.67 Therefore,
GLUTs, especially GLUT1 and GLUT3, are more and more
raising attention and start to be considered as a putative
therapeutic target.68 gGNP@G is a 15 nm gold core
nanoparticle functionalized with glucose to target GLUT and
optimize the endocytosis. Previous studies showed that
functionalization of nanoparticles with glucose is an efficient
way of targeting it.69 In our case, gGNP@G internalization is
dependent on glucose and permitted to have three times more
nanoparticles in cancerous cells than in healthy cells. This
intracellular concentration difference will permit to adjust the
laser power to have an optimal heating to kill cancerous cells
with no toxic effect in surrounding healthy cells.

Then, it was important to unravel the internalization
pathways, the intracellular trafficking, and the externalization
pathways involved in the gGNP@G journey in cells. Most of
the studies focused only on the uptake of nanoparticles, and
little is known about the intracellular trafficking and the
nanoparticle excretion which could lead to unwanted
toxicity.70 For example, it is known that nanoparticles
addressed to the nucleus could lead to acute toxicity because
of interaction with DNA.71 gGNP@G are internalized through
a clathrin-dynamin-dependent endocytosis and addressed to
lysosomes where they are finally excreted through lysosomal
exocytosis. Interestingly, another team have shown very
recently that GLUT-dependent endocytosed nanoparticles
were also excreted through lysosomal exocytosis.63

Endocytosis and exocytosis are co-occurrent phenomena
which are dependent on intracellular and extracellular
concentration. In clinics, NIR irradiation needs to be applied
when the intracellular concentration of gGNP is at its highest
to optimize the heating. According to our results, timing
between nanoparticle injection and NIR irradiation should be
around 30−60 min with gGNP@G, which was validated by
our physician partners.

The objective of the first in vivo study was to compare the
effect of gGNP@G and gGNP@G@CBOP11. The study was
done on a model of murine melanoma which is particularly
aggressive (B16/F10), and nanoparticles were compared to
reference treatment (anti-PD1 mAb). A significant antitumor
activity was observed with the two nanoparticles while no
activity was observed with the mAb. The antitumor effect was

Table 2. Antitumor Activity of gGNP@G against the
Subcutaneous B16 Murine Melanoma Xenograftsa

inhibition of tumor growth

compound
dose

(mg/mL) laser
optimal T/
Cb (%)

optimal T/
Cb (%)

activity
ratingc

gGNP@G 0.15 0.2 51 24 L
0.6 57 39 L
1 21 11 L

0.30 0.2 89 74 0
0.6 44 27 L
1 19 13 L

arAUC = relative area under the tumor growth curve (expressed as a
percentage of the median area under the tumor growth curve of the
control group). bT/C = (median tumor volume of drug-treated
group/median tumor volume of control group) × 100; According to
NCI criteria, a T/C ≤ 42% is the minimum level for activity.33 The
optimal T/C is the lowest value, reflecting the maximal tumor growth
inhibition. cActivity Rating: “0”: inactivity if T/C > 42%; “L”: low
level of activity if T/C ≤ 42%; “H”: High level of activity if T/C ≤
10%; “T”: toxicity if body weight loss >20% or % presumed drug-
related death >20%.33

Table 3. Results of Toxicology Studies Performed with gGNP@G

study title GLP status/ISO number findings /endpoints

in vitro toxicology studies
bacterial reverse mutation (Ames)
assay GLP

no biologically significant increase in the revertant frequency in any strains in the absence or presence of S9 metabolic active

in vitro cytotoxicity test on L929
mammalian cells GLP/ISO 10993:5

undiluted and diluted gGNP@G formulations showed no toxicity (cytotoxicity grade 0 in all cases)

in vivo toxicology studies
skin sensitization test (Local lymph
node assay) GLP

- no mortality or signs of systemic toxicity were observed

- there was no indication of irritation at the site of treatment
- no gGNP@G-related effects were observed on the mean body weight of treated animal
- treatment was shown to bear no sensitization potential

acute systemic toxicity study in mice
GLP/ISO 10993:11

no systemic toxicity was observed after a single IV administration of the gGNP@G

a 16-day intramuscular toxicity study in
rats followed by a 4-week recovery
period GLP ISO 10993:11/ISO
10993:6

one gAuNP@G-treated male was found dead on day 13. The finding was considered to be incidental and not related to treatment
with the test item. No systemic toxicity was observed after 2 IM administrations of the gold nanoparticles. No effects on body
weight, food consumption, clinical pathology parameters, and organ weights. Repeated administrations of gAuNP@G were well
tolerated

pyrogen detection assay GLP/ISO
1099:11

the product does not show the presence of pyrogens
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higher with gGNP@G than with gGNP@G@CBOP11. Thus,
it was decided to continue the efficiency studies only with
gGNP@G modifying the irradiation parameters to get a higher
hyperthermia thus leading to a higher antitumor activity.

Thus, in the following studies several combinations of dose
and power laser were tested. The best results were obtained
with 0.15 mg/mL associated with 1 W and with 0.3 mg/mL
associated with 0.6 or 1 W. In addition, several preclinical
safety studies showed that gGNP@G is well tolerated, not
toxic, and biocompatible when injected in vivo. In conclusion,
no toxic effects were observed either in vitro or in vivo.

We do believe that PTT using gGNP@G will become a
powerful tool in the array at the disposal of physicians along
with immunotherapy and targeted therapy in the treatment of
melanoma and skin cancer in general. Combination of both
PTT and immunotherapy could be considered especially
regarding the results of few teams who show in mice the power
of this combination, not only on the primary tumor but also on
distant metastatic tumors.72−76 This abscopal effect, usually
observed with the combination of radiotherapy and immuno-
therapy, is still not completely understood but could be a
solution to the bad prognosis of advanced metastatic
melanoma. Besides the therapeutic effect, GNPs could also
be a wonderful diagnostic tool as it is described in the
literature.77−79 Even if this study only focused on the
therapeutic effect of photothermal therapy using our 15 nm
round-shape gGNPs, this nanotheranostic shows strong
potential for therapy in different kinds of cancer, using
different properties of gGNPs (PTT, photodynamic therapy,
drug carrier) as well as in diagnostics.

■ METHODS
GNP Synthesis and Coating. Tetrachloroauric(III) acid,

trisodium citrate dihydrate, and D-(+)-Glucose were ordered
from Sigma-Aldrich. The plant (TSK1) was purchased from
CAHEB, Reunion Island. CBOP11 peptide was purchased
from SynVec. Ultrapure water (18.2 MΩ cm, Millipore) was
used for all procedures.

gGNP, gGNP@G, and gGNP@CBOP11 were prepared
according to a previously described method.34 In a nutshell:
extract of dry Hubertia ambavilla leaves were dissolved in an
aqueous acidic solution (pH 4). This solution was refluxed
with vigorous stirring, in a flask equipped with a reflux
condenser and protected from light. Then, once the fine
droplets appeared on the walls, 4 mL of an aqueous solution of
HAuCl4 was added very quickly. The solution turned red-
brownish rapidly within a minute. The flask was then removed
from the oil bath, and the solution remained under vigorous
stirring for additional 15 min. The solution was finally kept at 4
°C, protected from light.

tGNPs were synthesized by following the “inversed
Turkevich” method (i.e., chloroauric acid to citrate) proposed
by Sivaraman et al. Briefly, to boiling solution (24.75 mL) of
disodium citrate, 0.25 mL (25.4 mM) chloroauric acid was
added. According to Kumar’ model prediction, the molar ratio
of sodium citrate solution to HAuCl4 was set to 2.5.80 The
solution mixture was stirred continuously for 15 min. After
that, the solution was allowed to cool down to room
temperature under stirring and then, was centrifuged. The
precipitate was washed with ultrapure water.81

Microarray Gene Expression Data Extraction. Two
data sets with more than 20 samples in a single microarray
platform tested for gene expression in melanomas

(GSE4651749 and GSE11444550) were identified from the
literature. Data were extracted and analyzed as previously
described.82 In a nutshell, there are URLs for individual data
sets (data series as referred to on GEO) on the GEO website
and for each data series, a link permits the access to the Series
Matrix Files which contain the expression values for each gene
(probeset) and each sample. Microarray gene expression data
were retrieved from the data matrices deposited to GEO by the
original authors. Data normalization methods were mentioned
under each data series on GEO. Once the gene expression
matrices were successfully obtained, expression values were
extracted for GLUT1−4 and VEGFR1/2 encoding genes.
Cell Lines and siRNA Transfections. SK-MEL-28 cells

were purchased from ATCC and were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (4.5 g/L) (Gibco)
supplemented with 1% sodium pyruvate (Gibco), 1%
Glutamax (Gibco), and 10% heat-inactivated FBS (Eurobio
− CVFSVF00-0 U) at 5% CO2 at 37 °C. Primary epidermal
melanocytes, normal, human, adult (HEMa) (PCS-200-013),
were purchased from ATCC and were grown according to the
manufacturer’s recommendations: in dermal cell basal medium
(PCS-200-030) supplemented with adult melanocyte growth
kit (PCS-200-042) at 5% CO2 at 37 °C.

For siRNA transfection experiments, cells were transfected
with the relevant siRNA at 10 nM final concentration (DNM2:
GCAGCUCAUCUUCUCAAAATT; CHC: UAAUC-
CAAUUCGAAGACCAAU) by using Lipofectamine RNAi-
MAX (Invitrogen) the day before the experiment. The control
condition was cells incubated with the same concentration of
lipofectamine (2 μL/mL).
Immunoblotting. Total cell lysates were harvested by

removing growth medium and adding Laemmli sample buffer
(Bio-Rad) supplemented with β-mercaptoethanol. Samples
were boiled for 5 min. Denatured proteins were loaded on 10%
acrylamide Mini PROTEAN TGX precast gel (Bio-Rad).
Separated proteins were transferred onto PVDF membrane by
liquid transfer. Membranes were blocked with 3% (wtg/vol
100 mL) albumin from bovine serum (BSA, Sigma) at room
temperature, before incubation with primary antibodies
overnight at 4 °C, in 1% BSA. Incubation with the secondary
horseradish peroxidase-conjugated IgG antibody was per-
formed at room temperature. Blots were developed using
Amersham ECL western blotting detection reagents and the
Amersham Imager 600 (GE). The presented results are
representative of at least three independent experiments.
Antibodies and Reagents. The following primary

antibodies were used for immunofluorescence: mouse anti-
LAMP1 (1/10.000) (H4A3 clone, Developmental Studies
Hybridoma Bank), mouse anti-EEA1 (1/100) (Transduction
Laboratories, 610456), mouse anti-RAB11 (1/100) (BD
Transduction, 610,657). Donkey antimouse-AF647 (1/300)
(Invitrogen A32787) antibody was used as a secondary
antibody. DAPI (Sigma, D9542) at 0.1 μg/mL and HCS
Cell Mask Blue Stain (1/400) (Invitrogen, H32720) were used
to mark nuclei and cytoplasm. The following tagged transferrin
was used: Tf-AF647 (1/1000) (Molecular Probes, T23366)
and Tf-488 (1/1000) (Molecular Probes).

The following primary antibodies were used for immuno-
blotting: mouse anti-CHC (abcam ab2731) (1/500), goat anti-
DNM2 (Santa Cruz, SC-6400) (1/1000), and rabbit anti-
GAPDH (Sigma G9545) (1/6000). Goat antimouse-HRP
(Amersham, NA931) (1/10000), rabbit anti-goat-HRP (Bio-
design, W99119P) (1/10,000), and donkey antirabbit-HRP
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(Amersham, NA9340) (1/10000) were used as secondary
antibodies.

To measure cytotoxicity, the Cytotox96 Non-Radioactive
cytotoxicity assay kit (Promega) measuring the extracellular
LDH has been used after a 6 h incubation at a concentration of
6 nM.
Cultured Cell Incubation with GNPs. For experiments

with SK-MEL-28 only, cells were seeded 24 h before the
experiment on 24WP with (IF experiments) or without (FACS
experiments) 12-mm coverslips at a density of 1 × 105 cells/
well. For coculture experiments (Figure 5), cells were seeded
48-72 h before the experiment on 24WP at a density of 0.5 ×
105 cells/well. Except for the study of the glucose impact, the
following media were prepared: internalization medium (IM:
DMEM 4.5 g/L supplemented with 0.2% BSA), GNP medium
(dilution of GNP stock to have a final concentration of 3 or 6
nM in IM supplemented with 1/10 (v/v) of GNP with PBS
10× (Gibco) to compensate the lack of salt in GNP stock
solution and supplemented or not with 1/2000 of Tf-AF647),
and exocytosis medium (EM: IM supplemented with 5% heat-
inactivated FBS). For the study of glucose impact on the
internalization (Figure 2D), two different internalization media
were prepared: IM-g− (DMEM 0 g/L supplemented with
0.2% BSA) and IM-g+ (IM-g− supplemented with 10 g/L of
glucose (Sigma)). To study GNP endocytosis or intracellular
trafficking, cells were washed twice with IM and then
incubated for at least 30 min with IM. Then IM was replaced
with diluted GNP solution at the desired concentration and
temperature during the indicated time. For exocytosis
experiments (Figure 3C), steps of washing and incubation
during the indicated time with EM were added to this
protocol.
Immunofluorescence, Image Acquisition, Analysis,

and Quantification. SK-MEL-28 cells were incubated with
GNP and Tf-AF647. At the end of the internalization or
exocytosis experiments, cells were washed with PBS, fixed in
PFA 4% in PBS for 30 min, then washed, and incubated with
PBS BSA (0.1%) saponin (0.05%) for 30 min. Finally, cells
were incubated with DAPI (Sigma, D9542) HCS (1/400) in
PBS BSA saponin.

For colocalization experiments (Figure 5A,B), SK-MEL-28
cells were incubated with GNP or Tf-AF488 (1/1000)
supplemented or not with Tf-AF647 (1/1000) for 4 h.
Then, cells were washed and fixed with PFA 4% in PBS for 30
min, washed and incubated for 30 min in PBS BSA (0.1%)
saponin (0.05%), washed and incubated for 1 h with a primary
antibody anti-LAMP1, RAB11, or EEA1 in PBS BSA saponin,
washed and incubated for 1 h with an antimouse-AF647,
washed, and finally incubated for 1 h with DAPI (Sigma,
D9542) and HCS (1/400) in PBS BSA saponin.

For image acquisition: a LSM700 inverted laser-scanning
confocal microscope (Zeiss), with a 100×/1.4 oil immersion
objective (Zeiss); an Axio Observer.Z1 microscope (Zeiss)
equipped with a swept field confocal Opterra system (Bruker);
and an Evolve 512 Delta EMCCD camera (Photometrics),
using a 100× PlanAPO-CHROMAT oil immersion/1.4 N.A.
objective (Zeiss). The following excitation/emission couples
were acquired: 405−460/50 for DAPI/HCS, 488−535/50 for
Tf-AF488, 561−535/50 for GNP, and 640−700/75 for
AF647. Microscopy images were processed and quantified
with ICY software83 (http://icy.bioimageanalysis.org). Coloc-
alization quantification was performed on confocal images
using the distance analysis plugin in ICY software. GNP and

Tf-AF647 endocytosis were quantified with ICY software using
“HK-Means” and “Active Contours” plugins to automatically
detect cell boundaries and “Spot Detector” plugin to measure
the number of GNP and Tf-AF647 spots within the detected
cells. The total intensity of GNP and Tf-AF647 spots was
normalized to the mean value of the time 0 (Figures 2C and
5C), to the 0 g/L of glucose condition (Figure 2D) or to the
not transfected samples (Figure 2F,H).
Transmission Electron Microscopy. Cells incubated with

GNP were fixed in 2.5% glutaraldehyde (Sigma-Aldrich) in
PHEM buffer 1× for 1 h at room temperature. Fixed samples
were washed three times by the addition of fresh 0.1 M PHEM
buffer and postfixed in 1% osmium (EMS) in 0.1 M PHEM
buffer for 1 h. Samples were gradually dehydrated in ethanol
(Sigma-Aldrich) series from 50 to 100%. Samples were
embedded in epoxy resin (EMS), followed by polymerization
for 48 h at 60 °C. Ultrathin sections (70 nm) were cut with a
Leica UC7 microtome and stained with 4% uranyl acetate for
45 min followed by lead citrate for 10 min. Sections were
observed using a TEM Thermo Fisher Tecnai T12 at 120 kV.
Flow Cytometry and Data Analysis. Incubated cells

were detached using PBS supplemented with EDTA
(Invitrogen) or trypsin (Sigma − 59427C) diluted in PBS to
a final concentration of 1% for 5 min at 37 °C, and then
neutralized with PBS supplemented with 5% FBS. Cells were
centrifuged (5 min, 1200 RPM, 4 °C), supernatants were
removed, and the pellet was resuspended in PFA 4% diluted in
PBS for 1 h at 4 °C. Cells were washed and finally run in an
Attune NxT Flow Cytometer (Thermo Fisher Scientific)
recording FSC, SSC, and YL2 channels. The geometrical mean
fluorescence of intracellular GNP was measured in gated cells
in the YL2 channel using flowjo software. Data were
normalized to the GNP@G@CBOP11 at 30 min in SK-
MEL-28 condition.
In Vivo Experiments. Nanoparticles. gGNP@G and

gGNP@G@CBOP11 were used at a concentration of 0.15
or 0.3 mg/mL. For experiment, nanoparticles were injected
directly into the tumors with a volume corresponding to 20%
of the tumor volume.
Treatment of Reference. Anti-PD1 mAb at 5 mg/kg (ip

injection every 5 days) was used as reference treatment.
Tumor Cell Lines. B16 is a murine melanoma cell line from

a C57Bl/6 J mouse. The cell line was cultured in RPMI 1640
medium supplemented with heat-inactivated FBS (10%). Cells
are maintained in an incubator at 37 °C with 5% CO2.
Mice. Female C57Bl/6 mice, 6 week-old were used. 1 × 105

B16 cells in 100 μL NaCl 0.9% were subcutaneously injected
in the right flank of the mice. For antitumor effect assessment,
mice were weighed, and tumors were measured every 3 days
until the mice died or the tumor volume reached 1500 mm3 or
the weight loss was upper than 20% of the initial weight.
Evaluation of Toxic-Side Effects. Maximum weight losses

or gains, expressed as a percentage of the initial body weight of
the experimental animals, were used to provide an assessment
of the toxicity of both gGNPs. According to NCI criteria, a
dose is considered toxic if the induced body weight loss is
higher than 20% of the initial mouse body weight. It should be
remembered that these weights also include the weight of the
tumors, which increases with time.
Photothermal Therapy. Mice were anesthetized with 2.5%

isoflurane and a subcutaneous injection of buprenorphine (0.1
mg/kg) was done. After that, tumors were measured, and
nanoparticles were injected in the center of the tumor with an
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insulin syringe 31G. One hour later, mice were placed under
the medical laser (Hyper diode 808, Hyper Photonics, Italy)
for treatment with the following settings: Wavelength: 808 nm,
power: variable from 0.2 to 1 W, duration: 10 min, and
irradiated surface: 3.93cm2 (diameter of the probe: 2.5 cm).
Evaluation of Antitumor Activity/Tumor Growth. Treat-

ment efficacy was assessed in terms of the compound’s effects
on tumor volume for PTT-treated mice relative to control
vehicle-treated mice. Two evaluation criteria were used in
parallel: (i) Growth inhibition, calculated as the ratio of the
median tumor volume of treated versus control groups: T/C,
% = (median tumor volume of treated group on day X/median
tumor volume of control group on day X) × 100, the optimal
value, being the minimal T/C ratio which reflects the maximal
tumor growth inhibition achieved;84 (ii) relative area under the
tumor growth curve, rAUC (%), representative of the tumor
growth curve as a whole, reflects the overall effect of a test
compound over time.85 rAUC = [(area under the tumor
volume growth curve of the treated group/median area under
the tumor volume growth curve of the control group) × 100].
The more active the compound, the lower the rAUC value.

The tumor volume was monitored by measuring the tumors
with a digital caliper and according to the formula (L × l2)/2.
Statistical Analysis. Data were presented as median.

Comparison among groups in the survival data was made
using the log-rank test.
Ethic Approval. All procedures have been evaluated and

approved by an ethic committee (Agreement number A974
001; Comite ́ d’et́hique du CYROI number 114; Cyclotron
Reunion Oceán Indien, Sainte Clotilde, Reunion Island) and
authorized by the French Ministry of Education and Research
(Reference number APAFIS#28417-2020100114549534_v3).
Data Presentation and Statistical Analysis. Prism 8.4.3

(GraphPad Software) was used to perform statistical analysis.
Results are represented as mean ± SD, except as otherwise
indicated. Welch’s t test performed as unpaired two-tailed
analysis was used as statistical analysis. P < 0.05 was considered
significant for all analyses.
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