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Targeting, detecting, and destroying selectively cancer cells or specific organelles is a major challenge of
nanomedicine. Recently, a new methodology was conceived to synthesize gold nanoparticles combined with a
peptide having a C-terminal biotin (BIOT-NFL-peptide). This methodology called “Method IN” allows specific
interactions between the BIOT-NFL-peptide, the polyethylene glycol diacid (PEG-COOH) and the gold salt (Au
III) to produce multifunctional hybrid nano-carriers called BIOT-NFL-PEG-AuNPs. Here, we show that it is
possible to use this strategy to synthesize multifunctional hybrid nano-carriers with other cell-penetrating
peptides including TAT and Vim-peptides. Ex-vivo studies on F98 rat glioblastoma cells show that these new
nanovectors acquire the cellular entry function of peptides and the gold particles make it possible to visualize by
electron microscopy their localization in organelles. Thus, these new multifunctional nanovectors offer prom-
ising possibilities for the theranostic field, including the cell-penetrating property of the peptide, the intra-
organelle localization of gold particles and their possible thermoplasmonic properties, as well as the stealth
property of PEG.

neurofilaments between the amino acids 40 and 63, called NFL-
TBS.40-63 (for Neuro Filament Low subunit Tubulin Binding Site

1. Introduction

Glioblastoma (GBM) is the most frequent and aggressive cancer of
the central nervous system and it is a diffuse and infiltrating tumor
(Stupp et al., 2005). Current treatments are essentially palliative and
consist of surgical excision associated with radio and/or chemotherapy
(Stupp et al., 2005), but they are ineffective and toxic to healthy cells.
Moreover, this treatment is regularly followed by recurrences due to the
remaining stem cells which are particularly resistant to current treat-
ments (Stupp et al., 2005). Therefore, it is essential to improve the
specificity and the targeting of anti-GBM treatments.

Sequences capable of binding free tubulin are located along most of
the intermediate filaments. They were identified mainly by peptide-
array and called Tubulin Binding Sites (TBS) (Bocquet et al., 2009). A
peptide corresponding to a sequence located on the light subunit of

40-63) or NFL-peptide, was further investigated. This peptide interacts
specifically with different glioblastoma cell lines (mice, rats, human and
canine) (Balzeau et al., 2013; Berges et al., 2012a; Griveau et al., 2021).
It inhibits in vitro cell growth and in vivo tumor development (Berges
etal., 2012a; Rivalin et al., 2014). The peptide alters the polymerization
of microtubules in glioblastoma cells, without particularly affecting
microtubules of healthy cells present in the nervous system (Berges
et al., 2012a; Fressinaud and Eyer, 2014, 2015). The selective and
massive internalization of the NFL-peptide in GBM cells occurs essen-
tially by endocytosis, and no receptor has yet been identified (Lepinoux-
Chambaud and Eyer, 2013). Using homology modeling it has been
proposed that the binding of this peptide to a unique site of the C-ter-
minal domain of the BIII-tubulin present in GBM cells could explain the

Abbreviations: GBM, Glioblastoma; TBS, Tubulin Binding Sites; NFL-peptide, NFL-TBS.40-63, or Neuro Filament Low subunit Tubulin Binding Site 40-63; Vim-
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nanoparticles; BIOT-CPP-PEG-AuNPs, Biotinylated cell-penetrating peptides polyethylene glycol gold nanoparticles; BIOT-NFL-PEG-AuNPs, Biotinylated NFL-peptide
polyethylene glycol gold nanoparticles; BIOT-Vim-PEG-AuNPs, Biotinylated Vim-peptide polyethylene glycol gold nanoparticles; BIOT-TAT-PEG-AuNPs, Biotinylated
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destruction of the microtubule network in these cells (Laurin et al.,
2017, 2015). Taken together, these results show that the NFL-peptide
represents a promising candidate for targeting glioblastoma cells.
Other cell-penetrating peptides (CPP) derived from the intermediate
filament Vimentin (Vim-TBS.58-81 (Vim)) (Balzeau et al., 2012; Boc-
quet et al., 2009) and the TAT.48-60-peptide (TAT) were also evaluated.
In 1997, the TAT-peptide was identified as a peptide that can enter in
cells (Vives et al., 1997). Then, several studies showed that TAT-peptide
can enter in the nuclei of glioma cells (Baker et al., 2007; Darbinian
et al., 2001; Lo and Wang, 2008). The Vim-TBS.58-81 peptide crosses
the plasma membrane, can enter in the nuclei of GBM cells, and thus can
be an effective peptide vector in GBM cells (Balzeau et al., 2012). In this
context, we were interested to develop new nanovectors based on these
CPP-peptides.

The nanotechnologies development in the medical field knows very
significant growth in the last decade. However, the nanoparticles
development for therapeutic or diagnostic remains a challenge given the
complexity of the expected objectives. Currently, there are many types
of nanoparticles (Shapira et al., 2011) of different shapes that can be
used, for example: micelles (Malmsten and Lindman, 1992), lipid
nanoparticles: such as liposomes (Schnyder et al., 2005), lipid nano-
capsules (Heurtault et al., 2002), solid nanoparticles (Lazar et al., 2019),
polymeric nanoparticles (Kreuter, 2004), or metallic nanoparticles (Zhu
et al., 2017). Gold nanoparticles (AuNPs) are frequently used for their
biocompatibility, their synthetic versatility, their electronic and optical
properties (Her et al., 2017). Moreover, AuNPs can be used in photo-
thermal therapy, and thanks the strong surface plasmon resonance ef-
fect, the resonant oscillation of free electrons takes place (Huang et al.,
2006). The choice of gold nanoparticles is crucial in hyperthermia study
and as tracker in high magnification imaging systems because this is not
possible without gold nanoparticles. We have recently described the
synthesis and physicochemical properties of such nanoparticles, in
particular their thermoplasmonic properties (Arib et al., 2022). Several
biomolecules, such as polymers, proteins, antibodies, or aptamers, were
chelated with the gold salt and then encapsulated with the polymer to
improve their stability and biocompatibility (Liu et al., 2020; Monteil
et al., 2018; Moustaoui et al., 2016). Recently we developed such a
methodology to Biotinylated-NFL-peptide (BIOT-NFL). Briefly, both the
(PEG-(COOH)3) and the BIOT-NFL-peptide participate to the growth and
stabilization of gold-nanoparticles via complexation method (Method
IN) through an electrostatic interaction between the chetone and amino
groups of peptides and chloride auric ions in the mixture (Arib et al.,
2022).

In this study, we extended this new strategy to other peptides
including TAT or Vim-peptides and focused our attention on the ex vivo
effects of such gold nanoparticles composed by BIOT-CPP-peptides
(NFL, TAT, or Vim-peptides) and biocompatible polymer (PEG-
(COOH)2) on rat glioblastoma cells (F98 cells). We evaluated the effi-
ciency of the combination between PEG-AuNPs alone and the BIOT-CPP-
peptides on mitochondrial activity and whether the BIOT-CPP-PEG-
AuNPs can internalize into F98 cells. For mitochondrial activity test,
we used Colchicine as a positive control drug because this molecule, like
the NFL-peptide, is well known to interact with tubulin, destroying the
microtubule network and inducing cellular death (Bhattacharyya et al.,
2008). Using electron microscopy, we were able to localize these func-
tionalized gold particles in vacuoles of GBM cells. The development of
these new multifunctional nanovectors offers promising possibilities for
the theranostic field, in particular the cell-penetrating property of the
peptide, the intra-organelle localization of gold particles and their
possible thermoplasmonic properties, as well as the stealth property of
PEG.
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2. Material et methods
2.1. Reagent

The biotinylated NFL-TBS.40-63 peptide (NH,-YSSY-
SAPVSSSLSVRRSYSSSSGS-CONHby), also called BIOT-NFL-peptide, was
synthesized by PolyPeptide Group (Strasbourg, France). The bio-
tinylated TAT.48-60 peptide (BIOT-TAT-peptide; BIOT-
GRKKRRQRRRPPQ-CONH;) and the biotinylated Vim-TBS.58-81 pep-
tide  (BIOT-Vim-peptide; BIOT-GGAYVTRSSAVRLRSSVPGVRLLQ-
CONH,) were synthetized by Millegen (Toulouse, France). Colchicine (1
pg/mL, C9754) has been purchased from Sigma-Aldrich (Saint Quentin
Fallavier, France).

2.2. Synthesis and characterization of gold nanoparticles coupled with the
BIOT-CPP-peptide (BIOT-CPP-PEG-AuNPs)

The PEG-AuNPs synthesis was based on the chemical reduction
process described previously (Spadavecchia et al., 2016). Briefly, to
combine CPP-peptides with PEG-AuNPs, tetrachloroauric acid (HAuCly,
1 mmol/L; Sigma-Aldrich) was added to BIOT-CCP-peptide and stirred
for 10 min. After, a stabilizing agent, dicarboxylic polyethylene glycol-
600 (PEG-(COOH)y); Sigma-Aldrich) was added, and then sodium
borohydride (NaBHj4, Sigma-Aldrich) was added. All details of synthesis,
purification and characterization have been described previously (Arib
et al., 2022). To confirm and characterize BIOT-CPP-PEG-AuNPs,
several physicochemical techniques were used, including UV-visible
spectroscopy, Raman spectroscopy, size and zeta potential measure-
ments, and transmission electron microscopy, as previously described
(Arib et al., 2022).

2.3. Transmission electron microscopy (TEM)

PEG-AuNPs, BIOT-NFL-PEG-AuNPs, BIOT-TAT-PEG-AuNPs, and
BIOT-Vim-PEG-AuNPs were observed by transmission electron micro-
scopy (TEM) at the Service Commun d’Imageries et d’Analyses Micro-
scopiques (SCIAM; University of Angers, France). A 2 pL of each sample
at 500 pmol/L of BIOT-CPP-PEG-AuNPs was deposited on copper grids
(150 mesh) and stained with 2% uranyl acetate for one minute, and then
dried under room temperature before observation. The examination was
performed using a 120 kV electron microscope (Jeol, Japan) model JEM-
1400, equipped with a Gatan SC1000 ORIUS® CCD camera (11 Mega-
pixel) from USA. Gold nanoparticles are clearly visible in TEM and their
nanometric size is evident on the electron micrographs. The contrasting
agent (uranyl acetate) is used only to better reveal by transmission
electron microscopy (TEM) the various organelles present in cells
including the vesicles, the membrane, and the nucleus.

2.4. Mitochondrial activity

FO98 rat glioblastoma cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich) containing GlutaMax and
supplemented with 10% of fetal bovine serum (Sigma-Aldrich), 1% of
antibiotics (100x streptomycin/penicillin; BioWest, Nuaille, France)
and 1% of non-essential amino acids (Sigma-Aldrich). F98 cells were
seeded in 96-well plates at 3000 or 1000 cells per well and incubated for
24 h at 37 °C and 5% COs. Then, the culture media was removed and
Colchicine (1 pg/mL, Sigma-Aldrich), PEG-AuNPs, BIOT-NFL-PEG-
AuNPs, BIOT-TAT-PEG-AuNPs, or BIOT-Vim-PEG-AuNPs at different
concentrations (0, 50, 100, 250, 500 or 1000 pmol/L of BIOT-CPP-PEG-
AuNPs) in fresh media, were tested for 24 or 72 h at 37 °C and 5% CO».
Then, the MTS survival assay (ab197010; Abcam, Paris, France) was
used to quantify the mitochondrial activity. Briefly, 20 pL of MTS re-
agent was added to each well for 4 h; the number of living cells is
directly proportional to the absorbance measured by the amount of light
absorbance at 490 nm in a SpectraMax M2 multi-scanning



A. Griveau et al.

spectrophotometer (Molecular Devices, San Jose, California, USA).

2.5. Analysis of cellular internalization by transmission electron
microscopy

F98 cells were seeded in 12-well plates at 100,000 cells per well and
were incubated for 24 h at 37 °C and 5% CO,. Then, PEG-AuNPs, or
BIOT-NFL-PEG-AuNPs at 500 pmol/L were incubated for 72 h. BIOT-
TAT-PEG-AuNPs, or BIOT-Vim-PEG-AuNPs at 250 pmol/L were incu-
bated for 24 h. The choice of the concentration and the incubation time
was realized according to the results obtained on mitochondrial activity.
After incubation, cells were washed with 0.1 M phosphate buffer at pH
7.4 and were fixed with a solution of 2.5% glutaraldehyde in 0.1 M
phosphate buffer, overnight at 4 °C. The next day, the fixator was
removed, and cells were rinsed with 0.1 M phosphate buffer. Then, cells
were rinsed with distilled water and post-fixed with a solution of 1%
osmium tetroxide in water for 1 h. Then, cells were rinsed with water (3
times 5 min) and incubated 15 min in 50° ethanol, 15 min in 70°
ethanol, 15 min in 95° ethanol and 3 times 30 min in 100° ethanol. The
cells were placed in a solution of 50% 100° ethanol and 50% Epon resin
mixture (v/v) overnight. The next day, the Epon mixture was removed
and replaced by a pure Epon bath for 4 h, then this bath was replaced by
another pure Epon bath 24 h at 37 °C, then 24 h at 45 °C and 72 h at
60 °C. When the resin has polymerized at 60 °C, ultra-fine sections 60
nm thick were made with a UC7 ultramicrotome (Leica, Wetzlar, Ger-
many) and deposited on 150 mesh copper grids. The sections were
contrasted with a solution of 3% uranyl acetate in 50° ethanol for 15 min
then rinsed with ultrapure water. Samples were observed using a 120 kV
Jeol JEM-1400 electron microscope (Japan) with a SC1000 Orius model
832 (Gatan) 4 k CCD camera.

2.6. Statistical analysis

All data are represented as mean + SEM. All experiments are
repeated at least three times. Statistical analyzes were performed using
GraphPad Prism 7.03 (GraphPad software, San Diego, USA). The aster-
isks indicate significant level *p < 0.05; **p < 0.005 and ***p < 0.001.
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3. Results
3.1. Synthesis of BIOT-CPP-PEG-AuNPs

Fig. 1 displays a schematic representation of BIOT-CPP-PEG-AuNPs
synthesis, with BIOT-NFL-peptide as example. This methodology
(Method IN) has already been developed and published with different
drugs/biomolecules (Arib et al., 2021a, 2021b; Barbey et al., 2021;
Moustaoui et al., 2016; Song et al., 2020). In the present paper, we
applied BIOT-CPP-peptides, as biomolecules of interest to build a spe-
cific nanovector. For this aim, three steps are necessary in the synthesis:
1) complexation between HAuCly and BIOT-CPP-peptide, 2) pegylation
with dicarboxylic polyethylene glycol-600 (PEG-(COOH),) to form
HAuCl4/BIOT-CPP-peptide complex, and finally 3) reduction with-
sodium borohydride (NaBHjy) to obtain the final product. All BIOT-CPP-
PEG-AuNPs were characterized by spectroscopic techniques before
testing their effects on GBM cells (Arib et al., 2022). With the UV-Vis
spectra and the Raman spectra, we have confirmed the complexation
between BIOT-CPPs and PEG-AuNPs (Arib et al., 2022). It was also used
to determine the amount of peptide present in such particles and this
was our reference for quantification of the particles. Using the Zetasizer,
the mean size for respectively PEG-AuNPs, BIOT-NFL-PEG-AuNPs, BIOT-
TAT-PEG-AuNPs, and BIOT-Vim-PEG-AuNPs was 25 + 2 nm, 91 + 2 nm,
104 + 2 nm, and 101 + 2 nm. The measures of the zeta potential are
negative, —24 + 0.2 mV, —29 + 0.6 mV, and — 33 + 0.8 mV for
respectively PEG-AuNPs, BIOT-TAT-PEG-AuNPs, and BIOT-Vim-PEG-
AuNPs; and positive for BIOT-NFL-PEG-AuNPs (+24 + 0.7 mV) (Arib
et al., 2022).

3.2. The combination between the BIOT-NFL-peptide and PEG-AuNPs
modifies the structure of nanoparticles

The first experiment was focused on the analysis of BIOT-CPP-PEG-
AuNPs morphology at 500 pmol/L by transmission electron micro-
scope (TEM). We observed a difference of the ultrastructure of the
nanoparticles formed with and without the BIOT-NFL-peptide. As shown
in Fig. 2A, PEG-AuNPs nanoparticles have a round shape with relatively
homogeneous sizes of 12.25 + 1.28 nm. When the BIOT-NFL-peptide

Fig. 1. Schematic representation of synthe-
sis of gold nanoparticles combined with the
BIOT-NFL-peptide (BIOT-NFL-PEG-AuNPs).
As described in Arib et al., 2022, a complex
between tetrachloroauric acid (HAuCl,) with
BIOT-NFL-peptide was created. Then, a sta-
bilizing agent, dicarboxylic polyethylene

glycol-600 (PEG(COOH),), and sodium

borohydride (NaBH4) were added. Finally,

PEG-CQOH BIOT-NFL-PEG-AuNPs were synthetized. The
Stacking same process was used for BIOT-TAT-PEG-

AuNPs, and BIOT-Vim-PEG-AuNPs. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Characterization of gold nanoparticles (PEG-AuNPs) combined or not with the BIOT-CPP-peptide by transmission electron microscopy (TEM). (A) TEM
images of PEG-AuNPs, (B) of BIOT-NFL-PEG-AuNPs, (C) of BIOT-TAT-PEG-AuNPs, and (D) of BIOT-Vim-PEG-AuNPs. Scale bars: 50 nm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

was complexed with pegylated gold salt, to form BIOT-NFL-PEG-AuNPs,
we observed several particle shapes (round, rod, hexagon) with quite
heterogeneous sizes (Fig. 2B). We observed long rods with a maximum
length around 50 nm. In contrast, the combination of the TAT-peptide
(Fig. 2C) or the Vim-peptide (Fig. 2D) with pegylated gold salt to form
corresponding Vim/TAT-peptide gold nanoparticles did not dramati-
cally change the morphology of nanoparticles. The size mean was 27.25
+ 8.97 nm, and 34.86 + 9.94 nm for respectively BIOT-TAT-PEG-AuNPs
(Fig. 2C), and BIOT-Vim-PEG-AuNPs (Fig. 2D).

3.3. PEG-AuNPs combined with BIOT-CCP-peptides decrease
mitochondrial activity of rat glioblastoma cells

BIOT-CPP-PEG-AuNPs were tested on rat glioblastoma cells (F98),
and the mitochondrial activity was measured. F98 cells were treated
with a range of concentrations of BIOT-CPP-PEG-AuNPs (between 0 and
1000 pmol/L) for 24 or 72 h, and a MTS assay was performed. Colchicine
(Col, 1 pg/mL), a positive control was used, because like the NFL-
peptide this drug interacts with tubulin, disturbing the assembly of
microtubules and inducing cellular death (Bhattacharyya et al., 2008).
With a 24-h treatment, PEG-AuNPs regardless of the concentration used
have no detectable impact on mitochondrial activity, while BIOT-NFL-
PEG-AuNPs at 1000 pmol/L decrease mitochondrial activity (Fig. 3A).
When the treatment time was increased (72 h), PEG-AuNPs decreased
mitochondrial activity by about 30%, but BIOT-NFL-PEG-AuNPs
decreased it more (Fig. 3B). At 1000 pmol/L of PEG-AuNPs, the mito-
chondrial activity is 69.70 + 0.04%, and 13.00 + 0.03% with the BIOT-
NFL-PEG-AuNPs treatment.

The same experiments were performed with BIOT-TAT-PEG-AuNPs,

and BIOT-Vim-PEG-AuNPs on F98 cells (Fig. 4A-B). Significant toxicity
was observed with BIOT-TAT-PEG-AuNPs, all cells died with treatment
at 500 and 1000 pmol/L for 24 or 72 h (Fig. 4A-B). We observed the
same results concerning PEG-AuNPs, no toxicity with a treatment for 24
h (Fig. 4A), and a small decrease of mitochondrial activity with a 72-h
treatment (Fig. 4B). For 72 h-treatment, a similar decrease of mito-
chondrial activity was observed with PEG-AuNPs at 1000 pmol/L, BIOT-
TAT-PEG-AuNPs at 250 pmol/L, and BIOT-Vim-PEG-AuNPs at 500
pmol/L, respectively 68.08 + 0.04%, 71.44 + 0.14%, and 68.19 +
0.13% (Fig. 4B). For the three BIOT-CPP-peptides, the combination with
PEG-AuNPs has no impact on the biological activity of CPP-peptides and
does not alter the CPP-peptide function.

3.4. BIOT-CPP-PEG-AuNPs increase cellular internalization and have an
impact on cellular morphology

We further investigated the capacity of BIOT-CPP-PEG-AuNPs to
internalize in the rat GBM cells by transmission electron microscopy
(TEM). F98 cells were treated with PEG-AuNPs, or BIOT-NFL-PEG-
AuNPs at 500 pmol/L for 72 h. We chose this concentration based on
the results obtained on mitochondrial activity; at 500 pmol/L a decrease
was observed with BIOT-NFL-PEG-AuNPs (Fig. 3B). Fig. 5A represents
TEM images of non-treated F98 cells presenting normal nucleus (N) as
well as classical cellular extensions. F98 cells treated with PEG-AuNPs
present few nanoparticles in cellular vacuoles (Fig. 5B and Supple-
mental Fig. 1). When GBM cells were treated with BIOT-NFL-PEG-
AuNPs, more nanoparticles into the cells and more cellular vacuoles
(V) were observed, and the cellular extension are shorter (Fig. 5C and
Supplemental Fig. 2). We observed heterogeneity in size and shape of
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Fig. 3. In vitro effects of gold nanoparticles

(PEG-AuNPs) alone, or with the BIOT-NFL-

peptide (BIOT-NFL-PEG-AuNPs) on rat glio-
— blastoma cells (F98) mitochondrial activity.
F98 cells were treated with nanoparticles
alone, with the BIOT-NFL-PEG-AuNPs at 0, 50,
100, 250, 500 or 1000 pmol/L; or with the
positive control Colchicine (Col, 1 pg/mL), for
24 h (A) or 72 h (B). Then, the mitochondrial
activity was evaluated by MTS assay. Experi-
ments were performed at least in triplicate.
Data are represented as mean + SEM. Statis-
tical analysis was performed with Student’s t-
test (*p < 0.05; **p < 0.005 and ***p < 0.001).
(For interpretation of the references to colour
in this figure legend, the reader is referred to
E the web version of this article.)
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BIOT-NFL-PEG-AuNPs nanoparticles in GBM cells.

We also investigated BIOT-TAT-PEG-AuNPs, and BIOT-Vim-PEG-
AuNPs. F98 cells were treated with BIOT-TAT-PEG-AuNPs, or BIOT-
Vim-PEG-AuNPs at 250 pmol/L for 24 h. Results on mitochondrial ac-
tivity showed a strong effect of BIOT-TAT-PEG-AuNPs (Fig. 4), and we
decided to treat cells for 24 h at 250 pmol/L of nanoparticles. Fig. 6A
represents TEM images of F98 cells treated with PEG-AuNPs at 250
pmol/L with few nanoparticles. When PEG-AuNPs are combined with
the TAT- (Fig. 6B) or the Vim-peptide (Fig. 6C), then incubated with
cells, the nanoparticles morphology changed, and more cellular vacu-
oles are detected. The amount of PEG-AuNPs, or BIOT-CPP-PEG-AuNPs
was quantified by manual counting the particles on the electron mi-
crographs and were presented in Supplemental Fig. 3.

In Fig. 7, we observed nanoparticles morphology after incubation
with the GBM cells. BIOT-NFL-PEG-AuNPs showed similar morphology
in solution (Fig. 2B) or in cells (Fig. 7B), with heterogeneous sizes and
shapes. Concerning BIOT-TAT (Fig. 7C), or BIOT-Vim-PEG-AuNPs

(Fig. 7D), a notable change of morphology was observed. In solution,
the nanoparticles are ovals (Fig. 1C-D), and when they were incubated
with the GBM cells, the nanoparticles are in the form of balls
(Fig. 7C-D). It should be noted that during the synthesis, the quantity of
CPP is not the same. Indeed, to optimize the stability of the nano-
particles, the quantity of TAT and Vim-peptides was reduced by two
(Arib et al., 2022).

4. Discussion

In this study, a novel type of nanoparticles composed of nanogold
particles (AuNPs), polyethylene glycol-600 (PEG), and BIOT-CPP-
peptides (NFL, TAT, or Vim-peptides) was synthetized and investi-
gated. As detailed previously for the NFL-peptide (Arib et al., 2022), the
production of such nanoparticles is particularly robust and is working
very well with all the peptides tested so far (Fig. 1). This strategy allows
to conserve the targeting and cellular internalization properties of the
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Fig. 4. In vitro effects of gold nanoparticles (PEG-AuNPs) alone, or with the BIOT-TAT-peptide (BIOT-TAT-PEG-AuNPs), or with the BIOT-Vim-peptide (BIOT-Vim-
PEG-AuNPs) on rat glioblastoma cells (F98) mitochondrial activity. F98 cells were treated with nanoparticles alone, with the different CPP-PEG-AuNPs nanoparticles
at 0, 50, 100, 250, 500 or 1000 pmol/L; or with the positive control Colchicine (Col, 1 pg/mL), for 24 h (A) or 72 h (B). Then, the mitochondrial activity was
evaluated by MTS assay. Experiments were performed at least in triplicate. # No cells are present at the end of the treatment incubation. Data are represented as
mean + SEM. Statistical analysis was performed with Student’s t-test (*p < 0.05 and ***p < 0.001). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

tested peptides for a long period of time (6 to 12 months), and thus
represents a very useful strategy to develop new type of nanoparticles.

To characterize these BIOT-CPP-PEG-AuNPs, several observations
with transmission electron microscopy (TEM) were performed (Fig. 2). A
major difference was observed with the BIOT-NFL-peptide, and the
combination between this peptide and PEG-AuNPs changed the particles
morphology and polydisperse nanoparticles were observed (Fig. 2B).
With the TAT-peptide (Fig. 2C), or with the Vim-peptide (Fig. 2D), no
major morphology or size difference was observed. Therefore, these
results indicate that the morphology changes are not due to the presence
of Biotin but is a specific characteristic of the peptide complex, thanks to

a different steric arrangement of the peptide under chelation with gold
salt. Another possible explanation would be that the conformation of the
peptides changes according to the medium used, as has been shown for
the NFL-peptide (alpha helices or beta sheets) (Berges et al., 2012b).
Previously other authors have demonstrated that the shape of nano-
particles combined with CPP is dependent on the CPP sequence used
(Margus et al., 2016). Moreover, during the synthesis, the peptide
quantity (TAT, or Vim-peptides) was reduced by two to allow a better
stability, and this difference could explain the difference of nanoparticle
morphology (Arib et al., 2022).

Then, we studied the properties of nanoparticles composed of BIOT-
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Fig. 5. Transmission electron microscope
images illustrating the internalization of gold
nanoparticles (PEG-AuNPs) alone or coupled
with the BIOT-NFL-peptide (BIOT-NFL-PEG-
AuNPs) in rat glioblastoma cells. F98 cells
were treated with nanoparticles at 500
pmol/L for 72 h. Cells were observed with a
TEM. (A) Control F98 cells (no treatment),
(B) F98 cells treated with PEG-AuNPs, and
(C) F98 cells treated with BIOT-NFL-PEG-
AuNPs. N for nucleus and V for vacuoles.
Scale bars (at left): 2 pum. Scale bars (at
right): 200 nm for A and 50 nm for B and C.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

CPP-PEG-AuNPs on mitochondrial activity of rat glioblastoma cells
(F98). We showed that at high concentration (1000 pmol/L) the BIOT-
NFL-PEG-AuNPs reduces the mitochondrial activity of F98 cells
(Fig. 3A), and this reduction is more important with the time of treat-
ment (Fig. 3B). For the PEG-AuNPs, no toxicity was observed with 24 h
of treatment (Fig. 3A and 4A) and a slight decrease of mitochondrial
activity was observed for 72 h of treatment (Fig. 3B and 4B). Moreover,
BIOT-NFL-PEG-AuNPs are stable at least 12 months (Arib et al., 2022),
and the cellular biological activity of the BIOT-NFL-peptide is main-
tained. Although the addition of TAT, or Vim-peptide to PEG-AuNPs
does not change the particle structure (Fig. 2C-D), an impact on mito-
chondrial activity was observed (Fig. 4). The effect on the mitochondrial
activity is very high, because with BIOT-TAT-PEG-AuNPs at 500 and
1000 pmol/L, all GBM cells died regardless of treatment time (Fig. 4).
The treatment with BIOT-Vim-PEG-AuNPs decreases mitochondrial ac-
tivity at high concentration (Fig. 4). For the three BIOT-CPP-PEG-
AuNPs, an impact on mitochondrial activity was observed, regardless
of the shape of the particles. On glioma cells (A172), a combination

between an angiogenin peptide and nanogold showed also a decrease of
cell viability (Naletova et al., 2019). Similarly, a reduction of cell
viability (U87MG) was observed when cells were treated with nanogold
combined with RGD-peptide (Gao et al., 2020).

We also performed TEM experiments to analyze the cellular inter-
nalization of BIOT-CPP-PEG-AuNPs. We showed the efficiency of BIOT-
CPP-PEG-AuNPs to be better internalized in F98 cells compared to PEG-
AuNPs alone (Fig. 5 and 6). We also showed that the biological function
of BIOT-CPP-peptides is not impacted by the combination with PEG-
AuNPs, because we observed an effect on cellular morphology with a
reduction of cellular extensions and the presence of more cellular vac-
uoles. The TAT-peptide is known for the capacity to enter in nucleus
(Vives et al., 1997), but when this peptide was associated with PEG-
AuNPs, the nuclear translocation was not observed (Fig. 6B). Howev-
er, some studies have shown a possible nuclear translocation of Au
nanoparticles combined with the TAT-peptide (de la Fuente and Berry,
2005; Krpetic et al., 2011), but the strategy and the method of synthesis
of nanoparticles as well as the cell type tested are different. Krpeti¢ and
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colleagues showed that the nuclear accumulation of AuNPs is not
detectable after 24 h (Krpetic et al., 2011), and this paper could explain
the no nuclear detection of BIOT-TAT-PEG-AuNPs after the GBM cell
treatment for 24 h. The time-incubation seems to be an important
parameter to visualize gold nanoparticles in the nucleus. We tried
increasing the treatment time, but all the cells died, and it was impos-
sible to perform TEM analysis.

We showed similar morphology for BIOT-NFL-PEG-AuNPs in solu-
tion (Fig. 2B) or in cells (Fig. 7B). But we observed a change in
morphology in solution compared to cells for BIOT-TAT-PEG-AuNPs
(Fig. 1C and 7C), and for BIOT-Vim-PEG-AuNPs (Fig. 1D and 7D). This
change in morphology of gold particles is a process that has already been
observed. Indeed, a team has shown the biotransformation of gold
particles in primary human fibroblasts. This study highlighted the
degradation of gold particles in lysosomes as well as a phenomenon of
recrystallization and self-assembly of their degradation products (Bal-
fourier et al., 2020). We may be in the presence of the same intracellular
phenomenon with BIOT-TAT/Vim-PEG-AuNPs in GBM cells. To confirm

International Journal of Pharmaceutics: X 4 (2022) 100129

Fig. 6. Transmission electron microscope
images illustrating the internalization of
gold nanoparticles (PEG-AuNPs) alone,
coupled with the BIOT-TAT-peptide (BIOT-
TAT-PEG-AuNPs), or with the BIOT-Vim-
peptide (BIOT-Vim-PEG-AuNPs) in rat glio-
blastoma cells. F98 cells were treated with
nanoparticles at 250 pmol/L for 24 h. Cells
were observed with a TEM. (A) F98 cells
treated with PEG-AuNPs, (B) F98 cells
treated with BIOT-TAT-PEG-AuNPs, and (C)
F98 cells treated with BIOT-Vim-PEG-
AuNPs. N for nucleus and V for vacuoles.
Scale bars (at left): 2 pm. Scale bars (at
right): 50 nm. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

this, it would be necessary to carry out transcriptomic analyzes to detect
the gold particles as well as their degradation products.

5. Conclusion

This work demonstrates and confirms the possibility of synthesizing
new multifunctional nanovectors composed of BIOT-CPP-peptides, and
PEG-AuNPs. Three BIOT-CPP-peptides were used and tested on rat
glioblastoma cells. For all BIOT-CPP-PEG-AuNPs, we demonstrated their
better cellular internalization when combined to CPP-peptides, their
intra-organelle localization, and their impact on mitochondrial activity.
This system can be used with other cell penetrating peptides to target
other cell types. It also offers interesting opportunities in the cancer
therapeutic treatment, and other possible diseases. To summarize the
promising prospects in the theranostic field, we can cite the property of
targeting certain cells according to the peptide used, the intra-organelle
localization of gold particles thanks to electron microscopy, the devel-
opment of thermoplasmonic properties linked to gold particles and the
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Fig. 7. Biological TEM images showing the morphology of PEG-AuNPs alone and combined with BIOT-CPP-peptides after F98 cells treatment. FO8 cells were treated
with 500 pmol/L of PEG-AuNPs (A), or of BIOT-NFL-PEG-AuNPs (B) for 72 h. F98 cells were treated with 250 pmol/L of BIOT-TAT-PEG-AuNPs (C), or of BIOT-Vim-

PEG-AuNPs (D) for 24 h. Scale bars: 50 nm.
stealth provided by the PEG.
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