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ABSTRACT: Cancer remains one of the most important challenges in biomedical sciences. Chemotherapeutic agents are very
potent molecules that exhibit a significant level of toxicity in numerous tissues of the body, particularly in those characterized by
high proliferative activity, such as the bone marrow. The scenario is even more complex in the case of the central nervous
system, and in particular brain tumors, where the blood brain barrier limits the efficacy of drug therapies. Integrins,
transmembrane proteins widely expressed in different types of cancer (glioblastoma, melanoma, and breast cancer), regulate the
angiogenic process and play a pivotal role in tumor growth and invasion. Here, we report a nanotechnology strategy based on
the use of AuNPs decorated with an arginine—glycine—aspartic acid-like peptide for the diagnosis and treatment of cancer. Two
hours after administration in mice, the accumulation of the peptide-decorated NPs in the subcutaneous tumor was ~4-fold
higher than that of uncoated particles and ~1.4-fold higher than that of PEGylated particles. Also, in the case of the intracranial
tumor model, interesting results were obtained. Indeed, 2 h after administration, the amount of peptide-decorated particles in
the brain was 1.5-fold that of undecorated particles and S-fold that of PEGylated particles. In conclusion, this preliminary study

demonstrates the high potential of this carrier developed for diagnostic and therapeutic applications.

KEYWORDS: RGD-like peptide, avp3 integrin, melanoma, glioblastoma, nanomedicine

B INTRODUCTION

Cancer is one of the leading causes of death worldwide,
accounting for 8.8 million deaths in 2015." Even though
promising results have been obtained over the past decades, it
remains one of the most difficult challenges in biomedical
science. Two significant limitations of traditional chemo-
therapy are its grave side effects and the ability of cancerous
cells to develop drug resistance.” Indeed, drugs used in
chemotherapy are very potent and exhibit significant toxicity in
numerous tissues of the body, particularly in those
characterized by high proliferative activity, such as the bone
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marrow.” Given their low selectivity, these drugs are
administered at high doses, resulting in toxic effects that
often make it necessary to decrease the dose or stop the
therapy.” The scenario is even worst in the case of central
nervous system cancers, especially brain tumors, because the

blood brain barrier (BBB), which ensures brain homeostasis
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Scheme 1. Solution-Phase Synthesis of Pentapeptide Fmoc-Gly-Arg(Pbf)-Gly-fAsp(OtBu)-Gly-NH, 4a“
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“DEA= diethylamine; Pbf= 2,2,4,6,7-pentamethyldihydrobenzo-furan-S-sulfonyl.

and restricts the passage of xenobiotics into the brain
parenchyma, limits the access of anticancer drugs.” During
the last two decades, researchers have developed new cancer
treatments to overcome these challenges. Research has been
focused on the discovery of novel molecular targets and the
development of new chemotherapeutic agents and drug-
delivery systems that are able to improve the accumulation
of anticancer drugs at the tumor site.

Targeting the tumor vasculature is a good strategy that
allows treatment of a wide range of tumors.” Because many
different molecules are involved in angiogenesis, there are
many potential targets for cancer treatment. According to
Professor Judah Folkman, to obtain a more selective and
effective cancer therapy, it is very important to target both
cancer and endothelial cells.”

Integrins are transmembrane proteins characterized by 18 a
subunits and 8 f subunits that give rise to 24 different
receptors. Each subunit is characterized by three domains: a
large extracellular domain involved in extracellular matrix
protein binding, a single transmembrane domain, and a small
cytoplasmic domain.” Integrins have no intrinsic enzymatic
activity but activate after binding to extracellular ligands,
clustering on the cell surface and undergoing conformational
changes, which propagate across the membrane to the
activated cytoplasmic kinase and cytoskeletal signaling
cascades.””

Integrin signaling regulates diverse functions in tumor cells,
including migration, invasion, proliferation, and survival. 10
Indeed, they are overexpressed in cells of invasive tumors, such
as malignant glioma, melanoma, and breast cancer. Integrins
also regulate the angiogenic process, playing a pivotal role in
tumor growth and invasion. avf3 integrins recognize the
tripeptide sequence arginine—glycine—aspartic acid (RGD)
present in many extracellular matrix proteins, such as
fibronectin."'

In recent years, great progress has been made toward
targeting integrins in cancer. Different integrin antagonists
have proven to be effective in preclinical and clinical studies,
and several peptidomimetic compounds, capable of blocking
cell adhesion mediated by RGD, have been synthesized and
tested.'” One example is the conjugation of doxorubicin with
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an RGD-like peptide (Doxo-RGD), a formulation that has the
same effect of free doxorubicin in vitro but showed greater
tumor growth inhibition and a decrease in the size of
metastases in mice in vivo. Doxo-RGD also appeared to be
less toxic for the liver and heart than free doxorubicin."

In this work, we report a nanotechnology approach based on
the use of gold nanoparticles (AuNPs) decorated with an
RGD-like pentapeptide for the diagnosis and treatment of
cancer. This targeting moiety was selected for particle
decoration because of its ability to recognize the avf33 integrin.

B EXPERIMENTAL SECTION

Materials. O-[2-(3-Mercaptopropionylamino)ethyl]-O-
methylpolyethylene glycol (MeO-PEG-SH) (M,, ~ 2000 Da)
was obtained from Sigma-Aldrich (Milan, Italy). Sodium azide,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and albumin were bought from Sigma-Aldrich
(Brussels, Belgium). Rhodamine B polyethylene glycol thiol
(RB-PEG-SH) was purchased from Nanocs Tebu-bio (Boech-
out, Belgium). Phosphate-buffered saline (PBS), ethylene
diamine tetra acetic acid (EDTA), trypsin EDTA, glutamine,
penicillin, streptomycin, gentamicin, fetal bovine serum (FBS),
Roswell Park Memorial Institute (RPMI) medium, minimum
essential medium (MEM), and Alexa fluor 488 goat anti-rabbit
IgG (500 uL at 2 pg/pL) were obtained from Life
Technologies (Merelbeke, Belgium), whereas formaldehyde
was purchased from VWR (Leuven, Belgium). Rabbit anti-
mouse avf33 polyclonal antibody (100 uL at 1 pug/uL) was
bought from Bioss (Huissen, The Netherlands). Ketamine and
pentobarbital were obtained from Ceva (Brussels, Belgium),
whereas xylazine was purchased from Prodivet Pharmaceuticals
(Eynatten, Belgium). Nitric acid (HNO;) and hydrochloric
acid (HCI) were purchased from J. T. Baker (Milan, Italy).
Ultrapure water was obtained from Milli-Q system (Millipore,
Brussels, Belgium).

Peptide Design and Optimization. GRGDG-NH, and
GRGDS were sketched and then submitted to a conforma-
tional search procedure in an implicit water solvent. The
obtained conformational sets were used for two tasks: (i) to
estimate probabilities of each conformer from the potential
energies, assuming a Boltzmann distribution, and (ii) as input
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conformations for the docking studies that used the crystal
structure of integrin avf33 in complex with a cyclic RGD-like
peptide (c(RGD—PDB ID: 1LSG) as target structure. Docking
poses of the two peptides were selected on the basis of their
predicted AGy,ging The top-ranking GRGDG-NH,/avfi3
integrin complex was subjected to a 10 ns-long molecular
dynamics simulation to analyze the ligand/protein interaction.
Additional details on the peptide design are reported in the
Supporting Information.

Peptide Synthesis. A linear approach was selected for the
preparation of gram quantity of the required pentapeptide 4a
(Scheme 1) using the Fmoc/tBu strategy together with
preactivation of the carboxylic acid function as the acyl-
imidazole derivative. Under these experimental conditions, the
solution-phase chemical synthesis of pentapeptide 4a occurred
without detectable epimerization with a global yield of 18%
starting from Fmoc-Asp(OtBu-OH) and with a low production
cost. The use of Fmoc-L-amino acid selenoester derivatives of
aspartate and glycine, as described by Temperini et al,'* for
the preparation of dipeptide 1a and tripeptide 2a improved the
global yield up to 30%. Unfortunately, this method was not
applicable to the labile Pbf side chain of arginine. Additional
details on the synthetic strategy are reported in the Supporting
Information.

Nanoparticle Synthesis and Characterization. AuNPs
were prepared using the Turkevich method: 20 mL of an
aqueous solution of HAuCl, (0.25 mM) was heated to the
boiling point under magnetic stirring. Then, the heat source
was removed, and 1 mL of an aqueous solution of sodium
citrate (1% w/v) was added to HAuCl, solution to reduce Au**
to Au’.

Particle morphology was characterized through transmission
electron microscopy (TEM). The samples for TEM analysis
were prepared by dropping 10 uL of the AuNP suspension on
the surface of a 200 mesh Formvar-coated copper grid (TAAB
Laboratories Equipment Ltd., Aldermaston, England), and the
external phase of the suspension was evaporated overnight.
TEM photomicrographs were elaborated using two different
software: Image] and MatLab. Image] is a Java-based open
source software developed at the National Institutes of
Health,"> whereas MatLab is a numerical computing environ-
ment characterized by high programming language (the
MatLab script employed can be found in the Supporting
Information).'® In the image analysis, the particle size was
expressed as mean projected area diameter (DP). Dynamic
light scattering (DLS) was used to characterize the AuNPs in
terms of size (mean hydrodynamic diameter, MHD) and
stability. A Nicomp 380 autocorrelator (PSS Inc, Santa
Barbara, CA, USA) equipped with a Coherent Innova 70-3
(Laser Innovation, Moorpark, CA, USA) argon ion laser was
used for DLS measurements. The analyses were performed in
triplicate at 20 °C for 15 min. The particle size was expressed
as MHD =+ standard deviation.

Nanoparticle PEGylation. Before preparing PEG-AuNPs,
preliminary studies were performed to determine the adequate
amount of HS-PEG-OMe (average molecular weight of 2 kDa,
molecular weight distribution < 1.1, Sigma-Aldrich, Milan,
Italy) that was able to saturate the AuNP surface. Increasing
amounts of MeO-PEG-SH were incubated for 24 h at 25 °C
with the AuNP suspension. The mixtures were then
centrifuged at 8000g for 1 h at 25 °C and washed three
times; the supernatants were analyzed to quantify the amount
of PEG not bound on the particle surface using the Ellman
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assay.'’~"” The Ellman assay was carried out to quantify the
sulfhydryl groups not bound to the AuNP surface because of
the ability of $,5'-dithio-bis-(2-nitrobenzoic acid) (Ellman’s
reagent), also known as DTNB, to oxidize the thiol group,
producing a mixed disulfide and 2-nitro-S-thiobenzoic acid
(TNB). The concentration of sulthydryl groups (c) was
calculated using the Beer—Lambert law (¢ = A/be), where ¢,
the molar extinction coefficient of TNB, is equal to 14.150 M
cm™'.*° Data obtained using this assay were expressed as the
number of molecules of HS-PEG-OMe per nm’ (PEG/
nmz).ﬂ’22 To calculate the number of NPs/mL of suspension,
the following equation was used

pg of Au
pv

Number of AuNPs =

where the ug of Au was determined using the inductively
coupled plasma optical emission spectroscopy (ICP-OES)
analysis (Varian Liberty Series II, Agilent Technologies, Milan,
Italy).”” The 242.795 nm emission line of Au was selected for
the analysis, and each sample was analyzed in triplicate. A
calibration curve was prepared in the concentration range of
0.5—15 ppm. V is the volume of one nanoparticle (NP),
calculated considering a spherical shape particle with a size
corresponding to the DP, and p is the density of gold. To
calculate PEG/nm?, expressing the density of PEG on the
surface, the following equation was used

PEG on AuNP surface/number of AuNPs
AuNP surface
where PEG on the AuNP surface is the total number of PEG
molecules bound to the particle surface.
To determine the PEG chain conformation on the AuNP

surface, Ry (Flory radius) was calculated using the following
equation

PEG/nm? =

Ry = a-N*/°

where a is the monomer size (0.35 nm) and N is the number
of monomers (44 monomers in the case of 2 kDa PEG); d, the
distance between the anchorage site of two adjacent PEG
chains, was calculated using the following equation'”****

Py L S
(PEG/nm?)-7

NP Decoration with the Peptide Moiety. An amino
group of Fmoc-Gly-Arg(Pbf)-Gly-Asp(OtBu)-Gly-NH, (1
mmol) was deprotected using S mL of diethanolamine in 2
mL of CH;CN. The reaction mixture was maintained under
magnetic stirring for 4 h at room temperature. The course of
the reaction was monitored by thin-layer chromatography
(TLC) (CH,Cl,/MeOH 85/15 v/v). The solution was then
evaporated under reduced pressure, and the residue was
washed with petroleum ether to remove dibenzofulvene. Gly-
Arg(Pbf)-Gly-Asp(OtBu)-Gly-NH, pentapeptide (0.005
mmol) was bound to HS-PEG-COOH (0.01 mmol) (average
molecular weight of 2.1 kDa, molecular weight distribution <
1.2, Sigma-Aldrich, Milan, Italy) using OxymaPure (0.01
mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(0.01 mmol) as a coupling agent.”*° The reaction mixture
was stirred under an argon atmosphere overnight. The course
of the reaction was monitored by TLC (CH,Cl,/MeOH 85/
15 v/v). The reaction mixture was then dried under reduced
pressure. The residue was reacted with 2 mL of a mixture made
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of H,O/trifluoroacetic acid (TFA)/triethylsilane (2.5/95/2.5
v/v/v) to eliminate the orthogonal protecting group (tBu and
Pbf) of Asp and Arg.”” The residue obtained was washed with
diethyl ether, dried under reduced pressure, and then
incubated with 2 mL of AuNPs at 25 °C for 24 h, after
which the suspension was incubated with 20 mg of HS-PEG-
OMe to obtain stealth particles.

To demonstrate the peptide deprotection and the successful
particle decoration, the AuNPs were incubated with protected
and deprotected PEGylated GRGDG-NH, and then charac-
terized by ultraviolet—visible (UV—vis) spectroscopy using an
Agilent 8453 spectrophotometer (Agilent, Waldbronn, Ger-
many). UV—vis analyses were performed using the AuNP
suspension as a blank to allow the detection of the
characteristic adsorption peaks of Pbf, in the case of the
protected peptide-functionalizing AuNPs.

To confirm the functionalization of NPs, RGD-AuNPs were
characterized by Fourier-transform infrared (FT-IR) spectros-
copy using a Jasco model 410 spectrometer equipped with a
diffuse reflectance accessory (Jasco Europe stl, Lecco, Italy).
The suspension (2 mL) was centrifuged to eliminate the
byproduct of the coupling reaction and PEG not bound to the
particle surface. The pellet was washed three times with water
and then resuspended in water (2 mL). The suspension
obtained was frozen and then freeze-dried. The sample for FT-
IR analysis was prepared by adding KBr to the freeze-dried
suspension. FT-IR spectra were recorded for pentapeptide,
freeze-dried PEG-AuNPs, and freeze-dried RGD-AuNPs.

To calculate the peptide grafting density (number of
GRGDG-NH, molecules per nm* RGD/nm?), the ninhydrin
assay was employed. The RGD-AuNP suspension (5 mL) was
incubated with 5 mL of 12 M HCI at 100 °C for 24 h to
hydrolyze the peptide bond. The mixture was then evaporated
under reduced pressure, and the residue was solubilized in 500
UL of water. The ninhydrin reagent was solubilized in EtOH
(25 mg/mL), and 500 uL of the ninhydrin solution was added
to 500 uL of the sample solution. The mixture was allowed to
react at 80 °C for 1 h before reading the absorbance at 570 nm.
The calibration curve was prepared using a mixture of Gly/
Asp/Arg (3:1:1) in the concentration range of 0.6—5 uM of
total amino acid (+* = 0.997).

Fluorescent NPs. Fluorescent NPs were prepared to
perform the in vitro analyses. NP suspensions were prepared
as described above but with the addition of RB-PEG-SH (1
mg/mL of NP suspension) before the incubation at 25 °C for
24 h. The evaluation of RB-PEG-SH bound on the particle
surface was determined indirectly after centrifugation of
suspension at 8000g and quantification of RB-PEG-SH present
in the supernatant using UV—vis analysis at 4 of 558 nm.
Additional information on fluorescent NPs is reported in the
Supporting Information.

Cell Lines and Culture. Murine melanoma B16F10
(ATCC CRL-6475), murine gliosarcoma 9L (ATCC CRL-
2926), and human glioblastoma U87 (ATCC HTB-14) cell
lines were obtained from the American Type Culture
Collection (ATCC, Rockville, USA). B1I6F10 and 9L cell
lines were cultured in RPMI medium supplemented with 10%
(v/v) FBS, while U87 cells were cultured using MEM
supplemented with 5% (v/v) FBS. All media were
supplemented with 0.6 mg/mL glutamine, 200 IU/mL
penicillin, 200 IU/mL streptomycin, and 0.1 mg/mL
gentamicin. All cell lines were maintained in 25 cm” flasks
containing 5 mL of medium and incubated at 37 °C and 5%
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CO,. B16F10 and 9L cells were split every 3 days when they
reached 80% confluency, whereas U87 cells were split every 6
days when they reached the same confluency. Before
performing the in vitro analyses, the cells were examined for
mycoplasma using the Plasmo test TM (invivGen, USA) to
assure the absence of mycoplasma contamination.

Evaluation of avf3 Integrin Expression in B16F10,
U87, and 9L Cell Lines. Cells (1 X 10°) were detached using
EDTA (10 mM in PBS) and fixed in 2% formaldehyde PBS
solution for 30 min at room temperature and centrifuged at
200g (S min). The supernatant was discarded, and the pellet
was suspended in 1 mL of wash buffer (PBS containing 5%
FBS and 0.1% sodium azide).”® After 30 min of incubation at
37 °C and 5% CO,, 100 uL of the anti-avf3 integrin antibody
(1:40 dilution in wash buffer) was added to the cell
suspension, whereas 100 yL of the wash buffer was added to
the negative control. The cell suspensions were then incubated
at room temperature for 1 h and centrifuged; the supernatant
was discarded, and the pellet was washed two times with the
wash buffer. Alexa fluor 488 secondary antibody (100 uL;
1:400 dilution) was added, and the cells were incubated for 45
min at 37 °C and 5% CO,. After the incubation, the samples
were centrifuged, and the pellets were washed three times with
PBS and suspended in 600 uL of PBS before performing the
flow cytometry analyses using a Beckman Coulter FACS (Cell
Lab Quanta) cytometer. To evaluate the integrin expression,
the fluorescence levels were compared to three different
controls: negative control, control containing the primary
antibody alone, and control incubated with the fluorescent
secondary antibody alone. Each formulation and control was
analyzed in duplicate.

In Vitro Evaluation of Antiproliferative Activity. This
assay, based on the reduction of MTT (yellow) to purple
formazan in the mitochondria of living cells, is performed to
evaluate cell proliferation by calculating the half maximal
inhibitory concentration (IC50), which is the concentration of
the compound that decreases the number of living cells by 50%
after exposure to the compound. The number of living cells
was determined after 72 h of culture in the presence of
different formulations. The cells (5000 B16F10 cells/mL, 50
000 9L cells/mL and 25 000 U87 cells/mL) were seeded in a
96 well-plate (100 uL/well) and incubated at 37 °C and 5%
CO, for 24 h before adding the following treatments at
different concentrations: AuNPs, PEG-AuNPs, RGD-AuNPs
(fluorescent and nonfluorescent), MeO-PEG-SH, and
GRGDG-NH,. NPs were employed in a concentration range
between 0.1 and 50 ug/mL of gold;”” MeO-PEG-SH was
employed in a range of 0.0086 and 4.3 mg/mL, whereas
GRGDG-NH, was tested in a concentration range between
1.08 and 540 ug/mL, the same concentrations contained in the
NP suspension. After 72 h of incubation at 37 °C and 5% CO,,
the medium was replaced by the MTT solution (0.5 mg/mL,
in medium without phenol red) for an additional 3 h. Then,
the plates were centrifuged, the supernatants were discarded,
and dimethyl sulfoxide (100 uL/well) was added to the well
plates to dissolve formazan crystals for the absorbance
measurement at 570 nm (with a reference of 630 nm). The
experiments were performed in replicates of six.

Evaluation and Quantification of AuNP Uptake in
B16F10. Flow Cytometry Analyses. BI6F10 cells (1 x 10°
cells/mL) were seeded in a 6-well plate (2 mL/well) and
incubated for 24 h at 37 °C and 5% CO, before adding the
fluorescent and nonfluorescent AuNP formulations (25 yg/mL

DOI: 10.1021/acs.molpharmaceut.9b00047
Mol. Pharmaceutics 2019, 16, 2430—2444


http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00047/suppl_file/mp9b00047_si_001.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.9b00047

Molecular Pharmaceutics

of gold). After 10 min, 30 min, 2 h, and 8 h of incubation, the
cells were detached using trypsin—EDTA, centrifuged at 200g
(5 min), washed three times with PBS, and suspended in 400
uL of PBS for flow cytometry analysis with Cell Lab Quanta.
The assay was performed in triplicate.

Competition Assay. Cells (1 X 10° BI6F10 cells/mL) were
seeded in a 6-well plate (2 mL/well) and incubated for 24 h at
37 °C and 5% CO,. The medium was removed, and then the
cells were preincubated for 25 min with the anti-avf3 integrin
antibody (diluted 1:40 in FBS free medium) and washed three
times with PBS before adding the three fluorescent AuNP
formulations at a concentration of 25 ug/mL of gold for 2 h.
Next, the cells were detached using trypsin—EDTA, and the
pellets were washed three times using PBS and suspended in
400 uL of PBS for the flow cytometry analyses.”” The assay
was performed in triplicate.

Fluorescent Microscopy. Coverslips were transferred into
six individual wells of a 6-well plate before adding the B16F10
cells. Cells were then seeded in a 6-well plate and incubated for
24 h at 37 °C and 5% CO,. The fluorescent NP formulations
containing 25 ug/mL of gold were added. After 10 min, 30
min, 2 h, and 8 h of incubation, the cells were washed using
PBS, and the coverslips were placed over the glass slides before
performing the fluorescence microscopy analyses (fluorescence
microscope, Zeiss) using the following parameters: fluorescent
channel: red (Alexa 494); exposure time: 48 ms; magnifica-
tion: 40X. Three images per condition were taken. The assay
was performed in duplicate.

TEM. B16F10 cells were seeded in a 6-well plate and
incubated for 24 h at 37 °C and 5% CO, before adding the NP
formulations containing 25 pg/mL of gold. After 2 h of
incubation, the medium was discarded, and the cells were
detached using trypsin (and then neutralized using complete
medium), centrifuged at 200g (S min), washed using PBS, and
fixed in formaldehyde (4% w/v in PBS) and glutaraldehyde
(1% w/v in PBS). The cells were then centrifuged, the
supernatant was discarded, and the pellets were dehydrated
using EtOH and treated with propylene oxide. Cells were
embedded in Epon-Araldite resin, and resin slices were
obtained using Microtome (Reichert-Jung Ultracut E micro-
tome, Leica Microsystem Spa, Milan, Italy) before performing
TEM (Philips EM 400T microscope, Eindhoven, Holland)
analyses.”!

B16F10 Network Assay. Inhibition of B16F10 Network
Formation. Matrigel (BD Pharmingen) (150 pL/well) was put
into a 24-well plate and incubated at 37 °C and 5% CO, to
promote the gel formation. BI6F10 cells (1 X 10° cells/well)
were then seeded in the presence or absence of formulations
(or the anti-avfi3 integrin antibody). Five pictures per well
(three wells per experimental condition) were taken at
different time points (16, 24, and 48 h) to investigate the
network formation.”> NP suspensions, all compounds, and
their relative concentrations are reported below:

AuNPs ([Au] = 40 ug/mL); PEG-AuNPs ([Au] = SO ug/
mL); RGD-AuNPs ([Au] = 20 ug/mL); RGD-AuNPs ([Au] =
10 ug/mL); GRGDG ([GRGDG-NH,] 340 pug/mL);
GRGDG ([GRGDG-NH,] = 108 ug/mL); anti-avf3 antibody
was added using a dilution of 1:100. The experiment was
performed in triplicate.

B16F10 Network Disruption. For the analysis of the
network disruption, similar procedures were conducted, but
the cells were seeded in the absence of treatment for 8 h to
allow the formation of the network. Then, fresh medium
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containing NP suspensions or control solutions was added to
the B16F10 network and incubated for another 24 h. Pictures
were taken at different time points (¢ = 0, 2, 4, 8, and 24 h).
NP formulations and control substances were used at the same
concentrations reported above. The experiment was performed
in triplicate.

Biodistribution in Tumor-Based Grafted B16F10
Cells. Experimental Animals. B6D2F1 mice (18—22 g
Charles Rivers, Arbresle, France) aged 4—6 weeks were used
for the in vivo experiments. The mice were maintained at 22 +
2 °C and 55 + 10% of relative humidity. They were subjected
to a 12 h/12 h light and darkness cycle and received food
(Carfil, Oud-Turnhout, Belgium) and water ad libitum. All
animal experiments were approved by the institutional ethics
committee (CEBEA-Commission d’Ethique du Bien-Etre
Animal, Université Libre de Bruxelles). The laboratory federal
agreement number is LA1230568.

Subcutaneous Graft. BI6F10 cells (2.5 X 10°) were
suspended in 200 uL of a mixture of Matrigel/FBS-free
RPMI (20:80, v/v) and inoculated subcutaneously in the left
flank of mice, previously anesthetized by intraperitoneal
injection of ketamine (112.5 mg/kg) and xylazine (1.5 mg/
kg).”> When the tumor reached a surface area of 150—200
mm?, 200 UL of suspensions containing AuNPs, PEG-AuNPs,
and RGD-AuNPs (gold concentration, SO ug/mL) were
administered through the tail vein. The mice (four mice/
time) were then sacrificed, using a lethal injection of
pentobarbital, 2 and 8 h after particle administration. The
blood was withdrawn by cardiac puncture, collected in
heparinized tubes, and centrifuged at 3000g for 15 min at 4
°C to obtain the plasma. Plasma was stored at —80 °C before
performing the gold quantification. Tumor, brain, kidney, lung,
liver, heart, and spleen were surgically removed and stored at
—80 °C until gold quantification.

Intracranial Graft. BI6F10 cells (1 X 10°) were suspended
in 50 puL of FBS-free RPMI medium and inoculated in the
brain parietal region of mice, previously anesthetized by
intraperitoneal injection of ketamine (112.5 mg/kg) and
xylazine (1.5 mg/kg). Five days after tumor injection, 200
UL of suspensions containing AuNPs, PEG-AuNPs, or RGD-
AuNPs (gold concentration, SO ug/mL) were administered
through the tail vein. The mice were sacrificed at the same time
points (five mice/time), following the same procedure
reported for subcutaneous graft. The plasma and organs were
collected and stored as in the previous sections.

Gold Extraction and Quantification. Tumor and organs
were weighted precisely and digested in 2 mL of aqua regia
(HCI/HNO;, 1/3 v/v). The mixture was sonicated for 1 h at
room temperature, and then aqua regia was added to reach a
final volume of 4 mL. Plasma was treated in the same way.”*
The solutions obtained were degassed overnight at room
temperature to remove chlorine gas and nitric oxide before
performing the ICP-OES analysis (Varian Liberty Series II,
Agilent Technologies, Milan, Italy). The ICP-OES analyses
were performed under the same experimental conditions
described above.

Statistical Analysis. Comparison of results from in vitro
analyses was carried out by one-way analysis of variance
(ANOVA), while in vivo results were evaluated using the
Kruskal—Wallis test because the Cochran’s ¢ test was
significant. All data were provided as mean plus or minus
standard deviation, and a p-value < 0.05 was considered
significant.
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B RESULTS

Molecular Modeling Studies. Integrins are particularly
interesting molecular targets exploited in cancer therapy
because of their overexpression in many tumors and their
involvement in the angiogenic process, which plays a pivotal
role in tumor growth and invasion.”>™ avf3 integrin has
been previously targeted by RGD-grafted PLGA-NPs loaded
with paclitaxel."” Considering the interesting data collected by
Danhier et al. (2009) and following the suggestions from
molecular modeling studies, we designed the GRGDG-NH,
pentapeptide to decorate AuNP for cancer theranostic
applications.

Using the crystal structure of avf3 integrin in complex with
the cRGD,” we built an in silico model of the 1ntegr1n in
complex with GRGDS employed in previous studies,*’ and we
estimated the AAGy;gi,; of compounds GRGDS and cRGD
(Table 1).

Table 1. Prime-Predicted AAG Values of avf3 Integrin
Binding to the Different RGD-like Peptide

ligand AAG” ligand strain”
cRGD 0 4.48
GRGDS +5.05 11.058
GRGDG-NH, +3.69 4.09

“Prime-predicted AAGy;,gi, (kcal/mol).
strain (kcal/mol).

bPrime-predicted ligand

It is worth noting that GRGDS showed a very high ligand
strain energy compared to cRGD, suggesting a suboptimal
interaction with the target integrin. Intrigued by the high
ligand strain of GRGDS, we investigated its conformational
behavior in solution, and we found that the influence of the
serine residue side chain could strongly stabilize the bio-
logically inactive tangled conformation. The global minimum
conformation of GRGDS (Figure 1A), whose conformer
probability in water was estimated to be higher than 0.8, shows
a network of polar interactions involving the serine hydroxyl
group and its terminal carboxyl, the terminal amino group of
the glycine residue, the backbone NHs of the arginine and
aspartate residues, the arginine guanidine group, and the
sidechain carboxyl of the aspartate residue.

Aiming at the minimization of the conformational energy
gap between the bioactive and this energy minimum
conformation, we thought to weaken these interactions
through removal of the serine side chain and amination of
the terminal carboxyl group to give GRGDG-NH,. This idea
was even endorsed by a potential gain in the exopeptidase
resistance through the amination of the terminal carboxyl.

GRGDG-NH, was submitted to the same calculations we
ran for the GRGDS, and an improvement of the predicted
AGyinding as well as a decrease in the ligand strain energy,
compared to GRGDS, were observed (Table 1). GRGDG-
NH, docks similarly to GRGDS and to the experimental
bound conformation of cRGD (Figure 1B).

Most of the peptide—protein interactions take place at the
arginine and aspartate side chains. Indeed, during a 10 ns-long
molecular dynamics (MD) simulation, the arginine group
directly interacts with GIn180 and Asp150 and with Asp218,
Tyr178, and Ala213 through the mediation of water molecules.
The carboxylate group strongly interacts with the Mn ion
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Figure 1. (A) Global minimum conformation of GRGDS, depicted in
sticks. Intramolecular polar interactions are shown as yellow dashed
lines. (B) Best docked models of GRGDG-NH, (yellow sticks and
balls) and GRGDS (white balls and sticks). Integrin residues are
depicted in green cartoons and sticks (av subunit) and in cyan
cartoons and sticks (3 subunit). cRGD bound conformation is
shown in transparent magenta sticks for reference. Coordination and
hydrogen bonds are shown in black and yellow dashes, respectively.
Manganese ion bound at the MIDAS is depicted as a purple sphere.
(C) Integrin avf3/GRGDG-NH, interaction diagram reporting
interactions with more than 0.2 occupancy during a 10 ns long MD
trajectory.

bound at the metal ion-dependent adhesion site (MIDAS) and
with Asn21$ and Tyr122 (Figure 1C).

Peptide Synthesis. The dipeptide Fmoc-Asp(OtBu)-Gly-
NH,, the starting point of the pentapeptide synthesis, was
synthesized by different procedures, and method D, the most
convenient one in terms of yield and purity, was chosen as a
base for the successive steps (Supporting Information).
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Figure 2. (A) Particle size immediately after preparation and over time; (B) TEM sample photograph of AuNPs; (C) TEM photograph of AuNPs
and (C’) particle size distribution obtained by DLS; (D) photograph elaborated using Image] and (D’) relative particle distribution; (E)
photograph elaboration using MatLab and (E’) relative particle size distribution.

The detailed total synthesis of the pentapeptide is reported
in Scheme 1. This synthesis was performed in liquid phase
using the Fmoc/tBu strategy. Fmoc was selected as the a-
amino protecting group because it is cleaved under mild basic
conditions and is stable under the acidic conditions needed for
side chain deprotection when using tBu and Pbf for aspartic
acid and arginine protection, respectively.

The possible arginine and/or aspartic acid racemization was
monitored by '*C nuclear magnetic resonance (NMR), which
allowed investigation of the presence of diasteroisomers with a
sensitivity of 2%. *C NMR spectra did not reveal the presence
of diasteroisomers in tetrapeptide 3a and pentapeptide 4a
(Scheme 1, Supporting Information).

High-performance liquid chromatography—high resolution
mass spectrometry had confirmed the purity of the protected
pentapeptide: the peak with a retention time of 6.591 min was
characterized by an exact mass of 990.43951 [M + H]* Da.
The calculated mass for C,gHgNgO,S is 989.43964 Da
(Supporting Information).

The liquid-phase synthesis made it possible to obtain the
final product in ~18% global yield starting from Fmoc-
Asp(OtBu)-OH with a low production cost. To increase the
yield of the total synthesis, dipeptide la and tripeptide 2a
(Scheme 1) were also synthesized in ~94 and ~89% yields,
respectively, using the Fmoc-L-amino acid selenoesters
derivatives as described by Temperini et al. (Supporting
Information).'* It was not possible to use the same strategy for
the tetrapeptide and pentapeptide syntheses because of the
lability of the Pbf arginine protecting group in the presence of
benzenselenol.

AuNP Synthesis and Characterization. The Turkevich
method allowed the preparation of NPs characterized by an
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MHD of 16 + 2 nm (Figure 2A) that appeared not perfectly
spherical under the electron microscopy observation (Figure
2B). Particles mean DP, determined from TEM images using
Image] or MatLab, were 15 + 3 and 16 + 2 nm, respectively
(Figure 2D",E’). Particle DP, determined from TEM images,
was slightly different from DLS measurements because DLS
estimates NP MHD, that is, the diameter of an equivalent rigid
sphere considering its hydration layer,"' whereas image
analysis estimates DP, defined as the diameter of a circle
having the same area of one particle without considering the
hydration layer."

As expected, the presence of PEG on AuNPs produced a
shift of the MHD from 16 to 35 nm, in accordance with the
report of Li and co-workers, which showed a growth of
PEGylated NP size with the increase of the grafting density.*
In addition, RGD-AuNPs were characterized by an MHD
around 37 nm (37.1 % 2.5 nm), not significantly different from
that of PEG-AuNPs (Figure 3A).

The ninhydrin assay allowed evaluation of peptide density
(number of GRGDG-NH, molecules per nm* RGD/nm?) on
the NP surface, obtaining a value of 0.64 RGD/nm?
(Supporting Information). From this data, a PEG/ligand
density ratio of 21.11 was calculated, and a simulation of the
comparative size of the bare AuNP, of the PEG coating, and of
the RGD functionalization layer is displayed in Figure 3B.

For better visualization, the model particle has been pictured
with the single PEG chains (small gray dots) and the RGD
molecules (large blue dots) exposed on the particle surface,
assuming a homogeneous distribution on the particle surface
(Figure 3C).

Evaluation of avp3 Integrin Expression in B16F10,
U87, and 9L Cell Lines. The expression of avf3 integrin in
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three different cancer cell lines (U87, B16F10, and 9L) was
evaluated by flow cytometry. BI6F10 and U87 expressed high
levels of avf3 integrin protein, with 54 and 81% of positive
stained cells, respectively.””*> On the contrary, 9L cells
expressed much lower levels of avf33 integrin (9% of positive
stained cells) (Figure 4).
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Figure 4. Fluorescence signals for the avf3 integrin expression in
B16F10, U87, and 9L cell lines.

In Vitro Antiproliferative Activity. The in vitro growth
inhibitory activity of the different NP formulations was
examined using the MTT colorimetric assay. The in vitro
concentration of each compound that induced a 50% reduction
of global cell growth (IC50) was identified (Table 2).*
Fluorescent and nonfluorescent AuNPs and PEG-AuNPs
showed similar ICS0 values when incubated with the three
different cell lines (Table 2), regardless of the differences in the
avf}3 integrin expression.47 On the contrary, fluorescent and
nonfluorescent RGD-AuNPs were characterized by the lowest
IC50 in U87 and B16F10, whereas these particles were 2-fold
less active on the 9L cell line.

The complete set of data of cell viability versus
concentration of the different formulations for U87, B16F10,
and 9L cell lines are reported in the Supporting Information.
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Table 2. ICS0 Values of Different Formulations on Three
Cell Lines

ICSO + S.D. (ug/mL)

sample B16F10 Us7 9L
AuNPs 40 +1 40 + 2 40 + 1
RB-AuNPs 40 + 2 40 + 1 40 + 3
PEG-AuNPs 4S +2 4S5 + 2 >50
RB-PEG-AulNPs >50 45+3 >50
RGD-AuNPs 20+1 20+ 2 40 + 2
RB-RGD-AuNPs 25+3 20+ 1 40 £ 3
GRGDG 340 + 12 270 + 8 432 + 15
OMe-PEG-SH >4300 >4300 >4300

NP Uptake Quantification and Mechanism. B16F10
was selected for further in vitro and in vivo characterizations
even though U87 expressed high levels of avf3 integrin
protein because B16F10 animal models were considered more
convenient (please see below).

The degree of NP cellular uptake and/or adsorption on
B16F10 cells was quantified by flow cytometry using
fluorescent AuNP formulations (Figure SA). B16F10 cells
were able to adsorb and/or internalize all tested formulations.
The differences between AuNPs and PEG-AuNPs were not
significant, whereas the fluorescent signal of cells treated with
RGD-AuNPs was higher than those of cells treated with the
other formulations (p < 0.001).

To ascertain whether the cell uptake of RGD-AuNPs is due
to integrin binding, a competition assay was performed. When
B16F10 cells were preincubated with anti-avf3 antibodies,
RGD-AuNP uptake was reduced, and the fluorescence signal
became almost equivalent to that of AuNP- and PEG-AuNP-
treated cells’® (Figure SB).

Images acquired by fluorescence microscopy confirmed the
data obtained by flow cytometry. Indeed, for each formulation,
with the increase in incubation time, there was an increase in
the cellular uptake. As shown in Figure 6A, the RGD-AuNPs
were more internalized by B16F10 than the other formulations
at each time point, but after 8 h of incubation, the RGD-AuNP
fluorescent signal was almost saturated.

Observing the fluorescent microscopy images, it seemed that
the particles were internalized into the cells, but to gain reliable
information on the NP location, TEM analyses were
performed, as the high electron density of gold makes it easy
to detect particles with this method. In fact, the TEM analysis
demonstrated that the NPs in the three different formulations
were internalized by the cells and not merely bound to the
surface (Figure 6B).

Effect of NPs on B16F10 Network Formation and
Disruption. When the B16F10 cell line is grown on Matrigel,
a complex protein mixture able to simulate the extracellular
matrix, it forms a characteristic network similarly to the way
human umbilical vein endothelial cells do. By studying how
compounds or NPs affect the network formation or disrupt it
upon formation, we can obtain information about their ability
to prevent or minimize the migration of cancerous cells and
thus to limit tumor invasion and angiogenesis."”

The formation of a network comparable to the control
(untreated B16F10) was observed when B16F10 cells were
treated with AuNPs and PEG-AuNPs (Figure 7A). On the
contrary, the anti-avf}3 integrin antibody (positive control),
GRGDG-NH, pentapeptide, and RGD-AuNPs drastically
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Figure 5. (A) Uptake of NPs by B16F10 cells investigated by flow cytometry analysis. Data are expressed as mean + SD (1 = 3); ***p < 0.001 by
one-way ANOVA. (B) Competition assay performed on the B16F10 cell line. Data are expressed as mean + SD (n = 3); ***p < 0.001 by one-way

ANOVA.

30 min

10 min 2h

Figure 6. (A) Fluorescence microscopy images, exposure time 48 ms
(first row of each panel), phase contrast microscopy images (second
row of each panel), and merge (third row of each panel) of
fluorescent AuNPs, PEG-AuNPs, and RGD-AuNPs at different time
points. Magnification 40X. (B) Transmission electron photomicro-
graphs of fluorescent AuNPs, PEG-AuNPs, and RGD-AuNPs
internalized into B16F10 cells after 2 h of incubation. Red arrows
indicate some of the NPs internalized.

decreased melanoma cell migration and inhibited the
formation of the network (Figure 7A).

In a different experimental setup, where the network was let
to form and the treatments added later on, it was possible to
assess the ability to destroy an already formed network. In this
specific case, AuNPs, PEG-AuNPs, and the anti-avf33 integrin
antibody were unable to damage B16F10 networks: at each
time point, differences with the negative control were
negligible. RGD-AuNPs and GRGDG-NH, at IC50 concen-
trations seemed able to destroy only the interconnecting
channels, whereas RGD-AuNPs and GRGDG-NH, at a
concentration lower than IC50 slowly destroyed the network,
with complete disruption after 24 h of incubation (Figure 7B).

In Vivo Biodistribution and Tumor Targeting. Given
the promising results obtained in vitro, GRGDG-NH,-

decorated AuNPs were tested in vivo in two different
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B16F10 tumor models, namely, subcutaneous and intracranial.
As the theranostic application of GRGDG-NH,-decorated
AuNPs in brain tumors would be extremely interesting, the
subcutaneous model was chosen for its reproducibility, easy
localization of the tumor, and tendency to metastasize in the
brain,* whereas the intracranial model was chosen to assess
the targeting ability to brain tumors.

In the subcutaneous graft model (Figure 8), AuNPs were
mainly detected in the liver and spleen, the main organs of the
reticuloendothelial system (RES), whereas the accumulation in
the tumor was negligible. Two hours after injection, AuNPs
had completely disappeared from the plasma, and 8 h after
administration, gold was detectable only in the liver and
spleen, the main RES organs (Figure 8). This behavior can be
attributed to the absence of PEG on the particle surfaces,
allowing fast opsonization and removal from the bloodstream.

PEG-AuNPs were also detected in the spleen but they were
characterized by a higher plasma half-life with still high
amounts of gold in the plasma 8 h after administration. PEG-
AuNPs reached the tumor site and accumulated in higher
amounts than the bare AuNPs as a consequence of their long
time in circulation and enhanced permeability and retention
effect (Figure 8).°07°*

Similar to PEG-AuNPs, RGD-AuNPs also showed a plasma
half-life higher than that of AuNPs, but their accumulations in
liver and spleen were significantly lower.

Their accumulation in the tumor was 1.2-fold higher than
that of PEG-AuNPs (*p < 0.05) and 3.7-fold higher (*p <
0.05) than that of AuNPs. It is interesting to note that 2 hours
after administration, RGD-AuNPs were detected in signifi-
cantly higher amounts in the lungs and brain. After 8 h, RGD-
AuNPs still persisted in the tumor site.

In the intracranial graft model (Figure 9), AuNPs
accumulated prevalently in the liver and spleen, whereas they
disappeared from the plasma 2 h after injection. As previously
explained, this trend may be attributed to the absence of PEG
on particle surfaces, which meant that opsonins were adsorbed
on the surface of AuNPs, which were then removed from the
bloodstream. Indeed, 8 h after AuNP administration, gold was
present only in the liver and spleen (Figure 9). These NPs
were also characterized by high accumulation levels in the
heart 2 h after administration, whereas PEG-AuNPs and RGD-
AuNPs did not exhibit the same trend (Figure 9).

PEG-AuNPs were characterized by higher levels of gold in
the plasma because of the presence of PEG on particle surfaces.
Also, 8 h after particle administration, high levels of gold were
found in the liver and spleen. RGD-AuNPs showed low
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Figure 7. (A) B16F10 network formation inhibition assay of different formulations (time point = 16 h). (B) B16F10 network disruption assay of

different formulations (time point = 24 h). Magnification 10X.

accumulation in the liver and spleen and showed accumulation
in the brain ~5-fold higher than that achieved by PEG-AuNPs
(*p < 0.05) and 1.5-fold higher than that of AuNPs (*p <
0.05), 2 h after administration. After 8 h, RGD-AuNPs
persisted in the brain, whereas the other two formulations were
undetectable (Figure 9B).

B DISCUSSION

Our data obtained by flow cytometry analyses are thus in
agreement with previous reports.””~>> The association of the
avf33 integrin expression with tumor neoangiogenesis has been
studied extensively in aggressive highly malignant tumors,*®
and avf3 integrins have been found overexpressed by a variety
of tumors, such as melanoma, glioma, multiple myeloma,
ovarian, renal, and breast cancers.’’ Interestingly, avf}3
integrins are also overexpressed in blood vessels in tumor
sites.”®

The RGD-AuNPs produced a substantial decrease of cell
growth over 72 h in cell lines characterized by high levels of
avf3 integrin, whereas the ICS0 and then the ability to
decrease the cell growth in 9L did not change with the RGD
surface modification (Table 2). For this reason, it can be
speculated that RGD-AuNPs have the highest effect because of
the presence of GRGDG-NH, on the particle surfaces.”” The
sole pentapeptide presented some antiproliferative effect on
B16F10 and U87, probably due to the avf3 integrin binding
and signal transduction (Table 2).°” The other component of
NPs, MeO-PEG-SH, when tested alone, led to a higher IC50
than the highest concentration tested, demonstrating its low
cytotoxicity.”' Because no differences between fluorescent and
nonfluorescent NPs were observed, it is possible to assert that
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RB-PEG-SH did not influence the interaction between
integrins and the NP targeting moiety.

Since the main aim of the present work was to evaluate the
ability of GRGDG—NH,-decorated NPs to target tumor cells
expressing avf33 integrin, the BI6F10 cell line was chosen for
further studies. In fact, even if U87 showed a higher expression
of avf33 integrin, B16F10, which is a melanoma cell line, tends
to metastasize to the brain, and the black color of the cell
clusters/tumor mass due to melanin production makes it easy
to identify the tumor.

It was expected that the presence of the polymer on the
PEG-AuNP surface would cause lower uptake of these particles
than of AuNPs because of the hydrophilic “cloud” that can
hinder the interaction with the cell membrane.®* Instead, we
observed a similar uptake of PEG-AuNPs and AuNPs (Figure
SA). This can be explained by the high adsorption of albumin
(present in the cell medium) on the AuNP surface.® Increased
protein adsorption keeps the particles in suspension longer,
and consequently, they are less in contact with cells.”*
Furthermore, albumin is negatively charged at a pH of 7.4,
and this negative charge could hinder the interaction between
particles and negatively charged cell membranes.”> Results
obtained by flow cytometry revealed that all particles were
effectively adsorbed and/or internalized, but the uptake
efficiency depended on the presence of GRGDG-NH,
pentapeptide on the particle surface (Figure SA). The
improvement in the uptake of peptide-decorated NPs by the
B16F10 cell line is in agreement with the cytotoxicity data
obtained by the MTT assay. This strongly supports that
adsorption/uptake is determined by avf3 integrin binding
mediated by the RGD sequence.’”®” RGD-like peptides have
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Figure 8. Quantitative biodistribution of intravenously injected NPs 2
h (A) and 8 h (B) after administration in mice grafted with the
subcutaneous tumor. Data are expressed as mean + SD; *p < 0.05,
**¥p < 0.01 by Kruskal—Wallis test.

the highest affinity for av/33 integrin, but they are able to bind
the avf3S and aSp1 integrins as well, which can contribute to
NP binding.ﬁg’é9

The three different NP formulations probably take
advantage of different pathways to gain access to the
cytoplasmic component. As it is known that protein adsorption
on the NP surface can mediate the uptake, it is reasonable to
think that AuNPs exploit receptor-mediated endocytosis
probably mediated by an albumin corona formed immediately
after contact with the cell culture medium.”””" It is more
difficult to speculate on the internalization mechanism of
PEGylated NPs (PEG-AuNPs) as the literature reports of
conflicting data and conclusions in this regard. Perhaps, the
most convincing proposal is for a mechanism of endocytosis
that is dependent on the size of the NPs.”” On the contrary, it
is reasonable to assume that RGD-AuNPs are principally
internalized via an energy-dependent process through receptor-
mediated endocytosis; this mechanism is confirmed by the
results of our competition assay, in which pretreatment with
the avfi3 inte%rin antibody reduced the uptake by about 60%
(Figure 5B).”” However, since the internalization was not
completely inhibited, additional pathways and/or the binding
with other integrins (avf3S and aSf1) probably contribute to
the uptake of RGD-AuNPs.

The inhibition of network formation at a lower concen-
tration can be reliably ascribed to the ability of GRGDG-NH,
to bind and block the avf3 integrin by acting as an integrin
antagonist’* blocking or decreasing cell migration and thus
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Figure 9. Quantitative biodistribution of intravenously injected NPs 2
h (A) and 8 h (B) after administration in mice grafted with the
intracranial tumor. Data are expressed as mean + SD; *p < 0.0S by
Kruskal—Wallis test.

network formation.”> Indeed, RGD-like peptides are able to
block the integrin binding site by competing with the RGD-
containing ligands (vibronectin, fibronectin).”® Network
destruction by RGD-AuNPs and GRGDG-NH, could be due
to the ability of small RGD-like peptides to act as potent
integrin antagonist compounds that can disrupt the avf3
integrin—ligand interactions.””

Overall, the results obtained in the in vitro experiments can
be explained by considering (i) the overexpression of avf3
integrin in the B16F10 cell line, (ii) the affinity of RGD-like
peptides for avf33 integrin, and (iii) the critical role of this
integrin isoform in cell migration and tumor growth.

In vivo biodistribution data have confirmed the ability of
RGD-AuNPs to accumulate at the tumor site. However,
differences in the biodistribution trend were observed.

When injected in animals with subcutaneous tumors, RGD-
AuNPs showed high accumulation in the lungs and brain
(Figure 8A). It may be speculated that part of this
accumulation was due to the presence of brain and lung
metastases. In fact, BI6F10 cells have been used to create lung
metastasis animal models (macroscopic metastasis with a
volume between 6 and 400 mm?®) that generally develop 10—
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15 days after the implant.”® In the case of the subcutaneous
graft, the time for macroscopic metastasis development is
generally longer than 10—15 days.””* For instance, 24 days
after tumor cell inoculation (tumor diameter of 15 mm), 165
metastatic nodules were found in the lungs.*!

In our experimental setup, macroscopic metastases were not
observed during organ collection, but the presence of
micrometastases cannot be excluded. In fact, it has been
demonstrated that iodobenzamides, the compounds used for
melanoma detection, accumulate in the lung and brain of
subcutaneous melanoma mouse models.®* For these reasons, it
is possible that RGD-AuNPs were able to accumulate in the
lungs and brain because of the presence of micrometastases in
these organs. In addition, the inflammatory event associated
with tumor and possibly micrometastases would have recruited
infiltrating cells, such as neutrophils.*”** Since avf33 integrins
are expressed on monocytes and neutrophils and leucocytes
are able to cross the BBB," it may be that RGD-AuNPs were
transported into the brain as a consequence of the
inflammation.**~**

The biodistribution data obtained from the intracranial
tumor models confirmed the hypothesis that RGD-AuNPs
brain accumulation is due to receptor-mediated endocytosis by
exploiting avf33 integrin receptors on the BBB. In addition to
the BBB crossing, another obstacle in the brain tumor therapy
is the “blood—brain tumor barrier” (BBTB) due to the
angiogenic processes associated with the tumor growth.*” Tt is
composed of three microvessel populations: continuous and
nonfenestrated capillaries, continuous and fenestrated capil-
laries, and leaky capillaries.”” The anatomy of this barrier
depends mainly on the grade of the brain tumor.”’ In a low
grade of glioma, the BBTB is predominantly composed of
continuous and nonfenestrated capillaries, whereas in a high
grade of glioma, it is mainly characterized by the presence of a
leaky vasculature.”’ According to the mosaic vessel theory, the
blood vessels surrounding the tumor are usually composed of
normal endothelial cells and tumor cells,” and integrins are
highly expressed on the BBTB.”” Considering the peculiar
anatomical characteristics of the BBTB, one way to overcome
it could be receptor-mediated transcytosis, for which RGD-
AuNPs may be particularly suited. Another factor that may
explain RGD-AuNP accumulation in the brain is the avf3
integrin overexpression in the tumor site itself; as demon-
strated by the in vitro study, the B16F10 cell line is
characterized by the overexpression of this receptor.

Finally, it is interesting to note the peculiar behavior of
AuNPs: (i) the brain accumulation was lower than RGD-
AuNPs but much higher than PEG-AuNPs and (ii) the organ
with the highest gold accumulation was the heart (Figure 9A).

It may be speculated that both behaviors are explained by
protein adsorption on the AuNP surface. In fact, the rapid
disappearance of AuNPs from the plasma and their
accumulation in the liver, spleen, and lungs is surely due to
the opsonization process. However, some of the adsorbed
proteins may act as a targeting moiety, allowing the targeting of
different organs. Brain accumulation could be due to the
adsorption of apolipoproteins E and Al on particle surfaces”™
enabling the adhesion and/or crossing of the BBB.”*~*°

AuNPs heart accumulation has been previously reported by
Schleh et al., demonstrating that the 18 nm AuNP has a higher
trophism for the heart than AuNPs of other sizes.”” In
addition, NPs characterized by a charged surface and by a {-
potential of about 130l mV can reach and accumulate in the

heart.”® However, the fact that the same accumulation was not
seen in the animal bearing subcutaneous tumors makes reliable
the hypothesis of a different protein corona surrounding the
particles. In fact, bare NPs are generally distributed in the body
as a function of the type and relative abundance of the proteins
(as well as other biomolecules) adsorbed on their surfaces.
Recent studies evidenced significant differences in the
circulating proteins (and then in the protein corona formed
around circulating NPs) of healthy and diseased animals™ or
in patients with different tumors."”*'"!

B CONCLUSIONS

avf3 integrin expression is prominent in different types of
cancer, such as melanoma and glioblastoma, and in vessels
formed during cancer development but not in normal vessels.
Integrins regulate the angiogenic process, playing a critical role
in tumor growth and invasion. For these reasons, they are an
extremely interesting biological target for cancer diagnosis and
therapy. RGD-AuNPs are able to bind this receptor with good
affinity and to be internalized in cells characterized by integrin
overexpression. All in vitro tests confirm that this formulation
is more potent and more internalized in cells than AuNPs and
PEG-AuNPs, supporting the idea that the presence of the
GRGDG-NH, pentapeptide on the particle surface is the
reason for its efficient particle uptake. Biodistribution studies
highlighted the ability of RGD-AuNPs to accumulate in the
brain and in subcutaneous tumors, possibly through active
targeting. It is important to highlight that bare AuNPs showed
biodistribution differences in the two tumor models. This
could be due to a different protein corona formed in vivo. The
capability of decorated AuNPs to reach tumor sites can be
attributed to three synergic mechanisms: first, overexpression
of avf3 integrin in tumor cells; second, angiogenesis and
integrin overexpression in tumor vessels and not in vessels of
the healthy tissue; and third, the inflammation process and
leucocyte recruitment. In conclusion, while ours is a
preliminary study and more in-depth characterization should
be performed, we have demonstrated the high potential of this
carrier for diagnostic and therapeutic applications.
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