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Nonpersistent Nanoarchitectures Enhance Concurrent
Chemoradiotherapy in an Immunocompetent Orthotopic

Model of HPV+ Head/Neck Carcinoma
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Agata Zamborlin, Nicolas Signolle, Olivia Bawa, Céline Clémenson, Lydia Meziani,
Paul Bergeron, Ismail EI-Azrak, Patrizia Sarogni, Enrico Mugnaioli, Noemi Giannini,
Giuliana Drava, Eric Deutsch, Fabiola Paiar,* Michele Mondini,* and Valerio Voliani*

Cisplatin chemoradiotherapy (CRT) is the established standard of care

for managing locally advanced human papillomavirus-positive

head/neck carcinoma. The typically young patients may suffer serious

and long-time side effects caused by the treatment, such as dysphagia,

and hearing loss. Thus, ensuring a satisfactory post-treatment quality of life
is paramount. One potential replacing approach to the classical CRT involves
the combination of standard-dose radiotherapy and radiosensitizers such

as noble metal nanoparticles (NPs). However, several concerns about size,
shape, and biocompatibility limit the translation of metal nanomaterials to the
clinical practice. Here, it is demonstrated that a new model of nonpersistent
gold nanoarchitectures containing cisplatin (NAs-Cluster-CisPt) generates,

in combination with radiotherapy, a significant in vivo tumor-reducing effect
compared to the standard CRT, achieving a complete tumor clearance in 25%
of the immunocompetent models that persist for 60 days. These findings,
together with the negligible amount of metals recognized in the excretory
organs, highlight that the concurrent administration of NAs-Cluster-CisPt and
radiotherapy has the potential to overcome some clinical limitations associated
to NP-based approaches while enhancing the treatment outcome with
respect to standard CRT. Overall, despite further mechanistic investigations
being essential, these data support the exploiting of nonpersistent
metal-nanomaterial-mediated approaches for oral cancer management.

1. Introduction

Among patients diagnosed with head and
neck squamous cell carcinoma (HNSCC),
a specific subgroup is characterized by
high-risk human papillomavirus (HPV)
infection. This subgroup exhibits distinct
epidemiological, clinical, and molecu-
lar features. Extensive retrospective and
prospective studies have consistently
demonstrated that patients with HPV-
positive HNSCC have significantly im-
proved survival outcomes compared to
HPV-negative.'?]  Moreover, the HPV+
HNSCC survivors are typically young, thus
ensuring a satisfactory post-treatment qual-
ity of life is paramount. Indeed, a notable
portion of these patients encounter serious
side effects from the treatment, such as
xerostomia, dysphagia, neck discomfort,
and hearing loss.’) Hence, it is crucial to
reduce the negative effects linked to the
established gold standard treatments.[*]

Despite numerous ongoing studies in-
vestigating de-escalation strategies for the
treatment of locally advanced HPV-positive
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HNSCC, cisplatin-based chemoradiotherapy (CRT) is still
the standard of care.>”) This highlights the existing gap in
specific therapeutic options for managing HPV-related tumors.
Nowadays, there are no alternative therapies that can effectively
enhance the therapeutic ratio for these tumors. This objective
can be achieved by integrating innovative approaches that en-
hance the therapeutic efficacy of radiotherapy while mitigating
the associated toxicity. A potential alternative approach involves
the combination of standard-dose radiotherapy with radiosensi-
tizers, thereby amplifying the effectiveness of radiation therapy
within tumor cells while minimizing damages to neighboring
healthy tissues.[®!

In this context, the progressive application of metal nanopar-
ticles (NPs) as radiosensitizers for the treatment of some
carcinoma emerges as a promising strategy in preclinical
exploration.’! Notably, upon exposure to ionizing radiation, NPs
intensify the radiation dose deposition within tumors owing to
their elevated atomic number. This phenomenon, together with
the increased accumulation of NPs in some neoplasms, results
in an enhanced DNA damages and eradication of tumor cells.!*"]

However, several concerns about the size, shape, and biocom-
patibility limit the translation of metal nanomaterials to the clin-
ical practice.['!! To address the issue of metal persistence, our re-
search team has developed a family of nanoarchitectures (NAs)
that demonstrated promising excretion trends by following in-
travenous or intranasal administration in animal models.[12-1415]
This is due to the peculiar structure of NAs, which consist of
polymeric aggregates of ultrasmall nanoparticles (USNPs) en-
capsulated within a biodegradable silica capsule of ~150 nm.[*2]
This design combines an optimal overall size for intracellular
uptake with useful optical properties and degradation kinetics,
making NAs nonpersistent versatile platforms for oncological
applications.['®!7] Nowadays, NAs have been preclinically inves-
tigated for their potential application in targeted drug delivery,
chemo-/photothermal therapy, photoacoustic/ultrasound imag-
ing, metastasis modulation, and as radiosensitizers.['®2% In the
latter, we evaluated the tumor growth delay in alternative in
vivo models of pancreatic ductal adenocarcinoma (PDAC) in a
chemoradiotherapy setting where ionizing radiation (IR) was ad-
ministered concurrently with NAs, either plain or loaded with a
cisplatin prodrug.'! Despite the promising results of NAs as cis-
platin delivery systems, the radiosensitizing effect associated to
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USNPs was limited. This can be attributed either to a nonoptimal
size of the USNPs or to a low gold content (% w/w) in NAs. On
the other hand, standard gold NAs have demonstrated compara-
ble effects to free cisplatin in CRT in alternative in vivo models
of HPV-negative HNSCCs.[?!]

In the present study, a novel type of NAs (NAs-Cluster-CisPt)
encapsulating gold clusters of about 1 nm (Au loading: 15% w/w)
and cisplatin has been designed, produced, characterized, and ex-
plored. Orthotopic HPV+ HNSCC immunocompetent murine
models have been employed to evaluate the effects of concur-
rent CRT mediated by NAs-Cluster-CisPt (and, as control, NAs-
Cluster), and the efficacy compared to the gold standard treat-
ment (i.e., cisplatin-mediated CRT). Our research confirmed the
superior effectiveness of multimodal treatments compared to
monomodal approaches and uncovered an interesting radiosen-
sitizing effect of NAs-Cluster-CisPt that resulted in a significant
tumor reduction compared to the standard strategies with a 60
days persistent tumor clearance in 25% of the models. These
findings hold particular importance in HPV+ oral cancer man-
agement as our approach overcomes the clinical limitations as-
sociated to metal-nanoparticle-mediated radiotherapy while en-
hancing the treatment outcome with respect to the gold standard
treatment, opening new horizons for the clinical employment of
nonpersistent inorganic nanomaterials.

2. Experimental Section

2.1. Synthesis of Nanoparticles
2.1.1. Synthesis of Gold Clusters

Ultrasmall gold cluster nanoparticles of 1 nm in diameter were
synthesized in a 50 mL plastic tube by first adding 200 pL of
freshly prepared 1-glutathione solution (GSH; aqueous solution,
100 mwm, Sigma-Aldrich) and 200 uL of tetrachloroauric acid;
(25 mwm, Alfa Aesar) to 20 mL of Milli-Q water. Then, 200 pL of
sodium borohydride; (211 mwm, Sigma-Aldrich) was added in a
single fast shot under vigorous stirring of the reaction mixture
(1200 rpm). The solution turned from milky white to pale yellow.
After a few minutes of rest, 8 pL of poly(sodium 4-styrene sul-
fonate) (PSS; 30% in water, 70 kDa, Sigma-Aldrich) was added.
The reaction mixture was set to mix on an orbital shaker at 70 rpm
for 10 min.

For CisPt-loaded cluster NPs (Cluster-CisPt), 2 mg of cisplatin
(cis-diamineplatinum(II) dichloride; Sigma-Aldrich) was added
before the addition of PSS by directly dissolving it in the reaction
mixture.

2.1.2. Synthesis of Cluster and Cluster-CisPt Polymeric Arrays

Polymeric arrays of Cluster (or Cluster-CisPt) were formed by
adding 175 pL of poly(ethylene imine) (PEIL; 50% w/w aqueous
solution, 5 ug mL~1, M, 1800, Sigma-Aldrich) to the reaction mix-
ture from Section 2.1.1 and then shaking for 30 min on an orbital
shaker (50 rpm). Polymeric arrays were gathered by centrifuga-
tion at 14 000 rpm for 4 min at room temperature, yielding a light
brown precipitate. The supernatant was discarded, and the arrays
were resuspended in 2 mL Milli-Q water by sonication.
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2.1.3. Synthesis of NAs-Cluster and NAs-Cluster-CisPt

A silica shell (20 nm thick) was grown around the polymeric ar-
rays according to a modified Stober reaction protocol. 40 uL of
tetraethyl orthosilicate (98%, Sigma-Aldrich) was added to 70 mL
of pure ethanol (EtOH; Sigma-Aldrich) and allowed to mix for 1
min at room temperature. Then, 2 mL of the Cluster (or Cluster-
CisPt) arrays from Section 2.1.2 was added. The new reaction
mixture was shaken for 5 min, and 2.4 mL of ammonia solution
(30% in water, Sigma-Aldrich) was added. The resulting mixture
was incubated under gentle shaking for further 3 h on an orbital
shaker at room temperature. NAs-Cluster (or NAs-Cluster-CisPt)
were retrieved by centrifuging for 30 min at 4000 rpm at room
temperature. A few washing steps were performed to remove any
unreacted reagent by precipitation (3 min, 14 000 rpm) and the
supernatant was replaced with fresh EtOH (1 mL). A short spin
(15 s) was useful to eliminate bigger particles. The final product
was stored in EtOH at —20 °C until use.

2.2. Nanoparticle Characterization
2.2.1. Transmission Electron Microscopy (TEM)

Transmission electron microscopy images were acquired either
with a Zeiss Libra 120 operating at 120 kV accelerating voltage
(NAs-Cluster), or with a JEOL JEM-F200 operating at a 200 kV
accelerating voltage (NAs-Cluster-CisPt). The samples were pre-
pared by dropping the ethanol suspension of NAs onto a 300-
mesh carbon-coated copper grid and letting to dry before TEM
acquisition. The images were processed with Image] to obtain
the diameter and shell thickness of at least 100 nanoparticles.

2.2.2. Scanning Transmission Electron Microscopy (STEM) and
Energy-Dispersive X-Ray (EDX) Spectroscopy

Scanning transmission electron microscopy images of both NAs-
Cluster and NAs-Cluster-CisPt were acquired with a JEOL JEM-
F200, working at 200 kV and equipped with a Schottky-field emis-
sion gun (FEG) source and high-counting silicon drift detector
(SDD). EDX maps were performed in scanning mode, with a
probe size of 4-6, and a counting time of 30 s (single EDX spot
analysis) or 3 min (EDX maps). Samples were prepared as in Sec-
tion 2.2.1. EDX spectra were acquired by using a region of interest
(ROI) size of 80 nm x 80 nm.

2.2.3. Dynamic Light Scattering (DLS) and Zeta Potential

Dynamic light scattering and zeta-potential measurements were
performed on a Malvern Zetasizer nano-ZS90 (Malvern Instru-
ments, Malvern, UK) with a scattering angle of 90°. Samples were
resuspended in 1 mL phosphate-buffered saline (PBS) 1 x (pH
7.4) and placed in quartz cuvettes for hydrodynamic diameter
measurements via DLS or in DTS 1070 standard capillary cells
for zeta-potential measurements. Values were the average result
of three consecutive measurements.

Adv. Mater. 2024, 36, 2400949

2400949 (3 of 11)

www.advmat.de

2.2.4. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
Analysis

The metal (Au, Pt) elemental content of NAs-Cluster and NAs-
Cluster-CisPt was evaluated via mass spectrometry on an Agi-
lent ICP-MS 7700 (Agilent Technologies, Santa Clara, CA, USA).
Aliquots of ethanol suspensions of NAs were placed in glass pres-
sure vessels and added with 200 pL of aqua regia, freshly pre-
pared by mixing hydrochloric acid (Trace Metal Grade, Thermo
Fisher Scientific) and nitric acid (HNO;; 65% Suprapur, Sigma-
Aldrich) in a 3:1 ratio. Samples were digested at 200 °C under mi-
crowave irradiation using CEM Discover SP-D (CEM, Matthews,
NC, USA) and then diluted in 3 mL of 3% HNO; solution. Quan-
tification was performed by analysis against standard calibration
curves (Au standard: 1000 ppm, Absolute Standards, Inc.; Pt stan-
dard: 1000 ppm, Absolute Standards, Inc.) using as internal stan-
dard a 10 ppm solution of Hg in 3% HNO, solution (10 000 ppm;
Sigma-Aldrich). Values were the average result of three consecu-
tive measurements.

2.2.5. Gold and Platinum Content Measurement

The ratio of gold and platinum content in NAs-Cluster and NAs-
Cluster-CisPt was assessed as % w/w on dried NAs. NA aliquots
containing 10 pg of Au were centrifuged at 14 000 rpm for 3 min
to withdraw ethanol. Several spins followed to remove as much
solvent as possible. NAs were then dried using SpeedVac Christ
Rotary Vacuum Concentrator (RVC) 2-18 CD plus at 250 rpm,
36 °C at 50 mbar for 8 h. After weighting, dried NAs were placed
in glass pressure vessels, added 200 uL aqua regia, and digested
as described in Section 2.2.4. ICP-MS analysis performed as in
Section 2.2.4 allowed to quantify the metal content in NAs, which
was used to calculate the percentage ratio of ug metal/ug NAs (%
w/wW).

2.2.6. UV-Vis Spectrometry

UV-vis spectra of gold clusters (prepared as described in Sec-
tion 2.1.1) and of gold USNPs (prepared as described elsewherell)
were measured with a Mettler Toledo UV5 Nano Spectropho-
tometer (Mettler Toledo, Columbus, OH, USA). 3 pL of reaction
mixture (medium: Milli-Q water) was dropped on the microvol-
ume platform of the instrument. Spectra were acquired with 120
s long measurements by scanning wavelengths between 200 and
1200 nm.

2.3. Cell Culture

The firefly luciferase-expressing tumor cell-1 (TC-1/Luc) tumor
cell line was produced through the infection of the TC-1 cell line,
a cancer cell line derived from immortalizing the primary lung
cells of C57BL/6 mice with HPV-16 E6 and E7 oncogenes, as
well as the human c-Ha-ras oncogene. TC-1/Luc cells were kindly
provided by Tzyy-Choou Wu (Johns Hopkins Medical Institu-
tions, Baltimore, MD, USA) in 2009. The cells were cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium supple-
mented with 10% fetal bovine serum (FBS), 1% sodium pyruvate,
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1% nonessential amino acids, 1% N-(2-hydroxyethyl)piperazine-
29-(2-ethane-sulfonic acid), and 1% penicillin/streptomycin. The
head and neck murine SCC VII cells were kindly provided
by Cornelia Brunner (Universititsklinik Ulm, Ulm, Germany)
and cultured in RPMI-1640 medium supplemented with 10%
FBS and 1% penicillin/streptomycin. Normal human dermal fi-
broblast (nHDF) cells were maintained in a complete growth
medium composed by a 1:1 mixture of Dulbecco’s modified Ea-
gle’s medium and Ham’s F12 medium supplemented with 10%
FBS, 4 mm r-glutamine, 1 mM sodium pyruvate, 100 U mL™!
penicillin, 100 mg mL™" streptomycin (Invitrogen), and 400 ng
mL™! hydrocortisone. Cells were maintained at 37 °C in a hu-
midified 5% CO, atmosphere.

2.4. Viability Assay

The viability assays were performed by using a water sol-
uble tetrazolium (WST) salt, 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium, and
monosodium salt assay. TC1/luc, SCC VII, or nHDF cells were
seeded in 96-well plate and cultured for 24 h to let the cells ad-
here. The cells were then incubated in the presence of cisplatin
or the nanoarchitectures at increasing concentration in medium
(100 uL) for 2 h at 37 °C. After incubation, the drug was removed,
and cells were washed twice with PBS and kept in fresh medium.
For each experimental time point, cells were incubated with 10%
WST reagent (10 uL) and 10% serum-containing medium (90 uL)
for 2 h. Absorbance (450 nm) was measured using a microplate
reader (Glomax Discovery, Promega, Madison, WI, USA). The
percentage/fraction of cell viability was determined by compar-
ing the drug-treated cells with the untreated cells (control, 100%
viability).

2.5. Clonogenic Assay

Cells were seeded in 6-well plates with growth medium at a den-
sity of 200 cells per well and incubated overnight. The follow-
ing day, cells were treated with different concentrations of NAs-
Cluster (25, 250, and 2500 ng mL™" of gold), NAs-Cluster-CisPt
(25, 250, and 2500 ng mL~! of gold), or free cisplatin at a dose
equivalent to the amount found in NAs-Cluster-Cisplatin (10,
100, and 1000 ng mL™" of cisplatin) and incubated for 2 h. Sub-
sequently, the cells were washed with fresh medium, incubated
for one week, and then fixed and stained with a 0.5% crystal vio-
let solution diluted in ethanol. Colonies consisting of more than
50 cells were counted. The survival fraction (SF) was determined
by dividing the plating efficiency (PE) of the treated cells by the
PE of the corresponding nontreated cells. PE was calculated by
dividing the number of colonies formed by the number of cells
seeded in the control dish.

In order to evaluate the radiosensitizer effect of the nanoarchi-
tectures, TC-1/Luc or SCC VII cells were cultured at a density
of 200 cells per well in 6-well plates and grown overnight. The
following day, cells were treated with NAs-Cluster, NAs-Cluster-
CisPt, and free-CisPt (6 ng mL™! of gold and 1.75 ng mL~! of cis-
platin) and incubated for 2 h. Then, the cells were washed and in-
cubated with medium. Radiation therapy (RT) treatment was ad-
ministered 24 h after the application of the nanoarchitectures or
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the free cisplatin. The cells were irradiated (X-rad 320 kV, 15 mA)
with doses of 0, 2, 4, or 8 Gy and maintained for 7 days before
staining with a 0.5% crystal violet solution. Survival curves were
generated by plotting clonogenic survival against radiation dose
and fitted to a linear-quadratic model. The radiosensitization en-
hancement ratio (ER50) for the drugs (NAs-Cluster-CisPt or free
cisplatin) at 50% survival was calculated as follows: ER50 = (dose
at 50% survival without the drug)/(dose at 50% survival with the
drug).

2.6. In Vivo Experiments

Female C57BL/6 mice (age 7 to 8 weeks) were purchased from
Janvier CERT and housed in the Gustave Roussy animal facil-
ity. All animal procedures were conducted in compliance with
protocols approved by the Ethical Committee CEEA 26 (Gus-
tave Roussy) and followed the recommended guidelines for the
proper use and care of laboratory animals. To establish a HNSCC
implantation model, syngeneic tumor grafts were initiated at day
0 by injection of 50 uL of PBS suspension containing 0.5 x 10°
TC-1/Luc cells at a submucosal site of the right inner lip, as pre-
viously described.[??!

Throughout the study, the mice were daily monitored for their
health, weight, and behavior. Mice that met predefined criteria,
such as tumor size, ulceration, or a loss of more than 20% of
their initial weight, were euthanized. The survival time for each
treatment group was recorded, starting from the date of tumor
challenge until the date of euthanasia for each mouse, in order
to perform survival analysis.

2.6.1. Radiosensitization

A total of 45 tumor-bearing mice were randomly divided into 7
groups:

i) control (PBS),

ii) radiation alone (RT),

iii) free cisplatin,

iv) free cisplatin + RT,

v) NAs-Cluster + RT,

vi) NAs-Cluster-CisPt,

vii) NAs-Cluster-CisPt + RT.

Mice in the NAs treatment groups received an intratumoral in-
jection of NAs-Cluster (5 pg Au per mouse diluted in 20 uL ster-
ile PBS) or NAs-Cluster-CisPt (5 ug Au + 1.4 ug CisPt per mouse
diluted in 20 pL sterile PBS). The dose of drug in CisPt-treated
mice was equivalent to the amount used in the NAs-Cluster-CisPt
group.

Mice received single-beam local irradiation to the head and
neck region using a 200 kV Varian X-ray irradiator at the total
dose of 8 Gy in single fraction 24 h after NP treatment. The irra-
diation of the tumor grafts was performed by the interposition of
a 4 cm thick lead shield. This allowed for selective irradiation of
the head and neck region, bearing the tumor.
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2.6.2. In Vivo Imaging

To monitor tumor growth, bioluminescence imaging was con-
ducted using the In Vivo Imaging System (IVIS) Lumina III Se-
ries (IVIS; Perkin Elmer). Mice were positioned in the supine
position within the imaging chamber 10 min after intraperi-
toneal injection of firefly luciferin (at a dosage of 150 mpk);
images were captured while the mice were under sedation
through continuous administration of isoflurane (2%). Photo-
graphic images and bioluminescence color images were over-
laid, and signal quantification was performed using the Liv-
ing Image Software (Perkin Elmer) and expressed as flux of

photons s71.

2.6.3. Immunohistochemistry

For detection of yH2AX (or phospho-H2AX), a Bond Leica au-
tomated immunostainer instrument was used. Paraffin sections
were processed for heat-induced antigen retrieval (ER2 corre-
sponding ethylenediaminetetraacetic acid buffer pH9) for 20 min
at 100 °C. Slides were incubated with gamma-H2AX antibody
(Cell Signaling #9718, clone 20E3, 1/750) for 60 min at room tem-
perature and detected by Bond Polymer Refine Detection kit. The
signal was revealed with 3,3’-diaminobenzidine (DAB) and coun-
terstained with hematoxylin.

Quantification of yH2AX positive cells was performed using
the QuPath open software.

2.6.4. ICP-MS

Samples of harvested tumors and organs (liver, spleen) were
dried at 80 °C until constant weight was reached, then transferred
to glass pressure vials. Acid digestion was performed adding aqua
regia while heating at 100 °C. Upon completion, the dried sam-
ples were diluted in 2.5 mL of 3% nitric acid solution. Centrifu-
gation was performed to remove solid debris and samples were
transferred to 15 mL plastic tubes. Elemental content of gold and
platinum was quantified by ICP-MS analysis, as described above
(Section 2.2.4).

2.7. Statistical Analyses

The data were reported as mean =+ standard deviation (SD).
Group comparisons were performed using one-tailed Student’s
t-tests and two-way analysis of variance (ANOVA), as indicated in
the figure captions.

For the in vivo biodistribution and tumor growth de-
lay data, mean values, and their corresponding standard er-
rors of the mean were calculated for each group. Differ-
ences between groups were evaluated using the Mann—Whitney
test.

Regarding the in vivo survival data, the median survival for
each group was determined, and differences between groups
were assessed using the log-rank test.

Statistical significance was defined as p < 0.05. All statisti-
cal analyses were conducted using GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA).
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3. Results and Discussion

3.1. Nanoparticle Synthesis Optimization and Characterization

The optimal design of gold nanoparticles for radiation enhance-
ment has been discussed in several works and it is still un-
der debate since radiosensitization is a complex phenomenon
that includes physical, chemical, and biological processes.[*! In
general, it is recognized that the radiosensitization efficacy can
be improved by carefully modulating the size of the nanopar-
ticle, although no definitive correlation has been yet found.['"]
Despite that, there is a certain agreement that a smaller size
emphasizes the radiosensitizing effect of gold nanoparticles
via a number of mechanisms of both chemical and physical
nature.!10-2%]

Starting from our standard synthetic protocols to produce
hybrid nanoarchitectures, we optimized a new method to syn-
thetize ad hoc NAs for concurrent CRT, named NAs-Cluster.
These nanoarchitectures have the typical modular structure of
NAs (a silica nanocapsule enclosing polymeric aggregates of
gold nanoparticles) where gold USNPs (3 nm diameter) are re-
placed with gold clusters (1 nm diameter). Gold USNPs are
usually synthetized by the reduction of the metal salts (tetra-
chloroauric acid) via fast addition of sodium borohydride in
the presence of poly(sodium 4-styrene sulfonate). To produce
NAs-Cluster, reduced GSH was added to the aqueous reac-
tion mixture before tetrachloroauric acid and poly(sodium 4-
styrene sulfonate), prior to reduction with sodium borohydride.
GSH molecules and gold ions form complexes which act as
starters for the nucleation process. This adjunctive step induces
the creation of a larger number of nuclei compared to the so-
lution without GSH, yielding smaller USNPs.l'2) On this re-
gard, the successful synthesis of gold clusters was demonstrated
by the peak broadening in the UV-vis spectrum (Figure S1,
Supporting Information). Indeed, this shape is associated to
the dominant electronic dephasing mechanism, which involves
electron—electron interactions rather than electron—phonon
coupling.[?

As we have already demonstrated, PEI induces an increase
in the metal loading of NAs without affecting the biodegrad-
ability nor the cytotoxicity of the whole structure.[’) Thus, for
the composition of NAs-Cluster, poly(i-lysine) was substituted
by PEI for the formation of the polymeric aggregates. Indeed,
the NAs-Cluster here reported showed a 25-fold increase in
gold content (% w/w) compared to our previously reported gold
cluster NAs (0.6% w/w).[?l A scheme of the synthetic proce-
dure for NAs-Cluster is presented in Figure S2 (Supporting
Information).

The versatility and simplicity of the standard synthetic pro-
cedures have previously allowed to encapsulate various chem-
ical moieties in NAs, including drugs.'®! Here, we success-
fully applied a similar approach to the new NAs-Cluster by
noncovalently loading them with cisplatin (NAs-Cluster-CisPt,
Figure 1), in order to combine the potential radiosensitizing ef-
fect of gold clusters with the intracellular release of the drug.
The successful encapsulation of cisplatin was confirmed by ICP-
MS analysis (Table 1) and by EDX spectroscopy (Figure 1C and
Figure S3 (Supporting Information)). The addition of cisplatin
did not affect the other features of the nanoarchitectures, such as
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Figure 1. A) Schematic representation of the synthetic protocol for NAs-Cluster-CisPt. B) Transmission electron microscopy (TEM) image of NAs-
Cluster-CisPt (scale bar: 300 nm). Inset: distribution of diameters of NAs-Cluster-CisPt measured from TEM images on at least 100 nanoparticles. C)
Top left panel: scanning transmission electron microscopy (STEM) image of a single NAs-Cluster-CisPt. Other panels: energy-dispersive X-ray (EDX)
spectroscopy map showing the spatial distribution of gold, silicon, and platinum in the nanoarchitecture.

morphology, size, overall charge, shell thickness, and gold con-
tent (Table 1 and Figure 1 and Figure S2 (Supporting In-
formation)). Notably, EDX spectroscopy of NAs-Cluster-CisPt
demonstrated the encapsulation of both gold and platinum
within the polymeric core, while silicon can be found in
the shell. It is important to note that, as already demon-
strated, the similarity of the overall structure implies com-
parable physicochemical, biological, and physiological behav-
iors among the NAs, such as the initial bio-/nanointeractions
and nanocapsule biodegradation, while the excretory trends
are associated to the nature and the size of the loaded
metal.[1213]
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3.2. In Vitro Experiments

The toxicity of the nanoarchitectures was evaluated on TC-1/Luc
cells and compared to free cisplatin. TC-1/Luc cells were derived
from murine lung epithelial cells that have been transformed
with HPV-16 E6 and E7 oncogenes and the human c-Ha-ras
oncogene. This genetic manipulation makes TC-1/Luc cells an
attractive model for studying HPV-positive cancers. Additionally,
TC-1/Luc cells were genetically engineered to express firefly
luciferase, enabling noninvasive, real-time monitoring of tu-
mor growth and response to treatments in live animals using
bioluminescence imaging. This characteristic is particularly
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Table 1. Characteristics of NAs-Cluster, NAs-Cluster-CisPt, and standard NAs. Data are presented as mean + standard deviation. One-way ANOVA
Tukey's multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0007).

NAs-Cluster NAs-Cluster-CisPt ~ NAs (reproduced from ref. [25]) Statistical analysis

NAs-Cluster versus ~ NAs-Cluster ~ NAs-Cluster-CisPt versus
NAs-Cluster-CisPt  versus NAs NAs

Diameter by TEM [nm] 159 + 37 156 + 31 108 + 16 ns

Shell thickness by TEM [nm] 273+ 44 260+ 4.8 18.9+22 ns w*

Hydrodynamic diameter in 299.4 + 133 299.5 +7.1 203.1+1.9 ns ek ek

PBS by DLS [nm]

Zeta potential in PBS [mV] -26.5+ 1.0 -18.4+0.8 -20.6+0.4

Gold content [%w/w] 149 + 4.6 15.0+7.9 59+13 ns Ns ns

Platinum content [%w/w] - 3.5+26 - - - -

advantageous for assessing the effects of therapeutic strate-
gies in vivo. Furthermore, TC-1/Luc cells can form tu-
mors in immunocompetent syngeneic mice, allowing to
investigate tumor progression and immune responses
within an in vivo environment, which is essential for eval-
uating the effectiveness of immunotherapies or radiation
treatments.[2220:27]

TC-1/Luc cells were treated for 2 h with NAs-Cluster and NAs-
Cluster-CisPt (25-2500 ng mL™! in gold, 10-1000 ng mL™! in
CisPt) or with an equivalent dose of free-CisPt (Figure 2A). One
week after the treatment, the toxic effect of both NAs-Cluster
and NAs-Cluster-CisPt was negligible compared to free cisplatin,
as demonstrated by the colony formation. These results were
confirmed in the viability/proliferation assay conducted on the
TC-1/Luc and SCC VII cells (Figure S4, Supporting Informa-
tion). The low toxicity profile of both the nanoarchitectures was
confirmed on 2D cultured human dermal fibroblast, whose vi-
ability and proliferation were not significantly affected by the
nanoarchitectures (Figure S5, Supporting Information). These
data allowed to calibrate the ideal doses of gold and cisplatin (6
and 1.75 ng mL™, respectively) for the following investigations
on combined CRT to avoid saturation effects of the chemother-
apy over radiotherapy. The effects of radiation in combination
with NAs-Cluster-CisPt on the clonogenic potential of TC1/Luc
cells were evaluated by colony forming assays and compared,
as controls, to NAs-Cluster and free-CisPt.[?®! The radiosensitiz-
ing effects of the nanoarchitectures were evaluated at increas-
ing radiation doses (0, 2, 4, or 8 Gy) of 320 keV photon beams
(Figure 2B). RT treatment was administered 24 h after the incu-
bation with the nanoarchitectures, i.e., after their biodegradation,
in agreement with Cassano et al.?”! Data were normalized over
the nontreated nor irradiated controls, to evaluate the intrinsic
toxicity of the treatments. As expected, we observed a promis-
ing reduction in the SF of the cells for all the combined treat-
ments with respect to RT alone, especially for the NAs-Cluster-
CisPt/RT group. We then performed the same experimental ap-
proach described in Figure S6 (Supporting Information) to eval-
uate the response of a HPV-negative HNSCC cell line (SCC VII
cells) to the nanoarchitectures. The colony forming assay showed
that, when tested in combination with RT, NAs-Cluster-CisPt
strongly reduced the SF of SCC VII cells at a similar extent to
the one induced by the CisPt treatment (Figure S7, Supporting
Information).
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Figure 2. A) Clonogenic assay with different concentrations of NAs-
Cluster, NAs-Cluster-CisPt, and free cisplatin. The gold concentration in
NAs-Cluster and in NAs-Cluster-CisPt is specified, while the concentra-
tion of free cisplatin is equivalent to the amount found in NAs-Cluster-
CisPt. B) Survival curves of TC1/Luc cells treated with NAs-Cluster, NAs-
Cluster-CisPt, or free-CisPt (6 ng mL™" in gold, 1.75 ng mL™" in plat-
inum) and irradiated at the indicated dose 24 h after the treatment.
Each in vitro experiment was conducted thrice, with duplicate or triplicate
samples.
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Figure 3. A) Experimental setup. On day 6, mice were randomized and divided in seven groups for intratumoral administration of PBS (control), free
cisplatin, NAs-Cluster, and NAs-Cluster-CisPt. Radiotherapy was delivered at day 7. Tumor measurements were recorded every 2 days until death. B)
Bioluminescent imaging was conducted every two days to monitor tumor growth. Representative images taken at days 6, 7, and 9 are shown. C)
Quantification of the bioluminescent signal was performed at day 9. Data are reported as mean = SD, with at least 7 mice per treatment group. *p <
0.05, determined by one-way ANOVA followed by Dunnett’s post-test for comparing tumor sizes at day 9. D) Survival curves. Kaplan—Meier survival

curves of the models. **** p < 0.0001; ** p < 0.01; log-rank test.

These findings agreeing with other in vitro studies aimed
to explore the effects of standard gold NPs on HNSCCs. For
example, Teraoka et al. demonstrated that gold NPs can in-
crease the effectiveness of radiation therapy by enhancing the
cytotoxic effect on human head and neck cancer cells through
the induction of apoptosis.*®! Similar results were found by
Zheng and Sanche, who explored the synergistic effects of gold
NPs in combination with anticancer drugs and radiation.!l
However, despite the documented in vitro efficacy, significant
discrepancies are present among the studies in some critical
parameters, such as the cell line, radiation energy, physico-
chemical attributes of the gold NPs (size and shape), NP con-
centration, and the duration of incubation.’?) On the other
hand, some consistent findings have emerged, such as the
critical role of the cellular localization of NPs associated to
their size.l)] On this regard, gold nanoparticles demonstrated
an improved distribution to key subcellular compartments
for X-ray sensitization, such as the nucleus, by reducing the
size.33
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3.3. In Vivo Experiments

On this basis, we further evaluated the radiosensitizing effects
of NAs-Cluster and NAs-Cluster-CisPt on an immunocompetent
orthotopic murine model of head and neck cancer. The model
was obtained by engrafting HPV16 E7-expressing TC-1/Luc cells
at the submucosal site of the inner lip in C57BL/6 mice. This
model has been extensively used by us and others to mimic a
HPV-positive head and neck tumor.[?226%’] The treatment proto-
col was designed by combining local tumor irradiation (IR) with
intratumoral administration of NAs-Cluster, NAs-Cluster-CisPt,
free-CisPt, or PBS (Figure 3A).

The intratumoral injection was preferred in agreement with
recent running trials and clinical evaluations of radiosensitizing
hafnium oxide nanoparticles for patients’ treatment of locally ad-
vanced head and neck cancer or soft-tissue sarcoma.[**35] The
amount of gold and/or platinum for the tested treatments was
fixed at, respectively, 5 and 1.4 ug by following the previous in
vitro assays, our earlier experience on ADMET evaluation of the
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Figure 4. A) Representative IHC images. Staining with anti yH2AX was performed 1 h after irradiation. Scale bars = 100 um. B) IHC images were
analyzed with QuPath software for quantitative evaluation of cells displaying high levels of yH2AX (yH2AX"g"-positive cells), as a biomarker of double
strand breaks DSB. Data are reported as mean = SD, with at least 3 mice per treatment group. Statistical differences were calculated with one-way
ANOVA followed by Tukey's multiple comparisons test, *p < 0.05, ** p < 0.01.

nanoarchitectures, and the concentration of gold required for ra-
diosensitization effects (0.1 mg mL™").123%] In agreement with
our previous investigations, we opted for a single high dose RT
(8 Gy).122%7] Indeed, other in vivo studies have evaluated the ra-
diosensitization effects of NPs under external beam RT (5-30 Gy)
in order to achieve an evident tumor response.[] As expected,
mice receiving the combined CRT exhibited significantly smaller
tumor burden compared to those treated with monomodal thera-
pies (RT, nanoarchitectures, or free-CisPt). Mice treated with the
NAs-Cluster-CisPt/RT combination demonstrated a significant
reduction in tumor signal (Figure 3B,C and Figures S8 and S9
(Supporting Information)) and a substantial increase in survival
(Figure 3D) compared to the control groups. Remarkably, 25%
of the mice treated with the NAs-Cluster-CisPt/RT combination
achieved a complete tumor clearance that persisted throughout
the 60 days observation period (Figure 3D). This result is promis-
ing, as only a limited number of studies report the in vivo ef-
fectiveness of gold nanomaterials as radiosensitizers in HNSCC
models and even less with nonpersistent materials.[38#0]

To preliminarily explore the mechanistic role of the NAs-
Cluster-CisPt in the increased antitumor efficacy of RT, we eval-
uated the extent of tumor DNA damage ex vivo after the different
treatments by performing immunohistochemical (IHC) staining
to detect the phosphorylated form of the histone protein H2AX
(rH2AX) as a biomarker of DNA damage. As expected, irradi-
ation induced a strong increase of yH2AX signal (Figure 4A)
even ata reduced irradiation beam (2 Gy). Interestingly, the stain-
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ing was even higher when mice were treated with NAs-Cluster-
CisPt 24 h before RT. In agreement, the quantification of cells
displaying high yH2AX signal (yH2AX"e" cells) showed a sig-
nificant increase for RT-treated tumors compared to the control
ones (Figure 4B and p < 0.05). Of note, such density was further
increased in mice treated with the combination of NAs-Cluster-
CisPtand RT (Figure 4B and p < 0.01). These results suggest that
an increased DNA damage may contribute to the observed anti-
tumor efficacy of NAs-Cluster-CisPt when combined with RT.
ICP-MS was performed to detect the amount of gold and plat-
inum that persisted in the liver and spleen 20 days and 6 months
after the treatment with NAs-Cluster-CisPt (Figure S10, Support-
ing Information). These organs were selected for metal persis-
tence quantification, as the accumulation of xenobiotics is gener-
ally high and associated with the uptake by hepatic and splenic
macrophages.[*!] As expected, the favorable excretion trend of the
gold loaded in the nanoarchitectures was further confirmed. In-
deed, a negligible amount of the metal was found in these organs
as the cluster-sized gold NPs contained in NAs can be efficiently
excreted by the renal pathway (60% of the injected dose in cumu-
lative excretions in 10 days) without damaging the kidneys.[2]

4, Conclusions

In conclusion, this study presents a promising strategy to im-
prove the treatment outcome in locally advanced HPV+ HN-
SCC patients. Our findings highlight the potential of combining
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NAs-Cluster-CisPt with local radiotherapy and corroborate the ev-
idence of the critical role that rationally designed gold nanomate-
rials may play in improving radio-oncology treatments by increas-
ing the tumor sensitivity to radiation while sparing healthy tissue.
In this regard, it is worth to notice that the NAs are pioneering
nanomaterials designed to jointly combine the features of noble
metal nanomaterials with optimal excretion trends, making them
able to avoid one of the main concerns that prevented the clinical
translation of nanostructured gold, the persistence issue.['!] The
intratumoral injection of NAs may represent a limitation that can
be overcome by decorating the nanoarchitectures with targeting
agents, such as transferrin recognizing peptides, supporting for
an intravenous delivery.*?] The next step should involve evaluat-
ing the potential of NAs-Cluster-CisPt as radiosensitizers in com-
bination with fractionated RT.[*}] However, this study represents
the very first reporting in vitro and in vivo assessment of the com-
bination of excretable noble metal nanomaterials and radiother-
apy on immunocompetent HPV+ models of HNSCC. Overall,
our findings indicate that NAs-Cluster-CisPt represent a promis-
ing candidate to expand the therapeutic window in oral cancer
management mediated by nonpersistent metal nanomaterials.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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