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ABSTRACT: Head and neck squamous cell carcinomas
(HNSCC) are a diverse group of tumors with high morbidity
and mortality that have remained mostly unchanged over the
past decades. The epidermal growth factor receptor (EGFR) is
often overexpressed and activated in these tumors and strongly
contributes to their pathogenesis. Still, EGFR-targeted
therapies such as monoclonal antibodies and kinase inhibitors
have demonstrated only limited improvements in the clinical
outcome of this disease. Here, we take advantage of the
extraordinary affinity of EGF for its cognate receptor to
specifically target magnetite-containing nanoparticles to
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HNSCC cells and mediate, in vitro, their cellular upload. On the basis of this, we show efficient accumulation, in vivo, of
such nanoparticles in subcutaneous xenograft tumor tissues in sufficient amounts to be able to mediate visualization by magnetic
resonance imaging. Overall, our EGF-coated nanosystem may warrant, in the near future, novel and very efficient theranostic

approaches to HNSCC.
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verall, head and neck cancer accounts for more than

500 000 cases annually worldwide."” Among them, head

and neck squamous cell carcinomas (HNSCC) account for
about 90% of all these malignant tumors.” They are
characterized by local tumor aggressiveness, high rate of early
recurrences, metastasis, and development of second primary
tumors, which are the major cause of morbidity and mortality.”
Unfortunately, about two-thirds of patients with HNSCC
present with advanced stage disease, commonly involving
regional lymph nodes, and treatment decisions are often
complicated, involving many specialists, including head and
neck surgeons, medical and radiation oncologists, radiologists,
plastic surgeons, and dentists.> Moreover, although used for
decades in HNSCC, conventional therapies (surgery, radiation,
or chemoradiation) have several limitations in terms of quality
of life or even death of the patients and the estimated five-year
survival rate for advanced disease remains poor (30%—40%)."*
The epidermal growth factor receptor (EGFR) is particularly
important in the pathogenesis of HNSCC. Indeed, over-
expression of the EGFR gene is seen in about 90% of tumors,’
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and augmented EGFR expression correlates with increased
local recurrence and worse overall survival.”” Conversely, few
mutations have been observed for this receptor in HNSCC
patients.8

While EGFR overexpression plays a clear role in HNSCC
and FDA has approved the use of cetuximab combined to
standard chemo/RT regimens, unfortunately, this specific anti-
EGFR monoclonal antibody’ as well as several tyrosine kinase
inhibitors'’ have not shown a significant improvement in
clinical outcome to date, possibly due to primary and secondary
mechanisms of resistance to EGFR inhibition in these tumors.
Nonetheless, taking advantage of the very high expression of
EGFR in HNSCC cells'' to “actively” target these tumors may
still represent a successful method to approach this disease for
novel diagnostic and therapeutic options. In this context,
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nanotechnology has already demonstrated its potential in
cancer diagnosis and therapy for the possibility of transporting
drugs but also “contrast agents” to cancer locations both
passively, by the so-called “enhanced permeability and
retention” effect,'” and actively, taking advantage of specific
molecular markers expressed on the cell surface of different
tumor cells."”'* Introduction onto the surface of nanoparticles
(NPs) of targeting agents for specific recognition of these
markers will therefore lead to internalization and selective
accumulation of the NPs in cell compartments,” allowing
intracellular release of their content.

Herein, we provide demonstration that biocompatible
nanoparticles (NP) can be successfully targeted, in vitro and
in vivo, to HNSCC cells expressing the EGFR, by taking
advantage of the very high “natural” affinity of its cognate
ligand, EGF, opportunely conjugated on NP’s surface.
Interestingly, such biocompatible shell contains an inorganic
core composed of nanometric magnetite (Fe;O,) particles that
perform as very efficient contrast agents for magnetic resonance
imaging (MRI). Indeed, by using this imaging approach, we
demonstrate that, in this configuration (EGF-coated, magnet-
ite-containing, nanoparticles, EGF-NPFe), our nanosystem is
already able to specifically target, in vivo, HNSCC-derived
tumors, with immediate potential for diagnostic purposes. In
perspective, thanks to its tumor specificity, further functional-
ization of our system with drugs or other therapeutic
approaches (e.g., gold nanorods for hyperthermia) may
warrant, in the near future, novel and very efficient theranostic
approaches for HNSCC treatment.

Magnetite (Fe;O,) nanoparticles (NP™), synthesized
according to a polyol-like method,'® were first superficially
functionalized with a proper organic ligand [N-(3,4-dihydrox-
yphenethyl) dodecanamide (DDA)] and dispersed in tetrahy-
drofuran (THF) (see Supporting Information for details). The
organic-coated magnetite nanoparticles were dispersed in THF
then encapsulated into the polymeric polylactic-co-glycolic-co-
polyethylene glycol (PLGA-b-PEG-COOH)"” matrix, which is
Food and Drug Administration (FDA) approved for medical
purpose. The process led to the formation of a stable phosphate
buffered suspension of hybrid nanoparticles according to the
nanoprecipitation technique18 using a THF to water ratio of 1/
10""7%" (Scheme 1). The so-achieved suspension was dialyzed

Scheme 1. Preparation and Characterization of EGF-NPF®
Nanoparticles
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in tangential flow membranes to remove the organic solvent,
the impurities, and not-reacted reagents and then concentrated
to about 0.3% (w/w) in Fe;O, (150 mL). Finally, the
nanoparticles were completely characterized. The mean particle
size and mean polydispersity index for NP™ was determined by
dynamic light scattering (DLS) and found to be 50.8 & 0.6 nm
and 0.11 =+ 0.01, respectively, indicating a narrow size
distribution (see Supporting Information). Transmission
electron micrographs (TEM) for NP showed clusters of
small numbers of inorganic particles homogeneously dispersed
in the polymeric matrix with an average diameter of SO nm (see
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Supporting Information). {-Potential revealed a negative
surface charge, equal to —43.0 = 0.2 mV, which can be
attributed to the presence of several carboxylic acids onto the
external surface. The iron content was determined by
inductively coupled plasma optical emission spectrometry and
found to be equal to 2.7 mg/mL.

Subsequently, human epidermal growth factor (hEGF) was
linked to the outer surface (—COOH) of the NP using the
typical conjugation with 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDC) and N-hydroxysulfosuccinimide. Briefly,
1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochlor-
ide and N-hydroxysulfosuccinimide were added to NP in
phosphate-buffered solution, and then a solution of hEGF (0.5
mg/mL, in phosphate buffer) was added.”” The reaction was
carried out at room temperature, and after purification and
concentration as reported above, a 7 mL suspension of EGF-
NP was obtained (Scheme 1). The iron content was found to
be equal to 2.3 mg/mL, indicating only minor losses during the
conjugation reaction. Mean particle size was 50.5 + 1.1 nm, and
mean polydispersity index was 0.12 # 0.01 by DLS analysis (see
Supporting Information). Zeta potential measurements post-
conjugation reveal the presence of a new peak at —13.4 + 2.0
mV (see Supporting Information) that can be attributed to the
partial disappearance of some carboxylic acid groups, now
involved in the amide bond with hEGF, thus confirming the
linkage of the hEGF onto the surface. The TEM and STEM
analysis confirmed the results of the DLS investigations,
showing no alteration of the inner morphological structure of
EGE-NP* (Suppl. Figure 1A) and a homogeneous distribution
of the nanoparticles into the sample (Suppl. Figure 1B).

The amount of hEGF linked to NP™ was determined by
UV—vis analysis using the bicinchoninic acid assay in three
samples: EGE-NP¢; NP™ without hEGF to evaluate the signal
ascribed to analytical interference; and wash waters collected
during the purification step. The results showed that the
concentration of hEGF in the wash waters was below the
detection limit and can therefore be considered negligible,
whereas the hEGF was attached to the hybrid nanoparticles at a
concentration of 438 pg/mL, giving a weight ratio of hEGF to
NP of 0.15.

HNSCC frequently overexpress the EGFR and cancer
derived cell lines often maintain this characteristic upon
immortalization."* Among the different cell lines available, we
chose, as model systems for this disease, HN6 and HN13 cells,
which express very high levels of the endogenous receptor, even
when compared to breast cancer-derived cell lines (Figure 1A).

The ability of EGE-NP* to specifically recognize HNSCC is
based on the correct interaction between the EGFR (expressed
on the cells) and its cognate ligand (exposed on the
nanoparticles). To check the correct exposure of the EGF,
once immobilized on the NP and, consequently, its ability to
interact with and activate its receptor, we monitored the signal
transduction pathway downstream of EGFR. Specifically, a key
intracellular event, upon EGFR activation, is the increased
phosphorylation of the ERK1/2 proteins (Figure 1B). Indeed,
treatment of HN13 cells with EGF-NP™® readily (after 5’ and
15°) stimulated the phosphorylation of ERK1/2 proteins,
evaluated by Western blot analysis with specific antiphospho
antibodies, at an extent comparable to optimal “free” EGF
concentrations (Figure 1C). As an additional control, magnet-
ite-containing nanoparticles, conjugated to a “scrambled”
peptide of the same length and amino acid composition of
EGF (SCR-NP™) failed to induce any ERK1/2 phosphor-
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Figure 1. (A) Western blot analysis, using an anti-EGFR antibody, of
total cell lysates from breast cancer (MCF7, MCF10A, T47D, and
MDA231) and head and neck squamous cell carcinoma (HN6, HN13)
cells. HaCat are Human immortalized keratinocytes. (B) Schematic
representation of the signaling pathway activated by EGF-NP*® upon
interaction with the specific EGFR on target cells. (C) Measurement
of ERK1/2 activation by Western blot analysis of NH13 total cell
lysates, using a specific antiphospho-ERK1/2 antibody. An anti-ERK2
antibody was used in the lower panel for normalization purposes.

[ EGF-NPFe
[ scr-NPre

NPFe area per cell

30 min 60 min

15 min

Figure 2. (A) Evaluation of internalization of EGF-NP™, in HN13
cells, by confocal microscopy analysis, by using specific anti-EGF
antibodies. (B) Evaluation of internalization of SCR-NP™ and EGE-
NP*, loaded with DyLight650 fluorophore, by confocal microscopy
analysis, in HN13 cells.

ylation, in the same experimental conditions (Figure 1C),
suggesting that the EGF functionalization confers the NP*® the
ability to efficiently interact with the EGFR and possibly, to
mediate downstream effect, for example, internalization of the
ligand—receptor complex.”® Similar results were also obtained
in a different cell line, that is, HeLa cells, expressing the EGFR
(Suppl. Figure 2).

The possibility of using EGF-NP*® for imaging applications
strictly depends on its ability not only to recognize the EGFR,
but also to accumulate into tumor cells. To address whether
NP*® and their content accumulate in tumor tissues in sufficient
amounts for imaging (by appropriate contrast agents) or
therapy (by cytotoxic drugs), we next explored EGF-NPF
internalization, in HNSCC cell cultures, by confocal
fluorescence microscopy. First, HN13 cells were incubated for
increasing times with freshly prepared EGF-NP™ and then fixed
and stained with anti-EGF antibodies. As shown in Figure 2A,
EGF-NP* readily accumulated inside HN13 cells upon
incubation for 30 min and 1 h, time-points compatible with a
very efficient mechanism of active internalization, such as EGF
receptor-mediated endocytosis.”> Conversely, untreated cells
(control, Ctrl) showed only a weak background signal,
ascribable to the presence of low levels of endogenous EGF
produced by these cells.”* To control for specific cellular
internalization of EGFR targeted nanovectors, we next
incubated, for increasing times, HN13 cells with SCR-NPFe
and EGF-NP®, both loaded with the DyLight650 fluorophore
(see Supporting Information) (Figure 2B). Importantly, EGF-
NP were internalized into HN13 cells at a rate much faster
than SCR-NP*, control nanovectors (Figure 2B), supporting
the specificity of our approach.

All together, our results therefore support an efficient EGF-
dependent mechanism of internalization of nanoparticles inside
of EGFR expressing cells, which could allow accumulation of
these structures in amount feasibly compatible with successive
in vivo applications, for example, magnetic resonance imaging
(MRI). Therefore, we next sought to investigate whether EGF-
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NP* could efficiently accumulate, in vivo, into HNSCC-derived
tumors, expressing high endogenous levels of EGFR. In this
context, we first investigated, by MR imaging in normal BalbC
mice, biodistribution of nanoparticles administered by intra-
venous (iv.) injection. It is well-known that the transversal
relation rate (1/T2) of tissues is decreased in proportion to the
concentration of iron and that quantitative measurement of T2
relaxation time allows determination of the concentration of
iron in tissues.””*° Considering the high transversal relaxivity of
the nanoparticles (Suppl. Figure 3), their biodistribution was
evaluated by T2-weighted images (T2w). As shown in Figure 3,
we observed a substantial signal drop in the liver, while signal
intensity (SI) in muscle remained close to the precontrast
values. The SI drop in the liver was clearly detectable during the
first 2 h after injection, but it persisted up to 30 days
postinjection (see dashed lines in Figure 3, delineating the
margins of the right lobe of the liver). SI drop was also
detectable in kidneys (see arrow), suggesting that urinary
excretion can contribute to the elimination of this nanoparticle.
The signal intensity in heart was slightly decreased immediately
after administration but recovered to the preinjection value
within 120 min.

Ultimately, we decided to use a classical subcutaneous
xenograft tumor approach, generated by injecting HNSCC
HNG6 cells in the flank of athymic nude FOXNI™™ mice
(Suppl. Figure 4), to test for tumor targeting of EGF-NP.
Importantly, the prerequisite for application of iron-based
nanoparticles to MRI imaging is the capability of obtaining high
concentration of nanoparticles selectively in the tumors tissue.
While this is generally reached by direct injection of NPs in
tumor tissue, other administration routes, i.v. or intraperitoneal
(ip.), should be highly desirable to noninvasively treat tumors
growing in internal organs. When tumor size reached ~200
mm?, we therefore performed MRI acquisition before injecting
the nanoparticles (Pre) and after i.v. injection of EGF-NP*® (24
mg/kg), detecting accumulation of EGF-NP™ 24—48 h after
their administration (Figure 44, see arrows), demonstrating the
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Figure 3. In vivo biodistribution. Balb C mice were injected iv. with
NP at a dosage of 6 mg Fe/kg (n = 10) of body weight, at different
intervals. Representative T2w images of one animal, acquired prior to
and after administration of NP, are shown. Dashed lines delineate the
margins of the right lobe of the liver; arrows indicate kidneys.
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Figure 4. In vivo tumor targeting. (A) Representative T2 (left line)
and T2*w (right line) images obtained by iv. injection, in a mouse
bearing subcutaneous tumors, and using EGF-NP™ at 24 mg/kg.
Arrows indicate areas of signal drop at long time point after injection.
(B) Representative T2 (left line) and T2*w (right line) images
obtained by ip. injection. Dashed lines in pretreatments (Pre)
delineate tumor margins. Asterisks show the injection site.
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potential of these nanovectors for diagnostic applications. Next,
we also tested the ip. route of administration at the same
dosage. Interestingly, much faster accumulation of nano-
particles was obtained upon ip. administration of EGE-NP™,
with a faster decrease in SI of some regions of the tumor
compared to iv. injection (Figure 4B). The effect on the SI
increased with time and reached its maximum 48 h after
injection (Figure 4B). It is noteworthy that, when we injected
naked NPs, either iv. or ip., the signal drop detectable in
tumors was negligible in comparison with EGE-NP* (Suppl.
Figure 5). As an additional control, when EGF-NP* were
injected directly into the tumor, we demonstrated lack of local
diffusion to neighbor tissues (Suppl. Figure 6), suggesting the
possibility of local usage of these NPs for therapeutic
application (e.g,, by laser-induced hyperthermia) of superficial
tumors. In this case, strong decrease of the tumor signal
intensity was observed, as expected, in the tumor mass.
Overall, the described results prove the efficacy of our
specifically assembled ferrimagnetic nanosystems to interact
with EGFR expressing cells through functionalization of NP
surface with the EGFR ligand, hEGF. In turn, EGF—EGFR
interaction was able to mediate cellular internalization, which
may not only allow immediate recognition of tumor cells by
NPF¢ but also contribute to restrain them to the tumor for
longer times, increasing their concentration and even allowing
to follow, by MRI, time-dependent tumor responses to
therapies. Indeed, we have clearly shown specific localization
of sufficient amounts of EGF-NP® to tumors to be imaged, in
vivo, by MR This will be particularly significant, in perspective,
for subsequent theranostic approaches, deriving from the
potential combination of our diagnostic system with drugs or,
for example, plasmonic nanorods for hyperthermia, loaded into
the nanovectors (Figure S), an opportunity that we are

NP binding

[ ] ? [ ]
magnetlc
field

Cell death - qru— *

Hyperthermia and/or
drug release

Internalization

Figure 5. Schematic representation of experimental strategy for
potential theranostic approaches.

currently actively investigating. Importantly, we expect that our
system, targeting EGFR overexpressing tumors but not based
on its inhibition for therapeutic effects, will be only limitedly
affected by mechanisms of resistance that, conversely, reduce
long-term efficacy of other agents (drugs, antibodies) inhibiting
the EGF receptor.

Another potential field of application for our ferrimagnetic
nanovectors, to immediately impact on HNSCC patients, could
be in the accurate staging of cervical lymph node basins, by
taking advantage of lymphatic transport of nanovectors to
draining lymph nodes, upon intratumoral injection and their
high specificity for accumulation into tumor cells. Indeed,
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presence of cervical lymphatic metastasis is among the most
important prognostic factors in HNSCC patients” and is
essential to develop an appropriate treatment plan, especially in
patients with advanced sta%e tumors that are more likely to
present nodal involvement.” The current “staging” lymph node
techniques indeed include clinical examination, computed
tomography (CT) scan, and MRI. The latter, however,
although less invasive, is able to detect metastases only with
extremely variable sensitivity and specificity (from 36% to 94%
and from 50% to 98%, respectively).”” For this reason, at
present, the dissection of the neck with the histological
examination of the lymph nodes is still the “gold standard” in
the staging of metastases,’’ and therefore, there is a strong need
for a non- or minimally invasive procedures able to provide
high quality prognostic information that could equal histo-
logical test results. On the other hand, in fact, the elective neck
dissection, on average, detects lymph node metastases only in
30% of patients and, consequently, in a})proximately 70% of
patients, this operation is not necessary.3
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