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Zinc oxide nanoparticles antagonize the effect of Cetuximab on head
and neck squamous cell carcinoma in vitro
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ABSTRACT
Zinc oxide nanoparticles (ZnO-NPs) are being used in many cosmetic products and have been shown to
induce tumor-selective cell death in human head and neck squamous cell carcinoma (HNSCC) in vitro.
Cetuximab is a monoclonal antibody directed against the epidermal growth factor receptor (EGFR), whose
effectiveness for HNSCC, alone or in combination with cytostatic drugs, has been demonstrated intensively in
the last decades. Nanoparticles are known to interact with protein structures and thus may influence their
functionality. The aim of the current study was to evaluate the effect of ZnO-NPs on the antitumor properties
of Cetuximab in HNSCC in vitro. Two HNSCC cell lines (FaDu and HLaC-78) were treated with 0.1, 1 or 10 mM
Cetuximab as well as 0, 0.1 or 1 mg/ml ZnO-NP. Qualitative assessment of ZnO-NP was conducted via
transmission electron microscopy (TEM) and immunofluorescence staining. Evaluation was done via the MTT-
assay after 24, 48 and 72 hours of incubation with Cetuximab and ZnO-NPs. ZnO-NPs were shown to
antagonize the anti-tumor effects of Cetuximab in a time-dependent as well as dose-dependent way. These
findings suggest an inhibitory interaction of ZnO-NPs with Cetuximab, which warrants further investigation.
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Introduction

HNSCC are a major cause of cancer morbidity and mortality. 5
% of all cancer diagnoses in the US are related to HNSCC.1

Despite multi-modal treatment strategies, the survival rates
have not improved significantly over the last 40 y.2 For pharyn-
geal and oral squamous cell carcinoma, the 5-year survival rate
is around 60% in the US in 2011.1,3

Apart from classical cytostatic chemotherapy, advances have
been achieved by the addition of molecular targeting agents.
Cetuximab is a monoclonal antibody of the immunoglobulin
G1 subclass (IgG1), which is directed against the epidermal
growth factor receptor (EGFR).4,5 Many studies have shown a
benefit of adding Cetuximab to an induction chemotherapy
regime before radiotherapy for advanced HNSCC.6-8 Cetuxi-
mab was also demonstrated to increase overall survival when
combined with radiotherapy alone.9 It has been used as an
additional agent to a platin-based concurrent chemoradiother-
apy (CRT) for locally advanced HNSCC,10-12 although the
additional toxicity proves to be problematic. The most frequent
use of Cetuximab today, however, is in palliative chemothera-
peutic regimes for recurrent or metastatic HNSCC, improving
overall survival compared with standard chemotherapy
alone.13,14 As part of the EXTREME protocol, it is considered
the state-of-the-art therapy in HNSCC studies.15,16

Zinc oxide nanoparticles (ZnO-NPs) are used in a variety of
industrial products like cosmetics, paints and medical supplies.
Because of their small size of less than 100 nm in diameter, NPs
have an extended surface with regard to their mass compared
with their bulk substance, thus exhibiting specific

physicochemical properties and functions.17,18 ZnO-NPs have
been shown to degrade and mineralize environmental pollu-
tants,19 or generate reactive oxygen species (ROS) in combina-
tion with UV exposure.20 For titanium dioxide nanoparticles
(TiO2-NPs), a photocatalytic elimination of tumor cells was
described in colorectal cancer cell lines21 as well as melanoma
cell lines.22 ZnO-NPs have also been shown to induce photocata-
lytic cell death in HNSCC cell lines in vitro.23 This photocatalyti-
cal antitumor activity of ZnO-NPs against HNSCC in vitro has
been shown to be associated to autophagy.24 Moreover, photo-
stimulated ZnO-NPs have been demonstrated to synergistically
enhance the cytotoxic effects of chemotherapeutic agents like
paclitaxel and cisplatin against HNSCC cell lines in vitro.25 That
is why metal oxide nanoparticles are considered as potential and
promising adjuvant agents in HNSCC therapy. However, nano-
particles in general are known to interact with protein structures
and thereby may influence the functionality of protein structures.

Yet, until now no studies have analyzed the interactions
between photoactive NPs and Cetuximab. Therefore, the aim
of this study was to investigate possible effects of ZnO-NPs on
the Cetuximab-induced cell death of HNSCC in vitro.

Results

Particle characterization and intracellular distribution.
Nanoparticle size distribution was evaluated by dynamic
light scattering. The mean diameter of ZnO-NP aggregates
was 354 nm. The zeta potential of the NP suspension was
¡11.2 mV. The ultrastructural evaluation of the
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intracellular distribution and shape of nanoparticles was
done via TEM at a magnification of 40.000x (Fig. 1). ZnO-
NPs were spherically shaped and could be seen in small
aggregates in cellular compartments like vesicles or organ-
elles as well as free in the cytoplasm. Particle deposition
inside of the nucleus was not observed.

Effect of ZnO-NPs on EGF-receptors. The qualitative anti-
body staining showed a high expression of the EGF-receptor
on the cell membrane of FaDu and HLaC tumor cells in the
absence of ZnO-NPs (Fig 2a). After addition of ZnO-NPs, no
difference in staining regarding the EGF-receptor intensity
could be detected on a qualitative basis (Fig. 2b). Since it should
only provide a generell overview, quantification of the immu-
nofluorescence staining was not conducted.

MTT assay. The MTT assay showed a consecutive decline in
tumor cell viability with increased concentration of Cetuximab
as well as with increased incubation time.

After 24 hours of incubation with Cetuximab for both cell
lines and after 48 hours for HLaC cells, no significant differ-
ences were seen after addition of ZnO-NPs (Fig. 3.a, Fig. 4a,
b, respectively). For FaDu cells, a significantly increased
tumor cell survival could be demonstrated at 48 hours when
adding 1 mg/ml ZnO-NP to the wells containing 1mM
Cetuximab compared with 0 mg/ml (p D 0.0009) and
0.1 mg/ml (p D 0.0003) ZnO-NP (Fig. 3b). Two-way
ANOVA revealed an overall p-value for the interaction of
both substances for FaDu at 48 hours of 0.0182. After
72 hours of incubation, both cell lines showed significant
increase in tumor cell viability at 1 mM Cetuximab when
adding 1 mg/ml ZnO-NP compared with 0 mg/ml (p D
0.0005 for FaDu; p D 0.0001 for HLaC) and 0.1 mg/ml (p D
0.0007 for FaDu; p D 0.030 for HLaC) ZnO-NP (Fig. 3c,
Fig. 4c respectively). Overall p-values for interaction of
Cetuximab and ZnO-NPs at 72 hours were determined at
0.0182 (FaDu) and 0.0545 (HLaC).

With 0.1 mM and 10 mM Cetuximab, no differences were
seen at any time point.

Discussion

The aim of the present study was to evaluate an interaction
between zinc oxide nanoparticles and the monoclonal EGFR-
antibody Cetuximab in human head and neck squamous cell
carcinoma cell lines.

Nanoparticles are being used for various industrial, cosmeti-
cal or biomedical applications. Recently, metal oxide nanopar-
ticles have been shown to be promising candidates for topical
cancer therapy.26 Due to their larger percentage of molecules at
the exposed surface, penetration into tumor sites is enhanced.27

In vitro studies showed a preferential killing of cancer cells for
certain metal oxide nanoparticles with few effects on non-
tumor cells.28

Zinc oxide nanoparticles in particular have been demon-
strated to possess anti-proliferative effects on lymphoblastoid29

and myoblastoma cells.30 The mechanism behind these effects,
however, is still largely unknown. Some authors state that ZnO-
NPs lead to a rapid intracellular release of zinc ions,31 thereby
causing lysosomal and mitochondrial damage.32 Nagajyothi et al.
reported of an antioxidant effect of ZnO-NPs to be the mecha-
nism involved in its anti-tumor properties,33 while other studies
instead demonstrated an increase in reactive oxygen species
(ROS) inside of the cells.34 Regarding the effect of ZnO-NPs on
HNSCC, the studies conducted so far proved a photocatalytic
cell death of HNSCC cancer cells when exposed to ZnO-NPs
and UVA-1.23 The present study was conducted without UV-
stimulation of ZnO-NPs and showed no reduction in tumor cell
survival with increasing concentrations of ZnO-NPs. Thus, we
could show that ZnO-NPs alone, without photo-stimulation,
seem to have no anti-tumorigenic effects on HNSCC cell lines in
vitro within the applied concentrations. As compared with the
literature, the applied NP dosage was lower in this study than in
other publications. Often, cytotoxic effects of ZnO-NPs occur at
concentrations between 5 and 10 mg/ml.35 Since we aimed to
characterize the interactions of ZnO NPs with the tumortoxic
agent Cetuximab, we chose a non-toxic concentration of ZnO
NPs and a toxic concentration of Cetuximab. Since with photo-
activation even those non-toxic concentrations of ZnO-NP have
been shown to reduce tumor cell viability (data not shown), we
decided against photoactivation to prevent it from masking the
desired antagonistic effect on cetuximab. However, a concentra-
tion of 1 mg/ml would fit into the effective concentration range
of photocatalytic cell killing of ZnO NPs. Thus, the chosen dos-
ages are clinically relevant.

Several studies have shown synergistic effects of UV-stimu-
lated ZnO-NPs and different chemotherapeutic drugs on can-
cer cells in vitro. Guo et al. demonstrated synergies between
photo-stimulated ZnO-NPs and Daunorubicin on human leu-
kemia cell lines,36 while our own group observed synergistic
effects with Paclitaxel and Cisplatin on HNSCC cell lines.25 In
the latter study, these synergistic effects could only be shown
for UVA-treated ZnO-NPs and not for non-photoactivated
ZnO-NPs, indicating that photoactivation is a crucial require-
ment for synergistic effects of ZnO NPs with cytostatic drugs.25

For targeted drugs, few studies containing nanoparticles of
any sort have been published so far. Most of these studies
address the conjugation of antibodies to iron-oxide or gold
nanoparticles to allow in vivo imaging of tumors.37,38

Figure 1. Transmission electron microscopy. ZnO-NPs typically clotted together in
various intracellular patches of different amounts (indicated by black arrows). Scale
bar represents 250 nm, image was taken at 40.000x magnification.
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Cetuximab in particular has been conjugated to iron oxide
nanoparticles to enhance delivery of the targeted therapy to the
tumor cells via magnetic resonance imaging-guidance for glio-
blastoma37 and EGFR-overexpressing cell lines A431 and 32D/
EGFR.39 However, to our knowledge no studies regarding inter-
actions of nanoparticles with Cetuximab on tumor cells have
been published so far. In the present study, Cetuximab showed
a consecutive decrease in tumor cell survival with increasing
concentrations, as was to be expected. In the presence of 1mg/
ml ZnO-NPs, the anti-proliferative effects of 1mM Cetuximab
were antagonized after 72 hours (for HLaC) and after 48 and
72 hours (for FaDu). These findings suggest a time- and dose-
dependent antagonistic effect of ZnO-NPs and Cetuximab on
HNSCC cell lines. The cytotoxic effect of Cetuximab at 0.1 mM
seemed too weak for an antagonistic effect of ZnO-NPs to
show. Cetuximab at 10mM, on the other hand, showed no
antagonistic effects with ZnO-NPs either. An interference with
the EGFR could be excluded as a mechanism of effects by fluo-
rescence staining. Whether ZnO-NPs interfere with Cetuximab
by binding to the Fab part of the molecule or mediate an antag-
onistic effect in another way remains unclear. Among different
biomolecules, proteins are the most important factors which
regulate biodistribution of NPs throughout the body as their
binding can act as ligand that may favor NP internalization.
ZnO NPs are able to bind proteins with important biologic
functions, including immunoglobulins, lipoproteins and several
others.40 Various factors such as electrostatic or hydrophobic
interactions as well as specific chemical processes contribute to
these interactions.41

This study must be seen as an example for the sensitive
interactions of targeted drugs with nanomaterials. For future

applications of nanotechnological therapeutic approaches, such
interactions have to be taken into account. As shown in the
present study, an exact definition of the relevant concentrations
of both agents is required. Further studies are warranted to elu-
cidate these interactions.

In conclusion, the present study could demonstrate an
antagonizing effect of ZnO-NPs for Cetuximab-treated HNSCC
cell lines in vitro at a certain range of concentrations. These
effects seem to be time dependent as well as dose-dependent.
Higher concentrations of Cetuximab could negate this effect.
To further elucidate which mechanisms are involved in these
findings and which implications they have for ZnO-NPs in
oncologic research, further investigation is warranted.

Material and methods

Reagent preparation. ZnO-NPs with a diameter <100 nm and a
surface area of 15–25 m2/g were obtained as a powder from
Sigma-Aldrich (Steinheim, Germany). Particles were suspended
in sterilized distilled water before inoculation into the wells.
The stock suspension of 50 mg/ml was sonicated (Bandelin,
Sonopuls HD 60, Berlin, Germany) for 60 sec at an energy level
of 4.2 £ 105 kJ/m3 using a continuous mode to create a high
grade of dispersion. Bovine serum albumin (BSA) was added at
an end concentration of 1.5 mg/ml to stabilize the suspension.
Then, 10 X concentrated phosphate-buffered saline (PBS) was
added to achieve a physiologic salt concentration and pH 7.4.
This stock suspension was subsequently diluted with RPMI-
1640 medium (Biochrom AG, Berlin, Germany) supplemented
with 10% fetal calf serum (FCS), 100 U/ml penicillin, 100 mg/
ml streptomycin, 1% 100 mM sodium pyruvate (Biochrom

Figure 2. Immunofluorescence microscopy of the EGF-Receptor. Regular staining of EGFR on the cell membrane without Zn-NPs (A) as well as after addition of Zn-NPs (B),
showing no significant difference.

Figure 3. MTT-assay for FaDu cell line. Time points were 24 hours (A), 48 hours (B) and 72 hours (C). At 48 and 72 hours, ZnO-NPs increased tumor cell survival at 1 mM
Cetuximab, whereas no significant influence was found at 0.1 mM and 10 mM Cetuximab or after 24 hours of incubation.
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AG) and 1% of a 100-fold concentration of non-essential amino
acids (Biochrom AG).

Characterization of nanoparticles. Size distribution of NP
aggregates in RPMI 1640 was evaluated by dynamic light scat-
tering (Malvern Instruments Ltd., Herrenberg, Germany). The
NP stock dispersion was prepared as described above and
diluted with RPMI 1640 at 1:10 to receive an end concentration
of 1 mg/ml. The measurement was performed approximately
1 h after sonication. The surface zeta-potential of the dispersion
in the above-mentioned cell culture medium (pH 7.4) was
assessed by a ZetaSizer 3000HSA (Malvern Instruments Ltd.).

Cell lines and cell cultures. Two HNSCC cell lines were
investigated: The human head and neck squamous carcinoma
cell line HLaC 78, established from the lymph node metastasis
of a laryngeal squamous cell carcinoma,42 and FaDu cell line,
established from a hypopharyngeal carcinoma.43 Cells were cul-
tivated in RPMI-1640 medium (Biochrom AG, Berlin, Ger-
many) supplemented with 10% fetal calf serum (FCS), 100 U/
ml penicillin, 100 mg/ml streptomycin, 1% 100 mM sodium
pyruvate (Biochrom AG) and 1% of a 100-fold concentration
of non-essential amino acids (Biochrom AG). The cells were
incubated at 37�C/5% CO2 in 75 or 150 cm2

flasks. Media were
replaced every second day and passaging was done before
reaching 80% of cell confluence by trypsinization (0.25% tryp-
sin; Gibco, Eggenstein, Germany). Afterwards, cells were
washed and seeded in new flasks or treatment wells.

Cell preparation for TEM. For the ultrastructural study of the
intracellular distribution of nanoparticles, cell pellets were
obtained after 24 h of NP exposure. They were fixed in a fresh
solution of 0.1 M sodium cacodylate containing 2.5% glutaral-
dehyde and 2% formaldehyde followed by a 2-h fixation at 4�C
with 2% osmium tetroxide in 50 mM sodium cacodylate (pH
7.2). Staining was performed overnight with 0.5% aqueous ura-
nyl acetate. Specimens were dehydrated, embedded in Epon
812 and ultrathin sections were prepared. Examination of the
sections was performed with an EM900 electron microscope
(Carl Zeiss, Jena, Germany) and photographic negatives were
digitalized by scanning and processed using Adobe Photoshop.

EGF-receptor-staining. Cells were grown on cover slides in 6
well tissue culture plates (Greiner Bio-One GmbH, Frickenhau-
sen, Germany) until 50% confluent, fixed with methanol
(¡20�C) for 30 min and stained with the mouse-anti-human-
EGFR antibody (Amersham, Hamburg, Germany, 1:200) in the
presence of 3%BSA/0.3%NP40/PBS for 1 h. Afterwards, the
cells were washed in the same buffer (3%BSA/0.3%NP40/PBS)

and incubated with a secondary FITC-coupled anti-mouse-
antibody (Amersham, Hamburg, Germany, 1:250) for addi-
tional 45 min. Fluorescent mounting medium was from
DakoCytomation GmbH (Hamburg, Germany). The resulting
FITC-signal was visualized by fluorescense microscopy (Leica
DMI 4000B Inverted Microscope, Wetzlar, Germany).

Exposure to Cetuximab and ZnO-NP. The anti-human
EGFR-specific chimeric monoclonal antibody Cetuximab
(Erbitux, Merck Serono GmbH, Darmstadt, Germany) was
delivered from the University of Wuerzburg Pharmacy. Cetuxi-
mab was diluted to 0.1, 1 or 10 mM and subsequently applied
to the regarding wells containing the tumor cells. ZnO-NPs
were diluted to 0, 0.1 or 1 mg/ml and subsequently applied to
the specific wells. The effects of Cetuximab alone, of ZnO-NPs
alone as well as the effects of both combined on tumor cells
were evaluated for the different concentrations of both substan-
ces. One third of the wells was evaluated after 24 hours, another
third after 48 hours and finally the last third after 72 hours,
respectively. All experiments were performed in triplicates.

MTT assay. The MTT (Sigma-Aldrich) colorimetric staining
method was performed after 1, 2 or 3 d of culture, according to
Mosmann,44 to determine cell viability. Cells were seeded at
10,000 cells per well in a 12-well plate. Wells were incubated with
1 ml MTT (1 mg/ml) for 5 h at 37�C and 5% CO2. MTT was then
removed and 1 ml isopropanol was added, followed by another
incubation period of 1 h at 37�C and 5% CO2. The color conver-
sion of the blue formazan dye was measured using a multi-plate
reader (Titertek Multiskan PLUS MK II; Thermo Labsystems,
Thermo Fisher Scientific, Inc.) at a wavelength of 570 nm.

Statistical analysis. The data collected was transferred to
standard spreadsheets and statistically analyzed using Graph-
Pad Prism software (version 6.0; GraphPad Software, Inc., San
Diego, CA, USA). Data are presented as the mean § standard
deviation of 3 experiments, unless otherwise stated. Gaussian
distribution was tested via first column analysis. Two-way anal-
ysis of variance (ANOVA) followed by Tukey’s multiple com-
parison test was used and multiplicity adjusted p-values were
determined, as well as overall significance for interaction
between rows and columns. P<0.05 was used to indicate a sta-
tistically significant difference.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Figure 4. MTT-assay for HLaC cell line. Time points were 24 hours (A), 48 hours (B) and 72 hours (C). At 72 hours, ZnO-NPs increased tumor cell survival at 1 mM Cetuxi-
mab, whereas no significant influence was found at 0.1 mM and 10 mM Cetuximab or after 24 and 48 hours of incubation.
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