
OR I G I N AL ART I C L E

Cisplatin-conjugated gold nanoparticles as a theranostic
agent for head and neck cancer

Erez Shmuel Davidi, MD1 | Tamar Dreifuss, BSc2 | Menachem Motiei, PhD2 |

Eliezer Shai, MSc3 | Dimitri Bragilovski, MSc4 | Leon Lubimov, BSc4 |

Marc Jose Jonathan Kindler, MSc4 | Aron Popovtzer, MD4,5 | Jeremy Don, PhD3 |

Rachela Popovtzer, PhD2

1Department of Otolaryngology Head and Neck Surgery, Kaplan Medical Center, Rehovot, Israel

2Faculty of Engineering and the Institutes of Nanotechnology and Advanced Materials, Bar-Ilan University, Ramat-Gan, Israel

3The Mina and Everard Goodman Faculty of Life Sciences, Bar-Ilan University, Ramat-Gan, Israel

4Head and Neck Cancer Radiation Clinic, Institute of Oncology, Davidoff Cancer Center, Rabin Medical Center, Petah Tiqwa, Israel

5Sackler Faculty of Medicine, Tel-Aviv University, Ramat Aviv, Israel

Correspondence
Rachela Popovtzer, Faculty of
Engineering and the Institutes of
Nanotechnology and Advanced Materials,
Bar-Ilan University, Ramat Gan 52900,
Israel.
Email: rachela.popovtzer@biu.ac.il

Funding information
This work was partially supported by the
Israel Cancer Research Fund (ICRF) and
by the doctoral scholarship for applicable
and scientific engineering research,
granted to Tamar Dreifuss by the
Ministry of Science and Technology,
Israel.

Abstract

Background: The purpose of this study was to develop a nanoplatform, which
simultaneously acts as radiosensitizer, drug carrier, and tumor imaging agent for head
and neck cancer.

Methods: We synthesized 20 nm gold nanoparticles, coated with glucose and cispla-
tin (CG-GNPs). Their penetration into tumor cells and their cellular toxicity were
evaluated in vitro. In vivo experiments were conducted to evaluate their impact on
tumor growth and their imaging capabilities.

Results: The CG-GNPs showed efficient penetration into tumor cells and similar
cellular toxicity as cisplatin alone. Combined with radiation, CG-GNPs led to greater
tumor reduction than that of radiation alone and radiation with free cisplatin. The
CG-GNPs also demonstrated efficient tumor imaging capabilities.

Conclusion: Our CG-GNPs have a great potential to increase antitumor effect,
overcome resistance to chemotherapeutics and radiation, and allow imaging-guided
therapy.
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1 | INTRODUCTION

Radiotherapy (RT) is a widely used strategy in cancer treat-
ment, including head and neck squamous cell carcinoma
(HNSCC). In advanced-stage tumors, RT is often combined

with chemotherapy (chemoradiotherapy) in order to improve
the outcomes, and to avoid surgery and loss of patients’
functions.1,2 This multitherapy strategy has leaded to signifi-
cant improvement in the treatment paradigm of head and
neck cancer. However, despite aggressive treatment, resist-
ance of tumors remains a significant problem, leading to
poor outcomes and negative prognoses.3,4 In addition, theErez Shmuel Davidi and Tamar Dreifuss contributed equally to this work.
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chemotherapeutic drugs lead to severe side effects due to
nonselective damaging of healthy cells.

The major chemotherapeutic drug for HNSCC is cisplatin
(cis-Pt) and other palatinate derivatives. The success of cispla-
tin in cancer treatment is derived from its ability to crosslink
DNA and alter the structure.5 In addition, cisplatin activates
various signal transduction pathways and, thus, induces apo-
ptosis.6 However, cisplatin has a narrow therapeutic range,
associated with significant systemic toxicity, which includes
mainly nephrotoxicity, neurotoxicity, and ototoxicity. Over
the years, different methods have been investigated, trying to
avoid systemic exposure by specifically targeting the cancer
cells, and, consequently, lower the diverse side effects.7,8

Recently, nanoparticle-based approaches have been widely
investigated for improving cancer therapy for both RT and
chemotherapy strategies.9 Nanoagents containing high-Z mate-
rials (eg, Au, Gd, Bi, Hf, and W) have been used as radiosensi-
tizers in many studies.4,10–13 High-Z materials increase
radiation sensitivity due to their high X-ray absorption and
emitting of secondary energy in the form of photoelectrons,
auger electrons, and X-rays into surrounding tissue. Thus, high
irradiation energy is concentrated inside the tumor, enhancing
RT efficacy and specificity. Likewise, in order to reduce the
systemic toxicity of chemotherapeutic drugs, many
nanoparticle-based platforms have been utilized to specifically
deliver drugs to the tumor by implementing both passive and
active targeting approaches.14–16 Development of a single
nanoparticle formulation that combines both radiosensitization
and targeted drug delivery abilities, can significantly improve
the therapeutic effect and treatment outcomes, as demonstrated
in recent studies.3,17

In the present work, we demonstrate a single nanoplat-
form, consists of gold nanoparticles (GNPs) coated by cis-Pt
and glucose (CG-GNPs), which simultaneously acts as a
radiosensitizer and as a carrier that specifically delivers cis-
platin to the A431 HNSCC tumor, leading to remarkable
synergistic therapeutic effect. Due to the high atomic number
of gold (Z 5 79), and its well-known biosafey,4,18–20 GNPs
are ideal candidates to be used as radiosensitizing agents. In
addition, their unique physical, chemical, and biological
properties, as well as the ability to attach multiple types of
ligands to their surfaces, make them an excellent platform
for targeted drug delivery. Although cisplatin conjugated
GNPs have been previously investigated as RT enhancers
using an in vitro model system of glioblastoma cells,21 this
study is the first to evaluate this possibility in vivo, in a head
and neck cancer model. In a previous study,22 we showed
that glucose functionalized-GNPs (GF-GNPs) exhibit high
accumulation in head and neck tumors, due to specific inter-
action with glucose transporter-1, which is overexpressed on
the A431 cell membrane. Therefore, in addition to cisplatin,
we coated our GNPs with glucose to increase the tumor

uptake rate. Our CG-GNPs showed, in vitro and in vivo, effi-
cient penetration into tumor cells, and similar toxic effect as
cisplatin alone at the same dose of cisplatin. Moreover, in com-
bination with radiation treatment, CG-GNPs led to greater
tumor reduction than that of the traditional chemoradiotherapy,
which combines free cisplatin and RT treatment. Finally, as
GNPs possess inherent CT imaging functions,23–30 our CG-
GNPs demonstrated efficient tumor imaging capabilities.
Therefore, this single nanoparticle formulation, which leads to
better response to RT and allows tumor imaging, is a promis-
ing theranostic agent that has the potential to increase the anti-
tumor effect, overcome resistance to chemotherapeutic agents
and radiation, and allow imaging-guided therapy, enabling bet-
ter therapeutic planning.

2 | MATERIALS AND METHODS

2.1 | Gold nanoparticle synthesis and
conjugation with cisplatin and glucose

The gold nanoparticles (GNPs) were prepared using sodium
citrate according to the known methodology described by Enu-
stun and Turkevich.31 0.414 mL of 1.4M HAuCl4 solution
(Strem Chemicals, Newburyport, MA) were added to 200 mL
purified water in a 250 mL single-neck round bottom flask.
The solution was heated in an oil bath on a hot plate until boil-
ing. Then, 4.04 mL of a 10% sodium citrate solution (0.39M
sodium citrate tribasic dihydrate 98%; Sigma-Aldrich, Reho-
vot, Israel) were then quickly added. The solution was stirred
for 10 minutes, and then the flask was removed from the hot
oil and placed aside until cooled. For the conjugation, first, the
GNP solution was centrifuged to dispose of excess citrate.
Then, in order to prevent aggregation and stabilize the particles
in physiological conditions, O-(2-carboxyethyl)-O0-(2-mercap-
toethyl) heptaethylene glycol (PEG7 95%; Sigma-Aldrich)
solution was added to the GNPs, followed by stirring overnight
and centrifugation in order to dispose of excess PEG7. The
PEG7 layer also provides the chemical group required for anti-
body covalent binding (-COOH). The cisplatin and glucose
conjugation was performed by adding excess amounts of
N-ethyl-N-(3-dimethylaminopropyl) carbodiimide and N-
hydroxysuccinimide (Thermo Fisher Scientific, Rockford, IL),
followed by addition of 100 lL, 25 mg/mL D-
(1)-glucosamine hydrochloride (Sigma-Aldrich) and 150 lL,
6 mg/mL cisplatin Cl2-Pt-(NH3)2 (Sigma-Aldrich). For GF-
GNP synthesis, the same procedure has been done, without the
cisplatin addition. Finally, GNPs were centrifuged until final
Au concentration of 30 mg/mL, as measured by atomic absorp-
tion spectroscopy. According to inductively coupled plasma
analysis of cisplatin concentration, this GNP solution contained
1.13 mg/mL cisplatin. Schematic diagram of the synthesis is
presented in Figure 1.
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2.2 | In vitro cell binding experiment

The A431 cells (0.7 3 106) were seeded in 60-mm dishes
with 5 mL Dulbecco’s modified Eagle’s medium containing
5% fetal calf serum, 0.5% penicillin, and 0.5% glutamine.
Cells were incubated for 30 minutes at 378C, with CG-GNPs
and GF-GNPs (n 5 3 per group). After incubation, the
medium was removed and cells were washed twice with
phosphate buffered saline (PBS). Then, cells were collected
and gold concentrations in the samples were measured using
flame atomic absorption spectroscopy.

2.3 | In vitro cell survival and DNA damage
experiments

The quantitative in vitro study consisted of 4 groups (n 5 3 per
group): (1) A431 cells with CG-GNPs; (2) A431 cells with GF-
GNPs; (3) A431 cells with free cisplatin; and (4) A431 cells
without GNPs or cisplatin. The A431 cells (1 3 106) in 5-mL
Dulbecco’s modified Eagle’s medium containing 5% fetal calf
serum, 0.5% penicillin and 0.5% glutamine, were seeded in 60
mm dishes and incubated at 378C for 48 hours with or without
the different complexes. The GNPs were added in total amount
of 10 lL (approximately 11 lg cisplatin). The cisplatin was
added in equivalent dose. After 48 hours of incubation, the
medium was washed twice with PBS and the remaining cells
were taken for cell counting on counting chambers in order to
compare the number of cells between the different groups. For
evaluation of DNA damage, cells were seeded on glass cover
slips in 35-mm dishes. After 24 hours of incubation at 378C,
the cells were incubated with the various complexes for 1 hour.
Then, the cells were washed twice with PBS followed by fixa-
tion with 4% paraformaldehyde for 45 minutes at room temper-
ature and washing with PBS. The radiated cells were irradiated
before fixation using a Varian linear accelerator (Davidoff
Cancer Center) at a 6 MV energy, 25 Gy.

2.4 | Immunocytochemistry

Fixed cells were permeabilized and blocked with 0.5% Triton
X-100 (Sigma-Aldrich, Rehovot, Israel) in fetal bovine serum
for 1 hour. Next, the cells were treated with phospho-histone
H2A.X (Ser139) rabbit monoclonal antibody (Cell Signaling,

Rehovot, Israel) at 1:400 dilution overnight at 48C. The cells
were then washed with PBS and stained with Alexa Fluor
594 secondary antibody (Thermo Fisher Scientific) at 1:400
dilution for 1 hour at room temperature. After washing with
PBS, the nuclei were stained with diamidino-phenylindole in
fluorescent mounting medium (GBI Laboratories, Mukilteo,
WA) and glass cover slips were mounted on the microscope
slides. The slides were imaged on a ZEISS AxioImager Z1
microscope. Fluorescence detection was performed using
laser excitation with the appropriate dichroics and emission
filters for the diamidino-phenylindole and Alexa 594 dyes.

2.5 | Animal model and in vivo experiments

The in vivo study was conducted in compliance with the pro-
tocols approved by the Animal Care and Use Committees of
Bar Ilan University, Ramat Gan, Israel. The A431 cells (2 3

106) were injected s.c. into the back flank area of nude mice
aged 6 weeks. When the tumor size reached a diameter of 4-
5 mm, 200 lL of CG-GNPs (0.22 mg cisplatin) or equivalent
dose of free cisplatin were i.v. injected into their tail vein (in
accordance to the clinical dosage used for HNSCC treatment,
which is about 10 mg/kg). For the biodistribution study, CG-
GNPs were injected into 3 mice. Twenty-four hours postin-
jection, the mice were euthanized and gold concentrations in
the tumor and major organs (liver, spleen, brain, kidneys,
and blood) were quantitatively measured by flame atomic
absorption spectroscopy. Tumor toxicity of CG-GNPs, in
comparison to free cisplatin, was investigated with and with-
out combination of RT. Mice were divided into 6 groups (n
5 3 per group): (1) no treatment; (2) treatment with free cis-
platin; (3) treatment with CG-GNPs; (4) X-ray irradiation
alone (RT); (5) RT 1 free cisplatin; and (6) RT 1 CG-GNP
(see Table 1). Irradiated mice were irradiated the same day
using a Varian linear accelerator (Davidoff Cancer Center) at
a 6 MV dosage, which is the standard clinical radiation
energy used in head and neck cancers. Tumor growth was
measured using a caliper in various time points, until 24
days postinjection. Then, the mice were euthanized. To eval-
uate the imaging capabilities of CG-GNPs, 3 mice that had
been injected with CG-GNPs were scanned by micro-CT
scanner (Skyscan High Resolution Model 1176) before injec-
tion, 30 minutes postinjection, and 7 days postinjection.

FIGURE 1 Schematic diagram of the synthesis of cisplatin and glucose-coated gold nanoparticles (CG-GNPs). EDC, N-ethyl-N-(3-dimethylamino-
propyl) carbodiimide; NHS, N-hydroxysuccinimide [Color figure can be viewed at wileyonlinelibrary.com]
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2.6 | Atomic absorption spectroscopy
analysis

Flame atomic absorption spectroscopy (spectrAA 140; Agi-
lent Technologies) was used to determine gold concentra-
tions in the investigated samples. Cell samples from the in
vitro experiments were dissolved in 100 lL aqua regia acid
(nitric acid and hydrochloric acid, volume ratio 1:3) and
diluted with purified water to a total volume of 4 mL. For
the in vivo experiment, tissues were melted in 1 mL aqua
regia acid and then evaporated and diluted to a total volume
of 10 mL. After filtration of the samples, gold concentrations
were determined according to absorbance values, with corre-
lation to calibration curves.

2.7 | CT analysis

The CT scans were performed using a micro-CT scanner
(Skyscan High Resolution Model 1176) with nominal resolu-
tion of 35 lm, 0.2 mm aluminum filter, and tube voltage of
45 kV. Reconstruction was done with a modified Feld-
kamp32 algorithm using the SkyScanNRecon software accel-
erated by GPU.33 Ring artifact reduction, Gaussian
smoothing (3%), and beam hardening correction (20%) were
applied. Three-dimensional (3D) images were generated
using SkyScan CT-Voxel (“CTVox”) software.

3 | RESULTS AND DISCUSSION

3.1 | Gold nanoparticle synthesis and
characterization

20 nm GNPs were successfully synthesized and coated first
with PEG7, and then with cisplatin and glucose for CG-
GNPs, or glucose only for GF-GNPs as control particles.
The 20 nm GNPs were chosen due to their efficient uptake
in tumor cells,34,35 and their low toxicity profile.4 The PEG

coating serves to reduce particle opsonization and recogni-
tion by the reticuloendothelial system in the spleen and, thus,
it prolongs the blood circulation of the particle.36,37 Glucose
was conjugated to the GNPs through its second carbon atom,
in order to enhance GNP uptake by cancer cells. In our pre-
vious work,22 we had showed, both in vitro and in vivo, that
this type of conjugation, compared to conjugation through
other carbon residues, allows the GNPs to better enter into
A431 cancer cells in a process of receptor mediated endocy-
tosis. Characterization of GNPs was carried out using trans-
mission electron microscopy, UV-Vis spectroscopy, and zeta
potential measurements (see Figure 2). The transmission elec-
tron microscopy image shows uniform, spherical GNPs, with a
mean size of about 20 nm in diameter. The different coating
layers were confirmed by UV-Vis plasmon resonance shift and
expansion and by zeta potential measurements. In addition, as
measured by inductively coupled plasma-mass spectrometry,
the GNP solution (with Au concentration of 30 mg/mL) con-
tained 1.13 mg/mL cisplatin.

3.2 | In vitro experiments

First, to evaluate CG-GNP ability to penetrate into A431
cells, CG-GNPs were incubated with A431 cells for
30 minutes at 378C. The observed uptake, as measured by
flame atomic absorption spectroscopy, was compared to that
of GF-GNPs, which have been proven before to be highly
preferred by cancer cells.22 As shown in Figure 3A, non-
significant difference in uptake rate was observed for GF-
GNP and CG-GNP, probably due to the glucose that is also
attached to the GNP. Next, in order to assess the toxic effect
of CG-GNPs on A431 cells, we measured cell survival after
48 hours of incubation with CG-GNPs, in comparison to that
of control cells without GNPs, and to that of cells after incu-
bation with equivalent amounts of free cisplatin, or with GF-
GNPs, to confirm that the toxic effect was due to the cispla-
tin coating and not due to the GNP itself. The results are
shown in Figure 3B. By comparing 3 different exposure
groups to the control population of A431 cells, it was clearly
shown that both free cisplatin and CG-GNPs had reached a
same significant (P < .01) toxic reaction compared with the
control groups, suggesting that the cisplatin preserves its
toxic activity while conjugated to the GNP. Therefore,
CG-GNPs can be used as an efficient drug carrier.

Because one of the earliest events detected in cells after
exposure to DNA damaging agents and RT is immediate for-
mation of g-H2AX,38 we assessed its formation in vitro after
treatment with the various complexes, with or without irradia-
tion, by immunocytochemistry. As demonstrated in Figure 4,
the intensity of g-H2AX staining (red) in the radiated cells was
clearly higher than that of the nonradiated cells. Among the
radiated cells, the highest intensity was observed for the cells

TABLE 1 Summary of the experimental groups (in vivo
experiment)

Group number Type of treatment

Group 1 Control (no treatment)

Group 2 Free cisplatin

Group 3 CG-GNPs

Group 4 RT

Group 5 RT 1 free cisplatin

Group 6 RT 1 CG-GNPs

Abbreviations: CG-GNPs, cisplatin and glucose-coated gold nanoparticles; RT,
radiotherapy.
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that were preincubated with CG-GNPs. In addition, it can be
seen that cells that were incubated with free cisplatin or CG-
GNPs without follow-up irradiation exhibited some degree of
DNA break, in contrast to the GF-GNPs, which showed no
toxic effect on the cells. These results demonstrate that the
increased toxic activity of CG-GNPs, alone and in combination
with radiation arises from increasing DNA damage.

3.3 | In vivo evaluation of cisplatin-
conjugated gold nanoparticle ability to enhance
radiotherapy

In order to investigate in vivo the possibility of CG-GNP to
enhance RT, mice bearing A431 tumors were randomly

divided into 6 groups (n 5 3 per group): (1) no treatment;
(2) treatment with free cisplatin; (3) treatment with CG-
GNPs; (4) X-ray irradiation alone (RT); (5) RT 1 free
cisplatin; and (6) RT 1 CG-GNP. Radiated mice were
irradiated 6 hours postinjection with a 6 MV dosage, which
is the standard clinical radiation energy used in head and
neck cancers. Tumor size was measured in various time
points, until 24 days postinjection (see Figure 5). Among the
nonirradiated mice, no difference was observed between the
groups, which all exhibited high tumor growth. In contrast,
all irradiated mice showed some degree of tumor growth
inhibition. Given that the external beam RT is considered
as a major strategy in treating localized aggressive head
and neck cancers, the nonsignificant antitumor effect of free

FIGURE 2 Characterization of gold nanoparticles (GNPs). A, Transmission electronmicroscopy image of approximately 20 nm spherical GNPs. B,
UV-vis spectroscopy of bare GNPs, PEG7-GNPs, cisplatin and glucose (CG)-GNPs, and glucose functionalized (GF)-GNPs. C, Zeta potential measure-
ments [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 A,Gold concentration in A431 cells after 30minutes of incubation with glucose functionalized-gold nanoparticles (GF-GNPs) or cisplatin
and glucose (CG)-GNPs, as measured by flame atomic absorption spectroscopy. B, Cell survival after 48 hours of incubation with CG-GNPs, GF-GNPs, or
free cisplatin. The CG-GNPs cause a significant toxic reaction, similar to cisplatin alone. One hundred percent was defined as the number of cells in the control
group after 48 hours of incubation. Results are presented as mean6 SD. cis-Pt, cisplatin [Color figure can be viewed at wileyonlinelibrary.com]
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cisplatin and CG-GNPs without the addition of external RT
is not surprising. Interestingly, among the irradiated mice,
CG-GNPs offered a definite shrinkage of tumor, better than
that of radiation alone, and, furthermore, better than that of
the traditional chemoradiotherapy, which combines free cis-
platin and radiation. This is due to the inherent characteristic
of GNPs that serve as radiosensitizers, together with their
ability to specifically deliver cisplatin to the tumor site.
Tumor size in this group (CG-GNPs) remained stable until
day 7 and then shrunk to about 50% of the initial size until
day 24. The final sizes of tumors in the other groups of irra-
diated mice were 150% and 110% for RT alone and RT 1

cisplatin, respectively (see Figure 5). In addition, in a prior
study with HNSCC,4 we have shown the antitumor effect of
radiation treatment in combination with immunoglobulin
G-coated GNPs, which was significantly lower than that of
RT 1 CG-GNP, as obtained in this study. The CG-GNPs

FIGURE 4 Representative immunocytochemistry of g-H2AX in
A431 cells after various treatments. A, No treatment; B, free cisplatin; C,
glucose functionalized (GF)-gold nanoparticles (GNPs); D, cisplatin and
glucose (CG)-GNPs; E, X-ray irradiation (radiotherapy [RT]); F, RT1

free cisplatin; G, RT1GF-GNPs; H, RT1 CG-GNPs. Strong induction
of g-H2AX foci was detected in the irradiated cells, whereas the highest
intensity was observed for the cells that were preincubated with CG-
GNPs. Scale bar: 20 lm. cis-Pt, cisplatin [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 5 Tumor growth rate in 6 groups of mice: (1) no treatment;
(2) treatment with free cisplatin; (3) treatment with cisplatin and
glucose-gold nanoparticles (CG-GNPs); (4) X-ray irradiation alone
(radiotherapy [RT]); (5) RT1 free cisplatin; and (6) RT1 CG-GNP.
Significant reduction in tumor volumewas observed in mice treated with
CG-GNP1RT. Results are presented as mean6 SEM. cis-Pt, cisplatin
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Biodistribution of cisplatin and glucose-gold
nanoparticles (CG-GNPs) in the main organs at 24 hours postinjection.
Results presented as mean6 SEM [Color figure can be viewed at
wileyonlinelibrary.com]
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not only slowed the rate of tumor growth as immunoglobulin
G-coated GNPs (which can act as radiosensitizers solely),
but also significantly reduced the tumor. These results high-
light the significant synergistic effect of our chemoradiother-
apy agent, which may also benefit to reduce cisplatin
systemic toxicity.

3.4 | In vivo biodistribution studies

In order to investigate the whole-body distribution of CG-
GNPs, CG-GNPs were i.v. injected into 3 mice bearing
A431 tumors. At 24 hours postinjection, mice were eutha-
nized and gold concentrations in the tumor and major organs
(liver, spleen, brain, kidneys, and blood) were quantitatively
measured by flame atomic absorption spectroscopy (see Fig-
ure 6). As expected, a relatively high amount of gold was
observed in the tumor. Additionally, the results indicate that
CG-GNPs are cleared mainly by the reticuloendothelial sys-
tem, as suspected. The spleen has a much larger role than the
liver at 24 hours postinjection and a significant amount of
gold has been observed also in the kidneys. Interestingly,
there seems to be a small amount of GNPs in the brain, sug-
gesting that part of the particles managed to cross the blood
brain barrier, probably because of the glucose coating. It is
important to note that the amount of gold in the cerebral
blood was deducted from the total amount of gold found in
the brain to exclude gold that did not cross the blood brain
barrier. The amount of gold in the cerebral blood was calcu-
lated by measuring the concentration of gold in the blood
and multiplying by the cerebral blood weight, which is about
5.8% of the weight of the brain.39 The biodistribution data
matches other publications, dealing with 20 nm GNPs.40,41

3.5 | In vivo CT experiments

Next, the ability of CT to detect tumors as a result of CG-GNP
accumulation at the tumor site was evaluated. The mice were

scanned by micro-CT scanner before injection, 30 minutes
postinjection, and 7 days postinjection. As can be seen in
Figure 7, CG-GNPs rapidly accumulated within tumor tissue,
whereas after 7 days there were still significant amounts of
gold in the tumor. Therefore, a single injection of CG-GNP
will enable the prolonged therapeutic effect of cisplatin as well
as possibility of long-term imaging and follow-up.

4 | CONCLUSIONS

To summarize, in this study, we presented a single nanoplat-
form, consisting of gold nanoparticles coated with cisplatin
and glucose, which simultaneously acts as a radiosensitizer,
as a carrier that specifically delivers cisplatin to the tumor,
and as an efficient CT contrast agent. Using an HNSCC
model, we first showed in vitro that our nano-formulation
penetrates efficiently into tumor cells, and has the similar
toxic effect as cisplatin alone at the same dose of cisplatin.
Moreover, we demonstrated in vivo that in combination with
RT, our CG-GNPs significantly enhance tumor growth inhi-
bition in comparison to RT alone, and, moreover, in compar-
ison to the combination of RT with free cisplatin. In
addition, we demonstrated the feasibility of CG-GNP as a
CT contrast agent. Therefore, this single nano-formulation
has the potential to increase the antitumor effect, overcome
resistance to chemotherapeutics and radiation, and allow
tumor diagnosis by CT imaging and better therapeutic plan-
ning. Future studies will include multiple CG-GNP injections
as well as multiple radiation sessions to resemble the current
clinical approach with human patients.
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