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Abstract. The high atomic number of gold nanopar-
ticles (GNPs) enables them to offer potential as practical
and efficient radiosensitizing agents for cancer radiotherapy
applications. In the present study, it was demonstrated that
GNPs can significantly modulate the irradiation response of
hepatocellular carcinoma (HCC) cells in vitro and in vivo,
of which the underlying mechanisms were investigated.
Cetuximab (C225) is a targeting agent, which binds to the
extracellular domain of epidermal growth factor receptor
(EGFR). Hepatocyte-targeting, EGFR-specific C225 was
synthesized onto GNP surfaces (C225-GNPs) to increase
the GNP targeting specificity. C225-GNPs was synthesized
successfully and characterized. The cytotoxicity was tested
using a Cell Counting Kit-8 assay and 50% inhibition
concentration of SMCC7721 cells was calculated. Cell uptake
assay was detected using transmission electron microscopy.
Radiosensitization was tested using a cell colony formation
assay and cell cycle was detected using flow cytometry. The
expression of a number of apoptotic proteins were tested by
western blot analysis. Orthotropic SMCC7721 xenografts were
used in order to verify its radiosensitizing effect. The results
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revealed that a higher number of C225-GNPs were effectively
uptaken by SMCC7721 cells and markedly enhanced cancer
cell death. The sensitization mechanism of C225-GNPs
was associated with the apoptotic gene signalling process
activated by endoplasmic reticulum stress and the unfolded
protein response in cancer cells. In orthotopic SMCC7721
xenografts, the C225-GNPs significantly enhanced the radia-
tion-induced suppression of tumour growth. The results of the
present study provided evidence that C225-GNPs are potent
radiosensitizers with radiotherapeutic value for HCC with the
overexpression of EGFR.

Introduction

Hepatocellular carcinoma (HCC) is one of the most
life-threatening types of cancer in the world, with >50,000
new patients being diagnosed every year (1). The majority
of patients with HCC are asymptomatic at the early stage
and, due to delayed diagnosis numerous patients with HCC
are unable to undergo radical resection or transplantation.
Therefore, there is an urgent requirement to examine other
potential therapeutics to enhance the outcome in patients with
HCC. Radiation therapy (RT) is commonly used in patients
with HCC who are unable to undergo resection or transplanta-
tion (2). With the progress of three-dimensional conformal RT
and stereotactic body RT, RT has shown promising results for
HCC in clinical trials (3). However, its effectiveness in larger
tumours, particularly in HCC, is limited by radiosensitivity
due to radiation resistance, and radiation-induced liver disease
(RILD) also limits the efficiency of radiation therapy (4,5).
Therefore, an innovative approach to manage RILD and
radiation resistance is likely to be of significant therapeutic
benefit to patients with HCC and clinical trial treatments. The
use of radiosensitizers is a reasonable method to enhance the
radiosensitivity of RT for HCC.

Among various radiosensitizers investigated for radio-
therapeutic applications, gold nanoparticles (GNPs) have
been investigated more extensively due to their high X-ray
absorption coefficient, and their tuneable size, unique surface
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chemistry, electronic properties and low osmolality (6,7).
GNPs have unique physiochemical surface properties, which
allow them to be coated with various antibodies, peptides,
proteins, aptamers and other biomolecules, which facilitates
specific targeting to cancer cells and increased GNP accumu-
lation in the tumour, leading to an enhanced radiation effect.
Using GNPs to enhance the dose of X-ray radiation absorbed
by tumours has attracted increasing attention (8-10).

Specific delivery can be accomplished by conjugating
GNPs to antibodies or ligands, which target overexpressed
proteins on cancer cell surfaces (11). Cetuximab (C225), a
targeting agent, is a chimeric human-murine monoclonal anti-
body, which binds to the extracellular domain of epidermal
growth factor receptor (EGFR) (12). EGFR is an attrac-
tive target, which is overexpressed in a number of human
malignancies, including HCC (13). It was hypothesized that
EGFR-targeted GNPs may enhance the cytotoxic effects of
radiation therapy, and concentrate the effect on targeted tumour
cells. EGFR targeting has been achieved using several immu-
noconjugates, including C225 conjugated to GNPs, in several
cancer cell lines and cancer models (14-16). C225-conjugated
GNPs are highly stable in serum. However, few reports are
available on the radiosensitivity of HCC treatment with
antibody-functionalised GNPs, and the exact mechanism by
which radiosensitization occurs remains to be elucidated. To
investigate this, the present study synthesized GNPs coated
with C225 (C225-GNPs) to investigate their radiosensitivity
on an EGFR-overexpressing HCC cell line (SMCC7721). The
results demonstrated that the C225-GNPs offer potential as
radiosensitizers for HCC therapy.

Materials and methods

Cell culture. The SMCC7721 cells were cultured in RPMI
1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% heat-inactivated foetal
calf serum (Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin-streptomycin (Gibco; Thermo Fisher Scientific, Inc.)
at 37°C under a humidified atmosphere containing 5% CO,
and maintained in an exponential growth state. The cells were
passaged and harvested once every 3 days using 0.25% trypsin.

Preparation and characterization of C225-GNPs. The
synthesis of naked GNPs with a 20-nm diameter was
accomplished using a sodium citrate reduction method.
The preparation method has been described previously (17).
The size of the GNPs was determined by transmission
electron microscopy (TEM; JEM-100CX II; JEOL, Ltd.,
Tokyo, Japan) images. The method used for synthesizing
the GNP-C225 conjugates was previously performed by
El-Sayed et al (18). Briefly, a solution of GNPs (50 pg/ml)
was diluted with HEPES solution (pH 8.0). The C225 (500 pl)
was diluted to a final volume of 5 ml with HEPES solution,
and the mixture was added to 10 ml of the GNP solution;
the 15-ml final volume solution was stirred vigorously at
room temperature for 2 h. The mixture was then centri-
fuged at 1,500 x g for 30 min at 4°C to separate the desired
GNP-antibody from unconjugated antibody. The conjugates
formed a loose pellet at the bottom of the centrifuge tube
and were carefully collected. The pellet was then diluted
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in 10 ml PBS (pH 7.8) and vortexed for 10 min. The gold
concentration of the conjugates was determined from the
absorbance obtained by UV-visible spectrometry (Tianjin
Gangdong Science and Technology Development Co., Ltd.,
Tianjin, China) absorbance at 500 nm (A500). The GNPs
were characterized by TEM following drop-coating 100 ul
of the sample on a carbon-coated copper grid. Dynamic light
scattering spectroscopy (DLS; HORIBA Jobin Yvon, Edison,
NIJ, USA) allowed for determination of the hydrodynamic
diameter of colloidal particles and conjugates, which was the
diameter of a sphere with the same Brownian motion as the
analysed particle.

Determining the number of C225 molecules bound to a GNP.
The number of C225 molecules bound to GNP was calcu-
lated by ELISA (17). Briefly, 100 pl of the standards sample
was added to an ELISA plate according to its sequence, and
200 ul C225-GNP solution was added to the same micropore.
C225 solution (10 ul, 2 ug/ul) was added to the microplate
as a control. All the samples were disposed with 10 pg/ul
horseradish peroxidase (HRP)-labelled goat anti-mouse-IgG
(1:2,000; cat no. KGAA36; Nanjing KeyGen Biotech
Co., Ltd., Nanjing, China) and incubated for 1 h at room
temperature. The C225-GNP conjugates were centrifuged at
1,500 x g at 4°C for 15 min to remove the unconjugated HRP.
Subsequently, tetramethyl benzidine was reacted with HRP
for 15 min, and 2 mol/l sulphuric acid was added to termi-
nate the reaction. The number of C225 antibodies bound to
C225-GNPs was determined by UV-visible spectrometry at
450 nm, which was compared with the standard curve of the
HRP-anti-IgG/C225. The number of C225 antibodies bound
per GNP was calculated from the total number of C225 anti-
bodies in the solution divided by the total number of GNPs
in the solution (19).

Nanoparticle cytotoxicity assay. Cell Counting Kit-8 (CCKS;
Nanjing KeyGen Biotech Co., Ltd.) assays were used to
determine the cytotoxicity of C225, GNPs and C225-GNPs.
The assays were performed according to the manufacturer's
protocol to assess cell viability. The cells were cultured at
a density of 3x10° cells per well in flat-bottomed 96-well
plates. The C225, GNPs and C225-GNPs were diluted to
various concentrations in 1X PBS (Ph 7.4), and then added
into the wells and incubated for 24 h at 37°C, followed by
exposure to 10 ul CCK8, which was added to each well for
2 h. The absorbance was measured at 490 nm using a micro-
plate reader (DG3022; Bio-Rad Laboratories, Inc., Hercules,
CA, USA) and the 50% inhibition concentration (ICs,) value
was estimated.

Cell uptake assay. The SMCC7721 cells were treated with
GNPs or C225-GNPs (the concentrations of GNPs and
C225-GNPs was 1/5 of the IC;, for 24 h) and were centrifuged
with 500 x g at 37°C for 10 min and fixed in 2.5% glutaral-
dehyde for 4 h at room temperature, followed by rinsing with
PBS twice. The cells were then gradually dehydrated with 70,
80 and 90% acetone solutions, and embedded in epoxy resin
at 60°C for 48 h. Ultra-thin sections (70-100 nm) were cut
with an ultramicrotome and stained with 5% uranyl acetate
in 50% ethanol, followed by 2% aqueous lead citrate. Finally,
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the ultra-thin sections were imaged by TEM at 200 KV.
Flame atomic absorption spectroscopy (FAAS; SpectrAA
140; Agilent Technologies, Inc., Santa Clara, CA, USA) was
used to measure the gold concentrations of the two groups.
Briefly, the SMCC7721 cells were incubated with GNPs
or C225-GNPs for 2 h, the medium was removed and the
cells were washed three times with PBS to remove excess
nanoparticles. The cells were collected and gold concentra-
tions in the samples were measured by FAAS. The number
of GNPs within the cells was calculated according to the
particle diameter.

Clonogenic assay. To assess clonogenic survival, the
SMCC7721 cells were pretreated with C225, GNPs or
C225-GNPs for 24 h, following which the drugs were
removed and the cells were exposed to 0, 1,2, 4, 6 or 8 Gy
X-ray radiation from a medical linear accelerator (Varan
linear accelerator; Unique Medical Systems, Palo Alto, CA,
USA) and incubated for 12 days at 37°C. The visible colo-
nies with >50 cells were counted and fixed with methanol
followed by trypan blue staining. The cell survival curve
was estimated according to a multitarget single-hit model:
y=1-[1-exp (-k * x)]"N, (y=probability of survival; k=a dose
that causes a mean of one hit per cell, x=number of hits per
cell, N=number of targets, and DO=a dose that causes a
mean of one-hit per cell) was calculated. The sensitization
enhancement ratio (SER) was determined by the ratio of
radiation dose resulting in 50% survival of the cells.

Apoptotic assay. The cells were treated with GNPs, C225 or
C225-GNPs for 24 h followed by X-ray irradiation (2 Gy).
Apoptosis was detected in 5x10° cells washed with PBS by
staining with 5 yl Annexin V-APC and 5 pl 7-AAD (Nanjing
KeyGen Biotech Co., Ltd..). The stained cells were analysed
using a flow cytometer.

Western blot analysis. The cells were treated with C225, GNPs
or C225-GNPs for 24 h followed by X-ray irradiation (2 Gy).
The cells were lysed in lysis buffer [20 mM HEPES-NaOH
(pH 7.4), 2 mM EGTA, 50 mM glycerophosphate, 1% Triton
X-100, 10% glycerol, I mM PMSF, 10 ug/ml leupeptin,
10 ug/ml aprotinin and 10 pg/ml pepstatin]. The cells were
lysed using RIPA buffer (cat no. POO13; Beyotime Institute of
Biotechnology, Shanghai, China), protein lysates (20 ug) were
resolved using 10% SDS-PAGE. Protein was quantified using
a micro BCA kit (cat.no. 23235; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol and analyzed using
an acrylamide gel and then transferred onto a nitrocellulose
membrane. The membrane was probed with specific antibodies
against B-cell lymphoma 2 (Bcl-2; 1:500; cat no. SAB1306605),
Bcl-2-associated X protein (Bax; 1:500; cat no. SAB2108447),
caspase-3 (1:500; cat no. C5737), glucose-regulated protein
78 (GRP7S; 1:800; cat no. G9043), inositol-requiring enzyme
(IREla; 1:800; cat no. 16785) and PRKR-like endoplasmic
reticulum kinase (PERK; 1:800; cat no. P7704), all from Sigma;
Merck Millipore (Darmstadt, Germany) diluted with TBST
[10 mM Tris-HCI (pH 7.4), 0.1 M NaCl and 0.1% Tween-20]
containing 5% non-fat skim milk overnight at 4°C. Following
washing, the membranes were subsequently incubated with
HRP-conjugated secondary antibodies (IgG; cat. no. KGAA36;
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Nanjing KeyGen Biotech Co., Ltd.), followed by application
of enhanced chemiluminescence kits. 3-actin was used as an
internal control.

Xenograft assay. Four-week-old specific pathogen-free
athymic (T-cell deficient) nude mice were purchased from
the Model Animal Research Center (Nanjing, China). For
the generation of hepatic tumour models, single-cell suspen-
sions (2x10° cells in 0.1 ml HBSS) were injected into the right
subcutaneous armpit of each nude mouse. The mice were
randomly distributed into four groups (n=5) following tumour
cell implantation. C225-GNPs or GNPs at a gold concentra-
tion of 220 ug/ml were injected into the tumour of each mouse
or 20 mg/kg of C225. For X-ray irradiation, the mice were
exposed to 2.5 Gy of X-rays operating at 6 MV every 3 days.
The total dose and dose rate for each mouse was 20 Gy and
1.23 Gy/min, respectively. Following X-ray irradiation, the
mice were housed in micro-isolator cages until the time of
sacrifice. The room temperature was maintained between
24 and 26°C, and the relative humidity was maintained between
60 and 70%. The institutional laboratory housing provided a
12-h light/dark cycle and nude mice were allowed ad libitum
access to food and water. The tumours were measured every
3 days with callipers, and the diameters were recorded.
Tumour volume was calculated by the formula a’b/2, where
a and b are the two maximum diameters. The care and use
of animals in the present study was approved by the Animal
Laboratory of Southeast University (Nanjing, China) and the
Use Committee, and conformed to international guidelines on
the ethical use of animals. All efforts were made to minimize
the number of experimental animals and their suffering.

Statistical analysis. The data are expressed as the
mean + standard deviation. Significance was evaluated by
one-way analysis of variance or Student's t-test, as appropriate.
Statistical comparisons of slopes were made using the F-test.
All statistical analysis was performed using GraphPad Prism
6 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Characterization of C225-GNPs. Following coating of the
GNPs with C225, the nanoparticle diameters observed by
TEM imaging ranged between 15 and 26 nm (mean diameter
of 21.7 nm), which were the same as the uncoated GNPs
(~20.6 nm). However, in contrast to the uncoated GNPs,
C225-GNPs exhibited a thin white ring structure on the
surface (Fig. 1A) when stained with 2% phosphotungstic
acid. The average particle size produced was 24.5+0.9 nm
for uncoated GNPs, and 41.1+4.4 nm for C225-GNPs, as
determined by DLS (Fig. 1B). The UV-Vis spectra (Fig. 1C)
showed a marginal redshift in the particles, indicating C225
attachment to the surface of the GNPs.

Quantity of C225 conjugated to GNPs. Gradient dilutions
of goat anti-mouse IgG coated with HRP were incubated
with C225-GNPs, and the absorbance (OD) was measured
when the substrate was added. The standard curve for
HRP-anti-IgG/C225 was calculated following determining
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Figure 1. Characterization of nanoparticles. (A) Images of GNPs (left) and C225-GNPs (right) detected by transmission electron microscopy. (B) Size distribu-
tion of GNPs (blue) and C225-GNPs (red) measured by dynamic light scattering spectroscopy. (C) Absorption peak of GNPs (black) and C225-GNPs (red).
GNPs, gold nanoparticles; C225, cetuximab.
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Figure 2. Cytotoxicity of C225, GNPs and C225-GNPs at various concentrations in SWCC7721 cells. A colorimetric Cell Counting Kit-8 assay was performed
to measure the cytotoxicity according to the manufacturer's protocol. (A) C225; (B) GNPs; (C) C225-GNPs. GNPs, gold nanoparticles; C225, cetuximab.

the highest OD value, and the quantity of C225 in 200 ul
of C225-GNP solution was 2.83 ug; the number of C225
molecules (A)=0.65x10"%/(152x10%)x6.02x10% (the molecular
weight of C225 is 152 kDa). There was 10 ug of gold nanopar-
ticles in 200 pl of C225-GNPs solution (50 pxg/ml), therefore,
the number of gold atoms (B)=10x10/196.966=5.08x10"*
mol=50.8 nmol. The number of gold atoms (N,) contained in
each goldnanometre was calculated using the following formula:
N,=(59 nm?) (7/6) (Dys)® (20), N,=59x3.14/6x203=247013.3

A). The number of each nano-bound C225 antibody was
A/(B x 6.02x10%/N)=94.65.

Cell cytotoxicity of C225-GNPs. As shown in Fig. 2A-C.,
the cell viability of the three groups decreased with an
increasing concentration of drug. There was no significant
difference in cell inhibition rate between GNP-treated cells
and C225-GNP-treated cells at the same drug concentration
(P>0.05). The ICs, values of C225, GNPs and C225-GNPs in
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Figure 3. Uptake of GNPs and C225-GNPs in SMCC7721 cells. (A) Images of GNPs (left) and C225-GNPs (right) acquired by transmission electron
microscopy. (B) Cellular uptake of GNPs and C225-GNPs into SMCC7721 cells; the number of nanoparticles per single cell is shown. *P<0.01. GNPs, gold
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Figure 4. Clonogenic assays demonstrate the radiosensitization effects of
C225, GNPs and C225-GNPs on SMCC7721 cells. Exposure to 0-8 Gy of
6-MV X-ray radiation resulted in the dose-dependent clonogenic survival of
SMCC7721 cells. The regression curves were fit to a linear-quadratic model.
The sensitization enhancement ratios of C225, GNPs and C225-GNPs were
1.35, 1.71 and 2.00, respectively. GNPs, gold nanoparticles; C225, cetuximab.

SMCC7721 cells were 1,404, 6.14 and 4.11 ug/ml, respectively.
One-fifth of the IC;, value of each drug was used as the experi-
mental concentration in the follow-up assay.

Cell uptake and nanoparticle distribution. To understand
the intracellular uptake by human pancreatic cancer cell
lines expressing EGFR, SMCC7721 cells were treated with
C225-GNPs or with nonspecific isotype control GNPs.
Following treatment of the cells with GNPs or C225-GNPs for
24 h, TEM was used to observe the distribution and number
of GNPs in cells. The GNPs appeared as dark spots within the
cells, and the majority were located around the ER under the

TEM (Fig. 3A). The images further confirmed that the number
of C225-GNPs uptaken by the SMCC7721 cells was mark-
edly higher, compared with that of GNPs. FAAS was used
to quantitatively determine the quantity of internalised gold
in the SMCC7721 cells of the GNP and C225-GNP groups.
The quantity of gold was then translated to the number of
GNPs per single cell and to the total surface area per single
cell. The results showed that more gold was taken up by cells
with C225-GNPs, whereas the GNPs exhibited poor uptake
(P<0.01; Fig. 3B).

Radiosensitivity of SMCC7721 cells to C225-GNPs. The
clonogenic cell survival assay was accurately used to deter-
mine the enhancement of radiosensitivity by C225, GNPs and
C225-GNPs. The survival curves in Fig. 4 show the radiation
enhancement effects of the three groups on cell survival frac-
tions combined with different radiation doses of 6 MV X-ray
irradiation. There was a significant separation of the curves
compared with that of radiation alone (P<0.05). The curves
showed that C225-GNPs induced more radiosensitivity than
GNPs, according to the fitting cell survival curve obtained
by DO; the SERs of C225, GNPs and C225-GNPs were
1.35, 1.71 and 2.00, respectively.

Cell apoptosis assay. The annexin V-FITC/AAD double
staining procedure was used to calculate the modes of cell
death. The percentage of apoptotic cell death, as shown in
Fig. 5, is presented as the sum of the percentage of early apop-
totic cells and late apoptotic cells. The apoptotic rate in the
control group induced by 2 Gy X-ray only was 2.07+0.42%, and
the percentage of apoptotic cells in the C225 and GNP groups,
which were exposed to 2 Gy X-ray and drug treated were
5.46+0.60 and 6.46+0.82%, respectively. However, a significant
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Figure 5. Apoptosis of SMCC7721 cells following treatment with drugs and X-ray was measured by FACS analysis of SMCC7721 cells stained with Annexin
V and 7AAD. (A) Control; (B) C225; (C) GNPs; (D) C225-GNPS. Drug concentrations of C225, C225-GNPs and GNPs were one fifth of each 50% inhibition
concentration, and the radiation dose was 2 Gy. The apoptotic rates of the four groups were 2.07+0.42, 5.46+0.60, 6.46+0.82 and 13.11£1.20%, respectively.

GNPs, gold nanoparticles; C225, cetuximab.
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Figure 6. Protein expression levels of Bax, Bcl-2, caspase-3, GRP78, IREa, PERK were detected by western blot analysis. (A) Expression of apoptotic proteins.
(B) Expression of ERS proteins. 1, X-ray; 2, C225/X-ray; 3, GNPs/X-ray; 4, C225-GNPs/X-ray. Drug concentrations of C225, C225-GNPs and GNPs were
one fifth of each 50% inhibition concentration and the radiation dose was 2 Gy. GNPs, gold nanoparticles; C225, cetuximab; Bcl-2, B-cell lymphoma 2; Bax,
Bcl-2-associated X protein; GRP78, glucose-regulated protein 78; IREla, inositol-requiring enzyme o; PERK, PRKR-like endoplasmic reticulum kinase.

increase in the percentage of apoptosis was detected in the
C225-GNP group (13.11+£1.20%), compared with that in the
C225 and GNP groups, which indicated that the C225-GNPs
induced cellular apoptosis more efficiently (P<0.05).

Western blot analysis. The expression levels of Bax, Bcl-2,
and caspase-3 in cells treated with X-ray alone, C225/X-ray,

GNPs/X-ray, or C225-GNPs/X-ray were measured using
western blot analysis (Fig. 6A). The expression levels of Bax
and caspase-3 were upregulated, whereas the expression of
Bcl-2 was downregulated in cells treated with GNPs/X-ray or
C225-GNPs/X-ray. These results indicated that GNPs induced
a higher expression of intracellular apoptotic molecules
and significantly inhibited the expression of anti-apoptotic
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proteins, compared with the cells treated with radiation only.
The expression of the ERS proteins PERK, GRP78 and IREq,
were also measured in the four groups. The results showed that
the expression of PERK was downregulated in the cells treated
with X-ray alone, C225/X-ray, GNPs/X-ray and C225-GNPs/
X-ray, whereas the expression levels of GRP78 and IREa were
upregulated (Fig. 6B).

In vivo evaluation of the radiosensitization properties of
C225-GNPs. The average initial tumour volumes prior to treat-
ment were 57.75+11.29 mm?® (X-ray only), 56.88+10.82 mm?®
(C225/X-ray), 55.67£9.91 mm® (GNPs/X-ray) and
57.44+8.95 mm? (C225-GNPs/X-ray). There were no signifi-
cant differences in these tumour volumes (P<0.05). Tumour
volumes and tumour weights following X-ray and drug treat-
ments are shown in Fig. 7. Following exposure to 20 Gy X-ray
radiation, tumour volumes at experimental termination (day 21)
were significantly lower for mice treated with C225-GNPs/
X-ray, compared with X-ray only, C225/X-ray or GNPs/X-ray
(Fig. 7A). Furthermore, the use of C225-GNPs/X-ray resulted
in significantly slower tumour weight growth, compared with
the mice treated with GNPs/X-ray, C225/X-ray or X-ray only
(P<0.01). At the end of the experiment, the tumour weights
of mice treated by X-ray only, GNPs/X-ray, C225/X-ray and
C225-GNPs/X-ray were 0.339+0.039, 0.181+0.013, 0.17+0.016
and 0.046+0.01 g, respectively (Fig. 7B).

Discussion

The targeted delivery of nanomaterials is an essential area
of investigation for nanomedicine. High atomic number
materials, including GNPs, are ideal radiosensitizing agents
due to their distinguished absorption of photons and release
of secondary energy in the form of X-rays into surrounding
tissue. One of the major advantages of GNPs is their formation
of stable bonds with various antibodies, peptides and proteins,
which allows more GNPs to accumulate in the tumour and
leads to further enhancement of the radiation effect on the
tumour. The radiosensitivity of targeted-GNPs to tumour
cells leading to increased cell death at KV or MV X-ray doses
has been realised in various cancer cell lines and animal
models (10,14,16-18). However, few reports are available on

HCC with targeted-GNPs regarding radiosensitivity, and the
exact radiosensitization mechanism induced by GNPs remains
to be elucidated.

The present study aimed to assess the effects of
GNP-mediated radiosensitization towards HCC cells in vitro
and in vivo, as tumour xenografts in athymic mice. To deliver
more GNPs to cancer cells and to specifically radiosensitize
them while minimizing side-effects, the present study selected
EGFR-overexpressing SMCC7721 cells and EGFR-targeting
C225 for delivering GNPs to SMCC7721 cells in vitro and
in vivo. When the C225-GNPs conjugates were synthetized,
ELISA-based assays were used to quantify the number of C225
antibodies coated per GNP. The results showed there was an
average of 94.65 molecules of C225 bound per GNP. As expected,
the cell uptake assay showed that more GNPs conjugates than
uncoated GNPs were accumulated in the cancer cell cytoplasm
(P<0.01), suggesting that C225 significantly increased GNP
uptake. The TEM images showed that the majority of the GNPs
were distributed in the cytoplasm of cells. This was consis-
tent with a previous report describing the targeting of human
pancreatic cancer cell lines with C225-coated GNPs (14). The
clonogenic cell survival assay is the gold standard for radio-
sensitization. The results of the present study showed that the
C225, GNPs or C225-GNPs enhanced the radiosensitization of
SMCCT7721 cells to X-ray, and the SER of the C225-GNP-treated
group was the highest due to increased gold uptake by cells. The
cell apoptotic rate was also markedly enhanced by C225-GNPs
combined with X-ray.

Endothelial network stress (ERS) is a novel pathway
of apoptosis, which has been well investigated in previous
studies (21-23). It has a cytoprotective function via activating
the unfolded protein response (UPR). However, if the cellular
damage is too severe or if the stress is excessive, the UPR
stimulates the pro-apoptotic cascade and leads to cell death. It
is suggested that severe induction of the UPR by overloading
the ER capacity enhances cellular sensitivity to radiation
or chemotherapeutic agents. The role of the Bcl-2 family in
the ERS pathway has been reported in previous years (24).
The Bcl-2 family is located in mitochondria but also in the
ER and affects its homeostasis. Bcl-2/Bcl-extra large can
inhibit ERS-induced apoptosis, and the deletion of Bax and
Bcl-2-antagonist/killer 1 can protect ERS-induced apoptosis.
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The ERS-induced activation of caspase-12, which is located in
the ER epicardium, activates the caspase-9 zymogen. The acti-
vated caspase-9 cleaves the caspase-3 zymogen and eventually
leads to the apoptotic cascade.

Cancer cells treated with acriflavine or tunicamycin have
been reported to be sensitized to ionizing radiation through
activation of the UPR (25,26). In the present study, GNPs
accumulated in the cytoplasm and the expression levels of
ERS-related proteins GRP78 and IREa were upregulated. It
was also found that the expression of pro-apoptotic proteins
Bax and caspase-3 was upregulated, whereas the anti-apop-
totic protein Bcl-2 was downregulated in cells. These results
suggested that GNPs acted as an ER-inducer and enhanced
X-ray-induced apoptosis. These results are supported by find-
ings from previous studies that indicated that GNPs induced
ERS and UPR signalling-dependent apoptosis in cancer
cells (27). Yasui et al (28), also suggested that GNPs radio-
sensitized cells by enhancing apoptosis and impairing DNA
repair capacity via ERS induction.

Finally, the radiosensitization efficacy of C225-GNPs
was demonstrated in vivo in an aggressive orthotopic model
of HCC. The in vivo data in the present study clearly indi-
cated that the GNP-based targeted drug delivery system
showed the most significant radiation enhancement effect
in this xenograft model.

In conclusion, C225-GNP nanoconjugates were success-
fully synthesized in the present study, and it was shown
that the nanoparticles significantly improved the efficacy of
radiotherapy in vitro and in vivo, and briefly discussed the
mechanism of radiosensitization in SWCC7721 cells. The
results suggested that C225-GNPs may be used as a potential
radiosensitizer for treating malignant tumours overexpressing
EGFR in radiotherapy.
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