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Abstract
High atomic number (Z) materials such as gold preferentially absorb kilovoltage x-rays compared
to soft tissue and may be used to achieve local dose enhancement in tumours during treatment
with ionizing radiation. Gold nanoparticles have been demonstrated as radiation dose enhancing
agents in vivo and in vitro. In the present study, we used multiple endpoints to characterize the
cellular cytotoxic response of a range of cell lines to 1.9 nm gold particles and measured dose
modifying effects following transient exposure at low concentrations. Gold nanoparticles caused
significant levels of cell type specific cytotoxicity, apoptosis and increased oxidative stress. When
used as dose modifying agents, dose enhancement factors varied between the cell lines
investigated with the highest enhancement being 1.9 in AGO-1522B cells at a nanoparticle
concentration of 100 μg ml−1. This study shows exposure to 1.9 nm gold particles to induce a
range of cell line specific responses including decreased clonogenic survival, increased apoptosis
and induction of DNA damage which may be mediated through the production of reactive oxygen
species. This is the first study involving 1.9 nm nanometre sized particles to report multiple
cellular responses which impact on the radiation dose modifying effect. The findings highlight the
need for extensive characterization of responses to gold nanoparticles when assessing dose
enhancing potential in cancer therapy.

1. Introduction
The use of nanomaterials is becoming increasingly common in the biomedical field for a
range of applications including imaging, drug and gene delivery [1] and as agents for the
detection and treatment of cancer [2-4]. A variety of different cancer therapeutic strategies
have focused on the use of gold nanoparticles including the targeted delivery of anti-cancer
agents including methotrexate [5] tamoxifen [6] and oxaliplatin [7], radio frequency
radiation [8], thermal ablation [9, 10] and metal enhanced radiotherapy [11].

As a therapeutic strategy for the treatment of cancer using ionizing radiation, metal
enhanced radiotherapy utilizes the ability of high atomic number (Z) materials such as gold
to preferentially increase photoelectric absorption of low kilovoltage x-rays compared to soft
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tissue causing enhanced radiation dose deposition at the interface of surrounding tissue. This
effect has been observed clinically in patients with reconstructive metal implants receiving
radiotherapy for mandibular [12] and head and neck cancer [13, 14]. Theoretical simulations
have shown gold (Z = 79) compounds as ideal radiation enhancing agents [15-17]. Several
experimental attempts have been made to exploit the radiation enhancing properties of gold
for therapeutic benefit using gold foils [18, 19] and microparticles [20].

Gold nanoparticles have been shown as potential radiation enhancing agents for the
treatment of cancer [21-25]. This was first demonstrated by Hainfeld et al [21] who obtained
dose enhancement ratios of at least 2, but potentially as high as 6 using 1.9 nm particles at a
gold concentration of 7 mg g−1 when administered by intravenous injection to tumour-
bearing mice irradiated with 250 kVp x-rays. These finding were validated by Cho et al [16]
using Monte Carlo calculations to estimate tumour dose enhancement to be greater than 2 at
a similar concentration of gold nanoparticles to those used in the Hainfeld study and greater
than 5 at a concentration of 3% gold when irradiated with 140 kVp x-rays.

Using the same size of particle, Rahman et al [24] demonstrated a peak radiation
enhancement factor of 25 fold for kilovoltage x-rays at a 1 mM nanoparticle concentration
in bovine endothelial cells irradiated with kilovoltage x-rays or megavoltage electrons. The
effect of different sized nanoparticles (14–74 nm) was recently shown [25] with 50 nm
particles showing the highest enhancement factor of 1.66 when irradiated with 6 MVp
photons.

Using plasmid DNA as a model system, reports from our laboratory [26] and from others
[27, 28] have shown gold nanoparticles to enhance radiation damage yield by factors greater
2 using kilovoltage x-rays and low energy electrons. In addition to dose enhancing potential,
it is becoming clear that nanoparticles are capable of inducing a range of cell specific
responses depending on particle size [29], shape [30] and surface functionalization [31, 32].

The aim of the present study was to investigate the response of a range of cells to 1.9 nm
gold particles and to assess dose modifying potential. We present evidence for acute
cytotoxicity and apoptosis mediated by oxidative stress. Dose modifying factors up to a
maximum of 1.97 are reported for cells irradiated with 160 kVp x-rays. These studies
provide further evidence for the potential of gold nanoparticles in cancer therapy and
highlight the need for extensive characterization of cellular response.

2. Method and materials
2.1. Cell culture

All cell lines were obtained from Cancer Research UK, excluding primary astrocytes, which
were purchased from TCS Cell Works (UK). Human prostate cancer cells, DU-145 and
PC-3 were grown in RPMI-1640 medium with 10% foetal bovine serum, 1% penicillin/
streptomycin. Human breast cancer cell lines, MDA-231-B and MCF-7 were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% foetal bovine serum and 1%
penicillin/streptomycin. Human alveolar epithelial cells (L-132) and human glioblastoma
cells (T98G) were grown in Eagle’s minimum essential medium with 10% foetal bovine
serum and 1% penicillin/streptomycin. Human primary astrocytes were grown in astrocyte
growth medium with supplements (Lonza, UK). Human primary fibroblast cells
(AGO-1522B) were grown in Eagle’s minimum essential medium (+deoxyribonucleosides
and deoxyribonucleotides) with 20% foetal bovine serum and 100 μg ml−1 streptomycin
(GIBCO-BRL). All cells were maintained at 37 °C in a humidified atmosphere of 95% air/
5% CO2.
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2.2. Gold nanoparticles and irradiation setup
1.9 nm Aurovist gold nanoparticles were purchased from Nanoprobes Inc. (Yaphank, NY).
Particles were suspended in culture medium, aliquoted and stored at −20 °C until required.
Cells were irradiated with 160 kVp x-rays at dose rate of 0.625 Gy min−1 using a Faxitron
CP-160 x-ray generator. Culture vessels were returned to the incubator immediately after
irradiation.

2.3. Clonogenic assay
Subconfluent cells were removed from flasks by incubating in a 1:1 solution of 0.25%
trypsin and 1 mM EDTA. Following detachment, cells were centrifuged and resuspended in
fresh culture media before counting using a Coulter counter set at a threshold calibrated for
the cell line using a haemocytometer. Appropriate cell numbers were plated for survival
analysis using the clonogenic assay technique of Puck and Marcus [33]. Culture medium
was removed and replaced with nanoparticle-containing medium prior to irradiation.
Immediately following irradiation, gold nanoparticle-containing medium was removed and
replaced with fresh culture medium. Cell cultures were incubated for 10–14 days at 37 °C in
5% CO2 in air and 95% humidity before staining with crystal violet. Colonies exceeding 50
cells were scored as representing surviving cells.

2.4. Dynamic cell proliferation assay
For each cell type, 7000 cells/well were seeded into 100 μl of complete culture medium in a
96 well microtiter E-Plate (Roche, UK). Following addition of cells the plate was inserted
into the xCelligence System and monitored every 15 min for 28 h. Cell sensor impedance
was expressed as an arbitrary unit called cell index. The cell index at each time point is the
relative change in measured electrical impedance defined as (Rn − Rb)/15, where Rn is the
cell–electrode impedance of the well containing cells and Rb is the background impedance
of the well containing medium alone. ANOVA was used to determine statistical
significance.

2.5. Cell cycle analysis by flow cytometry
Cells were seed into 6 well plates and allowed to adhere overnight before incubating with
gold nanoparticles. Samples were collected by incubating in a 1:1 solution of 0.25% trypsin
and 1 mM EDTA. Following detachment, cells were centrifuged, washed in PBS and fixed
in chilled 70% ethanol at 4 °C for 60 min. After fixation cells were washed and resuspended
in PBS containing 50 μg ml of propidium iodide and 10 μg ml RNase and incubated at 37
°C for 30 min. Samples were analysed using a FACSCalibur flow cytometer and CELL-
Quest software (Becton-Dickson, UK). 10 000 cells were analysed sample, values are
expressed ±SEM. Statistical significance was determined using a t-test.

2.6. Measurement of oxidative stress by flow cytometry
Cells were seeded into 6 well plates and allowed to adhere overnight before incubating with
gold nanoparticles. Nanoparticle-containing medium was removed and replaced with serum-
free medium containing 5 μM 2DCFDA (5-6-chloromethyl-2′7′-dichlorodihydrofluorescein
diacetate acetyl ester) (Molecular Probes, Invitrogen). Cells were incubated at 37 °C for 30
min, washed with PBS and detached using cell dissociation buffer (Sigma, UK). Samples
were analysed using a FACSCalibur flow cytometer and CELL-Quest software (Becton-
Dickson, UK). 10 000 cells were analysed per sample; values are expressed as means
±SEM. Statistical significance was determined using a t-test.
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2.7. DNA damage analysis by immunostaining for γH2AX and 53BP1
Immunostaining was performed for the DNA damage markers γH2AX and 53BP1. Cells
were seeded on to coverslips in 6 well culture plates and allowed to adhere overnight. Cells
were then incubated with gold nanoparticle-containing culture medium at 10 or 100 μg ml−1

for 1 or 24 h. Cells were fixed in methanol/acetone (1:1), permeabilized in 0.1% solution of
Triton X-100 in PBS (Sigma, UK) and incubated with a mouse monoclonal primary
antibody for Ser 139 phosphorylation of H2AX (Millipore, UK, 1 in 10 000) or rabbit
monoclonal antibody for 53BP1 (Novus Biologicals, UK, 1 in 2000). A positive control for
induction of γH2AX and 53BP1 foci was included using cells exposed to 1 Gy of x-rays and
fixed after 30 min. γH2AX and 53BP1 foci were detected using Alexa Fluor 488 and 568
secondary antibodies respectively (Molecular Probes, UK). Cells were counterstained with
4,6-diamidino-2-phenylindole (DAPI) containing mounting medium for fluorescent
microscopy (Vectorshield, UK). Cells were imaged using a Zeiss Axiovert 200M fluorescent
microscope. Statistical significance was determined using a t-test.

2.8. Statistical analysis and data fitting
Statistical analysis was conducted using Prism version 5.01 (Graphpad Software Inc.) with a
significance level of 0.05 used. Radiation dose response curves were fitted using the
nonlinear regression function in Mathematica version 6 (Wolfram Scientific).

3. Results
3.1. Time dependent response to nanoparticles

A time course experiment was conducted to determine the effect of gold nanoparticles on
cell survival in the absence of radiation and determine the optimum incubation period with
nanoparticles prior to irradiation. Figure 1 shows the effect of 100 μg ml−1 nanoparticles, 4
Gy X-irradiation or the combination of gold nanoparticles with 4 Gy X-irradiation on the
clonogenic survival of MDA-231-MB cells for incubation periods of up to 8 h. In the
absence of X-irradiation, 100 μg ml−1 of nanoparticles caused a variable response within the
first 2 h, which dropped to a plateau level around 80% after 4 h. Cells exposed to a single
radiation dose of 4 Gy had an average surviving fraction of 0.52 (±0.21) for time points after
1 h, in line with previous radiation dose response data obtained within our laboratory for this
cell line. Combination of 100 μg ml−1 nanoparticles with 4 Gy x-rays decreased the
surviving fraction of cells significantly to 0.323 (±0.02) when irradiated 1 h after addition of
gold nanoparticles. Thus, all further studies were performed by incubating cells with gold
nanoparticles 1 h prior to irradiation.

3.2. Cytotoxicity and proliferative response
The effect of a 1 h exposure to gold nanoparticles at concentrations of 10 and 100 μg ml−1

was measured by clonogenic assay and is shown in figure 2. DU-145 cells showed the
highest levels of cytotoxicity at concentrations of both 10 and 100 μg ml−1 compared to
MDA-231-MB cells, which showed relatively low levels of cytotoxicity and were therefore
selected for further investigation.

The effect of gold nanoparticles on cell proliferation was measured by dynamic cell
proliferation assay (Roche Applied Sciences, UK). Figure 3 shows the real time proliferative
responses of MDA-231-MB and DU-145 cells following exposure to nanoparticles.
Addition of gold at 10 and 100 μg ml−1 had no effect on the proliferation of MDA-231-MB
cells compared to control cells (p > 0.05) whilst proliferation of DU-145 cells was
significantly inhibited by gold at 10 (p < 0.0001) and 100 μg ml−1 (p = 0.0057). No
significant difference in cell index was observed between cells exposed to 10 or 100 μg
ml−1 (p > 0.05).
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3.3. Apoptosis measurement by flow cytometry
Cell cycle distributions were measured in MDA-231-MB and DU-145 cells following
exposure to 100 μg ml−1 of nanoparticles. No significant alterations in cell cycle
distributions were observed compared to control cells (p > 0.05, data not shown) with the
exception of the sub G1 cell populations. Figure 4 shows the sub G1 population
measurements 24 and 48 h after exposure to 100 μg ml−1 of gold nanoparticles for 1 and 24
h. MDA-231 cells showed no significant increase in sub G1 population at these time points
compared to corresponding controls (p > 0.05) whilst DU-145 cells showed a significant
increase in sub G1 cell population 48 h after exposure to nanoparticles compared to control
cells (p = 0.03).

3.4. Induction of DNA damage
Levels of DNA damage were determined by immunofluorescent scoring of foci for the DNA
double strand break markers H2AX and 53BP1. Figure 5 shows the number of foci in
MDA-231-MD and DU-145 cells following exposure to gold nanoparticles. In MDA-231
cells, significant increases in the number of γH2AX foci number were shown after exposure
to 10 μg ml−1 for 24 h (p < 0.001) and 100 μg ml−1 for 1 h (p = 0.04). 53BP1 foci increased
significantly at a concentration of 100 μg ml−1 for 1 and 24 h (p < 0.01). In DU-145 cells,
significant increases in the number of γH2AX foci number were shown after exposure to 10
and 100 μg ml−1 for 24 h (p < 0.001). 53BP1 foci were shown to increase significantly at a
concentration of 10 μg ml−1 for 1 h (p = 0.01) and 24 h (p < 0.01) and at 100 μg ml−1 for 24
h (p < 0.01).

3.5. Measurement of oxidative stress
Induction of oxidative stress was measured by flow cytometry using the cell permeable
fluorescent dye CM-H2DCFDA. Figure 6 shows the relative changes in ROS measurements
with exposure to 10 and 100 μg ml−1 of gold nanoparticles for 1 and 24 h in MDA-231 and
DU-145 cells. Cells were exposed to 0.5% H2O2 for 1 h as a positive control. In MDA-232
cells, exposure to gold (10 μg ml−1) for 1 and 24 h had an anti-oxidant effect causing a
significant decrease in ROS (p < 0.01). Exposure to 100 μg ml−1 significantly decreased
ROS levels at 1 h (p < 0.01), but had no significant effect at 24 h compared to control cells
(p > 0.63). This trend was reflected in DU-145 cells which showed a significant decrease in
ROS levels at 10 μg ml−1 at 1 (p = 0.05) and 24 h (p = 0.01). At a concentration of 100 μg
ml−1, exposure for 1 h had no significant effect on production of ROS (p = 0.41) whilst 24 h
exposure caused a significant increase in ROS compare to untreated control cells (p = 0.03).

3.6. Assessment of radiation dose modifying effects
The radiation dose modifying effects of 1.9 nm gold were determined by clonogenic assay.
Cells were exposed to gold nanoparticles at 10 and 100 μg ml−1 for 1 h prior to irradiation
with 160 kVp x-rays. Figure 7 shows the radiation dose response curves for each of the cell
lines investigated. Surviving fractions were normalized to that of non irradiated control cells
in each of the experiments to correct for the direct cytotoxic effect of gold nanoparticles.
Dose response curves of the form SF = exp[−(αD + βD2)] were fitted to the data using least
squares minimization, weighted using the standard error of each measurement. Statistical
errors on fit values were calculated with 95% confidence intervals. The radiobiological
parameters for each of the cell lines investigated are summarized in table 1. Statistical
analysis showed significant differences in the response of several cell lines to radiation in
the presence of gold nanoparticles compared to control cells in the absence of gold. The
most significant response was in AGO-1522B cells with 100 μg ml−1 compared to radiation
only controls (p = 0.009). In addition, significant differences were shown in MDA-231-MB
cells with 10 and 100 μg ml−1 (p = 0.035, p = 0.06), and astrocytes with 10 μg ml−1 (p =
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0.01). Dose enhancement factors were calculated as the ratio of doses required to give the
same surviving fractions as that of the radiation only control cells at a dose of 2 Gy (SF2).

4. Discussion
The unique properties of nanomaterials have led to their use in a wide range of biomedical
applications including cancer diagnosis and therapeutics [1-4, 31]. Several reports have
demonstrated the potential for gold nanoparticles in metal enhanced radiotherapy for the
treatment of cancer [21, 24, 25]. Whilst most of these studies have used gold particles with
sizes in the low nanometre range (1.9 nm) [21, 24] reports have shown these particles may
be not be of optimum size for cellular uptake [34-37], may be cytotoxic [29, 30].
Considering the promising in vivo results achieved with 1.9 nm particles in combination
with 250 kVp x-rays [21] and that particles in this size range are capable of transition across
the blood brain barrier this study evaluated the in vitro cellular responses and dose
modifying potential in a range of cell types. 1.9 nm gold nanoparticles are shown to be
cytotoxic. Of the cell lines investigated with DU-145 cells showing comparatively high
levels of cytotoxicity compared to MDA-231-MB cells across multiple endpoints. No
correlation between the level of cytotoxic response was observed between the normal
(Astrocytes, AGO-1522B) and the other immortalized or tumour cell lines. The neural cells
(astrocytes and T98G glioma) also showed high levels of cytotoxicity. Cell proliferation in
response to gold nanoparticles was not significantly different from control cells in
MDA-231-MB (p > 0.05) whereas DU-145 cells showed significantly reduced proliferation
at 100 μg ml−1 (p = 0.0057). These observations should be qualified by stating that cell
index is an arbitrary measure of electrical impedance based on changes in cell proliferation,
shape and adhesion, with these factors potentially also playing a role in the observed
responses.

Cell cycle analysis showed gold nanoparticles had no significant effect on cell cycle
distributions (p > 0.05) with the exception sub G1 populations indicating induction of
apoptosis. Significant levels of apoptosis were observed in DU-145 cells following exposure
to gold nanoparticles 24 and 48 h. These findings were supported by elevated levels of the
DNA damage markers γH2AX and 53BP1. In addition, elevated levels of oxidative stress
were detected by fluorescence measurement of intracellular reactive oxygen species (ROS).
Taken together these findings show 1.9 nm gold particles induce apoptosis and DNA
damage, which may be mediated by the increased generation of ROS.

In a similar study, Pan et al [38] demonstrated 1.4 nm triphenyl monosulfonate (TPPMS)
coated particles caused elevated oxidative stress. However, no increase in sub G1 cell
population was reported and the authors concluded that necrosis due to mitochondrial
damage mediated by elevated levels of ROS was the primary mechanism involved. Gold
nanoparticles have also been shown to enhance oxidative stress induced by 5-aminolevulinic
acid (5-ALA) [39].

Rahman et al [24] showed that millimolar concentrations of 1.9 nm gold particles decreased
cell viability by 30% in bovine aortic endothelial cells. Patra and colleagues [40]
demonstrated cell specific induction of apoptosis using multiple endpoints including
poly(ADP-ribose) polymerase (PARP) cleavage and uptake of propidium iodide in baby
hamster kidney and human hepatocellular carcinoma cells treated with 30–120 nm particles.
A recent in vivo study, Cho et al [41] showed that 13 nm PEG-coated gold nanoparticles had
significant in vivo toxicity causing acute inflammation and apoptosis in the livers of BALB/
c mice. Conversely, Connor et al [42] failed to show acute toxicity for cysteine and citrate
capped 4 nm particles and 18 nm cetyl trimethylammonium bromide (CTAB) particles. This
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study also showed maximal nanoparticle uptake within 1 h of exposure using UV–vis to
monitor uptake from culture medium.

Emerging evidence suggests that variability in the synthesis and functionalization of
nanoparticles necessitates extensive toxicity evaluation. Particle size [30, 35-39], shape [43]
and surface modification [29] may be critical in determining cellular response. Given that
particles with sizes in the low nanometre range are similar in size to many small protein
molecules such as hormones and growth factors, these observations may be a consequence
of modulation of key regulatory pathways within the cell suggesting the merit of more
detailed mechanistic investigation.

The radiation enhancing effect of different types of gold nanoparticle has been demonstrated
in vivo [21] and in vitro using cellular [22-25] and plasmid DNA [26-28 model systems.
Using the same 1.9 nm particles as used in this study, Rahman et al [24] characterized the
radiation enhancement effects of kilovoltage x-rays and megavoltage electrons in bovine
endothelial cells. The authors reported dose enhancement factors of around 25 using 80 kVp
x-rays and 4 using 6 MeV electrons. In addition, this report showed low mM nanoparticle
concentrations to significantly decrease cell viability.

Our experimental data showed significant differences in the dose response curves with and
without gold in AGO-1522B (100 μg ml−1), MDA-231-MB (10 and 100 μg ml−1) and
astrocytes (10 μg ml−1). It was also noted that the shape of the survival curve, particularly
for the AGO-1522B cells changed from a linear quadratic response to a purely exponential
response at the highest concentration of nanoparticles used indicative of a shift in the
mechanism underpinning the survival response. Dose enhancement factors were calculated
based on the ratio of the surviving fractions at 2 Gy (SF2). These values ranged from 1.97
for AGO-1522B at 100 μg ml−1 to 1.04 for Astrocytes at 10 μg ml−1 and 1.67 and 1.11 in
MDA-231-MB cells at 10 μg ml−1 and 100 μg ml−1 respectively. These values are in close
agreement with those of Rahman et al [24] who reported a dose enhancement factor of 1.4
with 150 kVp x-rays at a concentration of 0.5 mM.

In agreement with other authors [21-24] it is possible that the gold nanoparticle radiation
enhancement observed in our study is primarily due to the photoelectric effect and
subsequent Auger decay. The x-ray absorption coefficient of gold is in region of the x-ray
spectrum where absorption is dominated by photo ionization from either the K- or L-shell,
with the gold K-shell edge being at 80.7 keV. The radiation spectrum from our 160 kVp
source ranges predominantly from 20 to 100 keV with a high energy tail increasing to the
maximum energy of 160 keV, with a form broadly similar to that shown previously by
McMahon et al [15] for 150 kVp. The ratio of the mass attenuation coefficient of gold to
that of water has a broad maximum at an energy of about 40 keV [44]. Therefore the
radiation source used in these experiments is expected to achieve a high level of dose
enhancement yet a higher level could be achieved using a more narrow band source tuned to
this maximum. In addition to the physical processes governing gold nanoparticle radiation
enhancement, the cellular responses presented in this report suggest a role for biological
enhancement of radiation dose which remain to be determined.

A recent study by Chitrani et al [25] compared particles from 14 to 74 nm and showed the
highest level of cellular uptake and radiosensitization enhancement with 50 nm particles
irradiated with 105 kVp x-rays. Furthermore, the study emphasizes the need for optimization
of nanoparticles to achieve the highest level of radiation enhancement which is likely to
dependent not solely by size, but also shape and functionalization.

In conclusion, we have demonstrated gold nanoparticles as potential radiation enhancing
agents accompanied with cell cytotoxicity, apoptosis, DNA damage and oxidative stress.
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This study highlights the need for comprehensive characterization of cellular responses to
gold nanoparticles when assessing radiation enhancing potential in cancer therapy.
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Figure 1.
Time dependent response of MDA-231-MB to gold nanoparticles MDA-231-MB cells were
exposed to 1.9 nm gold particles or normal medium for periods from 15 min to 8 h then
irradiated with 4 Gy or sham irradiated. Symbols represent: nanoparticle control (○ solid
line); 4 Gy x-ray irradiation (▲ dotted line); gold nanoparticles in combination with 4 Gy x-
ray irradiation (● dashed line). Surviving fractions were normalized to untreated control
cells in each of the experiments. Data points show the mean of at least three independent
experiments ± SEM.
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Figure 2.
Effect of gold nanoparticles on clonogenic survival. The cytotoxicity of gold nanoparticles
following 1 h exposure to concentrations of 10 μg ml−1 (white column) and 100 μg ml−1

(solid column). Surviving fractions were normalized to untreated control cells in each of the
experiments. Data points show the mean of at least three independent experiments ± SEM.
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Figure 3.
Effect of gold nanoparticles on proliferative response. The proliferative responses of
MDA-231-MB and DU-145 cells was measures in real time. Cells were continuously
exposed to nanoparticles at concentrations of 10 (dashed line) and 100 μg ml−1 (dotted line).
Untreated control cells are shown as a solid line. Normal proliferative responses of the cells
were monitored for 4 h prior to addition of gold nanoparticles as indicated by the arrow and
cell index recorded every 15 min. Data is shown as the average proliferative index from
three independent determinations ± SEM.
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Figure 4.
Measurement of apoptosis by flow cytometry. MDA-231-MB and DU-145 cells were
exposed to nanoparticles at a concentration 100 μg ml−1 for 1 and 24 h. Samples were
labelled with propidium iodide (PI) at 24 (open bars) and 48 h (closed bars) and analysed by
flow cytometry. Changes in the sub G1 cell populations are shown relative to untreated
control cells. Data points show the mean from three independent measurements ± SEM.

Butterworth et al. Page 14

Nanotechnology. Author manuscript; available in PMC 2011 January 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5.
Quantification of DNA damage using γH2AX and 53BP1. MDA-231-MB and DU-145 cells
were exposed to nanoparticles at concentrations of 10 and 100 μg ml−1 for 1 and 24 h.
Induction of DNA damage was confirmed by exposing cells to 1 Gy and fixing cells 30 min
after irradiation.
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Figure 6.
Flow cytometry measurement of oxidative stress. The level of oxidative stress in MDA-231-
MB and DU-145 cells following exposure to 10 and 100 μg ml−1 of gold nanoparticles was
measured using labelled the fluorescent dye H2DCFDA and analysed by flow cytometry.
Reactive oxygen species measurements are shown relative to untreated control cells. Data
points show the mean at least three independent measurements ± SEM.
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Figure 7.
Measurement of radiation dose modifying response. Radiation dose response curves were
determined by colony forming assay for cells irradiated with 10 and 100 μg ml−1

nanoparticles. Cells were incubated with nanoparticles 1 h prior to irradiation with 160 kVp
x-rays. Each of the radiation dose response curves for each of the cell lines are shown as x-
ray control (○ solid line); 10 μg ml−1 gold nanoparticles (● dotted line) and 100 μg ml−1

gold nanoparticles (▲ dashed line). Surviving fractions were normalized to non irradiated
control cells in each of the experimental groups. Data points show the mean of at least three
independent experiments ± SEM.
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