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Among other nanoparticle systems, gold nanoparticles have
been explored as radiosensitizers. While most of the research in
this area has focused on either gold nanoparticles with diameters
of less than 2 nm or particles with micrometer dimensions, it has
been shown that nanoparticles 50 nm in diameter have the
highest cellular uptake. We present the results of in vitro studies
that focus on the radiosensitization properties of nanoparticles in
the size range from 14-74 nm. Radiosensitization was dependent
on the number of gold nanoparticles internalized within the cells.
Gold nanoparticles 50-nm in diameter showed the highest
radiosensitization enhancement factor (REF) (1.43 at 220 kVp)
compared to gold nanoparticles of 14 and 74 nm (1.20 and 1.26,
respectively). Using 50-nm gold nanoparticles, the REF for
lower- (105 kVp) and higher- (6 MVp) energy photons was 1.66
and 1.17, respectively. DNA double-strand breaks were
quantified using radiation-induced foci of y-H2AX and 53BP1,
and a modest increase in the number of foci per nucleus was
observed in irradiated cell populations with internalized gold
nanoparticles. The outcome of this research will enable the
optimization of gold nanoparticle-based sensitizers for use in
therapy. © 2010 by Radiation Research Society

INTRODUCTION

Each year 10.9 million people worldwide are diagnosed
with cancer, and there are 6.7 million deaths from the
disease (/). It is estimated that there are 24.6 million
people alive who have received a diagnosis of cancer in the
last 5 years. Approximately half of the people who develop
cancer each year receive radiation therapy as a component
of their treatment. Delivering a curative dose of radiation
to tumor tissues while sparing normal tissues is still a great
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challenge in radiation therapy. The concept of using high-
Z materials to increase the dose given to a tumor during
radiation therapy was advanced over 20 years ago when
iodine was shown by Matsudaira et al to sensitize
cultured cells (2). Santos Mello et al. found that direct
intratumoral injection of iodine with radiation suppressed
the growth of 80% of tumors in mice (3). Norman et al.
modified a CT scanner to deliver tomographic orthovolt-
age (140 kVp) X rays to spontaneous canine brain tumors
after intravenous injection with iodine contrast medium,
which resulted in 53% longer survival (4, 5). Nath et al
demonstrated enhancement of radiosensitivity by a factor
of three by incorporating iodine into cellular DNA with
iododeoxyuridine in vitro (6).

However, the use of gold as a radiosensitizer seems
more promising than the earlier attempts using iodine
since gold has a higher Z number than iodine and has
greater biocompatibility (2—4, 7-9). Investigations of the
in vitro toxicity of gold nanoparticles have shown
cytotoxicity for smaller gold nanoparticles (1-2 nm)
but not for the larger gold nanoparticles (9, 10). Both
theoretical and experimental studies have demonstrated
greater dose enhancement effects for irradiations close
to the surface of a thin metallic gold foil (7, 12). Herold
et al. demonstrated dose enhancement for cells sus-
pended in 1% gold particle solutions (dimensions of
particles were 1.5-3.0 um) as well as for tumors injected
with gold microspheres (/3). As shown by Herold et al.,
it would be very difficult to deliver high-Z materials
uniformly throughout the tumor as microspheres,
primarily because of the size of the particles. Hainfeld
and Rashman er al used smaller gold particles with
dimensions of 1.9 nm to overcome these difficulties (/4
16). The concentration of the gold at the tumor site was
0.7%. The dose administered to achieve this level in
tumors is too high for translation to humans. Nano-
particles with dimensions up to 100 nm can traverse the
cell membrane and may accumulate preferentially in
cancer cells (/7, 18). Such nanoparticles (1-100 nm) are
smaller than the typical cutoft size of the pores in tumor
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vasculature (e.g., up to 400 nm) so they may access cells in
tumors (/9). Most research to date has used either gold
nanoparticles of size 2-13 nm or larger particles with
micrometer dimensions (/3, 20-23). According to a recent
theoretical study, gold nanoparticles of size between 2—
10 nm or larger particles with micrometer dimensions
would be expected to have a very low cell uptake (24).
Consistent with this study, our recent in vitro work has
confirmed that cellular uptake of nanoparticles is
dependent on their size. Nanoparticles 50 nm in diameter
showed the highest uptake into cells (25-29).

The goal of the present study was to optimize the
uptake of gold nanoparticles within the cell and to
investigate radiosensitization as a function of gold
nanoparticle size and dose using therapeutic X rays
with a range of different energies. The concentration of
the gold nanoparticle solutions used in this study was 1
X 1073% (~1 nM), which is much lower than the
concentrations used previously in vivo (13, 14). However,
more recent studies are identifying the potential for
much lower concentrations in vivo (21, 22). The
mechanism of action for this effect is likely dependent
on intracellular and potentially nuclear localization (30).
We believe that cellular uptake producing much higher
intracellular concentrations is a prerequisite for radio-
sensitization (25-27). In this study, we evaluated the
radiobiological response for gold nanoparticles with
well-characterized intracellular uptake characteristics. In
addition, we quantified the enhancement of radiation-
induced double-strand breaks (DSBs) in cells containing
internalized gold nanoparticles using y-H2AX and
53BP1 focus assays. We present evidence of the
enhancement of radiation sensitization in cells with
internalized gold nanoparticles at megavoltage energies
used in conventional radiation practice (6 MVp) and at
concentrations feasible for use in humans (30). New
developments in nanotechnology offer great potential
for improvements in the care of cancer patients (3/-33).

MATERIALS AND METHODS
Synthesis of Gold Nanoparticles

Gold nanoparticles of different sizes were synthesized using the
citrate reduction method (34). Different sizes of nanoparticles were
prepared by changing the ratio between the gold salt and the reducing
agent. First, 300 ul of 1% HAuClL.3H,O (Sigma-Aldrich) was added
to 30 ml of double-distilled water and heated on a hot plate while
stirring. Once it reached the boiling point, 600, 300 or 260 ul of 1%
anhydrous citric acid (Sigma-Aldrich) was added to form nanopar-
ticles 14, 50 or 74 nm in diameter, respectively. After the color of the
solution changed from dark blue to red, the solution was left to boil
for another 5 min while stirring. Finally, the gold nanoparticle
solution was brought to room temperature while stirring.

Cell Culture Studies

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS. Cells were incubated at 37°C
in a humidified incubator with 95% air/5% CO,. For cellular uptake

studies, the cells were grown in petri dishes (Fisherbrand, 60 X 15 mm)
until they reached 80% confluence and incubated with fresh medium
for 3 h before nanoparticles were introduced. The extra citrate in the
gold nanoparticle solution was removed by centrifugation before the
gold nanoparticles were introduced into the medium containing
serum proteins (7 X 10° nanoparticles/ml). Uptake of gold
nanoparticles is believed to be mediated by adsorption of serum
proteins onto the surface of the nanoparticles (25, 35, 36). TEM
images of the gold nanoparticles incubated in medium with serum
proteins showed no sign of aggregation after 8 h of incubation. This
was further verified by characterization of gold nanoparticles used in
the experiments by DLS (dynamic light scattering) and zeta potential
measurements before and after the incubation with the medium
containing serum proteins; and the data are shown in Section S1 of
the Supplementary Information. After 8 h of incubation with gold
nanoparticles, the cells were washed three times with PBS and
trypsinized for quantification of the number of gold nanoparticles
present per cell. Cells were counted and then treated with HNO, at
200°C in an oil bath for ICP-AES analysis (see Supplementary
Information, Sections S2 and S3).

TEM Analysis of Cells with Internalized Nanoparticles

Cells incubated with nanoparticles as above were washed three
times with PBS and fixed (2.5% paraformaldehyde, 0.5% glutaralde-
hyde) for 8 h. The cells were then postfixed in 1% osmium tetroxide
for 2 h, washed and dehydrated in graded concentrations of ethanol
(25%, 50%, 70% and 100%) and propylene oxide. Cell samples were
then embedded in Epon (Polysciences Inc.) and sectioned. Thin
sections of 60-70 nm were collected on copper grids and stained with
a 1:1 mixture of methanol and lead citrate. The grids were visualized
using an H7000 TEM (Hitachi Corp., Japan).

Radiation Sources

The two lowest energies were obtained from a Gulmay D3225
orthovoltage unit at dose rates of 4.7 Gy/min at 105 kVp and 2.3 Gy/
min at 220 kVp. The 660 keV energy came from a '*’Cs irradiator unit
at a dose rate of 88 c¢cGy/min. An Elekta Synergy was used for
irradiations with a 6 MV beam at a dose rate of 600 MU/min, where
1 MU is equivalent to 1 ¢cGy at a depth of 1.5 cm in a 10 X 10-cm?
field.

Dose Calculations for Cell Irradiations

Individual dosimetry calculations were performed for the 105 kVp,
220 kVp and 6 MVp irradiations using clinical calculation methods
and were confirmed using Gafchromic film (EBT) in contact with
base of the petri dish. For dosimetry, the medium in the petri dish was
considered as water. Reference dosimetry for the orthovoltage (dose
to muscle) and megavoltage (dose to water) beams is performed using
TG-61 and TG-51 protocols, respectively, and these units are under
annual assessment through internal and external dosimetry services.
Irradiations with *’Cs were performed in a research irradiator with
dosimetry confirmed using Gafchromic film (10%) (see Supplemen-
tary Information, Section S4).

Clonogenic Assay

HelLa cells were grown in DMEM/h21 medium at 37°C in a
humidified incubator with 95% air/5% CO,. The cells were first
seeded at 10° cells in four tissue culture dishes and incubated for 24 h.
To investigate the dependence of nanoparticle size on radiation
response, medium containing gold nanoparticles of 14, 50 or 74 nm in
diameter was added separately to three different flasks (concentration
7 X 10° nanoparticles/ml) and incubated for another 24 h. The flasks
were trypsinized, and different dilutions were made from the cells
incubated with and without gold nanoparticles to produce an
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expected (based on preliminary studies) average of 50 colonies in 10-
cm dishes after 2, 4, 6 and 8 Gy. Gold nanoparticles of the
corresponding size were then added to each dish containing cells
already incubated with gold nanoparticles (concentration 7 X 10°
nanoparticles/ml) to maintain the same concentration of gold
nanoparticles in the medium during irradiation. The cells were then
incubated for 3 h before irradiation and were kept on ice as soon as
they were removed from the incubator for irradiation. After
irradiation, cells were incubated for 2 weeks to form colonies.
Methylene blue (0.1%) was used for staining the colonies. The
colonies containing >50 cells were counted for calculating the
surviving fractions. The plating efficiency of the cells was determined
by counting the number of colonies at 0 Gy.

y-H2AX Indirect Immunofluorescence Assay

HeLa cells were seeded into 6-cm dishes containing 18 X 18-mm
cover slips. Once the cells adhered, gold nanoparticles were
introduced into one set of dishes, leaving the other set of dishes as
reference cells. Cells were incubated with gold nanoparticles for 24 h
and subsequently irradiated with 4 Gy of 220 kVp and 6 MVp X rays.
After irradiation, cells were returned to a 95% air/5% CO, 37°C
incubator and subsequently removed at the indicated times for
fixation and analysis by indirect immunofluorescence. Cells were
fixed with freshly prepared 2% paraformaldehyde (pH 8.2)-0.2%
Triton X-100 for 20 min. Cover slips were washed three times with
PBS, and the cells were permeabilized with 0.5% Nonidet P40 for
20 min and washed again with PBS. The cells were then blocked with
2% BSA-1% normal donkey serum for 1 h and then incubated with
the appropriate antibodies diluted in 3% BSA overnight at 4°C. The
following antibodies were used for these in vitro studies: y-H2AX
(mouse monoclonal, JBW301, Upstate) and 53BP1 (rabbit polyclonal
(aal1308-1824), Alexis). After primary antibody incubation, the cover
slips were washed three times with 0.175% Tween 20-0.5% BSA-PBS
and incubated with donkey anti-mouse Alexa 488 (Invitrogen) and
donkey anti-rabbit Alexa 555 (Invitrogen) secondary antibodies for
45 min at room temperature in the dark. The cover slips were washed
again with 0.175% Tween 20-0.5% BSA-PBS and the cell nuclei were
stained with 0.2 ug ml™' 4’,6-diamidino-2-phenylindole (DAPI) for
10 min followed by three washes with PBS. The cover slips were
mounted onto 1-mm glass microscope slides with Vectashield anti-
fade (Vector Laboratories, Burlingame, CA).

The cells were imaged using an Olympus IX81 inverted microscope
controlled using In Vivo software (Media Cybernetics, Bethesda, MD).
Three-dimensional data sets were obtained by acquiring 75 optical
sections per field of view. Deconvolved images were analyzed using
Image Pro Analyzer (Media Cybernetics) without further processing.
Briefly, deconvolved image sets were maximum intensity projected and
DAPI, Alexa 488 and Cy3 channels were separated. Only nonoverlap-
ping DAPI-stained nuclei were used to generate outlines and masks.

RESULTS

Dependence of Cellular Uptake on the Size of the
Gold Nanoparticles

Figure 1 illustrates the dependence of cellular uptake
on the size of the gold nanoparticles as determined by
transmission electron microscopy (TEM) (Fig. 1A) and
UV-visible spectroscopy (Fig. 1B, left panel). The
average diameters of the gold nanoparticles were 14,
50 and 74 nm with peak plasmon absorption wave-
lengths of 517, 534 and 550 nm, respectively (see
Supplementary Information, Section S5). As shown on
the right panel of Fig. 1B, nanoparticles of diameter

50 nm showed the highest cellular uptake. TEM images
of fixed cells with internalized gold nanoparticles are
shown in the panel of Fig. 1C; the gold nanoparticles are
localized in small vesicles of size range ~300-500 nm.

Variation in Radiation Sensitization as a Function of Size
of the Gold Nanoparticles

Figure 2 shows the variation in radiosensitization as a
function of the size and concentration of the nanoparti-
cles internalized within the cells. The left panel of Fig. 2A
shows the survival curves for HeLa cells irradiated with
220 kVp X rays in the absence and presence of different-
sized gold nanoparticles within the cells. The data were
fitted with a linear-quadratic (LQ) model [SF = exp
(—oD — BD*] and are shown as solid lines along with the
data points. Values corresponding to the parameters o
and B and the goodness of fit, y? are listed in the
Supplementary Information, Section S6. The radiation
sensitization enhancement factor (REF) in the presence of
gold nanoparticles of different sizes was calculated as the
ratio of dose without gold nanoparticles/dose with gold
nanoparticles at 10% survival. The right panel of Fig. 2A
further summarizes the differences in the sensitization
properties of the different-sized gold nanoparticles; cells
that internalized 50-nm gold nanoparticles showed the
greatest sensitization. As illustrated in the left panel of
Fig. 2B, this effect appears to be related to the higher
number of nanoparticles present in the cells since the total
amount of gold in the cells increased with the size of the
nanoparticles despite the lower uptake of the 74-nm
nanoparticles. This was verified by evaluating the
variation in radiation response as a function of the
number of internalized gold nanoparticles by changing
the concentration of gold nanoparticles in the medium
(Fig. 2B, right panel). Fifty-nanometer gold nanoparti-
cles were used for this study.

Dependence of Sensitization on the Energy of the
Radiation Source

To investigate the dependence of radiation sensitiza-
tion on the energies of the X or vy rays, cells were treated
with 50-nm gold nanoparticles and survival curves were
generated for four different energies [105 kVp, 220 kVp,
¥7Cs (660 keV) and 6 MVp) (Fig. 3)]. Greater radiation
sensitization was seen for cells irradiated with the lower-
energy radiation beams (see Supplementary Information,
Section S5). The fitting parameters for the LQ fits to the
survival curves and the REF values in the presence of
gold nanoparticles at 10% survival are listed in Table 1.

Assessment of the Enhancement of DNA DSBs in Cells
with Internalized Gold Nanoparticles

Figures 4 and 5 show DNA DSBs in cells irradiated
with 4 Gy of 220 kVp and 6 MVp X rays, respectively.
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FIG. 1. Cell uptake studies. Panel A: TEM image of gold nanoparticles of 14, 50 and 74 nm in diameter.

100 nm

6000+

- "

4

Number of GNPs
per Cell
w
(]
o
o

/
*
/
ég%/;/é
0 5 10 15 20 25

Incubation Time (h)

¥

Panel B, left: UV-visible spectra of gold nanoparticles 14 (dotted line), 50 (dashed line) and 74 (dash dot line)
nm in diameter. Panel B, right: Cellular uptake of gold nanoparticles 14 (A), 50 (M) and 74 (®) nm in diameter.
Points are means = SD for three experiments. Panel C: TEM images of cells with internalized gold
nanoparticles 14 (left), 50 (middle) and 74 (right) nm in diameter.

The experimental setups for the irradiations are shown
in the left panel of Figs. 4A and 5A. To quantify the
DSBs, a minimum of 50 nuclei from each sample were
assayed using image intensity-based thresholding and
segmentation. Two proteins, y-H2AX and 53BPI, that
are present at the sites of DNA DSBs were probed using
wide-field imaging. The results are shown in the right
panel of Figs. 4A and 5A. The top and bottom panels in
Figs. 4B and 5B show images corresponding to several
nuclei of the reference cells (without nanoparticles) and
cells with nanoparticles, respectively. These images
correspond to several nuclei of cells that were irradiated
and fixed 4 h later. The three columns in Fig. 4B and
Fig. 5B represent images of the same field of view for y-
H2AX, 53BP1 and composite, respectively.

DISCUSSION

Most of the recent research on radiosensitization by
gold particles has focused on either very small particles
(1.9 and 13 nm) or much larger particles (1.5-3.0 um)

(13, 14, 22, 23). According to Gao et al., particles with
these diameters would have very low uptake into cells;
they predicted that the optimum diameter for uptake
would be about 50 nm (24). Since it is anticipated that
radiosensitization effects can be optimized by increasing
the uptake of gold nanoparticles into cells, our first goal
was to optimize the uptake of gold nanoparticles at the
cellular level by tailoring the size of the gold nanopar-
ticles for this optimum region. The results in Fig. 1 show
that cellular uptake of gold nanoparticles was dependent
on the size and are in agreement with previous reports
(25-29). Gold nanoparticles 50 nm in diameter had the
highest uptake. This optimal size for the endocytosis
process is a result of competition between the thermo-
dynamic driving force for cell uptake and receptor
diffusion kinetics. For nanoparticles smaller than the
optimal size, the increased elastic energy associated with
bending of the membrane results in decreased driving
force for membrane wrapping. When the particle size is
smaller, membrane wrapping causes an increase in free
energy and cannot proceed. For particles larger than the
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FIG. 2. Effect of size of the gold nanoparticles on radiation sensitization. Panel A, left: Variation in the surviving fraction of cells with no
internalized gold nanoparticles (M) and cells with internalized gold nanoparticles 14 (V¥), 50 (®) and 74 (A) nm in diameter. Panel A, right:
Radiation sensitization enhancement factors (REFs) for different-sized nanoparticles. Panel B, left: Radiation sensitization as a function of
number of gold nanoparticles internalized ([]) and total mass of the gold internalized per cell (O) for different-sized gold nanoparticles. Panel B,
right: Surviving fraction as a function of concentration of gold nanoparticles in the medium [1 X 10° gold nanoparticles/ml (@), 1 X 10* gold
nanoparticles/ml (A), 1 X 107 gold nanoparticles/ml (H)]. Inset shows the uptake of gold nanoparticles as a function of concentration of gold
nanoparticles in the medium. Points are means = SD for three experiments. GNPs, gold nanoparticles.

optimum size, diffusion of receptors over a longer
distance, and thus a longer wrapping time, is required.
The TEM images in Fig. 1C show gold nanoparticles of
different sizes internalized within cells. These nanopar-
ticles were localized in small vesicles of size ~500 nm
within the cell cytoplasm. However, nanoparticles were
not localized in the nucleus, only accumulating close to
the nuclear membrane with time.

Our next goal was to study radiation sensitization by
gold nanoparticles bracketing the diameter for optimum
uptake (14-74 nm). Previous studies showed radio-
sensitization of DNA by different size gold nanoparti-
cles; to our knowledge, this is the first report of
radiation sensitization by different-sized gold nanopar-
ticles internalized in tumor cells (37, 38). Lower-energy
X rays (220 kVp) were used to study radiation
sensitization as a function of nanoparticle diameter. As

shown in Fig. 2A, cells that had internalized 50-nm gold
nanoparticles showed greater radiosensitization than
cells that internalized nanoparticles 14 and 74 nm in
diameter even though the extracellular concentration of
gold nanoparticles was the same for each particle size.
This is likely a result of higher concentration of gold
nanoparticles in the cells incubated with gold nanopar-
ticles 50 nm in diameter (Fig. 1B, right panel), since the
total gold content in the cells increases with the size of
the nanoparticles and is different for the 14-nm and 74-
nm particles, which show similar levels of radiation
sensitization (Fig. 2B, left panel). As illustrated in the
right panel in Fig. 2B, the dependence of radiation
sensitization on the number of internalized gold
nanoparticles was verified by changing the number of
internalized gold nanoparticles by varying the concen-
tration of gold nanoparticles in the medium (Fig. 2B,
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FIG. 3. Energy-dependent radiation response. Cell survival curves for energies of 105 kVp, 200 kVp, 660
keV ("¥'Cs) and 6 MVp (@ in each panel), (l) Cells with no internalized gold nanoparticles. Points are means =+
SD for three experiments. The solid lines are the fit to the LQ model.

right panel). As shown in Fig. 2, the size and concentra-
tion of gold nanoparticles play an important role in
radiosensitization.

Greater uptake of gold nanoparticles (Fig. 2) leads to
higher concentrations gold nanoparticles within the
cells, leading to enhanced radiosensitization (Fig. 1).
Thus we believe that size and the concentration of the
nanoparticles play important roles in designing radia-
tion treatments involving gold nanoparticles. Further-
more, nanoparticles of this size can be passively targeted
to tumors by exploitation of their “leaky” vasculature
and poor lymphatic drainage, a phenomenon known as
the enhanced permeation and retention effect (20, 39).

These observations combined with our results should
enable researchers to design gold nanoparticle-based
sensitizers optimized for radiation sensitization in vivo.

The desire to use these sensitizers at megavoltage
energies required investigation of the radiation sensitiza-
tion properties of gold nanoparticles as a function of
beam energy. For this study, 50-nm gold nanoparticles
were chosen since they showed the greatest radiation
sensitization at 220 kVp. For the first time, we found
evidence of enhancement of radiation sensitization at
clinically relevant X-ray energies (6 MVp) for cells with
internalized gold nanoparticles. While we expect a
decrease in radiation sensitization at higher energies

TABLE 1

Fitted Parameters of the LQ Model for Experimental Data Shown in Fig. 3

105 kVp 220 kVp 137Cs 6 MVp
Aeontrol 0.237 = 0.005 0.150 = 0.004 0.119 = 0.013 0.110 = 0.008
Beontror 0.041 = 0.002 0.041 = 0.001 0.040 = 0.003 0.029 = 0.002
Olgotd 0.528 = 0.007 0.352 = 0.005 0.259 = 0.011 0.191 = 0.002
Beotd 0.054 = 0.003 0.041 = 0.002 0.030 = 0.003 0.031 = 0.001
Y eontrol 8 X 10°° 1 X102 8 X 10°° 6 X 10°°
X eold 2 X107 4 X 10 3 xX10°° 1 X 10°°
REF 1.66 = 0.05 1.43 = 0.02 1.18 = 0.03 1.17 = 0.02

Note. REFs were calculated as the ratio of doses without GNPs/dose with GNPs at 10% survival.
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FIG. 4. Qualitative and quantitative analysis of DNA damage using lower-energy X-ray photons (220 kVp).
Panel A, left: Setup used for the irradiations. Panel A, right: Quantification of y-H2AX and 53BP1 radiation-
induced foci after 4 Gy of 220 kVp X rays [cells pretreated with gold nanoparticles (red) and with no gold
nanoparticle pretreatment (black)]. Panel B: Representative images of HeLa cells irradiated with 4 Gy and fixed
for indirect immunofluorescence 4 h later. Top panels show cells with no gold nanoparticles and bottom panels
show cells with gold nanoparticles. Points are means += SD for three experiments.

(see Fig. 3), the measured effect exceeded the theoreti-
cally predicted dose enhancement (40). The experimental
data in Fig. 3 were fitted with an LQ equation (4/). The
dose corresponding to 10% survival of HeLa cells was in
agreement with that in previous reports (42—45). Table 1
summarizes the fit parameters (o and ) and the REF at
10% survival. The changes in sensitivity with gold
nanoparticle are characterized by changes in the linear
parameter (o) with no significant change in the quad-
ratic parameter (). This suggests that the effect is
consistent with an increase in dose; however, the
predicted increase in dose at MV energies is negligible
(40). Considering the work of Zheng et al (30), the
enhancements due to gold nanoparticles would have two
components, one related to an increase in cross section

and the other related to the production of low-energy
electrons. Detailed calculations of the dose delivered in
the gold nanoparticle and control conditions would
allow these two effects to be isolated. Such studies would
allow the energy dependence of the low-energy electron
component to be quantified.

Given the novelty of our results, we performed
independent verification using quantified enhancement
of DNA DSBs in cells 4 and 24 h after irradiation.
Exposure to ionizing radiation results in the production
of a variety of DNA lesions including single-strand
breaks (SSBs), DSBs, DNA-base alterations, and DNA-
DNA or DNA-protein crosslinks (46). DSBs are the
most lethal, and in this study we examined the proteins
v-H2AX and 53BP1, which are associated with the sites



726 CHITHRANI ET AL.

ii _un

YH2AX 53BP1
4 h after

I \\ithout NPs
N \vith NPs

YH2AX 53BP1
24 h after

proteins probed to quantify DNA DSBs

A . a
Irradiator 2125

[&]
2100 |
o)
o 75 |
3
= 50
e}

— £
Sample is within the 3
solid water

B

Without NPs

Merge-Au

With NPs

Merge-Au

FIG. 5. Qualitative and quantitative analysis of DNA damage using 6 MVp X rays. Panel A, left: Setup used
for the irradiations. Panel A, right: Quantification of y-H2AX and 53BP1 radiation-induced foci after 4 Gy
6 MV photons [cells pretreated with gold nanoparticles (red) and with no gold nanoparticle pretreatment
(black)]. Panel B: Representative images of HeLa cells irradiated with 4 Gy and fixed for indirect
immunofluorescence 24 h later. Top panels show cells with no gold nanoparticles and bottom panels show
cells with gold nanoparticles. Bars are means = SD for three experiments. GNPs, gold nanoparticles.

of DSBs (47-49). Olive et al. have shown a direct
correlation between y-H2AX and clonogenic radiation
cell survival in vitro (49). Figures 4 and 5 show the extent
of DSBs for cells with internalized nanoparticles
compared to cells with no gold nanoparticles irradiated
with 220 kVp and 6 MV X rays, respectively. The
quantification of DSBs using foci at 4 and 24 h provided
a measure of the DSBs remaining with and without
treatment. The use of both 53BP1 and y-H2AX allowed
for direct comparison and colocalization of these
markers given that y-H2AX (but not 53BP1) can be
associated variably with apoptosis and chromatin
compaction in early mitosis. These times were used by
a number of investigators to look at residual breaks at

early and late times after irradiation and to suggest that
increased residual breaks can be one determinant of cell
death in irradiated cells with nanoparticle or gold
nanoparticle treatment. The increase in DSBs in cells
with internalized gold nanoparticles is consistent with
the clonogenic radiation cell survival in vitro for both
lower and higher energies (see Fig. 3).

CONCLUSIONS

Over the past decade, there has been a great interest in
using nanotechnology for cancer therapy. Our studies in
vitro showed that radiosensitization was correlated with
the average number of gold nanoparticles internalized
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per cell. The survival of cells with internalized 50-nm
gold nanoparticles was reduced for all irradiations due
to the high cellular uptake of these gold nanoparticles
compared to nanoparticles of other sizes. Radiation
sensitization was observed for both lower- (100—
220 kVp) and higher-energy (6 MVp) irradiations using
a clonogenic assay and y-H2AX assay of DSBs. This
suggests that gold nanoparticles could be combined with
radiation therapy for an increased therapeutic effect.
Recent in vivo work has shown that nanoparticles of
these dimensions can be effectively targeted to tumors by
taking advantage of the enhanced permeation and
retention effect (39), suggesting that the approach could
allow an increase in the tumoricidal effects while
moderating toxicity to normal tissues. McMahon et al.
have pointed out the feasibility of dose localization
through the combination of gold nanoparticles and
targeted kilovoltage radiation to treat deep tumors, and
the results are encouraging due to the large REF
observed at kilovoltage radiation compared to mega-
voltage radiation (50). Zheng et al. recently demon-
strated that the addition of gold nanoparticles to
cisplatin and other platinum agents enhanced radiation
damage (57). Therefore, gold nanoparticles in combina-
tion with radiations and chemotherapeutic drugs pro-
vide interesting avenues to further improve the treat-
ment of cancer. Significant effort will be required to
advance these observations through detailed studies of
the mechanism of action and optimization of the effects.
This will open up future applications of targeted
radiosensitization in radiation therapy using physical
processes.

SUPPLEMENTARY INFORMATION

Section S1: Characterization of uncoated and serum
protein coated gold nanoparticles. Section S2: ICP-AES
technique for characterization of concentration of gold
nanoparticles. Section S3: Quantification of cellular
uptake of gold nanoparticles using ICP-AES technique.
Section S4: Dose calculations. Section S5: Statistical
analysis. Section S6: Fitted parameters for the cell
survival curves for HeLa cells irradiated with 220 kVp X
rays in the absence and presence of different-sized gold
nanoparticles within the cells. http://dx.doi.org/10.1667/
RR1894.1.S1
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