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Abstract

Purpose—Gold nanoparticles (GNPs) have been shown to cause sensitization with kilovoltage
(kV) radiation. Differences in the absorption coefficient between gold and soft tissue, as a function
of photon energy, predict that maximum enhancement should occur in the kilovoltage (kV) range,
with almost no enhancement at megavoltage (MV) energies. Recent studies have shown that
GNPs are not biologically inert, causing oxidative stress and even cell death, suggesting a possible
biological mechanism for sensitization. The purpose of this study was to assess GNP
radiosensitization at clinically relevant MV X-ray energies.

Methods and Materials—Cellular uptake, intracellular localization, and cytotoxicity of GNPs
were assessed in normal L132, prostate cancer DU145, and breast cancer MDA-MB-231 cells.
Radiosensitization was measured by clonogenic survival at kV and MV photon energies and
MVelectron energies. Intracellular DNA double-strand break (DSB) induction and DNA repair
were determined and GNP chemosensitization was assessed using the radiomimetic agent
bleomycin.

Results—GNP uptake occurred in all cell lines and was greatest in MDA-MB-231 cells with
nanoparticles accumulating in cytoplasmic lysosomes. In MDA-MB-231 cells, radiation sensitizer
enhancement ratios (SERSs) of 1.41, 1.29, and 1.16 were achieved using 160 kVp, 6 MV, and 15
MV X-ray energies, respectively. No significant effect was observed in L132 or DU145 cells at
kV or MV energies (SER 0.97-1.08). GNP exposure did not increase radiation-induced DSB
formation or inhibit DNA repair; however, GNP chemosensitization was observed in MDA-
MB-231 cells treated with bleomycin (SER 1.38).

Conclusions—We have demonstrated radiosensitization in MDA-MB-231 cells at MV X-ray
energies. The sensitization was cell-specific with comparable effects at kV and MV energies, no
increase in DSB formation, and GNP chemopotentiation with bleomycin, suggesting a possible

biological mechanism of radiosensitization.
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INTRODUCTION

There is increasing evidence that combining radiation therapy with systemic drugs, such as
cytotoxic chemotherapy or biological agents, improves survival in cancer patients (1). Gold
nanoparticles (GNPs) have been shown to sensitize cancer cells to kilovoltage radiation /n
vitroand in vivo (2, 3). GNPs have properties that make them attractive for use in cancer
therapy including small size, biocompatibility, and passive accumulation in tumors because
of the enhanced permeability and retention effect (4). Furthermore, GNPs can be
functionalized with antibodies or other proteins to actively target tumor cells and
intracellular targets, such as the nucleus (5, 6). Because of the high atomic number (Z) of
gold, GNPs can be used as a contrast agent, potentially aiding image-guided radiotherapy
and enabling quantification of intratumoral GNP dose (7).

Although the concentration and preparation of GNPs have varied in published studies, kV
radiosensitization has usually been attributed to increased photon absorption in high-Z
materials, such as gold, compared with soft tissue. The photoelectric effect is dominant at
kV energies in which photon absorption has a ~Z# relationship with target material. /n vitro
radiosensitization and /7 vivotumor growth delay coupled with improved survival have
been demonstrated using GNPs (3, 8).

Although some cancer patients are treated at kV energies with brachytherapy (e.g.,
lodine-125, 35.5 keV), unsealed radioisotopes, or intraoperative radiotherapy, megavoltage
(MV) X-rays are essential for most radical radiotherapy regimes to provide both skin sparing
and adequate dose deposition to central tumors (9). Monte Carlo (MC) modeling has
predicted much lower physical dose enhancement with GNPs at MV energies in which
Compton effects, which have no relationship with Z, are dominant. For instance, Cho et al/.
predicted dose enhancement factors (DEFs) of 2.11 for 7 mg Au/g tumor with 140 kVp X-
rays and 1.007 for 6 MV energies (10). An alternative mechanism has been proposed
through work in DNA plasmid models, in which sensitization occurs by short-range
electrons with energies of 200 eVor less. Because these low-energy electrons are produced
by target interactions with any photon energy, GNP-mediated sensitization would be
predicted to occur even with MV photons (11).

Recent studies demonstrate that GNPs, although biocompatible, are not inert, causing
reactive oxygen species (ROS) production, cytotoxicity, cytokinesis arrest, and apoptosis
(12, 13). Metal compounds, such as cisplatin, have been shown to cause radiosensitization
from the inhibition of DNA repair (14). To date, possible biological mechanisms of GNP
radiosensitization have not been fully investigated.

Given the emerging evidence of biological interactions with GNPs the purpose of this study
was to examine /n vitro radiosensitization with clinically relevant MV photons and electrons
in human cancer and normal cells. We also investigated the role of DNA repair, DSB
formation, cell-cycle regulation, and GNP chemosensitization using the radiomimetic agent
bleomycin.
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METHODS AND MATERIALS

Gold nanoparticles

Spherical 1.9-nm GNPs (Aurovist) used in previous radiation studies were purchased from
Nanoprobes Inc. (Yaphank, NY) (3, 8). GNPs were suspended in sterile water (Sigma, UK),
filtered through a 0.2 um filter and stored at —20°C per manufacturer's instructions. This
stock solution was diluted in culture media immediately before use.

Cell culture

DU145 human prostate cancer cells, MDA-MB-231 breast cancer cells, and L132 lung
epithelial cells were cultured in Roswell Park Memorial Institute 1640, Dulbecco modified
eagle medium, and minimum essential medium, respectively. All media were supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin (Invitrogen, UK). Cells were
maintained in a tissue culture incubator at 37°C with 5% CO,/95% air.

Transmission electron microscopy

A total of 1.5 x 10° cells were plated for 24 h, then exposed to GNPs for a further 24 h.
Cells were washed twice in phosphate-buffered saline (PBS), trypsinized, pelleted, and fixed
in 4% gluteraldehyde in 0.1M sodium cocodylate. Cells were postfixed in 1% osmium
tetroxide, dehydrated in ethanol, and embedded in agar resin. Sections of 60—70 nm were cut
using an ultramicrotome, placed on copper grids, stained with uranyl acetate and lead citrate,
and imaged with an FEI Technai F20 transmission electron microscopy (Hillsboro, OR).

Inductively coupled plasma—atomic emission spectroscopy

A total of 7.5 x 10* cells were plated for 24 h then exposed to GNPs for 24 h, washed three
times in PBS, trypsinized, counted, and digested in agua regia. Gold content was determined
using a Perkin Elmer Optima 4300 DV Inductively Coupled Plasma Optical Emission
Spectrometer (Shelton, CT).

Clonogenic survival assays

A total of 7.5 x 10* cells were plated in 35 mm? dishes for 24 h, exposed to GNPs for 24 h,
then irradiated with 0—6 Gy X-rays or electrons. Cells were washed twice in PBS,
trypsinized, counted, replated in six-well plates, and incubated for 9-14 days. Colonies were
stained with 0.4% crystal violet and counted using a Colcount colony counter (Oxford
Optronix, UK). For delayed plating experiments, fully confluent cells were exposed to GNPs
for 24 h then irradiated with 4 Gy 160 kVp X-rays and plated 06 h after irradiation as
discussed previously. For split-dose recovery, cells received two fractions of 2 Gy 0-6 h
apart and were plated as discussed previously. For chemotherapy studies, bleomycin
sulphate (Sigma, UK) was dissolved in sterile water and further diluted in culture medium.
Cells were treated with GNP for 24 h, bleomycin was added for a further 3 h, and cells were
plated as discussed previously.

Surviving fractions (SF) were calculated relative to nonirradiated cells and fitted to the
linear quadratic equation S = exp(-aD-AD?) using least-squares regression in Prism 5.0
(GraphPad Software, CA). The area under the curve, which represents the mean inactivation
dose (MID), was obtained and the sensitizer enhancement ratio (SER) calculated by dividing
the MID of nonexposed cells with gold-exposed cells as published (15).

53BP1 foci immunofluorescence

Cells were exposed to GNP for 24 h, irradiated with 0-1 Gy of 160 kVp X-rays, washed
twice in PBS, fixed with 50% methanol:50% acetone, and permeabilized in 0.5% triton
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X-100 (Sigma, UK). After overnight incubation in blocking buffer (PBS, 0.1% triton, 5%
horse serum, 0.2% milk), cells were incubated with rabbit anti-53BP1 antibody (Abcam,
UK) at 1:2000 concentration and incubated with secondary anti-rabbit Alexa fluor-488
(Invitrogen, UK). Nuclei were counterstained with 4,6-diamidino-2-phenylindole (0.1 pg/
mL). Foci were counted using a fluorescence microscope (Zeiss Axiovert 200M, UK);
typically 100 cells were counted per sample.

Cell-cycle analysis by flow cytometry

A total of 7.5 x 10 cells were plated in 35 mm? dishes for 24 h, exposed to GNPs in culture
medium for 24 h, trypsinized, centrifuged, and fixed in 70% ethanol at 4°C for 1 h. Cells
were resuspended in PBS containing 50 g mL propidium iodide and 10 g mL RNase and
incubated at 37°C for 30 minutes. Samples were analyzed using a FACSCalibur flow
cytometer and CELL-Quest software (Becton-Dickson, UK).

Irradiation setup

Megavoltage X-ray (6 MV, 15 MV) and electron (6 MeV, 16 MeV) irradiations were
performed using a Varian 2100CD linear accelerator (LINAC) with a dosimetric calibration
traceable to the National Physical Laboratory, Teddington, UK. The 35 mm? dishes
contained a layer of cells plus approximately 2 mm of medium. The remaining 8 mm depth
of the dish was air filled. For the X-ray setup, irradiations were performed at 100-cm focus
to surface distance using a 15 cm x 15 cm field size at 5 cm deep from below. Six
centimeters of water-equivalent back-scatter material was placed on top of the dishes
containing the cells. The dose-rates at the position of the cells were 3.55 Gy/min and 3.85
Gy/min for 6 MV and 15 MV, respectively. For the electron setup, irradiations were
performed from above using a 15 cm x 15 cm applicator at a depth of 1 cm to the top of
dish. The cells were set to 100 cm from the electron source. The dose-rate was 4.0 Gy/min
for both 6 MeV and 16 MeV. Because of the air gaps within and between the dishes,
dosimetric verification was undertaken using Gafchromic film (ISP Corp., Wayne, NJ) on
two separate occasions. The measured dose was found to be within 5.5% of that calculated
for all irradiations. The 160-kVp irradiations were performed using a Faxitron CP-160 X-ray
generator with 35 mm? dishes positioned as described previously with a focus to surface
distance of 30 cm? and a dose rate of 0.69 Gy/min.

Statistical analysis

All experiments were carried out in triplicate with results expressed as mean + standard
error (SE). Statistically significant differences were calculated using the two-tailed unpaired
ttest or one-way analysis of variance with a pvalue of <0.05 considered significant. To
assess correlation /2 values were calculated from the Pearson correlation coefficient using
Prism 5.0 (GraphPad Software, CA).

RESULTS

GNP uptake and cellular toxicity

TEM demonstrated that GNPs accumulated in cytoplasmic lysosomes, where they appeared
aggregated (Fig. 1a). After 24 h exposure to 12 M GNP, cellular uptake was greatest in
MDA-MB-231 cells with least uptake observed in L132 cells (Fig. 1b).

Using clonogenic survival assays a reduction in SF in all cell lines exposed to GNPs for 24 h
was observed the degree of which was cell-type dependent. Loss of clonogenicity was
maximal in the MDA-MB-231 cell line with a 19.4% reduction in survival (Fig. 1c). There
was a significant correlation between GNP uptake and cytotoxicity with an /2 value of 0.97
(p=0.015).

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2011 August 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Jain et al. Page 5

kV radiosensitization increases with GNP concentration

To determine an appropriate GNP concentration for further radiation experiments, the effect
of increasing GNP concentration on radiosensitization to 160 kVp X-rays in MDA-MB-231
cells was assessed. Figure 2 shows the ratio of surviving fractions after 0 Gy and 4 Gy (SFq
and SF4, respectively) with increasing GNP concentrations relative to the ratio of SFq to SF4
in control samples. The GNP sensitizing effect reached a plateau at a concentration of 12
#M and did not increase further with higher concentrations. Based on these results, all
further experiments were carried out at 12 M GNP concentrations with 24 hour incubation.

Radiosensitization is cell line-specific and occurs at megavoltage photon energies

Initially, radiosensitization was examined at kV energies with 160 kVp X-rays, where the
greatest physical dose enhancement would be expected to occur (10). In MDA-MB-231 cells
significant radiosensitization occurred at 160 kVp X-rays with a SER of 1.41 (o= 0.005)
(Fig. 3). The SF,4 reduced from 0.38 in controls to 0.15 in cells exposed to GNP for 24 h
before irradiation (p=0.001). An increase in both the a and 8 components of the linear
quadratic curve was observed (Table 1). Surprisingly, no significant radiosensitization was
observed in DU145 or L132 cells despite GNP uptake occurring in both cell lines (SER 0.92
and 1.05). There was no significant correlation between GNP uptake and radiosensitization
with an 72 value of 0.35 (p = 0.41).

In view of the clinical importance of MV radiation therapy, GNP sensitization using MV
photons produced by a LINAC was assessed. Interestingly, similar radiosensitization was
observed with 6 and 15 MV photons in MDA-MB-231 cells with SERs of 1.29 (p = 0.002)
and 1.16 (p=0.19), respectively. Although the SER was slightly lower at MV energies,
there was no significant difference in MIDs compared with 160 kVp, where a SER of 1.41
was achieved (p= 0.75). SF4 values reduced from 0.28 in control cells to 0.12 in GNP
exposed cells at 6 MV (p=0.001). No significant effect observed in DU145 or L132 cells
with 6 MV photons (SER 1.13 and 1.08). Table 1 summarizes the SERs of all cell lines and
the a, B, and SF, values for MDA-MB-231 cells.

Cell line—specific sensitization with megavoltage electrons

In view of the sensitization observed with MV photons, we assessed effects with
MVelectrons to eliminate the effect of primary photon interactions with GNPs. Sensitization
was observed in MDA-MB-231s at 16 MeV electron energies with an SER of 1.35 (p=
0.01) (Fig. 4). No statistically significant difference was observed at 6 MeV energies (SER
1.04, p=0.64); however, there was a reduction in survival in GNP exposed cells at higher
radiation doses with SFg values reduced from 0.078 to 0.023 (p = 0.0001). As in the photon
irradiation experiments, sensitization was not observed in DU145 or L132 cells.

GNPs sensitize MDA-MB-231 cells to the radiomimetic drug bleomycin

The sensitizing effects of GNPs with MV radiation in MDA-MB-231 cells were larger than
predicted by MC simulations of dose enhancement. GNP sensitization was therefore
assessed in a model where the physical effects of radiation were not present using
bleomycin, which causes DNA DSBs and has been used as a radiomimetic in previous
studies (16). Sensitization was observed at all bleomycin doses with an SER of 1.38 (Fig. 5).
At a concentration of 5 ug/mL, a SF of 0.62 was observed in bleomycin-only controls and
0.39 in cells exposed to GNPs before bleomycin exposure.

GNPs do not inhibit DNA repair or increase DNA DSB formation

A common mechanism of biological radiosensitization is inhibition of DNA repair, as
demonstrated with cisplatin (14). In the present study, there was no inhibition of DNA
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damage repair by GNPs in either split-dose recovery or delayed plating experiments in
MDA-MB-231 cells (Fig. 6a,c). Furthermore, there was no significant difference in 53BP1
foci, a marker of DSB formation, 1 h or 24 h after irradiation in this cell line, suggesting no
increase in DNA damage or inhibition of repair in GNP treated cells (Fig. 6b).

GNPs do not cause cell-cycle synchronization

Some radiosensitizing drugs cause cells to accumulate in the radiosensitive G2/M phase of
the cell cycle (17). In this study, flow cytometry showed no cell-cycle synchronization or
accumulation of MDA-MB-231 cells in G2/M after 24 h exposure to 12 M GNPs (Fig. 6d).

DISCUSSION

In agreement with other studies, GNP cellular uptake and localization in cytoplasmic
endosomes occurred in all cells (18). Although there have been conflicting reports of GNP
cytotoxicity there is increasing evidence that GNPs are not biologically inert, and it is likely
this contributes to sensitization observed in this study. Cell-selective GNP cytotoxicity and
apoptosis with 33 nm GNPs has previously been described with greater effects observed in
A549 human lung cancer cell lines than in BHK 21 normal kidney cells (19). Kang et al.
used 30-nm GNPs functionalized with nuclear localization signals, demonstrating cancer
cell-specific DNA DSB formation, cytokinesis arrest, and apoptosis in the absence of
radiation (13). Pan et al. demonstrated cytotoxicity, necrosis, mitochondrial toxicity, ROS
production, and oxidative stress-associated gene upregulation with 1.4 nm GNPs in Hela
cells (12). A recent study combined 15 nm citrate-capped GNPs with the ROS-producing
agent 5-aminolevulinic acid. GNPs alone did not produce ROS nor cause cell cytotoxicity in
breast cancer MCF-7 cells; however, they appeared to catalyze agent 5-aminolevulinic acid—
induced ROS production and cytotoxicity, effects that were abrogated by free radical
inhibitors (20).

KV radiosensitization was observed in MDA-MB-231 cells with a SER of 1.41, but not in
DU145 or L132 cells despite GNP uptake occurring in all three cell lines, albeit to a lesser
extent than in MDA-MB-231 cells. Rahman ef a/. using the same 1.9 nm GNPs at 0.5 mM
and 1 mM concentrations demonstrated dose enhancement factors of 1.4 and 2.2,
respectively, using a cell proliferation assay with 150 kVp X-rays in bovine aortic
endothelial cells (8). In agreement with our results, Chithrani ef a/. obtained a DEF of 1.43
with a lower concentration (1 x 1073%) of 50 nm citrate coated GNPs and 220 kVp X-rays
(22).

In addition, GNP radiosensitization was observed in MDA-MB-231 cells at 6 MV and 15
MYV photon energies. Two recent studies have reported 7 vitro GNP sensitization at MV
photon energies. One study used Hela cells exposed to 50 nm citrate-coated GNPs for 24 h
with DEFs of 1.66, 1.43, and 1.17 observed with 105 kVp, 220 kVp, and 6 MV X-rays,
respectively (21). As with our study, the enhancement was less at MV energies, but far
greater than MC simulations predict. A further study used CT26 murine cancer cells treated
with high concentrations (500 xM) of 6.1 nm pegylated GNPs for 48 h. Cells were
irradiated with 8 keV, 160 kVp, and 6 MV X-rays achieving a DEF of ~1.44, 1.1, and 1.32,
respectively (22). Radiosensitization with MV electrons has been noted in other studies with
Rahman et al. reporting DEFs of 2.9 and 3.7 using 0.5 mM concentrations of 1.9 nm GNPs
at 6 MeV and 12 MeV electron energies (8).

It is well established that the primary target of radiation is nuclear DNA, with DSB
formation being the most lethal DNA damage lesion; however, evidence is increasing that
radiation damage to mitochondria and the cell membrane may contribute to the cytotoxic
effect of radiation (23). Many commonly used radiosensitizing agents increase DNA DSB
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break formation or inhibit DNA repair (14). Other sensitizers target radioresistance
pathways such as Ras or the epidermal growth factor receptor or specifically target hypoxic
cells (24, 25). Established chemotherapeutic agents including docetaxel have been shown to
cause radiosensitization by increasing cellular apoptosis and synchronizing cells in the
radiosensitive G2/M phase of the cell cycle (17). Novel agents, such as the antisense
oligodeoxynucleotide oblimersen, inhibit the antiapoptotic protein bcl-2, increasing
apoptosis and causing radiosensitization (26). In this work, there was no evidence that GNPs
increased radiation-induced DSBs; furthermore, cell-cycle progression was not affected and
no inhibition of DNA damage repair was observed. One study observed an increase in DSB
formation using 50 nm citrate coated GNPs in Hela cells irradiated with 6 MV photons (21).
In another study, 10.8 nm glucose capped GNPs activated cyclin-dependent kinases, leading
to accumulation in the G2/M phase of the cell cycle and thereby causing radiosensitization
at nM GNP concentrations (27).

In this work, bleomycin, known to cause DSBS, was used as a radiomimetic agent to assess
sensitization when the physical interactions of radiation with matter were not present.
Bleomycin has been shown to complex with metal ions leading to oxygen radical formation
and DNA damage (28). In murine lung epithelial cells, bleomycin has been shown to
produce ROS leading to mitochondrial leakage and apoptosis, which can be inhibited by the
free radical scavenger glutathione (29).

GNP kV sensitization has been demonstrated using many different sizes and preparations of
GNP and evidence is emerging for significant effects at MV energies. The importance of
primary radiation absorption in GNPs and deposition of that energy in target tissue needs to
be clarified. This could be accurately quantified using monochromatic X-rays produced by a
synchrotron, and this work is under way in our group. Similarly, the role of low-energy
electron and nanoscale dose deposition needs to be further explored through more advanced
MC modeling. If sensitization is primarily an effect of biological interactions with GNPs,
the importance of GNP ROS production, hypoxia, and cell signaling pathways need to be
elucidated. The first in human Phase I clinical trial of targeted GNPs has recently reported
(30). There is a pressing need for more /in vivoradiation studies, particularly with targeted
GNPs with a view to translating this work to clinical trials.

CONCLUSION

This study demonstrates that commercially available 1.9 nm GNPs are taken up by cancer
cells, localize in cytoplasmic lysosomes, and cause radiosensitization with kVand MV
photons in MDA-MB-231 breast cancer cells. Sensitization was cell specific, occurring in
MDA-MB-231, cells but not in DU145 or L132 cells despite GNP uptake occurring in these
cell lines. In addition, MDA-MB-231 cell sensitization was observed at kV and MV photon
energies and also with MV electrons, which is not consistent with predictions from MC
modeling (10). Furthermore, no increase in DNA DSB formation was observed, as would be
expected if enhancement was simply from an increase in radiation dose absorption. GNPs
were also shown to potentiate the effect of the radiomimetic agent bleomycin in the absence
of radiation, suggesting biological interactions of GNPs with cells could be the main
mechanism by which sensitization occurred in this study.
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Fig. 1.

Gold nanoparticle cellular uptake and toxicity. (a) Transmission electron microscopy (TEM)
of 12 uM gold nanoparticle (GNP) uptake in MDA-MB-231 cells after 24 h. GNPs were
located in cytoplasmic lysosomes. (b) Inductively coupled plasma—atomic emission
spectroscopy (ICP-AES) quantification of intracellular gold shows greatest uptake in MDA-
MB-231 cells. (c) Clonogenic survival of cells exposed to 12 uM GNP for 24 h. Colony
formation was reduced by 19.4% in MDA-MB-231 cells (*p = 0.04).
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Fig. 2.

Radiosensitization with increasing gold nanoparticle (GNP) concentration. MDA-MB-231
cells were exposed to GNPs for 24 h. Surviving fraction at 4 Gy (SF4) was determined for
control and GNP-exposed cells. The ratio of SF,4 control: SF4 GNP for each concentration
was calculated. The SF, ratio increased with GNP concentration up to 12 uM. A
concentration of 12 M was used for all other radiation experiments.
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Radiation dose response curves for three cell lines with gold nanoparticles (GNPs) at
increasing photon energies. The sensitizer enhancement ratio (SER) in MDA-MB-231 cells
at 160 kVp, 6 MV, and 15 MV photon energies were 1.41, 1.29, and 1.16, respectively.
Statistically significant differences in mean inactivation dose (MID) as defined by the area

under the curve are

shown (*).
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Radiation dose response curves for three cell lines exposed to 12 M gold nanoparticles
(GNPs) for 24 h at MV electron energies.
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Fig. 5.

Gold nanoparticle (GNP) chemosensitization with the radiomimetic agent, bleomycin.
MDA-MB-231 cells were treated with 12 M 1.9 nm GNPs for 24 h. Mean inactivation
doses (MIDs) were calculated (bleomycin only, 25.52 ug/mL; bleomycin and GNP, 18.44
pg/mL). The sensitizer enhancement ratio (SER) was calculated as the MID ratio yielding a
value of 1.38.
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Fig. 6.

DNA repair, double-strand break (DSB) formation, and cell-cycle analysis in cells treated
with gold nanoparticles (GNPs). (a) Split dose recovery in MDA-MB-231 cells. Cells were
treated with two 2-Gy fractions of 160 kVp X-rays at increasing time intervals. Plating
efficiency (PE) increased as time between fractions increased, indicating similar repair rates.
(b) Cells were treated with 4 Gy 160 kVp X-rays and time to plating was increased. Reduced
PE at time O in the GNP-exposed group indicated radiosensitization; however, the rate of
increase in PE with time in both groups is similar, suggesting no inhibition of DNA repair.
(c) DSB formation measured with 53BP1 foci. No significant increase in foci formation was
observed in cells exposed to GNP for 24 h and treated with 1 Gy 160 kVp X-rays when
fixed at 1 h or 24 h. (d) Cell-cycle analysis in cells exposed to GNPs. No accumulation of
cells in the radiosensitive G2/M phase of the cell cycle was observed.
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