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ABSTRACT: This study investigates the radiobiological effects of gold nanoparticles
(GNPs) as radiosensitizers for proton beam therapy (PBT). Specifically, we explore the
enhanced production of reactive oxygen species (ROS) in GNP-loaded tumor cells
irradiated by a 230 MeV proton beam in a spread-out Bragg peak (SOBP) zone obtained
by a passive scattering system. Our findings indicate that the radiosensitization
enhancement factor is 1.24 at 30% cell survival fraction, 8 days after 6 Gy proton beam
irradiation. Since protons deposit the majority of their energy at the SOBP region and
interact with GNPs to induce more ejected electrons from the high-Z GNPs, these
ejected electrons then react with water molecules to produce excessive ROS that can
damage cellular organelles. Laser scanning confocal microscopy reveals the excessive
ROS induced inside the GNP-loaded cells immediately after proton irradiation.
Furthermore, the damage to cytoskeletons and mitochondrial dysfunction in GNP-
loaded cells caused by the induced ROS becomes significantly severe, 48 h after proton
irradiation. Our biological evidence suggests that the cytotoxicity of GNP-enhanced ROS production has the potential to increase
the tumoricidal efficacy of PBT.

■ INTRODUCTION
Proton beam therapy (PBT) is a prospective modality of
cancer treatment.1−3 Several studies have shown that the
relative biological effectiveness (RBE) of PBT is superior to
photon therapy, e.g., X-ray.4−8 An important feature of proton
therapy is that the slow-down protons deposit most energy at
the end of the path in tissues to generate severe damage. The
curve of the spatial energy distribution of protons indicates
that the deposition culminates within a narrow region, which is
called the Bragg peak (BP).9−17 This is to say that the
radiobiological cytotoxicity of PBT mainly occurs at the BP
zone. Based on this feature, the PBT can perform a selective-
area treatment of tumors with less damage on the other normal
tissue in the path of the proton beam. In contrast, the photon
therapy always causes the most severe damage on the tissue at
the beginning of the path. Similar to the other radiotherapies,
PBT not only induces the single-strand break (SSB) and
double-strand break (DSB) of DNA directly but also induces
an excessive production of reactive oxygen species (ROS),
which has a longer lifetime to induce the damage of DNA
subsequently.18−24 Since the depth of BP is very thin, a proton
beam normally needs to pass through certain scattering devices
to produce a spread-out Bragg peak (SOBP) zone, which
covers a larger area with a uniform dose for the practical
applications.25−31

Recently, a lot of research has shown that gold nanoparticles
(GNPs) can enhance the production of ROS during the
radiotherapy.14,32−43 The deposited protons collide with GNPs
at the BP zone to induce more ejected electrons from high-Z
GNPs.14,44 These high-energy protons induce secondary
electrons, photons (e.g., X-rays or gamma emission), and
positrons from GNPs via a low linear energy transfer.14,45,46

And then the secondary electrons interacting with water
molecules generate excessive amounts of ROS. In particular,
the production of hydroxyl radicals (•OH) and superoxide
anions (O2

•−) is enhanced by the interaction of GNPs with
proton beam.14 The excessive ROS may damage cellular DNA
and organelles to induce apoptosis.47,48 Through the pathway
of producing excessive amount of ROS, GNPs may raise the
efficacy of PBT.49 In addition, a lot of research has
demonstrated the feasibility of using GNP to enhance the
efficacy of PBT based on the Monte Carlo simulation.50−61 On
the other hand, the direct damage of GNP-enhanced PBT on
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DNA is seemed to be insignificant, according to the simulation
of ref 62. This implies that the other pathway might be
contributed by the radiosensitization effect of GNPs, e.g., ROS.
Since the lifetime and the mean-free path of the induced ROS
are longer than those of the ejected electrons, we infer that the
excessive ROS induced by GNPs in the cytoplasm may play a
critical role on cell damage. Several studies further showed that
via GNPs to raise the ROS level in cancer cells might be a
prospective pathway to damaging tumor and inhibiting the
DNA repair.63,64 However, there is a lack of direct biological
evidence in the excessive production of ROS in cells and the
related cellular organelles’ damage caused by GNPs interplay-
ing with proton beam. In the previous research study, we have
studied the function of GNPs for enhancing the production of
ROS in tumor cells and then inducing the follow-up damage
on the cytoskeleton as being irradiated by a two-photon laser
(femtosecond laser) and Cs-137.65,66 We think the mechanism
is that as GNPs are irradiated by two-photon pulses or Cs-137,
a certain number of energetic hot electrons or secondary
electrons are scattered to escape from the GNPs and then
interact with the water molecules in their proximity.
Consequently, the excessive ROS is produced in cells with
the assistance of GNPs as irradiated by a two-photon laser or
Cs-137, compared to the control without GNPs.65,66 For both
cases, the excessive ROS on cell’s damage, e.g., cytoskeletons,
were verified. In addition, if an antioxidant, e.g., N-acetyl-L-
cysteine, or ROS scavenger, e.g., dimethyl sulfoxide, is added in
these GNP-loaded cells, the cell’s damage is reduced and the
survival fraction (SF) is raised after the irradiation of a two-
photon laser or proton beam.66,67 These results imply that the
excessive ROS produced by GNPs interacting the incident
photons or protons is the critical factor to induce the cellular
apoptosis.
In this paper, the energy of the proton beam is 230 MeV.

The radiobiological effect of GNPs on cells as being irradiated
by the proton beam at the SOBP zone is studied. Two passive
scattering systems, one for a horizontal beam and the other for
a vertical beam, were used to induce the SOBP zone in
experiments. The study aims to identify the radiosensitization
enhancement factor (REF) resulting from the interaction
between GNPs and the proton beam.32,41,66 Additionally, we
quantitatively analyze the amount of reactive oxygen species
(ROS) in GNP-loaded cells from images obtained by laser
scanning confocal microscopy (LSCM), and qualitatively
investigate the damage to cellular organelles from LSCM
images. The findings of this study may contribute to the
development of GNP-enhanced PBT.

■ METHODS AND SYSTEMS
Physical Experiments. All experiments of proton

irradiation were conducted in Chang Gung Memorial Hospital
in Linkou. A proton therapy system, including a cyclotron, was
used for biological experiments, manufactured by Sumitomo
Heavy Industries, Ltd., Japan. In order to produce an effect of
SOBP, two passive scattering systems were utilized for the
horizontal and vertical radiation configurations, as shown in
Figure 1A,B. The former is for the experiments of clonogenic
assay, and the latter is for the experiments of cellular
organelles’ damage assay. There are several components in
the two configurations to adjust the SOBP zone for
experiments. In the passive scattering system of the horizontal
beam, a double-scattering device with a collimator was
designed and setup by our group, as shown in Figure 1A.

The first scatterer is a Pb plate of 1 mm, and the second one is
a Lexan with a Pb cup. A brass collimator with a PMMA holder
and two steel collimators. Two phantoms made of high-density
polyethylene (HDPE) for the energy degrader and holder of
the sample are used. The HDPE is a water-equivalence plastic
material, which can simulate the tissue. The diameter of the
beam profile is about 5 cm with 95% energy at the sample
location. The width of the SOBP range in HDPE is 61.3 mm;
an equivalent depth in water is 27 cm. Samples are placed
within the SOBP zone of the proton beam inside the last
phantom. Another passive scattering system for the vertical
beam was provided by Sumitomo Heavy Industries, as shown
in Figure 1B. A wobbling and scattering magnet through a Pb-
scatter and a ridge filter to expand a SOBP, and then through a
tungsten multi-leaf collimator (MLC), a compensator and
collimator to the target, placed in HDPE phantom. The
schematic of the dose of proton beam versus the depth in
tissue is plotted in Figure 2, where the SOBP zone is the last
area of the path of protons depositing their energy. In contrast,
the cure of the dose of X-ray decay versus the depth shows a
distance decay behavior in tissue. The mechanism of the
enhanced production of ROS (e.g., hydroxyl radicals and
superoxide anions) through the interaction of protons with
GNPs is plotted in Figure 3.33,49 The slowing-down protons in
the SOBP zone interact with gold atoms to release the primary
ejected electrons from the lower shell through Coulomb
interaction. Subsequently, the proton-induced X-ray or
gamma-ray emission accompany due to the electrons of the
higher shell to fill the holes in the lower shell. Consequently,

Figure 1. Two passive scattering systems for horizontal and vertical
proton beams. (A) Horizontal configuration with double scattering
devices. Sample tubes are placed inside the phantom at a position in
the SOBP zone. (B) Vertical configuration with a ridge filter and a
tungsten MLC. Cell culture plate is placed under the phantom at a
position in the SOBP zone.
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Auger electrons could also be emitted from the atoms from the
subsequent de-excitation process. In addition, the proton-
induced X-rays and the ejected electrons from an atom may
interact with the other nearby atoms so as to release more
secondary electrons. Therefore, all these primary and
secondary ejected electrons from GNPs may react with the
surrounding water molecules to generate ROS, particularly in
the SOBP zone of the proton beam.

■ BIOLOGICAL EXPERIMENT
The GNPs we used were synthesized with an average size of 55
nm, according to the protocol.65,66 Cell line of A431, human
epidermoid carcinoma, was used for the experiment. The cell
line of A431 was purchased from the Food Industry Research
and Development Institute in Taiwan. Culture tubes with
GNP-loaded cell suspension, placed in a HDPE phantom at
the SOBP region, were irradiated by a horizontal proton beam,
as shown in Figures 1A and 2. After the proton beam

irradiation, these cells were moved to dishes for the clonogenic
assay to quantify the reproductive cell survival. Dulbecco’s
modified eagle’s complete medium (4.5 g/l D-glucose, Gibco
by Life Technologies, MA, USA) was used for cell culture
(Figure 4).

In addition, the vertical proton beam was used to irradiate
cells incubated in well plate for the measurement of the extra
ROS and organelles’ damages in cells. Different fluorescence
kits were used to detect ROS and specific organelles. We used
LSCM (ZEISS LSM 780 META) to acquire the cellular
images. Specific laser for exciting the specific fluorescence kit
and the corresponding band-pass filter for detecting the
emission of these fluorescent lights are set for LSCM images.
The LSCM images are acquired point by point under the
excitation of focused lasers. The fluorescence intensities of
different kits are detected individually by a highly sensitive
photomultiplier tube (PMT) via the corresponding filter. The
PMT can only detect the intensity of photons but cannot
distinguish the color of fluorescence. Therefore, a specific
bandpass filter is needed for the detection of the fluorescence.
For example, the kit for labeling ROS is Carboxy-H2DCFDA;
the exciting wavelength of the laser is 488 nm, and the range of
the corresponding band-pass filter is [509, 535] nm.66 The
carboxy-H2DCFDA is originally nonfluorescent. It can be
converted to carboxy-DCFH when the acetate groups are
removed by intracellular esterases (enzymes) in cells. Once
there is any ROS generated in the cell, carboxy-DCFH
immediately becomes a green-fluorescent carboxy-DCF due to
the oxidation caused by the activity of ROS. This fluorophore
(carboxy-DCF) can remain active in cells for several hours.
Therefore, there is sufficient time for us to detect ROS via this
fluorophore by LSCM. Although the lifetime of ROS is short,
the active time of carboxy-DCF is long enough for measure-
ment. Normally, we can complete the measurement of ROS
within 1 h right after the proton irradiation. Actually, the
fluorescence of carboxy-DCF is green in color. Herein, a red
pseudocolor is used to visualize ROS. The kit for labeling
cytoskeletons is Alexa Fluor 488 Phalloidin; the exciting
wavelength of the laser is 488 nm, and the range of the band-
pass filter is [500, 553] nm. The kit for labeling mitochondria
is MitoCapture; the exciting wavelength of the laser is 488 nm,
and the range of the band-pass filter is [580, 598] nm. The kit
for labeling nuclei is Hoechst 33342; the exciting wavelength
of the laser is 405 nm, and the range of the band-pass filter is
[410, 472] nm. In order to distinguish different fluorescence
expressions, different pseudocolors are used in these LSCM
images; these fluorescence colors depicted in the LSCM
images throughout this paper are not the true colors. For
example, we use red for ROS, blue for nuclei, green for
cytoskeletons, and yellow for mitochondria, respectively.

Figure 2. Measured dose of the proton beam versus the water
equivalent depth for the passive scattering system, as shown in Figure
1A. The length of the SOBP zone is 6.13 cm.

Figure 3.Mechanism of producing ROS through the incident protons
interacting with gold atoms in a GNP to release the primary ejected
electrons, X-ray emission, and Auger electrons. Subsequently, all these
primary and secondary ejected electrons may react with the
surrounding water molecules to generate ROS, such as hydroxyl
radicals (•OH) and superoxide anions (O2

•−).

Figure 4. Cell suspension tubes (control and 80 ppm GNP-
supplemented samples) are placed in a HDPE phantom in the
SOBP region for the radiation of a horizontal proton beam at different
doses. Proton-treated cells were immediately cultured on dishes and
incubated for 8 days at 37 °C. And then, the survival fractions of the
clonogenic assay were measured.
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■ RESULTS AND DISCUSSION
The cells of A431 were co-cultivated with a medium containing
80 ppm GNPs for 24 h prior. The cell image of transmission

electron microscopy (TEM) is shown in Figure 5A; it indicates
that a certain number of GNPs are accumulated in several
vesicles in the cytoplasm through the endocytosis and the
vesicles’ fusion. Figure 5B shows the amount of GNP uptake
per cell in different concentrations of GNPs in the culture

medium after 24 h co-culture. In general, a higher
concentration of the medium tends to result in a greater
amount of uptake. However, it seems that the amount of GNP
internalized by cells tends to saturate. For example, the average
amount of GNP uptake per cell after 24 h is about 134
picograms for 80 ppm medium after 24 h co-culture.68

Subsequently, we studied the radiobiological effect of GNPs
irradiated by proton beam on the cell survival, as shown in
Figure 6. The clonogenic assay method was used to measure
the viability of cells, 8 days after proton irradiation of different
doses (0, 2, 4, and 6 Gy), where the horizontal beam was used.
Figure 6 shows the curves of SFs for the GNP-loaded cells and
the control (without GNP treatment) versus the proton dose.

Figure 5. (A) TEM image of a GNP-loaded cell (A431) through
endocytosis. Different numbers of GNPs (black dots) accumulated in
several vesicles in the cytoplasm. The scalar bar is 500 nm. (B)
Amount of GNPs uptake per cell after 24 h co-culture versus the
concentration of GNPs in the culture medium.

Figure 6. Cell viability (in vitro clonogenic assay) for A431 cells with
GNP uptake. Cell survival fraction, 8 days after 230 MeV proton
radiation, versus radiation dose. Control group: cells without GNP
treatment. ★p < 0.05, ●p < 0.02.

Table 1. AFs and REF of GNPs on the Cell SF Irradiated by
230 MeV Proton Beam, Calculated from Cell’s SF Versus
Radiation Dose

AF (2 Gy) AF (4 Gy) AF (6 Gy) REF at 30%

230 MeV Proton 17.60% 23.49% 33.99% 1.238

Figure 7. Cell fluorescence images (magnification of 63×) of labeled
ROS (pseudocolor of red) under LSCM, right after 6 Gy proton beam
irradiation. (A,B) Images of the controls before and after the proton
beam irradiation, respectively. (C,D) Images of the GNP-loaded cells
before and after the proton beam irradiation, respectively. Blue
indicates the nuclei.

Figure 8. Average relative intensities of ROS per cell for four groups;
controls, GNP-loaded cells, and controls as well as GNP-loaded cells
irradiated by a 6 Gy proton beam at SOBP.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01025
ACS Omega 2023, 8, 17922−17931

17925

https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01025?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Here, an exponential decay model for SF in terms of linear and
quadratic forms of the dose D is used for curve fitting, which is
expressed by

SF e D D( )2
= + (1)

where α and β are the inactivation constants. From the two
curves, the REF of GNPs on proton irradiation is defined as
the ratio of the dose without GNPs to the dose with GNPs at
30% SF; REF is 1.2432,41,66

D
D

REF
(without GNPs) at 30% SF

(with GNPs) at 30% SF
=

(2)

In addition, the amplification factor (AF) of GNP on cell SF
at a specific dose is defined as the ratio of SF difference

AF
SF SF

SF
100%control with GNPs

control
= ×

(3)

The AFs at different doses and the REF are listed in Table 1.
These results provide quantitative evidence that GNPs have
the potential to enhance the RBE of PBT as radiosensitizers.
Moreover, these GNP-loaded cells were irradiated by a 6 Gy

proton beam at the SOBP zone by a vertical beam, as shown in
Figure 1B. The fluorescence expression of the kit (carboxy-
H2DCFDA) for labeling ROS in these cells and the controls
was measured by LSCM right after the irradiation. In fact, the
fluorescence of this kit is green in color. Herein, a red
pseudocolor is used to visualize ROS, as shown in Figure 7.
Figure 7 shows these images (magnification of 63×) of four
groups (control, GNP-loaded cell, and both irradiated by a 6
Gy proton beam at SOBP), where the red pseudocolor
represents the ROS expression and the blue color represents
the nucleus. The other images (magnification of 20×) are
shown in Figure S1 (Supporting Information). These results
indicate that the ROS amount of the GNP-loaded cells
irradiated by the proton beam at the SOBP zone is obviously
stronger than that of the control. The elevated ROS level in
these cells could be induced by the Coulomb-ejected electrons
and Auger electrons released from GNPs interacting with the
deposited protons in the SOBP zone. In addition, the necrosis
of several GNP-loaded cells caused by the excessive ROS can
be observed in Figure 7D, the loss of membrane integrity (the
swelling). There are two filters set for LSCM to collect the
different fluorescence intensities of the ROS kit and the
nucleus kit individually by a PMT. In order to distinct both
fluorescence expressions, two pseudocolors are used in these
LSCM images to show the ROS (red) and nucleus (blue)
individually. Notice that these fluorescence colors in these
images of LSCM are pseudocolors rather than true colors. In
fact, the fluorescence color of the ROS kit is green. Moreover,
the average relative intensities of ROS per cell of Figure S1
(magnification of 20×) were analyzed by Image J, as shown in
Figure 8. For the each group, three images (magnification of
20×) at different sites were acquired individually and then
processed by Image J to obtain the average intensity of ROS
per cell; the number of cells is more than 350 for each group.
Moreover, we normalized these values by those of the control
to obtain the average relative intensities, as shown in Figure 8.
Obviously, after the 6 Gy proton irradiation, the average
relative intensity of ROS in these GNP-loaded cells is higher
than that in those cells without GNPs. The quantitative
comparison between the four groups illustrates that GNPs can
enhance the ROS production in cells under the proton
irradiation.
Furthermore, we investigated the effect of the excessive ROS

induced by GNPs on the damage of organelles. Figure 9
(magnification of 20×) and 10 (magnification of 100×) show
the fluorescence expression of the cytoskeletons in cells,

Figure 9. Cell fluorescence images (magnification of 20×) of labeled
cytoskeletons (pseudocolor of green) under LSCM, 24 h after 6 Gy
proton beam irradiation. (A,B) Images of the controls without and
with the proton beam irradiation, respectively. (C,D) Images of the
GNP-loaded cells without and with the proton beam irradiation,
respectively.

Figure 10. Cell fluorescence images (magnification of 100×) of
labeled cytoskeletons (pseudocolor of green) under LSCM, 48 h after
6 Gy proton beam irradiation. (A,B) Images of the controls without
and with the proton beam irradiation, respectively. (C,D) Images of
the GNP-loaded cells without and with the proton beam irradiation,
respectively.
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labeled by Alexa Fluor 488 Phalloidin (green), for 24 and 48 h
after the irradiation, respectively. The integrity of the
cytoskeletons in the control cells and the GNP-loaded cells
are nearly identical prior to proton beam irradiation. After 24 h
of exposure to a 6 Gy proton beam, the GNP-loaded cells
exhibited more significant cytoskeleton disruptions compared
to the control cells. After 48 h, the disruptions to the
cytoskeleton in cells loaded with GNPs become significantly
more pronounced than in the control group, as shown in
Figure 8. The disruptions could be caused by the
depolymerization of actin filaments. In addition, the swelling
of the nucleus is also observed in these GNP-loaded cells
irradiated by a proton beam. The cell images (magnification of
20×) of labeled cytoskeletons at different times (1, 6, 48, and
72 h) are shown in Figures S2−S5 (Supporting Information),
respectively (Figure 10).
The LSCM images in Figure 11 (magnification of 20×) and

Figure 12 (magnification of 100×) depict the fluorescence
expression of active mitochondria labeled by MitoCapture,
taken 6 and 48 h after 6 Gy irradiation, respectively. The

yellow spots in the cells represent the MitoCapture
fluorescence. Comparing the results, a significant reduction
in active mitochondrial expression caused by the irradiation is
evident. Furthermore, the difference in mitochondrial damage
between GNP-loaded cells and controls becomes significant
after 6 h, as shown in Figure 11. After 48 h, there is nearly no
activate mitochondria in these GNP-loaded cells compared to
the controls without GNPs, as shown in Figure 12. In addition,
the cell images (magnification of 20×) of active mitochondria
at different times (3, 24, 48, and 72 h) after the irradiation are
shown in Figures S6−S9 (Supporting Information), respec-
tively. The results indicate that excessive ROS generated by
GNPs interacting with proton beam can cause mitochondrial
damage. In the early stage of cell damage, the cell will try to
repair itself. If, however, the cell damage is too severe, the cell
will trigger the apoptosis mechanism. Thus, it may require 24 h
to observe significant apoptosis instead of just 1 or 2 h.
In summary, the radiobiological response indicates that the

REF of GNPs on PBT at 30% survival fraction is 1.24.
Furthermore, the relative amount of ROS in GNP-loaded cells

Figure 11. Cell fluorescence images (magnification of 20×) of labeled active mitochondria (pseudocolor of yellow) under LSCM, 6 h after 6 Gy
proton beam irradiation. (A,B) Images of the controls without and with the proton beam irradiation, respectively. (C,D) Images of the GNP-loaded
cells without and with the proton beam irradiation, respectively.
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irradiated by a 230 MeV proton beam at the SOBP zone is
significantly higher compared to the controls. The LSCM
fluorescence images indicate that disruption of cytoskeletons
and dysfunction of mitochondria in GNP-loaded cells
irradiated by the proton beam are more pronounced than in
the controls. The quantitative REF and qualitative radio-
biological evidence demonstrate the potential of using GNPs
as radiosensitizers to enhance the RBE of PBT in the SOBP
zone.

■ CONCLUSIONS
This paper presents a study on the radiobiological effects of
GNPs as radiosensitizers for PBT in the SOBP zone. Our
results demonstrate that GNPs can enhance the tumoricidal
efficacy of PBT, with a REF of 1.24 at 30% cell survival fraction
8 days after 6 Gy proton beam irradiation. The mechanism of
GNPs as radiosensitizers involves the production of excessive
ROS induced by ejected electrons from GNPs interacting with
water molecules after proton irradiation. The significant
disruption of the cytoskeletons and mitochondrial dysfunction
observed in GNP-loaded cells after proton irradiation further
supports this mechanism. Our findings suggest that GNPs can
be used to increase ROS production and promote apoptosis or

necrosis. These results provide a new direction for Monte
Carlo simulations and may have implications for improving the
effectiveness of PBT.69,70 In addition, the pathway of inducing
high levels of ROS through the interaction of GNPs with a
proton beam may be useful in damaging the cellular DNA/
mtDNA and organelles of certain radioresistant tumor cells,
particularly cancer stem cells.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Cell fluorescence images of labeled ROS under LSCM,
right after 6 Gy proton beam irradiation; cell
fluorescence images of labeled cytoskeletons under
LSCM, 1, 6, 48, and 72 h after 6 Gy proton beam
irradiation; and cell fluorescence images of labeled
mitochondria under LSCM, 3, 24, 48, and 72 h after 6
Gy proton beam irradiation (PDF)

Figure 12. Cell fluorescence images (magnification of 100×) of labeled active mitochondria (pseudocolor of yellow) under LSCM, 48 h after 6 Gy
proton beam irradiation. (A,B) Images of the controls without and with the proton beam irradiation, respectively. (C,D) Images of the GNP-loaded
cells without and with the proton beam irradiation, respectively.
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