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ABSTRACT We report the effects of gold nanoparticles (GNP) on the enhancement of the dose effect
and double-strand break (DSB) induction for X-ray monoenergies (10 keV–2 MeV). The overall relative
biological effectiveness (RBE) was defined as the product of dose and DSB enhancement. The cellular
doses and energy spectra were computed using the PENELOPE (PENetration and Energy LOss of Positrons
and Electrons) code. The DNA damage yields were estimated using the MCDS (Monte Carlo damage
simulation) code. Considering the production of Auger electrons induced by 7mg/ml GNP, we found that
dose enhancement at the 30 keV was ∼4.0 for cells with radius 4 µm. The DSB induction increased as
GNP concentrations increased and was dependent on X-ray energy. These findings demonstrated that the
maximum RBE was attained at 30–40 keV and therefore this energy range would be more efficient in cancer
cell killing.

INDEX TERMS Relative biological effectiveness, gold nanoparticle.

I. INTRODUCTION
High-Z materials have been studied for the enhancement of
radiation dose for over 60 years [1]. This enhancement is
possible because of higher cross-sections in the photoelec-
trical effects of high-Z materials. An example of a high-Z
material is iodine (Z = 53), which has been shown to exhibit
a radiosensitisation effect when used as a contrast agent in
imaging [2], [3]. The iodine agents imposed some limitations
such as occasional renal toxicity, rapid renal clearance, and
short imaging times. Meanwhile, gold (Z = 70) is another
high-Z material, and gold nanoparticles (GNP) have recently
been widely used in diverse applications such as imaging
[3], biological studies [4], and chemical synthesis because of
their biocompatibility and longer imaging times, and unique
physicochemical properties such as surface plasmon reso-
nance [5]–[7]. GNP radiosensitizationwas demonstrated both
in vitro and in vivo. In vitro, GNP radiosensitization has
been observed in cells [8], plasmid DNA [9], and Monte
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Carlo simulations [10]–[12]. In vivo, Hainfeld et al. [13]
showed that GNP could increase long-term survival of mice
bearing EMT-6 mammary carcinomas after 250 keV photon
irradiation and injection of 1.9 nm GNP. Studies have also
shown that dose enhancement of GNP was associated with
increased effectiveness in cancer killing and reduced tumor
growth [5], [14].

The dose enhancement of GNP in the cells under X-ray
irradiation was shown to be dependent on several parameters,
such as GNP size, cell radius, and GNP concentration and
distribution in cells [5], [10], [15]. Different phantom geome-
tries were used and the range is from micrometer [10] to
centimeter [16]. Furthermore, the resonant structures of gold
corresponding to Kα andKβ are within 67–80 keV [17], when
cells containing GNPs are irradiated with 67–80 keV X-rays,
photons would produce a resonance that induces a large cas-
cade of photoelectrons, Auger electrons, and their secondary
particles through energy-loss processes. Detailed resonant
structures corresponding to Kα at 68 keV [17] coupled with a
higher peak in electron counts was observed in comparison
with that at Kβ (82 keV) [18]. Ionizing radiations such as
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X-rays and electrons can induce DNA damage through direct
and indirect mechanisms [19]. That is, X-rays may directly
ionize or excite the atoms of DNA, or alternatively, X-rays
may interact with water or cell medium to produce secondary
electrons and free radicals to induce damage to DNA [20].
These low-energy electrons produced at Kα and Kβ could be
more effective in DNAdamage induction [21], [22] and there-
fore can be used to increase cancer cell killing, consequently
increasing the therapeutic index.

For GNP radiosensitization application, it is important to
quantify the relative biological effectiveness (RBE) of radi-
ation doses and the associated biological markers such as
DNA double-strand break (DSB) for improved correlation
between GNP dose enhancement and cancer cell killing.
To the best of our knowledge, this article is the first to report
on the enhancement of the dose effect and DSB induction
in the imaging range around the K-edge (∼80.7 keV). Our
results show that dose enhancement decreased as photon
energy (>40 keV) increased; however, there was a small
peak around the K-edge with corresponding enhancements
of 1.2 (at 68 keV) and 1.4 (at 82 keV), respectively. The DSB
induction (per Gy per Gbp) showed little difference (<5%)
for all energies applied in this report.

II. MATERIAL AND METHOD
A. CELL MODEL AND GNP DENSITIES
The cellular target is a representative mammalian cell mod-
eled by a water sphere with radius 4 µm. The size of nuclear
radius (∼4 µm) is the typical size of V79 Chinese hamster
cells used in many experiments [23], [24]. Several in vivo
studies used mice in GNP experiments [13], [25], [26], there-
fore we also chose hamster cells to mimic the experimental
conditions.

The density of the gold-loaded cellular target was increased
from 1.0 g cm−3 to the value reflecting the added weight
of gold (e.g., 1.007 g cm−3 for cells loaded with 7 mg
Au g−1). GNP concentrations ranging from 0.01 to 70 mg/ml
were used for simulations, as previously done in vitro and
in vivo studies [13], [25], [27] and simulations [10], [18].
We followed the approach used by [16] and did not explicitly
consider the dependency on particle size and shape. That is,
this approach only considers the water (or tissue) phantom
with the presence of GNPs at different concentration levels
to estimate the macroscopic dose enhancement. The dose
enhancement shown in this study is due to the difference
in mass absorption coefficients between gold and water.
In this case, the mono-energetic electrons (see below) clearly
demonstrate the effect.

B. PENELOPE
The penmain program in PENELOPE code (2011 version)
[28] was used to calculate the deposited amount of photon
energies (10, 15, 40, 68, 69, 82, and 250 keV and 2 MeV)
in cells. The photon energies used in this study are all
mono-energetic. The actual electron emission point and its

related path were both determined using random numbers.
All primary and secondary electrons were followed down
to 50 eV. PENELOPE has been proven to provide accurate
calculations at subcellular doses [29]. This code applies a
mixed simulation algorithm for electron and positron inter-
actions, that is, event-by-event simulation for hard colli-
sions and multiple scattering theory for soft collisions. This
mixed algorithm [30] permits a fast simulation of electron
and positron transport in matter. In addition, the modified
version of PENELOPE 2011 adopts a more realistic contin-
uous energy-loss distribution to replace the previous discrete
optical oscillator-strengthmodel. This modification improves
both the reliability and generality of the code [28]. The statis-
tical uncertainties in dose calculation and the fluence derived
by PENELOPE code are below 2% and 10%, respectively.

C. MONTE CARLO DAMAGE SIMULATION
The Monte Carlo Damage Simulation (MCDS) method was
used to provide estimates of the yield of clustered damage in
cells after irradiation with photons, monoenergetic electrons,
protons, and heavy ions up to 56Fe ions [31]–[33]. In a
constant target (cell nucleus) exposed to a dose of 1 Gy,
the MCDS algorithm can simulate the yields for different
types of DNA damage. This algorithm reported DNA dam-
age data and captured the major trends of DNA damage
spectra from detailed track structure simulations. Because
the damage yields simulated by the MCDS code implicitly
account for DNA damage clusters caused by primary charged
particles and secondary electrons in a typical mammalian cell,
damage yields can be determined by weighting the yields by
the fluence of primary charged particles. The uncertainty in
DSB yields derived by MCDS is below 0.2%.

D. CALCULATION OF DSB DAMAGE
The amount of DSB damage Y was calculated by using the
formula for dose-weighted DSB [34]:

Y =

∫
∞

0 dEY (E)8 (E)LET∞ (E)∫
∞

0 dE8(E)LET∞ (E)
(1)

where Y (E) is the yield of total DSB clusters per Gy per
gigabase pairs (per Gy per Gbp) with electrons of energy E ,
8 is the total fluence of secondary electrons produced in the
cell medium through interactions with X-rays, and 8(E) is
the energy fluence of secondary electrons of energy E . For
electrons with energies higher than 1 keV, unrestricted linear
energy transfer (LET) (stopping powers) from the National
Institute of Standards and Technology was used [35].

E. RELATIVE BIOLOGICAL EFFECTIVENESS (RBE)
RBE is usually defined as the ratio of the dose of a low
LET reference radiation to the dose of another radiation
needed to achieve the same biological effect. Because the
induction of DNA damage is proportional to the absorbed
dose D, up to at least a few hundred Gy of low and high LET
radiation [36]–[38], RBE can also be defined as the ratio of
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TABLE 1. Dose enhancement and DSB induction for cells with 4 µm
radius irradiated with 82 keV photons relative to various GNP
concentrations.

FIGURE 1. Dose enhancement versus GNP concentrations for cells with
4 µm radius irradiated with 40, 82 and 68 keV X-rays, respectively.

the damaged yields of cells irradiated with different radiation
sources, as shown below:

RBE =
DR
De
=
6e

6R
(2)

The subscripts, e and R, respectively denote electrons with
energy E and reference radiation. The DSB yield for cells
irradiated by 250 keV X-rays is the reference for all reported
RBE values. Here, because GNP would increase both dose
and DSB induction, RBE was defined as the ratio of the
product of dose and DSB yields of cells containing GNP to
the product of dose and DSB yields of cells containing water
only.

III. RESULTS
Fig. 1 first shows that dose enhancement was linearly pro-
portional to GNP concentrations (0–70 mg/ml). The slope
of the linear relationship was dependent on energy. The
results of 40, 82 and 68 keV X-rays were listed. The slope
of 40 keV is the highest and followed by 82 and 68 keV.
Since the K-shell of gold lied at 80.7 keV, the slope was
higher for 82 keV X-rays than that for 68 keV X-rays.
Next, the relationship between dose enhancement and photon
energy for cells containing 7 and 70mg/ml GNP, respectively,
is presented in Fig. 2. Dose enhancement showed an increase

FIGURE 2. Dose enhancement versus photon energy for cells with 4 µm
radius containing 7 mg/ml and 70 mg/ml GNP.

starting at 10 keVX-rays until it reached amaximum increase
of 4 for 7 mg/ml GNP and 29.7 for 70 mg/ml GNP at
30 keV X-ray and was then followed by sharp decrease until
the K-edge of gold (80.7 keV). After passing the K-edge,
dose enhancement significantly increased from 1.1 to 1.4 for
7 mg/ml GNP and from 2.0 to 4.9 for 70 mg/ml GNP.
However, dose enhancement decreased to 1.0 for photon
energies higher than 250 keV for both GNP concentrations.
Later we combined the dose enhancement, DSB induction
(per Gy per Gbp), and RBE for cells with 4 µm radius
irradiated with 82 keV photons for various concentrations
of GNP (0–70 mg/ml) in Table 1. As mentioned previously,
dose enhancement was linearly proportional to GNP concen-
trations (Fig. 1). At 7 mg/ml GNP, a concentration used in
animal treatment by Hainfeld et al. [13], [25], RBE was 1.5.
For very low GNP concentrations (<1 mg/ml), RBE did not
exceed 1.0 and therefore may not have any significant effects.
Furthermore, the dose-weighted DSB induction displayed
only a slight increase as GNP concentration increased. DSB
yields were roughly constant (∼9.16–9.51 per cell per Gy)
and only showed a 4% increase relative to water even at
the highest GNP concentration (70 mg/ml). This could be
because the energy of most secondary electrons for 82 keV
X-rays is higher than 5 keV and has a roughly constant
DSB induction [32]. Nevertheless, for higher GNP concen-
trations, average secondary electron energies are expected to
be lower since more photoelectrons are produced in the K
shell (82−80.7 = 1.3 keV)with a small increase in the L shell
(82−10.7= 71.3 keV). At 7 mg/ml GNP,∼23% of electrons
were less than 5 keV versus∼20% of electrons for water only,
whereas at 70 mg/ml GNP,∼28% of electrons were less than
5 keV and therefore the DSB induction (per Gy per Gbp) was
higher for higher GNP concentrations.

To find the maximum RBE, we then calculated the dose
enhancement and DSB induction (per Gy per Gbp) for cells
containing 7 mg/ml GNP after irradiation with various pho-
ton energies (10 keV–2 MeV) shown in Table 2. As shown
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TABLE 2. Dose enhancement and DSB induction for cells with 4 µm
radius containing 7 mg/ml GNP or water irradiated with various photon
energies.

in Fig. 2, the highest dose enhancement occurred at 30 keV,
followed by a decrease to 1.2 at ∼68 keV, and an increase
to 1.5 at 82 keV because of the K-edge effect. However,
for higher photon energies (250 keV and 2 MeV), RBE was
approximately 1. At 82 keV, the major difference between the
electron spectra of cells containing GNP and those containing
only water was the counts of secondary electrons in the
ranges 0–10 keV and 50–82 keV, which was 5% and 18%
more, respectively, for cells containing 7 mg/ml GNP. These
higher energy electrons (50–82 keV) are the photoelectrons
produced at the L shell. As GNP concentration increased,
more electrons appeared in the 0–10 keV range and small
peaks were observed in the 50–82 keV range for spectra
containing GNP only (Fig. 3).

Moreover, from Table 2, the enhancement value of DSB
induction relative to water was ∼1.0 and slightly larger at
low energies, indicating that the addition of GNP had no
significant effect on the DSB induction. The trend of RBE
was similar to that of dose enhancement. DSB induction was
higher at very low photon energies (<15 keV); for example,
the DSB yield at 10 keV was 9.75 per Gy per Gbp and
about 8% higher than the DSB induction at 30 keV. However,
the DSB induction (per cell per Gy) at 30 keV was lower than
that of higher photon energies at 68 keV and 82 keV. That is
due to the production of Auger electrons at 68 and 82 keV
X-ray irradiation and the contribution of these lower energy
electrons to the yields of DSB induction. For megavoltage
photon energies, the energy of most secondary electrons was
more than 5 keV and DSB induction decreased to 8.1 per Gy
per Gbp, suggesting that GNP may have weaker effects for
higher energy electrons.

IV. DISCUSSION
We investigated the enhancement of the dose effect and DSB
induction (per Gy per Gbp) for cells of 4 µm in radius

FIGURE 3. Electron spectra for cells with 4 µm radius irradiated by 82 keV
X-rays containing 7 mg/ml, 70 mg/ml GNP and water only. The probability
is normalized by the total probability of electron spectra of cells
containing water only.

irradiated with a range of photon energies (10 keV–2 MeV).
Compared with the study by Cai et al. [10] whose radius
of cell nucleus is 6.3 µm, the dose enhancement using our
approach (with the same radius) is ∼1.4 and is in good
agreement with Cai’s calculated values 1.3 (Table 1 in Cai’s
study) for the concentration of 7mg/ml in cells irradiatedwith
100 keV X-rays. For DSB induction, the RBE of cells mixed
with GNP irradiated by 80 keV X-rays is reported to be in the
range of 1.05–1.17 [39] while our result is 1.1 (Table 2).

Further, we found that dose enhancement was depen-
dent on photon energy (Fig. 1) and linearly proportional
to GNP concentrations (Table 1), which is in agreement to
what was previously reported by Montenegro et al. [18] and
Cai et al. [10]. In Fig. 1, the slopes of the 3 curves (68, 82,
40 keV) are linearly proportional to the ratio of the mass
absorption coefficients of water containing GNP to those
of water only. This result suggest that ratio is higher for
40 keVX-rays than those for 68 and 82 keVX-rays. However,
the maximum dose enhancement has been reported to be
around 40–50 keV [40] due to the fact that the maximum
relative mass absorption coefficient of gold to water is at
around 40–50 keV. One explanation for this difference is
that the electrons with energies less than 30 keV deposit
most of their energies in smaller cells while higher energy
electrons such as 40 keV may deposit part of their energies
outside the cells, leading to a higher energy requirement for
dose enhancement for larger cells. This explanation can be
supported by the information: the ranges of 30 and 40 keV
electrons are respectively 16.8µm and 27.6µm [41]. Besides
the dose enhancement, the biological effects for cells irradi-
ated with X-rays needs to consider the effects of HO· radicals
[19] and the overall effects would swift the range ofmaximum
to 30–50 keV [15].

Table 2 shows that the yields of DSB induction are getting
smaller when the GNP is present as photon energy increases
from 40 keV to 60 keV. That is because the yields of DSB
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induction is correlated with the number of low-energy elec-
trons, especially for those electrons with energy less than
5 keV [24]. The higher the photon energy, the less the DSB
yields. However, the yields are increased as photon energy
increases from 60 keV to 82 keV. That is due to the fact
the resonant structures of gold corresponding to Kα and Kβ
are about 68 and 80 keV, respectively [17]. When the water
medium (mixed with GNPs) was irradiated by 68 or 80 keV,
the yields of auger electrons (energy less than 5 keV) would
increase dramatically and hence the yields of DSB induction
would also be increased.

As shown in Fig. 3, because a larger number of Auger
electrons are produced around the K-edge, as suggested by
Montenegro et al. [18], local maximum RBE may occur
around the K-edge. However, in our study, the total number of
electrons with energies less than 5 keV for 30 keV was twice
that for 82 keV and hence can be more efficient in cancer cell
killing. These results suggest that the optimal range for pho-
ton energy exposure to tumor cells is 30–40 keV and the use
of Auger electrons emitting by K-edge effects would require
a small cavity whose size is in the range of 1 nm to 1 µm [42]
and subcellular delivery [43] of high concentrations of GNP
such as 70 mg/ml to induce large Auger electrons production
as shown in Fig. 3. This requirement also sets a limitation to
our method due to the difficulty in measuring the doses at a
micrometer resolution. For higher energies (100 keV–2MeV),
the level of RBE and DSB induction was ∼1, indicating that
the overall effect is not obvious.

Besides photon energy, other factors also affect the dose
enhancement and RBE. Because the cell model is composed
by water, the simulation results may exhibit some difference
in dose estimation from the results using tissues. It has been
reported that the difference between in the dose in water and
the dose in tissue (adipose, muscle, and skin, etc.) is in the
range 3–70% [44]. It is certainly that the estimated dose in
this study may be underestimated for some tissue types. For
example, the ratio of dose in adipose to the dose in water is
∼1.7. That is because some tissue types such as adipose have
higher mass absorption coefficients.

In the previous studies, the concentration∼0.01mg/mlwas
used in cell dishes [27] and the concentrations 7–74 mg/ml
were used in tumors in the thighs of mice with no apparent
short- or long-term toxicity [13], [25], [26]. For example,
it has been showed that the concentration 7 mg/ml increased
tumor doubling time 58% and long-term survivors (mice)
from 0–38% [13], [25] and the concentration 74 mg/ml also
prolonged cell survival with statistical significance (P< 0.05)
[26]. In vitro studies show the dose enhancement is in the
range of 1.0005∼1.05 for the concentration 1 nM∼1 mM,
depending on the radiation sources [45]. Our choice is in
accordance with the in vivo studies, i.e., 7∼70 mg/ml. The
concentrations used in the Monte Carlo simulations were
up to 200 mg/ml [10], [18]. The overall reported concentra-
tions of the GNP were in the range of 0.01 mg/ml (1 nM)
to 17000 mg/ml (1 mM) [45]. Moreover, the toxicity tests
showed that there is no evidence of toxicity in 30 days for

mice initially injected with a concentration 10 mg/ml of
GNPs [46]. A recent in vitro study done by Carnovale et al.
(2019) reported that the cell viability is not affected when the
concentration of GNP is within 10 µM (∼170 mg/ml) [47].

For very low concentrations of GNP (0.01–0.1 mg/ml),
a small increase (<1%) was observed in the enhancement
of the dose effect and DSB induction (see Table 1). But
a previous study by Chithrani et al. [26] mentioned the
application of very low GNP concentrations, in which it was
shown that the enhancement of DSB induction in Hela cells
containing 10−3% of 50 nm GNP (∼0.0088 mg/ml) was
1.66 and 1.17 after irradiation with 105 kVp and 6 MVp
photons, respectively. Another study also showed that the
survival rate of cancer cells dropped from 1 to 0.38 after 2 h
exposure to low concentrations (5–20 nM, 0.1–0.4 mg/ml)
of 15 nm GNP for prostate carcinoma cells irradiated with
137Cs (662 keV) [48]. Their concentrations are as low as our
concentration 0.01mg/ml yet the enhancement of DSB induc-
tion are considerable higher than our simulated results (∼1)
for the energies above 100 keV. These contradictions may
indicate the RBE for biological endpoints may largely rely
on the biological characteristics other than physical quantity.

In summary, we reported the enhancement of the dose
effect and DSB induction for cells containing 7 mg/ml GNP
and irradiated with a photon energy range of 10 keV–2 MeV.
The maximum dose enhancement and DSB induction
occurred at 30 keV and 10 keV, respectively. The DSB induc-
tion around the K-edge (82 keV) was ∼3% higher than that
of 30 keV, indicating that the production of Auger electrons
can slightly increase the yields of DSB induction around the
K-edge. The maximum RBEwas attained in the energy range
of 30–40 keV, whereas for megavoltage energies, both RBE
and DSB induction levels were ∼1.
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