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Abstract
Gold nanoparticle (AuNP) radiosensitization represents a novel approach to
enhance the effectiveness of ionizing radiation. Its efficiency varies widely
with photon source energy and AuNP size, concentration, and intracellular
localization. In this Monte Carlo study we explored the effects of those
parameters to define the optimal clinical use of AuNPs. Photon sources
included 103Pd and 125I brachytherapy seeds; 169Yb, 192Ir high dose rate sources,
and external beam sources 300 kVp and 6 MV. AuNP sizes were 1.9, 5, 30,
and 100 nm. We observed a 103 increase in the rate of photoelectric absorption
using 125I compared to 6 MV. For a 125I source, to double the dose requires
concentrations of 5.33–6.26 mg g−1 of Au or 7.10 × 104 30 nm AuNPs per
tumor cell. For 6 MV, concentrations of 1560–1760 mg g−1 or 2.17 × 107 30 nm
AuNPs per cell are needed, which is not clinically achievable. Examining the
proportion of energy transferred to escaping particles or internally absorbed
in the nanoparticle suggests two clinical strategies: the first uses photon
energies below the k-edge and takes advantage of the extremely localized
Auger cascade. It requires small AuNPs conjugated to tumor targeted moieties
and nuclear localizing sequences. The second, using photon sources above
the k-edge, requires a higher gold concentration in the tumor region. In
this approach, energy deposited by photoelectrons is the main contribution
to radiosensitization; AuNP size and cellular localization are less relevant.

(Some figures in this article are in colour only in the electronic version)
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1. Background

In recent years, gold nanoparticles (AuNPs) have been actively investigated as a novel high-Z
radiosensitizing agent (Pignol et al 2006, Hainfeld et al 2004, Pradhan et al 2009). The premise
of AuNP radiosensitization relies on gold’s increased photoelectric absorption cross-section
relative to tissue (Pradhan et al 2009, Hainfeld et al 2008). Upon irradiation, this increased
photon absorption results in a highly conformal energy deposition around the AuNPs, caused
by the localized spray of escaping photoelectric products (photoelectrons, Auger electrons,
and characteristic x-rays) (Carter et al 2007, Foley et al 2005). The appeal of the AuNP is
enhanced by the large number of atoms per particle (ranging from 250 for a 2 nm AuNP to
835 000 for a 30 nm AuNP), a surface well suited for conjugation to tumor targeting moieties
(Qian et al 2008, Chattopadhyay et al 2010), and gold’s general biocompatibility (Connor
et al 2005). These features of AuNPs offer support to the notion that AuNP radiosensitization,
as part of a future clinical strategy, might be both robust and tumor specific.

AuNP radiosensitization was first demonstrated in vivo by Hainfeld et al who showed
a significant increase in long-term survival of mice bearing EMT-6 mammary carcinomas
irradiated with 250 kVp photons after intravenous injection of non-targeted 1.9 nm AuNPs
(Hainfeld et al 2004). Subsequently, AuNP radiosensitization has been observed in more
controlled in vitro irradiation of cells and plasmid DNA (Foley et al 2005, Butterworth et al
2008, Brun et al 2009, Rahman et al 2009, Liu et al 2010). Butterworth et al showed single
strand and double strand break enhancement of 2.29 and 1.25 respectively when irradiating
plasmid DNA in the presence of 5 nm AuNPs (Butterworth et al 2008). Rahman et al observed
a biological dose enhancement factor of up to 24.6 when irradiating bovine aortic endothelial
cells with 80 kVp photons in the presence of 1.9 nm AuNPs (Rahman et al 2009).

While demonstrating the potential efficacy of AuNP radiosensitization, the large variations
in these experimental results revealed AuNP radiosensitization to be highly sensitive to a
number of physics and pharmacological parameters including irradiation energy and AuNP
size, concentration, and intracellular localization (Hainfeld et al 2004, Butterworth et al 2008,
Rahman et al 2009).

Toward understanding and predicting the effects of these parameters there have been a
number of Monte Carlo simulation studies exploring AuNP dose enhancement at the macro,
micro, and nano-scales (Carter et al 2007, Cho 2005, Cho et al 2009, Leung et al 2011, Zhang
et al 2009, Zheng and Sanche 2009, Montenegro et al 2009, Jones et al 2010). Carter’s
simulation study showed that the dose deposited by the Auger cascade escaping a single
nanoparticle fell below the background dose beyond a distance of 2 nm from the AuNP
surface, suggesting that significant radiosensitization could only occur if nanoparticles are
localized very close to the DNA inside the cell nucleus (Carter et al 2007). However, these
findings seem to contradict in vitro data where significant radiosensitization has been noted
for AuNPs localized far from the cell nucleus (Rahman et al 2009). On the other hand, Leung
reported that photoelectrons and Auger electrons escaping AuNPs can travel distances as far
as 3 μm to 1 mm from the AuNP, sufficient to reach the cell nucleus from endosomes, and
even crossfire between cells (Leung et al 2011). Similar results were produced by Jones who
examined various photon sources (125I, 103Pd, 169Yb, 192Ir, 50 kVp, and 6 MV x-rays), and
simulated the dose distribution around clusters of gold inside cell endosomes. Jones observed
a limited dose enhancement beyond distances of a few microns (Jones et al 2010).

The experimental and simulation studies published thus far have helped provide insight
into the mechanism of radiosensitization, but they leave lingering questions as to which set of
parameters define the optimal use of AuNPs for radiosensitization from a clinical paradigm.
These clinical questions include: (1) How much gold, both in terms of the number of AuNPs per
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cell and in mg of AuNPs per gram of the tumor, is required for a significant dose enhancement?
(2) How does the photon source energy and AuNP size influence the spatial distribution of the
energy deposited around AuNPs? (3) When is active cell/nucleus targeting of AuNPs most
beneficial? In this Monte Carlo simulation study we explored the interplay of photon source
energy, nanoparticle size, and intracellular location on AuNP radiosensitization in order to
address these questions and to define the optimal use of AuNPs as radiosensitizers as part of
a potential clinical strategy.

2. Materials and methods

2.1. Parameters investigated and metrics evaluated

The metrics studied here included the rate of photoelectric absorption in AuNPs of various
sizes (1.9, 5, 30, and 100 nm diameter), the subsequent dose enhancement in the surrounding
medium, and the energy and range of the escaping electron cascade. These metrics were
expressed in terms of number of gold atoms, number of AuNPs, and also milligrams of
AuNPs in order to comprehensively compare the effects of various AuNP sizes. The metrics
were evaluated either per photoelectric absorption, or per 2 Gy prescribed dose to tumor in
order to facilitate clinical evaluation.

Clinical photon sources were simulated in this investigation including two external beam
sources—the Gulmay D3300 (Gulmay Ltd, Chertsey, UK) 300 kVp kilovoltage x-ray therapy
unit (average energy ≈ 100 keV) and the Philips SL 20 6 MV (Philips, The Netherlands)
accelerator unit (average energy ≈ 2 MeV) (O’Malley et al 2006, Pignol and Keller 2009,
Keller et al 2008), two high dose rate brachytherapy sources—the 192Ir microSelectron-HDR
(Nucletron, Neenendaal, The Netherlands) (average energy ≈ 395 keV) and the 169YbHDR
4140 (Implant Sciences Corporation) (average energy ≈ 93 keV) (Daskalov et al 1998,
Taylor and Rogers 2008), and two low dose rate brachytherapy seed sources—the 125I IsoAid
ADVANTAGE model IAI-125 (IsoAid LLC., Port Richey, FL, USA) (average energy ≈
28 keV) and the 103Pd IsoAID ADVANTAGE (IsoAid LLC., Port Richey, FL, USA) (average
energy ≈ 21 keV) (Solberg et al 2002, Sowards 2007).

2.2. Monte Carlo simulation

Monte Carlo transport codes employed in this study included MCNP-5 (Los Alamos National
Laboratory) with the ENDF/B-VII cross-section library and PENELOPE 2008.1 (Barcelona,
Catalonia) (X-5 Monte Carlo Team 2003, Salvat et al 2008). Both of these codes were used
to take advantage of their respective strengths. Briefly, MCNP-5 contains powerful variance
reduction methods that allow for efficient calculation of macroscopic tallies. However, MCNP-
5 is of limited use in nano-scale transport as it has a default energy cutoff below 1 keV and
uses a condensed history algorithm for the transport of electrons. PENELOPE on the other
hand can simulate in a detailed way, the transport of electrons down to 50 eV, corresponding to
electron ranges of about 2–4 nm (Cole 1969). PENELOPE was therefore used to simulate the
production and transport of Auger cascades as they escaped the AuNPs after a photoelectric
event, and to evaluate the subsequent dose deposited around AuNPs.

For a more illustrative depiction of AuNP radiosensitization, an in-house visualization
tool was developed in Matlab (Natick, Massachusetts) to import the track histories from
PENELOPE simulations and plot the paths of escaping particles around the AuNP in 3D. This
was achieved by modifying the PENELOPE file PENMAIN.F, and recompiling the program.
Flag variables were created to print the energy, position, and production information of all
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particles escaping the AuNP after a photoelectric event. Escaping particles were followed
event by event until termination due to the energy cutoff.

2.3. Simulation geometry and tallies

The first set of simulations evaluated the photon energy spectra after tissue penetration (ICRU
four component soft tissue (National Institute of Standards and Technology 2010)), as well as
the rate of photoelectric absorption in AuNPs within the tissue. These simulations were carried
out using MCNP in photon mode. Photon showers were simulated penetrating a tissue depth of
1 and 5 cm for brachytherapy sources and external beam sources, respectively. Brachytherapy
sources were described in detail including seed casings (Daskalov et al 1998, Taylor and
Rogers 2008, Solberg et al 2002, Sowards 2007). The generation of the photon phase-space
for the 6 MV and 300 kVp external beam sources has been described in detail in a previous
publication (O’Malley et al 2006, Pignol and Keller 2009, Keller et al 2008). Due to the low
probability of photons interacting with individual nanoparticles imbedded at a depth in tissue,
AuNPs were not modeled in this simulation geometry. Rather a variance reduction approach
using MCNP’s FM function tally multiplier was utilized in the tally volume to predict the
AuNP photoelectric absorption within this region. The FM function allows for the calculation
of tallies in materials that are not present in the simulation volume and hence do not influence
the particle transport. A 1 mm thick tally volume consisting of tissue was used to score the
photon flux using the F4 tally. This flux tally was used to calculate the rate of photoelectric
absorption in gold with the FM multiplier tally. The rate of photoelectric absorption was then
normalized to the volume of a single AuNP and per 2 Gy prescribed dose to the tally volume
using the ∗F8 tally function. 1 × 109 – 2 × 1010 source particles were simulated for each
calculation maintaining a standard error of less than 0.1%.

The second set of simulations examined the characteristics of the photoelectric
absorptions, the subsequent spray of the photoelectric products escaping AuNPs, and the
dose enhancement in the surrounding tissue due to the enhanced photoelectric absorption in
AuNPs. Detailed event-by-event MC simulations were performed in PENELOPE using the
following parameters: EABS (1:3) = 50 50 50; C1 = 0; C2 = 0; WCC = 0; WCR = –100. The
geometry consisted of a single AuNP (1.9, 5, 30 and 100 nm) embedded in a large volume of
tissue (10 cm radius). Photons were initiated adjacent the AuNP directed toward it from a disk
with radius equal to the AuNP radius. The input photon source energy spectra were obtained
from the tissue-penetrated photon energy spectra collected from the first set of simulations.
A customized main steering program in PENELOPE based on PENMAIN.F was developed
to include unique tallies. These customized tallies measured the relative rate of absorption
in each orbital of the gold atom, the number and energy of electrons escaping the AuNP per
photoelectric absorption, the dose deposited to a 1 cm radius sphere of tissue surrounding the
AuNP, and the distance traveled by Auger and photoelectrons in the surrounding tissue after
escaping the AuNP. The distance or range was defined here as the maximum distance from
the surface of the AuNP reached by each escaping electron. To reduce simulation time and
to avoid following primary photons that did not interact with the AuNP, each PENELOPE
simulation was split into two components. The first component included only the AuNP with
no surrounding medium. A customized phase space file recorded the energy, position, and
direction of the photoelectric products as they escaped the surface of the AuNP. Over 1 ×
106 escaping particles were recorded for each simulation and the numbers of photoelectric
absorptions were recorded for normalization. The second component of the simulation used
this phase space file as the source input to follow the particles in the surrounding tissue volume.
Tallies were normalized by the number of primary photoelectric absorptions. The dose was
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Table 1. Number of photoelectric absorptions per AuNP per 2 Gy prescribed dose at a tissue depth
of 1 and 5 cm for brachytherapy sources and external beam sources, respectively.

Photon source (average energy)a

AuNP Pd-103 I-125 Yb-169 300 kVp Ir-192 6 MV
diameter (20.6 keV) (27.0 keV) (100.7 keV) (127.1 keV) (324.3 keV) (1861 keV)

1.9 nm 7.38 × 10−6 6.47 × 10−6 1.29 × 10−6 7.62 × 10−7 5.28 × 10−8 6.43 × 10−9

5 nm 1.34 × 10−4 1.18 × 10−4 2.34 × 10−5 1.39 × 10−5 9.61 × 10−7 1.17 × 10−7

30 nm 2.90 × 10−2 2.55 × 10−2 5.06 × 10−3 3.00 × 10−3 2.08 × 10−4 2.53 × 10−5

100 nm 1.08 9.43 × 10−1 1.87 × 10−1 1.11 × 10−1 7.69 × 10−3 9.38 × 10−4

Per mg AuNP 1.06 × 1011 9.33 × 1010 1.85 × 1010 1.10 × 1010 7.61 × 108 9.28 × 107

Per Au atom 3.48 × 10−8 3.05 × 10−8 6.06 × 10−9 3.60 × 10−9 2.49 × 10−10 3.04 × 10−11

aAverage photon energy at tissue depth of 1 and 5 cm for brachytherapy sources and external beam
sources, respectively.

further normalized to a 2 Gy prescribed dose to the tissue (using the rate of photoelectric
absorption in the AuNP per 2 Gy from the MCNP simulation results). The dose enhancement
per AuNP was finally expressed both in terms of the number of AuNPs per cell (cell mass
estimated at 3.37 × 10−12 kg), and the mg of AuNPs per gram of tumor required to double the
prescribed dose to the tumor region. 7 × 107 – 3 × 1011 source particles were simulated for
each configuration (depending on both the AuNP size and photon source energy) maintaining
an average uncertainty of less than 1% for all tallies.

3. Results

3.1. Rate of photoelectric absorption

Results from the first MC simulation reveal a large increase in photoelectric absorption in the
AuNPs for the lower energy sources and larger AuNP diameters (table 1). Specifically, the
number of 30 nm AuNPs required to generate a single photoelectric event per cell with the 6
MV source was about 39 500 AuNPs, corresponding to 3.29 × 1010 Au atoms. In contrast, the
number of 30 nm AuNPs required for a single photoelectric absorption with the 125I source
was about 39 AuNPs, corresponding to 3.28 × 107 Au atoms. This represents an increase in
photoelectric absorption by three orders of magnitude. The rate of photoelectric absorption as
a function of AuNP size simply follows a radius-cubed relation, and therefore nearly a four
orders of magnitude increase in photoelectric absorption was observed between 5 and 100 nm
AuNP.

Comparing the relative rate of photoelectric absorption in each orbital provides insight
into the resulting relaxation cascade, and therefore the resulting energy and range of the
photoelectric products released from such absorptions. These results, normalized per
photoelectric absorption are summarized in table 2. At energies below the k-edge of gold
(80.7 keV), photoelectric absorption can only occur through outer atomic shells (e.g. L,M,N).
With the 300 kVp source, the 192Ir source, and the 6 MV source we observed a significant
absorption in the K-shell. These inner-shell absorptions transfer more energy into the
surrounding medium compared to an outer-shell absorption. So while there is a higher
overall rate of photoelectric absorption from lower energy sources, the energy released per
absorption increases with increasing photon source energy.
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(a) (b)

Figure 1. Simulation results of amount of AuNPs required to double the prescribed dose to the
tumor as a function of different clinical photon sources and AuNP size, expressed as both the
number of AuNPs per tumor cell (a) and milligrams of AuNPs per gram of tumor (b).

Table 2. Relative rate of photoelectric absorption (in%) in the atomic orbitals of gold per
photoelectric event.

Photon source (average energy of absorbed photon)

Pd-103 I-125 Yb-169 300 kVp Ir-192 6 MV
Orbital (20.48 keV) (26.07 keV) (62.11 keV) (97.85 keV) (157.0 keV) (99.85 keV)

K – – 13.22 56.69 52.97 30.25
L1 17.95 21.18 26.73 15.23 16.69 14.83
L2 24.32 23.82 18.51 8.64 8.89 12.87
L3 33.86 31.35 21.37 9.37 9.68 18.27
M1 4.40 5.00 6.03 3.36 3.83 4.23
M2 4.27 4.39 3.77 1.81 2.02 3.51
M3 6.25 6.10 4.58 2.09 2.32 5.17
M4 1.67 1.30 0.60 0.23 0.41 2.31
M5 2.02 1.59 0.66 0.26 0.49 3.01
Outer shells 5.26 5.29 4.53 2.31 2.69 5.55

3.2. Dose enhancement

Results from the second set of simulations exploring dose enhancement reveal a general trend
of increasing dose enhancement using lower energy sources (figure 1). However, as the source
energy becomes too low (as with 103Pd) this trend breaks down.

Figure 1 expresses the amount of AuNPs required to double the prescribed dose to the
tumor both in terms of number of AuNPs per tumor cell (figure 1(a)), and in terms of milligrams
of AuNPs per gram of tumor (figure 1(b)). Examining the number of AuNPs per cell required
to double the prescribed dose, in the worst-case scenario, with a 6 MV source and 1.9 nm
AuNPs, one would require 7.59 × 1010 AuNPs per cell. In the most efficient scenario, with
a 125I seed source and 100 nm AuNPs, only 1.83 × 103 AuNPs per cell would be needed to
double the dose. Examining the results in terms of AuNP mass concentration, the worst-case
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scenario would use the 6 MV source and 100 nm AuNPs, and would require 1760 mg of
AuNPs per gram of tumor. This concentration would be clinically infeasible to accomplish.
The most efficient scenario, using a 125I brachytherapy source and 1.9 nm AuNPs, would
require 5.33 mg AuNP per gram of tumor. Dose enhancement as a function of AuNP size was
not observed to be strictly proportional to the AuNP radius-cubed. This can be attributed to
low-energy Auger and delta electrons being absorbed more readily within AuNP of increasing
size.

3.3. Photoelectric energy conversion

Figure 2 summarizes the percentage of energy from an absorbed photon transferred to escaping
Auger and delta electrons, photoelectrons, characteristic x-rays, or internally absorbed within
the nanoparticle. As the AuNP size is increased, energy from Auger and delta electrons is
increasingly internally absorbed in the AuNP. Conversely, the percentage of energy escaping
as photoelectrons and characteristic x-rays remains mostly unchanged for the AuNP sizes
investigated in this study. As the primary photon energy is increased, the percentage
of escaping energy from photoelectrons and characteristic x-rays increases due to K-shell
ionizations. Figure 3 shows the photon energy spectrum escaping a 30 nm AuNP from
the 300 kVp source and the 103Pd source illustrating the contribution of K-shell ionizations.
Understanding how the energy is distributed after a photoelectric absorption also sheds light
on the spatial distribution of the energy that leaves the AuNPs. Auger and delta electrons have
a very short range (less than 1 μm), photoelectrons can travel much further (up to hundreds
of microns) and characteristic x-rays can travel as far as centimeters.

3.4. Characteristics of escaping electrons

Figure 4 depicts the range of escaping electrons. These plots consist of logarithmically spaced
bins normalized per photoelectric event and to the bin width. It can be observed that each
curve contains at least two distinct relative peaks—the first located around 0.02–0.1 μm and the
second around 0.25–1.5 μm corresponding to electron energies of approximately 0.8–2.5 and
4.5–12 keV, respectively. These electron energies correspond to Auger electrons emitted from
non-radiative transitions from shells L and M. Another subtle relative peak can be observed for
the 1.9 nm AuNP for all energies, located around 0.004–0.01 μm corresponding to energies
of 60–200 eV. While this demonstrates the release of very low electrons from the 1.9 nm
AuNP, the precise interpretation of this peak is likely confounded by the inherent uncertainty
of low-energy Monte Carlo simulation (Salvat et al 2008). Other unique humps on certain
range spectrums can be traced back to relative peaks in their respective incoming photon
spectrums.

As a function of AuNP size, one can observe the effects of internal absorption with larger
AuNP sizes. The range plots depict more electrons with very short ranges for smaller AuNPs,
due to the fact that low-energy electrons are able to escape the AuNP. Specifically, about 2.6
low-energy Auger and delta electrons escape per photoelectric event from the 1.9 nm AuNP,
while less than 1 Auger and delta electron was observed to escape for the 100 nm AuNP. This
result was similar for all photon energies investigated.

Figure 5 displays the electron ranges for a 30 nm AuNP for all photon sources in relation
to the size of a hypothetical 10 μm cell radius indicated by a vertical marker. Another vertical
marker represents the maximum range of escaping Auger and delta electrons. The maximum
range was defined here as the range beyond which there is a 95% probability that any 1 Auger
or delta electron will not exceed. This plot offers insight into the magnitude of ‘cross-firing’
that can be expected if AuNPs accumulate in some cells but not in others. For lower energy
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Figure 2. Pie charts representing the percentage of energy converted into escaping particles or
internally absorbed per photoelectric absorption in a AuNP.
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Figure 3. Characteristic x-ray spectrum escaping a 30 nm AuNP from the 300 kVp source and the
103Pd source, illustrating the contribution of K-shell ionizations.

sources such as 103Pd and 125I, most electron ranges are confined to a single cell, while for
higher source energies, photoelectrons can cross-fire between cells. Figure 6 provides a 3D
visualization of the typical difference in distance traveled by the escaping electrons from a
low-energy source and a high-energy source. This figure also includes the tracking of electrons
liberated in the surrounding water from electrons that originated in the AuNP.

Table 3 presents the mean energy divided by the mean range of the escaping electrons.
This quantity provides some insight into the relative biological effectiveness of the escaping
electrons. The trend demonstrates that lower energy electrons deposit their energy within
proportionally shorter ranges than higher energy electrons.

4. Discussion

The results presented in this study provide clinically relevant insight as to the effects of photon
source energy and AuNP size on the rate of photoelectric absorption and the subsequent spatial
distribution of secondary radiation emitted from the AuNPs. Compared to previously published
work, our simulations explored AuNP radiosensitization in clinically relevant configurations
including the simulation of primary photon tissue penetration, results normalized to
2 Gy prescribed dose, and concentration of gold expressed in terms of number of AuNPs
per cancer cell, number Au atoms per cell, and mg of AuNPs per gram of tumor. We have also
uniquely explored in detail the percentage of energy converted to Auger and delta electrons,
photoelectrons, characteristic x-rays, or internally absorbed in AuNPs per photoelectric event.
Our results offer further support of a pronounced AuNP radiosensitization effect in conjunction
with photon energies below the k-edge of gold, as was shown in previous publications by Brun
et al (2009), Cho et al (2009), Leung et al (2011), Montenegro et al (2009), Jones et al
(2010). The pronounced dose enhancement for energies below the k-edge (figure 1) can
be explained by the increased photoelectric absorption associated with lower energy sources
(table 1). However, we will also discuss the potential clinical use of AuNPs in conjunction
with energies above the k-edge.
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(a) (b)

(d)(c)

(e) (f)

Figure 4. The range of escaping electrons from each photon source as a function of AuNP size.
Range curves consist of logarithmically spaced bins normalized per photoelectric event and to the
bin width.
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Figure 5. The range of electron escaping a 30 nm AuNP from each photon source relative to the
dimensions of a cell.

Table 3. Ratio of mean energy over mean range of escaping electrons (keV μm−1).

Photon source

Pd-103 I-125

AuNP diameter (nm) 1.9 5 30 100 1.9 5 30 100

Auger and delta electrons 8.54 8.46 7.73 7.50 8.56 8.50 7.74 7.48
Photoelectrons 4.77 4.78 4.82 4.82 3.62 3.62 3.64 3.70
All electrons 7.47 7.39 6.61 6.16 7.18 7.10 6.16 5.50

Yb-169 300 kVp

AuNP diameter (nm) 1.9 5 30 100 1.9 5 30 100

Auger and delta electrons 7.00 6.89 6.10 5.61 4.63 4.58 4.02 3.56
Photoelectrons 1.55 1.55 1.55 1.55 1.23 1.23 1.23 1.23
All electrons 5.52 5.39 4.38 3.50 3.69 3.63 2.98 2.38

Ir-192 6 MV

AuNP diameter (nm) 1.9 5 30 100 1.9 5 30 100

Auger and delta electrons 4.74 4.67 4.13 3.63 5.60 5.56 4.85 4.28
Photoelectrons 0.67 0.67 0.67 0.67 0.50 0.49 0.49 0.49
All electrons 3.61 3.54 2.81 2.10 4.12 4.07 3.18 2.35

(1) How much gold, both in terms of the number of AuNPs per cell and the mg of AuNPs per
gram of the tumor, is required for a significant dose enhancement?

Our results indicate that to achieve a doubling of the prescribed dose in a tumor, the
amount AuNPs required would need to be approximately 300 times greater for the 6 MV
source compared to the lower energy brachytherapy sources. We therefore conclude that
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 6. A zoom-out visualization of the photoelectric products produced from a single random
photoelectric absorption in a single 30 nm AuNP. Electrons are represented in red. (a)–(d) The
cascade of photoelectric products from a 6 MV source. (e)–(h) The cascade of photoelectric
products from an I-125 source. These image sequences zoom out from the nano-scale (a) and (e)
to 100 μm (d) and (h), contrasting the relative distance traveled by the escaping electrons from a
low-energy source and a high-energy source.
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AuNP radiosensitization using a 6 MV photon source is not clinically feasible. These results
of dose enhancement are comparable to the findings of Cho’s 2009 Monte Carlo study, as
well as other theoretical estimates (Cho et al 2009, Roeske et al 2007). We have shown
that in terms of the number of AuNPs per cell, larger particles produce significantly more
dose enhancement than smaller particles due to the increased number of Au atoms. However,
in terms of mg of AuNPs per gram of the tumor, smaller particles produce a greater dose
enhancement allowing more low-energy electrons to escape into the surrounding tissue. Both
metrics—the number of AuNPs per cell, and the mg of AuNPs per gram of tumor are useful
in assessing AuNP radiosensitization from a clinical paradigm.

Previously published AuNP dosimetry papers have revealed the difficulty in applying the
metric of dose to AuNP radiosensitization (Carter et al 2007, Cho 2005, Cho et al 2009,
Leung et al 2011, Zhang et al 2009, Jones et al 2010). This is because the Auger cascades
create uniquely localized dose heterogeneities at the nano-scale, depositing clusters of energy
along the tracks of Auger electrons. The traditional concept of dose alone cannot properly
treat the important spatial component of this energy distribution. A number of authors have
examined the radial dose enhancement around AuNPs by defining concentric spheres to tally
dose (Carter et al 2007, Leung et al 2011, Jones et al 2010). One issue with this approach
may be the variation in scale associated with the increasingly large concentric volumes further
away from the AuNP. While escaping electrons may travel many microns as we have shown,
their contribution to the radial dose profile is not represented. These longer ranged electrons
may still be effective in inducing biological lesions including single and double DNA strand
breaks, especially toward the end of their track. In this study we have therefore purposely
avoided simulating radial dose enhancement, and instead focused on electron range as a metric
of the spatial energy distribution.

(2) How does the photon source and AuNP size influence the spatial distribution of the energy
deposited around AuNPs?

Looking more carefully at the energy distribution in the surrounding medium from AuNP
radiosensitization three distinct spatial zones can be identified. The first zone, comprising
about 3–32% of the total escaping energy (depending on the AuNP size and photon source),
and extending about 2 μm from the AuNP surface, is due to escaping Auger and delta electrons.
The energy deposited in this zone has an increased relative biological effect due to the high
linear energy transfer of these particles. Larger AuNP sizes tend to internally absorb these low-
energy electrons and therefore reduce the relative energy contribution in this zone. The second
zone, comprising about 42–69% of the total escaping energy, and extending up to hundreds of
microns or beyond from the AuNP surface, is due to photoelectrons. These electrons lose their
energy over a larger distance and can cross fire between cells, but can still cause significant
DNA damage at the ends of their tracks. The contribution of these electrons depends mostly on
the incoming photon spectrum, with more energetic photon sources producing higher energy
and longer ranged photoelectrons. The third zone, comprising about 11–42% of the total
escaping energy comes from escaping photons that can travel much larger distances from the
AuNP. The conversion of an incoming photon into a characteristic x-ray will generally not
significantly change its relative biological effect, and therefore this type of escaping energy
may not contribute to AuNP radiosensitization.

Comparing our results of electrons ranges with those of Leung et al (2011), there are
some similarities, but also a large discrepancy especially for the 6 MV source. For example,
the average range of electrons escaping a 100 nm AuNP using a 6 MV source was 1090 μm as
reported by Leung, whereas we found this range to be 81 μm. This difference can be attributed
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to the fact that our simulations did not include Compton interactions within AuNPs, whereas
Leung’s study did include Compton interactions. We decided to exclude Compton interactions
because AuNP radiosensitization results from gold’s increased photoelectric absorption, and
gold does not exhibit an enhanced Compton cross-section compared to tissue. Leung’s electron
range results using a 6 MV source therefore reflect the large distances traveled by Compton
electrons set in to motion by high-energy photons. For lower energies, where Compton
interactions are less frequent, our results are in better agreement with those of Leung.

(3) When is active cell/nucleus targeting of AuNPs most beneficial?

Our results reveal that as the photon source energy is reduced below the k-edge, AuNP
localization becomes an increasingly important parameter. With the permanent seed sources,
103Pd or 125I, electrons escaping the AuNPs travel on the order of a micron on average,
suggesting that AuNP cell internalization may be necessary for these Auger cascades to reach
the DNA targets. Furthermore, to make use of the increased number of escaping Auger
electrons as AuNP size is decreased, the AuNPs would need to be sufficiently close to the
DNA. On the other hand for higher energy photon sources, where photoelectrons account for
most of the escaping energy and significant cross firing occurs, AuNPs may not need to be
precisely localized in the tumor cells to have a radiosensitizing effect.

With these results in mind, we can outline two potential clinical approaches employing
AuNPs as radiosensitizers. The first potential approach involves clinical photon source
energies below the k-edge where photoelectric absorption is most efficient. In this approach,
a large number of small AuNPs must be accumulated in tumor cells, and localized within
2 μm of the cell nucleus to exploit the low-energy escaping Auger and delta electrons. AuNPs
would therefore need to be conjugated to tumor specific cell surface markers and possibly
nuclear localizing sequences (Mukherjee et al 2005, Nativo et al 2008, Sokolov et al 2003,
Ryan et al 2007, Chen et al 2008). Small AuNPs are required here to avoid internal absorption
of the low-energy Auger cascade, and for possible infiltration through the nuclear pore, which
can allow translocation of particles as large as 30 nm (Tkachenko et al 2004). While the
macroscopic dose enhancement with this strategy may not be profound, due to the difficulty
of accumulating a very large number of individually targeted particles in the nucleus, smaller
AuNPs release proportionally more low-energy Auger electrons in the immediate vicinity
of the AuNPs. These Auger electrons are characterized by a higher linear energy transfer
(LET). Increased LET has been shown to correlate well with an enhanced relative biological
effectiveness up to LET values of about 100 keV μm−1 (Hall and Giaccia 2006). This
radiosensitization approach can therefore be characterized by intense dose heterogeneities at
the nano-scale. Thus, the number of AuNPs required per cell for a clinically significant effect
using this approach may be significantly lower than we have predicted using a macroscopic
dose metric. Taken as an upper limit, our results suggest that to achieve a doubling of
the prescribed dose, 1.44 × 107 5 nm AuNPs would be required per cell (corresponding to
5.39 mg of AuNPs per gram of tumor).

In regards to the photon source energy, the clinical challenge with permanent
brachytherapy seeds is that the prescribed dose is delivered continuously over the span of
weeks. In this case it would be necessary to understand the full pharmacokinetic implications
of different sized AuNPs with various conjugations to ensure they remain in the cancer cells
for extended periods. With a half-life of 17 days, 103Pd may be a more practical source than
125I, which exhibits a half-life of 59.4 days. A more clinically relevant scenario could involve
novel miniature electronic 50 kVp x-ray source in conjunction with a balloon catheter.
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The second clinical strategy, involving higher energy photon sources above the k-edge
such as the high dose rate 169Yb source or the 300 kVp orthovoltage source, would constitute
a bulk approach to AuNP radiosensitization. This strategy would exploit the more energetic
photoelectrons escaping the AuNPs, which travel on the order of tens of microns and can
easily reach the cell nucleus from outside the cell. AuNPs would not necessarily need to be
internalized in the cancer cells because the relative distance from the DNA is not as crucial
using higher energy sources. Accumulation could therefore be achieved passively by relying
on the increased permeation and retention of the leaky vasculature of certain tumors. However,
targeted AuNPs would still be beneficial in this case to ensure retention of nanoparticles in
the tumor for the duration of the radiotherapy (Chattopadhyay et al 2010, Chithrani 2010). In
this approach the size of AuNPs is less crucial as the main benefit of smaller particles is only
realized at very small distances from the AuNPs.

Rather than recommending the number of AuNPs required per cell, a more fitting metric
for this approach would be the mg of AuNPs per gram of tumor. Based on our calculations the
concentration of AuNPs in the tumor region required to double the prescribed dose would be
between 12.1–13.7 mg AuNP per gram for the 169Yb HDR source and 15.4–20.2 mg AuNP
per gram for the 300 kVP source. This approach requires significantly higher concentrations
of AuNPs but does not necessitate the production of cellular or nuclear targeting AuNPs.
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