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ABSTRACT

Gold nanoparticles (GNPs) were demonstrated as X-ray imaging contrast agents and radiosensitizers in mice. However,
the translational medical applications of GNPs in to the clinical practice need further detailed information on the
biological effects related to the enhanced doses in malignant and healthy cells. The idea of improving radiotherapy with
high atomic number materials, especially gold foils, was initiated in our research unit in the 1980s. Recently,
experimental and theoretical efforts were made to investigate the potential improvement of imaging and radiotherapy
with GNPs. Initially, the present work attempts to validate the dose enhancement effects of GNPs to cancer cells;
secondly, it intends to examine the possible side effects on healthy cells when using GNPs as X-ray contrast agent. In
this study, three Monte Carlo simulation programs, namely PENELOPE-2011, GEANT4 and EGSnrc were used to
simulate the local energy deposition and the resulting dose enhancement of GNPs. Diameters of the GNPs were assumed
to be 2 nm, 15 nm, 50 nm, 100 nm and 200 nm. The X-ray energy spectra for irradiation were 60 kVp, 80 kVp, 100 kVp,
150 kVp with a filtering of 2.7 mm Al for projectional radiography, and 8 mm Al for 100 kVp and 150 kVp for
computed tomography. Additional peak energy of 200 kVp was simulated for radiotherapy purpose. The information of
energy deposition and dose enhancement can help understanding the physical processes of medical imaging and the
implication of nanoparticles in radiotherapy.
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1. INTRODUCTION

Since the late 1940s, the phenomenon of dose enhancement at interfaces between high and low atomic number (Z)
materials has been an attractive scientific topic (Spiers 1949). Later in the 1980s, the concept of using high-Z materials
for dose enhancement in cancer radiation therapy has been put forward (Matsudaira et al. 1980), which stimulated many
scientific researchers in this field. As a high-Z material, gold has long been arisen the attention of researchers; however,
it was until the last 15 years that gold was demonstrated to be used as radiosensitizer in radiation therapy and as X-ray
contrast agent (Douglass et al. 2013). In the study of Regulla et al. (1998), fibroblast monolayers on a gold foil were
irradiated by X-rays, inducing a physical dose enhancement factor of about 100 within a range of 10 micrometers and a
biological enhancement factor of up to 50. Herold et al. (2000) injected gold microspheres with diameters between 1.5 -
3.0 micrometers into a tumor followed by irradiation, and found that excised cells had reduced plating efficiency. Gold
nanoparticles were applied as in vivo radiosensitizer for the first time by Hainfeld et al. (2004), who demonstrated that
the GNPs did accumulate in tumors leading to a better radio-therapeutic result. Later on, the same group demonstrated
that GNPs were useful X-ray contrast agents, as they showed that GNPs had no toxic effects and enabled higher contrast
as well as longer imaging acquisition time (Hainfeld et al. 2006; 2008; 2011; 2012). Thereafter, more experimental work
was focused on GNPs (Butterworth et al. 2008; Brun et al. 2009; Rahman et al. 2009; Liu et al. 2010). However
differences among the experimental results imply that the radiosensitization of GNPs can be sensitive to the
experimental conditions, for instance, irradiation parameters, particle sizes and GNP distribution in cells (Lechtman et al.
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2011). Monte Carlo simulations are another way to study the dose enhancement effect of GNPs with respect to different
experimental conditions (Cho 2005; Cho et al. 2009; Jones et al. 2010; Leung et al. 2011; Chow et al. 2012; McMahon et
al. 2011; Lechtman et al. 2013, Zygmanski et al. 2013). These researchers investigated mostly the dose enhancement of
GNPs of various geometries and irradiation conditions at the microscopic scale. However, the clinical use of GNPs in
molecular imaging and radiotherapy needs further information on the local energy deposition in the nanometer scale to
assess the radiation dose effects, adverse effects on blood cells, immune cells and endothelial cells, even on DNA
molecules due to the aptamer-conjugated nanoparticles; or for the intended radiotherapy effects on cancer cells.

The idea of using high-Z materials, especially gold foils to enhance radiotherapy was initiated in our research unit early
in the 1980s (Regulla and Leischner 1983; Regulla et al. 1998; 2000; 2001; 2002). Recently, experimental and
theoretical efforts have been made to investigate the potential improvement of medical imaging and radiotherapy with
GNPs. In the present work, we attempt initially to validate the dose enhancement effects of GNPs to cancer cells;
secondly we intend to examine the possible side effects on healthy cells when using GNPs as X-ray contrast agent. Three
different Monte Carlo simulation programs, namely PENELOPE-2011, GEANT4 and EGSnrc, are used to simulate the
local energy deposition and dose enhancement of secondary electrons in nanometer to micrometer ranges around
nanoparticles of different sizes which are irradiated by X-rays with different peak voltages.

2. METHODS

Two Monte Carlo simulation codes, PENELOPE-2011 (Salvat et al. 2011) and GEANT4 (Agostinelli et al. 2003;
Apostolakis et al. 2009), were used to simulate the secondary electron energy spectra, local energy deposition and the
dose enhancement around GNPs in nanometer and micrometer ranges. The computer code system PENELOPE performs
Monte Carlo simulations of coupled electron-photon transport in arbitrary materials for a wide energy range, from 50 eV
to about 1 GeV. PENELOPE-2011 in its present form is the result of continued evolution from the first version, which
was released in 1996. The program GEANT4 is a general Monte Carlo simulation toolkit for the simulation of particle-
matter interactions in various research areas. Recently, GEANT4 has been extended to handle microdosimetry
applications of very-low-energy particles in microscopic scale, and the corresponding new physical process modules
have been included into a relatively independent program — the GEANT4-DNA project (Chauvie et al. 2006; 2007,
Incerti et al. 2010, Francis et al. 2011). In order to track low-energy particles, say less than 100 eV, in the nanometer
dimensions, the newly implemented GEANT4-DNA physical process modules and the standard electromagnetic
processes were applied.

The simulation geometry is illustrated in Figure 1. A single GNP sphere was positioned at the center of the simulation
tracking volume consisting of liquid water. The GNP was irradiated by parallel X-ray beams, the axis of which was
aligned to the center of the GNP. The X-ray beams were emitted from a circular plane source located 1 mm away from
the center, and they were all parallel with the central axis. The circular plane source was assumed to be the same
diameter as the corresponding GNP for an increase of the interaction probability of the X-ray beams and the GNP. To
score the dose enhancement around the GNP, the surrounding water was divided into several shells. Starting from the
surface of the GNP, 20 water shells with the same thickness of 1 um were set as sensitive target volumes. In addition,
doses in another 20 water shells with the thickness of 10 nm next to the surface of GNP were scored as well. For
secondary electrons produced within the tracking volume, different quantities, e.g. original position, energy and
momentum, the physical process and the deposited energy of each interaction can be stored for further analysis. In the
present work, the average total deposited energy within each water shell was recorded. To estimate the dose
enhancement effect, another group of simulations, in the same geometry condition but without gold nanoparticles in
liquid water, were also carried out. The dose enhancement factor (DEF) was defined as the ratio of the average doses
within the same target water shell resulting from X-ray irradiation with and without GNP in the liquid water.

In PENELOPE-2011 simulations, the diameters of the GNPs were assumed as 2 nm, 15 nm, 50 nm, 100 nm and 200 nm,
and the X-ray peak voltages were 60 kVp, 80 kVp, 100 kVp, 150 kVp with filtering of 2.7 mm Al for projectional
radiography, and 8 mm Al for 100 kVp and 150 kVp for computed tomography (CT). Additional peak energy of 200
kVp was performed only for radiotherapy purpose. For a preliminary comparison, in GEANT4 simulations, 2 nm, 50 nm
and 100 nm were chosen to be representative diameters of GNPs, together with 60 kVp and 100 kVp to be representative
X-ray peak voltages.
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Figure 1. Schematic diagrams of the simulation geometry for PENELOPE-2011 and GEANT4 programs.

Furthermore, the Monte Carlo program EGSnrc (Kawrakow and Rogers 2000) was used to simulate the dose
enhancement in liver tissue containing different amounts of gold. GNPs were not explicitly modeled in these simulations;
instead a homogeneous distribution of gold in the tissue was modeled. For the simulations X-rays with peak voltages of
60 kVp, 80 kVp, 100 kVp, 120 kVp and 140 kVp were used.

3. RESULTS

In this section, the simulated dose enhancement factors (DEFs) in the micrometer and nanometer ranges around GNPs of
different diameters irradiated by various X-rays are presented. The simulation results of PENELOPE-2011 are presented
in Figures 2 - 5, while the results of GEANT4 are shown in Figures 6 - 9. The results are presented in two categories:
one for the DEF curves of GNPs with different diameters but the same X-ray peak voltages, the other for those of
different X-ray peak voltages with the same GNP diameters. Note that all the values shown at the zero point of X-axis
denote the DEFs inside the GNPs. The DEFs inside the 2 nm sphere nanoparticle were not calculated, as the deposited
energy in this tiny water sphere can hardly be recorded.

In the framework of simulation using EGSnrc code, the dose enhancement in liver tissue containing different amounts of
gold which was homogeneously distributed in the tissue, and the dose enhancement in the micrometer range in the
vicinity of a gold foil of 1 um thickness are shown in Figure 10.

Proc. of SPIE Vol. 9033 90331K-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/06/2014 Terms of Use: http://spiedl.or g/terms



——e—— 200nm 1 ———e—— 200nm ——e—— 200nm
....... Oeennn 100 nm \ T ST 100 nm O 100 nm
1000 ~ 1 —————— 50nm 1000 ~ ————— 50nm 1000 1 ¢ —————— 50nm
15 nm
2nm
100 100 -
[T w
L Ll
a a
10 1 10 -
", 00,06 00 A
\ AS00000esasace s hryeeeeeneonty
N L e 2 I et e ara o SO ) Nomaaniiead
— T T T T T T T T e B L e e o
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Distance/um Distance/pm Distance/um
A) (B) ©
——e—— 200nm —e—— 200nm
Oreninens 100 nm SO 100 nm,
1000 ———v—— 50nm 1000 —————— 50nm
——s-—--  15nm ——s.—--  15nm
[P 2nm —_— = — 2nm
. 100 100
w
2 3
10 10
v‘\o 0:0.0.4 ‘\¥\Vo. o
2 Py 19:-00:0.0.0:0:0.0-0-0. 0 A w000
K\A T Yy v ¥ vy v v v oy b 39019000600 '
NN SYSeaessesaraees BN S e ssesens et ST
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Distance/um Distance/um
(D) (E)

Figure 2. Dose enhancement factors in micrometer ranges simulated by PENELOPE-2011 code as a function of distance from the
surface of the GNPs. GNPs were irradiated by X-rays with peak voltages of 60 kVp (A), 80 kVp (B), 100 kVp (C), 150 kVp (D) and

200 kVp (E).
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Figure 3. Dose enhancement factors in micrometer ranges simulated by PENELOPE-2011 code as a function of distance from the
surface of the GNP. Diameters of GNPs were 200 nm (A), 100 nm (B), 50 nm (C), 15 nm (D) and 2 nm (E).
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Figure 4. Dose enhancement factors in nanometer ranges simulated by PENELOPE-2011 code as a function of distance from the
surface of the GNPs. GNPs were irradiated by X-rays with peak voltages of 60 kVp (A), 80 kVp (B), 100 kVp (C), 150 kVp (D) and

200 kVp (E).
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Figure 5. Dose enhancement factors in nanometer ranges simulated by PENELOPE-2011 code as a function of distance from the
surface of the GNPs. Diameters of GNPs were 200 nm (A) and 100 nm (B).
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Figure 6. Dose enhancement factors in micrometer ranges simulated by GEANT4 as a function of distance from the surface of the
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GNPs. GNPs were irradiated by X-rays with peak voltages of 60 kVp (A) and 100 kVp (B).
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Figure 7. Dose enhancement factors in micrometer ranges simulated by GEANT4 code as a function of distance from the surface of

the GNPs. Diameters of GNPs were 100 nm (A), 50 nm (B) and 2 nm (C).
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Figure 9. Dose enhancement factors in nanometer ranges simulated by GEANT4 code as a function of distance from the surface of the
GNPs. Diameters of GNPs were 100 nm (A), 50 nm (B) and 2 nm (C).
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Figure 10. Dose enhancement factors forwards and backwards from a gold foil of 1 pm thickness irradiated by X-rays with energy
spectra of 60 kVp and 90 kVp which are simulated by EGSnrc code (A). Dose enhancement factor simulated by using EGSnrc code
for different X-ray spectra and different amounts of gold homogeneously distributed in liver tissue (B).

4. DISCUSSIONS

As shown in Figures 2, 3, 6 and 7, the simulated DEFs in micrometer ranges around GNPs decline with increasing
distance from the surface of the GNPs. DEFs of the first 2 - 3 inner water shells decrease much more rapidly than those
of outer water shells.

When GNPs in different diameters were irradiated by the same peak voltage X-rays, the DEFs of the first 1 um water
shells decrease as the diameters of GNPs decrease. The DEFs for GNPs of diameter of 2 nm are especially small with a
maximum value of 5 in the first 1 um water shell, while the corresponding DEFs of GNPs with other diameters reach up
to several tens. This might be due to interactions of X-rays and GNPs, which produce sufficient secondary electrons and
Auger clectrons and cause more energy deposition and the consequential dose enhancement effect in the immediate
volume around gold.

For GNPs in the same diameter irradiated by X-rays with different peak voltages, some differences in simulated DEFs
are observed between PENELOPE-2011 and GEANT4 codes. Figure 3 shows results simulated by PENELOPE-2011
code. In the first 1 um water shells, DEFs of GNPs with 200 nm, 100 nm and 50 nm decrease obviously with increasing
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peak voltages. For GNPs with 15 nm diameter, the DEF curve of 60 kVp distinguishes from the others; while for GNPs
with 2 nm diameter, the DEF curves are in a similar level. The results simulated by GEANT4 code are shown in Figure 7.
For GNPs with 100 nm and 50 nm diameters, the DEFs of 60 kVp are larger than those of 100 kVp before the 9th - 10th
water shells, after 10th water shell, the DEFs become relatively small and stay in the similar level.

The DEFs in nanometer ranges around GNPs are plotted in Figure 4, 5, 8 and 9. Generally, the DEFs decline, in a
manner of fluctuation, as the distances from the GNP surface increase. It might be due to the statistical property and
simulation numbers in the nanometer ranges, it will be investigated in the current ongoing work. In addition, the highest
DEEF values of all the curves in nanometer ranges, mostly in the first 10 nm water shell, are usually a few hundreds, and
are about 10 times larger than those in micrometer ranges. This significant dose enhancement effect might be attributed
to the low-energy Auger electrons, whose effective ranges were limited within several tens to hundreds of nanometers.

Taking all the simulation results into account, 60 kVp seems to be the specific peak voltage of X-ray that leads to the
greatest dose enhancement effect for GNPs. Moreover, for the same X-ray irradiation, the larger the GNP is, the stronger
is the dose enhancement effect which will be achieved. However, when using GNPs as X-ray imaging contrast agents or
radiosensitizers, other biological factors must be taken into consideration for choosing the optimized size of GNP.

It should be pointed out that there are differences between the simulation results of PENELOPE-2011 and GEANT4.
Detailed energy spectra of secondary electrons deposited in the water shells in micrometer and nanometer ranges are
needed to be analyzed and compared thoroughly in the continuing work.

The simulated DEF of 40, by using EGSnrc code, in the 1 pm shell from the 1 um gold foil is comparable to the DEF of
50 gained from the results simulated by PENELOPE-2011 code, however, considerably lower than the value of 105
obtained from simulation by GEANT4 code, in the first 1 pm shell obtained for GNPs for the same X-ray of 60 kVp,
respectively (Figures 3A, 7A and 10A). For the results of different X-ray spectra and different amounts of gold
homogeneously distributed in liver tissue simulated by EGSnrc code, the dose enhancement factors are almost
independent of the used irradiated spectra. The amount of gold is the main factor influencing the dose enhancement. For
0.1w% gold the maximum dose enhancement factor is 2 at 80 kVp, 3 at 80 kVp for 0.2w% gold, 4 at 80 kVp for 0.3w%
gold and 5 at 60 kVp for 0.4w% gold (Figure 10B).

One aspect of limitations of the Monte Carlo transport simulations of very-low-energy electrons/photons should be
addressed. Both of the Monte Carlo simulation programs, PENELOPE-2100 and GEANT4, provide event-by-event
transports of particles in material down to 50 eV, even to several eV in GEANT4-DNA. The low-energy electrons are
important for simulations of dose enhancement effects in the micrometer and nanometer ranges. However, as pointed out
by Thomson and Kawrakow (2011), in order to satisfy the Heisenberg uncertainty principle, uncertainties of 5% must be
assigned to position and momentum for 1 keV electrons in water; at 100 eV, these uncertainties are 17 to 20% and are
even larger at lower energies, for example, 50 ¢V in the present study. Therefore a large uncertainty of the dose
enhancement factor simulated in the nanometer range should be preconceived.

5. CONCLUSIONS

In the present work, the dose enhancement factors around GNPs irradiated by X-rays in different irradiation scenarios
are simulated and compared within three MC simulation programs in our research unit. Generally, the DEFs in both
micrometer and nanometer ranges decrease with increasing distance from the surface of GNPs, however, the maximum
DEFs in nanometer ranges can be ten times larger than those in micrometer ranges. Among X-rays with different peak
voltages, 60 kVp seems to be the specific one, which leads the greatest dose enhancement effect for GNPs in different
sizes.

In addition, stronger dose enhancement effects appear around the GNP with a larger size, when irradiated by X-rays with
the same energy peak voltage. Auger electrons contribute to the DEFs at the nanometer ranges, whereas other secondary
electrons to the micrometer ranges. The higher dose enhancements in nanometer range around the nanoparticles support
the potential application of GNPs in the targeted gene radiotherapy (Foley et al. 2005; Farokhzad et al. 2006; Yang et al.
2011).

It is noted that, for the same geometry set-up and X-rays with the same peak voltage, a difference of a factor of 2 for
DEFs simulated by the two programs, PENELOPE-2011 and GEANT4, is observed. A further detailed analysis of the
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secondary electron energy spectra in and around the GNPs is currently being carried out in order to reach a higher
quality assurance in radiation transport simulations with different Monte Carlo programs.
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