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Gold nanoparticle induced vasculature damage in radiotherapy: Comparing
protons, megavoltage photons, and kilovoltage photons
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Purpose: The purpose of this work is to investigate the radiosensitizing effect of gold nanoparticle
(GNP) induced vasculature damage for proton, megavoltage (MV) photon, and kilovoltage (kV)
photon irradiation.

Methods: Monte Carlo simulations were carried out using tool for particle simulation (TOPAS) to
obtain the spatial dose distribution in close proximity up to 20 um from the GNPs. The spatial dose
distribution from GNPs was used as an input to calculate the dose deposited to the blood vessels.
GNP induced vasculature damage was evaluated for three particle sources (a clinical spread out
Bragg peak proton beam, a 6 MV photon beam, and two kV photon beams). For each particle source,
various depths in tissue, GNP sizes (2, 10, and 20 nm diameter), and vessel diameters (8, 14, and
20 pum) were investigated. Two GNP distributions in lumen were considered, either homogeneously
distributed in the vessel or attached to the inner wall of the vessel. Doses of 30 Gy and 2 Gy were
considered, representing typical in vivo enhancement studies and conventional clinical fractionation,
respectively.

Results: These simulations showed that for 20 Au-mg/g GNP blood concentration homogeneously
distributed in the vessel, the additional dose at the inner vascular wall encircling the lumen was 43%
of the prescribed dose at the depth of treatment for the 250 kVp photon source, 1% for the 6 MV
photon source, and 0.1% for the proton beam. For kV photons, GNPs caused 15% more dose in the
vascular wall for 150 kVp source than for 250 kVp. For 6 MV photons, GNPs caused 0.2% more dose
in the vascular wall at 20 cm depth in water as compared to at depth of maximum dose (Dmax). For
proton therapy, GNPs caused the same dose in the vascular wall for all depths across the spread out
Bragg peak with 12.7 cm range and 7 cm modulation. For the same weight of GNPs in the vessel, 2
nm diameter GNPs caused three times more damage to the vessel than 20 nm diameter GNPs. When
the GNPs were attached to the inner vascular wall, the damage to the inner vascular wall can be up
to 207% of the prescribed dose for the 250 kVp photon source, 4% for the 6 MV photon source,
and 2% for the proton beam. Even though the average dose increase from the proton beam and MV
photon beam was not large, there were high dose spikes that elevate the local dose of the parts of the
blood vessel to be higher than 15 Gy even for 2 Gy prescribed dose, especially when the GNPs can
be actively targeted to the endothelial cells.

Conclusions: GNPs can potentially be used to enhance radiation therapy by causing vasculature
damage through high dose spikes caused by the addition of GNPs especially for hypofractionated
treatment. If GNPs are designed to actively accumulate at the tumor vasculature walls, vasculature
damage can be increased significantly. The largest enhancement is seen using kilovoltage photons
due to the photoelectric effect. Although no significant average dose enhancement was observed for
the whole vasculature structure for both MV photons and protons, they can cause high local dose
escalation (>15 Gy) to areas of the blood vessel that can potentially contribute to the disruption of
the functionality of the blood vessels in the tumor. © 2015 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4929975]
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1. INTRODUCTION

In the last decade, preclinical studies have shown the potential
of using gold nanoparticles (GNPs) as a radiosensitizer.
Hainfeld ez al. first showed using in vivo experiments that the
one year survival increased four times for tumor bearing mice
irradiated with a 250 kVp x-ray source 5 min after intravenous
injection of 1.9 nm GNPs as compared to radiation alone.'
Following that, several in vivo studies also demonstrated a
significant increase in the one year survival after irradiation
with kilovoltage (kV) photons following intravenous injection
of GNPs as compared to radiation alone.>> While most studies
used kV photons, Kim e? al. have shown that GNPs can be used
to enhance proton treatment.® I vitro studies have investigated
the benefit of using GNPs to increase dose to tumor cells.
The results suggest that the GNP induced radiosensitization
effect is highly cell-specific and cellular uptake of GNPs is in
general important for observing decreased cell survival after
radiation.””!! In Hainfeld’s in vivo experiment, the tumors
were irradiated only 5 min after the GNP injection,""!! a time
which is too short for tumor cells to accumulate a significant
amount of GNPs inside the cellular space. The incubation
time in most in vitro studies is 6-24 h. This indicates that
other factors contribute to GNP aided cell killing besides
direct DNA damage to tumor cells.

Microvasculature damage plays a critical role in regulat-
ing tumor response to radiation therapy and drug treatment.
Garcia-Barros et al. have shown that microvascular endo-
thelia apoptosis is required for clonogenic cell dysfunction.'?
This has led to the development of vascular disrupting agents
(VDAs) for cancer therapy, which produce rapid and wide-
spread shut down of tumor blood flow.'3~!° The role of vascula-
ture damage in tumor response to radiation has also been inves-
tigated providing strong evidence for microvascular endothe-
lial engagement in tumor response to radiation therapy.'®->?
The high gold concentration in blood shortly after the injec-
tions of GNPs makes GNPs a potential VDA in combination
with radiation therapy by increasing the dose to blood vessels.
The advantage of using GNPs as VDA is through selective
dose enhancement in the irradiated region without interrupt-
ing vasculature function in the whole body and thus features
reduced toxicity as compared to conventional VDAs. Joh et al.
have shown with in vivo experiment that the endothelial cell
damage increased three times in tumors irradiated 5 min after
GNP injection compared to radiation alone.’

Ngwa et al. have proposed an analytical model to investigate
the endothelial dose enhancement using several brachytherapy
radiation sources and kV photons to explain and quantify the
vasculature dose enhancement from GNPs. They showed with
simulation results that the dose enhancement factor is 12.9 for
a 50 kVp source for a gold concentration in blood of 18 Au-
mg/g.?? Similarly, Berbeco et al. investigated the endothelial
dose enhancement using megavoltage (MV) photon sources
using theoretical model and found a dose enhancement factor
of 1.7 for a gold concentration of 30 Au-mg/g.2* Later, the
endothelial dose enhancement was calculated using simula-
tions for alpha particles and various high Z materials for the
endothelial cell membrane and the dose to the nucleus.>>?
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In this study, we developed a different approach toward the
same goal and investigated the validity of several assumptions
in previous studies. First, the number, energy, and direction
of the secondary electrons generated from GNP interactions
with the particle source were recorded at the GNP surface
and the dose deposition of these electrons in surrounding
tissue approximated as water is simulated from a Monte Carlo
simulation. This takes into account the loss of low energy
electrons being self-absorbed in the GNPs and only includes
those able to escape from the GNP. Second, since the dose
deposited from secondary electrons were calculated using
Monte Carlo simulation,?” we provide accurate spatial dose
deposition around GNPs and eliminating the need to use
empirical electron energy loss function which can result in
propagation of errors from using approximated input values.
Third, we considered two distributions of the GNPs in the
lumen. The first distribution has GNPs distributed at the lumen
wall. The second distribution has GNPs evenly distributed in
the lumen volume because the radiation was administrated
within several minutes in most in vivo experiments, and
thus, these experiments did not leave enough time for active
endothelial cell targeting. Using this model, we investigated
the endothelial dose enhancement factor for various particle
sources including proton beams, kV photon beams, and MV
photon beams. The following questions were addressed in
this work: (1) what is the highest achievable dose in the
vasculature wall, (2) how is the dose enhancement affected
by the size of the lumen, (3) how is the dose enhancement
affected by the size of the GNPs, and (4) how does GNP dose
enhancement differ for the three particle sources.

2. METHODS
2.A. Monte Carlo simulation

To obtain the spatial dose distribution around the GNPs,
Monte Carlo simulation was carried out using tool for particle
simulation (TOPAS).?8 The simulations details were explained
in our previous work®® and are briefly described here. Three
particle sources were investigated: (1) a spread out Bragg
peak (SOBP) proton beam with 12.7 cm range and 7 cm
modulation, (2) two kV photon beams (150 and 250 kVp),
and (3) a 6 MV Varian True Beam flattening filter free Linac
photon beam. A 20x20x40 cm? water phantom was irradiated
by the particles and the particle shower spectrum at a given
depth (as shown in Fig. 1) was recorded as a phase space
profile passing a 50 mm diameter surface perpendicular to the
beam axis. For the proton beam, phase spaces were acquired at
three depths equally spaced along the SOBP (SOBP1, SOBP2,
and SOBP3) as indicated in Fig. 1(a). For the 6 MV Linac
photon beam, three depths coinciding with the maximum dose
(PDD100) and 80% and 50% of the maximum dose (PDD80
and PDD50) were chosen to acquire the particle phase space
file as indicated in Fig. 1(b). For kV photon beams, the
phase spaces were acquired at 1 mm depth in water. The
phase space files were then modified to have the same beam
diameter as a single GNP by adjusting the length scale and
angular distribution of the incoming particles. The modified
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Fic. 1. (a) Percentage depth dose for a SOBP proton beam, phase spaces were acquired at three depths equally spaced along the SOBP (SOBP1, SOBP2, and
SOBP3). (b) A 6 MV photon beam, three depths coinciding with the maximum dose (PDD100) and 80% and 50% of the maximum dose (PDD80 and PDD50)
were chosen to acquire the particle phase space file. (c) kVp photon beams, the phase spaces were acquired at 1 mm depth in water.

phase spaces were used as a particle source to irradiate a
single GNP. The range of GNP sizes used in the literature for
in vivo studies are between 1.9 and 30 nm. This study focused
on 10 nm GNPs, as this size of GNPs were used in several
in vivo studies.*>*®* GNP diameters of 2 and 20 nm were also
investigated to evaluate the effect of the GNP size. The energy
and direction of the electrons produced through ionization
and excitation interactions in the GNP were recorded at the
outer surface of the GNP in a second phase space file. The
phase spaces recorded at the outer surface of the GNP were
then used as a source to calculate radial doses in water, as
described below.

2.B. Radial dose distribution of GNPs

The Monte Carlo simulation provides the radial dose
distribution in the vicinity of a GNP for a single ionization
event and the interaction probability for a given dose.
The details of the definition and calculation of radial dose
distribution and interaction probability can be found in our
previous work.?>" Briefly, the phase spaces of secondary
particles originating from interactions within the GNP were
used as a source at the center of a 40x40x40 um® water
phantom, with dose scored as a function of distance from
the GNP. The dose is divided by the number of ionization
interactions in the GNP to provide the radial dose distribution
in the vicinity of a GNP for a single ionization event. The
interaction probability per prescribed gray is defined by the
chance of having one ionization event in a single GNP
when the dose absorbed in the surrounding tissue from the
radiation source is 1 Gy. The interaction probability for
different modalities per prescribed gray is shown in Table I.
The radial dose per ionization for the three particle sources
interacting with 10 nm GNPs is shown in Fig. 2(a).

The GNP dose per ionization produced from 6 MV photons
is plotted for the electron and photon component of the radi-
ation field separately. The dose per ionization for the electron
component of the 6 MV field has the highest value within 10
nm from the GNP surface, the value decreases below the dose
from the photon component at a distance of 100 nm from GNP
surface. Near the GNP surface, the dose per ionization agrees
within 25% for the proton SOBP at the depth of SOBP2, the
250 kVp photon field, and the 6 MV photon component at
PDDS80. As the distance from the GNP surface increases, the
dose from protons drops rapidly. At a distance of 10 ym from
the GNP surface, the GNP dose from 250 kVp is 35 times
higher than the dose from the proton beam.

The interaction probability per prescribed gray for SOBP2
for three GNP sizes is shown in Table II. The interaction
probability per gold atom is also listed. The dose per ionization
event for GNPs of various sizes is shown in Fig. 2(b). For
one ionization event, 2 nm GNPs produce nearly a 215 times
higher dose near the surface of the nanoparticles compared to
20 nm GNPs. The difference is reduced to less than 10% as the
distance from the surface increases to 1 um. The difference
for the interaction probability per gold atom is in the order of
2% for different GNP sizes as shown in Table II. However, the
secondary electrons generated in a small GNP are less likely
to be self-absorbed inside of GNP and thus contribute to the
high dose per ionization near the GNP surface.

2.C. Vascular geometric model

The smallest blood vessels in the human body are
capillaries, which have an inner diameter of approximately
8 um to allow the transportation of oxygen by a single red
blood cell. Our vascular structure was modeled as a vessel
composed of a single layer of epithelial cells with a minimum

TasLe I. The interaction probability per gray for three therapy modalities.

SOBP protons

6 MV photons kV photons

GNPsize  SOBPI SOBP2 SOBP3

PDD100

PDD80  PDD50  150kVp  250kVp

10 nm 5.8x107% 5.8x107° 5.8x107° 5.6x107° 7.9x107° 9.4x10°° 23x107* 1.8x10™*
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Fic. 2. (a) Comparison of the radial dose deposition per ionization for a single 10 nm GNP in a SOBP proton beam, a 6 MV photon beam (at depth of PDD80,
electron component and photon component, separately), and a 250 kVp photon beam. (b) Comparison of the radial dose deposition per ionization for three GNP

sizes in a SOBP proton beam at SOBP2.

inner diameter of 8 um (Ref. 31) and a maximum of 20 um.
The vasculature wall thickness is 2 um,?!*? the size of a single
endothelial layer. GNPs were homogeneously distributed in
the vessel, as shown in Fig. 3(a). As a comparison to work
previously published by other groups,>*2° we also evaluated
the geometry with GNPs constrained within 20 nm distance to
the inner vessel wall of the lumen, as shown in Fig. 3(b). The
number of GNPs placed in the vessel is calculated using the
following example. For an 8 um blood vessel, the volume for
a 1 um slice is 50 um>. A blood concentration of 5 Au-mg/g
GNPs in this volume equals 2.5x 10~* ng of gold content. For
10 nm GNPs, 2.5x 10~ ng of gold corresponds to 2.5x 10*
individual GNPs.

The GNP induced vasculature damage is calculated from
the dose deposited by GNPs in the blood vessel to the 2 um
epithelial layer. The calculation voxel size is 10x 10x 10 nm?
in a 3D Cartesian grid. The inner vessel wall is defined as the
first 10 nm layer of vascular encircling the lumen, where 10
nm is approximately the size of a lipid bilayer cell membrane.
The outer vessel wall is defined as the 10 nm layer encircling
the whole vessel as shown in Fig. 3. Figure 4 illustrates how
the dose from a single GNP to a voxel of the epithelial layer
can be defined as d; ;(r), where the index i refers to the voxel
in the vessel slice, j refers to the jth GNP from the set of GNP
in the vessel, and r is the distance from the voxel where the
Jjth GNP is located to the voxel i. The GNP dose distribution
d; j(r) is obtained from the MC simulations as described in
Sec. 2.A. A slice width of 10 nm is used in the calculation.
The spatial dose distribution from GNPs falls off rapidly; the
dose from a GNP at 10 um distance is at least 10° times less
than that from a GNP at 10 nm distance (see Fig. 2). We

TasLe II. The interaction probability per gray for different GNP sizes at the
center of the SOBP (SOBP2).

GNP ize (nm) 20 10 2

Interaction probability 4.6x 107 58x107° 47x 1078

per GNP
Interaction probability 2.35x%x 10710

23x10710 2.32 % 10710

per Au atom
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therefore consider the doses from GNPs further than 20 um
away to be negligible. The total dose to the ith position on the
vasculature ring can then be calculated as D; = Z]N: 1dij(r),
for r <20 um.

The total dose to the 10 nm ring of the vessel wall is then
the sum of the homogeneous prescribed dose and dose from
GNP (D;). In this work, the total GNP dose is calculated by
adding the dose contribution from the whole lumen volume.
The length of blood vessels is significantly longer than 40 um,
so the dose to this 10 nm thick vessel can represent the dose
to the vessel.

For a 5 Au-mg/g GNP blood concentration, a 1 um
long blood vessel with an 8 um diameter contains 2.5x 10*
individual GNPs; however, not all of them will interact with
the particles in the radiation field. The number of GNPs
that contribute to the additional radial dose deposition is
calculated by multiplying the number of GNPs, the prescribed
dose, and the interaction probability per gray for each particle
sources.>’

Several scenarios were investigated in this study. The dose
deposited to the vessel wall from GNPs was calculated for
30 Gy prescribed dose. For protons, 30 Gy is used for all
three treatment depths (SOBP1, SOBP2, and SOBP3). For
kV photons, the 30 Gy is delivered to 1 mm depth. For
6 MV photons, 30 Gy is delivered to the depths where
the particle spectrum was obtained, which are PDD100,
PDD80, and PDD50. A single radiation dose of 30 Gy is
not commonly used in clinical setting except for stereotactic

Wall Constrained

Outer Wall

Homogeneous

(a) (b)

Fig. 3. Two GNP vascular distributions are used in the study. (a) GNPs
homogeneously distributed in the lumen of vessel. (b) GNPs constrained to
the inner vessel wall of the vessel.
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Ll

FiG. 4. Tllustration of using the radial dose distribution as an input to calculate
the integrated dose of a 10 nm thick vessel slice from the contribution of all
of the GNPs contained within the vessel.

radiation treatment or palliative treatment. However, a single
fraction of high dose is very commonly used for in vivo
study to investigate the GNP enhanced radiation treatment.
For instance, Hainfeld er al. gave a single dose of x-ray
radiation range from 30 to 42 Gy;'>!! Kim et al. gave a
single dose of proton radiation range from 10 to 46 Gy;® Joh
et al. gave a single dose of 20 Gy.> The GNP IV injection
concentrations based on body weight which have been used
in the literature range from 0.2 to 15 Au-mg/g.' 1133 If 5%
blood weight per animal is assumed, we can approximate the
GNP blood concentration from 4 to 300 Au-mg/g, and we
chose 20 Au-mg/g GNP blood concentration in this study.
Three vessel sizes were investigated, 8, 14, and 20 um, all
with a 2 um wall thickness.

3. RESULTS

3.A. GNP induced dose to the vascular wall for three
treatment modalities

Figures 5-10 show the additional dose received by the
vessel wall for the three radiation modalities for a GNP blood
concentration of 20 Au-mg/g in the vessel and a homogeneous

150 kVp

Gy
l20
@ im
0

(a)

Gy

Izo

10
0

(b) (d)

250 kVp

30 Gy dose delivered to the vessel. The diameter of the vessel
is 8 um.

3.A.1. For kV photons

The results for 150 and 250 kVp photon beams are shown
in Figs. 5 and 6. The dose from GNPs deposited in the
vasculature wall is highly heterogeneous as shown in Fig. 5.
There are very high dose spikes near the inner vascular wall
caused by GNPs located within several nanometers from the
walls. The electron showers that result from GNP interactions
with photon beams give rise to very high doses on the
nanometer scale. As the distance of the GNPs from the inner
vascular wall increases, the dose decreases rapidly due to the
limited range of electrons from GNPs.

As shown in Figs. 5 and 6, the GNP induced vasculature
damage is more effective for 150 kVp photons than for 250
kVp photons. For GNPs distributed homogeneously in the
vessel, the average doses to the inner vessel wall due to the
addition of GNPs are 17.4+0.3 Gy and 12.9+0.7 Gy for 150
and 250 kVp, respectively. The dose to the outer vascular wall
reduces to 5.4+0.0 Gy and 4.0+0.1 Gy for 150 and 250 kVp,
respectively.

If the GNPs are constrained to the wall, as shown in Figs.
5(e), 5(f), and 6(b), the average dose to the inner vascular
wall increases to 67.2+ 1.1 Gy and 50.7 +0.3 Gy for 150 and
250 kVp, respectively.

3.A.2. For MV photons

The results for 6 MV photon beams at three depths are
shown in Figs. 7 and 8. To compare the enhancement at
different depths, water phantom doses were scaled to have

250 kVp wall Constrained

Gy
I20
@10
Io
(c)

Gy
I2o
@10
Io
(e)

Gy
200

1100

(f)

FiG. 5. Image of additional dose deposited to the vascular wall for homogeneously distributed GNPs for 150 kVp (a) and (b), and 250 kVp (c) and (d), and for
250 kVp with GNPs constrained to the inner vascular wall of the lumen. The GNP blood concentration is 20 Au-mg/g and the prescribed dose is 30 Gy. The

diameter of the vessel is 8 um.
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Fic. 6. Additional dose deposited to the vascular wall for 30 Gy prescribed dose for 150 and 250 kVp photon beams. The dose is plotted as a function of distance
from the inner vessel wall for two GNP distributions: (a) GNPs are homogeneously distributed in the vessel and (b) GNPs constrained to the inner vascular wall

of the lumen.

30 Gy delivered at each depth. Figures 7(a)-7(f) and 8(a)
show that for homogeneously distributed GNPs, the induced
vasculature damage is more effective at deeper depths. The
average doses to the vascular due to the addition of GNPs are
0.09, 0.16, and 0.21 Gy for PDD100, PDD80, and PDDS50.
Figure 8(a) shows that the GNP dose from PDD100 decreases
more rapidly in the vessel than the dose from PDD80 and
PDD50. The doses to the inner vascular wall due to the
addition of GNPs are 0.35+0.03 Gy, 0.30+0.03 Gy, and
0.38 £0.04 Gy at inner vascular wall and reduce to 0.05,
0.09, and 0.13 Gy at outer vascular wall for PDD100,
PDD80, and PDDS50, respectively. The dose to the inner
vascular wall is slight higher for PDD100 than PDD80 due
to a higher percentage of electron ionization contribution at
PDD100. Overall, the increasing effect at deeper depths is
due to the higher interaction probability of GNPs with 6
MYV photon beams at deeper depths as shown in Table I.
This is the result of the increasing portion of photons with

PDD100
1
~< A
0.5
l
(a)

T

il

b |
(b)

PDD80

i
>

(d)

2
1
0

kV energy due to Compton scattering.”” These kV photons
contribute significantly to the GNP dose because of their
higher interaction probability with gold. The GNP dose from
the kV photon component also has a longer range than the
contribution from the electron component. The vasculature
dose induced by the GNP to the outer wall deceased to 15% of
the dose to the inner wall for PDD100, and the dose decreased
to 33% and 35% for PDD80 and PDD50, respectively.

If the GNPs are constrained to the wall, the average dose to
the inner vascular wall increases to 1.26 +0.9 Gy, 1.28+0.4
Gy, and 1.98+0.5 Gy for PDD100, PDD80, and PDD50,
respectively.

3.A.3. For protons

The results for GNP induced vasculature damage due to
the proton field at three depths are shown in Figs. 9 and 10.
Similar to the results from photon interaction, the dose from

PDD50 PDD80 wall Constrained

Gy Gy

I I
0.5 0.5

I0 I0

(g)

I I
2 lz

1
I l

(f) (h)

Fig. 7. Image of additional dose deposited to the vascular wall for three treatment depths for 6 MV photons, PDD100 (a) and (b), PDD8O0 (c) and (d), and
PDD50 (e) and (f). Two GNP distributions are shown: (a)—(f) GNPs are homogeneously distributed in the vessel and (g) and (h) GNPs constrained to the inner
vascular wall of the lumen. The GNP blood concentration is 20 Au-mg/g and the prescribed dose is 30 Gy. The diameter of the vessel is 8 um.
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Fic. 8. Additional dose deposited to the vessel wall for 30 Gy prescribed dose for a 6 MV photon beam at three depths. The dose is plotted as a function of
distance from the inner vascular wall for two GNP distributions, (a) GNPs are homogeneously distributed in the vessel and (b) GNPs constrained to the vascular

wall of the lumen.

GNPs deposited in the vasculature wall is much higher for
the inner vascular wall than the outer vascular wall. There
are also high dose spikes near the inner vascular wall caused
by GNPs located within several nanometers from the inner
walls. There are many fewer high spikes than for kVp photon
beams due to the lower interaction probability as shown in
Table I. Compared to both kVp and MV photons, the dose
decrease from inner wall to outer wall is more rapid for
protons due to the short range of secondary electrons from
proton interactions in the GNP.

As shown in Figs. 9(a)-9(f) and 10(a), the GNP induced
vasculature damage is independent of depths. This is due to
the similar interaction probability of GNPs with protons at
various depths as shown in Table I. The doses to the inner
vascular wall for homogeneously distributed GNPs are only
0.038+0.02 Gy, 0.032+0.02 Gy, and 0.041+0.02 Gy for
SOBP1, SOBP2, and SOBP3. The difference for the three
depths is negligible compared to the standard deviation. The
dose reduces significantly to less than 0.01 Gy at the outer

SOBP1 SOBP2
Gy Gy
I0.4 0.4
0.2 y 0.2
0 IO
Gy Gy

(b) (d)

vascular wall for all depths due to the rapid dose fall off for
proton beams as shown in Fig. 4(a).

The dose to the inner vascular wall is significantly higher
if the GNPs are constrained to the wall as compare to a
homogenous GNP distribution in the vascular lumen as shown
in Figs. 9(g), 9(h), and 10(b). The dose spikes to the inner
vascular wall increase because all GNPs are within 10 nm of
the wall. As a result, the doses to the inner wall are 0.51+0.09
Gy, 0.49+0.11 Gy, and 0.48 +0.09 Gy for SOBP1, SOBP2,
and SOBP3. The dose to the outer vascular wall reduces to
below 0.01 Gy, which is very similar to the homogeneous
GNP distribution.

3.B. Characteristic of GNP induced dose
to the vascular wall

Figures 5, 7, and 9 show that the GNP dose to the vessel is
characterized by very high dose spikes near the inner vascular
wall caused by GNPs located within several nanometers from

SOBP3 SOBP2 wall Constrained
Gy Gy
l0.4 0.4
I0.2 02
0 0
Gy Gy

(f) (h)

FiG. 9. Image of additional dose deposited to the vessel wall for three treatment depths for proton beams, SOBP1 (a) and (b), SOBP2 (c) and (d), and SOBP3
(e) and (f). Two GNP distributions are shown: (a)—(f) GNPs are homogeneously distributed in the vessel and (g) and (h) GNPs constrained to the inner vascular
wall of the lumen. The GNP blood concentration is 20 Au-mg/g and the prescribed dose is 30 Gy. The diameter of the vessel is 8 um.
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Fic. 10. Additional dose deposited to the vessel wall for 30 Gy prescribed dose for the proton SOBP at three depths. The dose is plotted as a function of distance
from the inner vessel wall for two GNP distributions, (a) GNPs are homogeneously distributed in the vessel and (b) GNPs constrained to the inner vascular wall

of the lumen.

the inner walls. In this section, we quantify the probability
and number of high dose spikes to the blood vessel.

Due to the random distribution of the GNPs, the number
and location of the high spikes vary across blood vessels;
however, the frequency of the high spikes can be estimated.
The GNP dose calculation to a 10 nm thick slice of vasculature
for 30 Gy prescribed dose and a GNP blood concentration
of 20 Au-mg/g were repeated 2000 times for random GNP
distributions to yield a spike count result within 2% error. The
chance of having dose spikes higher than 15 and 30 Gy was
determined by the number of peaks above these thresholds
per micrometer counted for these 2000 simulations. The
probabilities of having spikes that are higher than 15 and 30
Gy are shown in Fig. 11. The cause of these high spikes is
due to the high dose in close proximity of GNPs, and the
strongest spike can be as high as hundreds of gray as shown
in Fig. 2. The diameter of these spikes ranges from 10 to 70
nm, sufficient to cause damage to the cell membranes (10 nm
thick membrane bilayer)*?> and DNA (2 nm diameter of DNA
double helix).*

For kV photons, high spikes are very frequent even
for homogeneously distributed GNPs in blood vessels. For
instance, the probability of having 10 spikes that are higher
than 15 Gy for a given slice of 1 um vessel is about 1%,
and the chance of having at least 5 spikes is about 34%, as
shown in Fig. 11(a). The chance that no high dose spike can
be found is only 3%. For dose spike higher than 30 Gy, the
chance of having at least 5 spikes per slice of 1 um vessel
is about 4% and the chance of having at least one spike is
85%, as shown in Fig. 11(d). In other words, this means that
for a slice of 1 mm vessel, the total number of spikes with
doses above 15 Gy is approximately 3000. Each spike can
potentially cause lethal damage to endothelial cells due to the
dense dose deposition pattern similar to high linear energy
transfer radiation.>>3® The probability improves further when
the GNPs are attached to the inner vessel wall as shown in
Figs. 11(g) and 11(k), where high dose spikes higher than 30
and 50 Gy are plotted.

For protons, the probability is calculated for SOBP2. When
the GNPs are evenly distributed in the vessel, the chance of

Medical Physics, Vol. 42, No. 10, October 2015

having 1 spike that is higher than 15 and 30 Gy is 2%
and 1%, respectively, as shown in Figs. 11(b) and 11(e).
The probability significantly improves when the GNPs are
attached to the inner vessel wall. For instance, the chance
of having at least 1 spike that is higher than 15 and 30 Gy
increases to 75% and 63%, respectively, as shown in Figs.
11(h) and 11(1).

For MV photons, the probability is calculated for PDDS80.
When the GNPs are evenly distributed in the vessel, the
chance of having at least 1 spike that is higher than 15 and 30
Gy is 9% and 5%, respectively, as shown in Figs. 11(c) and
11(f). The probability significantly increases when the GNPs
are attached to the inner vessel wall. For instance, the chance
of having at least 1 spike that is higher than 15 and 30 Gy
increases to 100% and 96% and the chance of having 3 spikes
that are higher than 15 and 30 Gy is 15% and 32%, as shown
in Figs. 11(i) and 11(m).

Some of the simulations were repeated for 2 Gy dose and
the results are shown in Fig. 12. Although reduced, there is
still chance of having a high spike larger than 15 or 30 Gy with
a 2 Gy fractionation scheme. For instance, the probability of
having at least one spike that is higher than 15 or 30 Gy for 250
kVp photon irradiation is about 14% and 7%, respectively.
For proton irradiation, if the GNPs are attached to the inner
vascular wall, the probability of having at least one spike that
is higher than 15 or 30 Gy is about 8% and 6%, respectively.
Even though the high dose spikes persist at 2 Gy fraction
dose, their frequency is reduced significantly compared to the
30 Gy fraction.

3.C. GNP induced dose to the vascular wall
for various GNP sizes

Figure 13 shows the results for GNP induced dose to
the vascular wall for three GNP sizes at the same weight
concentration of 20 Au-mg/g. The vessel dose is calculated for
proton irradiation at the center of the SOBP (SOBP2) for the
two GNP distributions in the blood vessel discussed before.
As shown in Fig. 12, smaller GNPs cause a much higher
endothelial dose and thus potentially more damage to the
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Fic. 11. The probability of having high dose spikes for 30 Gy prescribed dose. The x-axis is the number of dose spikes. The y-axis is the probability in
percentage. For instance, (a) shows that the chance of having 5 spikes per slice of 1 pm vessel that are higher than 15 Gy is about 16% and the chance of having
10 spikes per slice of 1 um vessel that are higher than 15 Gy is about 1%. (a)—(f) show the probability for high dose spikes for GNPs homogeneously distributed
in the vessel. (g)—(m) show the probability for high dose spikes for GNPs constrained to the inner vascular wall of the lumen.

blood vessel. For instance, when the GNPs are homogeneously
distributed in the blood vessel, the dose to the inner vascular
wall is 0.06 +0.04 Gy, 0.03+£0.02 Gy, and 0.02+0.01 Gy for
a 2, 10, and 20 nm GNP sizes, respectively. Similarly, the
dose to the inner vascular wall is 0.95+0.27 Gy, 0.49+0.11
Gy, and 0.23+£0.06 Gy for a 2, 10, and 20 nm GNP if the
GNPs are constrained to the inner wall of blood vessel.

3.D. GNP induced dose to the vascular wall
for various vessel sizes

Figure 14 shows the results for both the proton SOBP at
SOBP2 and the 250 kVp photon beam. The GNP dose to
the vascular wall increases as the vessel size increases. For
instance, for the 250 kVp photon beam, the dose to the inner
vessel wall is 12.9+0.30 Gy, 16.1+0.18 Gy, and 18.7+0.11
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Gy for a8, 14, and 20 um vessel size, respectively. For protons
at SOBP2, the dose to the inner vascular wall is 0.04 +0.01
Gy irrespective of the vessel size. For the same GNP blood
concentration, larger blood vessels contain more GNPs that
can contribute to the endothelial dose, in particular for kV
photons due to the longer range of the secondary electrons.
The results show that GNP induced vasculature damage can
affect blood vessels of various sizes.

4. DISCUSSION

The tumor vascular microenvironment is essential to
maintain tumor growth by providing sufficient oxygen
and nutrients. Targeting tumor vasculature is an important
strategy for tumor control by disrupting the blood supply
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Fi. 12. The probability of having high dose spikes for 2 Gy prescribed dose. The x-axis is the number of dose spikes higher than 15 or 30 Gy. The y-axis is
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to downstream tumor cells causing necrosis. Hainfeld et al.
irradiated tumors only 2—5 min after the injection of 1.9 nm
GNPs in order to take advantage of a high GNP concentration
of gold in the blood and observed the tumor becoming
hemorrhagic before shrinking.! In this paper, we investigated
the potential vasculature damage from GNPs based on Monte
Carlo simulations. Three clinically relevant radiation sources
were studied and compared.

For the modalities studied, kV photon beams show the
strongest endothelial dose enhancement. This is due to the
combination of high interaction probability and long ranged
secondary photoelectrons. For 10 nm GNPs, the interaction
probability is 1.8 x 10™* per gray for 250 kVp photons. For
20 Au-mg/g GNP blood concentration in 8§ pum diameter
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vessels, there are 1.16x 10° GNPs/ um of the vessel, resulting
in approximately 660 ionizations/um length of the vessel
assuming 30 Gy irradiation. For MV photons, the interaction
probability is 7.9 x 1076 per gray for the depth at PDD80, and
thus, there are only about 30 ionizations/um length of the
vessel. Similarly for proton irradiation, there are only about
22 ionizations/um length of the vessel. For MV photons and
protons, there are only a few GNPs in the blood stream that
will have interactions with the incident beam and contribute
to dose enhancement. However, if GNPs can be actively
targeted to the endothelial cells, the GNPs that interacted with
the incident beam give rise to high dose spikes that can be
higher than 15 Gy. These high spikes are caused by the high
dose in close proximity of the GNPs as shown in Fig. 2.
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Fic. 13. Additional dose deposited to the vessel wall for 30 Gy prescribed dose. Three different GNP sizes are investigated for a proton SOBP at SOBP2 as
indicated in the figure for (a) homogenous GNP distribution in the vessel and (b) GNPs constrained to inner vascular wall.
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(a) the proton SOBP at SOBP2 and (b) the 250 kVp photon beam.

The mechanism of endothelial damage as a result of a
single high dose treatment differs from fractionated low dose
exposure.'” Endothelial cell damage at low dose fractionated
exposure is mainly due to the apoptotic signal initiated from
DNA damage, which is shown not to enhance downstream
tumor cell death due to the concomitant activation of tumor
cell HIF-1. The HIF-1 signal in turn activates the generation
of VEGF and other proangiogenic signals to attenuate the
radiation induced endothelial apoptosis.'®?° On the other
hand, for single high dose radiation (>10 Gy), induced
endothelial apoptosis contributes to the downstream cell
death significantly. Single high dose radiation initiates the
endothelial membrane alterative signal pathway, turning on
the transmembrane signaling of apoptosis. This mechanism is
mainly caused by radiation damage to the cell membrane.?!>?
Our study suggests that the GNP induced endothelial dose
is heterogeneously distributed in the endothelial vessel wall
and there is a small portion of the inner vessel wall that can
receive a dose larger than 10 Gy for kVp and MV photon as
well as proton radiation regardless of the prescription dose.
Such high dose to the endothelial cell membrane should be
sufficient to initiate the apoptotic signal without significantly
increasing the dose to the endothelial cell nucleus.

In this study, we reported the GNP dose enhancement
on the inner and outer vascular walls. The damage to the
endothelial cell nucleus is between these two values. Our
estimation of GNP distribution is conservative, and we do
not consider any internalization of GNPs into endothelial
cells. The GNP dose to the inner vascular wall indicates the
radiation damage to the endothelial cell membrane.

A single fraction dose of 30 Gy is used in our study,
consistent with most of the in vivo studies of GNP enhanced
radiation therapy. Most conventional fractionated radiation
therapy follows a 1.5 to 3 Gy per fraction schedule. In such
cases, the GNP dose enhancement ratio will not change,
but the frequency of high dose spikes will be significantly
reduced per fraction. In addition, using untargeted GNPs for
fractionated treatments requires the daily injection of GNPs
over a couple of weeks, which may not be practical. For
hypofractionated treatments, patients can potentially benefit
from the addition of GNP to cause enhanced vasculature
damage to the tumor, especially through the well known
effect of enhanced permeability and retention (EPR), where
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GNPs can be accumulated through leaky tumor vasculature
and retained near the extraluminal surface of the endothelial
cells. Further improvement can be achieved using actively
targeted GNPs that can attach to or be taken up by endothelial
cells for several days.

We showed in this work that the addition of GNPs can
cause high doses to small regions of the vasculature. In the
recent review by Park et al. on radiation induced vascular
changes in humans, it has been shown that radiation dose
higher than 10 Gy/fraction induces considerable vascular
damage as observed in SRS/SBRT treatment.>” The local
dose induced by GNPs can be higher than 15 Gy even for
2 Gy/fraction treatments as shown in Fig. 12. This can be a
potential advantage of using GNP as a vasculature targeting
agent to cause damage to tumor vessels for conventional
fractionated treatments.

Figures 5, 7, and 9 are representative of high dose spikes,
however, the actual locations of these spikes can be different
as we show in Fig. 11. The highest spikes should happen
when an ionization occurs at a GNP that is in immediate
proximity of the inner vessel wall. In this case, the spike can
reach several hundred of grays as shown in Fig. 2. The size
of these spikes ranges from 10 to 70 nm, sufficient to cause
damage to the cell membranes and DNA.

The average endothelium dose enhancement calculated
from our model appears to be lower than that in previous
studies.>>>> There are several potential causes for these
differences. First, the secondary electrons used in our study
are scored at the surface of a GNP, only taking into account
electrons that can escape the GNP and deposit energy outside
of the GNP. Even though a large amount of Auger electrons are
generated from ionizing events inside the GNP, most of these
low energy electrons are stopped inside the GNP.?® Second,
we evaluated the GNP enhancement for a homogeneous
GNP distribution in the lumen of the vessel. This geometry
simulates GNPs spread out evenly in the blood stream as is the
case several minutes after IV injection. The endothelial dose
calculation with these assumptions results in a lower value
compared to GNPs constrained to inner vascular wall, mainly
due to the short range of GNP induced dose enhancement.

Kim er al. have shown with in vivo experiments that
GNPs as well as iron nanoparticles can be used to enhance
proton treatment.® The 1 yr survival of mice bearing
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subcutaneous tumor was 58%—100% combining proton and
metal nanoparticles versus 11%—13% using proton alone.
There are several reasons for the positive results. First, the
GNPs are ligand-coated to increase the uptake. In fact, the
gold content in tumor to normal tissue ratio was found to
be 170, 24 h post injection of the GNPs. As we have shown
in our simulation, high concentration of gold accumulated
at the extraluminal surface of endothelial cells is critical
for causing vasculature damage. Second, in addition to the
physical dose enhancement caused by GNPs, other biological
component also contributes to the radiosensitization effect
of GNPs. Kim e al. showed increased levels of reactive
oxygen species (ROS) in the presence of GNPs.® Jain et al.
showed that the GNP radiosensitization effect diminishes in
near anoxic conditions.’® These findings suggest that other
biological mechanism play a significant role in the magnitude
of experimentally observed GNP-induced radiosensitization.

5. CONCLUSIONS

In summary, we found that kV photons cause the largest
GNP dose enhancement to the endothelial cells. For MV
photon and proton therapy, the average endothelial dose
enhancement is below 1%. However, the dose from GNPs can
increase the local dose in the proximity of the GNP to the
inner membrane of the blood vessel cells by more than 15
Gy even for 2 Gy fractions. We conclude that GNPs have the
potential to significantly increase vasculature damage through
these high dose spikes from the addition of GNPs.
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