Fal Y

”““55?3\/\ HOKKAIDO UNIVERSITY

= =R
S g

Title Investigation of energy absorption by clustered gold nanoparticles
Author(s) Kwon, Jihun; Sutherland, Kenneth; Makarova, Anastasia; Matsuura, Taeko; Hashimoto, Takayuki; Peng, Hao; Toshito,
Toshiyuki; Umegaki, Kikuo; Shirato, Hiroki; Shimizu, Shinichi
Citation Nuclear instruments & methods in physics research section b-beam interactions with materials and atoms, 429, 34-41
https://doi.org/10.1016/j.nimb.2018.05.033
Issue Date 2018-08-15
Doc URL http://hdl.handle.net/2115/79061
Rights © 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
4 http://creativecommons.org/licenses/by-nc-nd/4.0/
Rights(URL) http://creativecommons.org/licenses/by-nc-nd/4.0/
Type article (author version)

File Information

Manuscript_Revise2_20180428_final.pdf

°

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

Investigation of energy absorption by clustered gold nanoparticles
Jihun Kwon, MSc?, Kenneth Sutherland, PhDP, Anastasia Makarova, PhD®,
Taeko Matsuura, PhD ¢, Takayuki Hashimoto, MD, PhD¢, Hao Peng, PhD® f,
Toshiyuki Toshito, PhDY, Kikuo Umegaki, PhD" ¢, Hiroki Shirato, MD, PhD® ¢, and

Shinichi Shimizu, MD, PhD ¢ *

aDepartment of Radiation Oncology, Graduate School of Medicine, Hokkaido University,

Sapporo, Japan

bGlobal Station for Quantum Medical Science and Engineering, Global Institution for

Collaborative Research and Education (GI-CoRE), Hokkaido University, Sapporo, Japan

°Department of Radiation Medicine, Faculty of Medicine, Hokkaido University, Sapporo, Japan

dDepartment of Proton Therapy Physics, Nagoya City West Medical Center, Nagoya Proton

Therapy Center, Nagoya, Japan

*Division of Quantum Science and Engineering, Faculty of Engineering, Hokkaido University

‘Department of Radiation Oncology, Stanford University, Stanford, CA 94305, USA

9Department of Radiation Oncology, Faculty of Medicine, Hokkaido University, Sapporo, Japan



*Corresponding Author: Shinichi Shimizu, M.D., Ph.D.

Department of Radiation Oncology, Hokkaido University Graduate School of Medicine

North 15, West 7, Kita-ku, Sapporo, Hokkaido, Japan.

Tel.: +81 (11) 7065977; fax: +81 (11) 7068638,

E-mail: sshing@med.hokudai.ac.jp



Abstract

The utilization of gold nanoparticles (GNPs) as a radiation sensitizer has received broad attention.

Although GNPs form clusters in living cells, most previous simulation studies have assumed a

homogeneous distribution of GNPs. In this study, a GNP cluster was constructed for simulations and the

impact of cluster formation on dose enhancement was examined. Energy absorption by the GNPs was

compared between clustered and homogeneous distributions for several different GNP concentrations and

diameters under 100 keV X-ray irradiations. Our simulations showed that clusters more efficiently

absorbed the secondary electrons and photons produced by GNPs themselves. Furthermore, the impact of

cluster formation on dose enhancement was more significant for smaller GNPs and higher concentrations.

Our results suggest that previous simulations assuming a homogeneous GNP distribution have

overestimated the dose enhancement, especially for smaller GNPs and higher concentrations. These

findings should guide the selection of GNP size and concentration for effectively optimizing dose

enhancement in future studies.

Keywords: gold nanoparticles; clustering; dose enhancement; radiation sensitizer; Monte Carlo

simulation



1. Introduction

The past twenty years have seen increasingly rapid advances in the field of nanotechnology in

medicine. In particular, gold nanoparticles (GNPs) have especially attracted attention as a

radiation sensitizer, principally due to three advantageous properties: easy surface

functionalization; high biocompatibility; and high atomic number (Z=79). GNPs are

preferentially taken up in tumor cells when conjugated to peptides [1], antibodies [2] or

polyethylene glycol (PEG) [3,4]. GNPs inside cells physically interact with therapeutic

radiation and emit electrons, which cause local dose enhancement. These electrons or generated

reactive oxygen species (ROS) damage critical structures such as DNA or mitochondria, leading

to radiation sensitization [5-8]. Many groups have experimentally observed an increase of DNA

double strand break yields in cells which contain GNPs under kV and MV X-ray irradiation [9—

11]. Chithrani et al have investigated GNP size dependency on cell survival fraction [12]. An in

vivo study performed by Hainfeld et al reported radiation sensitization and tumor regression

with 1.9 nm diameter GNPs under 250 kVp X-ray irradiation [13].

The dose enhancement induced by GNPs has been estimated using Monte Carlo simulations.



Several studies have reported higher dose enhancement under lower energy X-ray irradiation

since the dose enhancement is caused mainly by photoelectric and Auger electrons [14-17]. To

date, several simulations have been carried out under the assumption that GNPs are

homogeneously distributed inside the tumor cells [18-22]. However, previous in vitro

experiments showed that GNPs actually form clusters [11,23-26]. When GNPs form clusters,

the separation of GNPs becomes significantly smaller than that in homogeneous distributions

and this closeness is expected to cause increased electron absorption by the surrounding

(“bystander”) GNPs. In other words, clustered GNPs would be expected to show lower dose

enhancement than non-clustered GNPs. Recently, Zygmanski et al simulated the dose

enhancement in simple planar array and slab cluster models and showed saturation of dose

enhancement as the number of GNPs in the cluster increased [27]. Planar or hexagonally packed

GNP clusters were previously investigated by other groups [28,29]. On the other hand,

guantitative image analysis suggested that GNPs in clusters can actually become trapped inside

vesicles [24]. By using parameters given by Peckys and De Jonge, Jeynes et al calculated the

number of secondary electrons exiting the GNPs [30]. However, the direct cause of lower dose

enhancement in clusters is the increased energy absorption by the surrounding GNPs instead of



the surrounding water medium and the extent of this effect remains to be fully elucidated. We

hypothesize that the energy absorption by the surrounding GNPs should be highly influenced by

the inter-GNP separation in clusters.

Therefore, the objective of the present study is to evaluate the radiation absorption by

clustered GNPs with use of a realistic model that enables us to investigate the effect of

inter-GNP separation. We assess the impact of GNP size and concentration as determining

factors of the GNP separation on energy absorption. Firstly, in a macroscopic study, we

constructed a GNP cluster model using parameters reported previously [24] and compared the

energy absorption between clustered and non-clustered GNPs. Then, we conducted a

microscopic study with a simple two GNP model to better understand the energy absorption by

the bystander GNPs as a function of GNP separation.

2. Materials and Methods

2.1 General

Macroscopic and microscopic studies were performed using, Geant4 (version 10.02.p02) Monte

Carlo simulation code [31,32]. Low energy electromagnetic physics list “Geant4-Penelope” was



used to track low energy electrons. Energy cutoff lengths were 1 nm for all particles and the

production threshold of secondary electrons was set to 250 eV. Atomic de-excitation processes,

fluorescence emission, Auger electron emission, Auger cascade, and Particle Induced X-ray

Emission (PIXE) were all activated. Monochromatic 100 keV X-rays were chosen as the source

radiation, because bombardment of polychromatic X-ray complicates analysis of the pure

energy absorption phenomenon, especially in microscopic studies. The number of incident

particles was 4.8x10° and 108 for macroscopic and microscopic studies, respectively.

2.2Macroscopic study

GNP distributions were simulated inside a cubic cell phantom filled with water, referring to the

report by Peckys and De Jonge [24], in which quantitative measurements of cluster formation in

living COS-7 cells were performed. Energy deposition to the whole volume of water medium

and GNPs by physical interaction with X-rays is referred to as “energy absorption”, and was

compared between clustered and non-clustered GNP distributions. Hereafter, these two types of

spatial distributions are referred to as “Cluster” and “Homogeneous”.

The volume of the COS-7 cell line used by Peckys and De Jonge was not reported [24].



Therefore, we derived the average volume from the BioNumbers website as 2016 pum?® [33].

Each side of the cubic cell phantom was accordingly set to 12.6 um. For Homogeneous

simulations, spherical GNPs were randomly distributed within the cell phantom (Figure 1(2)). In

contrast, for Cluster simulations, GNPs were placed inside a cluster sphere positioned at the

center of the cell phantom (Figure 1(b)). The diameter of the cluster sphere was 4.6 um. One

hundred and sixty four spherical vesicles of 260 nm diameter were randomly distributed inside

the cluster sphere and GNPs were randomly distributed within each vesicle (Figure 1(c)). Three

diameters of GNPs (10, 30 and 50 nm) were compared to evaluate GNP size dependency on

energy absorption. The weight concentration of GNPs was set to 0.5, 1, 2 or 3 mg/mL for both

the Cluster and Homogeneous simulations, enforcing a consistent number of GNPs in both

cases. Table 1 summarizes the number of GNPs in the cell phantom and vesicle for each case.

This specification of cluster geometry allows us to investigate the separation between GNPs for

each diameter and weight concentration.

Monochromatic 100 keV X-rays were shot in parallel from one side of the cell phantom.

Although this energy is relatively low compared to the energy usually used in clinical

examinations, it is relevant because therapeutic X-rays scatter deep inside the body [34], and the



energy is higher than the K-shell energy of gold (80.7 keV).

The influence of clustering was evaluated for GNPs with the same weight concentration and

diameter by the Clustering Factor. Clustering Factor is given by the ratio of energy absorption

by GNPs between Cluster and Homogeneous (non-clustered) distributions, as follows:

Energy absorbed by clustered GNPs

Clustering Factor = Energy absorbed by non- clustered GNPs @)
Thus, by definition, this factor will increase if additional energy absorption is measured in
Cluster compared with Homogeneous distributions. Next, to evaluate the fraction of energy
absorbed by the GNPs compared with the whole cell phantom, the macroscopic Relative Energy
Absorption (REAmacro) Was defined for both Cluster and Homogeneous GNP distributions.
REAwmacro IS given as the ratio of energy absorbed by GNPs to the total energy absorbed in the

whole region of interest (i.e. all the water and GNPs inside the cubic cell phantom) as follows:

REAMacro [%] (2)

Energy absorbed by GNPs

= x 100
Energy absorbed by water medium + Energy absorbed by GNPs
Note: Clustering factor (Equation 1) does not consider absorption by water.

2.3 Microscopic study

The main aim of the microscopic study was to gain a better understanding of the mechanisms



behind the macroscopic behavior described above, by analyzing the energy absorption by

bystander GNPs in a simple two-GNP geometry. Hereafter, the closest GNP from the source

GNP of interest is referred to as “Bystander GNP”. Cylindrical GNPs were used here instead of

spherical GNPs to clarify how the energy absorption changes as a function of inter-GNP

separation; and hence, the distance from source GNP surface to the bystander GNP. The use of

cylinders enables us to fix the distance between the flat base of the source GNP cylinder and the

base of the bystander GNP to a constant value (if spheres were used, surface curvature would

enforce a variable separation between GNPs). The utilization of cylindrical (rod-shaped) GNPs

as a radiation sensitizer has already been extensively studied for both in vitro and in vivo studies

[35,36].

A cylindrical GNP was first positioned at the center of the same cubic cell phantom used for

the macroscopic simulations. 100 keV X-rays were incident on the GNP from a disc source,

connected to the surface of the GNP and the same diameter as the GNP. The energy distributions

of the electrons and secondary photons exiting the GNP were derived. Subsequently, these

energy distributions were used as the source radiation; 10° particles were shot at another

(bystander) GNP, positioned along the central axis of the cylinder, 0 to 500 nm away from the
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disk source located at the center of the cell phantom. At each separation, energy deposition to

the surrounding water in the cell phantom and the energy absorption by the bystander GNP was

calculated. The diameter and height of the GNPs was always the same as the diameter of the

source and set to 10, 30 or 50 nm.

The energy absorption by the bystander GNP was evaluated by the microscopic Relative

Energy Absorption (REAwicro), defined similarly to the REAwmacro (Equation 2).

3. Results

3.1 Macroscopic study

We constructed a GNP cluster model by using experimental parameters which were reported

previously [24] and compared the energy absorption by GNPs between Homogeneous and

Cluster distributions. Figure 2 shows a bar graph of the energy absorption by GNPs for

Homogeneous and Cluster types with 0.5, 1, 2 and 3 mg/mL weight concentration. Each bar is

split into two, according to the locations where the secondary and higher order electrons or

photons that transferred energy to the GNPs were generated. The energy deposited by the

electrons and photons produced in the water (blue) was approximately constant at each
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concentration value for all GNP sizes and both spatial distributions. As expected, the energy

absorption by electrons and photons generated in water linearly increased with GNP

concentration. In contrast, the energy deposition to GNPs by electrons and photons produced in

GNPs (yellow) was highly dependent on GNP size and spatial distribution, in addition to

concentration. Consequently, the energy absorption of the electrons and photons generated

inside GNPs (yellow) strongly influenced the overall absorption tendency.

The energy absorption by GNPs from electrons and photons generated only inside the GNPs

(yellow in Figure 2) is plotted as a function of GNP concentration in Figure 3. Interestingly, the

energy absorption in Homogeneous distributions was directly proportional to the GNP

concentration at each GNP size (Figure 3, (a)). On the other hand, the energy absorption by

GNPs in Cluster distributions (Figure 3, (b)) showed markedly higher values and a non-linear

response compared with Homogeneous distributions. We attribute this additional energy

absorption in Cluster distributions compared with Homogeneous distributions as being caused

by the (bystander) GNPs positioned nearby the (source) GNPs from which the secondary

electrons were produced. The nonlinear behavior was more pronounced as the GNP size was

reduced.
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The influence of GNP size on energy absorption in Cluster distributions was evaluated by

the Clustering Factor, as defined in Equation (1). Figure 4 depicts the Clustering Factor for GNP

concentrations between 0.5 and 3 mg/mL. The Clustering Factor increased as the GNP diameter

decreased and 10 nm diameter GNPs yielded a substantially higher value compared to those of

30 and 50 nm diameter. This observation was accentuated at increased concentrations; the

Clustering Factor for 10 nm diameter GNPs in 3 mg/mL concentrations was 1.28 and 1.37 times

higher than that of 30 and 50 nm, respectively, while it was only 1.16 and 1.20 times higher in 1

mg/mL concentrations.

The fraction of the energy absorbed by GNPs was assessed by the REAwmacro parameter, as

defined in Equation (2). Figure 5 presents the REAwmacro as a function of GNP concentration for

each GNP diameter. Overall, the REAmacro Values for each GNP diameter, concentration in

Cluster distributions were higher than those of Homogeneous distributions. However, we note

that REAmacro iS calculated inside the cell phantom cube with 12.6 um sides. Although the

absolute value of REAwmacro Changes with the size of the cell phantom, the behavior presented in

Figure 5 is not affected.
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3.2 Microscopic study

To gain a better understanding of the microscopic mechanisms underpinning the macroscopic

behavior within our model, the energy absorption by bystander GNPs was analyzed in a simple

microscopic geometry. Figure 6 shows REAwico as a function of the separation of the source

and the bystander GNP surface. Larger GNPs showed higher REAwicro Values, but for all GNP

sizes, REAwicro decreased as the separation of the source and the bystander GNP surface was

increased. The decline was initially steeper for smaller GNPs, likely because REAwmicro depends

significantly on the number of electrons incident on the bystander GNP, which is smaller for the

smaller size of GNP at a given distance from the source.

Table 2 shows estimated separations of GNPs for Homogeneous and Cluster distributions,

calculated by assuming that the GNPs and vesicles are cubic in shape. In all cases, the

separation of GNPs in Homogeneous distributions was more than 140 nm, but less than 50 nm

in Cluster distributions. At constant weight concentration, the separation of GNPs reduced

rapidly as the GNP diameter decreased because the number of GNPs increases with the cube of

the side length. For example, the separation of GNPs in Homogeneous distributions with 3

mg/mL concentration was 140, 420 and 700 nm for 10, 30 and 50 nm diameter GNPs,
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respectively. REAwicro values for these separations were 0.08, 0.14 and less than 0.33% (700 nm

not calculated; 0.33% is the data at 500 nm separation). On the other hand, the separation of

GNPs in Cluster distributions with 3 mg/mL concentration were 4, 11 and 18 nm for 10, 30 and

50 nm diameter GNPs, respectively. REAwmicro Values for these separations were 2.84, 4.08 and

5.73%.

4, Discussion

We carried out both macroscopic and microscopic Monte Carlo simulations to reveal how GNP

cluster formation affects the energy deposition to the GNPs and surrounding medium. Several

groups previously investigated the effect on dose enhancement of clustered GNPs to the water

medium, using models in which GNPs are densely packed and in direct contact with each other

[28,29]. Our study modeled GNP clusters by using the parameters given by Peckys and De

Jonge (who suggested that GNPs are packed inside vesicles) [24]. Jeynes et al previously

calculated the number of secondary electrons exiting the GNPs by using those parameters given

by Peckys and De Jonge [30]. In this study, we further calculated the energy deposition to

surrounding GNPs and water. We have shown that the energy absorption by the GNPs was

15



higher in Cluster compared with Homogeneous distributions (Figure 2). This is in agreement

with the previous simulation studies indicating an overestimation of dose enhancement in

homogeneously-distributed GNPs [27,37]. Similarly, McKinnon et al have reported the

saturation of dose enhancement as a function of the thickness of a Ta,Os nanoparticle shell

around the cell nucleus [38].

Furthermore, we have discriminated the energy absorption by GNPs from secondary

electrons and photons by the media in which they were generated. To the best of our knowledge,

this discrimination approach was taken for the first time. We showed that the energy absorption

from the secondary electrons and photons generated in the water was almost constant at the

same concentration for all GNP sizes and spatial distributions (Figure 2). On the other hand, the

energy absorption from electrons and photons generated in GNPs for Homogeneous and Cluster

distributions was strongly related to GNP size and concentration. The observed linear increase

of the energy absorption with GNP concentration in Homogeneous distributions (Figure 3, (a))

suggests that most of the energy absorption in Homogeneous distributions was brought about by

self-absorption of electrons by GNPs. However, the non-linear and significantly higher energy

absorption in Cluster distributions (Figure 3, (b)) predominantly originates from the energy

16



absorption of secondary electrons and photons by bystander GNPs. These results indicate that

the energy exchange among bystander GNPs in Cluster distributions is the main mechanism of

the additional energy absorption compared to Homogeneous distributions. This energy

exchange was neglected in several previous studies in which the dose enhancement was

investigated by using heterogeneously distributed GNPs [39,40].

We also assessed the influence of GNP size on energy absorption. In previous studies, the

dose enhancement was simulated with different-sized GNPs at fixed number of GNPs using a

similar geometry to that used in the present paper [41]. On the other hand, we simulated the

influence of GNP size at fixed weight concentrations because our hypothesis was that the

inter-GNP separation should highly influence the energy absorption by clustered GNPs. Larger

GNPs exhibited higher energy absorption in both the macroscopic and microscopic simulations

(Figures 2, 3 and 6). This is because electrons have a higher tendency to escape smaller GNPs

compared to larger GNPs. This trend is consistent with early findings in simulations [27,40,42]

and quantitative measurements using electron spin resonance (ESR) spectroscopy [43]. In

contrast, smaller GNPs showed a higher Clustering Factor and this trend was enhanced for

higher GNP concentrations (Figure 4), due to the increased energy absorption by bystander
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GNPs. Since the separation of GNPs become closer for smaller GNPs and higher concentrations

(Table 2), we can infer that the GNP separation significantly impacts the overall energy

absorption by GNPs. This hypothesis was confirmed by our findings in the microscopic study

that the REAwicro Was highly dependent on the separation of the source and the bystander GNPs

(Figure 6). This microscopic observation is in agreement with a recent study which reported a

decrease of the dose enhancement ratio (DER), defined as the ratio of the energy absorbed by

the water medium in the presence and the absence of GNPs, with GNP separation [44]. This

suggests that the influence of cluster formation on the dose enhancement is more significant in

smaller GNPs at fixed weight concentration. As a clinical radiation sensitizer, smaller GNPs,

such as 1.9 nm diameter, have been widely investigated owing to their high surface to volume

ratio [5,13,15,45,46]. However, our findings indicate that dose calculations assuming a

homogeneous distribution tend to overestimate the dose enhancement, especially in smaller

GNPs.

In calculations of the dose enhancement, several groups have previously recorded the

information of particles exiting GNPs in phase space files and utilized these data as a particle

source [40,47]. Although this technique is useful to obtain radial dose distributions, it should be
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noted that a widely-accepted model of energy absorption by bystander GNPs has not been

published to date. Furthermore, the dose enhancement has been reported to have angular

anisotropy [48].

The target application of the present study is the accumulation of GNPs within the tumor

cells through chemical functionalization, known as called “active targeting” [3,4]. Nevertheless,

the results of this investigation are directly applicable to another method of GNP tumor

targeting, “passive targeting”, which utilizes a tumor blood vessel’s notable characteristic: the

enhanced permeability and retention (EPR) effect [49]. In such a scenario, the concentration of

GNPs inside the blood vessel is estimated to be about 20 times higher than that in the overall

tumor volume [50]. We therefore hypothesize that energy absorption by bystander GNPs will be

significant in the tumor blood vessels when GNPs are passively targeted.

Our study has several limitations that are the subject of ongoing investigation. First, we did

not track the electrons after exiting the cell phantom because our focus was to calculate the

influence of GNP clustering within a single cell. This geometrical limitation causes an

underestimation of the energy absorbed by water, especially in Homogeneous distributions

where some GNPs were positioned close to the border of the cell phantom. However, if this
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underestimation was corrected, the difference of REAmacro between Homogeneous and Cluster

distributions would increase further since the energy absorption by the water contributes to the

denominator in the definition of REAmacro in Equation (2). Thus, our observation that REAmacro

in Cluster was higher than that of Homogeneous distributions would be reinforced. For the same

reason, calculating the DEF in the present geometry will not necessarily yield a result that

reflects the real situation in tumors [41]. Second, GNP size dependency on cellular uptake was

not considered. As such, the optimum GNP size in terms of uptake efficiency is still under

investigation. Chithrani et al reported that 50 nm diameter GNPs show the highest

internalization rate among 14, 50 and 74 nm diameter GNPs [25], while another group found

that 20 nm diameter GNPs most efficiently leaked into tumors among 20, 40, 60, 80 and 100 nm

GNPs [51]. In the present study, we assumed uniform uptake efficiency of GNPs to evaluate the

energy absorption for constant weight densities. Third, we did not consider principal cellular

structures such as the nucleus and mitochondria, which have been reported as potential targets

of GNP-enhanced radiation therapy [45,52,53]. Future study should therefore focus on

assessment of the energy deposition to specific structures based on precise biological

measurements of GNP spatial distributions and increasingly realistic cell geometries. Finally,
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Geant4-DNA and discrete electron transport models for gold should be utilized in order to track

low energy electrons [54-57].

5. Conclusions

In this Monte Carlo simulation study, we investigated how GNP cluster formation and size

influences energy absorption by bystander GNPs. Our results indicate that clustered GNPs show

higher energy absorption compared to homogeneously distributed GNPs because secondary

electrons emitted by GNPs deposit their energy to nearby bystander GNPs in clusters.

Additionally, the impact of cluster formation on the dose enhancement is most significant for

smaller GNPs and higher concentrations due to the proximity of GNPs in the cluster. We

conclude that previous simulation studies assuming homogeneous GNP distributions may have

overestimated the dose enhancement, especially for small GNPs. As such, our findings should

guide the selection of GNP size and concentration to effectively increase the dose enhancement

in future studies.
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Figures

Figure. 1. Monte Carlo simulation geometry for the macroscopic study. (a): In the

Homogeneous simulation, spherical GNPs (yellow) were randomly distributed in a cubic cell

phantom, 12.6 um side length (white). (b): In the Cluster simulation, GNPs with 10, 30, or 50

nm diameter were randomly distributed within spherical vesicles (cyan, 260 nm diameter),

which in turn were randomly distributed within the spherical cluster sphere of 4.6 um diameter

(white sphere), which was positioned at the center of the same cell phantom as in (a). (c):

Enlarged view of GNPs distributed within cluster vesicles (260 nm diameter). The diameter of

GNPs shown is 50 nm.
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Figure. 2. Energy absorbed by GNPs in Homogeneous and Cluster distributions for 0.5 (a), 1

(b), 2 (c) and 3 (d) mg/mL weight concentrations. For all distributions and diameters of GNPs,

each bar is split into two according to the location (medium of water; blue or GNP; yellow)

where the secondary and higher order electrons or photons were generated. Energy absorbed by

the GNPs from electrons and photons generated in GNPs (yellow) includes two types of energy

absorption; (1) energy absorption by the same GNPs where the electrons and photons were

generated (self-absorption), and (2) energy absorption by other GNPs which were positioned

24



nearby the “source” GNPs where the electrons and photons were generated.
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Figure. 3. GNP energy absorption from secondary and higher order electrons or photons

generated by GNPs only (not water) for Homogeneous (a) and Cluster (b) distributions as a

function of GNP concentration. Each value corresponds to the yellow bar in Figure 2 (energy

absorption by GNPs from electrons and photons generated in the GNPs).
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Figure. 4. Clustering Factor (defined by Equation 1) for each GNP diameter as a function of

concentration.

27



(a) Homegeneous

—+— 10 nm
—»— 30 nm
50 nm

RE/"‘Macm [%]

X

0 L 1 1

0 05 1 15 2 28
GNP concentration [mg/mL]

3

RE/'\Macra (%]

(b) Cluster

—+— 10 nm
—— 30 nm
50 nm

05 1 15 2 25 3
GNP concentration [mg/mL]
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Cluster (b) distributions, as a function of GNP concentration.
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Tables

Table 1. Number of GNPs in the cell phantom and vesicle for each GNP diameter, concentration

GNP diameter [nm] 10 30 50
Concentration Cell Cell Cell
Vesicle Vesicle Vesicle
[mg/mL] phantom phantom phantom
0.5 99645 608 3691 23 797 5
1 199290 1215 7381 45 1594 10
2 398579 2430 14762 90 3189 19
3 597869 3646 22143 135 4783 29
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Table 2. Estimated separation [nm] of cubic GNPs for each GNP weight concentration and GNP

side length
GNP side length [nm] 10 30 50
Concentration Homogen Homogen Homogen
ma/mL] coLis Cluster coLis Cluster el Cluster
0.5 263 15 788 44 1312 74
1 206 10 619 29 1031 48
2 162 6 485 17 700 28
3 140 4 420 11 700 18
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