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Abstract: Active targeting gold nanoparticles (AuNPs) are a very promising avenue for cancer
treatment with many publications on AuNP mediated radiosensitization at kilovoltage (kV) photon
energies. However, uncertainty on the effectiveness of AuNPs under clinically relevant megavoltage
(MV) radiation energies hinders the clinical translation of AuNP-assisted radiation therapy (RT)
paradigm. The aim of this study was to investigate radiosensitization mediated by PSMA-targeted
AuNPs irradiated by a 6 MV radiation beam at different depths to explore feasibility of AuNP-assisted
prostate cancer RT under clinically relevant conditions. PSMA-targeted AuNPs (PSMA-AuNPs)
were synthesized by conjugating PSMA antibodies onto PEGylated AuNPs through EDC/NHS
chemistry. Confocal fluorescence microscopy was used to verify the active targeting of the developed
PSMA-AuNPs. Transmission electron microscopy (TEM) was used to demonstrate the intracellular
biodistribution of PSMA-AuNPs. LNCaP prostate cancer cells treated with PSMA-AuNPs were
irradiated on a Varian 6 MV LINAC under varying depths (2.5 cm, 10 cm, 20 cm, 30 cm) of solid
water. Clonogenic assays were carried out to determine the in vitro cell survival fractions. A Monte
Carlo (MC) model developed on TOPAS platform was then employed to determine the nano-scale
radial dose distribution around AuNPs, which was subsequently used to predict the radiation dose
response of LNCaP cells treated with AuNPs. Two different cell models, with AuNPs located within
the whole cell or only in the cytoplasm, were used to assess how the intracellular PSMA-AuNP
biodistribution impacts the prostate cancer radiosensitization. Then, MC-based microdosimetry
was combined with the local effect model (LEM) to calculate cell survival fraction, which was
benchmarked against the in vitro clonogenic assays at different depths. In vitro clonogenic assay
of LNCaP cells demonstrated the depth dependence of AuNP radiosensitization under clinical
megavoltage beams, with sensitization enhancement ratio (SER) of 1.14 ± 0.03 and 1.55 ± 0.05 at
2.5 cm depth and 30 cm depth, respectively. The MC microdosimetry model showed the elevated
percent of low-energy photons in the MV beams at greater depth, consequently resulting in increased
dose enhancement ratio (DER) of AuNPs with depth. The AuNP-induced DER reached ~5.7 and ~8.1
at depths of 2.5 cm and 30 cm, respectively. Microdosimetry based LEM accurately predicted the
cell survival under 6 MV beams at different depths, for the cell model with AuNPs placed only in
the cell cytoplasm. TEM results demonstrated the distribution of PSMA-AuNPs in the cytoplasm,
confirming the accuracy of MC microdosimetry based LEM with modelled AuNPs distributed within
the cytoplasm. We conclude that AuNP radiosensitization can be achieved under megavoltage
clinical radiotherapy energies with a dependence on tumor depth. Furthermore, the combination of
Monte Carlo microdosimetry and LEM will be a valuable tool to assist with developing AuNP-aided
radiotherapy paradigm and drive clinical translation.

Keywords: gold nanoparticle; nanoparticle enhanced radiation therapy; Monte Carlo; local effect
model; dose enhancement ratio; sensitization enhancement ratio
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1. Introduction

Cancer continues to be a major public health problem around the world and in the
United States. Prostate cancer is one of the most common types of cancer with an estimated
268,490 new cases and 34,500 deaths in the United States for 2022 alone [1]. Approximately
50% of all cancer patients and 34% of prostate cancer patients will undergo radiation
therapy (RT) during the course of treatment [2,3]. Radiation therapy aims to irradiate
the target (tumor) while minimizing the dose to surrounding healthy tissue. Engineering
advancements to external beam radiation therapy (EBRT) such as intensity modulated
radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT) have improved
the conformity of treatments, increasing the tumor control probability (TCP) and decreasing
the normal tissue complication probability (NTCP). However, further alleviating the side
effects induced by the dose to surrounding organs at risk (OAR) remains a challenge. Side
effects of EBRT for prostate cancer include frequent urination, diarrhea, rectal bleeding,
abdominal cramps, fatigue and more. Radiosensitizers have been proposed as a means
to increase EBRT efficacy, improving treatment outcomes while mitigating unwanted
side effects.

In recent years, the use of nanoparticles (NPs) as radiosensitizers has gained a great
deal of interest in the field of cancer radiotherapy [4,5]. High atomic number (high-Z)
metallic NPs have shown an ability to locally enhance radiation doses, increasing the
DNA damage in close proximity to the NPs due to the increased photoelectric interaction
and increased Auger electron production [6,7]. As a type of metal NP, gold nanoparticles
(AuNPs) attract wide attention due to their special merits including, easily modified surface
characteristics, relative chemical and biological stability, and ease of fabrication [4,8,9].
Other metal NPs have also been used as radiosensitizers such as Gadolinium NPs (GdNPs)
and Platinum NPs (PtNPs) [10,11]. However, as a versatile nano-platform, AuNPs also
demonstrates its prominent theranostic performance in molecular imaging, photothermal
therapy, and drug delivery [12]. AuNPs will naturally accumulate within the tumor due
to leaky vasculature and poor lymphatic clearance within the tumor, known as enhanced
permeability and retention (EPR) [13,14]. Moreover, further enhanced AuNP accumulation
within the tumor can be achieved when using actively targeting AuNPs, as was validated
with PSMA-targeted AuNPs (PSMA-AuNPs) [15]. Actively targeted AuNPs results in
increased therapeutic ratio by achieving greater concentrations of nanoparticles within
the tumor than in the surrounding healthy tissue [16], improving the efficacy of AuNP-
assisted RT.

The first study using a AuNP as a radiosensitizer was conducted by Hainfeld et al. in
2004, where mice bearing subcutaneous EMT-6 mammary carcinomas treated with radiation
and AuNPs had a higher survival rate than among mice treated with radiation alone [17].
This successful study spurred a wave of research regarding AuNPs and their ability to
improve radiation treatment outcomes. AuNP mediated radiosensitization under photon
radiation has been widely studied in vivo, in vitro and in silico [4,5,9,18–23]. The degree of
radiosensitization observed depends on many factors such as AuNP size, biodistribution,
cancer type, and energies of the irradiation source. Kilovoltage (kV) beams are expected
to have the highest degree of sensitization due the high probability of a photoelectric
interaction (PPE) between kV photons and Gold, as shown in Equation (1):

PPE ∼
(

Z
E

)3
(1)

where E is the photon energy and Z is the atomic number (Z = 79 for Gold). The resultant
photoelectrons and/or Auger electrons deposit dose locally, giving rise to a localized dose
enhancement inducing more cell killing. For megavoltage (MV) photons the dominant
interactions with gold and water are Compton scattering and pair production which have a
relatively low dependence on Z. MV beams have a low photoelectric interaction probability
with little difference between gold and tissue; therefore, MV beams are not expected
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to result in a localized dose enhancement. However, clinical irradiators (e.g., LINACs)
generate MV beams that are polyenergetic and contain many low energy (kV) photons in
addition to the high energy (MV) photons. Typically, LINACs contain flattening filters (FF)
to achieve the desired dose profile. However, the use of FFs also attenuates many of the low
energy photons. In the absence of a flattening filter, i.e., flattening filter free (FFF), a greater
proportion of the beam is at kV energies, indicating a possible enhancement in photoelectric
interactions with AuNPs. Nevertheless, a high initial kV component of the beam will be
attenuated/absorbed while passing through tissue, resulting in a limited effect on the
extent of AuNP-induced radiosensitization for deep seated tumors. Additionally, as MV
beams traverse matter, scatter and attenuation also contribute to an increased proportion of
low energy photons, again indicating a possible increase in the photoelectric interactions.

Several in vitro and in vivo studies have validated AuNP-mediated radiosensitization
under 6 MV radiation beams. For example, Wolfe et al. found that PC3 prostate cancer cells
treated with Au nanorods (AuNRs) and 6 MV radiation in vitro had significant radiosensi-
tization [24]. An in vitro study by Yang et al. found that MDA-MB-231 cells treated with
AuNPs and 6 MV radiation resulted in a 19% decrease in cell survival when compared to
cells treated with radiation alone [25]. Wolfe et al. also found that PC3 prostate cancer cells
treated with AuNRs and radiation in vivo had significant radiosensitization [24]. While
the majority of in vitro and in vivo studies report promising results, the quantification
of dose enhancement based on Monte Carlo (MC) demonstrate disparities. For example,
McMahon et al. evaluated the nanodosimetric effects of AuNPs under 6 MV radiation via
MC simulations and found significant sensitization of MDA-MB-231 breast cancer cells
with sensitization enhancement ratio (SER) of 1.24 ± 0.05 at 5 cm depth [1]. On the other
hand, a macroscopic study conducted by Gray et al. showed that AuNPs under 6 MV
radiation exhibited no dose enhancement [26]. These disparities highlight the complexities
of MC simulations in nanoparticle enhanced radiation therapy. A major factor influencing
the AuNP-induced dose enhancement in MC simulations is whether the dosimetry is cal-
culated on a macroscopic or micro-/nano-scopic scale. Most macroscopic simulations use
condensed history (CH) physics lists whereas nanoscopic simulations often use track struc-
ture (TS) physics lists. CH physics lists group many steps into a single step, which creates a
fast simulation with the tradeoff of lower spatial resolution; TS physics lists follow each
particle step-by-step, creating very accurate and high-resolution results with the tradeoff of
slow speeds. It has been shown that on a macroscopic scale, the dose enhancement from
AuNPs appears to be negligible. However, when nanoscopic simulations are employed,
a clear dose spike is present near the AuNP [2]. Geant4 (GEometry ANd Tracking) is an
open source MC simulation toolkit with both CH and TS physics models [27]. Geant4 and
its DNA-scale radiobiological extension, Geant4-DNA [28], are wrapped in a user-friendly
parameter file-based system, TOPAS (TOol for PArticle Simulation) and TOPAS-nBio, re-
spectively [29,30]. TOPAS and TOPAS-nBio have been successfully used by many research
groups for AuNP mediated dose enhancement studies [8,31–33]. The MC simulation of
AuNP microdosimetry in this study was performed on the TOPAS platform.

While MC simulations can provide high resolution dose distributions in the presence
of AuNPs, translating this information to the context of in vitro and in vivo experiments
is still crucial to guide the design of AuNP-assisted radiotherapy. Using MC-simulated
dose distributions in conjunction with the local effect model (LEM), the biological endpoint
of cell survival fraction can be calculated. The LEM was originally developed for heavy
charged particle therapy such as carbon ion therapy where the dose distribution is spatially
inhomogeneous due to the high linear energy transfer (LET) particle tracks [34]. This
model was also found to work for the spatially inhomogeneous dose distribution caused
by AuNPs and has been successfully used by several groups to model cell survival curves
under AuNP mediated irradiation [20,35].

In this study, a MC model developed on TOPAS was used to determine the nano-
scale radial dose distribution around an AuNP, which was subsequently used to predict
the radiation dose response of LNCaP cells accumulated with AuNPs. Two different
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cell models, with AuNPs located within the whole cell or only in cytoplasm, were used
to assess how the intracellular PSMA-AuNP biodistribution impacts the prostate cancer
radiosensitization. Then, MC-based microdosimetry was combined with the local effect
model (MC-LEM) to calculate cell surviving fraction, which was benchmarked against the
in vitro clonogenic assays at different depths. To the best of our knowledge, this is the first
study to systematically investigate the impact of depth on AuNP-induced radiosensitization
of prostate cancer under clinical megavoltage radiation energies in vitro. Furthermore,
by modeling the cell geometry with a realistic AuNP distribution, the MC-LEM model
demonstrated its accuracy in predicting the cancer cell kill.

2. Materials and Methods
2.1. In Vitro Experiment

Cell experiments were carried out with LNCaP prostate cancer cells (ATCC, Rockville,
MD, USA) maintained in RPMI1640 (Thermo Fisher Scientific, Waltham, MA, USA) con-
taining 10% fetal bovine serum and 1% penicillin-streptomycin. Cell cultures were main-
tained at 37 ◦C and 5% (v/v) CO2. Commercially available 15 nm PEGylated AuNPs
(Creative Diagnostics, New York, NY, USA) were used in this study. To realize active
targeting for LNCaP cells, a PSMA expressing prostate cancer cell line, anti-PSMA anti-
bodies (Creative Diagnostics) were coupled to PEGylated AuNPs through 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) EDC/NHS chemistry. Confocal fluorescence microscopic imaging was performed to
verify the active targeting of the developed PSMA-targeted AuNPs, where AuNPs were
tagged with AlexaFluor 488 TFP ester (Thermo Fisher Scientific, Waltham, MA, USA) prior
to cell treatment. Transmission electron microscopy (TEM) was performed to identify the
intracellular biodistribution of AuNPs in prostate cancer cells. The details on the synthesis
of PSMA-targeted AuNPs, fluorescence microscopy and TEM imaging can be found in our
previous publication [36].

The in vitro experimental setup is shown in Figure 1. 24 h prior to irradiation, LNCaP
cancer cells were treated with 250 µg/mL PSMA-targeted AuNPs in serum-free RPMI1640
media on 35 mm Cellstar® cell culture dishes. Prior to irradiation, cells were washed 3x
with phosphate-buffered saline (PBS) and replaced with fresh serum-free media. The 6 MV
irradiation of LNCaP cells with and without PSMA-targeted AuNPs was performed at
Sylvester Comprehensive Cancer Center (Miller School of Medicine, University of Miami)
using a Varian Trilogy Clinac (Varian Medical Systems, Inc., Palo Alto, CA, USA). The cell
dishes containing ~106 LNCaP cells under 6 mm medium were positioned with source-to-
surface distance (SSD) of 1 m (as shown in Figure 1A).

Cell dishes were placed on top of 4 cm solid water for sufficient backscatter and cov-
ered by solid water with varying thickness (i.e., 2.5 cm, 10 cm, 20 cm, 30 cm) (Figure 1B,D).
The cell dishes themselves were encased in Elasto-Gel bolus to eliminate air gaps and
ensure the dishes were not crushed under the weight of the solid water (Figure 1C). Cells
were irradiated with a dose rate of 0.6 Gy min−1 for doses of 2 Gy, 4 Gy, 6 Gy, and 8 Gy
at different depths. Optically stimulated luminescent dosimeters (OSLD) were used to
verify the dose delivery accuracy prior to cell irradiation. Following the X-ray irradiation,
LNCaP cells were seeded at low density into 100 mm cell culture dishes containing 10 mL
of RPMI-1640 medium. Each independent dish was seeded in triplicate sets corresponding
to each cell radiation dose and depth. After 3 weeks, each dish with adequately sized
colonies was washed with 5 mL PBS and fixed with 10% formalin for 0.5 h, then stained
with a solution of 0.5% crystal violet solution (Millipore-Sigma, Burlington, MA, USA). The
plating efficiency (PE) was determined by dividing the number of surviving colonies by
the original seeding number. The mean value and standard variation of PE was calculated
for each treatment group. The survival fraction was calculated as the ratio between the PE
of irradiated cells and the PE of non-irradiated cells.
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2.2. Monte Carlo Simulations

Monte Carlo (MC) simulations were performed using TOPAS version 3.6.p3, which is
layered on top of Geant4 version 10.6.p1. The MC simulations were split into three distinct
steps based on phase space (phsp) files to increase the simulation efficiency. The schematic
setup of the MC simulations is illustrated in Figure 2. The incident photon spectrum from
the 6 MV Varian LINAC was downloaded as a phsp file from the International Atomic
Energy Agency (IAEA) website, which has been verified via experimental measurements
of percent depth dose curve and crossline/inline beam profiles [37].
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In the first step, the initial 10 cm × 10 cm 6 MV phsp source file was resized to
15 cm × 15 cm (phsp1) and used as a parallel beam on the surface of a water phantom
(40 × 40 × 40 cm3). For this step, the CH physics model Livermore was selected for the
simulation of MV photons transport in the water phantom, in view of its high performance
in low-energy particle tracking [38]. In our simulation, the production energy cut value for
electrons and photons was kept as default 250 eV, and the step size is automatically selected
by TOPAS using logic from Geant4 that take into consideration the local geometry and
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physics. Phsp1 contained ~4.7 billion particles, however, it was sampled until the number
of original particle histories reached 10 million to reduce the simulation time. Position,
momentum, and energy of each particle which crossed a 5 cm × 5 cm scoring plane (phsp2)
placed perpendicular to and centered on the beam central axis were recorded. To ensure
the accuracy of phsp2 files, the dimensions of phsp1 were set much larger than phsp2,
which satisfies charged particle equilibrium (CPE). Moreover, by keeping the phsp1 size
much larger than the range of secondary electrons, secondary particle equilibrium (SPE)
was satisfied [39]. Several of these phsp2 scoring planes were placed at various distances
(2.5 cm–30 cm) from phsp1. About 1.5–4.3 million particles were scored in phsp2 files for
the scenarios of different depths.

In the second step, microscopic beam source phsp2′ (15 nm × 15 nm) was obtained by
scaling down the macroscopic phsp2 (5 cm × 5 cm) from Step 1. The particle momentum
directions in phsp2′ were adjusted to be along with the beam primary axis, by reweighting
each particle with 1/cosθ where θ was the angle between the original phsp2′ particle
direction and the beam primary axis direction. This maximized the interaction probability
of incoming particles with the AuNP while accounting for the contributions of laterally
scattered electrons. The spectra in microscopic phsp2′ was used as parallel 15 × 15 nm2

beams to irradiate a single AuNP in a vacuum box of 20 × 20 × 20 nm3. The original
number of particles in phsp2′ is in the order of millions. To ensure a sufficiently high
number of particles interacting with the AuNP, phsp2′ was sampled until the number of
original particle histories reached 1 billion. The secondary electrons produced through
ionization and excitation interactions in the AuNP were scored in a phase space 3 (phsp3)
at the outer surface of the nanoparticle. About 110,000–130,000 particles were scored in
phsp3 files for the scenarios of different depths. Dose delivered to the AuNP was also
recorded during this step, which will be used later when calculating dose enhancement
ratio (DER). For this step, CH physics model Livermore, with secondary particle production
threshold set at 10 eV, was utilized to track the low-energy secondary particles. Although
the recommended applicability limit for electrons in Livermore physics is 250 eV, Livermore
physics with 10 eV production cut has been validated with a good agreement with TS
physics model for water [40].

In the third step, to ensure statistical significance, the phsp3 recorded previously was
sampled until the number of original histories reached 500,000 on phsp3′, which was placed
at the center of a 20 × 20 × 20 µm3 cube and used as a source to calculate the nanoscopic
dose in water. The TS physics model g4em-dna, which tracks electrons down to an energy
of 7.4 eV, was utilized to achieve high accuracy and resolution of low-energy electron
tracking in water [28,41,42]. The step size for all particles in g4em-dna was set to 1 nm
in this step. The dose to water was scored in spherical shells surrounding the AuNP, the
first 200 shells were 1 nm thick and the next 200 shells were 50 nm thick for a maximum
detection range of ~10 µm.

To obtain the dose enhancement ratio, Steps 2 and 3 were repeated by replacing the
AuNP with a water nanoparticle (WNP) of the same size. All the sample numbers for the
phase spaces phsp2′ and phsp3′ were kept the same as that for the AuNP scenario, and the
physics models employed in each step were also kept the same.

2.3. Calculating Dose Enhancement Ratio

The dose enhancement ratio (DER(r)) in terms of radial distance, r, was calculated
as the ratio between the deposited dose in water in presence of a single AuNP and WNP.
Several normalization steps are essential prior to DER calculation, in view of the number
of particles in phase spaces 2 and 3, phsp2 and phsp3, were different for scenarios of
AuNP and WNP located at different depths. For example, the nanoscopic source phsp2′ in
Step 2 was obtained by sampling phsp2 1 billion times, yet phsp2 files in Step 1 contained
different number of particles for different depth scenarios. By dividing the number of
particles in phsp2′ by that in phsp2 file, the first normalization factor ( f1) was calculated
at each depth. Similarly, the low-energy secondary electron source phsp3′ in Step 3 was
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obtained by sampling phsp3 500,000 times, yet phsp3 files in Step 2 contained different
number of particles for AuNP and WNP at each depth. By dividing the number of particles
in phsp3 file by that in phsp3′, the second normalization factor ( f2) was calculated at each
depth. It is worth noting, the deposited radial dose scored in Step 3 is only induced by
the secondary particles produced in the AuNP (or WNP), with no dose coming from the
primary beam. This dose from the primary beam, called ‘background dose’ from here on
out, is essential to calculating realistic dose enhancement ratios. In this study, the dose
deposited in the WNP volume in Step 2 was used as the background dose (Dbg) at each
depth. Based on the aforementioned normalization steps, the DER(r) was calculated as:

DER(r) =
DAuNP(r)× f1,depth × f2,AuNP + Dbg

DWNP(r)× f1,depth × f2,WNP + Dbg
(2)

where DAuNP(r) and DWNP(r) are the radial dose obtained in Step 3, f1,depth is the nor-
malization parameter f1 for irradiation at different depths, f2,AuNP, and f2,WNP are the
normalization parameters f2 corresponding to AuNP and WNP, respectively.

2.4. Cell Models

To quantify the effect of PSMA-targeted AuNPs present in the LNCaP cells under 6 MV
irradiation, a comparison was made between two cell models, i.e., ‘homogenous model’ in
which AuNPs locations were randomly placed throughout the entire cell and extracellular
matrix (ECM), and ‘cytoplasm model’ in which AuNP locations were limited to within
the cell cytoplasm. As widely used in MC AuNP radiosensitization analysis [43,44], a
simplified spherical shaped cell with a centrally located nucleus was employed in this
study to evaluate the effect of depth on the cell survival in the presence of AuNPs. The
choice of cell and nucleus size was based on the collected TEM image of a single LNCaP
cell. Both cell models consisted of a circular 13.5 µm cell diameter with a concentric circular
8 µm diameter nucleus placed in a 17.5 µm × 17.5 µm extracellular matrix (ECM). The
homogenous cell model is shown in Figure 3A, and the cytoplasm cell model is shown in
Figure 3B. To calculate the microscopic dose enhancement due to the presence of AuNPs
within the model, the radial DERs were used as dose point kernels and placed in cell/ECM.
The AuNP-induced micro-dosimetry was calculated in two steps under the assumption
that the AuNP distribution in three dimension is similar to that of the two-dimension
model. First, the entire cell model was given a prescribed homogenous base dose (2, 4, 6
or 8 Gy). Second, the base dose around the position of each AuNP was multiplied by the
radial dose enhancement ratio, i.e., the dose enhancement dose point kernels.
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2.5. Local Effect Model

To model AuNP-assisted radiosensitization, an approach based on the LEM was
applied to quantify the effect of highly inhomogeneous dose distributions at the sub-
cellular scale induced by AuNPs. The nucleus, located at the center of the cell, was selected
as the radiation target for survival fraction calculation herein. The basic hypothesis of the
LEM is that the same local dose on a sub-cellular scale results in the same local damage,
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independent of the energy and type of radiation. LEM relates energy deposition on the
nanoscale to the cell survival, expressed as a function of the number of lethal events
following the Poisson distribution. The macroscopic survival fraction in presence of AuNPs
(SAuNP) can be described as:

SAuNP(D) = e−N (3)

where N is the average number of lethal events in the radiation sensitive target, given by:

N = −
∫

VS

ln(Sx(D))

VS
dV (4)

where VS is the volume of radiation sensitive target. The average number of lethal events in
the sensitive target is calculated as an integral of the number of events locally determined
by a linear quadratic model (LQM) dose–response curve Sx(D). Since high-dose response
is overestimated in the LQM model, a threshold-based model was used to determine the
dose response curve:

Sx(D) =

{
e−αD−βD2

: (D ≤ Dt)

e−αD−βD2+Smax(D−Dt) : (D > Dt)
(5)

where Dt is a tunable parameter (threshold dose) and Smax = α + 2βDt. In this study, the
parameters α and β, which relate local dose to Sx, were determined experimentally by
curve fitting the in vitro cell survival fraction (Sx) of LNCaP cells treated with radiation
(without AuNPs). The intracellular dose distribution, D, in presence of AuNPs, was
determined by combining the nanoscopic dose enhancement ratio of AuNPs as calculated
in the MC simulations (in Section 2.3) and the cell geometry models with specific AuNP
biodistribution (in Section 2.4). The calculated dose distribution was then used on the LEM
(Equations (3)–(5)) to calculate the cell survival fraction.

2.6. Sensitization Enhancement Ratio

To quantitatively compare the survival fraction curves obtained from in vitro experi-
ments with that simulated based on MC-LEM, the sensitization (sensitizer) enhancement
ratio (SER) was employed in this study. ICRU Report 30 suggests when comparing survival
fraction curves that the entire curve is taken into account, as opposed to a single point
along the curve [45]. SER is expressed in terms of mean inactivation dose (MID), which is
the area under the curve (AUC) of the survival fraction curve [46]:

MID =
∫ ∞

0
Sx(D)dD (6)

With the calculated MIDs for the radiation survival curves with and without AuNPs,
the AuNP-induced SER was calculated as [46]:

SER =
MIDIR

MIDIR+AuNP
(7)

3. Results
3.1. Characterization of PSMA Targeted AuNPs

Figure 4A shows the schematic structure of the PSMA targeted AuNP. The anti-PSMA
antibodies were conjugated to AuNP via EDC-NHS chemistry to enable active targeting of
LNCaP prostate cancer cells. For the passive-targeting control, the same amount of IgG
antibodies, replacing anti-PSMA antibodies, were conjugated to AuNP with the same EDC-
NHS chemistry. The uptake and targeting efficiency of PSMA targeted AuNPs on LNCaP
cells was verified through fluorescence microscopy imaging (Figure 4B). Quantitative
analysis of fluorescence microscopy images, based on the fluorescence counts, showed
the higher binding of active-targeting AuNPs in LNCaP cells compared with the passive-
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targeting AuNPs (as shown in Figure 4C). The TEM images of LNCaP cells treated with
PSMA targeted AuNPs further validated the internalization of AuNPs with the help of
active targeting (Figure 4D). By weight, there were about 10 picograms of AuNPs per
LNCaP cell.
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3.2. In Vitro Clonogenic Assay

As demonstrated in our previous study, AuNPs with concentration of 250 µg/mL
did not produce any intrinsic toxicity towards LNCaP cells [12,47]. Figure 5A shows the
clonogenic surviving fraction of LNCaP cells following irradiation with clinical 6 MV
radiation beams with PSMA targeted AuNPs (250 µg/mL) at depths of 2.5, 10, 20 and
30 cm. As the control group, the 6 MV irradiation without AuNPs was performed at a depth
of 2.5 cm (Figure 5B). AuNP-induced radiosensitization of LNCaP cells enhanced with
increasing depth, as expected. As a result, cell survival fraction was reduced across all doses
as depth was increased. The α and β parameters, obtained by fitting the no-AuNP-2.5 cm
surviving fraction curve with the LQM model, are shown in Figure 5B. The goodness of fit
was evaluated through an R-squared value of 0.999. The α and β parameters, corresponding
to irradiation with 250 µg/mL AuNP at different depths, are shown in Table 1. As shown,
the primary effect of increasing depth of AuNP treated LNCaP cells was on the α parameter,
which dominates at low doses and contributes to the more linear surviving fraction curve
and is related to unrepairable double strand DNA breaks [48].
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Figure 5. (A) Survival fraction curve of LNCaP cells treated with 250 µg/mL PSMA-AuNPs irradiated
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for LQM α and β values.

Table 1. LQM α and β values extracted by curve fitting the clonogenic assay derived survival fractions
at each depth for AuNP treated and untreated LNCaP cells in vitro. Values are presented with 95%
confidence intervals.

Concentration and Depth α (Gy−1) β (Gy−2)

No AuNPs—2.5 cm 0.4337 ± 0.068 0.0259 ± 0.008
250 µg/mL—2.5 cm 0.5800 ± 0.244 0.0123 ± 0.029
250 µg/mL—10 cm 0.7550 ± 0.283 0.0028 ± 0.034
250 µg/mL—20 cm 0.8518 ± 0.051 0.0030 ± 0.006
250 µg/mL—30 cm 0.8370 ± 0.406 0.0300± 0.049

3.3. Characterization of Depth Effects on Energy Spectrum

The MC generated energy spectrum of the irradiation beam propagating through
water of different depths are shown in Figure 6, plotted as relative probability vs. energy.
The detailed characteristics of the MV beams collected at different depths are summarized
in Table 2. The mean and median energy increase with depth due to the beam hardening.
For instance, as the depth increased from 2.5 cm to 30 cm, the mean and median energy
experienced 21% and 35% increase, respectively. However, MV photon beams contain an
increasing percentage of keV particles (including photons and electrons) when penetrating
water of different depths. The increased percentage of low-energy particles contributes to
the local dose enhancement around AuNPs.
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Table 2. Characteristics of megavoltage (MV) beam collected at different depths as plotted in Figure 6.
Emean and Emedian are the mean and median energy, respectively. E < 100 keV is the percent of
particles in the beam with energy less than 100 keV. Additionally, shown is the percentage of electrons
contained in the beam and the total number of particles (Count) at each depth.

Depth (cm) Emean (MeV) Emedian
(MeV)

E < 100 keV
(%)

Electrons
(%)

Count
(Million)

2.5 1.53 1.16 2.26 1.17 1.485
10 1.53 1.16 3.60 1.19 1.151
20 1.67 1.34 3.79 1.33 0.715
30 1.85 1.57 3.82 1.46 0.431

The number of secondary particles generated from AuNPs under different depths,
depicted as phase space 3 (phsp3) in Step 2 of the MC simulation (as shown in Figure 2),
is shown in Figure 7A. The spectra of AuNP-induced secondary particles plotted as an
energy histogram is shown in Figure 7B. The characteristics of these secondary particle
spectra are detailed in Table 3. As the depth of the AuNPs increased, the number of
secondary particles scored increased relative to incident particle count, which is attributed
to the increased low-energy component in the incident spectrum due to the scattering
accumulated along the penetration path. However, the secondary spectra count for the
WNP remained relatively constant, as shown in Figure 7A. The mean and median energy,
and the proportion of particles under 100 keV remained relatively constant as well, as seen
in Figure 7B and in Table 3. Au K-edge emission can be seen on Figure 7B at ~68.8 keV,
~66.9 keV, and ~77.9 keV for Kα1, Kα2, and Kβ1, respectively.
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Figure 7. Secondary particle count and energy spectrum at various depths collected on phsp3.
(A) shows the secondary particle counts for both the AuNP and the water nanoparticle (WNP).
(B) shows the energy spectrum of secondary particles of AuNP.

Table 3. Spectrum characteristics of secondary particles emitted from AuNPs located at different
depths, with the same number of incident photons.

Depth (cm) Number of
Particles Scored Emean (KeV) Emedian (KeV) E < 100 keV (%)

2.5 110,674 22.04 1.14 96.76
10 119,188 22.13 1.30 96.98
20 124,832 21.63 1.24 97.23
30 130,168 21.40 1.12 97.47

3.4. AuNP Micro-Dosimetry

The radial dose distribution and DER produced around a single AuNP located at
different depths is shown in Figure 8. Figure 8A also compares the radial dose distribution
originating from AuNP and WNP. Due to the enhanced number of low-energy secondary
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electrons, AuNP generated higher dose than WNP at the same radial distance. As the
distance from the AuNP surface increased, the dose originating from the AuNP decreased
rapidly. The dose induced by AuNPs located at greater depths was higher than that
by AuNPs at shallower depth. This is due to the higher number of secondary particles
generated by AuNPs modeled at greater depths. Figure 8B reveals that the DER is higher
at deeper depth of irradiation, which can be attributed to the higher percentage of low-
energy particles.
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3.5. Monte Carlo LEM (MC-LEM) Model

The expected surviving fraction of LNCaP cells with PSMA targeted AuNPs using
the LEM was calculated from the MC-simulated radial DER profiles. The resulting MC-
LEM survival fraction curves of cells located at different depths are shown in Figure 9,
compared to the in vitro experimental data. Figure 9A,B present the MC-LEM survival
fraction curves based on the homogenous cell model (Figure 3A) and cytoplasm cell
model (Figure 3B), respectively. As expected, the MC-LEM calculated surviving fractions
decreased with increasing depth of irradiated cells. Compared to the homogenous cell
model, the cytoplasm cell model resulted in survival fraction curves with better fit to
the in vitro survival fraction curves. We attribute this result to the AuNP distribution
for the cytoplasm model matching more closely with the observed distribution on TEM
(Figure 4D). Table 4 shows a comparison of the SER calculated from survival fraction curves
corresponding to in vitro experiments, MC-LEM homogenous and cytoplasm models. The
SER results reaffirm that the cytoplasm model resulted in better agreement with in vitro
results, with an average difference in mean SER < 5%.

Table 4. Sensitization enhancement ratio (SER) calculated on MC-LEM survival fraction curves for
both homogenous and cytoplasm cell models, compared against that from in vitro clonogenic assay.

SER

Depth (cm) Homogenous Model Cytoplasm Model In Vitro

2.5 1.92 ± 0.12 1.16 ± 0.03 1.14 ± 0.03
10 2.34 ± 0.23 1.26 ± 0.06 1.25 ± 0.03
20 2.62 ± 0.17 1.34 ± 0.09 1.43 ± 0.04
30 3.12 ± 0.17 1.52 ± 0.12 1.55 ± 0.05
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various depths for 10 pg/cell AuNPs using ‘homogenous’ model, (A), and ‘cytoplasm’ model, (B). Ad-
ditionally, the in vitro clonogenic assay derived survival fraction curves are shown at corresponding
depths for comparison.

Upon confirming that the cytoplasm cell model produced accurate results, this model
was tested at various concentrations of AuNPs ranging from 0.1% to 0.01% AuNP by weight
at a depth of 2.5 cm. Survival fraction curves at each concentration are shown in Figure 10.
As expected, SER increased with increasing Au concentration as shown in Table 5, with
minimal sensitization enhancement at 0.01% Au by weight.

Table 5. Sensitization enhancement ratio (SER) calculated from Figure 10.

Gold Weight (%) SER: MC-LEM

0.01% 1.02 ± 0.01
0.025% 1.09 ± 0.03
0.05% 1.15 ± 0.04

0.075% 1.26 ± 0.07
0.01% 1.32 ± 0.07
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4. Discussion

Active targeting techniques afford increased accumulation of AuNPs within tumors;
furthermore, actively targeted AuNPs are internalized selectively within cancer cells,
resulting in a higher therapeutic ratio. AuNP mediated radiosensitization has demon-
strated great potential under kilovoltage irradiation in both external superficial therapy
(e.g., 100–500 kVp) and internal brachytherapy (e.g., 125I, 169Yb) [49,50]. However, AuNP
enhanced radiation therapy under megavoltage energies have been shrouded in uncertainty
and contradiction due to the disparities between the calculated macroscopic dosimetry
and the radiosensitization effects observed in in vitro and in vivo experiments [24,49,51].
The aim of this study was to investigate the feasibility of AuNP-aided prostate cancer
radiation therapy by quantifying radiosensitization of PSMA-targeted AuNPs under mega-
voltage radiation energy at clinically relevant depths. AuNP mediated radiosensitization
irradiated with a 6 MV photon beam at various depths was first demonstrated through
clonogenic assays in vitro. Monte Carlo AuNP micro-dosimetry combined with the LEM
on two cell models with different AuNP biodistribution patterns were then utilized to
quantify the effects of AuNP location and concentration on cell surviving fraction. The
in vitro results validated that AuNP-induced radiosensitization of LNCaP cells under 6 MV
energy increased with increasing depth. Furthermore, our results show that MC-LEM
model produced a good correlation to experimental AuNP radiosensitization, when MC
AuNP biodistribution mirrored the experimentally observed biodistribution. We have
demonstrated the highly active targeting of the developed PSMA-targeted AuNP on the
LNCaP cells, which were established from a lymph node metastasis of a Caucasian patient
with metastatic prostate cancer. Further studies are required to investigate the targeting
efficiency and radiosensitization, of the developed PSMA-targeted AuNPs, for prostate
cancer at different stages.

The reliability of calculated micro-dosimetry and DER as a function of radial distance
from the AuNP surface was critical to quantifying AuNP radiosensitization. In the present
study, the maximum DERs of 5.5, 7, 7.5 and 8 were obtained at depths of 2.5 cm, 10 cm,
20 cm and 30 cm, respectively. Tsiamas et al. calculated DER of 10 and 100 nm diameter
AuNPs under 6 MV radiation at a depth of 0 cm, 2 cm, 10 cm, and 20 cm using GEANT4
based MC simulations and found DER increased with increasing depth with a maximum
DER of ~4.2 at 20 cm depth [52]. Lin et al. evaluated AuNP-mediated radiosensitization for
a 6 MV photon source using MC simulations on TOPAS and calculated an increasing DER
with increasing radial distance [8]. However, the DER vs. radial distance plots presented in
Lin et al. neglected normalization and background factors, highlighting the importance
of these factors in creating realistic dose enhancement ratios. As shown, the radial dose
and DER distributions calculated herein is close to those in previously peer-reviewed
publications, with small differences attributed to MC code differences with respect to
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electron transport simulation, associated electron interaction cross sections, AuNP size,
and other geometry model considerations.

When translating MC micro-dosimetry to in vitro experimental results, the location
of AuNPs within the cell were shown to drastically change the predicted sensitization in
terms of SER. The LEM relies on a user specified sensitive region(s) to score damage. In
this study, the cell nucleus with diameter of 8 µm was used as the sensitive region. The
homogenous cell model placed AuNPs randomly throughout the entire cell (including
nucleus) and surrounding ECM. This model resulted in an overestimation of cell killing
due to the AuNPs located within nucleus, indicating that improved radiotherapy response
can be achieved by nuclear targeting of AuNPs. The cytoplasm model, which limited
AuNPs to the cell cytoplasm, matched well with the collected TEM image, where no AuNP
was observed in the nucleus. The distribution of AuNPs must be considered carefully as
it is known to differ between cell lines and nanoparticle functionalization. For example,
in 9 LGS cell line, AuNPs clustered in the cytoplasm, which causes superimposing and
shielding effects on the AuNP dose enhancement [53].

A major component to this study was evaluating the effect of depth on beam qual-
ity/energy. It was shown in Figure 6 and Table 2 that as the 6 MV beam traversed water,
the proportion of low energy particles within the beam increased. This increase in low
energy photons at AuNP depth directly contributed to an increase in secondary particle
production and an increase in DER. This effect is amplified when using a flattening filter
free (FFF) beam. A MC simulation study by Tsiamas et al. found that FFF 6 MV beams
produced nearly double the DER compared to standard flattened beams [52].

As previously mentioned, the local effect model accounts for damage to a user specified
sensitive area (or volume), which was chosen to be the cell nucleus. While the cell nucleus is
undoubtedly a sensitive target, the mitochondria and other cell organelles have been shown
to play a significant role in determining cell survival following radiation [54,55]. Notably,
mitochondria are the only non-nuclear location where DNA resides and can account for
30% of total cell volume [56]. Ignoring damage to mitochondria (and other organelles) may
result in under estimations of cell death following radiation.

Cell coatings and surface functionalization such as polyethylene glycol (PEG) and
PSMA targeting agents, respectively, are vital to limiting AuNP clustering (and biocompat-
ibility) and increasing cellular uptake, respectively. However, these modifications to the
AuNP may also influence the secondary particle production/escape. Although PEG coat-
ings are typically very thin, on the order of nanometers, and can capture/attenuate some
of the secondary particles produced within the AuNP. A MC simulation study by Peukert
et al., which tested the effects of AuNP size and coatings on dose using a proton source,
found that PEG coating density had a minimal effect on secondary particle production [57].
Thus, the effects of self-shielding due to PEG and PSMA was not considered in this study.

As demonstrated by our results, the LEM prediction of cell survival is highly depen-
dent on the specific AuNP distribution. In the present study, a spherical shaped cell with a
centrally located nucleus was employed, which is a simplified model. Sung et al. concluded
that geometric parameters such as the shape, size, and location of the cell and the nucleus
are critical for the AuNP radiosensitization [31]. Therefore, the effects of these geometric
parameters on the AuNP-assisted MV radiosensitization will be performed in the future.
Moreover, modelling AuNP enhanced radiotherapy by means of MC-LEM with accurate
physics models is crucial to assist the development of tumor targeted radiosensitization
paradigms. Sophisticated MC-LEM models should also incorporate the biological and
chemical effects caused by AuNPs, including increased reactive oxygen species (ROS)
production, oxidative stress, repair inhibition and more [4,18]. A study by Rudek et al.,
showed that ROS significantly increases in the presence of AuNPs [32]. This ROS increase is
expected to increase DNA damage and thus reduce survival fraction. MC results presented
here without AuNP effects on ROS production (and other chemical and biological effects)
are conservative estimations on the overall AuNP mediated radiosensitization.
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5. Conclusions

Development of an accurate computational model for AuNP enhanced radiotherapy
is essential to enable treatment planning and hence the progression of AuNP-mediated
RT into clinical use. In this study, the clinical feasibility of AuNP radiosensitization on
prostate cancer was investigated through in vitro and in silico experiments by quantifying
radiosensitization of PSMA-targeted AuNPs under 6 MV irradiation at various clinically
relevant depths. The in vitro clonogenic assay results validated the AuNP-mediated ra-
diosensitization of prostate cancer using the clinical LINAC source. The good agreement
between the in silico simulated and in vitro measured surviving fractions demonstrated
the accuracy of the Monte Carlo based local effect model (MC-LEM). Based on the real
AuNP biodistribution obtained with transmission electron microscopy (TEM), MC-LEM
will be an essential platform for quantifying AuNP-induced radiosensitization, benefiting
the design of multifunctional AuNPs for radiotherapy.

Author Contributions: Conceptualization, J.S. and J.C.F.; methodology, R.M.S. and D.H., J.D.V.,
M.B.A., J.S. and J.C.F.; validation, R.M.S., D.H., J.C.F. and J.S.; formal analysis, R.M.S. and D.H.;
investigation, R.M.S., D.H., J.S., W.T., A.P. and J.C.F.; resources, J.S., A.P., J.C.F. and N.D.; data
curation, R.M.S., D.H. and J.S.; writing—original draft preparation, R.M.S. and J.S.; writing—review
and editing, J.S. and J.C.F.; supervision, J.C.F. and J.S.; funding acquisition, A.P. and J.S. All authors
have read and agreed to the published version of the manuscript.

Funding: Financial support was received from Department of Radiation Oncology at University
of Miami. This work was partially supported by Sylvester Comprehensive Cancer Center and the
American Cancer Society.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA A Cancer J. Clin. 2022, 72, 7–33. [CrossRef]
2. Baskar, R.; Lee, K.A.; Yeo, R.; Yeoh, K.-W. Cancer and Radiation Therapy: Current Advances and Future Directions. Int. J. Med.

Sci. 2012, 9, 193–199. [CrossRef] [PubMed]
3. Wang, J.; Xia, H.H.-X.; Zhang, Y.; Zhang, L. Trends in treatments for prostate cancer in the United States, 2010–2015. Am. J. Cancer

Res. 2021, 11, 2351–2368. [PubMed]
4. Schuemann, J.; Berbeco, R.; Chithrani, D.B.; Cho, S.H.; Kumar, R.; McMahon, S.J.; Sridhar, S.; Krishnan, S. Roadmap to Clinical

Use of Gold Nanoparticles for Radiation Sensitization. Int. J. Radiat. Oncol. Biol. Phys. 2016, 94, 189–205. [CrossRef] [PubMed]
5. Chen, Y.; Yang, J.; Fu, S.; Wu, J. Gold Nanoparticles as Radiosensitizers in Cancer Radiotherapy. Int. J. Nanomed. 2020, 15,

9407–9430. [CrossRef] [PubMed]
6. Mesa, A.V.; Norman, A.; Solberg, T.D.; Demarco, J.J.; Smathers, J.B. Dose distributions using kilovoltage x-rays and dose

enhancement from iodine contrast agents. Phys. Med. Biol. 1999, 44, 1955–1968. [CrossRef]
7. Robar, J.L.; Riccio, S.A.; Martin, M.A. Tumour dose enhancement using modified megavoltage photon beams and contrast media.

Phys. Med. Biol. 2002, 47, 2433–2449. [CrossRef]
8. Lin, Y.; McMahon, S.J.; Scarpelli, M.; Paganetti, H.; Schuemann, J. Comparing gold nano-particle enhanced radiotherapy with

protons, megavoltage photons and kilovoltage photons: A Monte Carlo simulation. Phys. Med. Biol. 2014, 59, 7675–7689.
[CrossRef] [PubMed]

9. Chow, J.C.L. Recent Progress of Gold Nanomaterials in Cancer Therapy. In Handbook of Nanomaterials and Nanocomposites for
Energy and Environmental Applications; Kharissova, O.V., Martínez, L.M.T., Kharisov, B.I., Eds.; Springer International Publishing:
Cham, Switzerland, 2020; pp. 1–30. [CrossRef]

10. Zhang, Y.; Zheng, D.; Talaei, S.; Abasi, M. Albumin stabilized Pt nanoparticles as radiosensitizer for sensitization of breast cancer
cells under X-ray radiation therapy. Inorg. Chem. Commun. 2022, 140, 109423. [CrossRef]

11. Abolaban, F.; Nisbet, A. Radiation dose enhancement in megavoltage radiation therapy using au, gd, pt, ag, and bi nanoparticles
of various concentration level. Biointerface Res. Appl. Chem. 2022, 12, 2404–2414. [CrossRef]

12. Connor, D.M.; Broome, A.-M. Chapter Seven—Gold Nanoparticles for the Delivery of Cancer Therapeutics. In Advances in Cancer
Research; Broome, A.-M., Ed.; Academic Press: Cambridge, MA, USA, 2018; Volume 139, pp. 163–184.

http://doi.org/10.3322/caac.21708
http://doi.org/10.7150/ijms.3635
http://www.ncbi.nlm.nih.gov/pubmed/22408567
http://www.ncbi.nlm.nih.gov/pubmed/34094691
http://doi.org/10.1016/j.ijrobp.2015.09.032
http://www.ncbi.nlm.nih.gov/pubmed/26700713
http://doi.org/10.2147/IJN.S272902
http://www.ncbi.nlm.nih.gov/pubmed/33262595
http://doi.org/10.1088/0031-9155/44/8/308
http://doi.org/10.1088/0031-9155/47/14/305
http://doi.org/10.1088/0031-9155/59/24/7675
http://www.ncbi.nlm.nih.gov/pubmed/25415297
http://doi.org/10.1007/978-3-030-11155-7_2-1
http://doi.org/10.1016/j.inoche.2022.109423
http://doi.org/10.33263/BRIAC122.24042414


Pharmaceutics 2022, 14, 2205 17 of 18

13. Iyer, A.K.; Khaled, G.; Fang, J.; Maeda, H. Exploiting the enhanced permeability and retention effect for tumor targeting. Drug
Discov. Today 2006, 11, 812–818. [CrossRef]

14. Matsumura, Y.; Maeda, H. A New Concept for Macromolecular Therapeutics in Cancer Chemotherapy: Mechanism of Tu-
moritropic Accumulation of Proteins and the Antitumor Agent Smancs1. Cancer Res. 1986, 46, 6387–6392.

15. Luo, D.; Xinning, W.; Sophia, Z.; Gopalakrishnan, R.; Clemens, B.; James, P.B. Prostate-specific membrane antigen targeted gold
nanoparticles for prostate cancer radiotherapy: Does size matter for targeted particles? Chem. Sci. 2019, 10, 8119–8128. [CrossRef]

16. Huang, X.; Peng, X.; Wang, Y.; Wang, Y.; Shin, D.M.; El-Sayed, M.A.; Nie, S. A Reexamination of Active and Passive Tumor
Targeting by Using Rod-Shaped Gold Nanocrystals and Covalently Conjugated Peptide Ligands. ACS Nano 2010, 4, 5887–5896.
[CrossRef]

17. Hainfeld, J.F.; Slatkin, D.N.; Smilowitz, H.M. The use of gold nanoparticles to enhance radiotherapy in mice. Phys. Med. Biol.
2004, 49, N309–N315. [CrossRef]

18. Her, S.; Jaffray, D.A.; Allen, C. Gold nanoparticles for applications in cancer radiotherapy: Mechanisms and recent advancements.
Adv. Drug Deliv. Rev. 2017, 109, 84–101. [CrossRef]

19. Jeremic, B.; Ramos, A.A.; Nenad, F. Radiosensitization by gold nanoparticles. Clin. Transl. Oncol. 2013, 15, 593–601. [CrossRef]
20. McMahon, S.J.; Hyland, W.B.; Muir, M.F.; Coulter, J.A.; Jain, S.; Butterworth, K.T.; Schettino, G.; Dickson, G.R.; Hounsell, A.R.;

O’Sullivan, J.M.; et al. Nanodosimetric effects of gold nanoparticles in megavoltage radiation therapy. Radiother. Oncol. 2011, 100,
412–416. [CrossRef]

21. Yasui, H.; Takeuchi, R.; Nagane, M.; Meike, S.; Nakamura, Y.; Yamamori, T.; Ikenaka, Y.; Kon, Y.; Murotani, H.; Oishi, M.; et al. Ra-
diosensitization of tumor cells through endoplasmic reticulum stress induced by PEGylated nanogel containing gold nanoparticles.
Cancer Lett. 2014, 347, 151–158. [CrossRef]

22. Misawa, M.; Takahashi, J. Generation of reactive oxygen species induced by gold nanoparticles under X-ray and UV Irradiations.
Nanomed. Nanotechnol. Biol. Med. 2011, 7, 604–614. [CrossRef]

23. Jain, S.; Coulter, J.A.; Hounsell, A.R.; Butterworth, K.T.; McMahon, S.J.; Hyland, W.B.; Muir, M.F.; Dickson, G.R.; Prise, K.M.;
Currell, F.J.; et al. Cell-specific radiosensitization by gold nanoparticles at megavoltage radiation energies. Int. J. Radiat. Oncol.
Biol. Phys. 2011, 79, 531–539. [CrossRef]

24. Wolfe, T.; Chatterjee, D.; Lee, J.; Grant, J.D.; Bhattarai, S.; Tailor, R.; Goodrich, G.; Nicolucci, P.; Krishnan, S. Targeted gold
nanoparticles enhance sensitization of prostate tumors to megavoltage radiation therapy in vivo. Nanomed. Nanotechnol. Biol.
Med. 2015, 11, 1277–1283. [CrossRef]

25. Yang, C.; Bromma, K.; Sung, W.; Schuemann, J.; Chithrani, D. Determining the Radiation Enhancement Effects of Gold Nanoparti-
cles in Cells in a Combined Treatment with Cisplatin and Radiation at Therapeutic Megavoltage Energies. Cancers 2018, 10, 150.
[CrossRef]

26. Gray, T.; Bassiri, N.; David, S.; Patel, D.Y.; Stathakis, S.; Kirby, N.; Mayer, K.M. A detailed experimental and Monte Carlo analysis
of gold nanoparticle dose enhancement using 6 MV and 18 MV external beam energies in a macroscopic scale. Appl. Radiat. Isot.
2021, 171, 109638. [CrossRef]

27. Agostinelli, S.; Allison, J.; Amako, K.; Apostolakis, J.; Araujo, H.; Arce, P.; Asai, M.; Axen, D.; Banerjee, S.; Barrand, G.; et al.
Geant4—A simulation toolkit. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2003, 506,
250–303. [CrossRef]

28. Incerti, S.; Baldacchino, G.; Bernal, M.; Capra, R.; Champion, C.; Francis, Z.; Guèye, P.; Mantero, A.; Mascialino, B.; Moretto, P.;
et al. The Geant4-DNA Project. Int. J. Model. Simul. Sci. Comput. 2010, 1, 157–178. [CrossRef]

29. Perl, J.; Shin, J.; Schumann, J.; Faddegon, B.; Paganetti, H. TOPAS: An innovative proton Monte Carlo platform for research and
clinical applications. Med. Phys. 2012, 39, 6818–6837. [CrossRef]

30. Schuemann, J.; McNamara, A.L.; Ramos-Méndez, J.; Perl, J.; Held, K.D.; Paganetti, H.; Incerti, S.; Faddegon, B. TOPAS-nBio: An
Extension to the TOPAS Simulation Toolkit for Cellular and Sub-cellular Radiobiology. Radiat. Res. 2018, 191, 125–138. [CrossRef]

31. Sung, W.; Ye, S.J.; McNamara, A.L.; McMahon, S.J.; Hainfeld, J.; Shin, J.; Smilowitz, H.M.; Paganetti, H.; Schuemann, J. Dependence
of gold nanoparticle radiosensitization on cell geometry. Nanoscale 2017, 9, 5843–5853. [CrossRef]

32. Rudek, B.; McNamara, A.; Ramos-Méndez, J.; Byrne, H.; Kuncic, Z.; Schuemann, J. Radio-enhancement by gold nanoparticles
and their impact on water radiolysis for X-ray, proton and carbon-ion beams. Phys. Med. Biol. 2019, 64, 175005. [CrossRef]

33. Melo-Bernal, W.; Chernov, G.; Barboza-Flores, M.; Chernov, V. Quantification of the radiosensitization effect of high-Znanoparticles
on photon irradiated cells: Combining Monte Carlo simulations and an analytical approach to the local effect model. Phys. Med.
Biol. 2021, 66, 135007. [CrossRef]

34. Scholz, M.; Kellerer, A.M.; Kraft-Weyrather, W.; Kraft, G. Computation of cell survival in heavy ion beams for therapy. The model
and its approximation. Radiat. Environ. Biophys. 1997, 36, 59–66. [CrossRef]

35. Engels, E.; Bakr, S.; Bolst, D.; Sakata, D.; Li, N.; Lazarakis, P.; McMahon, S.J.; Ivanchenko, V.; Rosenfeld, A.B.; Incerti, S.; et al.
Advances in modelling gold nanoparticle radiosensitization using new Geant4-DNA physics models. Phys. Med. Biol. 2020,
65, 225017. [CrossRef]

36. Hara, D.; Tao, W.; Totiger, T.M.; Pourmand, A.; Dogan, N.; Ford, J.C.; Shi, J.; Pollack, A. Prostate Cancer Targeted X-Ray
Fluorescence Imaging via Gold Nanoparticles Functionalized With Prostate-Specific Membrane Antigen (PSMA). Int. J. Radiat.
Oncol. Biol. Phys. 2021, 111, 220–232. [CrossRef]

http://doi.org/10.1016/j.drudis.2006.07.005
http://doi.org/10.1039/C9SC02290B
http://doi.org/10.1021/nn102055s
http://doi.org/10.1088/0031-9155/49/18/N03
http://doi.org/10.1016/j.addr.2015.12.012
http://doi.org/10.1007/s12094-013-1003-7
http://doi.org/10.1016/j.radonc.2011.08.026
http://doi.org/10.1016/j.canlet.2014.02.005
http://doi.org/10.1016/j.nano.2011.01.014
http://doi.org/10.1016/j.ijrobp.2010.08.044
http://doi.org/10.1016/j.nano.2014.12.016
http://doi.org/10.3390/cancers10050150
http://doi.org/10.1016/j.apradiso.2021.109638
http://doi.org/10.1016/S0168-9002(03)01368-8
http://doi.org/10.1142/S1793962310000122
http://doi.org/10.1118/1.4758060
http://doi.org/10.1667/RR15226.1
http://doi.org/10.1039/C7NR01024A
http://doi.org/10.1088/1361-6560/ab314c
http://doi.org/10.1088/1361-6560/abfce4
http://doi.org/10.1007/s004110050055
http://doi.org/10.1088/1361-6560/abb7c2
http://doi.org/10.1016/j.ijrobp.2021.04.032


Pharmaceutics 2022, 14, 2205 18 of 18

37. Hedin, E.; Bäck, A.; Chakarova, R. Impact of lung density on the lung dose estimation for radiotherapy of breast cancer. Phys.
Imaging Radiat. Oncol. 2017, 3, 5–10. [CrossRef]

38. Perkins, S.T.; Cullen, D.E. ENDL Type Formats for the LLNL Evaluated Atomic Data Library, EADL, for the Evaluated Electron Data
Library, EEDL, and for the Evaluated Photon Data Library, EPDL; International Atomic Energy Agency (IAEA): Vienna, Austria, 1994;
p. 27.

39. Rabus, H.; Gargioni, E.; Li, W.B.; Nettelbeck, H.; Villagrasa, C. Determining dose enhancement factors of high-Z nanoparticles
from simulations where lateral secondary particle disequilibrium exists. Phys. Med. Biol. 2019, 64, 155016. [CrossRef]

40. Sotiropoulos, M.; Taylor, M.J.; Henthorn, N.T.; Warmenhoven, J.W.; Mackay, R.I.; Kirkby, K.J.; Merchant, M.J. Geant4 interaction
model comparison for dose deposition from gold nanoparticles under proton irradiation. Biomed. Phys. Eng. Express 2017,
3, 025025. [CrossRef]

41. Incerti, S.; Ivanchenko, A.; Karamitros, M.; Mantero, A.; Moretto, P.; Tran, H.N.; Mascialino, B.; Champion, C.; Ivanchenko, V.N.;
Bernal, M.A.; et al. Comparison of GEANT4 very low energy cross section models with experimental data in water. Med. Phys.
2010, 37, 4692–4708. [CrossRef]

42. Bernal, M.A.; Bordage, M.C.; Brown, J.M.C.; Davídková, M.; Delage, E.; El Bitar, Z.; Enger, S.A.; Francis, Z.; Guatelli, S.;
Ivanchenko, V.N.; et al. Track structure modeling in liquid water: A review of the Geant4-DNA very low energy extension of the
Geant4 Monte Carlo simulation toolkit. Phys. Med. Eur. J. Med. Phys. 2015, 31, 861–874. [CrossRef]

43. Lin, Y.; McMahon, S.J.; Paganetti, H.; Schuemann, J. Biological modeling of gold nanoparticle enhanced radiotherapy for proton
therapy. Phys. Med. Biol. 2015, 60, 4149–4168. [CrossRef]

44. McMahon, S.J.; Hyland, W.B.; Muir, M.F.; Coulter, J.A.; Jain, S.; Butterworth, K.T.; Schettino, G.; Dickson, G.R.; Hounsell, A.R.;
O’Sullivan, J.M.; et al. Biological consequences of nanoscale energy deposition near irradiated heavy atom nanoparticles. Sci. Rep.
2011, 1, 18. [CrossRef]

45. International Commission on Radiation Units and Measurements. Quantitative Concepts and Dosimetry in Radiobiology; International
Commission on Radiation Units and Measurements: Washington, DC, USA, 1979.

46. Subiel, A.; Ashmore, R.; Schettino, G. Standards and Methodologies for Characterizing Radiobiological Impact of High-Z
Nanoparticles. Theranostics 2016, 6, 1651–1671. [CrossRef]

47. Li, W.B.; Belchior, A.; Beuve, M.; Chen, Y.Z.; Di Maria, S.; Friedland, W.; Gervais, B.; Heide, B.; Hocine, N.; Ipatov, A.; et al.
Intercomparison of dose enhancement ratio and secondary electron spectra for gold nanoparticles irradiated by X-rays calculated
using multiple Monte Carlo simulation codes. Phys. Med. 2020, 69, 147–163. [CrossRef]

48. McMahon, S.J. The linear quadratic model: Usage, interpretation and challenges. Phys. Med. Biol. 2018, 64, 01TR01. [CrossRef]
49. Cho, S.H. Estimation of tumour dose enhancement due to gold nanoparticles during typical radiation treatments: A preliminary

Monte Carlo study. Phys. Med. Biol. 2005, 50, N163–N173. [CrossRef]
50. Cho, S.H.; Jones, B.L.; Krishnan, S. The dosimetric feasibility of gold nanoparticle-aided radiation therapy (GNRT) via brachyther-

apy using low-energy gamma-/x-ray sources. Phys. Med. Biol. 2009, 54, 4889–4905. [CrossRef]
51. Chithrani, D.B.; Jelveh, S.; Jalali, F.; van Prooijen, M.; Allen, C.; Bristow, R.G.; Hill, R.P.; Jaffray, D.A. Gold Nanoparticles as

Radiation Sensitizers in Cancer Therapy. Radiat. Res. 2010, 173, 719–728. [CrossRef]
52. Tsiamas, P.; Liu, B.; Cifter, F.; Ngwa, W.F.; Berbeco, R.I.; Kappas, C.; Theodorou, K.; Marcus, K.; Makrigiorgos, M.G.; Sajo, E.; et al.

Impact of beam quality on megavoltage radiotherapy treatment techniques utilizing gold nanoparticles for dose enhancement.
Phys. Med. Biol. 2013, 58, 451–464. [CrossRef]

53. Zheng, Y.; Sanche, L. Gold Nanoparticles Enhance DNA Damage Induced by Anti-cancer Drugs and Radiation. Radiat. Res. 2009,
172, 114–119. [CrossRef]

54. Kam, W.W.-Y.; Banati, R.B. Effects of ionizing radiation on mitochondria. Free. Radic. Biol. Med. 2013, 65, 607–619. [CrossRef]
55. Tartier, L.; Gilchrist, S.; Burdak-Rothkamm, S.; Folkard, M.; Prise, K.M. Cytoplasmic Irradiation Induces Mitochondrial-Dependent

53BP1 Protein Relocalization in Irradiated and Bystander Cells. Cancer Res. 2007, 67, 5872–5879. [CrossRef]
56. Kam, W.W.-Y.; McNamara, A.L.; Lake, V.; Banos, C.; Davies, J.B.; Kuncic, Z.; Banati, R.B. Predicted ionisation in mitochondria and

observed acute changes in the mitochondrial transcriptome after gamma irradiation: A Monte Carlo simulation and quantitative
PCR study. Mitochondrion 2013, 13, 736–742. [CrossRef]

57. Peukert, D.; Kempson, I.; Douglass, M.; Bezak, E. Gold nanoparticle enhanced proton therapy: A Monte Carlo simulation of the
effects of proton energy, nanoparticle size, coating material, and coating thickness on dose and radiolysis yield. Med. Phys. 2020,
47, 651–661. [CrossRef]

http://doi.org/10.1016/j.phro.2017.07.001
http://doi.org/10.1088/1361-6560/ab31d4
http://doi.org/10.1088/2057-1976/aa69cc
http://doi.org/10.1118/1.3476457
http://doi.org/10.1016/j.ejmp.2015.10.087
http://doi.org/10.1088/0031-9155/60/10/4149
http://doi.org/10.1038/srep00018
http://doi.org/10.7150/thno.15019
http://doi.org/10.1016/j.ejmp.2019.12.011
http://doi.org/10.1088/1361-6560/aaf26a
http://doi.org/10.1088/0031-9155/50/15/N01
http://doi.org/10.1088/0031-9155/54/16/004
http://doi.org/10.1667/RR1984.1
http://doi.org/10.1088/0031-9155/58/3/451
http://doi.org/10.1667/RR1689.1
http://doi.org/10.1016/j.freeradbiomed.2013.07.024
http://doi.org/10.1158/0008-5472.CAN-07-0188
http://doi.org/10.1016/j.mito.2013.02.005
http://doi.org/10.1002/mp.13923

	Introduction 
	Materials and Methods 
	In Vitro Experiment 
	Monte Carlo Simulations 
	Calculating Dose Enhancement Ratio 
	Cell Models 
	Local Effect Model 
	Sensitization Enhancement Ratio 

	Results 
	Characterization of PSMA Targeted AuNPs 
	In Vitro Clonogenic Assay 
	Characterization of Depth Effects on Energy Spectrum 
	AuNP Micro-Dosimetry 
	Monte Carlo LEM (MC-LEM) Model 

	Discussion 
	Conclusions 
	References

