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Clonogenic assay and computational modeling
using real cell images to study physical
enhancement and cellular sensitization induced by
metal nanoparticles under MV and kV X-ray
irradiation

Rodrigo Hernandez Millares,1? Chaewon Bae,° Seok-Jin Kim,® Taewan Kim,®
So-Yeon Park,%¢ Kangwon Lee (2 **f and Sung-Joon Ye () *&f9

This study was initiated due to the physically unexplainable tumor controls resulting from metal nano-
particle (MNP) experiments even under MV X-ray irradiation. A more accurate explanation of the mecha-
nism of radiosensitization induced by MNP is warranted, considering both its physical dose enhancement
and biological sensitization, as related research is lacking. Thus, we aimed to examine the intricate
dynamics involved in MNP-induced radiosensitization. We conducted specifically designed clonogenic
assays for the A549 lung cancer cell line with MNP irradiated by 6 MV and 300 kVp X-rays. Two types of
MNP were employed: one based on iron oxide, promoting ferroptosis, and the other on gold nano-
particles known for inducing a significant dose enhancement, particularly at low-energy X-rays. We intro-
duced the lethality enhancement factor (LEF) as the fraction in the cell killing attributed to biological sen-
sitization. Subsequently, Monte Carlo simulations were conducted to evaluate the radial dose profiles for
each MNP, corresponding to the physical enhancement. Finally, the local effect model was applied to the
clonogenic assay results on real cell images. The LEF and the dose enhancement in the cytoplasm were
incorporated to increase the accuracy in the average lethal events and, consequently, in the survival frac-
tion. The results reveal an increased cell killing for both of the MNP under MV and kV X-ray irradiation. In
both types of MNP, the LEF reveals a biological sensitization evident. The sensitizer enhancement ratio,
derived from the calculations, exhibited only 3% and 1% relative differences compared to the conventional
linear-quadratic model for gold and ferroptosis inducer nanoparticles, respectively. These findings indi-
cate that MNPs sensitize cells via radiation through mechanisms akin to ferroptosis inducers, not exclu-
sively relying on a physical dose enhancement. Their own contributions to survival fractions were suc-
cessfully integrated into computational modeling.
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Radiotherapy is a cornerstone of cancer therapy. Presently,
approximately 50% of cancer patients undergo radiotherapy at
some point postdiagnosis.' Despite advances in modern mod-
alities such as intensity-modulated radiotherapy, stereotactic
body radiation therapy, and proton radiotherapy, collateral
damage to adjacent normal tissues remains a primary limit-
ation.> Radiosensitizers, agents enhancing therapeutic
efficiency when combined with ionizing radiation, have gar-
nered attention in mitigating radioresistance and minimizing
damage to healthy tissues.>*

Radiosensitizers are commonly stratified into three
different classes: small molecules, macromolecules, and nano-
materials.” Small molecules and macromolecules sensitize

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0000-0001-5745-313X
http://orcid.org/0000-0001-8714-6317
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr06257k&domain=pdf&date_stamp=2024-04-01
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr06257k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016014

Open Access Article. Published on 19 March 2024. Downloaded on 2/10/2026 8:37:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

cells via signaling pathway alterations; however, they do not
possess their own physical radioenhancement properties.
Conversely, nanomaterials own excellent properties such as,
biocompatibility, ease of coating, large cross-section for low-
energy X-rays, fabrication of different sizes and shapes, and
enhanced tumor permeability, for which they can act as radio-
sensitizers and radioenhancers.”” Among several nano-
materials, high-Z nanomaterials, such as gold, silver, hafnium,
and gadolinium, had been underscored due to their outstand-
ing radioenhancing properties. However, the efficacy of such
metal nanoparticles (MNP) is intricately linked to X-ray energy,
posing as a challenge for clinical applications.® Despite theore-
tical limitations, experimental studies, particularly with gold
nanoparticles (GNP), have shown an enhanced therapeutic
efficiency even under high-energy MV X-rays.”'! In previous
reports in which GNPs and even iron oxide nanoparticles were
irradiated under 6 MV photons, an increase in the sensitizer
enhancement ratio (SER) has been observed.'” These reports
strongly indicate that MNP does not act only as radioenhan-
cers but also as radiosensitizers, although the exact mecha-
nisms remain poorly elucidated. Thus, the observed radiosen-
sitization in high-Z nanoparticles under high-energy 6 MV
prompts a closer examination of the underlying mechanisms.

In recent years, ferroptosis, known as an iron-dependent
type of regulated cell death, has been found to have a tight
link between ionizing radiation and membrane disruption fol-
lowing lipid peroxidation.'® Radiotherapy increases lipid per-
oxidation and some of the ferroptosis markers through several
pathways, indicating that ferroptosis is as vital as other types
of cell deaths.' Reports indicate that a synergistic effect can
be achieved by inducing ferroptosis, thereby diminishing radi-
ation resistance.”>"” Nevertheless, ferroptosis regulators,
including SLCA7A11, GPX4, and GSH, play a major role in pre-
venting ferroptosis subsequent to radiation exposure through
the modulation of lipid peroxide levels induced by the heigh-
tened presence of reactive oxygen species (ROS). For this
reason, ferroptosis-inducing nanoparticles have been proposed
as a novel type of radiosensitizers. Different nanoplatforms
based on iron, cobalt, gadolinium, bismuth, and gold have
already been established as effective radiosensitizers and
synergize with radiotherapy.'®>°

Computational modeling of radioenhancement has actively
been conducted to predict nanoparticle therapy outcome. To
correctly explain the increase in biological efficacy, several
models have been developed.?*>® Accordingly, the local effect
model (LEM) has been adapted for nanoparticle therapy,
based on the increased local dose depositions in the critical
targets (nucleus and mitochondria) due to the radiation inter-
action with nanoparticles.”*> However, the nanoparticle-
associated radiosensitization has not been considered.
Furthermore, computational models typically employ overly
simplified cell geometries. Hence, tailoring computational
models to encompass not only the enhanced dose deposition
resulting from MNP but also their influence on the cellular
response is imperative. MNP behavior bears resemblance to
ferroptosis inducer nanomaterials, whose radiosensitization is
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linked to an enhanced radiation lethality. Inherently, the
incorporation of radiosensitization effects into computational
models is essential, yet there is a paucity of studies addressing
this aspect.

This study aims to further investigate and analyze the
actual cellular survival influenced by two types of nano-
particles: GNPs and ferroptosis-inducing nanoparticles com-
posed of iron and FDA-approved hyaluronic acid (FHA NP). We
consider the comprehensive cellular radiosensitization arising
from the combined effects of (1) the physical dose enhance-
ment caused by the nanoparticle and (2) the biological sensit-
ization induced by the nanoparticle, which alters signaling
pathways, thereby enhancing the efficacy of radiation. Using
kv and MV X-rays, a series of clonogenic assays for human
lung cancer cells were conducted. The conventional LEM was
modified to reflect cellular response from the physical dose
enhancement and the biological radiosensitization.
Additionally, we employed real cellular images for precise cel-
lular geometries and nanoparticle distribution.

Results and discussion
Clonogenic assay

The experimental cell survival data was fitted to the linear
quadratic model (LQM), and the resulting curves for both ener-
gies (6 MV and 300 kVp) and nanoparticles (FHA NPs and
GNPs) are illustrated in Fig. 1a and b. The LQM parameters,
including a, f, SER, and a/p, are listed in Table 1.

Under 6 MV irradiation, at all tested doses (1, 3, and 6 Gy),
the survival fraction of A549 cells treated with FHA NPs and
GNPs was consistently lower than that of the control (CTRL)
group, affirming the presence of a radiosensitization effect due
to the nanoparticles. The SER showed approximately 4% and
8% increased radiosensitization compared to the control
group. The a parameter is typically associated with direct radi-
ation-induced damage, whereas the f parameter is linked to
indirect damage.?® Table 1 provides insight into how the alpha
parameter shows the most significant alteration during the 6
MV irradiation, while the beta parameter remains largely
unchanged.

Conversely, under 300 kVp irradiation, at equivalent doses,
the survival fraction of cells treated with FHA NPs displayed
outcomes comparable to those observed in the 6 MV
irradiation scenario, with a SER of approximately 7%. The
primary influence was noted in the a parameter, which can be
attributed to the heightened linear energy transfer (LET),
resulting in a more pronounced direct radiation-induced
damage. However, when GNPs were employed, the SER showed
a maximum value of 18% as expected due to the nanoparticle
radioenhancement properties. In the § parameter, the primary
impact was noticeable, which could be linked to the substan-
tial increase in dose deposition within the cytoplasmic region
leading to a significant increase in indirect radiation damage.

Nanoscale, 2024, 16, 7110-7122 | 71M
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Fig. 1 Cell survival curves for A549 cells following treatment with no nanoparticle (i.e., CTRL), FHA NPs, and GNPs under two distinct radiation con-
ditions: (a) 6 MV X-ray irradiation and (b) 300 kVp X-ray irradiation. The solid symbols reflect the clonogenic assay data, while the lines depict the

LQM fitting results.

Table 1 LQM parameters and SER obtained for both X-ray energies and
both nanoparticle varieties

X-ray energy Nanoparticle a p alp SER

6 MV Control 0.013 0.016 0.813 —
FHA NP 0.043 0.012 3.349 1.048
GNP 0.063 0.011 5.672 1.089

300 kvp Control 0.067 0.011 6.152 —
FHA NP 0.090 0.012 6.969 1.078
GNP 0.070 0.029 2.36 1.183

Optical diffraction tomography (ODT) images and cellular
uptake

ODT images were obtained for the A549 cancer cell line. In
Fig. 2a, the mean intensity pixel (MPI) displays refractive index
(RI) images of the A549 individual cell. The RI from the A549
cell line ranged between 1.34 and 1.37. The scale bar in the
image corresponds to the cellular RI and aligns with prior
findings related to cellular ODT. Fig. 2b reveals the fluorescent
MPI of the cell. The blue color represents the nucleus, which
has been stained with 4',6-diamidino-2-phenylindole (DAPI),
while the red color corresponds to the mitochondria, stained
with MitoTracker.

The cellular membrane and nucleus segmentation was con-
ducted through manual delineation, with ODT and fluo-
rescence image guidance, as illustrated in Fig. 2c and d. The
methodology procedure was replicated across eight distinct
cells. Quantification of cellular uptake of nanoparticles was
analyzed using inductively coupled plasma atomic emission
spectroscopy (ICP-AES). Table 2 shows the intracellular concen-
tration of the nanoparticle element (Fe or Au) within the
sample (ug mL™"), as well as the calculated quantity of intra-
cellular nanoparticles. The differences in the intracellular
nanoparticle content can be attributed to a combination of
factors. First, the culturing medium variations play a crucial
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role, where FHA NPs were exposed to a concentration 10-fold
higher than that of GNPs, leading to a significant difference in
intracellular uptake. Moreover, the distinct coating on FHA
NPs renders them more easily captured by cancer cells, further
influencing the amount of nanoparticles within the cells.
Furthermore, variations in the atomic composition of the
nanoparticles contribute to these differences. The calculated
average number of intracellular nanoparticles was 12 811 for
FHA NPs and 1886 for GNPs, respectively.

Monte Carlo simulations and radial dose distributions

Fig. 3a and c present the energy spectra for 6 MV X-rays and
300 kVp X-rays employed in the Monte Carlo simulations. The
depth dose profiles (DDP) resulting from each of these energy
sources are presented in Fig. 3b and d.

Table 3 presents the recorded number of histories at each
phase space file (PHSP). This table delineates the number of
histories subsequently utilized as a beam source. Furthermore,
it provides the calculated number of particles “N;g,” required
to deliver 1 Gy in a water phantom for each studied energy.

Fig. 4a depicts the radial dose profiles originating from the
surface of each nanoparticle under different irradiations. Both
simulated nanoparticles deposit a substantial dose, reaching
up to approximately 100 Gy, within the immediate vicinity of
the nanoparticle surface.

The uncertainties associated with the Monte Carlo radial
doses were found to be <1% within the first um and <2% for
subsequent scoring shells extending up to 10 pm for both type
of energies and nanoparticles. The radial dose profile aligns
with previously reported radial dose profiles of GNPs.>*?
Beyond this region, the dose contribution from secondary elec-
trons generated by ionizing events within the nanoparticle
volume experiences a rapid decline over the next nanometers.
It is noteworthy that the radial dose distribution resulting
from the 300 kVp irradiation extends over a longer range than
the one induced by 6 MV irradiation, reaching beyond 100 nm.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 A single A549 cancer cell-line image: (a) inverse grayscale ODT image (b) fluorescence image following staining with DAPI and MitoTracker,
utilized for the accurate identification of the nucleus’s geometry. (c) Manual segmentation of the cellular membrane. (d) Manual segmentation of the

nucleus.

Table 2

ICP-AES results. The intracellular content of either iron (Fe) or gold (Au) elements was determined using ICP-AES analysis. Subsequently,

this data was utilized to calculate the mean quantity of nanoparticles present within a single cell

Diameter Nanoparticle concentration in Average number of nanoparticles
Nanoparticle (nm) culturing medium (ug mL™") ICP-AES (pg mL ™) in a cell
GNP 100 20 7.34 1886
FHA NP 100 200 47.9 12 811

This highlights the significance of the nanoparticle’s precise
localization relative to the cellular nucleus. In the case of the
300 kvp irradiation, regardless of the type of nanoparticle
material, the dose deposition is likely to have a more substan-
tial influence throughout the cellular volume. In fact, the dose
distribution patterns produced by both the FHA NP and the
GNP in their radial dose profiles reveal a close resemblance;
therefore, the interaction probability is a key factor when esti-
mating dose deposition from each individual particle. Table 4
provides the interaction probabilities per delivered Gy for the
FHA NPs and GNPs when exposed to 6 MV and 300 kVp X-rays.
It is noticeable that, for the 6 MV X-rays, the interaction prob-
ability yields a very low value, in line with expectations due to
the lower cross section. Conversely, in the case of the 300 kvp
irradiation, the interaction probability increases, particularly
for GNPs.

This journal is © The Royal Society of Chemistry 2024

Fig. 4b depicts the dose enhancement factor (DEF) as a
function of the range of the nanoparticle surface. Consistent
with theoretical calculations, the highest DEF is observed in
the case of GNPs irradiated under 300 kVp where the dose
enhancement was up to ~9-fold in the first nm. Notably, for
FHA NPs irradiated under 300 kVp or 6 MV and GNPs irra-
diated under 6 MV, the DEF yields an enhancement of approxi-
mately 10%. This finding underscores the significant influence
of nanoparticle quantity on the overall enhancement effect.

Lethality enhancement factor (LEF)

The LEF calculation was based on the presumption that an
increased number of lethal events would occur due to the sig-
naling pathway alterations (diminished repair kinetics or inac-
tivation of defense system pathways) influenced by the pres-

ence of nanoparticles within the cellular volume.

Nanoscale, 2024, 16, 7110-7122 | 7113
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Fig. 3 Energy spectra used for the Monte Carlo simulations and depth
dose profile (DDP): (a) 6 MV X-ray energy spectrum. (b) 6 MV DDP in a
water phantom. (c) 300 kVp X-ray energy spectrum. (d) 300 kVp DDP in
a water phantom.

Table 3 Number of histories used in Monte Carlo simulations. The
apostrophe marked beside the phase space file (PHSP) number denotes
the number of histories used as a beam source. Ny is the number of
particles required to deliver 1 Gy in a water phantom

6 MV 300 kvp
Beam energy

3.99 x 10" 418 x 10"
Nigy (particles)
Nanoparticle FHA NP GNP FHA NP GNP
PHSP1' beam source 1x10° 1x10° 1x10’ 1 %107
PHSP2 scored histories 116 309 116 309 1378426 1378426
PHSP2' beam source 1x107 1x107 1x107 1x107
PHSP3 scored histories 366 1720 284 7784
PHSP3' beam source 5x10° 5x10°  5x10° 5 x 10°

Consequently, the experimental results from the 6 MV clono-
genic assay were employed as the reference parameter to
compute the LEF for the 300 kVp irradiation. Fig. 5 illustrates
the LEF values for FHA NPs and GNPs irradiated using the 300
kvp and 6 MV X-rays. A significant increase in the average
lethal events by the LEF can be observed. The lethality demon-
strates a heightened impact, reaching up to three- to fourfold
in the case of the 6 MV exposure for both nanoparticles. As the
dose escalates, the lethality tends to decay, approaching unity
for both GNPs and FHA NPs, albeit with a more pronounced
enhancement observed with GNPs. In the case of the 300 kvp
exposure, a similar trend is noted; however, the LEF is consist-
ently lower across all doses and for both studied nanoparticles
which can be attributed to the higher LET from the 300 kvp
beam. The findings imply that the presence of nanoparticles
remarkably influences the biological sensitivity at lower doses,
while the impact diminishes as the dose increases. The
observed outcomes underscore the biological implications of
both nanoparticles. As previously noted, FHA NPs act as fer-
roptosis inducers, depleting GSH and elevating ROS levels,

714 | Nanoscale, 2024, 16, 7110-7122
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Fig. 4 (a) Radial dose profiles and (b) dose enhancement factor from
the immediate surface of FHA NP and GNP irradiated by 6 MV and 300
kVp X-rays.

Table 4 Interaction probabilities per delivered Gy for FHA NP and GNP

Energy FHA NP GNP

6 MV 0.0004 0.0019
300 kvp 0.0040 0.1121

functioning more as radiosensitizers than radioenhancers, as
also indicated by the interaction probability. The increase in
lethal events can be mainly attributed to biological factors. A
comparable pattern is noted with GNPs; while predominantly
studied for their radioenhancement properties, the results
emphasize that sensitization in the presence of GNPs may
share a similar mechanism to ferroptosis inducers.

Modified LEM

Within the framework of the nanoparticle-LEM, -cellular
images obtained via ODT imaging served as input data. To
emulate a realistic scenario, the 100 nm diameter nano-
particles were randomly dispersed throughout the cell cyto-

This journal is © The Royal Society of Chemistry 2024
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plasm, as their size precludes entry into the cell nucleus.?”
Fig. 6 illustrates the intracellular dose distribution for a 1 Gy
delivered dose. Notably, at higher photon energies (6 MV), the
dose enhancement is minimal regardless of the nanoparticle
type (Fig. 6a and b). Under 300 kVp irradiation, a minimal
increase in dose deposition for FHA NPs was observed due to
its higher cross section compared to 6 MV (Fig. 6c).
Conversely, for 300 kVp GNPs, a substantially elevated dose
deposition is noted in local points proximal to the nano-
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particle placement (Fig. 6d). Despite the presence of high local
dose peaks (nanometers away from the nanoparticle surface),
only a small fraction manages to reach the cellular nucleus.
The nucleus, as the critical target in the LEM, exhibits
minimal influence from the increased nanoparticle-induced
dose across all nanoparticle types.

The resultant survival curves of the LEM and LEM-LEF are
presented in Fig. 7. The solid black line represents the LQM
for the CTRL scenario, while a red line depicts the outcome
when the LEM is employed without any additional modifi-
cations. Notably, for all nanoparticle cases, the LEM closely
aligns with the CTRL case due to the minimal increase in dose
deposition within the nucleus. A subtle deviation in the survi-
val curve is only observed in the scenario of GNPs under 300
kvp, highlighting the significance of local doses in the
nucleus for this case. The green solid line portrays the LEM
after the incorporation of the previously calculated LEF. In the
case of 6 MV, the curve aligns, as expected, since the LEF was
derived using 6 MV as a reference (Fig. 7a and b). However, in
the case of 300 kVp, the curves for FHA NPs and GNPs (Fig. 7c
and d) draw closer to the experimental values. Finally, the
inclusion of the dose in the cytoplasm (solid blue line) results
in further assimilation of the curve to the experimental out-
comes. These findings underscore the significance of nano-
particle-associated radiosensitivity, as the LEM alone fails to
adequately explain the experimental results. Moreover, the
results indicate that although the nucleus is the primary target

GNP 6 MV

o
(Ro) esoq

(Ro) esoq

N A O

d) GNP 300 kVp 16
14
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8

Fig. 6 Computed intracellular dose distribution in the A549 cell-line for a prescribed dose of 1 Gy, showcasing (a) FHA NPs and (b) GNPs under 6

MV and (c) FHA NPs and (d) GNPs under 300 kVp irradiation.
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survival fraction.

for radiation damage, doses in the cytoplasm pose a major
impact as they can lead to lethal effects through alternative
pathways, such as lipid peroxidation.

Table 5 illustrates the percentage increase in cell killing
relative to the control LQM for various processes investigated
in this study. The term “LEM” denotes the augmented cell
killing resulting from elevated doses in the cellular nucleus
due to radiation emitted by the nanoparticle. Meanwhile,
“LEF” signifies the heightened cell killing attributed to altered
signaling pathways induced by nanoparticle presence, thereby
enhancing radiation efficacy. Lastly, “Dose in the Cytoplasm”
represents the increased cell killing resulting from dose
enhancement occurring within the cytoplasm. It is evident
that, across both types of nanoparticles and irradiation ener-
gies, the contribution from additional physical dose in the

Table 5 Percentage increase in cell killing relative to the control LQM

critical target (nucleus) is minimal. This is attributed to the
limited range of secondary particles, resulting in negligible
additional dose deposition in the nucleus. Conversely, the LEF
exhibits a significant contribution in all cases, suggesting its
potential to surpass the enhanced radiation effects in the
nucleus, particularly in scenarios involving large nanoparticles
that cannot penetrate the nucleus membrane.

Furthermore, the dose in the cytoplasm exerts a notable
impact only in the case of GNPs irradiated under 300 kVp.
This specific scenario demonstrates markedly high dose levels
in the cytoplasm, indicative of its potential to exert a signifi-
cant influence on cellular killing.

Table 6 shows the SER values derived from the application
of the LQM to experimental data. Furthermore, it includes the
SER values obtained via the LEM with the incorporated LEF

6 MV 300 kvp
FHA NP (%) GNP (%) FHA NP (%) GNP (%)
Dose (Gy) LEM LEF Dosecytoplasm LEM LEF  Dose cytoplasm LEM LEF Dose cytoplasm LEM LEF Dose cytoplasm
1 0.00 2.56 0.06 0.00 4.29 0.05 0.05 2.58 0.10 0.28 4.43 0.81
3 0.01 5.50 0.81 0.00 9.28 0.60 0.24 553 1.24 1.29 9.53 8.03
6 0.02 551 4.67 0.02 10.65 3.20 0.72  5.52 6.07 3.77 10.71 28.06
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Table 6 SER obtained from the LQM and the computed LEF survival
curves

SER Relative
X-ray Computational (arb. difference
energy Nanoparticle model units) (%)
6 MV FHA NP LQM 1.048 0.90
LEM_LEF 1.057
GNP LOM 1.089 0.04
LEM_LEF 1.090
300 kvp FHA NP LOM 1.078 1.16
LEM_LEF 1.066
GNP LOM 1.183 3.21
LEM_LEF 1.221

and macroscopic dose in the cytoplasm, encompassing both
energy modalities examined (6 MV and 300 kvp) and both
nanoparticles (FHA NPs and GNPs). The SER values for the 6
MV align closely with the LQM model predictions, showing no
significant impact from the increase in cytoplasmic dose. In
the case of 300 kVp, the SER closely corresponds to the experi-
mental conditions, with a maximum relative difference of
3.2%.

Experimental

Nanoparticles

FHA NPs with a mean diameter of 105 + 2 nm are Fe;O,-based
nanoparticles coated with hyaluronic acid. A detailed expla-
nation related to the preparation process and FHA NP charac-
terization may be found elsewhere.*®* GNPs with a mean dia-
meter of 106 + 8 nm were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Cell culture and nanoparticle exposure

Human lung carcinoma (A549) cells were purchased from the
Cell Line Bank (Seoul, Korea) and cultured in RPMI 1640 con-
taining 1% penicillin/streptomycin and 10% fetal bovine
serum. Prior to irradiation, nanoparticles were dispersed in
the culture medium at concentrations of 200 pg mL™" and
20 pg mL~" for FHA NPs and GNPs, respectively. The concen-
tration of FHA NPs was chosen according to our earlier papers
on FHA nanoparticles, while the concentration of GNPs was
chosen from the literature regarding GNP uptake.'”?8*!
Thereafter, cells were kept in an incubator for 12 h for cellular
uptake.

Cell irradiation

Using a linear accelerator (model TrueBeam STx, Varian
Medical Systems, Palo Alto, CA), high-energy X-ray (6 MV)
irradiation was performed. The irradiation adhered to the pro-
cedures outlined by the AAPM TG-51 protocol for absorbed
dose calibration.*” A 3 cm solid water phantom was positioned
beneath the 6-well cell culture plate to account for backscatter,
while custom-manufactured acrylic holders were strategically
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placed on all sides of the cell plate for lateral scattering.
Moreover, a 5 cm solid water phantom was positioned atop the
cell plate to address radiation build-up. The source-to-surface
distance (SSD) was set at 100 cm, placing the isocenter at the
dish’s position with a field size of 20 x 20 cm and a dose rate
of 600 MU min~" (Fig. 8a). For low-energy photon (300 kvp)
irradiation, an X-RAD 320 (Precision X-ray Inc., North
Branford, CT) was employed. The irradiation was conducted
according to the in-air method procedure established by the
AAPM TG-61 protocol for radiotherapy and radiobiology.*
Low-energy X-ray irradiation utilized a 20 x 20 field size with a
50 cm SSD, a 2 mm aluminum filter, and a dose rate of
47 mGy s (Fig. 8b). The cells, preincubated with FHA NPs
and GNPs, underwent irradiation with doses of 1, 3, and 6 Gy
for both 6 MV and 300 kVp X-rays.

Clonogenic assay

A549 cells were seeded in a 6-well plate, treated with FHA NPs
and GNPs, respectively, and then irradiated with X-rays. Cells
from the control group and those treated with FHA NPs and
GNPs were subjected to a 2-week incubation period after
irradiation. Subsequently, the colonies were fixed using a fix-
ation solution (4% paraformaldehyde for 30 min) and sub-
sequently stained with 0.05% crystal violet. The survival frac-
tion for the control, FHA NP, and GNP group was calculated by
counting the colony formation relative to non-irradiated
cells.** The survival fractions were fitted to the LQM SF(D) =
e~@PP") (where D = dose delivered to the cells, a and f =
fitting parameters). The SER was determined by calculating
the ratio of the area under the survival curve for the control
group and that for the group treated with nanoparticles up to
6 Gy.

Cellular uptake quantification

Cell culture was performed under previously specified con-
ditions mentioned above. The amount of intracellular iron and
gold by FHA NPs and GNPs was quantified using ICP-AES
(Optima 8300; PerkinElmer, USA). The average nanoparticle
number was determined using the method described earlier
for GNPs.*?

oDT

ODT images of the A549 cancer cell control group were
acquired using Tomocube (Ht-1H; Tomocube Inc., Daejeon,
Korea). DAPI staining was used to accurately localize the
nucleus, and mitochondria were stained using MitoTracker
Deep Red FM. Thereafter, the MPI images were exported to an
in-house algorithm created in MATLAB® version 2022a
(MathWorks® Inc., Natick, MA) for manual segmentation of
the membrane and the nucleus. The cell membrane and
nucleus segmentation were used as input parameters for the
LEM. A total of eight ODT cellular images (n = 8) were used for
later calculations.
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Fig. 8 X-ray irradiation setup (not scaled). (a) Setup for 6 MV irradiation. The 6-cell well plate was positioned between a 5 cm-thick solid water
phantom and a 3 cm-thick solid water phantom, with acrylic solid materials placed on the sides of the cell plate. The source-to-surface distance
(SSD) was set to 100 cm, with a field size of 20 x 20 cm?. (b) Setup for 300 kVp irradiation. The 6-cell well plate was placed above a 5 cm-thick solid

water phantom. The SSD was set to 50 cm, with a field size of 20 x 20 cm?.

Monte Carlo simulations

Monte Carlo simulations were performed for the FHA NP and
GNP radial dose distribution as previously reported else-
where.>” The simulations were performed using TOPAS 3.8.1,
built on GEANT4 10.07.p03.*>*” Monte Carlo simulations
employing discrete models can provide a valuable single-event
electron transport, allowing precise tracking of electrons down
to the nanoscale, thus rendering them highly desirable for
such applications.**>® However, as of now, TOPAS supports
discrete models for liquid water only.>* Consequently, we
chose to utilize the condensed history models, specifically the
PENELOPE model, for simulating gold and iron oxide.
PENELOPE has been well-regarded for its accuracy in nanodo-
simetry, particularly at low energies, thus offering a reliable
alternative to our study.”> Moreover, we employed track-struc-
ture simulations for scoring dose deposition in liquid water
with the Geant4-DNA model. FHA NP was simulated as a Fe;0,
material nanoparticle without considering any surface coating.
For the 6 MV beam, the initial beam source utilized a PHSP
obtained from the IAEA website, corresponding to the Varian
TrueBeam. The 300 kVp beam source was acquired from the
SpekCalc software.>® The Monte Carlo simulation comprised
four sequential steps. Initially, the simulation followed the pre-
viously described irradiation setup. Consequently, a 50 mm
PHSP1 was recorded at distances of 5 cm or 1 cm away from
the cell plate dish for the 6 MV and 300 kVp beams, respect-
ively. Following this, PHSP1 served as a beam source, and a
10 mm-radius PHSP2 was positioned at the cell plate location
to consider scattering through water. Furthermore, the
recorded PHSP2 was rescaled to a 100 nm diameter and
employed as a beam source incident directly on the FHA NP or

718 | Nanoscale, 2024,16, 7110-7122

GNP. A third PHSP3, placed at the nanoparticle surface,
recorded the secondary electrons escaping from the nano-
particle volume. In the final simulation, PHSP3 was used as a
beam source in a 2.5 x 2.5 x 2.5 pm® water phantom. The
radial dose per ionization event was scored using spherical
shells with thicknesses ranging from 1 to 100 nm, 10 nm to
1 pm, and 100 nm to 10 pm. Penelope physics were employed
throughout all simulations, except for dose scoring in water,
where Geant4-DNA physics were used to score radial dose
distributions.”” ®® Electron tracking was conducted down to
100 eV, and the production threshold was set to 1 nm. In all
simulations, fluorescence, Auger electron emission, and Auger
cascades were activated. Fig. 9 shows the diagram of the geo-
metries used at each step of the Monte Carlo simulations. The
simulations were conducted for individual nanoparticles, with
subsequent extrapolation to the total nanoparticle population
within the cell. However, potential clustering effects were not
accounted for.

The interaction probability per Gy for the FHA NP and the
GNP was calculated as follows:

PHSP2 y PHSP3 « Anp
PHSP1' PHSP2' Apysps

LP.perGy = X Nigy (1)
where “PHSP” corresponds to the number of histories used in
each step of the simulation and N,g, corresponds to the
number of particles required to deposit 1 Gy in a 2.5 cm-
radius water phantom (corresponding to the particles reached
and scored in the phantom surface). Moreover, “Axp” denotes
the surface area of the nanoparticle, and “Apygp,” represents
the area of the PHSP2 to accommodate the dimensional tran-
sition to the nanometre scale.
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Fig. 9 Schematic diagram of the Monte Carlo simulation (not scaled).
The simulation was partitioned into four sequential steps. The numerical
identifier in the top-left corner denotes each simulation segment. The
apostrophe next to each “PHSP” indicates its utilization as the beam
source.

The DEF was computed by dividing the additional dose de-
posited by a single nanoparticle by the dose when no nano-
particle was present, under the assumption of a homogeneous
dose distribution of 1 Gy, as follows:

Dose(r x LLP.for1Gy +1G
DEF — ( )Np,le y y
1Gy

(2)

LEF

The presence of nanoparticles within the cell, referred to as
radiosensitization, was considered as a factor that enhances
lethality, denoted as the LEF. Using the LQM parameters « and
S, the mean number of lethal events “N” for various incident
energies is described as follows:

N = aD + D% (3)

In this research, we assumed that the 6 MV X-rays would
induce an almost negligible physical enhancement, as indi-
cated by theoretical predictions.>'*?*®" Consequently, we
attributed the observed rise in cell lethality exclusively to modi-
fications in signaling pathways secondary to the presence of
FHA NPs and GNPs. We calculated the LEF using the LQM
based on data from the 6 MV clonogenic assays with and
without FHA NPs and GNPs to quantify the enhancement in
the number of lethal events. The increase in cell killing as a
function of dose for 6 MV X-rays, associated with the presence
of nanoparticles, was computed as follows:
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SF(D)G MV,CTRL SF(D)GMV,NP
SF(D)6MV‘CTRL

The increase in cell death from the 6 MV was incorporated
into the LQM analysis for the control group exposed to a
specific energy E (6 MV and 300 kVp X-rays for this study) as
in:

Ratio of SF by MNPg vy =

(4)

SF(D)crre, &
1 + ratio of SF by MNPy

(5)

SF(D)E,NP =

Consequently, the mean lethal occurrences for the £ under
investigation in the presence of nanoparticles can be deter-
mined as follows:

Nexp(D) = In (SF(D)E‘NP) . (6)

Ultimately, the LEF under E irradiation in the presence of
nanoparticles can be computed according to the following:

Ngxe(D) — NgctrL (D)

LEF(D)pyp =1+ p—
E,CTRL

7)

Finally, the following equation outlines how the expected
survival curve for cells exposed to E = 300 kVp X-rays in the
presence of MNP can be obtained by multiplying the average
lethal events noted in the control group by the calculated LEF,
excluding the NP radioenhancement as follows:

SF(D)E,NP = eiN(D)Iz‘.C'I‘RL XLEF(D)E,NP . (8)

Modification of the LEM

The LEM computes the biological impacts of the charged par-
ticle radiation by considering their unique microscopic energy
deposition patterns in the cell nucleus, which contrast with
those of photon radiation.?””*® Cell survival was determined
through the utilization of the GNP-LEM, as previously detailed
elsewhere.*®* Previously segmented ODT cellular images were
utilized for the random dispersion of FHA NPs and GNPs
within the intracellular cytoplasm. The number of particles for
each nanoparticle case was previously calculated using
ICP-AES. The LEM delineates the concept of lethal events,
denoted as “lethal events (N)” as a function of the radiation
dose (D). For this study, the overall macroscopic survival rate
in the presence of FHA NPs and GNPs can be expressed in
terms of the average lethal events occurring in the nucleus
multiplied by the previously calculated LEF as previously
described in eqn (8).

The intracellular (nucleus and cytoplasm) spatial distri-
bution of the dose can be characterized as the sum of two
components: the uniformly delivered dose and the supplemen-
tary dose arising from interactions with FHA NPs and GNPs.
This supplementary dose is calculated by adding up the nano-
particle’s radial dose multiplied by the interaction probability
for each delivered dose. The lethal events in the nucleus for
each local dose were calculated as follows:
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_ ln(e—(aDHfDZ)) (D < Dy)
N(D) = { _ln(e_(an+ﬁDx2+Smax(D_Dt)>) (D > Dt) (9)

where “Syax” refers to the maximum slope (Spax = a + fDy), and
“D¢” denotes the threshold dose which was set to 20 Gy.>°

To obtain the survival fraction in the function of the dose,
the mean lethal events within the cell nucleus, determined via
the LEM, were multiplied by the previously derived LEF.

Ultimately, due to the potential for increased lethal events
in the cytoplasmic region resulting from dose increments,
which might not be linked to direct or indirect DNA damage
but rather to lipid peroxidation (as in ferroptosis) caused by
ROS generation, we introduced a fraction of the lethal events
that would be increased by the macroscopic dose enhance-
ment within the cytoplasmic area, resulting from the depo-
sition of nanoparticle dose in the cytoplasm as in:

T De,NP—De delivere
<7N(D)NP'LEM (D)x (1+ C'I\’P"E.(:Tdml_ d)) XLEF(D) np
SNp (D)E.NP =e PECTRL (10)

D
where 1 +W is the relative biological efficacy, as previously
a

described for the biological effective dose, and D, is the macro-
scopic dose in the cytoplasm, where D.np denotes the cyto-
plasmic dose in the presence of nanoparticles, and D gelivered
represents the cytoplasmic dose in the absence of
nanoparticles.®>

Conclusions

We explored the intricate dynamics of nanoparticle-induced
radiosensitization by conducting specially designed clonogenic
assays and employing real cell images. The study considered
the impact of two different types of nanoparticles, namely FHA
NPs and GNPs, under 6 MV and 300 kVp X-rays. Experimental
findings, as illustrated in the clonogenic assay results and sur-
vival curves, underscored the nuanced effects of nanoparticle-
induced radiosensitivity. Moreover, the physical dose enhance-
ment contributions and the biological sensitization by MNP
were separated as their own factors in a new computational
survival model. The new computational model on real cell
images, LEM incorporating the LEF, was developed to examine
the intricate interplay between nanoparticle characteristics,
radiation modalities, and cellular response. Notably, the
results emphasized the significance of accounting for nano-
particle-induced radiosensitivity, as observed in the pro-
nounced impact on survival curves. The study limitation is its
reliance on the clonogenic assay and the LQM parameters of
the cell line used for both 6 MV scenarios with and without
nanoparticles, serving as input for the LEF calculation. Thus,
additional investigations are warranted to understand the
dependence of the LEF on cell lines, X-ray energies (over 6
MV), and intracellular concentrations of MNP. Due to these,
the model may display significant sensitivity to variations in
the LQM parameters. However, this study provided valuable
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insight into the advent of nanoparticle-enhanced radiotherapy,
emphasizing the necessity of tailored computational models to
capture the intricacies of cellular responses to nanoparticle
induced-biosensitization and dose enhancement.
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