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Combining therapy and radiosensitizer depicted a promising future for cancer patients. This study evaluating on
the radiosensitization effects of gold nanoparticles (AuNPs) for proton beam therapy using different radiobio-
logical cell survival models. Human colon carcinoma cell lines (HCT 116) were used with 1.9 nm AuNPs and
irradiated by different doses of a 150 MeV proton beam within the Spread-out Bragg Peak (SOBP) region.
Clonogenic assay were used to obtain cell survival data which then be fitted to Linear Quadratic (LQ), Multi-
target (MT), Repairable Conditionally Repairable (RCR), Pade’ Linear Quadratic (PLQ), Kavanagh-Newman
(KN), and Two Components (2C). The cellular uptake, localization, cytotoxicity and ROS measurement study
were also conducted. The results show internalization of AuNPs manifested with the increase granulation of cells
presented by side scattering (SSC) result of 7.3% compared to control. AuNPs were seen localized in the cyto-
plasm, yet no traces in nucleus area. Evaluation on the radiosensitization effects depicted sensitization
enhancement ratio (SER) of 3.78 with LQ model, while other models also indicate similar increment of SER but
less goodness of fit with the experimental data. The percentage of reactive oxygen species (ROS) induced by
AuNPs are found to be around 234% which is double compared to control. In conclusion, the cell survival
analysis with different radiobiological models shows radiosensitization effects by AuNPs when irradiated with
proton beam. The evidence is also supported by the ROS data and the analysis of the model’s parameter that
could also be used to predict and quantify radiosensitization effects.

1. Introduction

Highly radio resistant tumours required accurate targeting and
intense radiation dose to ensure effective treatment. Advanced modality
such as proton beam therapy seems promising as proton relative bio-
logical effectiveness (RBE) is superior to photon therapy. Proton beam
can yield free radicals within the Bragg peak area, giving off a sharp and
high dose at particular depth (Belousov et al., 2020). Proton beam also
produces dense ionization with high LET secondary particles localized at

the tumor region, providing highly conformal dose distribution. The
unique characteristic of a high-energy proton beam is that it delivers a
superior optimal target precision and dose distribution compared to
conventional photon beam radiotherapy (Durante & Flanz, 2019) Many
clinical observations find that the proton beam therapy alone might be
sufficient to treat tumours with very minimal dose to non-targeted
normal tissues (Imaoka et al., 2019). Undeniably, new strategies are
necessary to pursue better therapeutic efficiency.

Gold nanoparticles (AuNPs) have been widely investigated with
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different modalities in radiotherapy. AuNPs have been proven to be an
excellent radiosensitizer due to their high atomic number (Z), stable,
generally inert, biocompatible and effective to reduce stenosis hemo-
dynamic which is important characteristic as a drug in nanomedicine
(Ali & Das, 2024; Kang et al., 2020; Waqas et al., 2023). An investigation
combining 55 nm AuNPs with y-ray from Cs-137 source showed exces-
sive reactive oxygen species production with additional disruption of
cytoskeletons and dysfunction of mitochondria when tested using laser
scanning confocal microscopy (LSCM) (Tsai et al., 2022). Combination
of PSMA-1-targeted Aups nanoclusters with X-ray therapy are found to
be effectively enhanced radiosensitization while having fast renal
elimination that might simultaneously reduce the off-target effects and
elemental toxicity (Luo et al., 2019). Various sizes and concentrations of
AuNPs also could impact the image contrast quality (Harun et al., 2019).
Other prospective radiosensitizers could include plant extracts (Sisin
et al., 2021; Rahman et al., 2019) and other metallic nanoparticle such
as bismuth oxide nanoparticles (Zainudin et al., 2020).

Several attempts have been documented on proton beam application
with nanoparticles. The hypotheses of proton irradiation combined with
nanoparticles (monometallic, bimetallic or trimetallic) gave higher
cancer cell death than irradiation alone. In addition, studies generally
showed that this combination treatment is selective for cancer cells and
non-invasive to neighbouring normal cells (Klebowski et al., 2022).
Previously, our team reported platinum and bismuth oxide nano-
particles as radiosensitizers irradiated with proton therapy, which
showed the ability to influence reactive oxygen species (ROS) and cell
deaths (Sisin, Rashid, et al., 2022; Anuar et al., 2021; Rashid et al.,
2019). Besides proton therapy, bismuth oxide nanoparticles also had
potential as radiosensitizers under photon beams, electron beams, and
brachytherapy (Sisin et al., 2019, 2020; Zainudin et al., 2022). Dosi-
metric characterization of iron oxide nanoparticles and AuNPs with
proton beam were evaluated and proven as prospective radiosensitizers
(Sisin, Rashid, et al., 2022). The production of ROS aligned with the
degree of radiosensitivity, with bismuth oxide nanoparticles showing
the highest ROS levels, followed by platinum, AuNPs, and iron oxide
nanoparticles (Anuar & Rahman, 2021). These nanoparticles could in-
crease the radiation delivered in clinical proton beam settings (Rashid
etal., 2019; Sisin, Rashid, et al., 2022). DNA dosimetry of the cancer cell
in the presence of AuNPs irradiated by proton beams are found to give
off high intensity of dose to cancerous cell at Bragg-peak area (Huynh &
Chow, 2021). Evidence supported also by Belousov study that depicted
the combination of AuNPs and proton may produce 5-fold increase in
the dose at the edge of bragg-peak curve (Belousov et al., 2020). How-
ever, the enhancement’s dependency remains unclear, where some
study claimed that the actual behaviour may correlate to chemical and
biological interactions (Klebowski et al., 2022; Shmatov, 2015; Cun-
ningham et al., 2021).

Although several research have been done on proton beam therapy
and AuNPs, the interaction mechanisms of dose enhancement or radi-
osensitization effects remain inconclusive. Many researches had applied
standard Linear Quadratic model in various study translating dose
conversion to clinical expectation, yet they also make comparison with
other new and applicable models for more accuracy and verification, as
the LQ model incapable to fit at high doses setting (Andisheh et al.,
2013; Iwata et al., 2013; Brahme 2011; Ning et al., 1997). Moreover, a
limited number of in vitro or in vivo studies manifest their outcome
through radiobiological modelling comparison (Kempson, 2021;
Andishsh et al., 2013; Lasalvia et al., 2019; Rashid, 2021). While un-
derstanding the underlying mechanisms is crucial, radiobiological
modelling will provide a valuable reference for future clinical applica-
tion development. The radiobiological models are use against the
experimental data to emphasize the predicted mechanism that might
happen at low and high doses responses. Meanwhile, Andisheh et al. had
proven the beneficial of radiobiological modelling interpretation to-
wards clinical application of the uncertainties in stereotactic high-dose
radiotherapy at medium and low doses (Andisheh et al., 2013).
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Furthermore, a study have been conducted by comparing between LQ
model and PLQ models on different dose fraction planning for malignant
tumours radiotherapy treatment, for better cost-benefits and survival
time outcomes (Lopes, 2022). Nevertheless, non-universally applicable
model is still not found. Therefore for this study, those models are uti-
lised to analyze the cell survival behaviour and to assess the validity of
radiobiological models approach towards clinical setting on mechanism
and technical interpretation at low and high doses outcome for combi-
nation treatment of proton beam with AuNPs.

In this paper, cell survival analysis of the radiosensitization effects by
AuNPs under clinical proton beam irradiation is conducted. Several
radiobiological models were employed against the cell survival experi-
mental data which are; Linear Quadratic (LQ) as standard, Multi Target
(MT), Repairable Conditionally Repairable (RCR), Pade’s Linear
Quadratic (PLQ), Kavanagh and Newman (KN), and Two-component
(2C) models. This work also reported the cellular AuNPs uptake, local-
ization, cytotoxicity, and reactive oxygen species (ROS) production
AuNPs in combination with proton beam therapy.

2. Materials and methods
2.1. AuNPs preparation

The spherical shaped gold nanoparticles of 1.9 nm diameter were
purchased from Nanoprobes Inc. (AuroVist® gold nanoparticle X-ray
contrast agent; Yaphank, NY, USA). The gold nanoparticle was prepared
by dissolving in Phosphate Buffered Saline (PBS) (Gibco, Life Technol-
ogies, CA, USA). The mixture was then sterilized using the centrifugal
tube filter provided, then centrifuged at 10 000 g for 5 min. Finally,
culture medium were used to dilute the solution to the required
concentration.

2.2. Cell culture

The Human Colon Carcinoma (HCT 116) cell lines were cultured in
McCoy’s 5 A medium (Gibco, Life Technologies, UK), supplemented
with 10% fetal bovine serum (FBS) (Gibco, Life Technologies, South
America) and 1% antibiotics (10 000 units/mL penicillin and 10000 pg/
ml streptomycin) (Gibco, Life Technologies, CA, USA). The cells were
cultured and grown to confluence in a 75 cm? flask (Corning). The cells
were incubated at the optimum condition of 37°C with 95% air and 5%
CO5 humidified atmosphere.

2.3. Cellular uptake measurement of AuNPs for HCT 116 cells

The study of cellular uptake of AuNPs was prepared by seeding 100
000 cells/well in 6 wells plates, left for 24 h, followed by adding 3
mMol/L of gold nanoparticles in each well. Then the incubation
continued for the next 24 h. The next day, all the cells in each well were
trypsinized by Trypsin-EDTA (0.25%) (Gibco, Life Technologies, CA,
USA). Around 0.4 pL of cells suspension were collected and filled into
0.5 pL microcentrifuge tube. Propidium Iodide solution (Invitrogen,
Thermo Fisher Scientific, California, USA) was added at final concen-
tration of 10 pg/mL, about 30 min before running the flow cytometry.

2.4. AuNPs localization by light microscopy for HCT 116 cells

This study was conducted by seeding the 1000 cells per well into 6-
well plates, with and without 1 mMol/L of 1.9 nm AuNPs. The plates
were incubated for 24 h at 37°C and a 5% CO, humidified environment.
After 24 h of incubation, the cells were washed twice with 1 ml of PBS
and were fixed with 1 ml of ice-cold methanol for 15 min. After the
fixation, the cells were stained with 0.5 % crystal violet in methanol for
15 min. Then the cells were washed gently with tap water until all the
remaining crystal violet was cleared. The images of the cells were
observed and captured using an Image Analyzer Microscope Olympus
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Model: BX41/CVXS (Olympus Scientific Solutions Americas Inc, MA,
USA) using magnification (100X) (Rashid et al., 2018). All samples were
prepared in triplicate, and the study was repeated three times.

2.5. AuNPs cytotoxicity test

This study was conducted to determine the cytotoxicity effects (the
degree to which an agent has specific destructive action on certain cells)
of AuNPs without radiation exposure. The cells were seeded in 96 wells
plates (1000 cells per well), and different concentrations of 1.9 nm
AuNPs (1, 2, and 3 mMol/L) were used in this test. The cell viability was
assessed after 24, 48 and 72 h of incubation with AuNPs. The test was
performed using 10 pl of PrestoBlue® reagent (Fisher Scientific, London,
UK) that was added to each sample and incubated at 37°C under 5% CO»
for 2 h. After 2 h, the color of the PrestoBlue® reagent in the cell samples
changed according to the number of viable cells. The optical density or
absorbance of the reagent color that indicated the cell viability was
measured using microplate reader model 680 (Bio-Rad Laboratories, CA,
USA). The absorbance was read and recorded at 570 nm with a reference
wavelength of 600 nm for normalization.

2.6. Cell irradiation procedure

The cells were prepared in suspension into a 0.5 ml microcentrifuge
tube, with 1000 cells count/tube, then 1 mMol/L concentration of
AuNPs as an optimal concentration was mixed directly into the cell’s
samples. Each treatment sample was prepared in triplicate and coupled
with control samples (without AuNPs). All sample preparation was
conducted at the Division of Radiation Oncology, Kobe University
Graduate School of Medicine, Kobe City, Hyogo, Japan. The cell samples
were placed on solid water phantom at a source-to-surface distance
(SSD) of 100 cm using 6.5 x 20 cm? field sizes. , the plastic water
phantoms were placed on the top as a build-up medium to ensure the
samples received the maximum dose so that their position was within
the Spread-Out Bragg Peak (SOBP) area. The energy of a 150 MeV
proton beam was used for this irradiation. Irradiations were done in a
single fraction with radiation doses ranging from 0 to 4 Gy. This proton
experiment was conducted at Hyogo Ion Beam Medical Center, Tatsuno
City, Japan.

2.7. Cell survival measurements

Clonogenic assays were carried out to obtain the survival curves,
conveying the radiation effects quantitatively. All the protocols of clo-
nogenic assay had been standardized and optimized, similar to the
previous experimental work using conventional radiotherapy beams
(Rashid et al., 2018). After irradiation, the irradiated samples were
re-cultured and incubated for two weeks under the optimum condition
in the cells’ incubator. After the incubation period, the colonies of cells
formed were fixed with ice-cold methanol, stained with crystal violet,
and dried at room temperature. The image of a fixed single-cell colony
was scanned using an Epson Expression 10 000 XL flatbed scanner (Seiko
Epson Corp., Nagano, Japan) with a resolution of 300 DPI. The images
were further analyzed using ImageJ software (version 1.41o, Java
1.6.0_10, Wayen Rasband, U.S. National Institutes of Health, Bethesda,
MD, USA). Survival fractions were calculated and represented by the
ratio of colony formation after exposure to radiation to the control
colonies, which were unexposed to radiation.

2.8. Intracellular ROS measurements

ROS measurement was conducted to determine both physiological
and pathological defects in the subcellular environment by detecting the
amount of ROS such as superoxide and hydrogen peroxide that arise
inside the irradiated cells. For this measurement, the HCt 116 cells were
growmn and plated in 96 wells black plates (1 x 104 cells/well), then
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treated with 1 mMol/L concentration of gold nanoparticles for 24 h
before irradiation. The 2',7-dichlorofluoresceindiacetate (DCFH-DA)
(Sigma-Aldrich Pty. Ltd., St Louis, Mo, USA) was used to detect intra-
cellular ROS generation at 2 h post-irradiation using a fluorescence
microplate (Fluoroskan Ascent FL, Type 374, Thermo Labs System Inc.,
Philadelphia, PA 19102 United State) at 485 nm excitation and 538 nm
emission.

2.9. Radiobiological model analysis and quantification of
radiosensitization

This study used six radiobiological models to analyze the cell sur-
vival curves with and without AuNPs obtained for irradiation with
proton beams. The LQ, MT, RCR, PLQ, KN, and 2C models are used. Each
model was generated according to its standard equation and fit the
experimental data point using OriginPro 9.0 software (OriginLab Cor-
poration, Northampton, MA, USA). The equations and parameters for
each radiobiological model were tabulated in Table 1.

2.10. Methodology for quantifying the radiobiological enhancement
impact of AuNPs

SER was calculated by taking the ratio of the dose that produces x%
of cell survival fraction for control cells to the dose that produces x% of
cell survival fraction for cells treated with AuNPs [28]. The calculation
was done at 50%, 70% and 90% of the cell survival fractions. The SER
calculation is shown in Equation (7).

Dose at x% cell SF of cells without AUNPS (Dcontrol)

E =
SERsr Dose at x% cell SF of cells with AuNPs (D aunps)

)

2.11. Statistical analysis

Each sample was tested in triplicate and data were expressed as mean
+ standard deviation. Statistical analysis was performed with the Ori-
ginPro 9.2 software.

3. Results and discussion
3.1. Gold nanoparticles (AuNPs) cellular uptake into HCT 116 cells

Gold nanoparticles cellular uptake into the cells was presented in
Fig. 1. The flow cytometry analysis shows the population are detected
and counted at P3, which provided information by the side scatter (SSC)
intensity on granularity intercellular represent cells incubated with
AuNPs compared to the control sample (Wu et al., 2019). The SSC signal
parameter measured the AuNPs internalization by HCT 116 cells. The
SSC parameter is more sensitive than forward scatter (FSC) in detecting

Table 1
Radiobiological models equations with their parameters.

Model Parameters  Equation

Linear Quadratic o, B
(LQ) Model
Multi-target (MT)
Model
Repairable a,b,c
Conditionally
Repairable
(RCR) Model
Pade’ Linear o, B, Y
Quadratic (PLQ)
Model
Kavanagh and
Newman (KN)
Model
Two Components
(2C) Model

S = exp (@+D2) m
D, Dy, n S—1_ (1 _ exp(*D/D"))n 2)

Srcr(D) = =% + bDe~P 3)

(—aD - D?) (4)
(1-7D)

In (Sp) = —KoD(1 — exp(— KogD)) (5)

In (Sp) =

Ko, Kog

0g,0m, SF = exp(—a;D)(1 — (1 — exp(—0o,D))")  (6)




R.A. Rashid et al.

Journal of Radiation Research and Applied Sciences 18 (2025) 101203

* HCT 116 cells : No AuNPs =

;.
d

$SCA
8SCA

?
i

HCT 116 cells : 1.9 nm AuNPs

-]

~N

o

e

N o

-9'

cv

3":

0

Qg

Ea

X

"

lll 1 IIIIIII] 1 llllll‘ 1 °".

10* 0’ 0 I 10 il 0 116

Fig. 1. The uptake of AuNPs into HCT 116 cells (a) No AuNPs (Control) and (b) 1.9 nm AuNPs.

small submicron particles, whether inside cells or in suspension
(Toyooka T and Ibuki, 2012). In addition, it has been studied that the
side scatters increase and forward scatter decreases upon the interaction
of cells with laser light (Zucker et al., 2013). Moreover, AuNPs alone
have high scattering detection which help analyze intracellular accu-
mulation in cells (McQuaid et al., 2016).

3.2. Gold nanoparticles (AuNPs) localization for HCT 116 cells

Fig. 2 displays the light microscopy image of HCT 116 cells with
AuNPs. AuNPs were observable in the cytoplasm of the cells. The
internalization of AuNPs occurs through nanoparticle penetration at the
cell surface membrane. The black traces of AuNPs were also found
localized outside or on the nuclear envelope in the cluster form. In the
middle of the cells where the nucleus is located, no traces of AuNPs were
observed in the region, confirming that AuNPs cannot pass through

Fig. 2. AuNPs localization inside HCT 116 cells (100x magnifications).

nucleopores at cell’s nuclear membrane.

This observation was in line with previous study by McQuaid and his
colleagues, who found that localization of 1.9 nm AuNPs in MDA-MB-
231 breast cancer cells was predominantly around the cytoplasmic
area, which specifically accumulated close to nucleolus plasma
(McQuaid et al., 2016). The AuNPs distribution is also found closely
upon the nuclear membrane surrounding the inside and outside. The
outcome concluded that no evidence of AuNPs was found within nuclei,
yet most likely dispersed outside the nucleus (Cunningham et al., 2021).
Evidence of numerous small spots found visible in cells co-cultured with
11-MUA coated gold nanoparticles (Zhang et al., 2021).

3.3. AuNPs cytotoxicity test on HCT 116 cells
The cytotoxicity results for 1.9 nm AuNPs on HCT 116 cells are

shown in Fig. 3. The results indicate that 1.9 nm AuNPs induced minimal
cytotoxicity on HCT 116 cells. The cell survival for 1 mMol/L of AuNPs

. . - E .
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A — o a2
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! O
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Fig. 3. The 1.9 nm AuNPs cytotoxicity on HCT 116 cells.
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concentration is 105.11 % at 24 h, reduced to 81.14 % at 48 h, and back
growing actively at 72 h with 118.47 % of cell survival. While at 2
mMol/L of AuNPs, the cell survival percentage was slightly higher at 24
h at 96.59 %, followed by a decrement to 79.19 % at 48 h and increased
back to 104.54 % at 72 h incubation. The highest concentration of the
AuNPs tested which is 3 mMol/L, depicted a slight decrement of cells
survived at 24 h, around 97.77%. The treatment at 48 h impacted the
cell survival with a decrement to 79.66 % of cells survival, and then at
72 h, the cell proliferation increased back to 92.94%.

3.4. Cell survival analysis using radiobiological models and quantification
of sensitization enhancement ratio (SER)

Proton beam therapy has distinct characteristic as results from their
interaction with medium. Radiobiological model especially LQ has been
used widely for conventional photon beam to predict the biological
response. This radiobiological model was tested for heavy particles
treatment, especially with AuNPs (Franken et al., 2013). This study
measured experimental cell survival data for 150 MeV proton beam from
0 to 4 Gy. The cells survival curves with and without AuNPs were
generated by using radiobiological model; Linear Quadratic (LQ),
Multi-Target (MT), Repairable Conditionally Repair (RCR), Pade Linear
Quadratic (PLQ), 2 Component (2C) and Kavanagh and Newman (KN)
model as shown in Fig. 4. The models have been fitted to the experi-
mental data reasonably well except for KN model.

The comparison results for different radiobilogical model parameters
were tabulated in Table 2. Application of the LQ model on the cell
survival data shows acceptable curves with the R? value for control is
0.84 and AuNPs is 0.99. The cell survival curve with AuNPs depicted less
cell survival than irradiation without AuNPs, indicating radio-
sensitization effects. LQ parameters result explained the increment at
one hit due to one particle track (the linear component, a parameter)
and two particles tracks (the quadratic component, § parameter), and
additional with o/f ratio assumes the tumours radiobiological behav-
iour. The lethal damage to DNA strands may be irreparable with the
increment of a and p parameters. The parameters forming the initial
slope explained the survival curve and influenced the degree of down-
ward curvature. Similar significant increment of « values instigated by
5-Fluorouracil antimetabolite in combination with bromodeoxyuridine

150 MeV proton beam
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or tantalum pentoxide nano-structured particles indicated more effec-
tive cell killings significantly impacts clinical application (McDonald
et al.,, 2018). The Ctxb-AuNPs irradiation amplifies radiation-induced
killing on A431 cells, showing o contribution of a lesion, which
caused straight lethal cell damage (Li et al., 2019). According to previ-
ously published report, irradiation at 7% oxygenated cancer cells con-
dition (close to normal human tissues) showed a more prominent f
component that reflected the decrease in cells survival fraction at higher
doses and increased oxygen conditions (greater cell-kills). Moreover, a
test on cell irradiation under different Oy conditions shows higher
radiosensitive healthy cells given a lower 1.4 o/f ratio (McMullan et al.,
2019). Therefore, the increment of the cell’s sensitivity can be described
with a big absolute value of § and a small absolute value of o/p towards
this AuNPs radiosensitization.

The MT model shows better shoulder curvature and is well-fitted
with AuNPs combination, especially at higher doses. The R? value for
control sample is 0.55 and for AuNPs is 0.99. The MT model’s param-
eters correlate with the intrinsic radiosensitivity with lower D and Dg
value. On the other hand, the parameter ‘n’ provides a higher value that
explains contradicting mechanisms. Fertil and Malaise have proven a
similar mechanismhat reflects the MT model’s parameters relationship
between the cells’ radiosensitivity, which is indicated by the lower D
and Dy explaining the early effects of radiation (Fertil & Malaise, 1981).
Other radiobiological analyses on radioimmunotherapy and external
beam radiotherapy on human renal carcinoma xenografts survival had
shown radiosensitivity of the Caki-1 tumor to the high dose rate and low
dose rate treatments compared to the A498 tumor (Ning et al., 1997).
Their parameters were represented with lower surviving fraction and
quasi-threshold dose (Dq) (Ning et al., 1997). However, larger ‘n’ values
demonstrated no correlation with the projected results by AuNPs as a
radiosensitizer, even the cell survival curve presented had a steep initial
slope. There are limited MT model applications in recent radiation
biology studies.

Another radiobiological model approach used to emphasize the
interaction of AuNPs as radiosensitizers is the RCR model. The RCR
model might be able to interpret survival data very well, starting from
the lowest doses, also called hypersensitive doses, transitional doses
where the formation of survival curve’s shoulder and at the end of the
curve for highest doses. The RCR model’s fitting curve showed

150 MeV proton beam

150 MeV proton beam
a) 1 0 1 2 3 4 5 b) 1 0 2 3 4 c) 1 0 1 2 3 4
r -
.
1 1 14 — 1 1 41
g g - ; g
g 2 g
w w N [
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@ \ @ \ 7]
01 N\ 01 01 N\ 01 01 01
\ \ .
\
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Fig. 4. The survival curves for 150 MeV proton beam fitted to different radiobiological models a) LQ, b) MT, c¢) RCR, d) PLQ, e) KN, f) 2C.
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Table 2
Radiobiological parameters for LQ, MT, RCR, PLQ, KN and 2C models.

Journal of Radiation Research and Applied Sciences 18 (2025) 101203

Proton Irradiation Setup (150 Radiobiological Models and Parameters

MeV) Linear Quadratic (LQ) model Multi-target (MT) model Repairable Conditionally Repairable (RCR)
model
Alpha () Beta(p) o/pratio R2 D; Do n R? a b c R?
Control —-0.15 + 0.08 1.73 0.84 2,435 + 1.69 6.56 0.55 239 +£1.11 2.16 0.75 0.84
0.05 +0.02 0.00 +1.55 +12.26 +0.60 +0.12
AuNPs 0.06 + 0.15 0.19 0.32 0.99 3.46 0.72 32.45 0.99 6.95 + 3.60 1.45 0.99
+0.04 +1.49 +0.11 +33.89 25.11 +1.62 +0.16
Pade’ linear quadratic (PLQ) model Kavanagh and Newman (KN) model Two-component (2C) model
o i Y R2 Ko Kog R? o O n R?
Control —0.16 + 0.09 0.05 0.78 0.06 6.09° —-2.16 —0.11 0.67 4.90 0.82
0.10 +0.07 +0.31 +0.11 +0.00 +0.06 +0.21 +3.65
AuNPs 0.23 0.02 -0.16 0.99 0.76 688.52 —0.34 0.29 1.40 32.46 0.99
+0.27 +0.17 +0.13 +0.58 +0.00 +0.12 +0.22 +34.90

agreement with experimental data plotted with R? value for control is
0.84 and AuNPs is 0.99. The correlation results of the RCR model pa-
rameters show an increment of ‘a’ values of the initial mean number of
damage events and ‘b’ values represent the maximum damage that
happens but somehow may be repairable. In contrast, the last parameter
of ‘c’ showed higher values, given the explanation of the mechanism of
unrepairable damage caused by a complex complication. The RCR
model may overcome the LQ model’s limitation, enabling discussion on
the wide range of dose effects individually.

On the other hand, PLQ model shows less fitting according to the R?
value. The R? value for control is 0.78 and AuNPs is 0.99. However the
survival curves by PLQ model provide a good AuNPs radiosensitization
enhancement prediction. Further explanation of the PLQ parameters
shows that the increment for the o and f§ values has proven the elevation
of radiosensitivity intracellularly. At the same time, the decrement of y
explains the unrepairable lesions (Belki¢ & Belki¢, 2013). PLQ model
analysis was implemented to explain fractionated irradiation. The «
(Gy-1), and P (Gy-2) components from the model described linear and
quadratic effects that cause the DNA strand breakage. A clear result can
be seen with the proton irradiation combined with AuNPs that shows
increment for o and f§ values. However, PLQ and LQ models show cor-
relation in treatments simulation, tested in a study to define the best
treatment plan for malignant tumours (Belki¢ & Belkic, 2015).

Supporting evidence by the 2C model’s parameters with fitting
values (Rz; Control = 0.82, AuNPs = 0.99), revealing the increment of
both ol and oan, explained that the radiosensitization and dose
enhancement increased with high values of the single hit at the early
slope, plus multi-target at the final region of the dose curve. Andisheh
and coworkers’ study said that the 2C model could give better extrap-
olation at all data sets and explain the survival in the high dose region
(Andisheh et al., 2013). The KN model’s parameter also significantly
increased with Ko and Kg, representing an increment of quadratic mode
and rate of potentially lethal lesions. However the goodness of fit
showed lowest validation values (Rz; Control = —2.16, AuNPs = —0.34),
In a nutshell, all model parameters visualized the effectiveness of AuNPs
as a radiosensitizer especially for LQ and RCR models, except for KN
models extrapolation, which considered null.

The quantification of the radiosensitization effects by AuNPs was
conducted at different percentages of survival (50%, 70%, and 90 %) for
all models. Table 3 shows that the SER increased at a higher percentage
of survival (low dose range). The most prominent SER value with higher
R? values can be seen with LQ and RCR models with 3.78 and 3.05
respectively. The same pattern showed by Cunningham and colleagues,
describing higher SER values at 50% compared to 10% survival
(Cunningham et al., 2021).

3.5. Reactive oxygen species (ROS) measurements

The radiosensitization effects are highly influences by the production

Table 3
The SER extrapolated from the cell survival curves generated from LQ, MT, RCR,
PLQ and 2C models at 50, 70 and 90% survival.

Radiobiological Models Sensitization Enhancement Ratio (SER)

50 70 920
LQ 2.18 2.52 3.78
MT 1.97 2.46 5.70
RCR 213 2.31 3.05
PLQ 213 2.68 5.47
2C 1.94 1.34 211

of reactive oxygen species (ROS) that enhances the cell killing. Proton
beam is a high LET radiation beam that is believed to cause ROS pro-
duction, especially in the presence of AuNPs. Fig. 5 shows that
combining AuNPs with proton irradiation resulted in potent ROS gen-
eration of up to 234%. It is estimated that around 70% of radiation-
induced DNA damage is induced by indirect interaction. This interac-
tion involved radiation energy imparted to the surrounding water pro-
duced free radicals and reactive oxygen species (ROS), the primary
mediator that may cause radiolysis, attributed to DNA damage and cell
death. The measurements of intracellular ROS or ROS in vitro solution
have been performed by Baluchamy et al. to investigate the potential of
ROS generation induced by proton beam (Baluchamy et al., 2010). Ac-
cording to a different study, 100 MeV proton beam might produce
possible interactions of electron and x-ray beams emitted by Coulomb
collision-driven with AuNPs (Anuar and Rahman, 2021, Sisin et al.,
2022). This potent ROS production contributed to tumor dose
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Fig. 5. The percentage of ROS production with and without 1.9 nm AuNPs after
irradiation with 150 MeV proton beam at 2 Gy radiation dose.
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enhancement or radiosensitization. Finding by Hespeels’s study vali-
dated the interaction of proton and gold nanoparticles that induced dose
enhancement by radiolysis mechanisms (Hespeels et al., 2019). Radi-
olysis significantly yielded inter-cluster absorption by enhanced
destruction at nuclear membrane that caused potential holes permeable
to oxidative species, thus maximizing biological DNA damage
(Rajabpour et al., 2022).

4. Conclusions

Radiosensitization effects are observed for the AuNPs irradiated with
proton beam therapy. Cell survival analysis using different radiobio-
logical models visualized the effectiveness of AuNPs as a radiosensitizer,
except for KN model. The model’s parameter could be used to represent
the possible physical, chemical and biological interactions that might
occur during interaction of proton beams with AuNPs. The finding from
ROS measurement also supports the results that correlate to the increase
in radiosensitization effects with the increase in ROS production.
Therefore, further study in precision of radiobiological characterization
using specific models is important in order to elucidate the exact radi-
osensitization mechanisms by gold nanoparticles especially with proton
beam. Improvement using mathematical models is required for treat-
ment outcome prediction and hence upgrading overall effectiveness of
cancer radiotherapy. In conclusion, this study gives the prediction on the
effectiveness of proton beam and AuNPs as radiosensitizer, given
agreement by the majority of the radiobiological model evaluated, thus
technically depicted less dose of radiation needed to provide the same
effects of damage.
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