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Proton beam therapy is a promising modality for cancer treatment, offering high precision in dose delivery
with minimal collateral damage. However, its therapeutic efficiency can be significantly enhanced through
Nanoparticle (NPs) mediated sensitization, which strongly depends on the material properties of the NPs. This
research investigates material-dependent variations in sensitization by combining computational and
experimental approaches. A library of NPs, including noble metals (Au, Pt), transition metal oxides (TiOx,
Fes04), and hybrid composites (Au-TiO2), was evaluated. Proton-NP interactions were modelled at the
nanoscale using Monte Carlo-based Geant4-DNA simulations to predict secondary electron and radical yields,
particularly for Au-TiO:2 hybrids. To mimic realistic tumor microenvironments, 3D tumor organoids were
employed as biological models instead of conventional 2D cultures. Human-derived 3D tumor organoids were
used to reproduce realistic tumor microenvironments. Proton irradiation generated Reactive Oxygen Species
(ROS) formation, which was quantified by fluorescence assays, along with DNA double-strand break detection
(»»H2AX and 53BP1). Proton irradiation (2-5 Gy) tests verified material-dependent ROS production, including
Au-TiOz (18.2 uM, 180 %), Pt (15.6 uM, 156 %), and Au (12.8 uM, 128 %), standardized for surface area.
Overall, the research presents a novel integrative framework for evaluating material-dependent variations in
NP-mediated proton therapy sensitization.
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1. INTRODUCTION

Radiotherapy is a popular cancer treatment that
uses ionizing radiation to kill cancerous cells while
preserving healthy tissues. It acts by causing direct or
indirect Deoxyribonucleic Acid (DNA) damage,
resulting in tumour control, decreased cancer growth,
and increased patient life. Nanoparticles (NPs),
especially High-Atomic-Number (High-Z) resources
such as Gold (Au), improve radiotherapy by enhancing

dose deposition by photoelectric effects, Auger
particles, and residual radicals [1]. During
radiotherapy, radiation reacts with biological

macromolecules, producing free radicals that induce
DNA breaks, deletions, and cross-linking. It also
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lonizes water in tissues, generating more radicals that
damage macromolecules and cause cell death [2]. Gold
NPs (GNPs) have High-Z and superior density
absorption of energy compared to soft tissues, making
them radio-sensitizing. This could improve tumour
control, minimize adverse reactions, and enhance the
longevity of patients in comparison to radiation
treatment alone [3]. Mega Voltage (MV) electrons are
better suited for tumour treatment than High-LET
radiation. High-Z NPs improve photon radiotherapy by
radio sensitization. X-rays excite inner electron shells,
resulting in medium-to-high-energy Auger electrons,
whereas High-LET atoms ionize outer layers, yielding
lower-energy electrons. Under high stimulation, NPs
produce more low-energy electrons than X-rays [4].
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Radiation treatment includes External Beam
Radiotherapy (EBRT), which uses high-energy proton
or electron beams to treat local solid tumours, and
Internal Radioisotope Therapy (RIT), which delivers
therapeutic radioisotopes through intramuscular or
intravenous carriers. RIT is capable of targeting both
local and metastatic cancers. Almost half of those
diagnosed with cancer undergo radiation treatments,
either individually or in combination [5]. GNPs operate
as radio sensitizers, increasing the local radiation
dosage and producing secondary electrons and reactive
species that damage DNA. Their high atomic number
and biocompatibility enable them to maximize tumour
cell killing while sparing healthy tissue [6]. Proton
treatment effectively targets cancer cell DNA through
the Bragg peak, minimizing harm to healthy tissues.
The integration of boron-enhanced proton therapy,

especially with  boron-containing nanoparticles,
enhances tumour targeting and boron delivery,
potentially  offering imaging and therapeutic

advantages that can improve treatment efficacy and
reduce adverse reactions [7]. Nanostructured radio
sensitizers enhance radiation to improve local dosage
while overcoming hypoxia and fast growth. Combining
phototherapy with NP-based RT improves cancer care
by significantly enhancing cancer fighting properties
[8]. The research examines the material-dependent
deviations in NPs-induced proton beam therapy
sensitization using both computational simulation and
experimental methods for assessing the way various
NPs types, structures, and surface characteristics
influence secondary electron development, destruction
of DNA, and cellular responses in actual 3D tumour
simulations.

The research is organized as follows: Section 1
offers the significant background of the research.
Section 2 describes the related works, Section 3
presents the experimental design of the methodology,
Section 4 presents the results and discussion, and
Section 5 concludes the research.

2. RELATED WORK

Chinese Hamster Ovary-K1 (CHO-K1) cells were
treated with 50 nm gold NPs and subjected to high-energy
protons to evaluate radio sensitization [9]. The result
demonstrated that the combination treatment increased
cell death and chromosomal damage, validating the
capability of Au NPs to improve the therapeutic efficiency
of proton therapy. Gallic Acid-Gold NPs (GA-GNPs) were
produced and administered to U251 glioblastoma cells,
which were then exposed to radiation [10]. GA-GNPs
dramatically enhanced radiation-driven cell death, caused
cell cycle arrest at the Synthetic (S phase) and Gap
2/Mitosis (G2/M) phase, and triggered cell death, as
demonstrated by elevated BCL-2-associated X protein
(BAX) and reduced B-Cell Lymphoma 2 (BCL-2) levels,
indicating a high sensitization capability. High-density
Lipoprotein NPs (HDL NPs) were employed to deliver the
radio-sensitizing microRNA, miR-34a, to head and neck
cancer cells [11]. The improved radioactive effects
reported in both 2D and 3D models substantiated HDL
NPs' potential as an efficient delivery method for radio-
sensitizing RNA. Radiotherapy (RT) was employed for
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widely Ionizing Radiation (IR) (X-rays) and intensive IR
(protons) [12]. Cancer response is influenced by
inheritance, gene expression, metabolism, environment,
and non-malignant cells. Targeting these pathways aids
in overcoming radio resistance and improving radiation
efficacy Monte Carlo (MC) simulation, widely used for
optimizing cancer dose [13], was performed with Geant4
on a 5 pm single-cell tumor model exposed to 100 MeV
protons in a brain-like environment. Prostate Specific
Membrane Antigen -targeted gold nanoparticles (PSMA-
AuNPs) were utilized for radio sensitization of LNCaP
prostate cancer cells that were exposed to 6 MV
irradiation [14].

Depth-dependent effects were found, with Monte
Carlo simulations and the local impact model correctly
predicting cytoplasmic AuNP-induced dose
augmentation and longevity of cells. Super-resolution
Single Molecule Localization Microscopy (SMLM) and
3D confocal microscopy were used to examine the
initial and final consequences of 10 nm-GNPs on DNA
Double Strand Break (DSB) development [15]. PEG-
coated boron nanoparticles (~ 25 nm) enhanced proton
therapy by generating superoxide radicals [16]. It
induces  mitochondrial  dehydration,  triggering
apoptosis, and upregulating 52 oxidative stress genes,
thereby increasing tumor cell sensitivity to radiation
and highlighting potential alpha particle effects.
RPB7H NPs containing PROteolysis Targeting
Chimera (PROTAC) prodrug BPA771 and HfO:2 were
used to target Head and Neck Squamous Cell
Carcinoma (HNSCC) tumors [17].

3. METHODOLOGY

The experimental design of methodology examines the
NPs preparation, computational modelling, and biological
model of 3D organoids, proton irradiation experiments,
Monte Carlo simulations, and biological response
assessments.

3.1 Nanoparticles (NPs) Preparation/Selection

A diverse set of NPs was chosen for examining the
way material qualities affect proton treatment
sensitivity. Noble metals, such as gold (Au) and
platinum (Pt), were chosen because of their high atomic
numbers and strong interaction with radiation. The
surfactant-free Au, Pt, TiO2, Fe3s04, and Au-TiO2 NPs
were synthesized using Laser Ablation in Liquid (LAL)
and Laser Fragmentation (LFL) to achieve homogenous
3-5 nm particles. This green, ligand-free technique
resulted in highly purified surfaces suitable for
biomedical applications. Transmission Electron
Microscopy (TEM) assessed particle size and shape,
BET/ADC measured surface area, and XRD confirmed
crystallinity. XPS/FTIR identified oxidation states and
surface groups relevant to Reactive Oxygen Species
(ROS) catalysis, while zeta potential ensured colloidal
stability

Exemplary redox behaviors during ROS formation
include the following Eqs 1 and 2.

Pt+ H,0 ».0H + H" + e~ (1)
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3.2 Computational Modeling

Monte Carlo-based Geant4-DNA simulations analysed
proton-nanoparticle interactions on a nanoscale, focusing
on secondary electron and free radical production. Noble
metals like gold and platinum significantly emit electrons,
leading to direct biomolecular ionization and water
radiolysis, generating Reactive Oxygen Species (ROS) such
as hydroxyl radicals. TiOz increases ROS generation via
electron-hole pair formation, while FesO4 enhances radical
production through Fenton-like reactions. Hybrid Au-TiOs
nanoparticles exhibited a synergistic effect, enhancing
oxidative stress through combined electron release and
radical generation. The simulations provided insights into
how material composition influences radio sensitization,
suggesting hybrid nanoparticles as effective enhancers of
proton therapy.

3.3 Biological Model-3D Tumor Organoids

Human-derived 3D malignant structures were used
to create accurate tumor environments. DNA double-
strand breaks were measured using -H2AX and 53BP1
antibodies and high-resolution microscopy. ROS
generation was measured using the fluorescent TA
test, which allowed for correlation with computer
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predictions. Transcriptomic profiling using RNA-
sequence identified genes involved in oxidative stress and
cellular death, while proteomic testing using mass spectra
connected protein-level reactions to ROS generation and
destruction of DNA, establishing an extensive description
of NPs-driven radio sensitization. The reaction of hydroxyl
radicals (*OH) with Terephthalic Acid (TA) to form the
fluorescent product 2-hydroxyterephthalic acid (2-OH-TA)
is represented in Eq. 3.

TA+.0H—>2 — OH —TA (3)
3.4 Proton Irradiation Experiments

In proton irradiation tests, NP suspensions (Au, Pt,
TiO2, Fe3Os4, Au-TiO2) were subjected to therapeutic
proton beams (2-5 Gy) to evaluate ROS formation. The
TA fluorescent test (excitation 315 nm, emission
427 nm) was used to quantify hydroxyl radicals (- OH).
CaClz precipitation reduced quenching. ROS
generation rose linearly with dosage. Table 1 provides
NP-specific fluorescent dyes and properties. Fig. 2
shows the setup: proton beams irradiate 3D tumour
organoids covered with NPs, and ROS production and
DNA damage are evaluated in relation to NP type and
proton dose.

Table 1 — Calibration parameters of fluorescent dyes used to quantify ROS production in proton irradiation experiments with

different nanoparticle materials

Nanoparticle material Dye used for ROS | Excitation | Emission A | Concentration fluorescent
detection A [nm] [nm] product [nmol L-1]
Gold (Auw) Terephthalic acid (TA) 315 429 10-500
Platinum (Pt) Scoitémarm-?)-carboxyhc 396 445 10-500
Titanium dioxide (TiOz2) Coumarin 326 456 10-500
Iron oxide (FesO4) Amino and hydroxy phenyl
fluorescein (APF, HPF) 470 510 10-500
Gold-Titanium dioxide | Terephthalic acid (TA)
hybrid (Au-TiOy) 215 429 107500
proton Beam augmentation, offering theoretical direction for empirical
nozzle nanoparticle identification and refinement for proton
Pt, A, Ti0,, Fe,0, ——  Mpnoenergerke treatment.
Colloids (100 MeV)

/ il Plate
Water Position W"ater
i Equivalent
Equivalent of
Lem Well Plane

Fig. 2 — Experimental NPs

irradiation

setups of the mediated proton

3.5 Monte Carlo Simulations

Monte Carlo simulations employing the Geant4-DNA
modeled nanoscale relationships among 3-5 nm spherical
NPs and therapeutic proton beams (60-80 MeV).
Substance parameters such as atomic quantity, mass, and
ionization capability were used to estimate Secondary
Electron yield (SE), electrical deposits, and water
ionization. The outputs assessed ROS production and dose

3.6 Biological Response Assessment

Nanoparticle-mediated proton irradiation was
analyzed using super-resolution microscopy for DNA
damage and multi-omics profiling.

DNA damage visualization: Super-resolution
microscopy was used to detect nanoscale DNA damage
in tumor cells treated to proton irradiation with NPs.
Double-strand breaks were identified and quantified
using key markers like Phosphorylated Histone H2AX
(y-H2AX) and Tumor Protein p53-Binding Protein 1
(563BP1), providing an exact assessment of their
amount and geographic distribution. This method
offered extensive information about how different NPs
increase proton-induced cytotoxicity by observing
localized DNA damage at the subcellular level.

Multi-omics profiling: Transcriptomics (RNA-seq)
and proteomics were employed to evaluate molecular
responses to NP-mediated proton irradiation. RNA-seq
identified alterations in genes involved in DNA repair,
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apoptosis, oxidative stress, and cell cycle, while
proteomics corroborated pathway activation.
Integration revealed material-dependent heterogeneity
in radio sensitization pathways responses.

4. RESULT

The results cover NP characterization, ROS
generation under proton irradiation, and biological
impacts. Particle size, surface area, and *OH yield was
analysed, correlating ROS with DNA damage and
apoptosis in 3D tumour organoids. Proton-NP
interactions were simulated using Geant4-DNA in
Python (16 GB RAM, 64-bit), while fluorescence assays
and ~-H2AX/53BP1 detection measured ROS and DNA
damage. Multi-omics profiling confirmed apoptosis
pathways, integrating computational and experimental
data to assess NP-mediated radio sensitization.

4.1 Particle Analysis

Laser Ablation in Liquid (LAL) generated noble
metals (Au, Pt), metal oxides (TiOz2, Fe304), and hybrid
Au-TiOz nanoparticles, which were then refined by
Laser Fragmentation in Liquid (LFL) to yield
monodisperse ~ 3-4 nm particles. To study surface
effects, bigger Pt NPs (~ 22 nm) were extracted via
centrifugation. TEM proved uniform size, whereas ADC
assessed total surface area. NP suspensions were
adjusted to approximately 9cmZmL for direct
comparison. Small and large Pt NPs (3-22 nm)
produced similar *OH yields (~ 15 uM), while Au NPs
(~ 3-20 nm) yielded ~ 13 uM, demonstrating that ROS
generation depended on surface area rather than

particle size or mass.
TIO, g& 100 nm E
s Fe,0.
(@) (b)
pze ﬁ I A .--_%
(e)

o
© (@

Fig. 3 - TEM images of (a) TiOs, (b) FesOy, (c) Au-TiO:z (d) Au
NPs, and (e) Pt NPs

Fig. 3 shows several NPs of (a) TiO2 NPs, generally
spherical and somewhat consolidated, are depicted on a
100 nm scale. (b) FesOs4 NPs look darker and more
tightly packed at 100 nm. (c) Au-TiOz NPs have
characteristics of both, with gold presumably
incorporated or deposited on titanium. (d) A high-
resolution image shows a single crystalline gold NPs
around 5 nm in diameter, revealing its atomic structure.
(e) Pt NPs have a characteristic cubic form, shown at a
50 nm scale, with well-defined facets.

Table 2 shows that the ROS yield for Pt (= 15 uM)
and Au (= 13 uM) nanoparticles is virtually consistent
when surface area is standardized, independent of
particle size.
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Table 2 — ROS yield vs Particle size

NP Size Mass Surface *OH Yield

Type | (nm) | Conc. Area (M)
(ug/mL) (cm?/mL)

Pt 3 10 9 15.8 £ 0.6

Pt 22 120 9 15.4+0.5

Au 3 10 9 12.8+0.5

Au 20 85 9 12.5+0.4

4.2 NP-Dependent ROS Generation

ROS generation increased linearly with proton dose,
suggesting a single-hit mechanism. At the same surface
area, the * OH generation followed Eq. 4.

Au —TiO, > Pt > Au > Fe30, > TiO, (4)

Hybrid nanoparticles produced approximately 1.8
times more °*OH than the control, demonstrating
surface catalytic function and beneficial effects outside
the atomic count contributions. Table 3 shows material-
dependent ROS generation at 5 Gy under equal surface
area normalization. Hybrid Au-TiO2 produced the
highest yield (18.2 uM, 180%), followed by Pt (15.6 uM,
156%) and Au (12.8 uM, 128%), whereas Fes0s4 and
TiO2 showed comparatively lower enhancements.

Table 3 — NPs dependent ROS generation at 5 Gy

NP Surface Mass . OH Relative
Type Area Conc. Yield Increase vs

(cm%mL) | (pg/mL) M) Control
Au-TiO. 9 15 18.2+0.8 180 %
Pt 9 14 15.6 £ 0.6 156 %
Au 9 12 12.8+ 0.5 128 %
Fes04 9 13 10.4+0.4 104 %
TiO2 9 11 8.6 £0.3 86 %
Control - — 10+ 0.2 100 %

4.3 DNA Damage and Apoptotic Correlation

Super-resolution imaging demonstrated 35-42 %
more DNA Double-Strand Breaks (DSBs) in Pt and Au-
TiO2 medicated organoids compared to the control.
Upregulation of oxidative stress genes (Nrf2 pathway).
Higher levels of apoptotic proteins (Caspase-3 and
Bax). The correlation between ROS increase and DNA
damage demonstrates mechanistic agreement. Table 4
shows an apparent link between ROS production, DNA
DSBs, and apoptotic signaling. Hybrid Au-TiO2 NPs
showed the highest reaction (42 % DSBs; Caspase-3:
2.8-fold), followed by Pt and Au. Elevated Bax and
Caspase-3 levels confirm ROS-induced apoptosis, which
1s missing in the control group.

Table 4 — Correlation of ROS Yield with DNA Damage and
Apoptotic Markers in NP-Treated Cells under Proton

Irradiation
NP Type +OH DNA Caspase-3 Bax Fold
Yield DSBs Fold Change Change
uM) (%)
Au-TiOs 18.2+0.8 | 42+3 2.8 2.5
Pt 15.6 + 0.6 38+2 2.4 2.2
Au 12.8+0.5 30+ 2 1.8 1.7
Control 10+ 0.2 0 1 1
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Fig. 4 demonstrates the *OH yield was evaluated
by particle size (a) and NP type under proton
irradiation (b). Au-TiO2 produced the most ROS,
followed by Pt, Au, FesOs4, TiO2, and control. (c)
Validates that *OH yield corresponds with DNA DSBs,
with Au-TiO2 showing the highest correlation, followed

by Pt, Au, and control.
..f.‘,‘..,.[hl - e

DHADSEs )
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Fig. 4 — Representation of (a) OH yield vs particle size for
different NPs at matched surface area, (b) *OH yield across NPs
at 5 Gy and (c¢) OH yield vs DNA DSBs (%) for different NPs

5. DISCUSSION

Previous research has shown that nanoparticles can
improve radio sensitivity across a variety of cancer
models. Under proton irradiation, GNPs boosted cell
death and chromosomal damage in CHO-K1 cells [9],
whereas gallic acid-GNPs caused cell cycle arrest and
apoptosis in U251 glioblastoma cells [10]. HDL NPs
successfully transported radio-sensitizing miR-34a to
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IIpoToHHO-TIpOMEHEBA TEPATIisT € IEPCIIEKTUBHUM METO/I0M JIKYBAHHSI PAKYy, 10 IIPOIIOHYE BUCOKY TOYHICTH
JIOCTABKY JIO3W 3 MiHIMAJbHUM M00iuHMM 30mTkoM. Opmmak ii TepameBTHYHY eeKTHBHICTD MOYKHA SHAYHO
TIIBUIUTH 34 JOIIOMOIOI0 CeHCHOLTi3artii, ormocepearoBanol Haunouactrnaramu (HY), sxa cribHO 3a/1eskuTh Bl
BiactuBocredt marepiasy HY. Ile mocmimpxenHs mocimprye 3asieskHl B mMareplasly Bapiarii ceHcmOlmiasarii
IUISIXOM TIOEHAHHS OOYHMCIIIOBAIBHUX Ta EKCIIEPUMEHTAJILHUX INAXOMB. Dysa ominena 6ibmmorexka HY,
BRJIOUanun Gyiaropomai merasu (Au, Pt), oxcmmm nepeximaux meramis (TiOz, FesOs) Ta ribpumni KoMmosutu
(Au-TiO2). Baaemonii mporon-HY Gysm amoesoBaHl Ha HAHOPIBHI 3a JoroMoro MojemoBandsa Geant4-DNA
Ha ocHOBi MouTe-Kapiio muis mporHo3yBaHHS BHXOJy BTOPHHHHX EJIEKTPOHIB Ta PAIUKAJIB, OCOOJUBO IS
riopuaie Au-TiO2. [us  imiramii peasicTMYHNX MIKPOCEPEIOBUIN I[IyXJIWUHU SK OIOJOTTYHI  Momesd
BHUKOPHCTOBYBaJmicA 3D-opraHoiny IyxJauHM 3aMicTh Tpamuiiiaux 2D-kyaeryp. s BigrBopeHHS
PEATICTUYHUX MIKPOCEPEIOBHIL, IIyXJIMHN BUKOPUCTOBYBaswcsa 3D-opraHoiny IyXJmHM, OTPUMAHI JIIOIHHOIL.
IIporoHHe ompOMIHEHHA IPHU3BEJIO 0 YTBOPEHH akTUBHUX (opM KrcHo (ADK), 1110 0yJ10 KITBKICHO BUSHAYEHO
3a J0IOMOro (hJIyopeclieHTHUX AHAJI3IB, a TAKoX BUsABJIeHHs asosaHioroux pospueis JITHK (»H2AX ta
53BP1). Tectu 3 mporornmM ompominerHsaM (2-5 ['p) migrsepauiu 3aseskHe Big Marepianay yrBopeHHs ADK,
Brsmouaoun Au-TiO: (18,2 mxM, 180 %), Pt (15,6 MxM, 156 %) Ta Au (12,8 MxM, 128 %), cramgapTu3oBaHi 3a
ILIOIIEI0 TIOBEPXHI. 3arajioM, JOC/IKeHHS IIPEICTABIIsIE HOBY IHTEIPATUBHY OCHOBY [IJISI OIIHKM 3AJICYKHHX Bl
MaTepiasy Bapiarfiil ceHcrOii3alrii Jo IMPOTOHHOI Tepaiil, OITocepeIKOBAHOI HAHOYACTHHKAMIL.

Kmouosi cJIoBAa: IIpoTonHO-IPOMEHEBA Teparris, Pamiocencubimisartis HAHOYACTUHKAMU,
Marepianosanesxui  Bapiarii, MogemoBanus wmeromom Monre-Kapio (Geant4-DNA), 3D myxiawHHL
oprauoinu, MysbTHOMIYHE TTPODITIOBAHHS.
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