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Nanoparticles as radiosensitizers

O Several experiments in-vitro and in-vivo and Monte Carlo Bologcachemiclsensing L:A> J
simulations demonstrated the potential of high-Z NPs to enhance o BT A ﬂ Py
the efﬁcacy Of radiOtherapy (X'raVS; P, and e) —— DIAGN‘OSTICS {’#Q @

O High-Z-NPs with X-rays treatments injected into tumour cells are
going through first clinical trials in the USA (nanobiotix)

v’ the efficiency depends on the NPs, radiation and cell line

. Photoacoustic imaging '
propertles THERAPY
I-L%):& ‘Z%'?“ ‘}5,‘ . (»®
v" mechanisms behind are still controversial 0 & o= LW
Photothermal therapy Radiation the;'apv T em——"
=) Non-efficient optimization procedure and application
' lonization | ,
. : Auger electr9ns: / 1
O Main challenges : agitEEpitn, e P - te- N
. ,RO.Spr'oduction ‘
v Insert the NPs only into the tumour cells o« piiidatiiastes
v' Control the concentration and biodistribution within the % \ 1 N tanatiagt
treatment duration -
v Expel of the NPs after the treatment ’ @
v MOdE"ing of the phenomenon Physical Chemical Biological


https://nanobiotix.com/media-publications/

Motivation and goals

0 Radiobiology experiments to study the radiosensitization effect of gold NPs with protons on Hela cells at Centro
Nacional de Aceleradores (CNA) cyclotron external beamline

v’ Evaluate and quantify the effect

v’ Investigate the underlying mechanisms

v' Perform modelling studies

v Develop and test active targeting nanoparticles

 Develop technology to improve procedure an experimental conditions

v Robotic system for samples irradiations
o Reducing exposure time to air of biological samples after irradiation
o Faster and more systematic procedure

v’ Electrostatic chopper for the CNA cyclotron external beamline
o Short and high intense pulse delivery
o Increasing the range of experimental parameters to be tested




AUNPs characterization

O Cytotoxicity : m Live
v' Cytometry Annexin V-FITC + IP 100 50 nm AuNPs 1/3 m EarlyApo

v’ CellTiter-Glo® Luminescent Cell Viability Assay . B ;a;::f;i
v’ Clonogenic assays
«»n 60
O The viability of the cells it is not affected by the AuNPs at R 40
the concentration of 149 ug/ml -
0
0

O Uptake of NPs in the cells quantified using:

1h30 4h 24h
v" Inductively coupled plasma mass spectrometry Treatment time (h)
v Transmission EIECtrOn microscopy Gold nanoparticle internalization over time
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Radiobiology experiments summary

O Conventional clinical irradiation conditions: 4 Gy/min and continuous beam
1 Hela cells and gold NPs of 50 and 20 nm &

L Measurement campaigns in 2022, 2023 and 2024

O To evaluate the effect of radiation:
v Clonogenic assays: the toxicity is evaluated by studying the ability of a single cell to form a colony

v" DNA damage assays: analyse gH2AX and RPA markers
e Clonogenic
P
assay

_m lbeam [PA] D [Gy/mm] Treatment [h] NP @ size [nm] Doses [Gy]

2022 110-140 2,4,6
2023 p 110-140 ~4 ~4 50, 20 2,3,4,5,6
2024 p 110-140 ~4 ~4 50 4




Experimental test procedure

O Biological samples prepared and analysed at CABIMER

O Cyclotron External Beam Line

v Optimized for 3 cm @ homogeneous irradiation fields
(A. Baratto et al, doi: 10.1016/j.ejmp.2020.04.022. Epub 2020 May)

v' Equipped with an ionization chamber for on-line
dose measurements

lonization chamber

Radiochromic film

L Homogeneity measurements: mean deviation ~4-5%
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Clonogenic assays results

L The samples are incubated for 11-13 days and then the colonies are stained and counted using Imagel software

WlthoutNP ~ With NP
= . Z

U To quantify the radiation effect,

the survival fraction is computed:

colonies after irradiation at X Gy
Seeded cells X PE

SF =

colonies without irradiation

PE = X 100

Seeded cells

SF [%]

120,

100+

80 -

60 -

40+

20+

ZZ4 Without NP (2022)
EA With NP (2022)
E=N Without NP (2023)
= With (2023)

Dose [Gy]

p=0.003 **
1
p=0.3 p=0.04 * P=0.009 **
J —
P=0.0007 ** p=0.02*
I 1
. p=0.05
p=0.02 *—
.. °
° [ ]
. ®
® ® @'
L ]
2022 2023 2023 2022 2023 2023 2022 2023
3 4 5 6

*One-way ANOVA statistical tests with p < 0.05 showing a significant
difference



Radiosensitization effect quantification

J

O ICRU report: Quantitative Concepts and Dosimetry in radiobiology.
Measurements International Commission on RadiationUnits. Washington DC

(1979).

survival fraction

o

v’ It states that if the curves are not proportional, the entire survival curve
must be considered when comparing the cases with and without

nanoparticles.

0.01

O Fitted to the Linear Quadratic (LQ) model:  SF = exp(—aD — fD?)

o and B describe how cells respond to a given radiation under one specific scenario

Mean inactivation dose (MID) Sensitizer Enhancement Ration (SER)
MID
MID = f SF(D) dD SERyp = ——2t
MID yp




SF [%]

102.

101.

100_

1071

Radiosensitization effect results

2022
—— 2022 with NPs fit (a=0.58+0.05, =0.0 [+0.008/-0])
2022 without NPs fit (a=0.26+0.04, 3=0.024+0.01)
2022 with NPs data
2022 without NPs data
0 1 2 3 4 5 6

Dose [Gy]

L Compatible results from 2022 and 2023 campaigns

O No significant difference between 20 and 50 nm

SF [%]

102_

101_

100.

1071

2023

2023 without NPs fit (a=0.32+0.14, f=0.0 [+0.03/-0])
—— 2023 with NPs 50 nm fit (a=0.5%+0.2, =0.0 [+0.05/-0])
2023 with NPs 20 nm fit (a=0.51+0.11, 8=0.0 [+0.02/-0])
2023 without NPs data
¢+ 2023 with NPs 50 nm data
2023 with NPs 20 nm data

0 1 2 3 4 5 6
Dose [Gy]

2022 AuNPs 50 nm 1.53 £+ 0.07
2023 AuNPs 50 nm 1.3+0.2
2023 AuNPs 20 nm 1.39+0.18




Double strand break (DSB) assays results

O Samples are irradiated to 4 Gy and measured through microscopy 0.1144

: g 201 60-
techniques = |_‘ o ‘ oTa
L 15- 3
> -
O Different wavelength corresponds to a different markers § 0 § 40 i’
S 3
- o
v" DAPI (blue): for number of cell counting % 5 g 27
v' YH2AX (green): it is a marker of DSB damage happens but does & X
T
not tell if it is or not being properly repair o ‘,’“', T . °NP T

v" RPA (red): the presence of RPA foci suggests that DNA repair is
occurring via homologous recombination
QA systematic increase of both .-..-.
markers is observed when we )
irradiate cells with AuNPs, despite |
not being significant statistically 4;;" |

DAPI YH2AX DAPI yH2AX

o
@
<
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Robotic system development

3 it o p p==p pmm |NSTITUT DE
[ETSE-UVC:) teiree

Escola Tecnica Superior ¢ E nginyeria

=2 A S
‘lﬁ Cenfrﬁaci;ﬂ de_Aceleradores ‘ N S
Vicent Girbés, Jose Luis Sanchez

C. Blanch, N. Fuster, D. Esperante, M. Boronat
C. Jiménez, D. Hermenegildo

O Installed and first tests performed
in September 2025

O 6 irradiation plates in 20 min vs 90
min

0 On-going work on improving the
stability and the attachment of the

plates
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Electrostatic chopper
P =P P INSTITUT DE uﬁ‘ E_i—:?é A ® “

p =
107 1 ke Sorruscurar
C. Blanch, N. Fuster-Martinez, D. Esperante
C. Jiménez, J. Garcia, D. Hermenegildo
Neptury Technologies & Frenetic

Centro Nacional de Aceleradores

O Goal: achieve high-pulsed irradiation conditions: pulsed
beams with average dose rates higher than 40 Gy/s

1 How: ion source current set close to maximum values and
beam focused & Pulsing system

Pulse amplitude 24-27 kV

Rise/fall time 1 us
Pulse Rep. Rate 1 kHz
Chopping pulse 10-50 us

width
Beam energy 13-18 MeV
Absorber location 1.3-1.6 m
0,010-0,015

Absorber aperture
radius a [m]

O Currently under construction and working on the beamline

optimization and collimator design
12



O A significant radiosensitizing effect has been observed
by AuNPs on Hela cells irradiated with 12-13 MeV

2022 AuNPs 50 nm 1.53 £ 0.07
protons beams at doses from 4 Gy

2023 AuNPs 50 nm 1.3+£0.2

2023 AuNPs 20 nm 1.39+£0.18

O Double-strand break assays were performed at 4 Gy to quantify DNA damage
v’ A systematic increase of both markers is observed when we irradiate cells with AuNPs

O Working on data interpretation

L A robotic system has been developed and first tested in 2025 showing promising performance to improve the
radiation condition and increase daily irradiations in future experiments

O An electrostatic chopper has been designed, and it is under construction to be installed at the external beam
line of the CNA cyclotron for high intensity pulse generation

13
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Nanoparticles as radiosensitizers

[ Several experiments in-vitro and in-vivo and Monte Carlo
simulations demonstrated the potential of high-Z NPs to
enhance the efficacy of radiotherapy (X-rays, p, and e)

v’ the efficiency depends on the NPs properties, radiation
characteristics and cell line
v mechanisms behind are still controversial

O Main challenges :

v Insert the NPs only into the tumour cells

v' Control the concentration and biodistribution within
the treatment duration

v Expel of the NPs after the treatment

v" Modelling of the phenomenon

1 High-Z-NPs with X-rays treatments are going through first
clinical trials in the USA showing promising results
(https://nanobiotix.com/media-publications/)

Biological/chemical sensing = R J
3 "’ v 1. )

a7

o" ; oo PO AT W G :
- /AR e
rdsl.
DIAGNOSTICS ‘ ~/ ‘
X-ray/CT imaging bl .

THERAPY

L TR

Photothermal therapy Radiation therapy

—————————

I lonization |

 Auger electrons!
\\lLEE prodgclitanI N
| ROS production |
| Oxidative stress |
| Mitochondria I
dysfunction J

DNA rejarar effect |

Physical Chemical Biological
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Ciclo celular (unas pinceladas)

O Las células se duplican cada~16-25h (depende
del tipo celular).

€ICLO CELULAR

: . . 2
1 El ciclo celular se divide en distintas fases: N " B
O GO: periodo de “ ” i EASE M e e it
. -5 y g :
. per|9 9 e “espera 3 MOASE 1 L st “Condonczatitn do maerial gendtico _
1 G1: crecimiento y preparacién (6-12h) ; ;;;‘ ) o \AO ey N .
3 S: replicacién de ADN (6-8h) — ,‘/:/%mmmm
_ . . iodo de i
O G2: crecimiento y preparacion final (3-4h) 9 %mmgm
=
O M: division celular (1h) D SYirue o €0 bl Vs o
ANAFASE
N FASE S
7 . . 7 . a E n
O Las células sanas in vitro después de un cierto TELOFASE
numero de divisiones acaban muriendo. R,
¢ @ FASE G2
@ -Segqunda fage de crecimiento
, , . -Sintesie de organelog y profeina
O Las células cancerigenas proliferan CITOQUINES IS Orgarizacion de log companertes

indefinidamente si tienes las condiciones
necesarias para Vvivir.
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Experimental procedure

CABIMER CNA-cyclotron-~13 MeV p CABIMER

16-24h before irradiation:

cell monolayer seeding Moving to Moving back
CNA to CABIMER . o il and
L ~5 min walk ~5 min walk ermove mylar tiim an

change the medium

@ Q @ | E—)
| i Q Q ‘ | Cleaning and

adding a mylar film 45min-1h out of the incubator

medium change +
Au NPs treat t For clonogenic assays
oS HTEaTmEn 4h IFIC/UV place into the incubator

AuNPs for 11-13 days

1

® ) Q |

Data analysis

20




AuUuNPs charcaterization

O Cytotoxicity : O After 13 days:
v' Cytometry Annexin V-FITC + IP
v’ CellTiter-Glo® Luminescent Cell Viability Assay v Clonogenic assays: viability tested after 13 days
v’ Clonogenic assays
H Live 40
50 nm AuNPs 1/3
100 B EarlyApo 351 p =0.604
90 H lateApo 30-
80 = Necrosis
70 251
= % = 50-
;\: 50 H._J
40 151
30
20 107
10 5
0
0 1h30 4h 24h 0-

With NP Without NP

Treatment time (h)

U The viability of the cells it is not affected by the AuNPs at the concentration of 149 ug/ml

21



Uptake of gold NPs

O Uptake of NPs in the cells quantified using

inductively coupled plasma mass spectrometry and
Transmission electron microscopy

L NPs cell uptake by endocytosis
L NPs aggregate and they are placed in the cytoplasm

Gold nanoparticle internalization over time

6670.0
6000 1
I
()
—_
240001
DU_I 2780.0 2910.0
E - ==
< ==
1520.0
2000
2 ../ Y 0 ! T T T
cc. voltage= 00.6!?\7' - :I /lfl [ |"| [ 1-5 4 6 24
lagnification=x0.7k

20.0um Incubation time (h)
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