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UNDERSTANDING RADIATION-INDUCED EFFECTS
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Physical Radicals Radicals Chemical Repair processes, Biological effects: DSB,

interaction with creation diffusion reactions enzymatic processes aberrations, mutations ....
target molecules
1018s 10%5s 101%s 106s 1s-1h

Direct effectS

Indirect effect

Double Strand Break (DSB) detection
by 53BP1 fluorescence labelling (foci)
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6 GEANT4 D1

Geant4-DNA is a project to extend the Geant4 general
purpose MC simulation toolkit

Open source, fully available inside Geant4 distribution

Processes for the modeling of biological damage induced by
ionising radiation at the DNA scale

On-going developments include

» Physics processes in liquid water and other materials

» Physico-chemistry and chemistry processes for water
radiolysis

» Target geometries at the molecular level

SIMULATION TOOLKIT FOR RADIOBIOLOGY

00

Vielcome to the web page of the Geant4-DNA project !
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geant4-dna.org




Processes and models for electrons and protons
in liquid water, default physics list

Liquid water, main medium of biological matter

electron Elastic scattering Champion 7.4eV—-1MeV
- electrons, prOtons' alphas' few ions Electronic excitation Born 9eV-1MeV
lonisation Born 11eV-1MeV
Other materials . o
Vibrational excitation Sanche 2eV-100eV
= THF, TMP, PY, PU
Attachment Melton 4eV-13eV
Electrons (12 eV to 1 keV), protons (70 keV to 10 MeV)
. proton Nuclear scattering 100 eV — 100 MeV
See examples/extended/dna/icsd
. Electronic excitation Miller & Green 10 eV —500 keV
» Electrons: solid gold
Born 500 keV — 100 MeV
lonisation Rudd 0 keV —500 keV

On-going developments
= Electrons: N2, C3H8 (EURADOS WG6) Born 200 keV' =100 MeV
= Discrete electrons models in liquid water up to 10 MeV =SS SGECEy 100eV=100MeV
» Discrete inelastic proton and hydrogen models from 100 MeV to 300 MeV
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Step by step

GEANT4-DNA - Chemistry

A
Q B
Sl .\
/\@/
| First developments: Step by Step method c
» Particle-continuum based, each individual molecule is simulated DNA Rjg;‘z'i‘g“

» Simulation of diffusion controlled reactions based on full step-by-step
Brownian dynamics

After diffusion B reacts with C

Reaction Reaction rate (10° M™'s™)
Reaction reaction rate (10104151 i;;’eer?iszoosaf OH (15:51’ Independent Reaction Times
H*+ep+H0— OH™ +H, 2.65 Guanine + OH" 9.2
H* + OH* — H,0 1.44 Thymine + OH" 6.4
H* +H* = Hh 1.20 Cytosme_+ OH . 6.1
Hy+OH* — H* + H:0 417107 2-deoxyribose + &g 001 A
H203+ €5, — OH~ + OH" 141 Adenine + € 9.0

2b2 T Cag Guanine + € 14.0 @ B

Hy0" +eqy — H* + Hy0 211 Thymine + ¢ o 180 ® 1 BC 1
H30"+OH™ = 2Hh0 14.3 Cytosine + e 13.0 2 [ ]
OH*+e,, — OH® 2.95 2-deoxyribose + H* 0.029 2 A | @
OH*+ OH* — H,0, 0.44 Adenine + H* 0.10 .
€gqtegy+ 220 200 +Hy 0.50 Guanine + H* - 4 AE 4

Thymine + H® 0.57 C

Cytosine + H* 0.092 L

Histone + radical — Histone - DNA Radiolytic

species
| Recent developments: Independent Reaction Times approach According to the lst, 8 reacts with C
,

* N-body - 2-body
= Comparison of reaction times for all pairs of radicals independently of the system
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DNA geometry generation using DNAFabric*

Chromatin fiber in a
“straight” voxel

T 2nucleosomesand a
linker

+ Nucleosome

. T DNA double helix
histone

] (B-DNA)

Il ohosphate

[0 2-deoxyribose ’“ T Pair of nucleotides
= base

* Meylan et al., Comput. Phys. Commun. 204:159 (2016)
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DNA STRAND BREAK CALCULATION

[ DIRECT DAMAGE

| Limitations due to cross section uncertainties
» Missing at low energy, for specific materials
» Theoretical model for liquid water

| Mechanism at the origin of the strand break
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DNA STRAND BREAK CALCULATION

[ INDIRECT DAMAGE

| Experimental data based on the evolution of the number

of radiolytic species in liquid water
40% 3'H Tchem y P g

W
,u;?"fg'r | No data on the biological target
g i lo
Ly . . . .
31” o | Benchmarking efforts: different simulation approaches
s’ = Step By Step: more natural but too long

* Independent Reaction Times: efficiency improved but
approximations could not be adapted to all applications
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DNA DAMAGE CALCULATION

SSB SSB! 2SSB DSB DSB' DSB? NB

() (N 1 (N 1 [ (N

[ CONVERT STRAND BREAKS TO DAMAGE _ 1. o L] L +. . l. ; l. 1R

SB¥ 11 1 'y i } 1 i

[ (N HE 1| I () (N

| Analysis of the configuration of the damaged elements on i) 3 2 4 ; : : L 1

each strand TIEE I B EH [ AT 4 411 L] [

(] (N .2 (N 1 (N [

ll 1 : : 1 1 |Il i i

| Classification of such configuration = damage definition - 4 ¥ 4 4 i ¥
. o ) SSB, SSB,!  DSB, DSB,! DSB,  Bases  Bases’

| Benchmarking DSB calculation is not obvious lu I lu : lu I l. | " 1 I
» Experimental data give foci induction few minutes after 1 T T 1 T " =
iradiation sl =l Ll | ue il [

= lack of standardization of irradiation and measurement AE HEY Tl 4 I
protocols O OB e Dy ] |

= Difficulty to compare damage between different codes: 4. 4 1) : : + 4 J

Standard DNA Damage (SDD) data format initiative

XSB X Basedamage | undamaged bp

I R S N 9TH EURADOS WEBINAR: CORRELATING MICRO AND NANODOSIMETRY WITH INITIAL BIOLOGICAL DAMAGE - 25/11/2021 12



BENCHMARK'NG Protons

[ VS LITERATURE [ VS OHTER CODES

35 T T T T
» ; e s S (Frankenberg. 1999) [= = simulation (Friediand, 2003)
* * Exp. (Belli, 2000) 0L Simulation (Nikjoo, 2001)
¥ v Exp. (Belli, 2001) 1A A This work
O @ Exp. (Campa, 2005) i i
A A This work

ol

z ; ; ; T R S A I S ;

0L [T S - B e eimeaaee
gm8 :

Mean number of DSB (DSB/Gy/Gbp)
*

Mean number of DSB (DSB/Gy/Gbp)

0 10 20 30 40 50 0 10 20 30 40 50
LET (keV/pm) LET (keV/pm)

Meylan et al., Sci. Rep. 7 (2017)
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Protons, alphas

IMPACT OF GEOMETRY w dothelial cel

_-"{
wL e
12 -
—————— i
-g- 10 e
heterochromatin °
5- 8 —+—100% HC Protons
a nucleolus
euchromatin :.:-
[=] —#—HC/EC - Uni. 48/52

@

Protons

= 4--100% HC Alphas

https://www.carabinsnicais. ir/

~ - HC/EC - Uni. 48/52
2 Alphas

0 5‘0 1&3 1;0 2!."'0
TEL (keV/pum)

@ nheterochromatin

@ cuchromatin

! More DSB/Gy/Gbp induced in HC/EC than in
HC alone

| Euchromatin more exposed to the effects of
molecular species: more hydrated, fewer

histones
Tang et al., Med. Phys. 7 (2019)
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Simulations of radiation induced DNA damage based on TSMC codes are being used in a mechanistic
or AOP approach in order to improve risk assessment for the use of ionizing radiation in medical
applications or low dose exposure

Important progress have been achieved during the last decade in the development of this kind of
simulation tools including physical, physico-chemical and chemical stages

Geant4-DNA is an open access source code in continuous development in order to increase the
knowledge and possibilities of the scientific community



