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Context Under irradiation, a biological system undergoes a cascade of chemical reactions 
that can lead to an alteration of its normal operation. There are different types of radiation 
and many competing reactions. As a result the kinetics of chemical species is extremely 
complex. The simulation becomes then a powerful tool which, by describing the basic 
principles of chemical reactions, can reveal the dynamics of the macroscopic system.
To understand the dynamics of biological systems under radiation, since the 80s there have 
been on-going efforts carried out by several research groups to establish a mechanistic 
model that consists in describing all the physical, chemical and biological phenomena 
following the irradiation of single cells. This approach is generally divided into a succession 
of stages that follow each other in time: (1) the physical stage, where the ionizing particles 
interact directly with the biological material; (2) the physico-chemical stage, where the 
targeted molecules release their energy by dissociating, creating new chemical species; 
(3) the chemical stage, where the new chemical species interact with each other or with 
the biomolecules; (4) the biological stage, where the repairing mechanisms of the cell come 
into play. This article focuses on the modeling of the chemical stage.
Method This article presents a general method of speeding-up chemical reaction simula-
tions in fluids based on the Smoluchowski equation and Monte-Carlo methods, where 
all molecules are explicitly simulated and the solvent is treated as a continuum. The 
model describes diffusion-controlled reactions. This method has been implemented in 
Geant4-DNA. The keys to the new algorithm include: (1) the combination of a method to 
compute time steps dynamically with a Brownian bridge process to account for chemical 
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reactions, which avoids costly fixed time step simulations; (2) a k–d tree data structure for 
quickly locating, for a given molecule, its closest reactants. The performance advantage is 
presented in terms of complexity, and the accuracy of the new algorithm is demonstrated 
by simulating radiation chemistry in the context of the Geant4-DNA project.
Application The time-dependent radiolytic yields of the main chemical species formed 
after irradiation are computed for incident protons at different energies (from 50 MeV 
to 500 keV). Both the time-evolution and energy dependency of the yields are discussed. 
The evolution, at one microsecond, of the yields of hydroxyls and solvated electrons with 
respect to the linear energy transfer is compared to theoretical and experimental data. 
According to our results, at high linear energy transfer, modeling radiation chemistry in 
the trading compartment representation might be adopted.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

1.1. Context

A major challenge in radiobiology is the understanding and prediction of the consequences of interactions between 
ionizing particles and biomolecules. When penetrating into biological materials, ionizing radiation changes the electronic 
properties of the targeted biomolecules and initiates a cascade of chemical reactions, which are known to contribute signifi-
cantly to cell death [1], genetic mutations and carcinogenesis. The quantitative understanding of the relation between these 
microscopic interactions and the macroscopic observables will have a major impact on biology and health science. However, 
the kinetics of these chemical reactions can become extremely complex. Indeed, not only are simultaneous and competitive 
reactions possible, but also the initial concentrations of chemical species strongly depend on the quality and type of the 
incident radiation.

Even in recent and well designed radiation chemistry experiments dedicated to the study of the kinetics of elementary 
chemical reactions, it can be difficult to measure the impact of simultaneous side reactions on the observables [2]. In this 
context, the use of a simulation toolkit, by diving into the heart of both the elementary physical interactions of radiation 
with biological materials and the elementary mechanisms of chemical reactions, can reveal complex dynamics of macro-
scopic observables such as time-dependent local concentrations of the different chemical species, or changes inflicted on 
DNA molecules.

Recent efforts [3–5] try to reproduce such dynamics using numerical techniques. These simulations are sliced into dif-
ferent stages that follow each other in time. They start with the fastest events where the ionizing particles, by interacting 
with biological materials, such as DNA, yield to the initial and direct modifications of the material. This first stage is called 
the “physical” stage. Second, the targeted molecules release their energy by dissociating, creating new chemical species; this 
is the so-called “physico-chemical” stage. This stage lasts up to approximately 1 picosecond. Third, from 1 picosecond to 
1 microsecond, in the “chemical stage”, the new chemical species interact with each other, or with the biomolecules already 
in the cell, leading to indirect alterations of the cellular material. Finally, the cellular repair mechanisms start fixing the 
biological damage. This paper describes contributions to the chemical stage of simulation.

1.2. Towards the modeling of biology and radiobiology at the cellular level

1.2.1. Databases and models
Since the late 20th century, much effort has been made to model the behavior of biological systems. Pioneering studies 

combining experimental data with quantitative modeling have emerged to help understanding both the chemical networks 
of single cells and the chemical and mechanical interactions of cellular networks [6–9]. However, whole-cell simulation is 
still a challenge for computational biology in the 21st century [10]. The use, by emerging software, of standard format(s) 
describing biological processes is the key to interchanging data, software coherence, compatibility and development. In this 
context, standardized models and databases are being discussed and built.

A database for biological models, called BioModels, is already available. This database handles standard formats for 
representing chemical reactions and models (Systems Biology Markup Language2 and Cell Markup Language3) and biological 
pathways (BioPAX4). Among them, the Systems Biology Markup Language (SBML) is a standard format based on XML whose 
goal is to describe computational models for biological processes. It was also recently extended to describe geometries.

2 http :/ /sbml .org.
3 http :/ /www.cellml .org.
4 http :/ /www.biopax .org.
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