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Radiolysis of Water: Time-Ordered Chemical and Biological Events

CONV Dose Rates

Formation and Decay follow 

well-studied kinetics patterns 

→diffusion-controlled radical 

chemistry

UHDR Dose Rates

Altered radical decay and   

spatiotemporal chemistry
→ Radiochemical mechanisms 

unknown

Radiation chemistry stages

Biological response window
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H2O2 in Biological Systems: a useful messenger, a potential threat, a tightly regulated molecule

Signaling Molecule

• Controls: proliferation, differentiation, migration

• Modulates redox-sensitive proteins
Damage Agent 

• Drives lipid and protein oxidation, and DNA damage

• Can initiate apoptotic and necrotic cell death pathways

• Synergizes with metal ions (Fenton chemistry → •OH)

H₂O₂ levels are not passive outputs of radiolysis, but the result of dynamic enzyme networks

• Detoxification systems (catalase, peroxiredoxins and glutathione peroxidases)

• Superoxide dismutases (SODs) convert superoxide into H₂O

Stress Response Regulator

• Coordinates responses to oxidative stress 

(e.g., NRF2 pathway)

• Triggers antioxidant defenses

• Involves in inflammatory responses (immune 

cells)
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2O2
•- + 2H+        H2 ​O2 ​+ O2

Reaction catalyzed by the enzymes: SUPEROXIDE DISMUTASES (SOD)

• highly conserved antioxidant enzymes

• the frontline defense against Reactive Oxygen Species (ROS)

O2 ​+ eaq
− O2

•-

Ionizing Radiation: 

SOD enzymes control the balance between O₂•⁻ and H₂O₂

SODs
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Structural Features: Metal cofactors, Isoforms and Localization (in human)

o SOD1 (Cu/Zn) (homodimer)  →  cytosol

o SOD2 (Mn) (homotetramer)  → mitochondria

o SOD3 (Cu/Zn) (homotetramer)  → extracellular space

SOD1 Homeostasis and Tumor Redox

o Normal Cells: Balanced ROS levels and functional SOD1 activity → stable redox homeostasis and efficient 

H₂O₂ detoxification

o Tumor Cells: High ROS and impaired detox systems (altered SOD dynamics) → impaired detoxification and 

increased susceptibility to oxidative damage

Superoxide Dismutase enzymes (SODs)
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SOD Inhibition as a Modulator of H₂O₂ Levels and Radioprotection

Hypothesis

Transient SOD1 inhibition at the time of

irradiation may limit H₂O₂ buildup, modify the

redox balance and enable FLASH-like

protection under CONV-IR.
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Future Directions
Electron-IR (ElectronFlash LINAC) 

eCONV-IR eUHDR-IR

Instantaneous DR @UA ~ 6.3 x 104 ~6.5x105

Instantaneous DR @CPFR ~5 x103 ~2.5x105

o Accessing early radiochemistry requires extreme instantaneous dose rates (DRs) 

Laser-driven technologies enable to explore early radiochemistry 

to understand how early chemical events influence tissue-level outcomes

o Early chemical stages remain experimentally inaccessible for in vitro cellular studies
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