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Abstract
Ultra-high dose rate (UHDR) radiotherapy has been shown in preclinical studies to reduce nor-
mal tissue toxicity without compromising tumour control, a phenomenon referred to as the Flash
effect. The radiochemical and biological mechanisms responsible for this effect remain unclear.
This study investigates radical formation and oxygen depletion under UHDR and conventional
dose rate (CDR) conditions to gain mechanistic insight. Radical formation was investigated using
electron spin resonance (ESR) spectroscopy with both spin trapping and spin probe techniques.
Oxygen consumption was monitored continuously during irradiation to complement radical
yield measurements. E3 medium containing either spin traps (DMPO, DEPMPO, BMPO) or spin
probes (CMH, TMTH, CAT1H) was prepared under hypoxic, physioxic, and normoxic condi-
tions. Irradiations were performed at the Electron Linac for beams with high Brilliance and low
Emittance at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR) with 30MeV electrons across
a broad range of dose rates (0.1Gy s−1–105 Gy s−1). Spin probe measurements enabled consistent
comparisons between CDR and UHDR, revealing a significant dependence of spin concentration
on both oxygenation and dose rate. In contrast, spin trapping showed reduced radical yields with
decreasing oxygen levels, but no significant dose-rate dependence. Direct comparisons between
UHDR and CDR were limited by differences in the decay kinetics of the spin adducts. Oxygen
measurements confirmed a reduced oxygen consumption at UHDR, with the extent of deple-
tion strongly dependent on initial oxygen concentration. The results support the hypothesis that
UHDR conditions promote radical–radical recombination, shifting the reaction equilibrium and
reducing the pool of radicals available to react in the homogeneous chemical phase, particularly
with oxygen. The combined application of ESR spin trapping, spin probes, and real-time oxygen
measurements offers complementary insight into dose-rate-dependent radical processes.
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1. Introduction

The potential use of ultra-high dose rates (UHDR) in radiotherapy has gained increasing attention in
recent years due to the opportunity it offers to expand the therapeutic window in clinical practice. The
so-called Flash effect at UHDR (>40Gy s−1) has been shown preclinically to significantly reduce normal
tissue toxicity while maintaining tumour control comparable to conventional dose rate (CDR) radiother-
apy (∼0.1Gy s−1) (Favaudon et al 2014). By reducing normal tissue toxicity, it may enable treatments
with fewer side effects or allow for dose escalation in tumours that respond poorly to conventional treat-
ment, without increasing the risk of complications compared to current treatment strategies.

The differential Flash effect has been validated in preclinical studies with several animal models and
for electron, photon, proton and heavy ion beams. First veterinarian and human clinical trials are cur-
rently ongoing. A better understanding of the mechanisms of the Flash effect is fundamental for the
optimisation of the parameters triggering the effect and to allow broader clinical translation. Current
research aims to address two key questions: first, what causes UHDR irradiation to reduce radiation-
induced biological damage; and second, why does this protective effect appear to preferentially affect
healthy tissue, while tumour control remains uncompromised (Limoli and Vozenin 2023)?

One of the earliest explanations proposed for the Flash effect was the oxygen depletion hypothesis
(Pratx and Kapp 2019). It proposes that, at UHDR, radiation-induced radicals consume oxygen so rap-
idly that transient hypoxia develops, reducing the oxygen fixation effect and thereby limiting biological
damage in normal tissues. This idea appeared plausible because tumours, which are often already hyp-
oxic, would be less affected, potentially explaining the preservation of tumour control. Subsequent work
has clearly shown that total oxygen depletion during irradiation decreases with increasing dose rate (Cao
et al 2021, Jansen et al 2022b, Sunnerberg et al 2024). These findings contradict the oxygen depletion
hypothesis and have shifted attention towards alternative radiochemical mechanisms.

Another hypothesis proposed to explain both the Flash effect and the reduced oxygen consumption
observed at UHDR is radical–radical recombination. It suggests that the very short duration of UHDR
irradiation transiently generates high concentrations of reactive species, which promotes their mutual
recombination and neutralisation before they can react with molecular oxygen (O2) (Jansen et al 2022a).
This mechanism provides a potential explanation not only for the dose-rate dependence of oxygen deple-
tion, but also for the Flash effect itself. Faster mutual recombination also limits the lifetime of highly
reactive species such as peroxyl (ROO•) and hydroxyl radicals (OH•), thereby reducing their ability to
damage critical targets in cells such as DNA (Labarbe et al 2020). In well-oxygenated normal tissues, this
accelerated radical recombination may help to prevent the accumulation of DNA-damaging species and
the fixation of oxidative lesions, ultimately sparing healthy cells. In contrast, in hypoxic tumour envir-
onments where oxygen is already scarce, fewer reactive oxygen species (ROS) are produced, so the addi-
tional protection under UHDR conditions is likely limited. As a result, the protective effect seen in nor-
mal tissues may be reduced or entirely absent in tumours.

This difference parallels the well-established oxygen enhancement effect in radiotherapy, where oxy-
gen stabilises radiation-induced damage and hypoxic tumour regions are inherently more radioresistant.
As a consequence, tumour control in anoxic or hypoxic regions requires higher doses, a concept that has
been demonstrated in oxygen-guided or boost-dose treatments targeting hypoxic subvolumes (Epel et al
2019). Central to this radiochemical effect is the process of water radiolysis: the interaction of ionising
radiation with intracellular water leads to the generation of various short-lived reactive species (figure 1).
Primary radical species such as OH•, hydrated electrons (e−aq), and hydrogen atoms (H•, often referred
to as the hydrogen radical) are generated within femto- to picoseconds after energy deposition during
the physicochemical phase. These species rapidly undergo diffusion-controlled reactions including recom-
bination and oxygen-dependent processes within the first few nanoseconds (Sonntag 2006).

Direct experimental access to oxygen dynamics and radical chemistry is therefore essential to critic-
ally test mechanistic hypotheses of the Flash effect. By combining real-time oxygen measurements during
irradiation with post-irradiation electron spin resonance (ESR) spectroscopy, we can quantify both the
immediate oxygen consumption and the integrated radical yields that underlie dose-rate effects. Spin
traps capture primary radicals such as OH• or e−aq within nanosecond to microsecond time frames, sta-
bilising them for ESR spectroscopy measurement (Schuler et al 1971). In contrast, spin probes, typically
present at lower concentrations, react with longer-lived ROS (e.g. O•−

2 ) and therefore reflect broader and
often delayed redox changes in a given system (Giamello and Brustolon 2009).

These complementary approaches provide physicochemical insights that form the foundation for
interpreting subsequent in vivo experiments. By connecting oxygen consumption and radical yields
observed in simple systems to biological responses in complex tissues, they help to establish a frame-
work for the rational design of preclinical studies. To facilitate translation towards preclinical models,
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Figure 1. Timeline of water radiolysis (Sonntag 2006) and radical detection. Ionising radiation produces short-lived species on
the femtosecond-picosecond timescale. Spin probes detect radicals via oxidation, whereas spin traps form specific paramagnetic
adducts (Khan et al 2003, Dikalov et al 2011). Created in BioRender. Pehlivan J (2026) https:// BioRender.com/7sfvnqb.

our measurements were performed in E3 medium, the standard medium for zebrafish embryos (ZFE)
(Brand et al 2002). E3, with its ionic composition, offers a chemically more representative medium than
water. Starting with this intermediate level of complexity allows us to gradually adapt the methodology
for future application in more complex biological systems, such as ZFE or cell cultures.

2. Methods andmaterials

2.1. Sample preparation and oxygenmeasurement
Samples were prepared in E3 ZFE medium supplemented with diethylenetriaminepentaacetic acid
(DTPA, 25µM; ThermoFisher Scientific) as a metal chelator. Since E3 medium offers a defined and
reproducible composition with a physiologically relevant pH and additional ionic components, making
it chemically more representative of in vivo environments while still providing experimental stability. For
each sample, one of the spin traps or spin probes listed in table 1 was added.

The spin trap DMPO is widely used due to its simple and well-characterised ESR spectra, which
facilitates data interpretation. However, it forms relatively short-lived adducts, particularly with super-
oxide (O•−

2 ) and OH•. In contrast, BMPO and DEPMPO form more stable radical adducts and allow
better distinction between different ROS species. DEPMPO in particular offers improved stability of O•−

2

and OH• adducts, making it well suited for longer measurement times and more complex ROS environ-
ments (Bacic et al 2008).

While spin traps provide specificity in radical identification, spin probes offer a complementary
approach with distinct advantages in biological systems. Unlike spin traps, they do not form adducts
with radicals but are directly oxidised by species like O•−

2 , yielding stable nitroxides detectable by ESR.
These reactions proceed efficiently, allowing detection of O•−

2 at much lower concentrations (0.05–
1mM) compared to the higher amounts typically required for spin traps (100mM). This reduces poten-
tial cytotoxicity and minimises interference with native redox processes. Furthermore, the single-step
reaction with O•−

2 and the absence of redox cycling artefacts support their suitability for in vivo and
cellular applications (Gotham et al 2020). Their chemical simplicity, low background, and relative sta-
bility make spin probes particularly attractive for systems where time-resolved detection is not feasible,
but integrated oxidative changes are of interest (Dikalov et al 2011). Spin probes were first dissolved in
phosphate-buffered saline (PBS, pH 7.4) before being added to the E3 medium. For experiments con-
ducted at acidic pH (pH 4), spin probes were used without additional buffering, allowing direct com-
parison between physiological and acidic conditions. The low pH condition was included to explore how
protonation affects the chemical behaviour of the probe and its radicals. At low pH, protonation shifts
the equilibrium toward neutral probe and radical species, which can alter redox kinetics and increase
nitroxide stability (Khramtsov et al 2004). The acidic condition (pH ≈ 4) was also chosen as an explor-
atory model representing an extreme, acidified regime that may occur locally in tumour microenviron-
ments. While typical extracellular tumour pH values are only moderately acidic (around 6.5–6.8), transi-
ent or compartmental acidification can reach lower values (Hosonuma and Yoshimura 2023). ESR meas-
urements were performed post-irradiation, complementary oxygen measurements were carried out in
real time during irradiation (sensor response time: t90 < 0.3 s) to measure oxygen depletion and sup-
port kinetic interpretation of the radical reactions (figure 2).

Samples were prepared for three defined target oxygenation levels: hypoxic (8mmHg, corresponding
to 5 % air saturation), physioxic (38mmHg, approx. 24% air saturation), and normoxic (160mmHg,

3
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Table 1. Spin traps and spin probes used in this study.

Abbreviation Compound Concentration Supplier

Spin traps

DMPO 5,5-Dimethyl-1-pyrroline-N-oxide 50mM Cayman Chemical
BMPO 5-tert-Butoxycarbonyl-5-methyl-

1-pyrroline N-oxide
25mM Enzo Life Sciences

DEPMPO 5-(Diethoxyphosphoryl)-5-methyl-
1-pyrroline N-oxide

25mM Enzo Life Sciences

Spin probes

CAT1H 1-Hydroxy-3-carboxy-2,2,5,5-
tetramethylpyrrolidine

100µM Noxygen Science Transfer & Diagnostics
GmbH

CMH 1-Hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine

100µM Noxygen Science Transfer & Diagnostics
GmbH

TMTH 1-Hydroxy-4-[2-
(triphenylphosphonio)acetamido]-
2,2,6,6-tetramethylpiperidine

100µM Noxygen Science Transfer & Diagnostics
GmbH

Figure 2. Schematic overview of the experimental setup and spin-based radical detection. Irradiated samples containing spin
traps or spin probes were analysed by ESR spectroscopy. Oxygen levels were monitored in real time during irradiation using a
fibre-optic sensor. Spin traps (e.g. DMPO) form stable paramagnetic adducts upon reacting with short-lived radicals (e.g. OH•),
whereas spin probes (e.g. CAT1H) are directly oxidised by ROS to form detectable nitroxide radicals. ESR measurements were
performed after irradiation. Created in BioRender. Pehlivan (2026) https://BioRender.com/ vgss8he.

equivalent to 100% air saturation). Hypoxic and physioxic conditions were established using a hypoxia
chamber (HypoxyLab, Oxford Optronix, UK), while normoxic samples were prepared separately under
ambient air conditions. Oxygen concentrations in the sample prior to irradiation were confirmed using
a fibre-optic oxygen sensor (Model NX-BF, used with OxyLite oxygen monitor, Oxford Optronix, UK).
Due to experimental variability in oxygen equilibration, samples did not always precisely reach the inten-
ded target oxygen levels. For grouped data presentation, samples were therefore classified based on their
measured initial oxygen concentrations. Specifically, values ⩽ 10% air saturation were considered hyp-
oxic, values between ≥ 10% and ⩽ 70% as physioxic, and values > 70% as normoxic.

For a subset of samples, oxygen levels were continuously monitored during irradiation using a fibre-
optic oxygen microsensor (OXR50-UHS, PyroScience GmbH, Germany), which was inserted through
a septum into the sealed sample prior to irradiation. The sensor output of the Pyroscience system was
recorded in units of % air saturation, where 100% corresponds to the equilibrium oxygen concentration
of air-equilibrated medium under ambient pressure and room temperature (approximately 21% O2 in
air). Thus, measured values ranged from 0% (fully deoxygenated) to 100% air saturation. Representative
real-time oxygen traces at CDR and UHDR are provided in the Supplement (figure S1). To increase the
number of data points on oxygen depletion in different initial oxygen concentrations, some continu-
ously monitored samples were irradiated multiple times at varying dose rates. A minimum delay of 30 s
between irradiations ensured the decay of short-lived radiolytic species.

2.2. Irradiation and dosimetry
Irradiations were performed at the superconducting research Electron Linac for beams with high
Brilliance and low Emittance (ELBE) at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR) (Gabriel
et al 2000) using a 30MeV electron beam in two distinct dose-rate regimes (table 2). Electron bunches
of 5 ps bunch length were delivered quasi-continuously at 13MHz frequency, but differed in bunch
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Table 2. Dose-rate regimes used for irradiation with 30MeV electrons at the ELBE accelerator. Total dose is given as mean± standard
deviation for all sample irradiations.

Regime Mean dose rate Bunch dose rate Total dose [Gy]

CDR—Conventional dose rate ∼ 0.1Gy s−1 ∼ 103 Gy s−1 30.0± 0.1
UHDR—Ultra-high dose rate ∼105 Gy s−1 ∼ 109 Gy s−1 29.8± 0.2

charge (dose) by several orders of magnitude resulting in different dose rates and therefore different
irradiation durations for the same total dose. A previously established irradiation and dosimetry setup
(Pawelke et al 2021, Karsch et al 2022, Horst et al 2024) was complemented by a newly available flash-
Diamond detector (fD) as an additional dose measurement device at UHDR. A detailed overview of all
detectors and readout devices used in the dosimetric setup is provided in table S1 (see Supplementary
Materials). Following the vacuum exit window, the ELBE electron pencil beam is broadened by a 2mm
thick polymethyl methacrylate (PMMA) scatterer to achieve a homogeneous lateral dose distribution
(+/− 5%) of 8mm diameter at sample position. In short distance, an integrating current transformer
followed by a transmission ionisation chamber (T-IC) at beam exit are used for constant monitoring of
the bunch charge and dose delivery. Downstream, either the sample holder can be placed on beam axis
using a remote controlled linear axis or an Advanced Markus ionisation chamber (M-IC) equipped with
a build-up cap (1mm thick PMMA) and a fD can be moved to sample position for dosimetry and for
setting up the beam parameters across the different dose-rate regimes. Radiochromic dosimetry films,
either type GAFchromic EBT3 or EBT-XD were attached directly in front of each sample. A phosphor-
escence screen (Lanex Screen) was used prior to sample irradiations for real-time verification of beam
position and lateral beam profile, particularly after beam interruptions, in particular for entering the
irradiation cave for sample change. These checks were performed without any samples in the beam path
to avoid scattering effects and to ensure that the beam was properly centred before irradiation. Minor
beam drifts were corrected accordingly. For practical reasons, the Lanex screen was positioned several
centimetres downstream of the sample plane, thus, it provided relative beam information rather than
the exact fluence at the sample position. During the actual sample irradiations, radiochromic films were
placed immediately in front of each sample to record the 2D spatial dose distribution at the sample
position. Film readout was performed retrospectively, providing a sample-specific verification of dose
delivery and homogeneity across different dose-rate regimes. To verify the consistency of the previously
established dosimetric setup and to exclude potential drifts or anomalies during irradiation, the dose
delivery is monitored online using the T-IC, cross-calibrated to fD absorbed-dose-to-water readout at
sample position. The fD sensitivity was determined for 20MeV electrons at the Physikalisch-Technische
Bundesanstalt (PTB, Braunschweig, Germany) (Subiel et al 2024). As shown by Bourgouin et al (2022),
Kranzer et al (2022), the detector response is dose-rate independent up to 5× 106 Gy s−1 by validating
a linear response to single pulses (below 4µs duration) of up to more than 20Gy per pulse. Since the
T-IC readout was influenced by strong recombination effects at UHDR, cross calibration has been per-
formed individually for each dose-rate group on a daily basis. Independent cross calibration was per-
formed with the M-IC, calibrated for 60Co γ dose readout, at sample position. For this, the chamber
readout was corrected for air density, radiation quality of 30MeV electrons (kE = 0.88) and dose rate
dependent recombination effects. The end of irradiation took place after reaching the previously determ-
ined T-IC readout value (CDR) or number of bunches (UHDR).

To ensure consistency across irradiations, radiochromic films were placed with each sample to verify
relative dose within each dose-rate group. These films are not strictly dose-rate independent (Villoing
et al 2022), yet they remain suitable for internal consistency verification. For calibration, EBT3 films
were referenced to 21MeV electron doses measured at a clinical linac (type Oncor Impression, Siemens
AG, Erlangen, Germany) and EBT-XD films to 18MeV electron doses measured at another clinical linac
(type TrueBeam, Varian Medical Systems, Palo Alto, CA, USA). In addition to the two main dose rate
categories (CDR and UHDR), several intermediate dose rates (ranging from 10Gy s−1 to 1000Gy s−1)
were also tested to explore potential dose rate dependencies across a broader range. However, for
grouped statistical analyses and visualisation, dose rates were categorised as either CDR (⩽ 00.25Gy s−1

) or UHDR (⩾40Gy s−1), based on literature thresholds used in Flash radiobiology (Favaudon et al
2014). This study specifically focused on the highest achievable dose rates, as these conditions maximise
instantaneous radical concentrations and thus the likelihood of radical–radical interactions. The extent to
which these effects persist under clinically relevant dose-rate and pulse-structure conditions remains to
be clarified. All samples received a total dose of 30Gy, chosen based on its suitability for future endpoint
studies in ZFE, which are planned as a follow-up to the present experiment. For all dose-normalised
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data, an overall standard dosimetry uncertainty of 5% was assumed. This includes the uncertainty asso-
ciated with the traceable sensitivity determination of the reference fD at PTB (≈3%) (Subiel et al 2024),
daily cross-calibration of the T-IC and potential variations between the irradiation sessions (≈2%), and
positioning/setup reproducibility effects (<1%). Minor contributions (≈1%) from environmental cor-
rections and long-term detector stability are considered to be covered by the conservative rounding to a
total uncertainty of 5%.

2.3. Electron spin resonance measurement
ESR measurements were conducted using a Magnettech ESR5000 spectrometer (Bruker, Germany). All
samples were measured at room temperature in 50µl capillaries (Hirschmann Ringcaps). ESR spectra
were recorded at X-band (9.4GHz) with a modulation frequency of 100 kHz, modulation amplitude of
0.1mT, and a sweep time of 12 s. The sweep range and microwave power were adjusted for each spin
trap/probe based on previous measurements of the saturation profile to ensure operation in the linear
response range (table S2 in the Supplementary Materials). For samples containing spin traps (DMPO,
DEPMPO, BMPO), measurements were performed approximately 5min post-irradiation to ensure com-
parability of the data, given the known instability of spin adducts and considering the time needed after
end of irradiation to pickup the sample and prepare for measurement. For samples containing spin
probes (CMH, TMTH, CAT1H), the time elapsed after the end of irradiation before measurement was
not fixed, due to the higher stability of these compounds in water. To control for potential autoxidation,
non-irradiated blank samples were included for all spin probe conditions and were processed identically
to the irradiated samples.

Spectral analysis and deconvolution were performed using SpinFit Liquid software (Bruker,
Germany). The fitting procedure corrected for baseline drift and background signals and enabled the res-
olution of overlapping spectral components, allowing quantification of individual radical adducts in spin
trap samples. Absolute radical concentrations (M) were obtained from the double-integrated ESR sig-
nal intensity using the instrument’s internal spin-count calibration. This calibration relates the integrated
signal area to the number of spins within the resonator volume under defined spectrometer settings. The
resulting spin number was converted to concentration by normalising to the sample volume, assuming
linear detector response at the applied microwave power. Component assignments for spin trap spec-
tra were based on literature-reported spectral parameters (Frejaville et al 1995, Bruker BioSpin 2022),
which served as initial estimates for the fitting routine. The final fitted signal parameters derived from
our measurements are summarised in table S3 (Supplementary Materials).

2.4. Data processing and statistical analysis
Oxygen concentration was continuously measured for some samples. Oxygen depletion per unit dose
(∆c(O2)/D) was calculated from the difference in mean oxygen concentration between the plateau
regions directly before (c(O2)initial) and after irradiation (c(O2)end), divided by the applied dose (D). The
averaging interval was set to 20 s (see Supplementary figure S1). Samples that showed an unexpected
increase in oxygen concentration, suggesting air ingress, were excluded from the analysis. The relation-
ship between initial oxygen concentration and oxygen depletion per unit dose was analysed by nonlin-
ear regression using OriginPro 2023 (OriginLab Corporation, Northampton, MA, USA). Data were fit-
ted using the Michaelis–Menten equation, which was previously applied to describe oxygen depletion at
varying initial oxygen levels by Jansen et al (2022a) (equation (1)). While the Michaelis–Menten model
originates from enzyme kinetics, where a specific substrate binds to an enzyme, it can be used more gen-
erally to describe processes with a saturating dependence on reactant availability. In our analysis, the
initial oxygen concentration (c(O2)initial) is used in place of the substrate concentration.

To represent conditions at UHDR and high oxygen concentrations, the Michaelis–Menten model was
extended by an exponential modulation term (equation (2)). This term allows the reaction rate to devi-
ate from pure Michaelis–Menten saturation at high initial oxygen concentrations, capturing potential
efficiency losses in oxygen-dependent pathways under elevated radical densities. The parameter α quan-
tifies this modulation, representing dose-rate-dependent effects such as radical–radical recombination
and diffusion limitations that become relevant at high concentrations of ROS. It should be noted that
equation (2) does not include dose rate as an explicit variable; instead, dose-rate effects are embedded in
the empirical parameter α, which serves as an effective descriptor of the observed dependence.

∆c(O2)

D
=

∆c(O2)max · c(O2)initial
KM + c(O2)initial

(1)

∆c(O2)

D
=

∆c(O2)max · c(O2)initial
KM + c(O2)initial

· exp
(
−α · c(O2)initial

)
(2)
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where:

∆c(O2) change in oxygen concentration during irradiation [% air saturation]
D applied dose [Gy]

c(O2)initial initial oxygen concentration [% air saturation]
∆c(O2)max maximum oxygen depletion (saturation value) [% air saturation]

KM Michaelis–Menten constant, oxygen concentration at which the depletion rate
reaches half of its maximum [% air saturation]

α parameter quantifying dose-rate-dependent efficiency losses in oxygen
consumption caused by elevated ROS densities

Models were compared using Akaike’s information criterion (AIC), which trades off goodness of fit
against model complexity. Fit quality was summarised by the adjusted coefficient of determination (R2

adj).
Parameter estimation was performed by nonlinear least squares (Levenberg–Marquardt algorithm), and
uncertainties were derived from the covariance matrix.

Due to slight variations in measurement start times for the ESR spin trap measurements and
the known instability of the spin adducts, all data sets were truncated and aligned so that the aver-
age recording time fell within a common 2min window. No kinetic decay correction was applied, as
decay behaviour is likely influenced by key experimental parameters such as oxygen concentration and
dose rate, variables that were central to this study. Applying a uniform decay model across all condi-
tions could therefore not only introduce additional uncertainty but might also obscure real, condition-
dependent differences in radical behaviour.

Quantification of spin probe ESR signals was based on the spin concentrations obtained from spec-
tral fitting. Prior to dose normalisation, the signal of the corresponding non-irradiated blank was sub-
tracted to correct for the known effect of autoxidation, which occurs even without irradiation due to
ambient oxygen.

To assess the effects of initial oxygen concentration and dose rate on dose-normalised spin adduct
concentrations, a two-way analysis of variance (ANOVA) was performed. This analysis allowed us to
test for main effects and interaction effects of the two independent variables. In cases where the ANOVA
yielded significant results, Tukey’s honest significant difference (HSD) test was used for post-hoc pairwise
comparisons. A significance level of p< 0.05 was applied for all statistical tests.

3. Results and discussion

3.1. Oxygen depletion as a function of initial oxygen-concentration andmean dose rate
We investigated oxygen depletion during irradiation under varying initial oxygen concentrations and
dose rates, with a particular focus on UHDR conditions. The aim was to evaluate whether the previously
observed reduction in oxygen consumption at UHDR (Cao et al 2021, Jansen et al 2022b, Sunnerberg
et al 2024) could be attributed to radical–radical recombination occurring prior to the reaction of free
radicals with O2. The resulting oxygen depletion per unit dose (∆c(O2)/D) was plotted as a function
of initial oxygen saturation and mean dose rate for samples containing spin traps (figures 3(a) and (b))
as well as for samples with spin probes (figures 4(a) and (b)) together with additive-free E3 medium.
Overall, UHDR irradiation led to significantly lower oxygen depletion than CDR, with the extent of
depletion also dependent on the initial oxygen concentration. These findings align with previous reports
of reduced oxygen depletion at UHDR in vitro (Cao et al 2021, El Khatib et al 2022, Jansen et al 2022a,
2022b) and in vivo (Sunnerberg et al 2024).

As described in the Methods section, the experimental data were fitted using the mechanistic
Michaelis–Menten model (equation (1)). Overall, the model performs well across all groups at low oxy-
gen concentrations and under CDR conditions, where diffusion and radical recombination play a minor
role. Notably, a plateau in oxygen depletion becomes apparent at about 20% air saturation, correspond-
ing to roughly 4.2% partial pressure of oxygen (pO2). This is in good agreement with measurements by
Jansen et al (2022a) and simulation results by Boscolo et al (2020), who report saturation of oxygen con-
sumption beyond 5% pO2 due to complete scavenging of e−aq. However, in E3 medium and spin probe
samples, we observed a clear decrease in oxygen depletion per dose at initial normoxic concentrations
under UHDR conditions. To quantitatively compare the model performance under CDR and UHDR
conditions, AIC values were calculated for both regimes (table S3 in the Supplementary Materials). For
the spin probe data, the extended model (equation (2), MM + UHDR) yielded substantially lower AIC
and Bayesian Information Criterion (BIC) values under UHDR irradiation (∆AIC ≈ 16, Akaike weight
> 0.99), indicating decisive support for the inclusion of the exponential correction term. At CDRs, the
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Figure 3. Oxygen depletion per dose (∆c(O2)/D) for samples containing spin traps as a function of (a) initial oxygen concen-
tration and (b) mean dose rate. Solid lines in (a) show fits using the Michaelis–Menten model; the dashed line represents the
extended model including an exponential correction term for radical recombination.

Figure 4. Oxygen depletion per dose (∆c(O2)/D) for samples containing spin probes as a function of (a) initial oxygen con-
centration and (b) mean dose rate. Solid lines in (a) show fits using the Michaelis–Menten model; the dashed line represents
the extended model including an exponential correction term for radical recombination. The model fits were obtained from the
combined data set (spin probe and E3+ E3).

improvement was minor (∆AIC ≈ 4), suggesting only a weak non-ideality rather than an explicit dose-
rate dependence. For the spin trap data, the classical model remained sufficient across both regimes,
consistent with the absence of saturation. While equation (2) provides a good overall description of the
data, the intermediate oxygen range is represented by fewer data points, which naturally increases the
uncertainty of the fitted curvature in this region. Under UHDR irradiation, high local radical densities
promote radical–radical reactions and interactions with competing solutes, reducing the fraction that
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reacts with O2 (Jansen et al 2022a). Once oxygen-dependent pathways are saturated, further increases in
pO2 do not lead to higher oxygen consumption. Instead, diffusion limitations and the build-up of sec-
ondary species such as O•−

2 and HO•
2 can kinetically limit further oxygen engagement, causing depletion

per dose to saturate or even decline despite greater oxygen availability. The presence of a spin trap led
to a notable reduction in oxygen depletion. The effect varied with oxygen concentration, being most
pronounced under hypoxic and physoxic conditions. Despite this, the overall dependence of oxygen
consumption on dose rate and initial oxygen concentration remained evident in spin trap-containing
samples (figure 3(a)).

Given that spin traps compete with oxygen and other solutes for radical reactions, and can alter the
balance between radical recombination and oxygen-dependent pathways, their use introduces a con-
trolled yet non-negligible perturbation of the system. Nevertheless, this disturbance of the native redox
kinetics constitutes a methodological limitation that should be considered when comparing to additive-
free conditions. Spin traps such as DMPO, DEPMPO, and BMPO act as radical scavengers by intercept-
ing short-lived species like OH•, e−aq and H• (table 4). In doing so, they compete with O2 and other
solutes for reaction with free radicals, thereby influencing the overall reaction network. Despite the pres-
ence of spin traps in high concentrations, oxygen consumption persisted, indicating that fast-reacting
species such as e−aq and H• can still react with O2 before encountering a spin trap. This is particularly
notable given that spin traps were present in high concentrations (25–50mM), vastly exceeding the dis-
solved oxygen levels under 100% air-saturated conditions (∼0.2mM). However, because the bimolecular
rate constants k for the reactions of e−aq and H• with O2 are on the order of 1010M−1 s−1 (see table 4),
oxygen effectively outcompetes spin traps, whose rate constants are several orders of magnitude lower
(106–109M−1 s−1) for these species.

Samples containing spin probes such as CMH, TMTH, or CAT1H exhibited oxygen depletion levels
comparable to those in additive-free controls. While these spin probes undergo one-electron oxidation
by reactive species and form stable nitroxides detectable by ESR, they do not trap radicals in the clas-
sical sense. Acting as competing substrates, spin probes can intercept a fraction of the radicals, but they
are typically used at low concentrations (100µM) and react selectively with only certain species (OH•

or O•−
2 but typically not with e−aq (table 4)). Consequently, they do not substantially affect the overall

balance of early radiolysis reactions. In particular, they do not meaningfully interfere with oxygen con-
sumption processes immediately following irradiation.

3.2. ESR-based quantification of radical species using spin traps
The use of the spin traps DMPO, DEPMPO and BMPO in ESR measurements enabled the differenti-
ation of radical species based on their characteristic spectral features (figure 5(a)). Measurements with
BMPO and DEPMPO were performed only for a limited number of conditions, in some cases without
replicates. These results are therefore interpreted in a qualitative manner and serve primarily to illus-
trate the applicability of the method to different spin traps. The measured spectra showed a predomin-
ant formation of OH• adducts, with additional contributions from H•.

The fitted spectra closely matched the measured data, enabling quantification of individual radical
species. Examples of both fitted spectra and the spectral components of the radical adducts are given in
supplementary figures S2–S4.

For consistency, all three spin-trap datasets were included in the two-way ANOVA framework
described below. However, the BMPO and DEPMPO data were treated in an exploratory manner due
to their limited sample size and deviations from variance homogeneity. The corresponding results are
reported for completeness and should be regarded as indicative rather than confirmatory. Spin adduct
concentrations were normalised to the applied dose. OH• and H• adducts were evaluated separately to
account for their differing chemical reactivity and stability. The results of analysis of the influence of the
initial oxygen concentration and dose rate on the radical yield are shown in figure 6.

For all three spin traps, OH• adduct yields were highest under normoxic conditions. Two-way
ANOVA revealed a significant effect of initial oxygen level on the concentration of OH• adducts formed
with DMPO (p < 0.0001) and BMPO (p < 0.0001), whereas no significant effect was observed for
DEPMPO (p= 0.145). Post-hoc comparisons showed that adduct concentrations were significantly higher
under normoxic conditions than under both hypoxic and physioxic conditions. No significant difference
was found between hypoxic and physioxic groups for DMPO-OH, while BMPO-OH showed a significant
difference (p= 0.003) between these two conditions.

The observed increase in OH• adduct yield under normoxic conditions is consistent with Monte
Carlo simulations by Boscolo et al (2020), who report slightly elevated OH• yields at higher initial O2
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Figure 5. Representative ESR spectra of DMPO (a), BMPO (b), and DEPMPO (c) samples. Experimental spectra (top traces) are shown together with the simulated component fits for hydroxyl (OH•) and hydrogen (H•)
adducts obtained from SpinFit modelling. The individual component traces illustrate the relative contributions of OH• and H• species to the measured composite spectra. For BMPO, two OH• components are displayed,
corresponding to distinct conformers of the BMPO-OH adduct.
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Table 3. ANOVA p-values for spin trap experiments. Significant results (p< 0.05) are shown in bold. Columns correspond to initial
oxygen concentration (O2,initial), mean dose rate (Mean DR), and their interaction (O2,initial ×DR). Significant main effects for O2,initial

were further analysed using Tukey’s HSD post-hoc tests (see table S7 in the Supplementary Materials).

Spin trap O2,initial Mean DR O2,initial ×Mean DR

DMPO-OH p< 0.001 p= 0.605 p= 0.973
DMPO-H p= 0.165 p= 0.3255 p= 0.173

BMPO-OH p< 0.001 p= 0.142 p= 0.101
BMPO-H p= 0.940 p= 0.697 p= 0.154

DEPMPO-OH p= 0.145 p= 0.695 p= 0.962
DEPMPO-H p= 0.258 p= 0.908 p= 0.607

levels for low LET (linear energy transfer) radiation. This effect can be explained by the fact that dis-
solved oxygen scavenges solvated electrons, which prevents them from reacting with OH• radicals. As a
result, more OH• radicals remain available and can be detected.

No statistically significant effect of dose rate on OH• radical adduct formation was observed for any
of the spin traps in the two-way ANOVA. Also no significant interaction between oxygen level and dose
rate was observed for any of the spin traps (table 3).

Figures 6(d)–(f) show the dose-normalised concentrations of H• adducts (DMPO-H, BMPO-H, and
DEPMPO-H) formed under varying oxygenation levels and dose rates. Although two-way ANOVA did
not reveal statistically significant effects of oxygen concentration or dose rate on H• adduct formation, a
visual inspection of the data suggests a potential trend toward higher yields under normoxic conditions,
particularly for BMPO and DEPMPO. However, the observed differences remain small and inconsist-
ent across all conditions and spin traps. In particular, DMPO-H did not show a clear trend, and inter-
sample variability was high for BMPO and DEPMPO.

All three traps produced OH• and H•-derived adducts, with DEPMPO producing the highest overall
spin concentrations, followed by BMPO, despite the fact that both were used in lower concentrations of
25mM, compared to 50mM for DMPO. The relatively low concentrations of DMPO-H adducts, com-
pared to DEPMPO-H and BMPO-H, may reflect either lower trapping efficiency or increased degrad-
ation of DMPO-derived adducts under the experimental conditions. Although direct rate constants for
the reactions of DEPMPO and BMPO with e−aq and H• are not widely reported, the formation of the
corresponding H• adducts has been experimentally confirmed and their enhanced spin adduct stability
relative to DMPO is well documented (Hawkins and Davies 2014). Table 4 summarises key reaction rate
constants and adduct stabilities for radicals generated during water radiolysis, based on data from the
literature.

In addition to differences in trapping efficiency and adduct stability, the irradiation regime itself can
introduce kinetic artefacts that complicate direct comparisons of absolute spin adduct yields. Madden
and Taniguchi (2001) showed that under continuous 60Co γ-irradiation (223Gymin−1) in N2-saturated
DMPO solutions, the DMPO-H spin adduct accumulates over the first ∼50 s until formation and decay
rates equilibrate. This build-up leads to a rapid cross-reaction with coexisting DMPO-OH, lowering
the apparent OH• adduct yield from the ∼94% observed in pulsed electron radiolysis (Madden and
Taniguchi 1996) to about 44%.

The effect of systematic artefacts becomes especially relevant when comparing continuous (CDR)
and pulsed (UHDR) irradiation regimes in our experiment. While the same dose should in principle
generate the same total number of primary radicals, in UHDR all radicals are produced within milli-
seconds to seconds, whereas at CDR the dose is delivered over minutes. This prolonged delivery allows
radical formation and decay to occur concurrently, potentially establishing a dynamic steady state. As
ESR records only the time-integrated accumulation of stable adducts, the interplay between radical gen-
eration and decay becomes critical. According to radical–radical hypothesis, the shorter generation time
in UHDR should reduce the number of radicals available for spin trapping. In CDR, however, ongoing
radical decay during irradiation likewise lowers the detectable concentration and can mask true dose-
rate-dependent differences in ESR-derived yields, likely contributing to the absence of clear dose-rate
trends in our results.

Despite their mechanistic utility, spin traps present notable limitations that restrict their broader
application, particularly in biological contexts. High concentrations are often required in the range of
25 to 100mM to achieve sufficient trapping efficiency, given the short useful life time and low steady-
state concentrations of free radicals. However, such concentrations are not biologically neutral. Spin traps
may exert cytotoxic effects, disrupt endogenous redox signaling (Khan et al 2003). Moreover, the ESR
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Figure 6. Box plots of dose-normalised spin adduct concentrations under varying oxygenation conditions (hypoxic, physioxic,
normoxic) and dose rates (CDR, UHDR) for three different spin traps. Subfigures (a)–(c) show results for the OH• and sub-
figures (d)–(f) H• adducts of each spin trap. Box plots represent median (horizontal line), interquartile range (box), and total
spread (whiskers) per condition. Orange colour denotes UHDR, while grey represents CDR conditions. Replicate counts per con-
dition are listed in table S5 (supplementary materials). Differences in whisker length reflect both experimental variability and
unequal sample sizes.

detection of spin adducts inherently reflects the cumulative outcome of multiple competing processes:
formation, degradation, and secondary reactions. It is not a direct measure of primary radical yields.
In water-based in vitro systems, this limitation is manageable, but even here, as discussed above, kinetic
artefacts and time-dependent losses may obscure dose rate dependent effects. These challenges are amp-
lified in more complex matrices, where diffusion barriers, antioxidant activity, and variable oxygenation
further distort the relationship between radical generation and measured adduct levels. While spin traps
provide valuable insights into general trends and mechanistic dependencies, they are difficult to use for
precise, quantitative comparisons of radical yields across dose rates or oxygenation levels, particularly in
biologically relevant models.
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Table 4. Reactivity of spin traps and spin probes with major water-radiolysis radicals.

Compound Target radical k (M−1s−1) pH Adduct t1/2

Spin traps

DMPO OH• 2.8× 109 a 6.5 b 2.9 min b

H• 3.8× 109 c — 111 s b

e−aq 2.0× 1010 d 11.0 d —
O•−

2 10 e ≥ 7.8 e 59 s e

OOH• 6.6× 103 e 5 e —
DEPMPO OH• 7.8× 109 f 7.4 b 22.3 min b

O•−
2 ∼ 90 f 7.0 f 890 s f

BMPO OH• 2.5× 109 g 7.4 h 30 min h

O•−
2 <3 g 7.4 i 23 min i

Spin probes

CMH O•−
2 1.2× 104 j 7.4 j 4 h l

CAT1H O•−
2 6.4× 103 j 7.4 j 4 h l

TMTH O•−
2 4.9× 103 j 7.4 j 4 h l

Reference reactions with oxygen

O2 e−aq 1.9× 1010 k 7.0 k

O2 H• 2.1× 1010 k 7.0 k

a Madden and Taniguchi (2001).
b Khan et al (2003).
c Finkelstein et al (1980).
d Faraggi et al (1984).
e Giamello and Brustolon (2009).
f Frejaville et al (1995).
g Goldstein et al (2004).
h Biller et al (2015).
i Bruker BioSpin (2022).
j Dikalov et al (2011).
k Buxton et al (1988).
l Adduct half-life provided by manufacturer (CMH 2025) (biological environment).

Figure 7. Representative ESR spectra of CMH (right), CAT1H (middle), and TMTH (left) obtained after UHDR irradiation at
approximately 24% air saturation, corresponding to physioxic oxygen levels. The spectra shown have not been corrected for auto-
oxidation.

3.3. ESR-based quantification of oxidative signals using spin probes
All spin probes exhibited the characteristic three-line spectrum of nitroxide radicals (figure 7). Of the
three spin probes tested, CMH was most prone to autoxidation, which may limit its suitability for pre-
cise and reproducible measurements, even with background correction. After subtraction of the respect-
ive autoxidation signal, all three spin probes showed spin concentrations within a comparable range
under identical irradiation conditions.
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Figure 8. Dose-normalised spin adduct concentrations measured with three spin probes (CAT1H, TMTH, CMH) at pH 4, and
two probes (CAT1H, TMTH) at pH 7.4, under different oxygenation levels (hypoxic, physioxic, normoxic) and dose rates (CDR,
UHDR). Box plots represent median (horizontal line), interquartile range (box), and total spread (whiskers). Asterisks indic-
ate statistically significant differences between conditions (∗ p< 0.05) according to two-way ANOVA with Tukey post-hoc tests.
Replicate counts per condition are listed in table S6 (supplementary materials). Differences in whisker length reflect both experi-
mental variability and unequal sample sizes.

Grouped box plots of the dose-normalised spin adduct concentrations are shown in figure 8. The
data compare different spin probes under matched conditions of oxygenation (hypoxic, physioxic, nor-
moxic) and dose rate (CDR vs UHDR). The spin-probe measurements showed a certain degree of scat-
ter, which likely reflects the technical limits of the current ESR setup. Future experiments will aim to
improve reproducibility by refining oxygen control, optimising ESR measurement timing, and increasing
the number of replicates. These measures are expected to further reduce variability across both spin-trap
and spin-probe datasets. An increase in spin concentration with increasing oxygen concentration was
observed across all spin probes. This effect is largely attributable to the enhanced formation of O•−

2 ,
which directly oxidise cyclic hydroxylamines such as CMH, TMTH, and CAT1H to stable nitroxides
detectable by ESR. The underlying mechanism involves the reaction of e−aq with O2, producing O•−

2 in
higher yield under normoxic conditions.
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Table 5. ANOVA p-values for spin probe experiments at different pH levels. Significant results (p< 0.05) are shown in bold. Columns
correspond to initial oxygen concentration (O2,initial), mean dose rate (Mean DR), and their interaction (O2,initial ×DR). Significant
main effects for O2,initial were further analysed using Tukey’s HSD post-hoc tests (see table S8 in the Supplementary Materials).

Spin Probe (pH) O2,initial Mean DR O2,initial ×Mean DR

CAT1H (pH 4) p< 0.0001 p= 0.00042 p= 0.0089
CAT1H (pH 7.4) p= 0.0094 p= 0.00061 p= 0.00016

TMTH (pH 4) p= 0.00065 p= 0.0037 p= 0.683
TMTH (pH 7.4) p= 0.232 p= 0.131 p= 0.873

CMH (pH 4) p< 0.0001 p= 0.00016 p= 0.030

However, spin probes are not strictly selective and can also be oxidised by other ROS. As a result,
while O•−

2 likely dominates the ESR signal under increasing oxygenation, contributions from other oxid-
ants cannot be excluded. In addition to the effects of oxygenation, a dose rate-dependent trend was
observed, particularly under acidic conditions. At pH 4, spin probe signals were consistently lower fol-
lowing UHDR compared to CDR, suggesting that high instantaneous radical densities may enhance
recombination or introduce competing reaction pathways that reduce net probe oxidation.

Two-way ANOVA results for the dose-normalised spin adduct concentrations are summarised in
table 5. The analysis revealed that for CAT1H, both the oxygenation level and the dose rate, as well as
their interaction, had a statistically significant effect on the measured spin concentration at both pH
7.4 and pH 4. In contrast, TMTH showed no statistically significant dependence on either factor at pH
7.4, at pH 4, both oxygenation and dose rate emerged as significant contributors to the observed signal
variation, although no significant interaction between the two factors was detected. For CMH, which
was only tested at pH 4, significant effects of oxygenation level, dose rate, and their interaction were
observed.

Negative spin concentrations resulted from the subtraction of the nonirradiated blank signal. These
values occurred more frequently under hypoxic UHDR conditions, despite lower oxygen consump-
tion compared to CDR samples. This finding proves that the differences in spin concentration are not
due to varying degrees of autoxidation. If autoxidation were the dominant contributor to the observed
signals, one would expect lower spin concentrations in CDR samples, where oxygen is more strongly
depleted, which was not observed. Importantly, measurements were conducted over variable time inter-
vals after irradiation, with no systematic timing bias between dose-rate groups. In many cases, spectra
were acquired several minutes to hours post-irradiation. This makes it improbable that the shorter irra-
diation duration under UHDR conditions limited autoxidation in a way that could explain the observed
differences. Instead, the consistently reduced spin signals under UHDR support the interpretation that
radical–radical recombination or other non-oxidative decay pathways are more prominent at high dose
rates. These mechanisms likely reduce the pool of free radicals available for spin probe oxidation. Thus,
the observed trends reflect fundamental dose-rate-dependent differences in radical dynamics, rather than
artefacts of oxygen availability or spontaneous probe oxidation.

This interpretation aligns with previous mechanistic analyses, by Boscolo et al (2020), Jansen et al
(2022b), who showed that elevated dose rates increase the transient concentration of short-lived spe-
cies such as e−aq and H•. Since all samples received the same absorbed dose, the total number of radicals
generated is assumed to be the same because the dose rate does not affect the total number of primary
radicals formed, but rather their temporal distribution.

At high local concentrations, self-reactions such as:

e−aq + e−aq + 2H2O→H2 + 2OH− (3)

H• +H• →H2 (4)

can compete with or outpace oxygen-dependent reactions such as:

e−aq +O2 →O•−
2 (5)

H• +O2 →HO•
2 . (6)

As a result, fewer radicals remain to react with O2 or spin probes, leading to reduced oxygen deple-
tion and lower ESR signals. In particular, the reduced availability of e−aq to react with O2 diminishes
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the formation of O•−
2 , which directly translates into a weaker ESR signal from superoxide. This high-

lights a dose-rate-dependent shift in radical dynamics, which favours early recombination under UHDR
conditions.

4. Conclusion

This study investigated the influence of dose rate and oxygenation on radical formation during water
radiolysis, using both spin traps and spin probes under CDR and UHDR irradiation conditions. While
the total absorbed dose was kept constant across all experiments, radical detection varied significantly
depending on the oxygen level and dose rate. Spin probe signals and oxygen depletion were consistently
reduced under UHDR conditions, suggesting that early radical–radical recombination and other non-
oxidative loss mechanisms limit the pool of reactive species available for subsequent oxidative reactions.

In contrast, spin trap-based detection revealed no significant dose rate dependent differences but
were likely influenced by kinetic factors such as adduct stability and reaction timing.

These findings emphasise that spin trapping based radical detection is highly sensitive to both chem-
ical and temporal dynamics, particularly under UHDR conditions. These results demonstrate that spin
traps and spin probes provide complementary but not equivalent views on radical chemistry, and that
quantitative comparisons require careful consideration of probe chemistry, radical lifetimes, and the tem-
poral structure of dose delivery. Overall, our findings strengthen the mechanistic basis for radical–radical
recombination-driven explanations of the Flash effect and highlight the need for carefully matched detec-
tion strategies in radical chemistry studies. By establishing mechanistic and methodological insights in a
controlled chemical setting, this work lays the foundation for studies in more complex biological envir-
onments. Future studies could extend these measurements where interactions with cellular components
and endogenous scavengers become increasingly relevant. In parallel, supplementing solution studies
with biologically representative molecules would help to approximate tissue-like conditions. Ultimately,
translation into whole-organism models such as ZFE will be necessary to capture the interplay of radical
chemistry with tissue architecture and oxygen gradients under UHDR irradiation.
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