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High‑LET radiation induces large 
amounts of rapidly‑repaired 
sublethal damage
Francisco D. C. Guerra Liberal , Shannon J. Thompson , Kevin M. Prise  & 
Stephen J. McMahon *

There is agreement that high‑LET radiation has a high Relative Biological Effectiveness (RBE) when 
delivered as a single treatment, but how it interacts with radiations of different qualities, such as 
X‑rays, is less clear. We sought to clarify these effects by quantifying and modelling responses to X‑ray 
and alpha particle combinations. Cells were exposed to X‑rays, alpha particles, or combinations, with 
different doses and temporal separations. DNA damage was assessed by 53BP1 immunofluorescence, 
and radiosensitivity assessed using the clonogenic assay. Mechanistic models were then applied to 
understand trends in repair and survival. 53BP1 foci yields were significantly reduced in alpha particle 
exposures compared to X‑rays, but these foci were slow to repair. Although alpha particles alone 
showed no inter‑track interactions, substantial interactions were seen between X‑rays and alpha 
particles. Mechanistic modelling suggested that sublethal damage (SLD) repair was independent 
of radiation quality, but that alpha particles generated substantially more sublethal damage 
than a similar dose of X‑rays, RBE

SLD
> 2.8 . This high RBE may lead to unexpected synergies for 

combinations of different radiation qualities which must be taken into account in treatment design, 
and the rapid repair of this damage may impact on mechanistic modelling of radiation responses to 
high LETs.

The differing Relative Biological Effectiveness (RBE) of high Linear Energy Transfer (LET) radiations is well-
established for numerous biological endpoints. As heavy charged particles (such as protons and carbon ions) 
slow, they deposit their energy more densely, leading to greater damage for a given dose compared to X-rays, 
including elevated rates of mutations, chromosome aberrations, and cell  killing1–3. This elevated RBE is a key 
advantage of ion-based therapies, as tailoring elevated RBE to tumour regions may improve clinical  outcomes4,5.

Typically, increasing LETs are associated with a steepening of the dose response, interpreted as an increase 
in the α term in the Linear-Quadratic (LQ) survival model. Elevated α values represent increasing single-hit 
 lethality6, so the increase in RBE with LET is interpreted as an increase in lethality per incident track. This has 
been linked to increased damage complexity and high levels of damage around individual  tracks7,8. This com-
plexity is also associated with the observation of slower repair kinetics of DNA damage as LET  increases9–11.

However, the exact mechanisms underpinning these effects remain unclear. Damage complexity is a broadly 
defined term in radiotherapy, typically used to refer to lesions which consist of multiple individual damages. 
Double Strand Breaks (DSBs) are one of the most important such damages, representing a combination of two 
nearby strand breaks on opposite strands. More complex lesions can also be formed, some of which are so-called 
‘complex DSBs’ associated with additional base and strand damages, as well as non-DSB clusters of  damages12. 
These latter can, in some cases, be converted into further DSBs through the failure of repair  processes13,14.

A range of models have been developed to relate LET and RBE applying varied assumptions about whether 
increasing LET leads to a greater yield of DSBs, a greater complexity of DSBs, or both, but to date it has not been 
possible to clearly distinguish the relative contributions of yield, complexity, and other  effects15,16. The higher dose 
per incident particle further obscures these effects, as clustering of damage around a small number of distinct 
tracks effectively increases α and decreases β even if particle-induced damages are not more lethal individually.

This is significant because in addition to ‘lethal’ damage which is alone sufficient to kill cells, radiation also 
induces so-called ‘sub-lethal’ damage (SLD). SLD refers to types of damage which can individually be repaired 
by cells, but which may interact with other sub-lethal damage to form lethal damage—such as two DSBs being 
incorrectly joined together to form chromosome aberrations. This underlies the quadratic component of LQ 
radiation response curves, underpinning the effects of fractionated  radiotherapy6.
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One method to distinguish between these mechanisms is through mixed-field exposures, combining radia-
tions with significantly differing LETs. Such studies are relatively uncommon compared to single-field studies, 
due to their additional experimental complexity and the limited clinical applicability as most patient treatments 
are delivered with a single modality. However, recent interest in combining different radiation qualities (including 
X-rays and alpha particle emitting  radionuclides17,18, X-ray and  protons19,20, and multi-ion  treatments21) have 
provided an impetus to explore this in greater detail.

Published data on this topic has reported mixed results. A combination of alpha particles and X-rays have 
been widely investigated, but various studies suggest no  interaction22–24 or significant  interactions25–28, together 
with differing effects on the complexity of  repair29,30 when these radiations are combined. It is thus challenging to 
mechanistically interpret this data either in terms of the overall yield of SLD or its repair lifetime, factors which 
are important in any attempt to understand mixed-field treatments.

This also contributes to uncertainties in the modelling of radiation-induced damage and repair more gener-
ally. Many models make assumptions about how repair and survival is affected by damage ‘complexity’, often 
expressed in terms of the clustering of multiple DSB and non-DSB damages in close proximity, to explain the 
LET dependence of radiation  response16,31–33. However, there is disagreement about the role of complexity on 
both repair and survival, introducing considerable uncertainty into model comparisons. A better understanding 
of SLD repair at different LETs would also help to mitigate this issue.

In this work, we tested combinations of alpha particle and X-ray exposures delivered with varying doses 
and temporal separations, to map out the characteristics of SLD induced by both radiations. Based on this, we 
implemented a simplified mechanistic model to explore how these results could be interpreted in terms of the 
repair of individual lesions.

Methods
Cell culture. PC-3 prostate bone metastasis and U2OS osteosarcoma cells were obtained from the American 
Type Culture Collection (ATCC, Manassas, Virginia, USA). PC-3 cells were propagated in RPMI-1640 medium 
(11875093, Gibco), U2OS cells were propagated in high glucose DMEM (10313021, Gibco), both supplemented 
with 10% fetal bovine serum (102701106, Gibco) and 1% penicillin–streptomycin (10378016, Gibco). All cul-
tures were incubated at humidified 37 °C in 5%  CO2.

Irradiation sources. X-ray irradiations were performed using an X-RAD 225 radiation source (Precision 
X-ray Inc. USA) at 225 kV, 13.3 mA, at a dose rate of 0.59 Gy/min. For alpha particle irradiation, Mylar dishes 
with a thickness of 0.9 μm were placed 2.9 mm from a 50 × 50-mm planar 241Am alpha source, with a dose rate 
of 1.57 Gy/min. Incident average energy at the cells was 2.88 ± 1.04 MeV with LET 129.3 ± 15.2 keV/μm, as 
previously  described34.

Clonogenic assay. For single fractions of X-rays, cells were seeded into 6-well plates with an optimal cell 
density to ensure the formation of colonies. On the following day samples were then exposed to single fractions 
of X-rays ranging from 0 to 8 Gy. After irradiation cells were incubated for 8 days. And colonies were stained, 
using a solution of 0.5% crystal violet (Sigma-Aldrich, UK) in 90% methanol.

Alternatively, for single fractions of alpha particles from 0 to 2 Gy, or mixed field sequential treatment with 
equal doses of X-rays and alpha particles, with 1 h between fractions, 1 ×  105 cells were seeded onto sterile Mylar 
dishes and incubated to adhere overnight.

Mixed fields irradiations were carried out with both X-ray followed by alpha particle exposures and vice-versa. 
Delivered doses were 0.25 Gy + 0.25 Gy, 0.5 Gy + 0.5 Gy, 0.75 Gy + 0.75 Gy, 1 Gy + 1 Gy and 2 + 2 Gy. Immediately 
after irradiation, cells were reseeded in triplicate into 6-well plates at an optimal cell density to ensure the forma-
tion of colonies. Cells were fixed 8 days post-irradiation, using a solution of 0.5% crystal violet (Sigma-Aldrich, 
UK) in 90% methanol. Colonies were manually counted with a 50-cell exclusion criterion was used. Clonogenic 
Survival Fractions (SF) were calculated as the ratio of the number of colonies in the irradiated flask to the number 
of seeded cells, corrected for the platting efficiency of control cells. Mean and standard deviations were calcu-
lated from three independent experiments. Dose response-curve data was fitted to the linear quadratic equation

To predict survival for a purely additive interaction between X-rays and alpha particles, the following modi-
fication to the linear quadratic equation was used

where the subscripts A and x represent alpha particles and X-rays,  respectively35,36.

Sublethal damage repair. To quantify the impact of time between radiation fractions on response, 1 ×  105 
cells seeded onto sterile Mylar dishes were exposed to two fractions of either X-rays, alpha particles, or mixed 
field combinations as described above. The dose for each radiation quality was chosen to give approximately 10% 
survival. This was 3 Gy for X-rays and 0.75 Gy for alpha particles. After exposure to the first fraction cells were 
returned to an incubator until the second fraction. Time intervals between fractions varied from 15 min to 6 h. 
Immediately after exposure to the final fraction, cells were reseeded in triplicate into 6-well plates at an optimal 
cell density to ensure the formation of colonies.

The resulting survival was then quantified as described above. The Lea-Catcheside dose protraction factor 
for 2 fractions was then used to characterise this data. Survival was predicted as
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where the dose protraction factor, G, is

with � the cell’s repair constant, t  the fraction delivery time, and T the inter-fraction  interval37,38.
To estimate RBESLD , we adapted the approach underlying the LQ and Lea-Catcheside models, where the 

quadratic (β) term in the LQ is related to the interaction between the yields of sublethal damage for each expo-
sure. This implies that the magnitude of recovery from acute exposures to those with long time separations is 
proportional to the yield of SLD.

In this case, we consider an example of cells exposed to two fractions, one fraction of X-rays followed by one 
fraction of alpha particles, with a sufficiently long interval between the two fractions that repair has completed. 
The resulting predicted survival is

which is the standard LQ-predicted survival for cells irradiated at a sufficiently long interval that there is no 
interaction between damage from the two fractions. For acute exposures, this then becomes

where the first part of the expression is as in Eq. (5), and the final term represents an interaction between SLD 
yields for the X-rays and alpha particles. In particular, SLDx and SLDA represent the yields of sublethal damage 
for X-rays and alpha particles, and γ is a fitting constant. This follows the underlying model as applied in the 
derivation of the Lea-Catcheside model, but incorporates that X-rays and alpha particles may induce different 
yields of sublethal damage.

The specific contribution of the sublethal damage interaction can be separated out by taking the log of survival 
for acute and well-separated fractions, and taking their difference to obtain:

This gives a measure of the relative recovery for sequential exposures to X-rays and alpha particles.
To determine RBESLD , we can perform the same analysis for two fractions of X-rays, with the assumption that 

SLDx is a constant. The difference in acute and protracted survivals for two X-ray exposures is then γ SLDxSLDx . 
If we assume that γ is a cell-line specific constant, we can take the ratio of these terms for the X-ray + alpha 
exposures and X-ray + X-ray exposures to calculate the ratio SLDA

SLDx
—that is, the relative yield of sublethal damage 

induced by our fractions of alpha particles and X-rays. The RBE is then given by this ratio of sublethal damage 
divided by the ratio of doses delivered, that is:

For the purpose of this work, all alpha particle RBEs are quoted with reference to the 225 kVp irradiation 
source.

Immunofluorescence. Cells were irradiated with 2  Gy of X-rays or alpha particles. Following irradia-
tion, cells were fixed in 50:50 methanol-acetone solution and permeabilized (0.5% of Triton X-100 in PBS) at 
predetermined time points before being blocked in blocking buffer (5% FBS, and 0.1% Triton X-100 in PBS) 
and stained with 53BP1 primary antibody (1:5000) (NB100-304, Novus Biologicals, USA) for 1 h before being 
washed three times and stained with Alexa Flour 568 goat anti-rabbit IgG secondary antibody (1:2000) (A21429, 
Life Technologies, USA) in the dark for 1 h. Following staining, the cells were washed three times and mounted 
onto microscope slides using the Prolong Gold antifade reagent with DAPI (P36930, Invitrogen, USA). Foci 
were manually counted from the whole nucleus of 50 randomly selected cells on each sample with a Zeiss Axio-
vert 200 microscope (Carl Zeiss), using a × 63 objective. Mean counts and standard deviations were calculated 
from three independent experiments. All presented data is corrected for number of foci present in unirradi-
ated cells. For repair kinetics analysis, foci data were then fit with an exponential decay in GraphPad Prism 7, 
N = (N0 − P)e−kt + P , where N0 represents the initial number of 53BP1 foci, P represents the residual damage, 
and k is the rate of DSB repair.

Simple DNA damage model. TOPAS-nBio 3.6.139 was used to simulate the irradiation of a simplified 
nucleus to estimate DSB yield. The model makes use of a small 2.5 µm radius nucleus which is uniformly sensi-
tive to radiation. This has been shown elsewhere in the literature to reproduce trends in DNA damage yields 
without requiring a detailed DNA  geometry40,41, in contrast to other models which made use of a larger nucleus 
with other geometric  assumptions16,42.

The particle spectrum of the 225 kVp source at a depth of 2 mm in water was simulated, and used to irradiate 
the model nucleus to a dose of 1 Gy. The position and energy deposit of each interaction was recorded. Energy 
deposition events were randomly converted to single-strand breaks (SSBs) using a probability proportional to 
the energy deposited per event. The average energy deposit per SSB was calculated by dividing the total energy 
deposited in the nucleus by the number of strand breaks, assuming 1 Gy induces 1000  SSBs43. SSBs were ran-
domly assigned to a strand, with two strand breaks on opposite strands within 3.2 nm clustered into DSBs. This 
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was averaged across 10,000 SSB sampling repeats to find the mean DSB yield. Using an average energy per SSB 
of 0.41 keV produced a DSB yield in line with 35 DSBs/Gy associated with low LET  exposures44.

1 Gy irradiations using proton and helium ions with energies ranging from 0.3 to 67 MeV/u were then simu-
lated using these parameters. For each condition 10–12 independent runs with different random seeds were 
simulated, and the mean and standard deviation of DSB yields per Gy were calculated. RBEDSB for our source 
was then estimated from the corresponding LET.

Mechanistic survival modelling. The interaction between DSB complexity, DNA repair, and survival 
remains an outstanding question in modelling radiation responses, particularly with varying LET. Here, using 
the Medras model, we tested the assumption that there is no LET-dependence on the complexity of damage 
repair as it relates to sublethal damage  repair44–46. Medras is a mechanistic model of DNA damage response, 
which simulates radiation responses beginning from a distribution of DNA DSBs within the nucleus. It assumes 
that initial misrepair events relevant to sublethal damage repair are independent of LET and any associated break 
complexity, which we sought to test against these data. For the purposes of this analysis, both cell lines were 
modelled as spherical human cells, with a radius of 4.32 μm, as used in a previously published RBE  analysis46.

For X-ray exposures, DSBs positions were randomly sampled from a uniform distribution throughout the 
nucleus, with a yield of 35 DSBs/Gy. For alpha particle exposures, DSBs are deposited around tracks, with a break 
probability density function based on the radial energy distribution around the track, which was calculated using 
Geant4-DNA47,48. For this work, we have incorporated an LET-dependent yield of DSB per unit dose, as used in 
many other radiobiological models. To achieve this, in these models the reference X-ray DSB yield was scaled 
based on the RBEDSB predicted from the simple nucleus model described above, the results of which are shown 
below in Fig. 4. For both X-ray and alpha particle exposures, breaks were randomly assigned as either ‘simple’ 
or ‘complex’ based on a purely probabilistic function, with a complex break rate of 0.43, based on previous fits 
to X-ray  data45.

DSB repair was then stochastically calculated as a function of time. Each DSB comprised a pair of two free 
‘ends’. Each DSB end can repair with any other free DSB end, with a repair rate per unit time given by ζ ∝ e

− r2

2σ2 . 
r is the spatial separation between the two break ends and σ is a model fitting constant describing the dependence 
of repair on end separation. This process is iterated until all break ends had been repaired. Breaks are considered 
correctly repaired if their two ends joined to their matching partners, and misrepaired if they joined ends from 
different breaks. This approach has been previously shown to accurately reproduce misrepair at a range of doses 
and  conditions44.

500 independent damage distributions were generated for each single-field exposure, and 1000 for each 
mixed-field exposure. For single-fraction exposures, all breaks were generated at a single time. For fraction-
ated exposures, damage distributions were generated for each fraction, and then repair was simulated with the 
second exposure occurring at varying intervals after the first. This reduced the statistical variability in mixed 
field exposures due to potentially greatly varying contributions of alpha and X-ray doses to the total DSB yield, 
without affecting the expected behaviour. Repair was simulated 3 times for each damage distribution. For each 
condition, the misrepair rate was calculated as the average across all simulations.

In full cell survival calculations, Medras predicts the probability of survival as a combination of both the yield 
of lethal aberrations and mutations (driven by misrepair events) as well as the contribution of active pathways 
which prevent proliferation, such as apoptosis and senescence. As this work represents only a limited sampling 
of responses for this cell line, a simplified survival model was used, given by:

Here, S(t) is the fraction of cells surviving at time t  , and S∞ is the fraction of cells surviving when the two frac-
tions are delivered sufficiently far apart that there is no interaction between them. M(t) and M∞ are similarly the 
rates of misrepair at time intervals of t  and long separations respectively, and k is the probability that a misrepair 
event leads to cell death (e.g. through the formation of a lethal chromosome aberration, as used in  Medras45).

By taking the difference between the misrepair rates at long separations (representing individual well-sepa-
rated fractions), and more closely occurring fractions, the difference in the expected number of lethal aberrations 
can be calculated, and thus the added probability of cell killing due to such an event (assuming such events are 
Poisson distributed). S∞ and k were fit for each exposure to determine the relationship between misrepair and 
lethality. This was achieved using Scipy’s optimize_curve_fit  routine49.

Foci kinetics modelling. The impact of DSB clustering on foci kinetics was also modelled. It was assumed 
that radiation induced damage was distributed in a series of clusters. Each cluster contains a number of distinct 
individual DSBs, but is assumed to be detected as a single foci. DSBs are then assumed to be individually repaired 
with simple exponential kinetics, but the cluster is only cleared once all its constituent DSBs have been repaired.

This was simulated by distributing (on average) N initial damage clusters throughout the nucleus, each con-
taining F DSBs. For X-rays, damage was assumed to be sparsely distributed, so F = 1 , and thus N is equal to the 
total number of DSBs. For alpha particles, it is assumed that the total number of DSBs is given by the RBEDSB 
relationship predicted from the Monte Carlo modelling (see above and Fig. 4, below), but that each cluster may 
contain more than 1 DSB. The number of breaks per cluster were randomly sampled with a Poisson distribu-
tion, taking into account the total number of DSBs and the path length of the alpha particle through the nucleus 
for each cluster. As in the misrepair model, breaks were randomly designated as simple or complex, with repair 
coefficients taken from published Medras  values45.

The average number of visible DSB clusters was then calculated as a function of time based on the prob-
ability of all of the individual foci within a cluster being repaired. These values were then fit simultaneously to 

(9)S(t) = S∞e
−k(M(t)−M∞)
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the measured foci yields of X-rays and alpha particles by varying the initial yield of observed foci in the X-ray 
irradiation, the fraction of persistent X-ray foci at 24 h, and the number of clusters in the alpha particle exposure. 
Fitting was performed using Scipy’s optimize_curve_fit routine, to determine if it could accurately reproduce 
the observed foci kinetics.

Results
DSB repair kinetics. Figure 1 shows the kinetics of DSB foci (53BP1) repair as shown by immunofluores-
cence for PC-3 and U2OS cells, exposed to 2 Gy of X-rays or alpha particles. X-ray exposures present character-
istic DSB repair curves, with exponential repair kinetics and a degree of persistent damage at later timepoints. 
Similar levels of foci are observed in both cell lines, despite their different tissues of origin, morphology, and 
ploidy.

In contrast, alpha particle irradiations show fewer initial foci, with an approximately 40% reduction in foci 
at 1 h compared to X-rays. The clearance of these foci is much slower, however, with more foci persisting in 
alpha-irradiated cells than X-ray irradiated cells at times later than 6 h, and significantly more persistent foci 
at the 24 h time point (87% of X-ray induced foci at 1 h are cleared by 24 h in both cell lines, compared to only 
58% and 47% of alpha-induced foci in U2OS and PC-3 respectively, p < 0.02 by t-test between 24 h foci in X-ray 
and alpha-exposed cells for each cell line).

This appears to suggest that alpha particles induce a smaller number of more complex DSBs, which take 
longer to repair. However due to the limited imaging resolution of immunofluorescence assays, it is not possible 
to determine directly from this data how many DSBs are present in any given immunofluorescent focus.

Mixed‑field clonogenics. Figure 2 shows the clonogenic survival of both cell lines as a function of dose 
following exposure to either single- or mixed-field irradiations. Single-field dose response curves show typical 
linear quadratic responses for X-ray irradiation, and a steeper, linear, response to alpha particle irradiations. 
PC-3 cells show slightly greater sensitivity to X-rays and lower sensitivity to alpha particles compared to U2OS 
giving a lower alpha particle RBE ( RBED10

= 3.0± 0.3 and 4.9± 0.7 for PC-3 and U2OS respectively). 
In both cell lines, combinations of equal doses of X-rays and alpha particles separated by 1 h gave equal effects 

regardless of which radiation type was delivered first (p > 0.12 by extra-sum-of-squares F test). In both cases, 
these were in good agreement with a simple additive model, assuming no interaction between fractions (dashed 
line). This suggests that, contrary to what might be expected from the foci data presented in Fig. 1, there is a large 
amount of persistent sub-lethal damage at this timepoint which would lead to greater synergy between exposures.

Sublethal damage repair. To investigate this further, the dependence of cell survival on the interval 
between fractions of different radiations was investigated, shown in Fig. 3. As expected, clear SLD repair is seen 
in the X-ray irradiated cells, with survival increasing by a factor of 4–5 when 6 Gy is delivered in two fractions 
at a 6 h interval, compared to a single dose. By contrast, for alpha particle exposures, no sublethal repair is seen 
when 1.5 Gy is delivered in two fractions, with a slope which not significantly different from zero in either cell 
line (p > 0.9, F-test comparing linear regression slope of survival in each cell line to zero).

This appears to agree with Fig. 1, showing greater SLD repair for X-rays than alpha particles. However, as 
alpha particles deliver their dose through a relatively small number of incident tracks with a high clustering of 
damage around each individual track, this may obscure the potential for inter-track interactions.

This can be uncovered in mixed-field exposures, which expose cells to X-rays followed by alpha particles or 
vice-versa, at varying time intervals, shown in the bottom panels of Fig. 3. Both combinations show clear SLD 

Figure 1.  DNA damage assessed using 53BP1 immunofluorescence for PC-3 (left) and U2OS (right) cells, 
following 2 Gy irradiation with X-rays or alpha particles. Both cell lines show similar trends, with a larger 
number of rapidly repaired X-ray induced foci, compared to fewer alpha-induced foci which are repaired much 
more slowly. Points are mean and standard deviation of measured data (N = 3); lines are exponential fits.
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repair, regardless of whether the X-rays or alpha particles are delivered first. This indicates that biologically rel-
evant quantities of SLD are both induced and repaired by alpha particle exposures. In both cell lines, at late time 
points irradiations where X-rays were delivered second had slightly but statistically significantly lower survival 
than where alpha particles were delivered second (p < 0.01 for paired t-test across all points later than 2 h in both 
cell lines). This may indicate slightly less complete repair of SLD following alpha particle exposures, or be due 
to greater potentially lethal damage induced by the higher dose of X-rays compared to alpha particles, which is 
known to be possibly converted to lethal damage during the replating  process50.

Notably, the rates of repair are similar in both conditions—SLD half-lives across each condition and cell line 
are summarised in Table 1. Although parameter uncertainties are large, repair rates for each cell line are not 
significantly different (and indeed, alpha particle first exposures show the lower half-lives). To confirm this, a 
sum-of-squares F test was used to compare fits with independent repair half-lives to one with a single repair 
half-life for each cell line, and showed that there was no statistically significant difference in fit quality (p > 0.25, 
single half-life fits illustrated in Supplementary Information). Taken together, this suggests that SLD induced by 
both types of radiation is of similar complexity to repair.

Additionally, the magnitude of SLD repair seen in these combination exposures is greater than would be 
predicted from an exposure of 0.75 + 3 Gy of X-rays, indicating that the alpha particles have an elevated RBE for 
SLD. By evaluating the degree of SLD repair, it can be estimated that RBESLD is 2.8 ± 0.9 and 3.7 ± 0.4 in PC-3 
and U2OS cells, respectively. This suggests that, contrary to the apparent lack of recovery for alpha exposures 
alone, they generate substantially more SLD than X-rays for the same dose.

Mechanistic modelling of mixed‑field repair. Assuming DSBs are the primary form of SLD induced by 
ionising radiation, a simple Monte Carlo model was implemented to predict differences in DSB yield as a func-
tion of LET, shown in Fig. 4. DSB yields are broadly proportional to LET, with a small particle-type dependence 
due to their different secondary electron spectra. These results are broadly similar to other models of high-LET 
DSBRBE

51,52. Based on this model, for our alpha particle exposure (with LET of 129 keV/μm), RBEDSB can be 
estimated as 3.67 ± 0.2, for 128.5 DSBs/Gy for alpha particles. 

By using this factor for the additional yield of DSBs generated by high-LET radiation, the Medras model can 
be used to predict the rate of misrepair for different exposures with different temporal separations, and thus 
overall trends in cell survival, illustrated in Fig. 5. These figures show that, although this model assumes no dif-
ference in the complexity and thus repair rate in DSBs induced by different types of radiation, the overall trends 
observed in the experimental results can be recovered. In particular, this model reproduces the observed recovery 
rates for all radiation combinations, as well as the lack of significant repair in the alpha + alpha irradiations, due 
to the highly clustered, track-based nature of alpha particle exposures. This further supports the concept that 
the kinetics of sublethal DSB repair are the same for both low- and high-LET exposures. 

However, a constant rate of repair of DSBs seemingly conflicts with Fig. 1, which suggests that alpha-induced 
foci are repaired much more slowly than X-ray-induced foci. However, this may also be explained by differences 
in the distribution of breaks, and their impact on the ability to resolve closely overlapping foci. An analysis of 
a model based on this effect is shown in Fig. 5c and d, taking into account spatial clustering and its impact 
on resolving multiple closely-spaced foci and a DSB yield of 128.5 DSB/Gy as outlined above. This effectively 
reproduces the observed trend in foci repair following alpha exposures, with a greatly reduced initial rate of 
repair and increase in residual foci at 24 h, even though individual DSBs are repaired with the same kinetics. 

Figure 2.  Clonogenic survival following single- and mixed-field irradiation in PC-3 (left) and U2OS (right) 
cells. Mixed-field irradiations were delivered as equal doses at an interval of 1 h. Single-field survival curves 
appear as expected, with a linear-quadratic dose response to X-rays, and a more sensitive linear dose response 
to alpha particles. In mixed-field irradiations, no significant difference was seen based on the ordering of the 
radiation exposures (p > 0.12), and the observed responses are in good agreement with predictions of a purely 
additive model. Points are mean and standard deviation of measured data (N = 3); solid lines are linear-quadratic 
fits; dashed line is an additive model as described in the “Methods”.
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Best fitting parameters were 62 ± 6 and 42 ± 11 initial foci following 2 Gy X-ray exposure in PC-3 and U2OS cells 
respectively, 9.9 ± 0.3 and 10.2 ± 0.7 initial alpha particle damage clusters respectively, and persistent DSB rates 
of 0.040 ± 0.005 and 0.044 ± 0.012 respectively.

Discussion
The impact of DSB complexity on radiosensitivity remains an outstanding question in radiobiology. A range of 
radiobiological models have made different predictions about the impacts of varying LET on DSB complexity, 
and the consequential effects of this on  survival15,16. However, in most cases this work has focused on exposure 
to a single radiation quality, where it is difficult to resolve the relative contributions of DSB complexity and other 
factors such as DSB yield or spatial distribution. This is also the case clinically, where typically only a single type 

Figure 3.  Sublethal damage repair curves for PC-3 (left) and U2OS (right) cells following exposure to two 
identical fractions separated by 15 min to 6 h (2 × 3 Gy X-rays or 2 × 0.75 Gy alpha particles, top) or mixed 
exposures (bottom, 3 Gy X-rays and 0.75 Gy alpha particles). X-ray exposed cells show clear recovery, while 
alpha-exposed cells show negligible effects. In contrast, repair is seen in mixed exposures of X-rays and alpha 
particles, regardless of the initial radiation, suggesting sublethal damage recovery occurs even following alpha 
exposures. Points are mean and standard deviation of measured survival (N = 3); solid lines are fits as described 
in the “Methods”.

Table 1.  Repair half-lives fit for each individual irradiation condition, and a shared fit across all exposures 
for each cell line. Although substantial statistical uncertainty is present, repair can be seen in most cases, with 
similar kinetics. No repair is seen for alpha particles, so repair half-times cannot be defined. A shared fit using 
a single repair half-time across all irradiation conditions does not perform significantly worse than individual 
fits, suggesting no difference in repair for different conditions (F-test p values in final column).

Cell line repair 
half-life X-ray + X-ray (min)

Alpha + Alpha 
(min) X-ray + Alpha (min)

Alpha + X-Ray 
(min) Shared fit (min) p

PC-3 47 ± 6 – 44 ± 19 19 ± 32 44 ± 11 0.26

U2OS 32 ± 21 – 34 ± 15 24 ± 6 34 ± 17 0.67
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of radiation is used. As a result, a better understanding of the interactions of these radiation types would be 
valuable, both to improve our understanding and models of the fundamental interactions of radiation damage 
at higher LETs, and to support future potential research into the combination of different radiation qualities.

In this study, we investigated the interactions and kinetics of repair for different combinations of X-rays and 
alpha particles, representing low- and high-LET exposures. While single agent exposures aligned with expecta-
tions that SLD repair is seen for low-LET but not high-LET radiation, combining irradiation modalities revealed 
a substantial contribution of SLD from high-LET particles. This lack of interaction between damages is obscured 
in most experimental designs because at high LETs DSBs are clustered around a relatively small number of tracks. 
Each of these tracks individually can have a high lethality, but the probability of damages from this relatively 
small number of tracks interacting is much less than the probability of interactions between the more uniformly 
distributed damage caused by e.g. X-rays. However, by combining a small number of tracks (approximately 9 
alpha particles per nucleus per Gy in this setup) with the addition of more uniformly distributed DSBs caused 
by low-LET radiation, the contribution of SLD can be resolved.

Two important features of SLD following alpha particle exposure can be seen in this data: firstly, RBESLD is 
significantly greater than 1, comparable to that for overall cell killing; secondly, this SLD is repaired with kinet-
ics which do not differ significantly from low-LET X-ray damage. Implementing these two observations into a 
mechanistic model enabled adequate reproduction of the overall trends in SLD recovery for different radiation 
combinations. Interestingly, the predicted SLD RBE is in line with that predicted from a mechanistic model of 
DSB induction, providing further support for the role of (a subset) of DSBs as the driver of SLD.

These results seem to agree with experiments in the literature which report significant interactions between 
X-rays and alpha particles or higher-LET  ions25–28,53,54. Due to differences in experimental design and endpoints, 
it is difficult to make direct quantitative comparisons, but in all cases an overall trend of synergistic effects is 
observed. Furthermore, in at least some cases there is evidence for LET-dependent effects which agrees with 
there being an elevated RBE for DSB with increasing  LET26.

However, some contradictory results also appear to exist, and while it is impossible to exactly compare stud-
ies, some possible explanations exist to understand these effects. Barendsen et al.22 reported no synergy between 
X-ray and alpha particles, and no recovery if those exposures were split temporally. However, in validation 
experiments they also reported observing no sublethal damage recovery even from fractionated X-rays, sug-
gesting this may represent a feature of their cell lines or experimental conditions. Interestingly, both Furusawa 
and  Durante23 and Phoenix et al.24 reported no synergistic effect from direct combinations of V79 cells to X-rays 
and ions or alpha particles, in different experimental setups. This may reflect a difference in responses between 
simultaneous and split-dose exposures, differences in the biology of V79 cells, or limitations in assay sensitivity 
due to the relatively high doses of alpha particles. Neither study reported split-dose or protracted dose studies 
to probe any temporal effects in these cellular responses, and so it is difficult to definitively say if any sublethal 
interactions are occurring in these systems.

A model suggesting significant SLD which is rapidly repaired also initially appears to conflict with reports in 
the literature of a slowing of DSB repair kinetics with increasing LET as measured by immunofluorescent and 
other  assays9,10,55–57, observations which are reproduced by our own 53BP1 repair measurements in Fig. 1. Many 
of these apparent measurements of more persistent foci may be experimental artifacts, relating to clustering of 
damage and potential associated rearrangements of DNA within the nucleus. In our data a relatively simple 

Figure 4.  Yields of DSBs per Gray per cell predicted by a simplified nucleus model, based on clustering of SSBs 
deposited in proportion to delivered energy. In line with other publications, an approximately linear trend is 
seen between LET and DSB yield, with a degree of particle-type dependence. Points are simulation results with 
standard deviations, dashed line is linear fit to alpha particle DSB yield.
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approach which takes account of clustering of multiple DSB within observed foci can explain our observed 
trends in foci kinetics, suggesting that repair of individual DSBs may not be accurately reflected by foci kinetics, 
potentially explaining many observed differences.

The full picture of DNA repair and interactions between radiations of different qualities may be further 
complicated by complex evolution of foci over time. Observations made by Sollazzo et al.29,30, who used high-
resolution and live-cell imaging of U2OS cells to map the evolution of DNA damage foci following exposure to 
X-rays and alpha particles, showed that foci showed a complex evolution in terms of size and distribution over 
time following irradiation, in some cases migrating to merge or split, changing the observed yield in a non-trivial 
manner. Greater understanding of the motility and distribution of such damages within the nucleus may be 
important to fully understand the impacts of radiations of different qualities.

This this work may be valuable in helping our understanding of the biological effects of elevated RBEs as LET 
increases, and their relationship with the yield and quality of DSB damage. Different DNA damage models differ 
significantly on both the predicted yield and complexity of DSBs for different types of radiation, as well as how 
these two factors combine to give rise to differences in biological response. Data like that reported in this study 
will provide further testing sets in less common radiation scenarios, helping to highlight the greater potential 
sublethal damage with increasing LET which may be obscured by other studies of fractionation which only used 
high-LET radiations such as alpha particles. This may also be informative for the design of future combinations 
of radiation qualities, as it suggests that in some cases near-simultaneous deliveries of different radiation quali-
ties may have greater additive effects than expected. However, as the repair of this damage is rapid, protracted 
or well-separated exposures are unlikely to interact more than in single-quality studies.

However, there remain a number of limitations and outstanding questions which must be addressed before 
these interactions can be fully understood. In particular, due to the correlations between damage quantity and 
complexity, it is challenging to definitively rule out a contribution of complexity with indirect measurements 
such as these. More targeted studies, explicitly distinguishing between simple and complex damage, may help to 
further elucidate their dependence on LET. More generally, more detailed modelling may help to further refine 

Figure 5.  Mechanistic modelling of repair kinetics. Top: Comparison of SLDR recovery based on Medras-
modelled misrepair (points) to experimental trends (lines, fits from Fig. 3). Predicted lethality is based on the 
number of misrepaired DSBs for each scenario as a function of fraction time. Bottom: Measured DSB damage 
foci (points) compared to modelled kinetics assuming that alpha particle foci represent clusters of breaks 
(dashed lines). This modelling approach effectively reproduces observed trends in both assays, without assuming 
a different in quality or repair half-life for DSBs.
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model predictions and enable a fully-integrated prediction of survival, rather than the fitting-based approach 
used  here45,51. Similarly, combinations of these predictions with realistic models of foci imaging techniques 
may help to more rigorously test the clustering-based model of DSB foci discussed in this  work58. Finally, it is 
important to validate these effects in cells with differing DNA repair defects, as there is growing evidence that 
this affects outcomes for treatments with different qualities of radiation, such as HR defects sensitising cells to 
alpha particle based  therapy59.

Conclusions
Although single-radiation treatments suggest limited sublethal damage repair in high-LET alpha particle expo-
sures, mixed-field exposures combining alpha particles and photons reveals a significant level of sublethal dam-
age, which is induced with a large RBE ( RBESLD > 2.5 in this study), but repaired with similar kinetics to that of 
low-LET radiation. Taking these factors into account may be significant for the design of mixed-field treatments, 
and deepening our understanding of the responses to high-LET radiation.

Data availability
All experimental data associated with this work is provided in the supplementary information.

Received: 6 December 2022; Accepted: 6 July 2023

References
 1. Paganetti, H. Relative biological effectiveness (RBE) values for proton beam therapy. Variations as a function of biological endpoint, 

dose, and linear energy transfer. Phys. Med. Biol. 59, R419–R472 (2014).
 2. Sørensen, B. S., Overgaard, J. & Bassler, N. In vitro RBE-LET dependence for multiple particle types. Acta Oncol. (Madr.) 50, 

757–762 (2011).
 3. Friedrich, T., Scholz, U., Elsässer, T., Durante, M. & Scholz, M. Systematic analysis of RBE and related quantities using a database 

of cell survival experiments with ion beam irradiation. J. Radiat. Res. 54, 494–514 (2013).
 4. Mohan, R. & Grosshans, D. Proton therapy—present and future. Adv. Drug Deliv. Rev. 109, 26–44 (2017).
 5. Durante, M. & Loeffler, J. S. J. S. Charged particles in radiation oncology. Nat. Rev. Clin. Oncol. 7, 37–43 (2010).
 6. McMahon, S. J. The linear quadratic model: Usage, interpretation and challenges. Phys. Med. Biol. 64, 01TR01 (2019).
 7. Ilicic, K., Combs, S. E. & Schmid, T. E. New insights in the relative radiobiological effectiveness of proton irradiation. Radiat. 

Oncol. 13, 4–11 (2018).
 8. Hill, M. A. Radiation track structure: How the spatial distribution of energy deposition drives biological response. Clin. Oncol. 

2019, 1–9. https:// doi. org/ 10. 1016/j. clon. 2019. 08. 006 (2019).
 9. Karlsson, K. H. & Stenerlöw, B. Focus formation of DNA repair proteins in normal and repair-deficient cells irradiated with high-

LET ions. Radiat. Res. 161, 517–527 (2004).
 10. Chaudhary, P. et al. Variations in the processing of DNA double-strand breaks along 60-MeV therapeutic proton beams. Int. J. 

Radiat. Oncol. Biol. Phys. 95, 86–94 (2016).
 11. Lorat, Y. et al. Nanoscale analysis of clustered DNA damage after high-LET irradiation by quantitative electron microscopy—the 

heavy burden to repair. DNA Repair (Amst.) 28, 93–106 (2015).
 12. Georgakilas, A. G., O’Neill, P. & Stewart, R. D. Induction and repair of clustered DNA lesions: What do we know so far?. Radiat. 

Res. 180, 100–109 (2013).
 13. Blaisdell, J. O., Harrison, L. & Wallace, S. S. Base excision repair processing of radiation-induced clustered DNA lesions. Radiat. 

Prot. Dosimetry 97, 25–31 (2001).
 14. Yang, N., Galick, H. & Wallace, S. S. Attempted base excision repair of ionizing radiation damage in human lymphoblastoid cells 

produces lethal and mutagenic double strand breaks. DNA Repair (Amst.) 3, 1323–1334 (2004).
 15. McMahon, S. J. & Prise, K. M. Mechanistic Modelling of Radiation Responses. Cancers (Basel) 11, 205 (2019).
 16. Stewart, R. D. et al. A comparison of mechanism-inspired models for particle relative biological effectiveness (RBE). Med. Phys. 

45, e925–e952 (2018).
 17. Bastiani, I. et al. Dose estimation after a mixed field exposure: Radium-223 and intensity modulated radiotherapy. Nucl. Med. Biol. 

https:// doi. org/ 10. 1016/j. nucme dbio. 2021. 12. 002 (2022).
 18. Turner, P. G. et al. Toxicity and efficacy of concurrent androgen deprivation therapy, pelvic radiotherapy, and radium-223 in patients 

with de novo metastatic hormone-sensitive prostate cancer. Clin. Cancer Res. 27, 4549–4556 (2021).
 19. Fabiano, S., Balermpas, P., Guckenberger, M. & Unkelbach, J. Combined proton–photon treatments—a new approach to proton 

therapy without a gantry. Radiother. Oncol. 145, 81–87 (2020).
 20. Unkelbach, J., Bangert, M., De-Amorim-Bernstein, K., Andratschke, N. & Guckenberger, M. Optimization of combined proton–

photon treatments. Radiother. Oncol. 128, 133–138 (2018).
 21. Volz, L. et al. Experimental exploration of a mixed helium/carbon beam for online treatment monitoring in carbon ion beam 

therapy. Phys. Med. Biol. 65, 589 (2020).
 22. Barendsen, G. W., Beusker, T. L. J., Vergrosen, A. J. & Budke, L. Effects of different radiations on human cells in tissue culture. II. 

Biological experiments. Radiat. Res. 13, 841–849 (1960).
 23. Furusawa, Y., Aoki, M. & Durante, M. Simultaneous exposure of mammalian cells to heavy ions and x-rays. Adv. Space Res. 30, 

877–884 (2002).
 24. Phoenix, B. et al. Do the various radiations present in BNCT act synergistically? Cell survival experiments in mixed alpha-particle 

and gamma-ray fields. Appl. Radiat. Isot. 67, 318–320 (2009).
 25. McNally, N. J., de Ronde, J. & Folkard, M. Interaction between x-ray and αparticle damage in v79 cells. Int. J. Radiat. Biol. 53, 

917–920 (1988).
 26. Bird, R. P. et al. The sequential irradiation of mammalian cells with X rays and charged particles of high LET. Radiat. Res. 93, 

444–452 (1983).
 27. Brooks, A. L., Newton, G. J., Shyr, L. J., Seiler, F. A. & Scott, B. R. The combined effects of alpha-particles and X-rays on cell killing 

and micronuclei induction in lung epithelial cells. Int. J. Radiat. Biol. 58, 799–811 (1990).
 28. Staaf, E. et al. Micronuclei in human peripheral blood lymphocytes exposed to mixed beams of X-rays and alpha particles. Radiat. 

Environ. Biophys. 51, 283–293 (2012).
 29. Sollazzo, A. et al. Alpha particles and X Rays interact in inducing DNA damage in U2OS cells. Radiat. Res. 1, RR14803.1 (2017).
 30. Sollazzo, A. et al. Live dynamics of 53BP1 foci following simultaneous induction of clustered and dispersed DNA damage in U2OS 

cells. Int. J. Mol. Sci. 19, 1–16 (2018).

https://doi.org/10.1016/j.clon.2019.08.006
https://doi.org/10.1016/j.nucmedbio.2021.12.002


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11198  | https://doi.org/10.1038/s41598-023-38295-3

www.nature.com/scientificreports/

 31. Taleei, R. & Nikjoo, H. Biochemical DSB-repair model for mammalian cells in G1 and early S phases of the cell cycle. Mutat. Res. 
756, 206–212 (2013).

 32. Henthorn, N. T. et al. Clinically relevant nanodosimetric simulation of DNA damage complexity from photons and protons. RSC 
Adv. 9, 6845–6858 (2019).

 33. Friedrich, T., Durante, M. & Scholz, M. Modeling cell survival after photon irradiation based on double-strand break clustering 
in megabase pair chromatin loops. Radiat. Res. 178, 385–394 (2012).

 34. Moreira, H. M., Guerra Liberal, F. D., McMahon, S. J. & Prise, K. M. Characterization of a custom-made 241Am alpha-source for 
radiobiological studies. Appl. Radiat. Isot. 177, 109931 (2021).

 35. Zaider, M. & Rossi, H. H. The synergistic effects of different radiations. Radiat. Res. 83, 732–739 (1980).
 36. Demizu, Y. et al. Cell biological basis for combination radiotherapy using heavy-ion beams and high-energy X-rays. Radiother. 

Oncol. 71, 207–211 (2004).
 37. Brenner, D. J., Hlatky, L. R., Hahnfeldt, P. J., Huang, Y. & Sachs, R. K. The linear-quadratic model and most other common radio-

biological models result in similar predictions of time-dose relationships. Radiat. Res. 150, 83–91 (1998).
 38. Qi, S., Yang, Q., Lee, S. P., Allen-Li, X. & Wang, D. An estimation of radiobiological parameters for head-and-neck cancer cells 

and the clinical implications. Cancers Basel 4, 566–580 (2012).
 39. Schuemann, J. et al. TOPAS-nBio: An extension to the TOPAS simulation toolkit for cellular and sub-cellular radiobiology. Radiat. 

Res. 191, 125 (2019).
 40. Henthorn, N. T. et al. In silico non-homologous end joining following ion induced DNA double strand breaks predicts that repair 

fidelity depends on break density. Sci. Rep. 8, 2654 (2018).
 41. Ingram, S. P. et al. Hi-C implementation of genome structure for in silico models of radiation-induced DNA damage. PLoS Comput. 

Biol. 16, 1–26 (2020).
 42. Christian, K., Karger, P. & Peschke, G. RBE and related modeling in carbon-ion therapy. Phys. Med. Biol. 63, 1–2 (2018).
 43. Elkind, M. M. & Redpath, J. L. Molecular and cellular biology of radiation lethality. Radiother. Surg. Immunother. 6, 51–99 (1977).
 44. McMahon, S. J., Schuemann, J., Paganetti, H. & Prise, K. M. Mechanistic modelling of dna repair and cellular survival following 

radiation-induced DNA damage. Sci. Rep. 6, 33290 (2016).
 45. McMahon, S. J. & Prise, K. M. A Mechanistic DNA repair and survival model ( Medras ): Applications to intrinsic radiosensitivity, 

relative biological effectiveness and dose-rate. Front. Oncol. 11, 1–18 (2021).
 46. McMahon, S. J., McNamara, A. L., Schuemann, J., Paganetti, H. & Prise, K. M. A general mechanistic model enables predictions 

of the biological effectiveness of different qualities of radiation. Sci. Rep. 7, 10790 (2017).
 47. Incerti, S. et al. The Geant4-Dna project. Int. J. Model. Simul. Sci. Comput. 01, 157–178 (2010).
 48. Agostinelli, S. et al. GEANT4—a simulation toolkit. Nucl. Instrum. Methods Phys. Res. A 506, 250–303 (2003).
 49. Virtanen, P. et al. SciPy 1.0: Fundamental algorithms for scientific computing in Python. Nat. Methods 17, 261–272 (2020).
 50. Bedford, J. S. & Cornforth, M. N. Relationship between the recovery from sublethal X-ray damage and the rejoining of chromo-

some breaks in normal human fibroblasts. Radiat. Res. 111, 406–423 (1987).
 51. Zhu, H. et al. Cellular response to proton irradiation: A simulation study with TOPAS-nBio. Radiat. Res. 21, 9–21 (2020).
 52. Friedland, W. et al. Comprehensive track-structure based evaluation of DNA damage by light ions from radiotherapy-relevant 

energies down to stopping. Sci. Rep. 7, 1–15 (2017).
 53. Furusawa, Y. et al. Equivalency of the quality of sublethal lesions after photons and high-linear energy transfer ion beams. J. Radiat. 

Res. 58, 803–808 (2017).
 54. Ngo, F. Q. H., Blakely, E. A. & Tobias, C. A. Sequential exposures of mammalian cells to low- and high-LET radiations. I. Lethal 

effects following X-ray and neon-ion irradiation. Radiat. Res. 87, 59–78 (1981).
 55. Leatherbarrow, E. L., Harper, J. V., Cucinotta, F. A. & O’Neill, P. Induction and quantification of γ-H2AX foci following low and 

high LET-irradiation. Int. J. Radiat. Biol. 82, 111–118 (2006).
 56. Schmid, T. E. et al. Differences in the kinetics of gamma-H2AX fluorescence decay after exposure to low and high LET radiation. 

Int. J. Radiat. Biol. 86, 682–691 (2010).
 57. Rydberg, B., Löbrich, M. & Cooper, P. K. DNA double-strand breaks induced by high-energy neon and iron ions in human fibro-

blasts. I. Pulsed-field gel electrophoresis method. Radiat. Res. 139, 133–141 (1994).
 58. Bertolet, A. et al. Impact of DNA geometry and scoring on Monte Carlo track-structure simulations of initial radiation-induced 

damage. Radiat. Res. 2022, 87 (2022).
 59. Isaacsson-Velho, P. et al. Efficacy of radium-223 in bone-metastatic castration-resistant prostate cancer with and without homolo-

gous repair gene defects. Eur. Urol. 2018, 1–7. https:// doi. org/ 10. 1016/j. eururo. 2018. 09. 040 (2018).

Acknowledgements
The authors gratefully acknowledge the support of Fundação para a Ciência e Tecnologia (FCT-MCTES), Radia-
tion Biology and Biophysics Doctoral Training Programme (RaBBiT, PD/00193/2012); Applied Molecular Biosci-
ence Unit (UCIBIO) (UIDB/04378/2020) and Centre of Physics and Technological Research Unit (CEFITEC) 
(UIDB/00068/2020); and scholarship grant number SFRH/BD/114448/2016 to (F.D.C.G.L.). The work was sup-
ported by the Movember Prostate Cancer UK Centre of Excellence (CEO13_2-004) and the Research and Devel-
opment Division of the Public Health Agency of Northern Ireland (COM/4965/14). The work was supported by 
UKRI, through a Future Leaders Fellowship, grant number MR/T021721/1 to S.J.M.

Author contributions
F.D.C.G.L. performed experimental radiobiology; S.J.T. and S.J.M. implemented the DNA damage and radio-
biological models; all authors contributed to the analysis and discussion of results; F.D.C.G.L. and S.J.M. wrote 
the manuscript; all authors have reviewed and revised the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 38295-3.

Correspondence and requests for materials should be addressed to S.J.M.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1016/j.eururo.2018.09.040
https://doi.org/10.1038/s41598-023-38295-3
https://doi.org/10.1038/s41598-023-38295-3
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11198  | https://doi.org/10.1038/s41598-023-38295-3

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	High-LET radiation induces large amounts of rapidly-repaired sublethal damage
	Methods
	Cell culture. 
	Irradiation sources. 
	Clonogenic assay. 
	Sublethal damage repair. 
	Immunofluorescence. 
	Simple DNA damage model. 
	Mechanistic survival modelling. 
	Foci kinetics modelling. 

	Results
	DSB repair kinetics. 
	Mixed-field clonogenics. 
	Sublethal damage repair. 
	Mechanistic modelling of mixed-field repair. 

	Discussion
	Conclusions
	References
	Acknowledgements


