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The time-dose reciprocity has long been a cornerstone in understanding ultraviolet (UV) sterilization. 
However, recent studies have demonstrated significant deviations from this law, attributed to 
complex mechanisms involving reactive oxygen species (ROS). This study investigates whether similar 
deviations occur at much shorter wavelengths of electromagnetic radiation than UV, specifically in 
the X-ray region, with a focus on the dose-rate dependence of bacterial inactivation. Using Escherichia 
coli as a model organism, it is found that dose-rate effects were highly dependent on the bacterial 
growth phase. In the stationary phase, lower dose rates with prolonged irradiation resulted in greater 
inactivation efficacy. The inactivation ratio obtained by the dose rate of 15.3 mGy/s shows more 
than 3 times larger than that obtained by the dose rate of 147 mGy/s at the dose of 200 Gy, which is 
consistent with findings from previous UV studies. On the other hand, in the exponential phase, higher 
dose rates with shorter irradiation durations were more effective. The inactivation ratio obtained by 
the dose rate of 147 mGy/s shows 40 times larger than that obtained by the dose rate of 15.3 mGy/s 
at the dose of 200 Gy. These results can be effectively explained by a stochastic multi-hit model that 
accounts for three terms of linearly proportional to dose, nonlinearly proportional to dose, and binary 
fission. This work bridges fundamental physical biology with practical applications, such as gamma 
sterilization, offering a robust framework for optimizing dose-rate strategies across diverse fields.
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The principle of ultraviolet (UV) inactivation is traditionally described by the time-dose reciprocity (TDR) law: 
log(N/N0) = − Γ × DU, where Γ (cm2/mJ) is the inactivation rate constant, DU = IU × t,  DU (mJ/cm2) is the UV 
dose, IU (mJ/s∙cm2) is the UV irradiance, and t (s) is the irradiation duration. This law has been widely applied 
to photoreaction processes, including photopolymerization, photoconductance, photodegradation, and UV 
sterilization1,2.

Recent studies indicate that UV inactivation shows significantly higher efficacy with lower irradiance and 
longer irradiation durations compared with higher irradiance and shorter durations at the same dose3,4. This 
effect, observed in Escherichia coli (E. coli), results in an inactivation ratio that is one to two orders of magnitude 
lower than expected under TDR-law assumptions3,4. Previous experiments have revealed that similar effects 
occur not only in E. coli but also in Bacillus subtilis spores5. This deviation from the TDR-law has been attributed 
to two mechanisms: (i) direct DNA damage (e.g., thymine dimer formation) from UV photon absorption, and 
(ii) indirect damage to DNA and/or proteins via reactive oxygen species (ROS) generated during UV irradiation.

X-rays are physically the same type of electromagnetic radiation as UV radiation. However, at the higher 
photon energies compared to UV, electronic excitation becomes sufficient to eject absorbing electrons from 
their orbitals, resulting in molecular ionization6. This ionizing radiation induces DNA damage through both 
direct effects—ionization of bases and sugars7 and indirect effects—primarily through the generation of ROS in 
water8,9. For example, lower linear energy transfer (LET) radiation such as X-rays, the majority of DNA damage 
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(~ 65%) is attributed to indirect effects, while direct effects account for the remaining approximately 35%8. While 
the biological effects of UV and X-rays are distinct, we consider that the inactivation mechanism, which involves 
both direct and indirect effects, could be understood in a unified physical framework.

This study investigates whether similar deviations occur under X-ray irradiation. To examine the TDR 
law in the X-ray region, experiments were conducted across an order of magnitude variation in dose rates 
(15 mGy/s ≤ P ≤ 150 mGy/s) under two conditions: (i) E. coli in saline solution (stationary phase) and (ii) E. 
coli in nutrient-rich agar culture (exponential phase), ensuring that a substantial change in dose rate could be 
applied. We demonstrate that the inactivation rate obtained by the experiments can be quantitatively described 
by three effects within a stochastic model10–12: (i) a term linearly proportional to dose, (ii) a term nonlinearly 
proportional to dose, and (iii) a replication term governed by binary fission in nutrient-rich environments. 
While the results and analyses presented here may not fully elucidate the microscopic DNA damage mechanisms 
induced by X-rays, they effectively capture various factors influencing X-ray inactivation in a simplified manner. 
The findings obtained here suggest that: (a) For gamma sterilization applications, where replication rates are 
negligible, lower dose rates and longer irradiation durations achieve more effective sterilization at the same total 
dose. (b) For therapeutic applications, where differences in replication rates are critical, higher dose rates and 
shorter irradiation durations are more effective.

Materials and methods
Culturing and counting of microorganisms
A culture of E. coli strain O1, which was kept at 4  °C, was incubated in nutrient broth (E-MC35; EIKEN 
Chemical Co., Japan) at 37 °C for 20 h. A concentration of approximately 1010 colony forming units (CFU)/mL 
was obtained and used for the experiments. The growth curve of E. coli O1 used in this experiment is provided 
in Supplemental information (Fig. S1). The overnight culture of E. coli was taken and diluted with a saline 
solution to approximately 105 CFU/mL. Inactivation experiments were performed under sterile conditions for 
two phases: (i) stationary phase, and (ii) exponential phase. (i) To perform the inactivation experiments of E. coli 
in the stationary phase, 1 mL of the dispersed solution was taken and injected into a microtube. The lifetime of E. 
coli in the stationary phase exceeds 12 h; therefore, no significant reduction in CFU was observed in the control 
samples before and after the series of experiments. After irradiating the microtube using an X-ray irradiation 
source, 100 µL of bacterial cells was taken and dispersed on agar plates (E-MC63; EIKEN Chemical Co., Japan). 
The plates were inverted and incubated at 37 °C for 24 h. (ii) To perform the inactivation experiments of E. coli in 
the exponential phase, 0.1 mL of the dispersed solution was taken and dispersed on an agar plate. The plates were 
covered to prevent drying; therefore, no significant reduction in CFU was observed in the control plates before 
and after the series of experiments. We note that the plates remained covered during X-ray irradiation to prevent 
drying, using a 0.8 mm thick polyethylene cover, which ensured that 99% of the X-rays reached the plate13. After 
the irradiation of the agar plate using an X-ray irradiation source, the plate was inverted and incubated at 37 °C 
for 24 h. The E. coli colonies were counted to determine bacterial concentration. Log inactivation for E. coli was 
calculated as log (Ni/N0), where the bacterial concentration before and after irradiation were denoted as N0 and 
Ni, respectively.

X-ray irradiation
Irradiation was performed using a MXR226/22 X-ray source (Comet Yxlon GmbH, Hamburg, Germany) 
operated at an applied voltage of 220 kV and current of 10 mA with a beam-hardening aluminium filter. We 
performed five doses (D = 0, 50, 100, 150, and 200  Gy). These doses were determined based on previous E. 
coli inactivation experiments14–16. The dose rate was adjusted by the distance between the source and the E. 
coli sample. Three dose rates were prepared: PH = 147 × 10−3 Gy/s (Hereafter, we use 147 mGy/s), PM = 35.2 
mGy/s, and PL = 15.3 mGy/s, where the dose rate was calibrated using a RAMTEC1000 dosimeter (Toyo Medic 
Corporation, Tokyo, Japan). The energy spectrum of the X-ray source was characterized using a standard 
energy calibration method, ensuring consistent radiation quality across all experiments. All experiments were 
conducted in a temperature-controlled environment at 22 °C, with relative humidity maintained at 60%.

Statistical analysis
Aliquots were extracted and diluted in saline solution in 10-hold steps to ensure the colony count in the range 
of 30–300 CFU. Drop plating in triplicate was used for each run to determine the number of colonies. All 
experiments were performed at least three times independently. The data in the figures are presented as averages 
of CFU with error bars representing mean ± standard deviation. A two-tailed paired t-test statistical analyses 
were performed to determine the significance of the observed data at 95% confidence (p-values < 0.05).

Results
Dose dependence of stationary phase inactivation ratio at various dose rates
Figure 1a shows the inactivation ratio [Log(N/N0)] versus D at various dose rates. The red, green, and blue circles 
denote the inactivation ratios obtained by PH = 147 mGy/s, PM = 35.2 mGy/s, and PL = 15.3 mGy/s, respectively. 
The mean values of CFU and Log(CFU-ratio) are provided in Supplemental information (Table S1). It is found 
that decreasing the dose rate increased the inactivation ratio. At D = 200 Gy, the inactivation ratio obtained by 
PL was approximately 1.6 times higher than that obtained by PM (p-value = 0.015) and 3.1 times higher than that 
obtained by PH (p-value = 0.007). The observed inactivation curves exhibit shoulders followed by linear slopes, 
indicative of a multi-target inactivation process, where bacterial cells are inactivated by hits on multiple critical 
targets10–12. However, the differences in inactivation ratios across dose rates cannot be fully explained using 
standard target theory alone. A more comprehensive explanation requires incorporating nonlinear effects. The 
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present dose-dependent experiments do not provide sufficient evidence to determine the origin of the nonlinear 
effects; however, we consider ROS to be responsible for this phenomenon3,4. Because, at higher dose rates, ROS 
concentrations increase rapidly, increasing the likelihood of ROS interacting and destroying each other before 
they can inflict biological damage. Conversely, at lower dose rates, ROS are produced more gradually, reducing 
the risk of mutual destruction and enhancing their damaging effects on cellular macromolecules. In the following 
section, we quantitatively analyze this phenomenon by introducing the nonlinear term into a stochastic theory 
framework, providing a detailed explanation of the dose rate dependence observed in the stationary phase.

Dose dependence of exponential phase inactivation ratio at various dose rates
Figure 2a shows the inactivation ratio [Log(N/N0)] versus D at various dose rates. Red, green, and blue circles 
denote the inactivation ratios obtained by PH = 147 mGy/s, PM = 35.2 mGy/s, and PL = 15.3 mGy/s, respectively. 
The mean values of CFU and Log(CFU-ratio) are provided in Supplemental information (Table S1). In contrast to 
the stationary phase results, decreasing the dose rate resulted in a lower inactivation ratio; thus, the exponential 
phase experiments showed the opposite trend. Notably, irradiation at the lowest dose rate (PL) exhibited minimal 
inactivation, even at a high dose of 200 Gy, compared with the significant inactivation observed with the highest 
dose rate (PH). Interestingly, the inactivation efficacy achieved with the highest dose rate (PH) is comparable 
between the exponential and stationary phases. At D = 200 Gy, the inactivation ratio for PH is approximately 
seven times larger than that for PM (p-value = 0.025) and 40 times larger than that for PL (p-value = 0.005). 
This behavior can be explained by considering two competing processes during the exponential phase: (a) 
Inactivation by X-ray irradiation: As in the stationary phase, dose dependent cellular damage with the nonlinear 
effect occurs. (b) Replication by binary fission: During the exponential phase, bacteria actively divide in the 
nutrient-rich agar. At lower dose rates, the replication rate may offset or exceed the inactivation rate, leading 
to reduced efficacy. These results suggest that the combined effects of inactivation and replication dynamics are 
critical to understanding dose-rate dependence in the exponential phase. In the following section, we present a 
more detailed quantitative analysis by incorporating the replication term into the stochastic theory.

Analysis
Stochastic modeling of X-ray inactivation dynamics
The inactivation of bacteria by X-ray irradiation occurs through stochastic hits on critical targets within the 
cells17–19. A schematic representation of this process is shown in Fig. 3a. During irradiation of duration t, the 
number of bacteria Nij(t) is defined as those with i total targets, j of which are hit. The parameters of λj, µj, and ν1 
denote the hit rate, recovery rate, and replication rate, respectively. Based on these definitions, the dynamics of 
Nij(t) can be described by the following differential equations:

	
dNi0(t)

dt
= −λ0Ni0 + ν1Ni0 + µ1Ni1,� (1)

Fig. 1.  (a) Inactivation ratio of E. coli O1 in the stationary phase as a function of dose for dose rates of 147 
mGy/s (red circles), 35.2 mGy/s (green circles), and 15.3 mGy/s (blue circles). Solid lines represent theoretical 
fits obtained using the stochastic model with parameters: Γ0 = 3.3 × 10−2(Gy−1), Γ1 = 1.0 × 10−3 
(Gy−1/2s−1/2), and Γ2 = 0 (s−1). (b) Inactivation ratio as a function of irradiation duration. Red, green, and blue 
markers indicate inactivation ratios for dose rates of 147 mGy/s, 35.2 mGy/s, and 15.3 mGy/s, respectively. 
Solid triangles, rhombuses, squares, and circles denote results for doses of 50 Gy, 100 Gy, 150 Gy, and 200 Gy, 
respectively. Broken lines represent theoretical curves as a function of irradiation duration derived from 
Eq. (11) for P = 147 mGy/s (red), 35.2 mGy/s (green), and 15.3 mGy/s (blue). Dotted-dash lines represent 
theoretical curves for D = 50 Gy (purple), 100 Gy (blue), 150 Gy (green), and 200 Gy (red). Intersections 
between broken lines and dotted-dash lines correspond to the theoretically evaluated inactivation ratios.
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dNi1(t)

dt
= λ0Ni0 − λ1Ni1 + ν1Ni1 − µ1Ni1 + µ2Ni2,� (2)

	
dNij(t)

dt
= λj−1Nij−1 − λjNij + ν1Nij − µjNij + µj+1Nij+1.� (3)

The hit rate λj is expressed as the proportion of non-hit targets to the total number of targets:

	
λj =

(
i − j

i

)
λ0.� (4)

It is known that ROS at high densities undergo mutual destruction, which enhances the inactivation effect at lower 
dose rates3,4,20; therefore, we consider that ROS is responsible for the nonlinear effect. Figure 3b schematically 
illustrates the following three key processes influencing DNA inactivation during X-ray irradiation: (i) Dose-
proportional term (Γ0Pt): Linearly proportional to the dose rate. (ii) Nonlinear mutual destruction term 
(Γ1

√
P t): Accounts for the saturation effect for higher dose rate, modeled as 

√
P  based on previous studies3,4. 

(iii) Replication by binary fission term (Γ2t): Reflects bacterial replication in nutrient-enriched conditions, 

Fig. 3.  (a) Stochastic model in which the inactivation occurs by the hit of targets. Nij (t) is the number of 
bacteria where j targets are hit on the total number of i targets. λj, µj, and ν1 represent the hit rate, recovery rate, 
and replication rate, respectively. (b) Schematic of DNA inactivation. Γ0 represents the rate of linearly dose rate 
dependent term, Γ1 is the rate of the nonlinearly dose rate dependent term, and Γ2 is the rate of replication by 
binary fission at the Nij (t) state.

 

Fig. 2.  Inactivation ratio of E. coli O1 in the exponential phase as a function of dose for dose rates of 147 
mGy/s (red circles), 35.2 mGy/s (green circles), and 15.3 mGy/s (blue circles). (a) Solid lines represent the 
theoretical fits obtained with the nonlinear mutual destruction term, using parameters Γ0 = 3.3 × 10−2

(Gy−1), Γ1 = 1.0 × 10−3 (Gy−1/2s−1/2), and Γ2 = 6.7 × 10−4 (s−1). (b) Broken lines are the theoretical 
fits without the nonlinear mutual destruction term, using parameters Γ0 = 3.3 × 10−2(Gy−1) and 
Γ2 = 4.7 × 10−4 (s−1).
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independent of dose rate. This framework integrates physical and biological mechanisms, providing a unified 
explanation for the observed dose-rate dependencies across both stationary and exponential phases.

Based on these considerations, the hit rate λ0 and replication rate ν1 can be expressed as:

	 λ0 = 2(Γ0P + Γ1
√

P ),� (5)

and

	 ν1 = 2Γ2.� (6)

A simplified multi-target model is adopted based on previous studies17–19, where the recovery rate μj is assumed 
to be negligible compared with λ0 and ν1. Thus, μj is excluded from further calculations.

To describe the observed shoulder behavior followed by linear slopes (Figs. 1a and 2a), we employ a simple 
two-target model where bacterial cells are inactivated by hits on two critical targets. The inactivation ratio I is 
expressed as the sum of non-hit (N20) and single-hit (N21) targets:

	
I(t) = N20(t) + N21(t)

N0
,� (7)

where N0 is the initial number of bacteria. This sum is obtained by solving Eqs. (1) and (2) in matrix form:

	
d

dt

(
N20(t)
N21(t)

)
=

( −(λ0 − ν1) 0
λ0 −(λ1 − ν1)

) (
N20(t)
N21(t)

)
.� (8)

The solution is derived using eigenvalues. Substituting Eqs.  (5) and (6) into the results yields the number of 
bacteria in non-hit (N20) and single-hit (N21) states as functions of irradiation duration:

	 N20(t) = N0 exp[−2(Γ0P + Γ1
√

P − Γ2)t],� (9)

	 N21(t) = 2N0{exp[−(Γ0P + Γ1
√

P − Γ2)t] − exp[−2(Γ0P + Γ1
√

P − Γ2)t]}.� (10)

Substituting Eqs. (9) and (10) into Eq. (7), the inactivation ratio I as a function of dose D is expressed as:

	
I(D) = 2 exp

[
−

(
Γ0 + Γ1√

P
− Γ2

P

)
D

]
− exp

[
−2

(
Γ0 + Γ1√

P
− Γ2

P

)
D

]
.� (11)

This equation successfully describes both the shoulder behavior followed by linear slopes and the dose rate 
dependence of the inactivation ratio observed in Figs. 1a and 2a.

Stationary phase analysis
Figure 1a shows the inactivation ratio of E. coli in the stationary phase across varying dose rates (PH = 147 mGy/s: 
red, PM = 35.2 mGy/s: green, PL = 15.3 mGy/s: blue). The data reveal that lower dose rates (PL) result in significantly 
higher inactivation efficacy compared with higher dose rates (PH), particularly at doses above 100  Gy. This 
trend is attributed to the nonlinear effect. The theoretical curves (solid lines) derived from the stochastic multi-
hit model incorporating the nonlinear effect described by Eq. (11) using the parameters: Γ0 = 3.3 × 10−2 (Gy−1), 
Γ1 = 1.0 × 10−3 (Gy−1/2 s−1/2), and Γ2 = 0 (s−1), align closely with the experimental data, validating the model’s 
ability to capture key mechanistic behaviors.

A more detailed analysis of the dose-rate dependence of the inactivation ratio can be achieved by separating 
the dose into its components: dose rate and irradiation duration. Figure 1b demonstrates the dependency of the 
inactivation ratio on irradiation duration for varying dose rates. Here, red, green, and blue markers represent the 
inactivation ratios corresponding to dose rates of PH = 147 mGy/s, PM = 35.2 mGy/s, and PL = 15.3 mGy/s; and 
solid triangles, rhombuses, squares, and circles denote inactivation ratios for doses of 50 Gy, 100 Gy, 150 Gy, and 
200 Gy, respectively. These curves were generated using the same parameters (Γ0, Γ1, and Γ2) across all conditions, 
with intersections between the broken and dotted-dash lines representing the theoretically evaluated inactivation 
ratios. The agreement between the intersections of the theoretical curves (broken and dotted-dash lines) and 
the experimental data provides quantitative support for the model parameters used, further highlighting the 
dose-rate sensitivity in stationary-phase E. coli. The stochastic model expressed in Eq. (11) provides a good fit 
to the observed behavior of the inactivation ratio as a function of dose rate. A slight discrepancy between the 
theoretical and experimental results at 50 Gy is noted. The minor discrepancies at D = 50 Gy likely arise from 
the assumptions of two targets and/or the elimination of additional mechanisms, such as the recovery rate of µj, 
which may not fully capture the complexity of the system at lower doses.

Exponential phase analysis
Figure 2a shows the inactivation ratio of E. coli in the exponential phase under varying dose rates. In contrast to 
the stationary phase, higher dose rates (PH) yield significantly greater inactivation efficacy. This phase-dependent 
reversal is explained by the interplay between the nonlinear effect and bacterial replication dynamics. At lower 
dose rates (PL), the replication rate outpaces inactivation, resulting in diminished efficacy. The theoretical curves 
(solid lines), derived from the model incorporating both nonlinear dynamics and replication, accurately capture 
these complex behaviors, underscoring the critical role of bacterial replication in shaping dose-rate dependence. 
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Here the theoretical curves were fitted using: Γ2 = 6.7 × 10−4 (s−1), which corresponds to a replication time 
of approximately 25  min, consistent with the replication rate of E. coli at room temperature, and the other 
parameters, Γ0 and Γ1, remain unchanged. The model successfully explains the exponential phase behaviors, 
where the replication term (Γ2t) offsets inactivation effects at lower dose rates, resulting in reduced efficacy.

Notably, if the nonlinear mutual destruction term (Γ1
√

P t) is excluded, the experimental results for the 
exponential phase can still be fitted, albeit with a slightly adjusted replication rate: Γ2 = 4.7 × 10−4 (s−1) (Γ1, 
remain unchanged), as shown in Fig. 2b. Under these conditions, the dose rates of PH = 147 mGy/s (red line) and 
PM = 35.2 mGy/s (green line) align well with the model. However, the exclusion of the mutual destruction term 
fails to explain the reduction in inactivation efficacy observed at doses above 150 Gy for PL = 15.3 mGy/s (blue 
line). This underscores the critical role of the nonlinear effect at lower dose rates in shaping the inactivation 
dynamics.

Discussion
Transition between dose rate effectiveness based on replication rates
The results demonstrate that the inactivation ratio is significantly influenced by replication rates at lower 
dose rates, whereas higher dose rates are unaffected by replication dynamics. Figure 4 shows 3D plots of the 
theoretical inactivation ratios given by Eq. (11) as a function of replication terms (0 ⩽ Γ2 ⩽ 2.0 × 10−4; Γ0, 
Γ1 remain unchanged) for various dose rates. The red, green, and blue meshes correspond to the dose rates PL, 
PM, and PH, respectively. The boundaries defining the effectiveness of dose rates are indicated by the curves XL1 
(broken grey line), XL2 (solid line), and XL3 (dotted broken grey line). These boundaries are determined by the 
following equation:

	
Γ2 =

√
PjPi −

√
PiPj

Pi − Pj
Γ1,� (12)

where the XL1 curve is derived by substituting Pi = PM and Pj = PL into Eq.  (12). Similarly, the XL2 and XL3 
curves are obtained by applying analogous substitutions for other dose rate combinations. The boundary curves 
XL1, XL2, and XL3 are obtained from Γ2 = 7.45 × 10−5, 9.35 × 10−5, and 1.26 × 10−4 (s−1), respectively. Below 
these boundary curves (Γ2 < XL1, XL2, XL3), a lower dose rate is more effective for inactivation due to reduced 
replication effects. Conversely, for Γ2 above these boundaries, a higher dose rate becomes more effective, as the 
replication rate dominates and offsets the inactivation process.

Implications for gamma sterilization
(a) Nutrient-poor Materials: For applications such as sterilizing medical equipment, where nutrient-rich 
environments are unnecessary, lower dose rates with longer durations can achieve equivalent inactivation 
ratios with smaller total doses. This approach is more energy-efficient and effective. (b) Nutrient-rich Materials: 
For biological products or fresh foods, replication plays a minimal role when using higher dose rates and 
shorter durations. Consequently, higher dose rates provide a more effective strategy for sterilization in such 
environments.

Fig. 4.  3D plots of the theoretical inactivation ratios as a function of replication terms (0 ≤ Γ2 ≤ 2.0 × 10−4) for 
various dose rates. The red, green, and blue meshes correspond to dose rates PL, PM, and PH, respectively. The 
boundaries defining the effectiveness of dose rates are indicated by the curves XL1 (broken grey line), XL2 
(solid line), and XL3 (dotted broken grey line).
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Limitations
This study investigated the dose-rate dependence of single high-dose X-ray irradiation on E. coli, revealing 
distinct inactivation behaviors between stationary and exponential phases. However, certain limitations must 
be acknowledged. Fundamental mechanisms, such as DNA repair, play a crucial role in bacterial survival, and 
these processes are closely linked to the growth phase. In this case, ROS and/or reactive nitrogen species (RNS) 
influence the initiation of specific repair pathways, where they function as signalling molecules20–22. However, 
these considerations are not included in this study.

Furthermore, we consider ROS and/or RNS to be responsible for the nonlinear effect. Because, at higher dose 
rates, ROS/RNS concentrations are expected to increase rapidly, raising the likelihood of their interactions leading 
to mutual destruction before they can inflict biological damage. This nonlinear effect is more pronounced in 
long-lived molecules with lifetimes exceeding 10−3 s, and it is likely that superoxide radicals, hydrogen peroxide, 
and nitric monoxide (NO) contribute to this mechanism9,23–25. Interpreting the inactivation behaviors observed 
in this study using a stochastic model with a nonlinear term may risk oversimplifying the above radiation-
induced damage effects. Future studies incorporating real-time ROS/RNS detection, lifetime determination of 
ROS/RNS, and/or scavenger experiments are needed to further validate these findings.

Conclusion
This study found significant differences in E. coli inactivation efficacy under the same dose but with varying dose 
rates and irradiation durations using 220  keV X-rays. For stationary phase experiments, higher inactivation 
efficacy was observed at lower dose rates with longer irradiation durations than higher dose rates with shorter 
durations. On the other hand, in exponential phase experiments, higher inactivation efficacy was achieved at 
higher dose rates with shorter irradiation durations. These results were effectively explained using a stochastic 
model that incorporates nonlinear effects. The origin of nonlinear effects is likely due to long-lived ROS/RNS 
such as superoxide radicals, hydrogen peroxide and NO. However, the precise mechanism underlying these 
nonlinear effects warrants further investigation. Although the findings were derived from basic experiments 
with E. coli, this research provides foundational knowledge that can inform the optimization of sterilization 
protocols and radiotherapy techniques, particularly in applications requiring precise control of dose rate and 
duration.

Data availability
The datasets used and/or analyzed in the current study are available from the corresponding author on reason-
able request.
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