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SUMMARY

Photosensitizers have significant potential as radiosensitizers in cancer treatment, yet the mechanism of 

ionizing-radiation-induced singlet oxygen (1O2) generation remains unclear. Here, we systematically investi

gated 1O2 production by the photosensitizer Chlorin e6 (Ce6) using the Singlet Oxygen Sensor Green probe 

and imidazole/p-nitroso-N,N-dimethylaniline detection methods, evaluating the effects of photon energy 

(X-rays up to 310 kV and 60Co gamma rays at 1.17 and 1.33 MeV), dose, and dose rate. Ce6 produced 

more 1O2 with increasing photon energy. At 5 Gy, the lowest dose rate (0.005 Gy/min) yielded significantly 

more 1O2 than higher dose rates (7–0.05 Gy/min). Scavenging experiments identified superoxide anions 

(⋅O2
− ) as a key intermediate. We propose that, unlike classical triplet-state photosensitization, ionizing radi

ation induces Ce6 radical cations (Ce6⋅+), which react with radiation-induced ⋅O2
− to generate 1O2. These 

findings suggest potential for photosensitizer-radiation combinations in low-dose-rate therapies, although 

further biological validation and consideration of tumor redox status are required.

INTRODUCTION

Despite the proven effectiveness of radiation therapy (RT) in can

cer treatment,1–5 tumor recurrence remains a significant clinical 

challenge.6,7 Radiosensitizers are commonly used to enhance 

radiation effects in recurrent tumors.8,9 Although these agents 

initially achieve tumor growth delay, their systemic toxicity ulti

mately limits improvements in overall survival.10 Photosensi

tizers (PSs), which are traditionally used in photodynamic ther

apy (PDT) to generate cytotoxic singlet oxygen (1O2) and other 

reactive oxygen species (ROS) upon light activation,11 have 

emerged as promising alternatives, offering remarkable potential 

to enhance radiation effects with minimal toxicity. Early PSs, 

such as hematoporphyrin and Photofrin, achieved clinical suc

cess in inducing tumor remission when combined with RT,12–16

having as its only side effect prolonged photosensitivity persist

ing for months after treatment.17 Recently, 5-aminolevulinic acid 

(5-ALA) has gained a lot of attention as a precursor that converts 

intracellularly into protoporphyrin IX (PpIX), the latter selectively 

accumulating in tumor tissues due to altered heme biosyn

thesis,18 thereby reducing systemic phototoxicity and enhancing 

radiotherapy outcomes. Preclinical studies have established the 

feasibility of 5-ALA as a radiosensitizer,19–22 prompting its clin

ical translation, with ongoing clinical trials focused on evaluating 

the maximum tolerated dose of 5-ALA.23 However, the funda

mental interaction mechanism between ionizing radiation and 

photosensitizers that is responsible for these results has 

received limited attention, preventing optimization of the thera

peutic outcomes.

Photosensitizers are typically activated by light photons, 

which excite them to a triplet state and lead to the generation 

of 1O2 and ROS.24 However, there is some evidence suggesting 

that this classical mechanism may not apply under ionizing ra

diation. For instance, research by Takahashi and Misawa sug

gest that under X-ray radiation, PpIX may generate ROS 

through a mechanism involving the transfer of radical energies 

from primary radicals such as hydroxyl radicals (⋅OH), hydrogen 

radicals (⋅H), and hydrated electrons (eaq
− ), as well as second

ary electrons, to PpIX.25 Similarly, Schaffer et al. observed 

comparable biological effects of Photofrin at radiation doses 

of 5 Gy and 15 Gy, further suggesting that the observed results 

may not be caused by direct interaction of photosensitizers 

with radiation,13 such as photon excitation. Some cell studies 

performed to understand the observed cytotoxicity when using 

5-ALA suggest that the effects are mediated by enhanced intra

cellular ROS production, especially superoxide anions (⋅O2
− ), 

from mitochondrial dysfunction.26,27 This mechanism is partic

ularly relevant to 5-ALA due to PpIX accumulation in mitochon

dria. However, direct evidence linking the dysfunction of mito

chondria during irradiation in the presence of PSs is still lacking. 

In addition, most existing studies have focused on factors such 

as photon energy or radiation type (photons vs. particles), while 

the potential influence of dose rate has often been overlooked. 

Moreover, the diversity of experimental conditions, including 

cell types, has led to conflicting or non-comparable results. 

For instance, photons having both keV and MeV energies 

appear to be able to activate PSs,19,20,22 while some studies 

attribute the effect to Cerenkov radiation that only occurs at 
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high photon energies,28,29 as its emission spectrum overlaps 

with PS absorption wavelengths.30

In this study, we have systematically investigated the activa

tion of photosensitizers by X-rays and gamma rays, addressing 

key factors that may influence their behavior. Specifically, this 

study considers the energy of photons (below and above the 

threshold of Cerenkov light production), the effect of dose rate, 

and the role of free radicals in pure water. Given that 1O2 is 

recognized as one of the most cytotoxic species,31 we primarily 

focus on its formation during ionizing radiation. The photosensi

tizer Chlorin e6 (Ce6) was chosen, due to its better water solubi

lity compared to most porphyrins and previous findings indi

cating its activation under ionizing radiation.32

RESULTS

Higher photon energy enhances singlet oxygen 

production at comparable dose rates

This section aims to investigate the role of radiation energy in 

activating Ce6, taking also into account possible Cerenkov light 

generation. To address this, two external radiation sources— 

X-rays and gamma rays—were employed to deliver photons of 

different energies. The energy of the X-rays used was 310 kV, 

which will not produce Cerenkov light, while the energy of the 

gamma rays delivered by a 60Co source are well above the limit 

of Cerenkov light generation (i.e., 1.17 and 1.33 MeV). The acti

vation of Ce6 was evaluated by measuring the formation of 

singlet oxygen (1O2) according to changes in fluorescence inten

Figure 1. Higher-energy gamma-ray radia

tion enhances SOSG fluorescence in the 

presence of Ce6 compared with X-ray radi

ation 

The direct fluorescence intensity values of SOSG 

in samples after exposure to (A1) a 60Co source 

emitting gamma energy of 1.17 and 1.33 MeV at a 

dose rate of 6.2 Gy/min and (B1) X-rays with a 

dose rate of 7 Gy/min (310 kV, 12 mA). (A2) and 

(B2) represent the normalized relative increase of 

fluorescence intensity of SOSG in Ce6-containing 

samples compared to the control groups, corre

sponding to (A1) and (B1), respectively, as calcu

lated using Equations 4 and 5 (see methods). All 

data are presented as mean ± SD and were 

analyzed by two-way ANOVA (A1 and B1) or one- 

way ANOVA (A2 and B2). *p < 0.05, ***p < 0.0005, 

****p < 0.0001; n = 3. [Ce6] = 5 μM; [SOSG] = 5 μM.

sity (FL intensity) of the Singlet Oxygen 

Sensor Green (SOSG) probe. Samples 

containing Milli-Q (MQ) water with the 

same concentration of SOSG were used 

as a control group to account for any po

tential interaction of SOSG itself with 

ionizing radiation.

Figure 1 shows the FL intensity of 

SOSG in samples with or without Ce6 

exposed to gamma- or X-ray radiation. 

After exposure to gamma rays at a dose 

rate of 6.2 Gy/min (Figure 1A1), a significant increase in FL inten

sity was observed beyond 5 Gy in the Ce6 group compared to 

the control group, with a more pronounced enhancement at 10 

and 20 Gy. To ensure comparable conditions with gamma-ray 

exposure, the dose rate of X-rays was set to 7 Gy/min 

(Figure 1B1), using a voltage of 310 kV and a current of 12 mA. 

A modest increase in FL intensity was noted at 20 Gy in the 

Ce6 group compared to controls.

We noticed that the SOSG fluorescence also increased with 

radiation dose in the absence of Ce6 (Figure S1). This radia

tion-induced response was further confirmed by the fluores

cence spectra (Figure S2A) and has been previously reported 

by Liu et al.,32 who showed that the fluorescence signal was 

influenced by ⋅OH produced during ionizing radiation. Consis

tently, the UV spectral analysis revealed decreased absorption 

at 257 nm (Figure S2B), suggesting ⋅OH-mediated modification 

of SOSG’s anthracene moiety,33 which could disrupt its fluores

cence-quenching mechanism.

To properly assess the ability of Ce6 to generate 1O2 

compared to SOSG solutions alone, additional calculations 

were performed. First, the relative increase in the Ce6 group at 

each dose compared to the control group was calculated using 

Equation 4 (see methods). These values were then normalized to 

the relative FL intensity at 0 Gy according to Equation 5 (see 

methods) to further isolate the effect of Ce6 from the baseline 

fluorescence differences at 0 Gy.

Figures 1A2 and 1B2 present the data processed from 

Figures 1A1 and B1 based on the described corrections. After 
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normalization, an increase that was initially observed for a dose 

below 5 Gy under gamma-ray radiation (Figure 1A1) was no 

longer evident (Figure 1A2). The normalized relative FL intensities 

for 5 Gy, 10 Gy, and 20 Gy were 1.080 ± 0.046, 1.270 ± 0.036, 

and 1.829 ± 0.054, respectively. No significant increase was 

observed at 5 Gy in the Ce6 group, while significant differences 

in FL intensity were observed at 10 Gy (p < 0.0005) and 20 Gy 

(p < 0.0001) compared to non-irradiated samples. For the sam

ples irradiated with X-rays at a dose rate of 7 Gy/min, the normal

ized FL intensity values were 1.049 ± 0.055, 1.116 ± 0.119, and 

1.266 ± 0.023 for 5 Gy, 10 Gy, and 20 Gy, respectively. A signif

icant enhancement was observed at 20 Gy (p < 0.05) 

(Figure 1B2).

The lowest dose rate, 0.005 Gy/min, leads to the highest 

singlet oxygen production

The findings from the previous section demonstrate that Ceren

kov light was not essential for activating Ce6, as 1O2 was also de

tected when using X-rays with energy below the Cerenkov 

threshold. Building on these results, this section investigates 

the effect of dose rate on 1O2 production, a factor that differs 

significantly between external and internal radiation.34 Given 

the unpredictable dose rates inherent to radionuclide therapy, 

the lowest dose rate used here was 0.005 Gy/min, comparable 

to that used in low-dose-rate brachytherapy.35 X-rays with an 

energy of 240 kV were used to avoid Cerenkov light formation, 

and the voltage-to-current ratio of the X-ray source was adjusted 

to achieve the desired dose rates, as detailed in Table 1.

Figure 2 shows the measurement of 1O2 using the SOSG 

probe and the imidazole/p-nitroso-N,N-dimethylaniline (Imd/ 

RNO) method. In Figure 2A, the FL intensity of the SOSG in sam

ples following 5 Gy of X-ray radiation at various dose rates are 

depicted. After normalization (Figure 2B), the greatest enhance

ment in FL intensity in the presence of Ce6 was observed at 

0.005 Gy/min, with a normalized relative increase of 2.505 ± 

0.026 compared to non-irradiated samples. The corresponding 

values for dose rates of 7, 3, 0.2, and 0.05 Gy/min were 

1.361 ± 0.108, 1.416 ± 0.131, 1.413 ± 0.115, and 1.580 ± 

0.024, respectively. Statistical analysis showed that the normal

ized relative FL intensity at 0.005 Gy/min was significantly higher 

than those at higher dose rates (p < 0.0001). In contrast, the 

normalized relative FL intensities at dose rates of 7, 3, 0.2, and 

0.05 Gy/min did not differ significantly from each other; however, 

a slight increase was observed compared to non-irradiated 

groups. The different results at 5 Gy observed in our study be

tween Figures 1B1 and 2B at 7 Gy/min may be due to variations 

in SOSG batches, as differences in solubility and sensitivity to 
1O2 could lead to the discrepancies in measured intensities.

To confirm the results obtained using SOSG, we used a second 

method for detecting 1O2, known as the Imd/RNO method. 

This method showed effective detection of 1O2 generation 

(Figure S3A), which was completely inhibited by the 1O2 quencher 

NaN3 (Figure S3B). In our experiments, the absorption of RNO 

was measured before and after the irradiation. The change in ab

sorption (ΔA = Abefore radiation − Aafter radiation) was used to evaluate 

the ability of Ce6 to generate 1O2. When applying this method un

der ionizing radiation, it should be noted that RNO also quenches 

⋅OH generated during water radiolysis,36 which can lead to the 

decrease of RNO absorption and interfere with the detection of 
1O2. To minimize this effect, ethanol was added as a strong 

⋅OH scavenger to protect RNO.37 At a radiation dose of 70 Gy, 

a clear decrease in RNO absorption was observed in the RNO so

lution, but this effect was eliminated in the presence of 0.01% 

ethanol, confirming its protective role (Figure S4A). In all subse

quent X-ray irradiation experiments, 0.01% ethanol was present 

unless otherwise specified.

Figure 2C shows the absorption change of RNO in the pres

ence of Ce6 before and after X-ray exposure. At a dose of 

5 Gy delivered at a dose rate of 0.005 Gy/min, RNO absorption 

decreased significantly by 0.126 ± 0.013 (p < 0.0001 compared 

to other groups). In contrast, no significant decrease in RNO ab

sorption was observed when samples were irradiated at higher 

dose rates (7, 3, 0.2, and 0.034 Gy/min). A similar decrease at 

0.005 Gy/min was also observed with Ce6 in the absence of 

ethanol, whereas the control groups (Ce6 + RNO, L-histidine + 

RNO, and RNO), with or without ethanol, showed only minor 

changes (Figure S4B). For higher dose rates, the control groups 

(Ce6 + RNO, L-histidine + RNO, and RNO) exhibited negligible 

changes in RNO absorption (Figure S4C).

Superoxide anions are involved in singlet oxygen 

formation

Research has suggested that free radicals from water radiolysis 

may play a role in the activation process of photosensitizers.13,25

Our experimental results showed that when using the Imd/RNO 

method, the addition of ethanol had no effect on the formation of 
1O2 by Ce6 (Figure S4B), indicating that ⋅OH were not involved in 

the formation process. To further explore the mechanism under 

ionizing radiation, we evaluated the role of free radicals, particu

larly superoxide anions (⋅O2
− ), which have been shown to be 

influenced by dose rate due to possible radical-radical recombi

nation.38 This was achieved by introducing an ⋅O2
− scavenger, 

superoxide dismutase (SOD), during radiation exposure.

As shown in Figure 3A, the addition of 1 μg/mL SOD did not 

affect the intrinsic fluorescence of SOSG without X-ray expo

sure, nor did it alter SOSG behavior after light exposure 

(Figure S5A). In the absence of SOD, exposure to 5 Gy of 

X-rays at 0.005 Gy/min resulted in an increase in FL intensity of 

SOSG in the Ce6 group compared to the control group, consis

tent with earlier findings. However, this increase was eliminated 

Table 1. Settings used for delivering 5 Gy by X-ray radiation

Energy 310 kV, 12 mA 240 kV, 15 mA 240 kV, 1 mA 240 kV, 1 mA 240 kV, 0.7 mA 240 kV, 1 mA

Dose rate (Gy/min) 7 3 0.195 0.05 0.034 0.005

Distance (cm) 11 21 21 46 46 150

Irradiation time 40 s 1 min 42 s 25 min 38 s 100 min 147 min 16 h 30 min
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with the addition of SOD, as indicated by the lack of significant 

difference between the Ce6 group and the control group with 

SOD after irradiation. Similarly, the addition of SOD did not affect 

the decrease of RNO absorption in presence of Ce6 under sun

light exposure (Figure S5B). In Figure 3B, a significant decrease 

of RNO absorption was observed in the Ce6 group without SOD 

when compared to the control group without Ce6 after exposure 

to 5 Gy at a dose rate of 0.005 Gy/min. However, this decrease in 

RNO absorption in the presence of Ce6 was also eliminated 

by the addition SOD, showing a significant difference when 

compared to the Ce6 group without SOD. Furthermore, in the 

presence of SOD, no significant difference was observed be

tween the Ce6 group and the control group.

The effect of SOD on the FL intensity of SOSG in the presence 

of Ce6 was also studied under gamma-ray exposure. Figure 3C 

shows that after 20 Gy of gamma-ray radiation, the FL intensity of 

SOSG in the presence of Ce6 was significantly higher than that of 

the control group. However, after adding SOD, this increase dis

appeared, and no difference in the FL intensity of SOSG was 

observed between the Ce6 group and control group. Notably, 

SOSG itself still had higher FL intensity after 20 Gy radiation 

compared to 0 Gy regardless of the addition of SOD.

The UV absorption of SOSG molecules both before and after 

irradiation in the presence of SOD was measured to check 

whether SOD would structurally influence the SOSG molecule 

(Figure S5C). The UV spectrum shows that the addition of SOD 

Figure 2. Low-dose-rate radiation enhances SOSG fluorescence and RNO bleaching in the presence of Ce6 

(A) Fluorescence intensity of SOSG in samples with or without Ce6. [Ce6] = 5 μM; [SOSG] = 5 μM. 

(B) Normalized relative increase in fluorescence intensity based on data derived from (A). 

(C) Absorption difference of RNO in the presence of Ce6 before and after X-ray irradiation. Samples contained 40 μM Ce6, 50 μM RNO, and 10 mM L-histidine; ΔA 

denotes the difference between the absorption of RNO before and after irradiation; pH was set to 7.4 using phosphate buffer (PB). 

All data are presented as mean ± SD and were analyzed by one-way ANOVA (B and C). ****p < 0.0001; ns, not significant; n = 3.

Figure 3. Addition of SOD eliminates the increase in SOSG fluorescence and RNO bleaching in the presence of Ce6 

(A and B) Samples were exposed to 5 Gy of X-rays (240 kV, 1 mA; dose rate = 0.005 Gy/min). (A) Fluorescence change of SOSG. [Ce6] = 5 μM; [SOSG] = 5 μM; 

[SOD] = 1 μg/mL. (B) Change in RNO absorption. C + H + R samples contained 40 μM Ce6, 10 mM L-histidine, and 50 μM RNO; C + H + R + SOD samples 

contained 40 μM Ce6, 10 mM L-histidine, 50 μM RNO, and 1 μg/mL SOD; H + R samples contained 10 mM L-histidine and 50 μM RNO; H + R + SOD samples 

contained 10 mM L-histidine, 50 μM RNO, and 1 μg/mL SOD; ΔA denotes the difference between the absorption of RNO before and after irradiation; pH was set to 

7.4 using PB. 

(C) Fluorescence of SOSG after exposure to 20 Gy of gamma-ray radiation (1.17 and 1.33 MeV) at a dose rate of 6.2 Gy/min. [Ce6] = 5 μM; [SOSG] = 5 μM; [SOD] = 

1 μg/mL. 

All data are presented as mean ± SD and were analyzed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p ≤ 0.0005; n = 3.
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did not affect the molecular structure of SOSG, even after irradi

ation, as no noticeable decrease in SOSG absorption was 

observed.

DISCUSSION

In this study, we systematically investigated 1O2 generation by 

Ce6 under ionizing radiation, focusing on key factors such as ra

diation energy (below or above the threshold of generating Cer

enkov light in water), dose rate, and the effects of free radicals. 

We primarily evaluated 1O2 formation using the SOSG probe dur

ing irradiation by measuring the increase in FL intensity at an 

emission wavelength of 528 nm. Additionally, we used the Imd/ 

RNO method as a complementary approach to validate the ob

tained results.

X-rays with energy up to 310 kV and gamma rays with energy 

of 1.17 and 1.33 MeV can both activate Ce6 to produce 1O2, with 

increasing doses leading to more 1O2 production (Figure 1). 

Gamma rays appeared to be more efficient than X-rays in acti

vating Ce6 when compared at similar dose rates, achieving 

higher 1O2 production at a lower dose. This enhanced response 

was specific to Ce6, as the SOSG controls showed comparable 

behavior under both X-ray and gamma-ray radiation (Figure 

S1A). While gamma rays generated more 1O2, several observa

tions suggest that this enhanced production is not driven by Cer

enkov radiation. First, at the energy levels used in this study, 

gamma rays produced minimal Cerenkov radiation.39 Second, 

X-ray radiation successfully generated 1O2 (Figures 1B1 and 

S6), despite the absence of Cerenkov light (Figure S7). These ob

servations suggest that the difference in 1O2 production between 

gamma rays and X-rays is likely driven by their energy and 

related interaction mechanism.

The relationship between dose rate and 1O2 production ex

hibits a distinct pattern, where dose rates ranging from 

0.05 Gy/min to 7 Gy/min showed minimal impact; a significant 

increase was observed at the much lower dose rate, i.e., 

0.005 Gy/min (Figures 2A and 2B). To address the potential inter

ference from SOSG, this observation was further validated using 

the Imd/RNO method, which further confirmed that the lowest 

dose rate (0.005 Gy/min) led to a substantial increase in 1O2 pro

duction (Figure 2C). Furthermore, the decrease in RNO absorp

tion was consistent for samples with and without ethanol, con

firming that the reduction in RNO can be attributed to the 

formation of 1O2 and not of ⋅OH (Figure S4B). To the best of 

our knowledge, this study is the first to demonstrate that radia

tion dose rate affects the production of 1O2 by photosensitizers, 

as demonstrated here by Ce6.

There are no reports investigating similar effects in other types 

of photosensitizers. In principle, photosensitizers such as Ce6 

are activated by absorbing an incident photon with energy of 

approximately 1.14 eV to ultimately form a triplet state,40 which 

can subsequently transfer energy to 3O2 and form 1O2. However, 

it is very unlikely for ionizing radiation to follow this activation 

pathway, as energy of ionizing radiation far exceeds 1.14 eV. 

Instead, this activation may occur in subsequent steps, where 

the energy deposited by ionizing radiation into the surrounding 

medium (e.g., water) triggers subsequent indirect processes 

that ultimately lead to the production of 1O2 by Ce6.

The energy deposition of ionizing radiation in water is catego

rized into three main stages: the physical stage (∼10− 15 s), the 

physicochemical stage (10− 15 to ∼10− 12 s), and the chemical 

stage (10− 12 to ∼10− 6 s). During the initial physical stage, the pri

mary ionizations produce secondary electrons through excita

tion and ionization of surrounding molecules. These secondary 

electrons undergo cascading energy loss, eventually generating 

low-energy electrons that can no longer induce molecular exci

tation or ionization.41 One could expect that these low-energy 

electrons having energy above 1.14 eV could transfer energy 

to Ce6 molecules, resulting in the triplet state of Ce6 and in 

turn producing 1O2, which might explain the dose-dependent 

manner of the increased FL intensity of SOSG with Ce6 

(Figure 1), as the production of secondary electrons is dose 

dependent.

The energy deposition of low-energy electrons predominantly 

depends on the initial radiation energy.41,42 If these electrons 

were solely responsible for Ce6 activation, 1O2 production 

should remain consistent at a given dose regardless of the 

dose rate. However, our observations at 5 Gy across different 

dose rates showed dose-rate-related variations in 1O2 produc

tion despite nearly identical X-ray energy spectra (Figure S7), 

suggesting the involvement of processes beyond the physical 

stage. While the excited H2O* molecules (with energy ∼1.3 eV 

above the first ionization potential42) could potentially transfer 

energy to Ce6, their short lifetime (∼0.8 ps43) and low yield42

make their contribution negligible.

Dissolved molecular oxygen plays a crucial role as a 

precursor to 1O2. During exposure to ionizing radiation, a 

continuous consumption of O2 occurs through the following 

reactions44:

e−
aq + O2 ⇆ ⋅O2

−
;

H
⋅
+ O2 ⇆ HO2

⋅ 

At lower dose rates, two factors could potentially enhance the 

energy-transfer process between Ce6 and oxygen: the slower 

O2 consumption rate compared to high dose rates, which allows 

Ce6 molecules to be surrounded by more O2; and the longer irra

diation time, which enables more efficient O2 replenishment. This 

could theoretically provide more opportunities for Ce6 to transfer 

energy to surrounding oxygen. However, given that the dis

solved O2 concentration in water under normal atmospheric 

pressure (∼250 μM) is sufficiently high, a 5 Gy dose would not 

significantly deplete it.45 Therefore, O2 availability is unlikely to 

be a limiting factor in Ce6 activation. Rather, free radicals and 

molecular products generated during irradiation appear to be 

more probable drivers of Ce6 activation and subsequent 1O2 

production.

Recent studies have shown that the yield of free radicals, such 

as ⋅OH and eaq
− , varied with dose rate, possibly due to the 

complicated intra-track radical-radical recombination.38,46 The 

Imd/RNO results (Figure 2C) clearly indicated that ⋅OH was not 

involved in the generation of 1O2 by Ce6 because upon measure

ment performed in the presence of ethanol, a known quencher of 

⋅OH, a substantial amount of 1O2 was still formed at a dose rate 

of 0.005 Gy/min.
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The yield of eaq
− decreases with increasing dose rate, likely 

because eaq
− are involved in numerous radiolysis processes, 

and at higher dose rates, the denser distribution of radiolysis 

products increases the chance of radical-radical recombina

tion.46 Of particular interest is their interaction with O2 mole

cules, which leads to the formation of ⋅O2
− , a species that 

was found to generate 1O2 through a redox reaction.47 Inter

estingly, our experiments using SOD to quench ⋅O2
− elimi

nated the increased production of 1O2 at low dose rate in 

both the SOSG and the Imd/RNO methods (Figures 3A and 

3B). Additionally, the elimination of 1O2 observed at 20 Gy 

gamma-ray radiation (Figure 3C) further supports the impor

tant role of ⋅O2
− in 1O2 production by Ce6. While the exact 

mechanism remains unclear, thermodynamic considerations 

of the redox potential of ⋅O2
− and the triplet state of Ce6 

(3Ce6*) suggest that direct formation of 1O2 via oxidation of 

⋅O2
− by 3Ce6* is unlikely.47,48

We can now propose a possible mechanistic pathway for the 

generation of 1O2 by Ce6 under ionizing radiation conditions, 

which differs significantly from traditional photosensitization pro

cesses. While conventional photosensitization of Ce6 typically 

proceeds through excitation to its triplet state, our results sug

gest that high-energy radiation leads to the formation of Ce6 

radical cations (Ce6⋅+). These radical cations can subsequently 

react with ⋅O2
− to produce 1O2. The possibility of such a pathway 

is supported by previous studies reporting the existence of 

radical cations of photosensitizers when exposed to ionizing ra

diation.49,50 In addition, this mechanism is similar to the one pro

posed by Kavarnos and Turro when describing porphyrin photo

chemistry.51 These papers suggest that 1O2 formation can occur 

either through an energy-transfer process (Equation 1) or step

wise electron exchange in polar solvents (Equations 2 and 3). 

However, in our radiation-induced system, the conventional 

photosensitization pathways (Equations 1 and 2) are unfavor

able, due to the huge energy gap between ionizing radiation 

and visible light.

3
PS

∗
+

3
O2 → PS +

1
O2; (Equation 1) 

3
PS

∗
+

3
O2 → PS

+
+ ⋅O−

2 ; (Equation 2) 

PS
+

+ ⋅O−

2 → PS +
1
O2: (Equation 3) 

Instead, we propose that the electron-exchange reaction be

tween Ce6⋅+ and ⋅O2
− (Equation 3) dominates the 1O2 generation 

process, as indicated in Scheme 1. According to the literature, 

porphyrin compounds typically undergo oxidation at potentials 

around +0.9 to +1.0 V vs. normal hydrogen electrode (NHE) in 

aqueous media.52 Given the structural similarities between Ce6 

and these porphyrin compounds, the redox potential of Ce6⋅+ 

can be estimated to be in a similar range. At this potential, the 

oxidation of ⋅O2
− to 1O2 (redox potential at least +0.34 V vs. 

NHE47) would be thermodynamically favorable, supporting this 

proposed mechanism. Furthermore, the radiolysis of water pro

vides a direct source of ⋅O2
− that can react with Ce6⋅+, thereby 

contributing to the generation of 1O2.53–56

The enhanced 1O2 generation observed specifically at a very 

low dose rate suggests a kinetically driven process. At very 

low dose rates, the extended time between ionization events 

gives eaq
− more opportunity to react with O2, favoring the forma

tion of ⋅O2
− over recombination with other radicals. This 

increased availability of ⋅O2
− enhances the interaction with 

Ce6⋅+. At higher dose rates, a higher dose was required to 

achieve the same level of 1O2 production, likely because the 

increased density of radical formation promoted rapid radical- 

radical recombination, reducing the efficiency of ⋅O2
− formation 

and its subsequent reaction with Ce6⋅+. The enhanced 1O2 pro

duction observed under gamma-ray radiation compared to 

X-rays at similar doses may arise from differences in photon 

energy and their associated linear energy transfer (LET) 

Scheme 1. Schematic illustration of the proposed mechanism for 1O2 generation by Ce6 under high- and low-dose-rate ionizing radiation 

exposure
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characteristics. Gamma rays, with higher initial energy and lower 

LET, produce more spatially dispersed radicals during water 

radiolysis, potentially reducing inter-track radical interactions.57

However, our comparison between only two photon energies 

cannot conclusively identify LET as the primary driver of 

enhanced 1O2 generation. Future studies using particle beams 

with controlled energies could better identify the roles of energy 

and LET in photosensitizer activation.

From a practical perspective, when considering PSs as radio

sensitizers, their biological effects under ionizing radiation arise 

from a complex interplay of reactive species, not only 1O2 but 

also ⋅OH and even PS-derived radicals. Although our experi

ments confirmed that ⋅OH is not involved in 1O2 generation by 

Ce6, we further examined ⋅OH formation under ionizing radiation 

in the presence of Ce6 using the aminophenyl fluorescein (APF) 

probe. As shown in Figure S8, Ce6 enhanced 1O2 production, 

whereas no increase in ⋅OH was detected using the APF probe. 

The APF fluorescence signal with Ce6 was even slightly reduced 

compared to using APF alone, which may be explained by the 

ability of Ce6 to scavenge ⋅OH as mentioned in some studies.58

These results demonstrate the important role of 1O2 when 

applying Ce6 as a radiosensitizer. Compared with ⋅OH or ⋅O2
− , 

1O2 remains the most biologically impactful species, as it oxi

dizes unsaturated lipids, proteins, and nucleic acids and has a 

relatively long diffusion range.55,59,60 In addition, studies have 

found that PS-derived radical cations (PS⋅+) can directly oxidize 

DNA bases, notably attacking guanine residues and inducing 

strand lesions,61 but these effects are local and further restricted 

by the subcellular distribution of most PSs to mitochondria, lyso

somes, and the endoplasmic reticulum rather than the nu

cleus.62,63 These findings indicate that while the overall biolog

ical effects of PS-mediated radiosensitization arise from the 

combined actions of multiple ROS and PS radicals, 1O2 still re

mains the dominant and most biologically significant species. 

This work focuses on elucidating the generation of 1O2 and its 

interplay with ⋅O2
− , offering mechanistic insights that may guide 

future investigations of PS-driven ROS networks. While low- 

dose-rate modalities such as brachytherapy or radionuclide 

therapy might enhance 1O2 production, careful consideration 

and further investigation are required owing to the complexity 

of intracellular antioxidant defenses, the availability of ⋅O2
− , 

and dose-rate-dependent alterations in cellular responses.

To conclude, in this study, we systematically investigated the 

interaction of Ce6 with ionizing radiation, first examining the ef

fects of different photon energies and then exploring the impact 

of dose rates. Notably, enhanced 1O2 generation was observed 

at very low dose rates (0.005 Gy/min). Through scavenging ex

periments, we identified ⋅O2
− as a possible key intermediate in 

1O2 formation. Our mechanistic investigation suggests that, un

like traditional photosensitization where triplet states dominate, 

Ce6 activation by ionizing radiation proceeds primarily through 

free radical reactions, with Ce6⋅+ interacting with radiation- 

induced ⋅O2
− to generate 1O2. The enhanced efficiency at low 

dose rates and high-energy radiation indicates that radical life

time and spatial distribution play crucial roles in this process. 

The involvement of ⋅O2
− in this mechanism suggests that the 

therapeutic efficacy of combined photosensitizer-radiation 

treatment may be influenced by the oxidative stress status of 

cancer cells, especially those with elevated ROS levels and 

reduced SOD activity.64 Our data also suggest that low-dose- 

rate treatments like brachytherapy and radionuclide therapy 

may be more effective when combined with PSs, as they main

tain continuous ROS generation in cancer cells65 and enhance 

the production of 1O2 by Ce6. However, extensive biological 

studies would need to be performed to confirm whether in a 

cellular environment the same effects would occur.

A primary limitation of this study lies in the reliance on indirect 

methods for detection of 1O2. While we employed both SOSG 

fluorescence and the Imd/RNO bleaching assay, these ap

proaches are inherently less sensitive than direct detection 

methods and may fail to capture short-lived species. This limita

tion may partly explain why no detectable 1O2 signal was 

observed at 5 Gy under higher dose rates of radiation in our exper

iments, even though photosensitizers at this dose and within this 

dose-rate range are known to induce cytotoxic effects.66 Second, 

although our scavenging experiments strongly suggest the 

involvement of ⋅O2
− in 1O2 formation, direct observation of the re

action between Ce6⋅+ and ⋅O2
− was not achieved due to the tech

nical challenges in detecting these short-lived species during irra

diation. Finally, the preferential formation of 1O2 through the ⋅O2
−

pathway rather than traditional triplet-state mechanisms requires 

further investigation. Specifically, computational simulations and 

experimental studies should quantify how efficiently superoxide 

is formed under different dose rates and radiation qualities.

METHODS

Materials

Ce6 was purchased from Santa Cruz Biotechnology (#SC-263067, 

purity >96%). SOSG and RNO were purchased from Thermo 

Fisher Scientific. L-Histidine, SOD, and APF were purchased 

from Merck Sigma. Ethanol was purchased from Sigma-Aldrich. 

MQ water used in these experiments was prepared with an in- 

house Milli-Q system from Merck Millipore.

Radiation source

The X-rays were generated by the X-ray source, a Philips MCN 

321 with variable-energy X-ray tube. A 60Co source (GC220, Nor

dion) was used to generate gamma-ray radiation. The dose rates 

of 60Co were calculated using Fricke dosimetry corrected for the 

2,778-day half-life of cobalt-60.

X-ray and gamma-ray irradiation

For the X-ray irradiation experiments, the samples were posi

tioned on a horizontal platform, located at a specified distance 

from the X-ray tube. To achieve various dose rates necessary 

for the experiment, adjustments were made to the ratio of 

voltage and current. The gamma-ray irradiation was performed 

at a dose rate of 9.1 Gy/min and 6.2 Gy/min by placing samples 

into the sample chamber of the 60Co source.

ROS measurement

Singlet oxygen (1O2) formation was confirmed by two estab

lished methods. The first method employed the SOSG probe, 

which exhibits high selectivity for singlet oxygen detection. The 

second method, developed by Kralji�c and El Mohsni,67 involves 
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a combination of Imd group and RNO (referred as the Imd/RNO 

method).

Measurement of 1O2 by the SOSG probe

A 0.5 mM Ce6 stock solution was prepared by suspending Ce6 

powder in MQ water and ultrasonicating for 20 min. The stock 

solution was then diluted to 10 μM with MQ water. Subsequently, 

0.25 mL of 10 μM Ce6 was mixed with an equal volume of 10 μM 

SOSG solution, resulting in a final concentration of 5 μM Ce6 and 

SOSG. Both the mixtures and control samples (containing SOSG 

and water only) were then exposed to either X-rays or gamma- 

rays. After irradiation, the fluorescence of SOSG was measured 

at an excitation wavelength of 504 nm and an emission wave

length of 524 nm using a Cary Eclipse fluorescence spectropho

tometer (Agilent Technologies).

The normalized relative increase in FL intensity was calculated 

as follows:

Relative increased FL intensity

=
FL(Ce6+SOSG at each dose)

FL(SOSG alone at each dose);

(Equation 4) 

Normalized relative FL intensity

=
Relative FL(Ce6+SOSG at each dose)

Relative FL(Ce6+SOSG at 0 Gy)
:

(Equation 5) 

First, the increased FL intensity of the Ce6 groups relative to 

the control groups was calculated by dividing the FL intensity 

of the Ce6 groups by the FL intensity of the control groups at 

the same specific dose. The relative FL intensity obtained from 

the first step was then normalized by comparing it to the FL in

tensity at 0 Gy.

Confirmation of 1O2 by the Imd/RNO method

This method involves two main steps. Initially, 1O2 reacts rapidly 

with the Imd group, leading to its oxidation and the formation of 

a peroxide intermediate. In our experiment, we used L-histidine, 

which contains an Imd group, as the reacting molecule. In the sub

sequent step, this peroxide intermediate reacts with RNO, causing 

the bleaching of RNO, which can be measured spectrophotomet

rically at 440 nm. For the assay, solutions of 0.2 mM Ce6, 25 mM 

L-histidine, and 125 μM RNO were prepared separately in 

phosphate buffer (PB) (25 mM, pH 7.4). These solutions (Ce6, 

L-histidine, and RNO) were then mixed in a 96-well plate to achieve 

a total volume of 200 μL, containing 40 μM Ce6, 10 mM L-histidine, 

and 50 μM RNO (with or without 0.01% ethanol). The entire plate 

was then irradiated by X-rays at various dose rates in a dim envi

ronment. The absorption of RNO at 440 nm was measured by a mi

croplate scanning spectrophotometer (PowerWave XS, Bio-Tek) 

before and after the irradiation. For sunlight exposure experi

ments, the sample preparation was the same as that used in the 

X-ray irradiation experiments, except that stock solutions of rose 

bengal (0.1 mM in PB) and Ce6 (0.1 mM in PB) was further diluted 

to a final concentration of 10 μM.

Assessment of ⋅O2
− contribution to 1O2 formation using 

SOD

To investigate the potential role of superoxide anions in the sys

tem, the experiments described above were repeated with the 

addition of SOD. The procedures for both SOSG and Imd/RNO 

measurements remained identical, except that SOD (1 μg/mL) 

was added to the samples before irradiation.

Confirmation of ⋅OH by the APF probe

A 0.5 mM Ce6 stock solution was prepared by suspending Ce6 

powder in MQ water and ultrasonicating for 20 min. The stock 

solution was then diluted to 10 μM with MQ water. Subsequently, 

0.5 mL of 10 μM Ce6 was mixed with an equal volume of 5 μM 

APF solution, resulting in a final concentration of 5 μM Ce6 and 

2.5 μM APF. Both the mixtures and control samples (containing 

APF and water only) were then exposed to X-rays. After irradia

tion, the fluorescence of APF was measured at an excitation 

wavelength of 490 nm and an emission wavelength of 515 nm us

ing a Cary Eclipse fluorescence spectrophotometer (Agilent 

Technologies).

Data analysis

Data with error bars are presented as mean ± SD. Statistical an

alyses were performed using either one-way or two-way ANOVA 

as appropriate. GraphPad Prism software (v.8.00) was used for 

statistical analysis and data visualization. p < 0.05 was consid

ered statistically significant.
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