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Supplementary Information 

I. Selection of material for enclosing a Cs-bearing particle 

In the main body of the text, we employed a method to put a Type B radioactive particle containing 

Cs into a microcapillary (MP-020, Micro Support Co., Ltd) and placed the microcapillary onto the 

cell-containing glass base dish (3911–035, IWAKI). There are several material candidates to deliver 

the particle onto the dish, hand-made SiO2 capillary (Fig. S1(I)), microcapillary (Micro Support Co., 

Ltd) (Fig. S1(II)), a tungsten needle (Fig. S1(III)), copper pin (Fig. S1(IV)), and carbon tape (Fig. 

S1(V)). At the design phase of experiments with a Type B particle, we checked cytotoxicity of the 24 h 

incubation with materials. 

 

 
Figure S1 Picture of material candidates for delivering Cs-bearing particle onto culture dish: (I) 

for hand-made SiO2 capillary, (II) for microcapillary (Micro Support Co., Ltd), (III) for a tungsten 

needle, (IV) for copper (Cu) pin, and (V) for carbon (C) tape. 

 

We used primary normal human diploid lung fibroblast (WI-38) cells, and incubated the WI-38 

cells with each material described above for 24 h. The positive control treated with 10 mM Mitomycin 

C (MMC) was also prepared as well as negative control (mock) group. The endpoint of cell toxicity 

was set to be DNA double-strand break (DSB) detection by means of -H2AX foci formation assay as 

reported previously.1  

Figure S2 shows the results by the -H2AX focus formation assay, where the significance between 

the two groups was evaluated by using a multiple comparison method, the Tukey-Kramer test. As 

shown in Fig. S2, there was no significant DSB induction for (I) hand-made SiO2 capillary, (II) 
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microcapillary and (III) a tungsten needle. Conventionally, Cs-bearing particles are handled by the 

combination of (IV) Cu pin and (V) C tape, however the combination induce the toxicity to cells 

during 24 h incubation, which means that the (IV) and (V) are not suitable for in vitro experiment of 

DSB detection. 

As described in the main text, in consideration of the less toxicity to cells during 24 h incubation 

with materials (Fig. S2) and operability at micron scale, we selected the microcapillary with 20 m tip 

inner diameter (MP-020, Micro Support Co., Ltd). 

 

 

Figure S2 Cytotoxicity testing for selecting the materials to deliver a Cs-bearing particle onto the 

dish.   The -H2AX foci formation assay was performed in WI-38 cells after 24 h incubation with 

each material. The roman numerals are linked to those in Fig. S1. We prepared a positive control 

treated with 10 mM Mitomycin C (MMC) as well as a negative control (mock) group. The 

significances were evaluated by using a multiple comparison method, the Tukey-Kramer test. The 

symbol * represents 5 % significant differences. 

 

II. Influence of composition density on absorbed dose-rate around a Type B particle 

Assuming that the density of SiO2 in a Cs-bearing particle is 2.2 g/cm3, we calculated the radial 

distribution of absorbed dose-rate around a Type B Cs-bearing particle with 505.7 Bq. However, there 

is a possibility that the density of Type B particle is lower than 2.2 g/cm3, according to the previous 

report.2 For this reason, we also calculated absorbed dose-rate for various densities of Type B particle. 

To calculate the dose-rate around the particle, we used a Particle and Heavy Ion Transport Code 

System (PHITS ver. 3.08)3 considering RI source database (ICRP07)4 and the mode of electron 

gamma shower (EGS).5 In the same manner as the calculation in the main text, the cut off energies for 

photons and electrons were set as 1.0 keV. The composition was set to be the same SiO2 as the main 

text, but the we here changed the density to 2.2, 1.8, 1.4 and 1.0 g/cm3. 

   Figure S3 shows the relationship between the density of Type B particle and relative absorbed 

dose-rate for the regions of 0-50 m, 500-550 m, 1000-1050 m and 1500-1550 m away from the 

particle. The calculated absorbed dose-rates were normalized by those at 2.2 g/cm3. As shown in Fig. 

S3, the maximum difference of absorbed doses for the densities of 1.8, 1.4 and 1.0 g/cm3 were 9.1%, 
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17.4% and 28.3%, respectively, compared with the 2.2 g/cm3 case. As discussed in the main text, in 

comparison of nuclear foci between heterogenous exposure by the particle and uniform exposure by 

137Cs -rays, two types of DNA damage responses, i.e., the enhanced DSB induction in the cells distal 

to the particle and the reduced DSBs induction (protective effects) in the cells close to the particle 

were observed with the -H2AX focus formation assay. With the increment of absorbed dose-rate 

under lower density of the particle composition than 2.2 g/cm3 (Fig. S3), whilst the signal-induced 

DSBs become less, the protective effects are more prominent than the result in main text (Fig. 4). 

 

 

Figure S3 Absorbed dose-rate for various densities of Type B particle. Using a Particle and Heavy 

Ion Transport Code System (PHITS ver. 3.08)3, we calculated the radial distribution of absorbed 

dose-rate for the density of 1.0, 1.4, 1.8 and 2.2 g/cm3. The relative absorbed dose-rate for the regions 

of 0–50 m, 500–550 m, 1000–1050 m and 1500–1550 m away from the particle were shown. 

The calculated absorbed dose-rates were normalized by those for the case of 2.2 g/cm3. The dotted 

lines are for eye guide. 

 

III. Half-time for DSB repair 

The number of DSBs induced after 24 h or 48 h exposure was quantitatively detected by means of 

-H2AX foci formation assay. According to the previous reports,6-9 at least 20–30 DSBs are induced 

per cell per Gy. In contrast, the numbers of DSBs per nucleus after 1.0 Gy continuous exposure shown 

in the main text were 3.02 ± 5.25 in WI-38 cells and 4.89 ± 4.14 in human bronchial epithelial 

(HBEC-3KT) cells. This difference should be attributable to DNA repair during the exposure,10,11 but 

the number of DSBs per HBEC-3KT cells was greater than that per WI-38 cells. So here, we added the 

experiments on DNA damage repair kinetics after acute exposure to X-rays. 

WI-38 and HBEC-3KT cells were acutely exposed to 1.0 Gy with 6 MV-linac X-rays. The field 

size and the depth were set to be 10 × 10 cm2 and 10 cm from the surface. We detected the number of 

foci per nucleus 30 min, 3 h, 6 h, 9 h and 12 h after the acute irradiation.  
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Figure S4 shows the repair kinetics of radiation-induced DSBs: (A) for WI-38 cells and (B) for 

HBEC-3KT cells. Evaluating the statistically significant reduction of DSBs by using the 

Tukey-Kramer test, the induced DSBs in WI-38 cells are quickly repaired with 6 h after irradiation, 

whilst those in HBEC-3KT cells are slowly repaired compared with WI-38 cells. From the linear 

interpolation as described in Fig. S4, the half-time for repair of DSBs was 2.11 h for WI-38 cells and 

3.29 h for HBEC-3KT cells, confirming that the lager number of DSBs in HBEC-3KT cells is 

attributed to the slower repair speed than WI-38 cells. 

 

 
Figure S4 Kinetics for repair of DSBs: (A) WI-38 cells and (B) HBEC-3KT cells. We exposed the 

cells to 1.0 Gy of 6 MV-linac X-rays and detected the DSBs by means of -H2AX focus formation 

assay. The significant differences between the two groups (0.5–3 h, 3–6 h, 6–9 h and 9–12 h) were 

evaluated by the Tukey-Kramer method, representing the symbol* as 5 % significant differences. The 

half-time for repair of DSBs in WI-38 and HBEC-3KT cells were 2.11 h and 3.29 h, respectively. 
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