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Singlet oxygen generation efficiency 

The 1O2 production efficiency was calculated based on a published method [1]. Briefly, the X-

PDT process can be broken into three steps. Firstly, SAO:Eu nanoparticles were irradiated by X-

ray to emit luminescence. Second, the XEOL activates near-by photosensitizers (MC540). Lastly, 

1O2 is produced. From energy transformation perspective, the whole process can be regarded as a 

conversion from the electromagnetic energy (the ionizing radiation) to chemical energy (the 1O2). 

The conversion efficiency (η) can be calculated from the following equation: 

 

where Ec is the chemical energy, i.e. the energy increase when oxygen molecules are converted 

to singlet oxygen molecules.  

 

The energy difference between the lowest energy of O2 in the singlet state and the lowest energy 

in the triplet state is about 94.3 kJ/mol (i.e. 0.98 eV) [2, 3]. Therefore, Ec can be calculated from: 

50.98 (J) 0.94 10 (J)c AE N Y Y       

where NA is the Avogadro's constant (6.02×1023), 1 eV=1.6×10-19 J, and Y (mol) is the amount of 

singlet oxygen  generated from the X-PDT process. 

 

Y can be estimated from our singlet oxygen generation data (Figure 2b) using a published 

method [1]. When there is excess MC540, the ratio between the reactants is 1:1 in the O2-
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MC540 reaction [1, 3-6]. Hence, Y is equal to the amount of the activated MC540 resulting from 

the photodynamic effect: 

9
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where n0 is the initial content of MC540 (5 wt% of 1 mL solution of 50 mg/L, MMC540 = 553.6 

g/mol), and (bm-bc) is the relative percentage change of SOSG fluorescence signals [1]. As 

shown in Figure 3b, the value of (bm-bc) is approximately equal to the difference between the 

control group and the MC540-SAO:Eu@mSiO2 group in the ordinate value at a given radiation 

dose. From the above two equations, Ec can be rewritten as: 
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Meanwhile, Eem is the electromagnetic energy in the form of X-ray, which is dependent on the 

radiation dose (D, Gy). By definition, 1 Gy is equal to an absorbed dose of 1 J/kg. Considering 

that 1 mL (1 g) aqueous solution was used in the experiment, Eem can thus be calculated as: 

31 10 (J)emE D    

Hence, 
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Using the above equation we computed 1O2 production efficiency at different irradiation doses 

and the results were listed in Table S1.  

 



 

Table S1. 1O2 production efficiency (η) of X-PDT at different X-ray radiation doses (D) (X-ray 

dose rate is 0.2 Gy/min). 

D/Gy bm-bc η 

1 7% 2.9% 

2 20% 4.2% 

3 32% 4.5% 

4 41% 4.3% 

 

It can be seen that η values at different D are comparable. An average of the η values in Table 1, 

3.9%, was reported in the main text.  

 

 

  



Supporting Figures 

 

 

 

Figure S1. X-ray diffraction (XRD) analysis result. The main product is monoclinic SrAl2O4 

(JCPDS #74-0794). 

 

 

Figure S2. Chemical structure of merocyanine 540 (MC 540). 



 

Figure S3. X-ray excited optical luminescence (XEOL) of SAO:Eu@mSiO2 before and after 

loaded with MC540 photosenstizers. 

 

 

 

  

450 480 510 540 570 600

0

40

80

120

 

 

X
E

O
L

Wavelength (nm)

 SAO:Eu@mSiO
2
  MC540-SAO:Eu@mSiO

2



References: 

 

1. Zhang C, Zhao K, Bu W, Ni D, Liu Y, Feng J, et al. Marriage of scintillator and 

semiconductor for synchronous radiotherapy and deep photodynamic therapy with 

diminished oxygen dependence. Angew. Chem. Int. Ed. 2015; 54: 1770-1774. 

2. Schweitzer C, Schmidt R. Physical mechanisms of generation and deactivation of singlet 

oxygen. Chem. Rev. 2003; 103: 1685-757. 

3. Bonnett R. Photosensitizers of the porphyrin and phthalocyanine series for photodynamic 

therapy. Chem. Soc. Rev. 1995; 24: 19-33. 

4. Lovell JF, Liu TW, Chen J, Zheng G. Activatable photosensitizers for imaging and 

therapy. Chem. Rev. 2010; 110: 2839-2857. 

5. Shopova M, Woehrle D, Mantareva V, Mueller S. Naphthalocyanine complexes as 

potential photosensitizers for photodynamic therapy of tumors. J. Biomed. Opt. 1999; 4: 

276-285. 

6. Houas A, Lachheb H, Ksibi M, Elaloui E, Guillard C, Herrmann JM. Photocatalytic 

degradation pathway of methylene blue in water. Appl. Catal. B-Environ. 2001; 31: 145-

157. 

 

 


