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X-ray induced singlet oxygen 
generation by nanoparticle-
photosensitizer conjugates 
for photodynamic therapy: 
determination of singlet oxygen 
quantum yield
Sandhya Clement1, Wei Deng1, Elizabeth Camilleri1, Brian C. Wilson1,2 & Ewa M. Goldys1

Singlet oxygen is a primary cytotoxic agent in photodynamic therapy. We show that CeF3 nanoparticles, 
pure as well as conjugated through electrostatic interaction with the photosensitizer verteporfin, are 
able to generate singlet oxygen as a result of UV light and 8 keV X-ray irradiation. The X-ray stimulated 
singlet oxygen quantum yield was determined to be 0.79 ± 0.05 for the conjugate with 31 verteporfin 
molecules per CeF3 nanoparticle, the highest conjugation level used. From this result we estimate the 
singlet oxygen dose generated from CeF3-verteporfin conjugates for a therapeutic dose of 60 Gy of 
ionizing radiation at energies of 6 MeV and 30 keV to be (1.2 ± 0.7) × 108 and (2.0 ± 0.1) × 109 singlet 
oxygen molecules per cell, respectively. These are comparable with cytotoxic doses of 5 × 107–2 × 109 
singlet oxygen molecules per cell reported in the literature for photodynamic therapy using light 
activation. We confirmed that the CeF3-VP conjugates enhanced cell killing with 6 MeV radiation. This 
work confirms the feasibility of using X- or γ- ray activated nanoparticle-photosensitizer conjugates, 
either to supplement the radiation treatment of cancer, or as an independent treatment modality.

Photodynamic therapy (PDT), a clinical treatment for cancer, localized infections1, macular degeneration and 
other medical conditions, uses photosensitizer molecules (PS) and visible or near-infrared light to destroy cells 
by photogeneration of one or more reactive oxygen species (ROS)2–4. The photophysical mechanisms involve 
absorption of light by the ground-state PS molecule5,6 and subsequent energy transfer, generating ROS such as 
superoxide ions, hydrogen peroxide, hydroxyl radicals and singlet oxygen (1O2). The excited PS can generate 
cytotoxic ROS through type I and/or type II reactions. In a type I reaction, electron transfer from the excited PS 
to the surrounding biomolecules generates free radicals. These react with available oxygen, producing superox-
ide radical anions. Further addition of a proton can lead to the formation of hydrogen peroxide or biologically 
highly-reactive hydroxyl radicals7. Alternatively, in a type II reaction, the excited triplet-state of the PS can trans-
fer energy directly to ground-state molecular oxygen, 3O2 in the cells or tissues to generate 1O2

8,9. Singlet oxygen 
is highly reactive and causes lethal damage to cells depending on its intracellular localization, for example by 
damaging various cell membranes6,10.

The main factors determining the effectiveness of the photodynamic therapy include the type of photo-
sensitizer, its concentration and cellular localization, the wavelength and irradiance of the excitation light, the 
concentration of available molecular oxygen, as well as the intrinsic photosensitivity of the target cells or tis-
sues11–13. Most clinical applications use treatment light in the wavelength range of ~630–800 nm to achieve the 
deepest tissue penetration, and several clinical photosensitizers available have significant absorption bands in this 
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region14. However, the effective depth of treatment is typically less than 1 cm15, so that optical fiber light delivery 
to deep-seated or larger tumors, or alternative nanoparticle strategies16,17 may be required18.

One possible approach to overcome this limitation is to use X-rays and/or γ -rays which are able to penetrate 
deeply into the tissue19. This idea has been introduced by Chen et al.20, who proposed to utilize scintillating nan-
oparticles to transduce ionizing radiation into visible light18 that, in turn, can activate adjacent PS molecules. This 
group subsequently reported X-ray-induced generation of 1O2 from LaF3:Tb3 + nanoparticles conjugated to the 
photosensitizer meso-tetra (4-carboxyphenyl) porphine (MTCP)21 and from ZnO nanoparticles conjugated to 
meso-tera (o-amino phenyl) porphyrin (MTAP)22. This approach could potentially be therapeutically significant, 
because photodynamic activation concurrent with radiotherapy may act synergistically and yield enhanced bio-
logical responses.

In order to be able to effectively interact with a PS molecule and efficiently generate 1O2, the scintillating nan-
oparticles must meet several criteria. Firstly, they must strongly absorb the ionizing radiation, noting that this 
interaction generally decreases with increasing X-ray energy beyond the photoelectric absorption peaks (80 keV 
for CeF3

23). Secondly, it is important that the nanoparticles absorb ionizing radiation more strongly than the 
surrounding tissue, so that the resulting dose partitioning reduces the radiation damage to the tissue for a given 
incident radiation dose. Thirdly, the nanoparticles should have high scintillation quantum yield, defined as the 
number of visible photons generated by absorption of a single high-energy photon. Finally, the scintillation emis-
sion spectrum and the PS absorption spectrum need to overlap significantly. We define here the X-ray singlet 
oxygen quantum yield, η , as the number of singlet oxygen molecules generated upon absorption of a single X- or 
γ -ray photon per unit photon energy. The value of η  is then a key parameter governing the effectiveness of photo-
dynamic therapy mediated by ionizing radiation. To the best of our knowledge, only one report24 has estimated η  
in a scintillating (LaF3) nanoparticle-PS system. The estimate was based on theoretical modelling of X-ray absorp-
tion in nanoparticles and assuming 50% conversion of X-ray energy into visible photons. With this assumption 
and for a radiation dose typically used in cancer radiotherapy, the estimated number of 1O2 molecules produced 
in irradiated cells appeared sufficient to enable successful PDT therapy. However, there have been no reports of 
experimentally quantifying the X-ray singlet oxygen quantum yield in scintillating nanoparticle-PS conjugates, 
which is the primary objective of the current work.

Determining the 1O2 quantum yield requires probing the concentration of this transient species with a short 
lifetime of less than 1 μ s. Direct, but technically demanding approaches include EPR spectroscopy25,26 and 
near-infrared 1O2 →  3O2 luminescence emission at 1270 nm6,27. Recently, a variety of high-sensitivity fluorescence 
probes for detecting reactive oxygen species have been introduced. These enable 1O2 quantification by using stand-
ard fluorometry or fluorescence imaging28–31, despite the fact that the concentration of 1O2 concentration in bio-
logical environments is very low32. These probes include 1, 3-diphenylisobenzofuran (DPBF), 9-[2-(3-carboxy-9, 
10-dimethyl)anthryl]-6-hydroxy-3H-xanthen-3-one (DMAX), 9-[2-(3-carboxy-9,10-diphenyl)anthryl]-
6-hydroxy-3H-xanthen-3-one (DPAX) and Singlet Oxygen Green Sensor (SOSG). SOSG used in this work is a 
commercial probe identified33 to be fluorescein covalently bound with an anthracene moiety; its chemical for-
mula has not been published. SOSG is highly specific for 1O2 compared with other ROS34. 1O2 reacts with SOSG 
to produce endoperoxides that are strongly fluorescent at 525 nm upon 488 nm excitation. In the absence of 1O2, 
SOSG has a weak fluorescence that shows significant batch-to-batch variability. The fluorescence also depends 
on pH, both with and without 1O2. Since the pH itself may depend on nanoparticle concentration, quantitative 
measurements of SOSG fluorescence in the presence of nanoparticles require considerable care.

Here we demonstrate 1O2 generation from conjugates of CeF3 nanoparticles with verteporfin (VP), an efficient 
photosensitizer that works predominantly through the type II mechanism35 (see Fig. 1). CeF3 nanoparticles were 
been selected since CeF3 is an efficient scintillator36 that produces visible light upon X- or γ -ray excitation, with 
its peak emission wavelength matching well the absorption of VP. VP is a benzoporphyrin derivative that is clin-
ically approved for PDT of neovascular macular degeneration37,38. All measurements were carried out in water as 
a solvent, for biocompatibility. The singlet oxygen generation from VP as well as CeF3-VP conjugates in water at 
365 nm was first been demonstrated using SOSG, as was 1O2 generation from the conjugates under 8 keV X-ray 
irradiation. By using the 1O2 generated from protoporphyrin IX (PPIX), a common photosensitizer with a known 
UV singlet oxygen quantum yield (0.56) in water39,40, the SOSG fluorescence intensity was calibrated to yield the 
number of singlet oxygen molecules, enabling the X-ray singlet oxygen quantum yield of the conjugates to be 
calculated. Finally, we estimated the potential of singlet oxygen generation from CeF3-VP conjugates for effective 
PDT at therapeutic doses of ionizing radiation.

Results and Discussion
CeF3 nanoparticles were prepared using a co-precipitation method followed by conjugation to commercially 
available VP (see Materials and Methods). Figure 2(a) shows the TEM image of the nanoparticles and the size 
histogram. The average size of the synthesized nanoparticle is 9 ±  2 nm. As shown in Fig. 2(b), there is a high 
degree of spectral overlap between the CeF3 nanoparticle emission spectrum and the optical absorption spectrum 
of VP19, which is an important criterion for efficient photodynamic activation. The scintillation spectrum of CeF3 
upon irradiation with 8 keV X-rays is predominantly in the UV-A range, peaking at around 340 nm, and with 30% 
overlap with the Soret absorption band of VP.

We note that the Soret band is much stronger than the red Q-band (~690 nm) that is used for conventional 
visible light-mediated PDT. Varying concentrations of VP in the range 0–1 μ M were conjugated with 300 μ M of 
CeF3 nanoparticles, and unconjugated VP was removed by washing. These concentrations of VP ensured zero 
order kinetics for the concentration of SOSG used here (4 μ M). The absorption spectra of the conjugates are 
shown in Fig. 3(a), where the peaks corresponding to VP indicate successful conjugation without any additional 
molecular linkage. The VP spectra in the conjugates are somewhat distorted compared to free VP, with an altered 
Q-to-Soret band ratio. Additional confirmation of the VP-CeF3 attachment was obtained by FTIR spectroscopy 
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(See Fig. 3(b)). Although the conjugation mechanism was not conclusively determined, we note that there is elec-
trostatic interaction between the positively-charged CeF3 nanoparticles and negatively-charged VP41. The con-
centration of VP in each conjugate sample was calculated from the absorption spectra (Supporting Information 
section S1) and it is shown in the insert to Fig. 3(a). From the VP and nanoparticle concentrations, as well as the 
size, density and molar mass of CeF3, we estimated that, on average, 31 VP molecules were conjugated to each 
nanoparticle in the case of Sample C. This sample had the highest concentration of conjugated VP of 0.9 μ M and 
the highest conjugation level per single nanoparticle. The corresponding values in Samples B and C were 13 and 
4 VP molecules per nanoparticle, respectively.

The X-ray 1O2 quantum yield was then determined in several steps. Firstly, 1O2 generation from UV (365 nm) 
irradiation of VP and CeF3-VP conjugates in water was confirmed. This wavelength coincides with the VP 
absorption peak and also corresponds closely to the 340 nm peak emission wavelength of CeF3. 1O2 generation 
was confirmed using the SOSG probe by monitoring the enhancement of the fluorescence intensity at 488 nm 
excitation, integrated over the range 500–600 nm. This was done using the same concentration (4 μ M) of SOSG 
under conditions of zero-order kinetics, while varying the concentration of the photosensitizer (see Supporting 
Information Section S2 and Supplementary Fig. S1). The fluorescence intensity of the SOSG emission as a func-
tion of UV irradiation time is plotted in Fig. 4(a) for VP and in Fig. 4(b) for the conjugates. In interpreting these 
data it is necessary to take into account the complication that SOSG itself acts as a photosensitizer under UV 
irradiation and that the SOSG fluorescence decreases with irradiation due to photobleaching42,43. Hence, a control 

Figure 1. Schematic representation of singlet oxygen generation from CeF3-VP conjugate used in this work 
with X-ray radiation. Upon X-ray radiation, CeF3 emits UV light, which in turn, excites VP and leads to 1O2 
generation.

Figure 2. (a) TEM image of CeF3 nanoparticles(inset shows the particle size histogram) (b) (i) Fluorescence 
emission spectrum of the CeF3 nanoparticles under 250 nm excitation; (ii) Absorption spectrum of VP in water; 
(iii) Scintillation emission spectrum of CeF3 nanoparticles with 8 keV X-ray irradiation.
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sample of SOSG only was also included. The SOSG fluorescence intensities were also corrected for the inner-filter 
effect and for pH variations (see Supporting Information Section S3, S4, and Supplementary Fig. S2).

Figure 4(a) shows that, for a fixed concentration of VP, the SOSG intensity increases linearly with UV expo-
sure, demonstrating that 1O2 has been generated, the amount of which also increases proportionally with VP 
concentration. Figure 4(b) presents the corresponding results for the conjugates, as well as for unconjugated 
CeF3 nanoparticles and the SOSG probe itself. Comparing the plots for pure SOSG (Fig. 4(a)) and pure CeF3 
(Fig. 4(b)), we conclude that that pure CeF3 nanoparticles also act as a photosensitizer, which is reported here for 
the first time. However, CeF3-VP conjugates produce more 1O2 than pure CeF3 and higher conjugation levels lead 
to increased 1O2 generation, as anticipated.

In order to quantify the generation of 1O2 under X-ray exposure and to determine the value of η , new con-
jugate samples containing the same amount of CeF3 and VP as previously were mixed with 4 μ M of SOSG and 
exposed to X-ray irradiation. Figure 5(a) demonstrates that 1O2 is indeed generated during X-ray exposure, with 
a significant increase in the SOSG fluorescence compared to the nanoparticle-only and PS-only controls. In order 
to determine the X-ray singlet oxygen quantum yield we designed a new procedure, since the reference method44 
cannot be used to determine this due to the absence of applicable standards. Firstly, a 1 μ M concentration of the 
well-established photosensitizer protoporphyrin IX (PpIX) was combined with 4 μ M SOSG and the 1O2 pro-
duced under UV irradiation was measured using SOSG (Supplementary Fig. S3 (a)). The total number of UV 
photons absorbed by the PpIX was determined by standard methods (Supporting Information Section S5 and 
Supplementary Fig. S4 (b)). The SOSG fluorescence intensity was then related to the number of detected sin-
glet oxygen molecules, based on the known 1O2 quantum yield of PpIX in water (0.56) under UV irradiation 
(Supplementary Fig. S3(d)). Finally, the total number of X-ray photons absorbed by the conjugate was determined 
(See Supporting Information Section S6 and Supplementary Fig. S4).

By combining the experimental results for UV-irradiated PpIX and X-ray-irradiated conjugates (see 
Supporting Information section S5 and S6 for the calculation), the number of 1O2 molecules generated by X-rays 
has been plotted in Fig. 5(b) as a function of number of X-ray photons absorbed by the nanoparticles. From the 

Figure 3. (a) Optical absorption spectra of CeF3 nanoparticles and with different concentrations of conjugated 
VP (0.11, 0.41, 0.9 μ M in samples A, B, C, respectively, as shown in the insert). (b) FTIR spectra of CeF3 , 
verteporfin and their conjugate (sample C).

Figure 4. (a) SOSG fluorescence under UV irradiation (365 nm) for different concentrations of VP and (b) for 
different conjugates and the control samples.
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slope of the best fit, the number of 1O2 molecules generated by each absorbed 8 keV X-ray was calculated as listed 
in Table 1 for each conjugate sample, together with the respective values for the X-ray 1O2 quantum yield, η . From 
Table 1 we conclude that, in order to produce one singlet oxygen molecule in sample C with the highest VP conju-
gation level achieved here, required 1.27 ±  0.08 eV of absorbed X-ray energy. For comparison, 0.98 eV is required 
to excite ground-state 3O2 to the singlet state 1O2

45, which means that, in our case around 30% of the X-ray photon 
energy is lost through other radiative and non-radiative processes.

The values of the X-ray induced singlet oxygen quantum yield, η , can be used to estimate the 1O2 dose achiev-
able with CeF3-VP conjugates during standard cancer radiotherapy. Several effects must be taken into account in 
this calculation. Firstly, the nanoparticles contain heavier elements than in tissue and interact more strongly with 
ionizing radiation, so that they receive a higher radiation dose than the tissue for the same total incident X-ray 
dose. To quantify this effect we determined the partitioning of the radiation dose between the nanoparticles in the 
tissue and the tissue itself (see Supporting Information Section S7). The fraction of radiation energy absorbed by 
the nanoparticles, FCeF3

 is given by:

( )
ρ α

ρ α ρ α
=

+ −
,

( )
F

V

V V1 1
CeF

CeF CeF p

CeF CeF p t t p
3

3 3

3 3

where V p is the volume fraction of nanoparticles in the tissue (proportional to nanoparticle concentration), ρCeF3
and ρt are the density of CeF3 and the tissue, respectively, and αCeF3

 and αt are the mass absorption coefficients of 
CeF3 and the tissue, respectively. The mass absorption coefficient of CeF3 for different X and γ -rays energies was 
obtained from the NIST database23 for elemental Ce and F and for an example (lung) tissue. Figure 6 shows the 
values of FCeF3

 as a function of energy for different volume fractions, Vp; these are in agreement with earlier 
reports24.

We then assumed a nanoparticle loading of =V NP 5% cell volume, as in ref. 24, noting that the relevant liter-
ature values vary from 0.1 to 33.7%. The photon energies used were based on current radiotherapy treatments; 
these were 6 MeV for high energy external-beam and 30 keV as representative of brachytherapy. As seen in Fig. 6, 
at 6 MeV the CeF3 nanoparticles absorb 28% of the total absorbed energy and 72% is absorbed by the tissue, 
whereas at 30 keV 87% of energy is absorbed by the nanoparticles versus only 13% absorbed by the tissue.

Once the dose partition is known, the energy delivered to the nanoparticles can be determined based on the 
radiation dose delivered to the tissue. Assuming a therapeutic tissue dose over the course of fractionated treat-
ment of 60 Gy, the radiation energy delivered per cell was calculated as follows. The cell is assumed to be a sphere 
of (10 μ m)3 with water as main constituent and with a mass of 10−12 kg. 60 Gy delivered dose means that an energy 
=E 375l MeV is absorbed per cell. The energy per cell absorbed by the nanoparticles can be then found by the 

relation:

Figure 5. (a) SOSG fluorescence under X-ray irradiation for the conjugates (A–C) and control samples (pure 
CeF3 nanoparticles and pure VP). (b) Number of 1O2 molecules generated as a function of number of X-ray 
photons absorbed by the conjugated nanoparticles.

CeF3 Conjugate sample A Conjugate sample B Conjugate sample C
1O2 molecules per 
absorbed 8 keV X-ray 1000 ±  170 2100 ±  280 3900 ±  470 6300 ±  380

X-ray singlet oxygen 
quantum yield (η ) 0.13 ±  0.02 0.26 ±  0.04 0.49 ±  0.06 0.79 ±  0.05

Table 1.  Calculated 1O2 generation from the CF3-VP conjugates under X-ray exposure and corresponding 
quantum yields. The errors originate from linear fit of data.
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. Using equation (2), the dose partition values in Fig. 6 and a 5% volume ratio yields 146 

and 2510 MeV at photon energies of 6 MeV and 30 keV, respectively. It is further assumed that the number of 1O2 
molecules, nkeV , generated per keV of incident photon energy as derived above for 8 keV is the same at 30 keV, 
6 MeV and all intermediate energies. This assumption is supported by the observation that the scintillation quan-
tum yield across a wide range of materials is roughly constant (within ±20–40%) across this energy range46. Thus, 
using the previously obtained value of the X-ray induced singlet oxygen quantum yield and the value of energy 
absorbed by the CeF3 per cell during radiotherapy treatment, the number of 1O2 molecules generated per cell nSO 
is given by:

= ( )n n E 3SO keV CeF3

The calculated value of nSO for the most efficient conjugate measured (Sample C) is then (1.2 ±  0.7) ×  108 for 
6 MeV and (2.0 ±  0.1) ×  109 for 30 keV. It is of interest to compare these values to literature estimates of the singlet 
oxygen dose required for cell killing. The most direct measurement of photodynamic cell killing dose47, carried 
out in vitro in leukaemia cells PpIX as the photosensitizer (following incubation with the prodrug aminolevulinic 
acid) and using direct near-infrared luminescence dosimetry, showed that ~5 ×  107 1O2 molecules per cell result 
in 1/e clonogenic surviving fraction. Thus, 1.2 ×  108 to 2.0 ×  109 1O2 molecules per cell would correspond to ~10% 
and negligible surviving fraction, respectively. Other studies have estimated the concentration of 1O2 sufficient to 
cause tissue necrosis (in rat liver) to be 0.9 mM (~5 ×  108 molecules per cell)48, while the threshold dose of singlet 
oxygen estimated for tumour spheroids was 0.323 mM (~2 ×  108 molecules per cell) assuming no photosensitizer 
photobleaching49. These values are comparable to those obtained here for X-ray irradiation of the most efficient 
conjugates described here.

We validated our approach by a radiation–induced PDT experiment at 6 MeV conducted in cell cultures, 
where cells were treated with CeF3-VP conjugates prior to radiation treatment. Here, we used pancreatic cancer 
(Panc1) and HEK293 (control) cell lines. The viability of both types of cells with a different radiation (dose up 
to 6 Gy) and with different dilutions of the most efficient conjugate C was determined (Supporting Information 
Section S8 and Supplementary Figs S5 and S6). On this basis, the optimum concentration of conjugate C (80 μ M), 
for which both cancer and control cells have shown 100% viability, has been selected for radiation-induced PDT 
demonstration. The Panc 1 cells were treated with the conjugate C at 80 μ M. The treated Panc1 cells and controls 
(Panc1 with VP only) were incubated overnight and then exposed to radiation. Figure 7 shows the viability of cells 
which were treated with the conjugate and their controls for different radiation dose. The viability of cells treated 
with the CeF3-VP conjugate clearly decreases at different radiation doses. For example, at 6 Gy radiation dose 32% 
cells were killed, which is an indication of efficient PDT with γ -radiation.

Conclusions
Singlet oxygen generation from VP and from CeF3-VP conjugates was quantified using a fluorescent probe, 
SOSG, which is 1O2 specific, so that there was unequivocal generation of singlet oxygen upon X-ray exposure. 
The X-ray induced 1O2 quantum yield for the most efficient conjugate with 31 VP molecules per nanoparticle 
was 0.79 ±  0.05. With that information we estimate the concentration of 1O2 generated in nanoparticle-loaded 
tissue upon exposure to high energy (6 MeV) or low energy (30 keV) ionizing radiation. A radiotherapeutic dose 
of 60 Gy delivered to tissue containing a 5% volume fraction of PS-conjugated nanoparticles produced 1.2 ×  108 
to 2.0 ×  109 1O2 molecules per cell. These values are within the range of significant cytotoxicity reported both 
in in vitro and in vivo for light-activated photodynamic therapy. Hence, it is conceivable that these nanoparti-
cle conjugates could enhance the therapeutic efficacy of high-energy external-beam radiotherapy or low-energy 

Figure 6. Fraction of radiation absorbed by CeF3 in lung tissue as a function of X-ray energy for different 
nanoparticle volume fractions, as shown in the insert. 
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brachytherapy through the complementary mechanism(s) of cell death between ionizing radiation (DNA dam-
age) and photodynamic (membrane damage) treatments. This could then be exploited either to increase the 
anti-tumour effect or to reduce the normal tissue toxicity, especially if the conjugates have intrinsic preferential 
localization in tumour or are biomarker targeted. The alternative perspective is to develop X-ray activated PDT 
for treatment of larger inaccessible tumours that are not amenable to conventional light-activated PDT. Radiation 
induced PDT and cell killing has been demonstrated in a cell culture at 6 MeV radiation energy.

Materials and Methods
VP, protoporphyrin IX and DMSO were purchased from Sigma Aldrich (Australia) and used without further 
purification. SOSG was purchased from Invitrogen (USA). Stock solutions of VP (3 mM) and protoporphyrin IX 
(3.5 mM) were prepared by dissolving 2 mg photosensitizer molecules in 1 ml dimethylsulfoxide (DMSO) and 
then were kept in the dark below 4 °C. The stock solution of SOSG (500 μ M) was prepared by dissolving 100 μ g 
(1 vial) in 330 μ l methanol and then kept in frozen in the dark. CeF3 nanoparticles were prepared using a simple 
co-precipitation method50. Briefly, 6 mmol of NH4F was dissolved in 20 ml of methanol and the solution was 
heated to 70 °C. 2 ml of methanol containing 2 mmol of CeCl3.7H2O was added drop wise to the above and the 
mixture was stirred at 600 rpm. After 5 hrs, the CeF3 nanoparticles were cooled down and washed several times. 
Their average size was ~10 nm. A stock 5 mM suspension of nanoparticles was prepared by adding 1 mg of nan-
oparticles to1 ml of water.

To conjugate the nanoparticles with the photosensitizer, 500 μ M of CeF3 and 0.5 μ M of VP were mixed in a 
rotator at room temperature for 6 h at 200 rpm. After 18 h the mixture was centrifuged at 15,000 rpm for 20 min. 
The supernatant was removed and washed twice. The same procedure was repeated to conjugate the same amount 
of CeF3 with different concentrations of VP (1 and 1.5 μ M). All measurements were done under oxygenated 
conditions.

For singlet oxygen generation measurements, 2 ml conjugate and control samples (VP only, water and CeF3 
only) were placed in a quartz cuvette and 4 μ M of SOSG was added. The samples were excited at 488 nm and 
the emission of SOSG in the 500–600 nm range was measured before after the UV irradiation/X-ray radiation 
and it was plotted as a function of time.T he increase in the emission intensity is an indication of singlet oxygen 
generation.

In this study we used HEK293 ( ATCC CRL-1573), embryonic kidney cells as controls (normal cells) and 
Panc1 (ATCC CRL- 1469), epithelioid carcinoma/pancreas ductal cells as cancer cells.

Cells were subcultured and maintained in complete culture medium (Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco, Grand Island, NY, Catalog No: 11995-065) containing 10% fetal calf serum (FCS; Gibco , Catalog 
No: 16000-044), penicillin/streptomycin (P/S; 100 U/ml; Gibco, Catalog No: 15240-062,). Cells were incubated 
at 37 °C 5% CO2 incubator.Passaging of cells was performed once the confluency reached 80%, cells were washed 
with PBS and trypsinised with Tryp LE( GIBCO, Australia, Catalog No: 12563-029 ). Following incubation for 
5 min at 37 °C, complete medium were added to a trypsinised cells. Cell suspension was centrifuged at 500 g for 
5 minutes. After removing the supernatant, cells pellet was resuspended in complete medium .The cell viability 
has been checked by calorimetric method using CellTiter 96®  AQueous One Solution Cell Proliferation Assay 
(MTS)(Promega Co;,USA,Catalog No.G3582).

The cells, normal and cancer, as well as appropriate controls (approximately 3 ×  105 cells/ml) were seeded in 
the wells of a 96 well plate (100 μ l in each) and incubated over night. These wells were exposed to different doses 
of radiation (1 Gy, 2 Gy, 4 Gy and 6 Gy) radiation and incubated again for 24 hrs. The MTS assay testing cell via-
bility was carried out according to the manufacturer protocol and the absorbance at 492 nm was measured after 
2 hours using plate reader. Cell viability was then calculated as a percentage of the absorbance of the untreated 
control, which was set to 100%.

Figure 7. The viability of Panc 1, pancreatic cancer cells treated with CeF3-VP conjugate and controls ( cells 
only, cells + VP) at different radiation doses. 
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To check the cell viability in the presence of the conjugate, Conjuate C (CeF3-320 μ M) and its 2 ,4 and 8 times 
dilution were added to a reduced serum medium. The normal (HEK293) and cancer cells (Panc1) were seeded in 
the wells as indicated earlier and incubated overnight. Then the medium was removed and added the conjugate 
with different dilution in a reduced serum medium and incubated overnight to ensure cell uptake. After 24 hours, 
the medium was removed, fresh medium was added and the MTS test was carried out as indicated earlier.

To perform PDT in cells, the optimised conjugate C at 80 μ M (the maximum concentration f the conjugate 
which showed negligible toxicity to both normal and cancer cells) and a control amount of VP were prepared 
in a reduced serum medium. The Panc 1 cells were seeded in the wells of the 96 well plate (5 different plates for 
different radiation doses) and incubated for 24 hours. Then the conjugate with different controls were added and 
incubated overnight. After 24 hours, the medium was changed and the wells were exposed to different radiation 
doses( 1 Gy, 2 Gy, 4 Gy and 6 Gy) . Afterwards, the cells were again incubated overnight and an MTS assay was 
carried out to check the viability.

TEM image of nanoparticles were taken with PHILIPS CM10 system with an accelerating voltage of 100 kV.
Fluorescence measurements were carried out using a Cary Eclipse fluorescence spectrophotometer with 5 nm 
spectral resolution for both excitation and collection. The absorption spectra were measured using a UV/VIS/NIR 
Cary dual-beam spectrophotometer with paired 1 cm path length quartz cuvettes cleaned with ethanol. UV irra-
diation was performed with a 365 nm high power LED with 2.4 mWcm−2 incident power density. X-irradiation 
was performed using an XPert Pro system (PANalytical, Netherlands) operating at 45 kV/40 mA. The system 
produced Cu-Kα radiation with a Ni filter to produce 8 keV X-rays. For the PDT experiment in cells with γ -ray 
radiation at 6 MeV, a linear accelerator (LINAC, Elekta AB, Sweden) was used to irradiate the samples. Each well 
in 96 well plates were CT-scanned and a radiation dose distribution was planned on an Elekta XiO planning sys-
tem (Elekta AB, Sweden) to deliver a different dosage (1 Gy, 2 Gy ,4 Gy and 6 Gy) to each plate. Irradiation of the 
samples was carried out using 6 MV photons from anterior and posterior directed radiation fields. The absorb-
ance in the 96 well are measured using a Fluorostar Galaxy plate reader by setting the wavelength at 492 nm with 
proper gain adjustment.

References
1. Wilson, B. C. & Patterson, M. S. The physics, biophysics and technology of photodynamic therapy. Phys Med Biol 53, R61 (2008).
2. Dougherty, T. J. et al. Photodynamic therapy. J Nat Cancer Inst 90, 889–905 (1998).
3. Henderson, B. W. & Dougherty, T. J. How does photodynamic therapy work ? Photochem and Photobiol 55, 145–157 (1992).
4. Mroz, P., Yaroslavsky, A., Kharkwal, G. B. & Hamblin, M. R. Cell death pathways in photodynamic therapy of cancer. Cancers 3, 

2516–2539 (2011).
5. Konan, Y. N., Gurny, R. & Allémann, E. State of the art in the delivery of photosensitizers for photodynamic therapy. J Photochem 

Photobiol B: Biology 66, 89–106 (2002).
6. Maisch, T. et al. The role of singlet oxygen and oxygen concentration in photodynamic inactivation of bacteria. Proc Nat Acad Sci 

104, 7223–7228 (2007).
7. Costa, L., Faustino, M. A. F., Neves, M. G. P., Cunha, Â. & Almeida, A. Photodynamic inactivation of mammalian viruses and 

bacteriophages. Viruses 4, 1034–1074 (2012).
8. DeRosa, M. C. & Crutchley, R. J. Photosensitized singlet oxygen and its applications. Coord Chem Rev 233, 351–371 (2002).
9. Dolmans, D. E., Fukumura, D. & Jain, R. K. Photodynamic therapy for cancer. Nat Rev cancer 3, 380–387 (2003).

10. Uano, A., Matsumotol, H. & UK1_Imakire, Y. Y. Targeted Sonodynamic Therapy of Cancer Using a Photosensitizer Conjugated with 
Antibody against Carcinoembryonic Antigen. Anticancer Res 22, 1575–1580 (2002).

11. Qian, J., Gharibi, A. & He, S. Colloidal mesoporous silica nanoparticles with protoporphyrin IX encapsulated for photodynamic 
therapy. J Biomed Opt 14, 014012-014012-014016 (2009).

12. Wang, I. et al. Photodynamic therapy vs. cryosurgery of basal cell carcinomas: results of a phase III clinical trial. British J Dermatol 
144, 832–840 (2001).

13. Zhao, J. et al. Assembly of catalase-based bioconjugates for enhanced anticancer efficiency of photodynamic therapy in vitro. 
Chemical Communications 49, 10733–10735 (2013).

14. Tardivo, J. P. et al. Methylene blue in photodynamic therapy: from basic mechanisms to clinical applications. Photodiag Photodyn 
Ther 2, 175–191 (2005).

15. Ntziachristos, V., Bremer, C. & Weissleder, R. Fluorescence imaging with near-infrared light: new technological advances that enable 
in vivo molecular imaging. Eur Radiol 13, 195–208 (2003).

16. Yang, Y. et al. Peptide p160‐Coated Silica Nanoparticles Applied in Photodynamic Therapy. Chemistry–An Asian Journal 9, 
2126–2131 (2014).

17. Ai, F. et al. A core-shell-shell nanoplatform upconverting near-infrared light at 808 nm for luminescence imaging and photodynamic 
therapy of cancer. Scientific reports 5, doi: 10.1038/srep 10785 (2015).

18. Weersink, R. A. et al. Techniques for delivery and monitoring of TOOKAD (WST09)-mediated photodynamic therapy of the 
prostate: clinical experience and practicalities. J Photochem Photobiol B: Biology 79, 211–222 (2005).

19. Dorenbos, P. Scintillation mechanisms in Ce3+ doped halide scintillators. Phys Stat Solidi (a) 202, 195–200 (2005).
20. Chen, W. & Zhang, J. Using nanoparticles to enable simultaneous radiation and photodynamic therapies for cancer treatment. J 

Nanosci Nanotech 6, 1159–1166 (2006).
21. Liu, Y., Chen, W., Wang, S. & Joly, A. G. Investigation of water-soluble x-ray luminescence nanoparticles for photodynamic 

activation. Appl Phys Lett 92, 043901 (2008).
22. Liu, Y., Zhang, Y., Wang, S., Pope, C. & Chen, W. Optical behaviors of ZnO-porphyrin conjugates and their potential applications for 

cancer treatment. Appl Phys Lett 92, 143901 (2008).
23. Hubbell, J. & Seltzer, S. Tables of X-ray mass attenuation coefficients and mass energy-absorption coefficients (version 1.4). Nat Inst 

Stand Technol, Gaithersburg, MD (2004). Available at: http://physics.nist.gov/xaamdi. (Accessed:03/05/2015).
24. Morgan, N. Y., Kramer-Marek, G., Smith, P. D., Camphausen, K. & Capala, J. Nanoscintillator conjugates as photodynamic therapy-

based radiosensitizers: calculation of required physical parameters. Radiat Res 171, 236–244 (2009).
25. Hideg, É., Spetea, C. & Vass, I. Singlet oxygen production in thylakoid membranes during photoinhibition as detected by EPR 

spectroscopy. Photosynth Res 39, 191–199 (1994).
26. Zang, L. Y., Zhang, Z. & Misra, H. P. EPR Studies of trapped singlet oxygen (lO2) generated during photoirradiation of hypocrellin 

A. Photochem and photobiol 52, 677–683 (1990).
27. Jiménez-Banzo, A., Nonell, S., Hofkens, J. & Flors, C. Singlet oxygen photosensitization by EGFP and its chromophore HBDI. Biophy 

Jl 94, 168–172 (2008).

http://physics.nist.gov/xaamdi


www.nature.com/scientificreports/

9Scientific RepoRts | 6:19954 | DOI: 10.1038/srep19954

28. Flors, C. et al. Imaging the production of singlet oxygen in vivo using a new fluorescent sensor, Singlet Oxygen Sensor Green® . J 
Exper Botany 57, 1725–1734 (2006).

29. Song, B., Wang, G., Tan, M. & Yuan, J. A europium (III) complex as an efficient singlet oxygen luminescence probe. J. Am. Chem. Soc. 
128, 13442–13450 (2006).

30. Tanaka, K. et al. Rational design of fluorescein-based fluorescence probes. Mechanism-based design of a maximum fluorescence 
probe for singlet oxygen. J. Am. Chem. Soc. 123, 2530–2536 (2001).

31. Umezawa, N. et al. Novel fluorescent probes for singlet oxygen. AngeChemie Int Ed 38, 2899–2901 (1999).
32. Moan, J. & BERG, K. The photodegradation of porphyrins in cells can be used to estimate the lifetime of singlet oxygen. Photochem 

and Photobiol 53, 549–553 (1991).
33. Kim, S., Fujitsuka, M. & Majima, T. Photochemistry of singlet oxygen sensor green. J Phys Chem B 117, 13985–13992 (2013).
34. Shen, Y. et al. Kinetic analysis of singlet oxygen generation in a living cell using Singlet Oxygen Sensor Green, Proc. SPIE 7845, 

78451F–78451F (2010).
35. Nowak-Sliwinska, P. et al. Verteporfin, photofrin II, and merocyanine 540 as PDT photosensitizers against melanoma cells. Biochem 

Biophys Res Commun 349, 549–555 (2006).
36. Chao-Shu, S. et al. Cascade energy transfer in CeF3 crystals. Chin Phys Lett 17, 532 (2000).
37. Brodowska, K. et al. The clinically used photosensitizer Verteporfin (VP) inhibits YAP-TEAD and human retinoblastoma cell 

growth in vitro without light activation. Exp Eye Res 124, 67–73 (2014).
38. Liu-Chittenden, Y. et al. Genetic and pharmacological disruption of the TEAD–YAP complex suppresses the oncogenic activity of 

YAP. Genes & Dev 26, 1300–1305 (2012).
39. Redmond, R. W. & Gamlin, J. N. A compilation of singlet oxygen yields from biologically relevant molecules. Photochem and 

Photobiol 70, 391–475 (1999).
40. Ding, H. Sumer, B. D. & Gao, J. In Heme Biology: The Secret Life of Heme in Regulating Diverse Biological Processes . (ed. Zhang, L.) 

Ch. 9, 197–210 (World Scientific, 2011).
41. Shamsudin, S., Omar, N. & Radiman, S. Optical Properties Effect of Cadmium Sulfide Quantum Dots Towards Conjugation Process, 

In 5th Kuala Lumpur International Conference on Biomedical Engineering 2011. Berlin Heidelberg: Springer, IFMBE Proc. 35, 92–96 
(2011).

42. Gollmer, A. et al. Singlet Oxygen Sensor Green® : photochemical behavior in solution and in a mammalian cell. Photochem and 
Photobiol 87, 671–679 (2011).

43. Ragàs, X., Jiménez-Banzo, A., Sánchez-García, D., Batllori, X. & Nonell, S. Singlet oxygen photosensitisation by the fluorescent 
probe Singlet Oxygen Sensor Green® . Chem Comm 20, 2920–2922 (2009).

44. Lin, H. et al. Feasibility study on quantitative measurements of singlet oxygen generation using singlet oxygen sensor green. J 
Fluoresc 23, 41–47 (2013).

45. Schweitzer, C. & Schmidt, R. Physical mechanisms of generation and deactivation of singlet oxygen. Chem Rev 103, 1685–1758 (2003).
46. Dr. P.Dorenbose. Scintillators for the detection X-rays,gamma rays, and thermal neutrons. Scintillators for the detection 

X-rays,gamma rays,and thermal neutrons 1-11.Available at: http://www.nikhef.nl/~d90/collegediktaat/scintillators.pdf. 
(Accessed:11/08/2015).

47. Niedre, M. J., Secord, A. J., Patterson, M. S. & Wilson, B. C. In vitro tests of the validity of singlet oxygen luminescence measurements 
as a dose metric in photodynamic therapy. Cancer Res 63, 7986–7994 (2003).

48. Farrell, T. J., Wilson, B. C., Patterson, M. S. & Chow, R. The dependence of photodynamic threshold dose on treatment parameters 
in normal rat liver in vivo. Proc SPIE 1426, 146–155(1991).

49. Georgakoudi, I., Nichols, M. G. & Foster, T. H. The mechanism of Photofrin photobleaching and its consequences for photodynamic 
dosimetry. Photochem and photobiol 65, 135–144 (1997).

50. Clement, S. et al. Bright, water-soluble CeF3 photo-, cathodo-, and X-ray luminescent nanoparticles. J Nanopart Res 17, 1–9 (2015).

Acknowledgements
The authors thank Prof. Damian Gore and Mr. Russell Field, Dept. of Environmental Sciences, Macquarie 
University for their assistance with X-ray irradiation and luminescence measurements. We acknowledge 
discussions with Prof. Buhong Li from Fujian Normal University, China and Dr. Ralph Da Costa from University 
Health Network/University of Toronto. We thank Mr. Michael Grace and Mr.Vaughan Moutrie from Genesis 
Cancer Care for helping us with gamma radiation experiment in cells. We acknowledge Dr. Ayad G. Anwer, 
CNBP, Macquarie University for supplying us with the cell lines and helping us with the cell culture works. All 
fluorescence measurements were performed in the Optical Characterization Facility, Linked Laboratory to 
AMMRF (Australian Microscopy and Microanalysis Research Facility). S.C. acknowledges the support of an 
iMQRES scholarship from Macquarie University. This work is partially supported by Australian Research Council 
(ARC) through its Centre of Excellence scheme (CE140100003) to E.M.G.

Author Contributions
Sandhya Clement conducted experiments, data analysis, calculation, and drafted the manuscript.Wei Deng 
provided the guidance on conjugation of CeF3 nanoparticles and VP molecules, and revised the manuscript.
Elizabeth Camillei did MATLAB simulation for dose partition. Brian C. Wilson contributed to the theoretical 
analysis and to the writing of the manuscript as well. Ewa M. Goldys offered the ideas, guided all experiments, 
provided the theoretical analysis, revised the manuscript and approved submission.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Clement, S. et al. X-ray induced singlet oxygen generation by nanoparticle-
photosensitizer conjugates for photodynamic therapy: determination of singlet oxygen quantum yield.  
Sci. Rep. 6, 19954; doi: 10.1038/srep19954 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/


2045-2322  Advanced Search

Search My Library's Catalog: ISSN Search | Title Search
Search Results    

Search  Workspace  Ulrich's Update  Admin

Enter a Title, ISSN, or search term to find journals or other periodicals:

Scientific Reports

Log in to My Ulrich's

Macquarie University Library     

Lists

Marked Titles (0)

Search History

 Save to List  Email  Download  Print  Corrections  Expand All  Collapse All

Title Scientific Reports

ISSN 2045-2322

Publisher Nature Publishing Group

Country United Kingdom

Status Active

Start Year 2011

Frequency Irregular

Earliest Volume Note Jun.

Language of Text Text in: English

Refereed Yes

Abstracted / Indexed Yes

Open Access Yes http://www.nature.com/srep/index.html

Serial Type Journal

Content Type Academic / Scholarly

Format Online

Website http://www.nature.com/srep/index.html

Description Provides for the rapid publication of research covering all areas of the natural
sciences - biology, chemistry, physics and earth sciences.

 Save to List  Email  Download  Print  Corrections  Expand All  Collapse All

Title Details

 Basic Description

 Subject Classifications

 Additional Title Details

 Publisher & Ordering Details

 Online Availability

 Abstracting & Indexing

ulrichsweb.com(TM) -- The Global Source for Periodicals http://ulrichsweb.serialssolutions.com/title/1334906345670/706477

1 of 2 20/04/2012 5:19 PM


	X-ray induced singlet oxygen generation by nanoparticle-photosensitizer conjugates for photodynamic therapy: determination  ...
	Results and Discussion
	Conclusions
	Materials and Methods
	Acknowledgements
	Author Contributions
	Figure 1.  Schematic representation of singlet oxygen generation from CeF3-VP conjugate used in this work with X-ray radiation.
	Figure 2.  (a) TEM image of CeF3 nanoparticles(inset shows the particle size histogram) (b) (i) Fluorescence emission spectrum of the CeF3 nanoparticles under 250 nm excitation (ii) Absorption spectrum of VP in water (iii) Scintillation emission spe
	Figure 3.  (a) Optical absorption spectra of CeF3 nanoparticles and with different concentrations of conjugated VP (0.
	Figure 4.  (a) SOSG fluorescence under UV irradiation (365 nm) for different concentrations of VP and (b) for different conjugates and the control samples.
	Figure 5.  (a) SOSG fluorescence under X-ray irradiation for the conjugates (A–C) and control samples (pure CeF3 nanoparticles and pure VP).
	Figure 6.  Fraction of radiation absorbed by CeF3 in lung tissue as a function of X-ray energy for different nanoparticle volume fractions, as shown in the insert.
	Figure 7.  The viability of Panc 1, pancreatic cancer cells treated with CeF3-VP conjugate and controls ( cells only, cells + VP) at different radiation doses.
	Table 1.   Calculated 1O2 generation from the CF3-VP conjugates under X-ray exposure and corresponding quantum yields.



 
    
       
          application/pdf
          
             
                X-ray induced singlet oxygen generation by nanoparticle-photosensitizer conjugates for photodynamic therapy: determination of singlet oxygen quantum yield
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19954
            
         
          
             
                Sandhya Clement
                Wei Deng
                Elizabeth Camilleri
                Brian C. Wilson
                Ewa M. Goldys
            
         
          doi:10.1038/srep19954
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep19954
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep19954
            
         
      
       
          
          
          
             
                doi:10.1038/srep19954
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19954
            
         
          
          
      
       
       
          True
      
   




