
 

CLINICAL ONCOLOGY AND RESEARCH | ISSN 2613-4942 
 

  

 

Available online at www.sciencerepository.org 

 

Science Repository 

 

 

 

 

 

*Correspondence to: Changqing Li, Quantitative and Systems Biology Graduate Program, School of Natural Sciences, Department of Bioengineering, School of 

Engineering, University of California, Merced, 95343, California, USA; E-mail: cli32@ucmerced.edu 

Research Article 

Photodynamic Therapy Excited by Cerenkov Radiation from Cesium-137 

Irradiator: In Vitro Studies 

Yiping Guo1, Shi Sheng2, Michael C. Lun3, Shih-Ming Tsai3, Wei-Chun Chin3, Roy Hoglund4 and Changqing Li1,3* 

1Quantitative and Systems Biology Graduate Program, School of Natural Sciences, University of California, Merced, California, USA 
2Vascular Surgery, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, P.R. China  
3Department of Bioengineering, School of Engineering, University of California, Merced, California, USA 
4Department of Animal Research Services, University of California, Merced, California, USA 

A R T I C L E  I N F O 

Article history: 

Received: 16 May, 2020 

Accepted: 3 June, 2020 

Published: 15 June, 2020 

Keywords:  

Cerenkov radiation 

photodynamic therapy 

cesium-137 irradiator 

 

 
A B S T R A C T 

Photodynamic therapy (PDT) is a non-invasive cancer therapy method that has been clinically approved for 

many years. Due to strong optical scattering and absorption of tissues, optical photons can only penetrate 

tissues several millimetres, which limits the applications of PDT to superficial lesions. To overcome the 

limitation of penetration depth, here we applied Cerenkov radiation, as generated by the high-energy -rays 

from radionuclide Cesium-137, to directly activate the porphyrin-based photosensitizer MPPa 

(Pyropheophorbide-a methyl ester) without any additional energy mediators. Experiments were conducted 

with A549 human lung carcinoma cell line. Moreover, to reduce the effects of possible plastic scintillation 

on PDT, we used black cell culture plates in these studies. We have also shown that the effects of the 

scintillations on PDT could be minimized. In our studies, we have excluded the effects of radiotherapy and 

Introduction 

 

Cancer is the second leading cause of death in the United States, 

exceeded only by heart diseases. One of every four deaths in the United 

States is due to cancer [1, 2]. As such, more efforts have been made to 

improve cancer diagnosis and therapy methods in recent decades. 

Specifically, chemotherapy and radiotherapy are the primary therapeutic 

approaches that have been used to treat cancers. However, their 

drawbacks and side-effects are well-known, including but not limited to 

extreme pain and discomfort reflected on patients, especially for senior 

patients [3, 4]. 

 

Founded by R. L. Lipson and S. Schwart from Mayo Clinic in the 1960s, 

Photodynamic Therapy (PDT) has become a cancer treatment approach 

by illuminating dye agents, called photosensitizers, to kill cancer cells 

[5, 6]. The basic principle of PDT is that the excited photosensitizer 

reacts with oxygen to generate reactive oxygen species (ROS), which are 

cytotoxic [7, 8]. Compared to other therapeutic methods, the 

photosensitizer is non-toxic until it is excited, and the excitation can be 

selectively delivered to cancerous targets only. Therefore, the side-

effects of PDT to normal tissues can be fully controlled and minimized 

[9]. 

 

A problem with conventional PDT is that the absorption and strong 

scattering of optical photons from tissues makes it difficult to deliver 

optical photons to deep targets with a typical photon penetration depth 

of several millimeters, which limits the applications of PDT to 

superficial lesions such as skin cancers or lesions reachable by a light 

guide [10-13]. Studies have shown that PDT has been applied to treat 

superficial lesions such as neck cancer, early-stage oral cancers, and 

drug toxicity. Our results indicated that the Cerenkov radiation generated from high energy -rays could be 

used to activate the photosensitizer MPPa in PDT, which could potentially overcome the penetration 

limitations of optical photon-based PDT, making the PDT a feasible and complementary cancer therapy for 

deep lesions. 

 

                                                                                    © 2020 Changqing Li. Hosting by Science Repository.

 

© 2020 Changqing Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original author and source are credited. Hosting by Science Repository. 

http://dx.doi.org/10.31487/j.COR.2020.06.07 

https://www.sciencerepository.org/clinical-oncology-and-research
https://www.sciencerepository.org/
mailto:cli32@ucmerced.edu
http://dx.doi.org/10.31487/j.COR.2020.06.07


Photodynamic Therapy Excited by Cerenkov Radiation from Cesium-137 Irradiator: In Vitro Studies               2 

 

nasopharyngeal carcinoma [9, 10]. However, to date, there are no reports 

of applications for deep cancers. To overcome these limitations, high 

energy photons with high penetration power were introduced to deliver 

energy for PDT treatment [13].  

 

Cerenkov radiation is produced when a charged particle travels in a 

medium with a velocity faster than the speed of light in that medium 

[14]. Inside tissues, β particles can generate Cerenkov radiation when 

their energy is larger than 250 keV [15, 16]. High energy x-rays or -rays 

can induce highly energetic secondary electrons that can result in 

Cerenkov radiation emission [17]. The high-energy radiation can 

penetrate deep tissues and deliver the energy to tumors deep inside the 

body. Thus, there are substantial advantages for Cerenkov radiation 

induced PDT. Recent studies have reported the application of Cerenkov 

radiation activated PDT using energy mediator titanium dioxide [18]. 

However, the efficiency of the treatment could be limited due to the 

administration process. We hypothesized that high energy -rays could 

result in sufficient Cerenkov radiation as the light source for deep tumor 

targeted PDT without nanoparticles as energy mediators. Considering 

that there are high energy x-rays in radiotherapy and that there are many 

photosensitizers for clinical applications, we believe the hypothesized 

approach can be a good complementary cancer therapy for enhancing the 

efficacy of radiotherapy.  

 

In this study, we used a Cesium-137 irradiator as the high-energy -ray 

source to excite a photosensitizer, MPPa (Pyropheophorbide-a methyl 

ester), in cancer cells inside cell plates to establish the feasibility of the 

proposed approach.  

 

Method 

 

I Photosensitizer and Cell Line 

  

The photosensitizer, MPPa (C34H36N4O3, molecular mass 548.7 gram per 

mole, 95% purity, Sigma-Aldrich Co. LLC.), was used in this study 

(Figure 1). MPPa was first dissolved in acetone (1 mM) and then filtered 

by 0.2 m polytetrafluoroethylene syringe filter (Alltech Association 

Inc., Deerfield, IL). The filtered MPPa was then stored in a dark 

refrigerator at -20°C. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Chemical structure of photosensitizer, MPPa 

 

All the following in vitro photodynamic therapy experiments were 

performed on A549 human lung carcinoma cells (Sigma-Aldrich Co. 

LLC). The cancer cells were cultured using fresh Ham’s F12 nutrient 

mixture medium (L0136, Biowest) supplemented with 100U/mL 

penicillin and 10% (v/v) Fetal Bovine Serum (FBS, GIBCO) in 5% CO2. 

II Cesium (Cs)-137 Irradiator Excited PDT 

 

A 2008 manufactured J. L. Shepherd and Associates Mark I-68A 4000Ci 

Cs-137 irradiator is located at UC Merced Department of Animal 

Research Service facility, as shown in (Figure 2A). The Cs-137 source 

emits -rays with an energy peak of 662 keV. Figure 2B indicates the 

three irradiation positions (1-3). From the irradiation position and 

exposure time of samples, we can calculate the radiation dose.  

 

III Laser Excited PDT 

 

In this study, to validate the efficacy of the photosensitizer, MPPa, we 

used a pigtailed diode laser (BWF-OEM-650, B&W Tek, 650 nm) with 

a laser power of 150 mW. As shown in (Figure 2C), the laser beam was 

expanded to cover the major part of a cell culture plate with a measured 

photon density of 4.60.05 mW/cm2.  

 

A549 cells (2.5  103 cells per well) were seeded in the wells of each 

plate. The pre-treated drug solution (1 mM/ ml) was firstly 1:100 diluted. 

The mixture was then added 100%, 50%, 25% and 10% v/v to the cell 

suspension and the different concentrations of photosensitizer 

assessment then read at 10, 5, 2.5, 1 and 0 M. After rinsing with PBS 

and fresh F12 medium, the experimental plates were irradiated for 7, 15 

and 30 minutes respectively. The control plates were incubated in dark 

conditions. 

 

IV Cs-137 Irradiator Dose Calibration 

 

A dose rate for each position was first established by measuring the 

accumulated dose and dividing by the irradiator exposure time, thus 

creating a simple linear function to fit our data. The exposure times were 

ensured to be consistent since the built-in irradiator timer was used 

(where 1.00 corresponds to 60 secs exposure time). Next, Gafchromic 

EBT3 films were calibrated with a procedure where the net optical 

density (NOD) was determined for different doses (determined using the 

dose rate function) [19]. For all films, scanning was performed 3 times 

each to average the pixel values and reduce noise effects. All film 

analysis was performed in MATLAB (R2016b, MathWorks) with our 

own in-house algorithm. Once NOD was determined, the data was 

plotted as a dose (Gray unit [Gy]) versus NOD plot, and the data were 

fit with a two-term exponential function of the following form: 

 

( ) exp( ) exp( )f x a b x c d x=   +  
 

Similar equations were generated for Positions 1 and 2, and then from 

the equations, the isodose curves could be generated. 

 

V Cell Viability Assay 

 

Photocolorimetric determination of cytotoxicity was assessed using 

CCK-8 dye (Dojindo Laboratories, Tokyo, Japan) to evaluate cell 

viability [20, 21]. After PDT experiments, cells were incubated in the 

dark for 24 hours and then were washed with PBS buffer. 10% (v/v) 

CCK-8 assay were added to each well. Then we incubated cells for 

another 4 hours at 37°C. Finally, the Microplate Reader was used to 

record optical density (OD) of each well. Using the equation: 

(ODexperimental − ODblank )/ (ODcontrol − ODblank ), we can calculate the cell 
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A 

B 

viability in each well. As shown in (Figure 2D), we used 24 wells in 6 

columns and 4 rows. The same numbers of cells were cultured in each 

well in the left 5 columns. Then photosensitizers with concentrations of 

10 µM, 5 µM, 2.5 µM, 1.0 µM, and 0 µM were added to each column 

from left to right. The rightmost column, only filled with F-12 medium 

without cells, was used as background reference (ODblank). For each 

column, we averaged the measurements from the Microplate Reader 

(Thermo Multiskan EX plate reader, VWR, CA, USA) at the optical 

density of 450 nm (650nm reference) from four wells with a standard 

deviation. 

 

Eight 96-well plates were divided into four experimental and one control 

groups, respectively. A549 cells (2.5  103 cells per well) were seeded 

on the plate wells. Then cells in all plates were administrated to different 

concentrations of the photosensitizer (0, 1, 2.5, 5, 10 M). After rinsing 

with PBS and fresh F12 medium, the four experimental plates were 

irradiated by the Cs-137 irradiator for 30, 15, 7 and 3 minutes, 

respectively. Accordingly, the corresponding plates in the control group 

were placed inside the irradiator for the same time with the radiation 

source off. Thus, the no-radiation group indicates the effects from the 

background light. Cs-137 irradiator delivers -rays with an energy peak 

of 662 keV, which is far beyond the threshold of Cerenkov radiation. 

When using transparent cell plates, the photons could possibly result 

from plastic scintillation. However, the photons from plastic scintillation 

inside the black coloured plates were absorbed by the black plates; thus, 

the plastic scintillation effects on PDT were removed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: A) The Cs-137 irradiator in UC Merced. B) Inside of Cs-137 

irradiator chamber, where the numbers indicate the irradiation positions 

for dose estimation. C) The laser beam of a pigtailed diode laser was 

expanded and was used for the laser excited PDT. D) The photo of a 

typical 96-well plate after adding CCK-8 assay and incubating for 

another 4 hours. 

 

Results 

 

I Cs-137 Irradiator Dose Calibration Results and Delivered 

Dose  

 

The resulting isodose curves for each drive shaft position are shown 

below in (Figure 3A). The cell culture plate was placed at position 3 of 

the irradiator floor and was stationary during irradiation. Using the 

generated isodose curve for position 3, the dose rate at the corresponding 

position is approximately 3.90 Gy/min. With the NOD versus dose 

function, we created isodose curves for each of the three irradiator drive 

shaft positions (Figure 2B). Exposure times for positions 1, 2, and 3 were 

set to 75s, 90s, and 120s, respectively. The Dose (Gy) versus NOD plot 

for position 3 where a two-term exponential function is fit to our data 

points is shown in (Figure 3B). The resulting exponential function for 

this position is given by the following, 

 

(R2 = 0.9999, RMSE = 0.03339) 

 

Dose (Gy) = 1.594 ∗ exp(2.901 ∗ NOD) − 1.619 ∗ exp ((−0.9637) ∗ NOD) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: A) Isodose curves for each irradiator drive shaft position. (a) 

Position 1, (b) Position 2, and (c) Position 3. The color bars are given in 

units of Gray units (Gy). B) Plot of NetOD versus Dose (Gy) at Position 

3. A two-term exponential function was fit to the data points. 

 

After the irradiator dose calibration, we can calculate the irradiation dose 

for each position in the irradiation chamber. For position 3, the 

corresponding radiation dose with exposure times of 3, 7, 15, and 30 

minutes were calculated to be 5.85, 13.65, 29.25, and 58.5 Gy, 

respectively, as shown in (Table 1). 

 

Table 1: Dose Delivered from Cs-137 exposure. 

Exposure Time (mins) Dose Delivered (Gy) 

30 58.5 

15 29.25 

7 13.65 

3 5.85 
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II Cerenkov Radiation Excited PDT In Vitro 

 

Figure 4A shows the cell viability in black cell culture plates with 

irradiation by the Cs-137 irradiator for 30 min and without irradiation. 

From left to right, each column of the black cell culture plates was treated 

with different concentrations of the photosensitizer. Compared with the 

results without irradiation (black triangles), the cell tends to lose their 

viability with higher MPPa concentration, which indicates for Cerenkov 

radiation induced PDT; the photosensitizer concentration is the main 

factor. Figure 4B shows the stained cancer cell organelles. The imaging 

of the top row represented endoplasmic reticulum (ER), and the bottom 

row was another subcellular fraction: Mitochondria. The left column in 

red is MPPa image; the middle column in green was the organelle image; 

the right column was the merger of two. The cancer cell imaging results 

of the stained cell organelles, which indicates that MPPa targets both ER 

and mitochondria as indicated by yellow color on the right. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: A) The Cs-137 irradiator excited PDT using different 

concentrations of photosensitizer. B) Stained images showed Organelle 

staining and imaging for ER (top row) and Mitochondria (bottom row). 

The left column is MPPa image; the middle column is the organelle 

image; the right column is merged. 

 

The cell viability after all plates were irradiated by either the Cs-137 

irradiator or laser with different irradiation times using 2.5 M of MPPa, 

as shown in (Figure 5), where the laser-treated group was on the left 

column. We can see that the cell viability is above 85% with the 

maximum 30 min radiation time. The right column indicates the cell 

viability when the cells were treated with the high-energy photons. These 

columns plot the results of Cerenkov radiation excited PDT with 

different radiation times, and thus different radiation doses. For the 

group irradiated for 30 min, we see that the cell viability is 57%, as 

indicated by the rightmost column. The results showed that the 

efficiency of the Cerenkov radiation activated PDT group was higher 

than the optical photon activated PDT group. It confirmed that the 

Cerenkov radiation induced PDT could achieve excellent therapeutic 

efficacy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Cell viability (%) of A549 cells after treated by 2.5 M MPPa 

photosensitizer and irradiated by the Cs-137 irradiator and laser beam. 

p < 0.05. 

 

Conclusion 

 

In our studies, we found it was possible that the second-generation 

photosensitizer, Pyropheophorbide-a methyl ester (MPPa), can be 

directly excited by high energy -rays through Cerenkov radiation 

without being bundled to any nanoparticles. Our preliminary finding 

suggests that high energy excited PDT can expand the applications of 

PDT to the deep tumors inside the human body due to the greater 

penetration power of the high-energy photons. No nanoparticles are 

needed in our approach, which will make the proposed approach more 

feasible for future clinical applications because there are no nanoparticle 

toxicity issues. To validate this significant finding, in this work, we used 

a Cs-137 irradiator as PDT excited light sources to excite MPPa 

administrated to cultured lung cancer cells. Our results have indicated 

that the high energy excited PDT could treat deep cancer alone or can be 

used as a complementary treatment option with the radiotherapy, in 

which the high-energy photons excite the photosensitizer to reduce the 

radiotherapy time for fewer side-effects from radiation. 

 

Acknowledgements 

 

This project was supported partially by UC Merced Faculty Senator Seed 

Grant (Dr. Li) and UC Faculty Start-up Fund (Dr. Li). This irradiation 

research was undertaken at the DARS Vivarium Facility, Department of 

Animal Research Service. We acknowledge Principal Animal 

Technician Emily Slocum for her support towards this work. 

Clin Oncol Res  doi:10.31487/j.COR.2020.06.07       Volume 3(6): 4-5 



Photodynamic Therapy Excited by Cerenkov Radiation from Cesium-137 Irradiator: In Vitro Studies               5 

 

REFERENCES 

 

1. Centers for Disease Control and Prevention (CDC), The National 

Cancer Institute (NCI) (2014) United States Cancer Statistics: 1999–

2014 Incidence and Mortality Web-based Report.  

2. The American Cancer Society medical, Editorial content team (2017) 

Key statistics for Lung Cancer.  

3. Schouten LJ, Jager JJ, van den Brandt PA (1993) Quality of cancer 

registry data: a comparison of data provided by clinicians with those of 

registration personnel. Br J Cancer 68: 974-977. [Crossref] 

4. Mass HAAM, Lemmens VEPP, Nijhuis PHA, de Hingh IHJT, Koning 

CCE et al. (2013) Benefits and drawbacks of short-course preoperative 

radiotherapy in rectal cancer patients aged 75 years and older. Eur J 

Surg Oncol 39: 1087-1093. [Crossref] 

5. Lipson RL, Baldes EJ (1960) The photodynamic properties of a 

particular hematoporphyrin derivative. Arch Dermatol 82: 508-516. 

[Crossref] 

6. Lipson RL, Baldes EJ, Olsen AM (1961) The use of a derivative of 

hematoporphyrin in tumor detection. J Natl Cancer Inst 26: 1-11. 

[Crossref] 

7. Foote CS (1968) Mechanisms of Photosensitized Oxidation. There Are 

Several Different Types of Photosensitized Oxidation Which May Be 

Important in Biological Systems. Science 162: 963-970. [Crossref] 

8. Wilson BC, Patterson MS (2008) The physics, biophysics and 

technology of photodynamic therapy. Phys Med Biol 53: 61-109. 

[Crossref] 

9. Dougherty TJ, Gomer CJ, Henderson BW, Jori G, Kessel D et al. (1998) 

Photodynamic Therapy. J Natl Cancer Inst 90: 889-905. [Crossref] 

10. Wan S, Anderson RR, Parrish JA (1981) Analytical Modeling for the 

Optical Properties of the Skin With in Vitro and in Vivo Applications. 

Photochem Photobiol 34: 493-499. [Crossref] 

11. Wilson BC, Patterson M, Burns DM (1986) Effect of photosensitizer 

concentration in tissue on the penetration depth of photoactivation light. 

Laser Med Sci 1: 235-243.  

12. Salgado DMR, Noro Filho GA, Cortes A, Arita ES, Casarin RCV et al. 

(2017) Effect of photodynamic therapy with malachite green on non-

surgical periodontal treatment in HIV patients: a piolt spilt-mouth 

study. Laser Med Sci 32: 1213-1217. [Crossref] 

13. Ferreira J, Moriyama LT, Kurachi C, Sibata C, Castro e Silva O Jr et 

al. (2007) Experimental determination of threshold dose in 

photodynamic therapy in normal rat liver. Laser Phys Lett 4: 469-475.  

14. Cherenkov PA (1934) Visible emission of clean liquids by action of γ 

radiation. Doklady Akademii Nauk SSSR 2: 451.  

15. Robertson R, Germanos MS, Li C, Mitchell GS, Cherry SR et al. (2009) 

Optical imaging of Cerenkov light generation from positron-emitting 

radiotracers. Phys Med Biol 54: N355-N365. [Crossref] 

16. Mitchell GS, Gill RK, Boucher DL, Li C, Cherry SR (2011) In vivo 

Cerenkov luminescence imaging: A new tool for molecular 

imaging. Philos Trans A Math Phys Eng Sci 369: 4605-4619. [Crossref] 

17. Jarvis LA, Zhang R, Gladstone DJ, Jiang S, Hitchcock W et al. (2014) 

Cherenkov Video Imaging Allows for the First Visualization of 

Radiation Therapy in Real Time. Int J Radiat Oncol Biol Phys 89: 615-

622. [Crossref] 

18. Kotagiri N, Sudlow GP, Akers WJ, Achilefu S (2015) Breaking the 

Depth Dependency of Phototherapy With Cerenkov Radiation and 

Low-Radiance-Responsive Nanophotosensitizers. Nat Nanotechnol 10: 

370-379. [Crossref] 

19. Bahreyni Toossi MT, Khorshidi F, Ghorbani M, Mohamadian N, 

Davenport D (2016) Comparison of EBT and EBT3 RadioChromic 

Film Usage in Parotid Cancer Radiotherapy. J Biomed Phys Eng 6: 1-

12. [Crossref] 

20. Tsai SM, Bangalore P, Chen EY, Lu D, Chiu MH et al. (2017) 

Graphene-induced apoptosis in lung epithelial cells through EGFR. J 

Nanoparticl Res 19: 262.  

21. Olennick NL, Morris RL, Belichenko I (2002) The role of apoptosis in 

response to photodynamic therapy: what, where, why and how. 

Photochem Photobiol Sci 1: 1-21. [Crossref] 

 

 

 

Clin Oncol Res  doi:10.31487/j.COR.2020.06.07       Volume 3(6): 5-5 

https://pubmed.ncbi.nlm.nih.gov/8217612/
https://pubmed.ncbi.nlm.nih.gov/23958151/
https://pubmed.ncbi.nlm.nih.gov/13762615/
https://pubmed.ncbi.nlm.nih.gov/13762612/
https://pubmed.ncbi.nlm.nih.gov/4972417/
https://pubmed.ncbi.nlm.nih.gov/18401068/
https://pubmed.ncbi.nlm.nih.gov/9637138/
https://pubmed.ncbi.nlm.nih.gov/7312955/
https://pubmed.ncbi.nlm.nih.gov/27677476/
https://pubmed.ncbi.nlm.nih.gov/19636082/
https://pubmed.ncbi.nlm.nih.gov/22006909/
https://pubmed.ncbi.nlm.nih.gov/24685442/
https://pubmed.ncbi.nlm.nih.gov/25751304/
https://pubmed.ncbi.nlm.nih.gov/27026949/
https://pubmed.ncbi.nlm.nih.gov/12659143/

