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ABSTRACT 

 
Photodynamic therapy is a therapeutic modality capable of selectively inducing cytotoxic effects in malignant 

cells. Such effects are obtained by using a laser or a lamp as a light source to irradiate a previously-delivered 

photosensitizer into the tumoral cells. Since clinical application of photodynamic therapy depends on light 

penetration, lasers and lamps can only be used for shallow tissue treatment. To overcome this limitation, x-ray 

induced photodynamic therapy has been recently proposed. The goal of this work is to investigate the x-ray 

interactions in a medium containing a homogeneous concentration of distinct photosensitizers. This is achieved 

by evaluating the relative doses and energy spectra, obtained at distinct depths by means of Monte Carlo 

simulations. Preliminary results for the relative dose showed a minor dose increase, of approximately 0.15%, 

when photosensitizers are used. In addition, x-ray interactions with the investigated photosensitizers mostly 

occur from photons with energies below 60 keV.  
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 INTRODUCTION 1.

 

Photodynamic therapy (PDT) is a clinically-approved, minimally-invasive procedure for 

treating cancer and other shallow-tissue diseases. For example, PDT has been successfully used in 

dermatology and in the treatment of glioblastoma, mesothelioma, and prostate [1]. PDT is a process 

in which a previously-delivered photosensitizer at the malignant cells is irradiated by a light source. 

If a proper wavelength is chosen, light absorption occurs, exciting the photosensitizer to a singlet 

state. From this state, an intersystem crossing can lead the photosensitizer to a triplet state, enabling 

Type I or Type II reactions. Both reactions produce multiple reactive oxygen species, causing a 

selectively cytotoxic effect in the target tissue [2-6].  Figure 1 shows a schematic description of the 

aforementioned PDT working principle [2]. 

 

 

Figure 1: Illustration of the photodynamic process [2]. 

 

Most of the photosensitizers used in PDT have a tetrapyrrole structure, similar to the 

protoporphyrin in the hemoglobin. The photosensitizers should have chemical purity, selective 

accumulation in neoplastic tissue, short biological half-life, high capacity to generate many 

cytotoxic products, and an optimal absorption with wavelengths between 600 nm and 800 nm [1, 6-

8].  
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PDT treatment is usually carried out using lasers or lamps as light sources. While lasers have 

narrow bands in the energy spectrum, with high power output, lamps, on the other hand, have a 

wider spectrum, and lower power output. Despite these poorer spectral properties, lamps can offer 

advantages in comparison to lasers, such as, for example, lower cost and complexity. In addition, 

since lamps usually have larger spot sizes than those of lasers, they are more suitable for treating 

larger superficial lesions. However, since both lasers and lamps have low penetration into tissue, 

PDT treatment is limited to superficial lesions if these light sources are adopted [9]. 

To overcome this limitation, the use of x-rays as a light source in PDT has been proposed. So 

far, there are three techniques using this approach: radiodynamic therapy (RDT), nanoscintillator-

mediated x-ray inducible photodynamic therapy, and x-ray induced photodynamic therapy (xPDT). 

The RDT is a combination of conventional PDT and radiotherapy, where two light sources are used, 

lasers and x-rays. In the second one, a nanoscintillator is used to convert the x-ray irradiation into 

visible light, which can then interact with the photosensitizer to produce the cytotoxic effect. The 

xPDT is the focus of this work, in which the x-rays directly activate the photosensitizer, in order to 

generate the reactive oxygen species [2]. Due to the physical properties of x-rays, photons would be 

able to reach deeper tissues, expanding PDT applications beyond the conventional optical window. 

Although previous xPDT studies can be found in the literature [10-20], evaluating the role played 

by the photosensitizers in the presented results - specially the experimental ones - is a far from 

trivial task. Since information about the physical interactions between the x-rays and 

photosensitizers is sparse, and results in the absence of these photosensitizing agents are not always 

presented, numerically modelling and evaluating such interactions may provide useful information 

for optimizing the xPDT. The goal of this work is to investigate the interaction of x-rays in a 

medium containing a homogeneous concentration of distinct photosensitizers, with aid of the Tool 

for Particle Simulation, or TOPAS. TOPAS is an innovative Monte Carlo platform for research and 

clinical applications, which wraps and extends the Geant4 Simulation Toolkit. By using TOPAS, a 

parameter control system can be configured to simulate a wide variety of radiotherapy applications, 

with no prior knowledge required on the underlying Geant4 Simulation Toolkit or any 

programming language [21]. 
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 MATERIALS AND METHODS 2.

 

2.1. Simulation validation 

A Monte Carlo code, TOPAS, was used in this work. To validate the simulations, the following 

conditions were adopted: 2x2 cm
2
 field size and source-surface-distance at 100 cm, with a 150 kV 

spectrum, and a 50 keV monoenergetic x-ray source as well. The simulated phantom was a water 

cube of 30x30x30 cm
3
. The 150 kV, 4 mm Al, and 20° spectrum was obtained by using SpekCalc 

[22], a software that calculates photon spectra from tungsten anode x-ray tubes. To assess the 

simulations, percentage depth dose curves were plotted and compared with data obtained from 

literature [23]. 

2.2. Modeling strategy 

Figure 2 shows how this work is organized. There are three simulation setups, divided into two 

scenarios. In the first setup, a cylindrical phantom with 17 cm diameter and 22 cm height, 

containing spherical tumors of 1 cm diameter, is adopted. Both the phantom and the tumors are 

filled with soft tissue [24]. In the second setup, all the conditions were maintained, with exception 

of the tumors, which are now filled with a homogeneous mixture of soft tissue and photosensitizer. 

For each simulation, the spherical objects representing the tumors are placed at distinct depths, 

ranging from 0.5 cm to 9.5 cm from the top of the cylinder. Finally, in the second scenario (third 

setup), the tumors were removed, and each phantom was homogeneously filled with a given 

photosensitizer. Although this scenario has no practical application, it has been adopted in order to 

investigate the x-ray interactions in a homogeneously distributed media containing each of the 

photosensitizers. For all cases, a 2x2 cm
2
 field size, a source-surface-distance of 40 cm, and a 150 

kV x-ray source, with an effective energy of 50 keV, were adopted as the simulated irradiation 

conditions [25]. The response of the interaction was evaluated through the relative doses and 

spectral energy distributions obtained at distinct depths. 
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Figure 2: Modelling strategy. 

 

 

Figure 3: Schematic representation (not in scale) of the investigated scenarios. The circular 

object depicts the tumor, and the rectangular object portrays the cylindrical phantom. The colors 

represent the filling materials. The multiple circles shown in the first and second scenarios indeed 

represent the same tumor, placed at distinct positions. Each simulation for such scenarios contains 

a single tumor, placed at a given depth from the top of the cylinder. 

 

In the first scenario, the mean dose deposition inside the tumors was obtained and a dose 

increase factor (DIF) was calculated: 
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𝐷𝐼𝐹 =
𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑎𝑛 𝑑𝑜𝑠𝑒 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑝ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑧𝑒𝑟

𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑎𝑛 𝑑𝑜𝑠𝑒 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑧𝑒𝑟
                          (1) 

 

2.3. Photosensitizers composition 

All the information about the chemical composition of the photosensitizers were obtained in the 

database PubChem. For the soft tissue, the NIST database was used (Table 1) [26, 27]. The mixture 

of soft tissue and photosensitizer was calculated by using a weighted average sum of the chemical 

elements in the composition. For each existing chemical element 𝐶𝑗 in the mixture, the weight 

fraction 𝑊𝑚𝑖𝑥,𝑗 is calculated as follows, 

𝑊𝑚𝑖𝑥,𝑗  =  
∑ 𝑛𝑖 𝑊𝑖𝑗𝑖

∑ 𝑛𝑖𝑖 
 ,                                                           (2) 

where 𝑊𝑖𝑗 is the weight fraction of 𝐶𝑖𝑗, the 𝑗𝑡ℎ chemical element of the 𝑖𝑡ℎ material 𝑀𝑖 present in 

the mixture. Regarding the mixture density 𝑛𝑚𝑖𝑥, it is calculated by summing the individual 

densities 𝑛𝑖 of the mixed materials, 𝑛𝑚𝑖𝑥  =  ∑ 𝑛𝑖𝑖 . 

Table 1: Materials 

Material 𝑴𝒊 
Density 𝒏𝒊 

(kg/m
3
) 

Chemical element 

𝑪𝒊𝒋  

Weight fraction 

𝑾𝒊𝒋 

Soft tissue 1030 

Hydrogen 

Carbon 

Nitrogen 

Oxygen 

Sodium 

Phosphor 

Sulfur 

Chlorine 

Potassium 

0.105 

0.256 

0.027 

0.602 

0.001 

0.002 

0.003 

0.002 

0.002 

 

Acridine Orange* 0.0103 

Hydrogen 

Carbon 

Nitrogen 

0.071 

0.769 

0.158 
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Material 𝑴𝒊 
Density 𝒏𝒊 

(kg/m
3
) 

Chemical element 

𝑪𝒊𝒋  

Weight fraction 

𝑾𝒊𝒋 

 

Methylene Blue 0.0515 

Hydrogen 

Carbon 

Chlorine 

Nitrogen 

Sulfur 

0.056 

0.600 

0.109 

0.131 

0.100 

 

*Although the acridine orange is known to be toxic at higher concentrations [28], it was chosen 

in this simulation due to its better response as a photosensitizer, if compared to other substances 

[11-20]. 

 RESULTS AND DISCUSSION 3.

 

 Regarding the validation of the presented simulations, Figure 3 shows a percentage depth dose 

curve of experimental data [23], compared to TOPAS simulation results. While the experimental 

data was obtained from a 50 keV monoenergetic x-ray, two distinct TOPAS simulations were 

performed. In the first simulation, in order to match the experimental data setup, a 50 keV 

monoenergetic x-ray was adopted. In addition, a second simulation, using a 150 kV x-ray energy 

spectrum, was performed. Since 50 keV is the effective energy for the 150 kV spectrum, a similar 

behavior between both simulations is expected. Indeed, Figure 3 shows a reasonable agreement 

between the simulation results, and between each simulation and the experimental data as well. 

Figure 4 shows that the differences between the TOPAS simulation results and experimental data 

lay within the range of the uncertainty associated to such experimental results.  
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Figure 4: Comparison of the percentage depth dose curve from TOPAS simulation results and 

experimental data. Since the highest standard deviation from TOPAS results was approximately 

3.55 × 10
-7

 Gy, no error bars were plotted. 

 

 

Figure 5: The differences between simulation results and experimental data. are within the 

uncertainty (red dotted lines) associated with such experimental results [23]. 

 

The dose increase factors obtained for the seven evaluated depths are shown in Figure 5. From 

this Figure, one can conclude that, for both photosensitizers, no significant improvement in the dose 

deposition is observed. Moreover, simulation results show that only a small fraction of x-ray 

photons interacted with the photosensitizers, by means of the photoelectric and Compton effects. As 

a consequence, x-ray spectra obtained for distinct photosensitizers are nearly indistinguishable. An 
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alternative method to compare the x-ray interactions with distinct photosensitizers is by evaluating 

the energy spectra of the secondary electrons produced by such interactions. Since the yield of 

secondary electrons is proportional to the x-ray interactions, subtle differences should be clearly 

visible in their energy spectra.  In order to check the feasibility of this method, the energy spectra of 

secondary electrons were evaluated for the second-scenario simulations (homogeneously-filled 

cylinders with photosensitizers, as described in Figure 2). Figures 6, 7, and 8 show these energy 

spectra, obtained at the top (0 cm), middle (5 cm), and bottom (9 cm) regions of the cylinder. At the 

top, both cases show similar results. Since the x-rays have just reached the medium, this behavior is 

expected. At the middle of the cylinder, the yield of electrons with energies below 20 keV is higher 

for the acridine orange, if compared to the methylene blue. From approximately 20 keV to 60 keV, 

the production of secondary electrons fades to zero. From the middle to the bottom of the phantom, 

this behavior remains unchanged for both photosensitizers. Regarding the interactions between x-

rays and the photosensitizers, the higher yield of secondary electrons observed for the acridine 

orange suggests that this photosensitizer may preferable over the methylene blue for xPDT 

application. However, this is an oversimplified analysis. The choice of a proper photosensitizer 

involves many additional parameters, such as the optimal absorption in the optical window, and a 

high-production of reactive oxygen species, which are not under consideration in this work. 

 

 

Figure 6: Dose increase factor at distinct depths, obtained for the first scenario. The highest 

standard deviation was approximately 2.15 × 10
-9

 Gy. These results were obtained in the first 

scenario. 

 



 Souza et al.  ● Braz. J. Rad. Sci. ● 2021 10 

 

 

Figure 7: Energy spectrum of the secondary electrons at 0.0 cm depth, obtained for the second 

scenario. 

 

 

Figure 8: Energy spectrum of the secondary electrons at 5.0 cm depth, obtained for the second 

scenario. 
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Figure 9: Energy spectrum of the secondary electrons at 9.0 cm depth, obtained for the second 

scenario. 

 CONCLUSION 4.

 

The results show that interactions between x-rays and photosensitizers have a low probability to 

occur. Since only a small fraction of the x-ray photons is affected by the addition of a 

photosensitizer in the irradiated medium, the x-ray energy spectra obtained for distinct 

photosensitizers remain mostly unchanged. These results suggest that the apparent effectiveness of 

using x-rays combined with photosensitizers may be caused by the x-ray damage solely. In other 

words, the contribution of the photosensitizer in the obtained results may be minimal. 

Regarding the comparison of setups 1 (tumor) and 2 (tumor + photosensitizer), for depths up to 

3.5 cm, the dose increase factor (DIF) was quite similar for both photosensitizers, being the acridine 

orange marginally higher than the methylene blue. However, from 5 cm up to the phantom's 

bottom, this trend is twisted, with the methylene blue showing a higher dose increase factor. In 

setup 3, the phantom was fully filled with the photosensitizer. Since x-ray interactions with the 

medium produce secondary electrons, with a yield that is proportional to the occurrence of such 

interactions, their energy spectra were used to compare the investigated cases. At shallow depths, 

the energy distribution of secondary electrons for both photosensitizing agents are nearly identical. 

However, for deeper penetration into the cylinder, if compared to the methylene blue, the acridine 

orange presents a higher yield of secondary electrons, with energies below 20 keV. These results 
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suggest that the acridine orange may be a better xPDT photosensitizer, since it provides a more 

effective interaction with the x-ray photons. However, many additional parameters, which were not 

considered in this work, must be taken into account, in order to state such affirmation. For example, 

the potential toxicity is a relevant aspect when selecting a photosensitizer. Given that acridine 

orange is an antitumor agent and bacterial mutagen, it can be toxic, if used in high concentrations 

[28]. This property cannot be evaluated in the Monte Carlo simulations here presented. 

Since several limitations may be affecting the results and conclusions here presented, this work 

should be taken as a preliminary, first-order investigation of the x-ray interactions with the acridine 

orange and methylene blue. Because only ionizing radiation processes were considered in the 

performed simulations, it was not possible to evaluate the emission of low-energy (~eV) photons by 

fluorescence. Detection of fluorescence photons could be an indicative that photosensitizers were 

excited and activated to generate the reactive oxygen species. Moreover, there were many 

additional simplifications, such as, for example, the simple adopted geometry, and the 

homogeneous photosensitizer distribution. In an upcoming work, the contribution of non-ionizing 

radiation will be added, with particular interest in photons with energies below 100 eV. By 

including such interactions, it might be possible to verify if these secondary electrons could be 

somehow related to cytotoxic effects. In addition, since the fluorescence process is expected to be 

observable within the non-ionizing radiation energy range, it may be used to evaluate the activation 

of photosensitizers. 
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