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Abstract: This work investigates the proposed enhanced efficacy of photodynamic therapy (PDT) 
by activating photosensitizers (PSs) with Cherenkov light (CL). The approaches of Yoon et al. to test 
the effect of CL with external radiation were taken up and refined. The results were used to transfer 
the applied scheme from external radiation therapy to radionuclide therapy in nuclear medicine. 
Here, the CL for the activation of the PSs (psoralen and trioxsalen) is generated by the ionizing 
radiation from rhenium-188 (a high-energy beta-emitter, Re-188). In vitro cell survival studies were 
performed on FaDu, B16 and 4T1 cells. A characterization of the PSs (absorbance measurement and 
gel electrophoresis) and the CL produced by Re-188 (luminescence measurement) was performed 
as well as a comparison of clonogenic assays with and without PSs. The methods of Yoon et al. were 
reproduced with a beam line at our facility to validate their results. In our studies with different 
concentrations of PS and considering the negative controls without PS, the statements of Yoon et al. 
regarding the positive effect of CL could not be confirmed. There are slight differences in survival 
fractions, but they are not significant when considering the differences in the controls. Gel 
electrophoresis showed a dominance of trioxsalen over psoralen in conclusion of single and double 
strand breaks in plasmid DNA, suggesting a superiority of trioxsalen as a PS (when irradiated with 
UVA). In addition, absorption measurements showed that these PSs do not need to be shielded from 
ambient light during the experiment. An observational test setup for a PDT nuclear medicine 
approach was found. The CL spectrum of Re-188 was measured. Fluctuating inconclusive results 
from clonogenic assays were found. 
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1. Introduction 
Many different approaches can be considered to improve existing radiotherapy and 

radionuclide therapy [1–5]. The use of PSs, such as psoralens, as an approach to PDT is 
one of them. Psoralens and their derivatives (here: psoralen and trioxsalen) are able to 
intercalate between the base pairs of the DNA helix. After UV activation, covalent intra- 
and interstrand DNA crosslinks are induced, followed by the impairment of cell survival 
[6–8]. Although psoralen and trioxsalen are not chemotoxic (at the concentrations used in 
our experimental setup), upon activation, they form crosslinks and perform other binding 
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processes with DNA bases, resulting in a phototoxic effect. General photoactivation with 
UVA is straightforward, but poses a problem when used therapeutically. Since most 
radionuclide therapies work deep within the patient’s tissue, external UV activation 
damages the interstitial tissue. This can be overcome by using CL for activation [9–11]. CL 
has a broad UV spectrum, with the highest intensity in UVA, and can be generated by 
diagnostic or therapeutic radionuclides when charged particles exceed the speed of light 
in a dielectric material. 

Yoon et al. have proposed its use in radiotherapy and have generated CL using a 
clinical megavoltage radiation beam, which further activated trioxsalen [1]. They found 
large differences in survival between CL and non-CL setups. It has also been shown that 
CL is generated within the irradiated tissue by secondary electrons in the beam path [12], 
and CL is already being used for diagnostic purposes, mainly for visual imaging [13–16]. 
Additional experiments have shown that the light intensity increases with the photon 
energy dose and therefore high-energy radiation or radionuclides should be used [17]. 

In agreement with Yoon et al., we have recalled their experiments on clonogenic 
assays with an additional concentration point, trioxsalen AND psoralen as PSs and two 
other cell lines at our linear accelerator. The gel electrophoresis and absorbance 
measurements showed differences between the two PSs used. In accordance with these 
principles, it was interesting to try to transfer the approach of Yoon et al. to a nuclear 
medicine scheme, where instead of a radiation beam, a radionuclide is used for 
investigation. This is challenging because a radionuclide does not produce doses in the 
range of a megavoltage beam in the same time frame and therefore has a rather low dose 
(rate) setup. Re-188—a high energy beta emitter and standard radionuclide in nuclear 
medicine—is used for this work. It has a maximum beta energy of 𝐸 , = 2.12 MeV (but 
a low linear energy transfer of 0.19 keV/µm), resulting in a maximum tissue penetration 
depth of about 1.05 cm and a gamma radiation component at 155 keV that can be used for 
medical imaging. Advantageously, its half-life of about 17 h is sufficient for therapeutic 
use. Luminescence scans have acquired a spectrum of the generated CL, and in vitro 
studies were performed to determine the overall survival of the tumor cell lines FaDu, B16 
and 4T1, representing hypopharyngeal tumor, melanoma and breast cancer, 
respectively. These experiments should be able to demonstrate a discernible effect of the 
PS-guided PDT approach. 

2. Materials and Methods 
2.1. Cell Lines 

Several cell lines have been used for this setup.  
FaDu cells (ATCC® HTB-43TM) as a monolayer cell line were established in 1968 and 

correspond to the squamous cell carcinoma of the pharynx [18]. It has been used as a 
subcell line (FaDuDD) in radiobiological experiments since the 1980s [19]. The Department 
of Radiotherapy and Radiation Oncology, Medical Faculty, Technische Universität 
Dresden kindly provided the cells for our experiments. DMEM (Dulbecco’s minimum 
essential medium) containing 2% Hepes buffer, 1% of non-essential amino acids, 1% 
sodium pyruvate and 10% fetal calf serum was used for cell maintenance.  

B16-F10 (ATCC® CRL-6475TM) is a cell line consisting of spindle-shaped and 
epithelial-like cells derived from mouse melanoma skin tissue. These cells have the 
potential for metastatic behavior and are highly motile in vitro [20]. They were cultured 
in DMEM–high glucose supplemented with 1% sodium pyruvate and 10% fetal calf 
serum. 

The cell line 4T1 (ATCC® CRL-2539TM) is a highly invasive mammary carcinoma cell 
line with characteristics similar to human breast cancer cells [21]. They were cultured in 
Gibco RPMI medium 1640 supplemented with 10% fetal calf serum. 
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For each cell line, the respective medium was changed every two days and used for 
cell splitting in preparation for experiments (in addition to trypsin and phosphate-
buffered saline). Each cell line is proven to be free of mycoplasmas. 

2.2. Photosensitizers 
Psoralen (CAS: 66-97-7, purity ≥ 99%, Sigma Aldrich, Darmstadt, Germany) is the 

parent compound of the linear furanocoumarins. Its photosensitive properties are 
developed by the formation of monoadducts and covalent interstrand crosslinks with 
thymines (e.g., base of DNA) [22]. Trioxsalen (CAS: 3902-71-4, purity ≥99%, 
MedChemExpress, Monmouth Junction, NJ, USA) is a psoralen derivative with similar 
photoactive properties. However, these only occur when the PSs are activated by UV 
irradiation. As more UV light activates the PSs, more crosslinks are formed and reactions 
with other cellular structures and proteins are even possible [8,23]. The Lewis forms of 
both PSs are shown in Figure 1. 

 
Figure 1. (Left): Lewis form of psoralen [24]. (Right): Lewis form of trioxsalen [25]. 

Psoralen and trioxsalen are already dissolved in dimethyl sulfoxide (DMSO). DMSO 
(CAS: 67-85-5, purity = 99.9%, Sigma Aldrich, Darmstadt, Germany) is a well-known 
chemical modulator and acts as a (here unwanted) radical scavenger. It is used at a 
concentration of 1% v/v as a solvent for psoralen. No chemotoxic influence of DMSO, 
psoralen and trioxsalen was found under our experimental conditions. 

Concentrations of 10 µM, 50 µM and 100 µM of the respective photosensitizer were 
used. The absorbance spectrum of psoralen and trioxsalen was studied in relation to the 
influence of daylight using the TECAN Infinite® M Nano absorbance plate reader 
(TECAN, Männedorf, Switzerland). The spectrum of psoralen in the wavelength range of 
230 to 1000 nm was observed for a light exposure of up to 120 min.  

To determine if there were differences between the two photosensitizers, they were 
analyzed by gel electrophoresis. For this method, plasmid DNA was incubated with each 
PS and then irradiated with different doses of UVA light in an irradiation chamber (BS-02 
Opsytec, Ettlingen, Germany) to activate the phototoxic behavior. The plasmid DNA was 
added to the gel with small pores and when the electric field was applied, the molecules 
or DNA fragments moved at different speeds depending on their size and charge. Thus, 
different formations (open circular, linear or supercoiled) of the DNA are found at 
different heights of the gel indicating the influence of the PS. The gel is inspected and 
optically evaluated with a charge-coupled device camera BioRad Gel Doc XR+ (BioRad, 
Feldkirchen, Germany). 

2.3. Cherenkov Light and Irradiation 
Irradiation experiments were performed using a 15 MV static photon beam (dose rate 

≈ 6 Gy/min) from a clinical Versa HDTM linear accelerator (Elekta AB, Stockholm, Sweden) 
at the Department of Radiation Therapy and Radiation Oncology, Medical Faculty and 
University Hospital Carl Gustav Carus, Technische Universität Dresden. For this, 
treatment planning was conducted using RayStation 10B treatment planning software 
(RaySearch Laboratories AB, Stockholm, Sweden) according to the clinical workflow 
based on a CT scan of the cell irradiation setup (see Section 2.6) and Monte Carlo dose 
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calculation to irradiate the cells with a dose of 3 Gy and 6 Gy. A field size of 24 × 32 cm² 
was chosen to achieve a homogeneous dose distribution for four well plates treated 
simultaneously. 

For the radionuclide approach, a tungsten–rhenium generator (OncoBeta GmbH, 
Garching, Germany) was used to elute Re-188. This high-energy beta emitter is already in 
therapeutic use. It has a maximum beta energy of 𝐸 , = 2.12 MeV (mean energy 765 
keV) and a gamma radiation component of 15.8% intensity, which is used for medical 
imaging. It has a half-life of 16.98 h and a mean linear energy transfer of 0.19 keV/µm. An 
activity of approximately 1.5 GBq Re-188 was used for the cell experiments. To estimate 
the corresponding dose, parameters such as the distance between the cells and the Re-188 
culture flask, as well as the material between them, the gamma dose rate constant and the 
radioactivity dosage of Re-188 play a role. Calculations were performed similar to [26] 
and resulted in 13.9 mGy at the level of the cells for the given setup. When embedded in 
sufficient liquid medium, its decay radiation produces CL with a yield of 35 photons per 
decay event [27]. Light production was verified using the BioRad camera. The Thermo 
Scientific Varioskan LUX microplate reader (ThermoFisher Scientific, Darmstadt, Ger-
many) additionally acquired a spectrum of the emitted CL. To block the CL, one side of 
the culture flask was masked with a black aluminum foil (Thorlabs BKF12, Bergkirchen, 
Germany; thickness: 50 µm). A planar image was acquired with an Anger gamma camera 
(Siemens Symbia Intevo T6) to ensure that the gamma radiation was not obstructed. 

2.4. Colony Formation Assay 
The survival fraction (SF) of the cell experiments is determined by a colony formation 

assay [28]. At the end of the exposure time, cells are removed from the irradiation setup, 
detached with trypsin, an aliquot is taken from each setup for the assay, and placed in an 
incubator to form cell colonies for six to seven days in a 24-well plate (beam) or 6-well 
plate (Re-188). The cells were then fixed in 4% formaldehyde and stained with crystal vi-
olet. Afterwards, the colonies were counted under a microscope at 25× magnification. Nine 
samples were analyzed for each setup with Re-188, and six samples were analyzed for the 
radiation experiments (like [1]). For all setups (non-irradiated, irradiated, irradiated but 
light blocked), colonies with more than 50 cells were scored as survivors, and the plating 
efficiency for each sample was estimated based on the initial number of seeded cells. Clon-
ogenic cell survival was calculated as the relative plating efficiency of the treated versus 
the untreated samples. 

2.5. Statistics 
Each result is presented as the average of the samples in addition to the SD (standard 

deviation) based on each triplicate. Student’s t-test was used to ensure statistical signifi-
cance. Two independent samples had a probability of error of 𝑝 ≤ 0.05. Statistical analy-
sis was performed in OriginPro 2023b (64Bit SR1 10.0.5.157) and MS Office Excel 2019 
MSO (16.0.10406.20006 32Bit). A Wilcoxon test was used to show the significance between 
the spectra measured with the TECAN reader. 

2.6. Experimental Setup 
To perform the radiation experiments, cells (600 or 1000 for 3 Gy or 6 Gy and controls, 

respectively) were plated in 24-well plates and transported to the facility in a Styrofoam 
box embedded with black aluminum foil to block temperature differences and ambient 
light after a preincubation with psoralen and trioxsalen for 1 h. They were irradiated with 
the beam coming from below. Between the cells and the beam, a culture flask of water was 
used as a “solid water” plate to generate CL according to Yoon et al. and the black alumi-
num foil was used to shield half of the well plates from CL for controls. 

The following sketch shows the radionuclide setup used in the experiments (Figure 
2). After the elution of Re-188, it is portioned (according to the specific activity) and 
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injected into a T75 culture flask, adding distilled water to fill the flask completely. As a 
negative control without CL is required, one half of the culture flask is blocked so that no 
light can pass through. For the main experiments, another culture flask filled with plain 
water is placed on top of the Re-188 flask, blocking the beta particles to prevent any un-
wanted influence on the cells. The purpose of blocking beta particles is to ensure that there 
are as few other influences on the cells as possible other than gamma radiation (which 
cannot be blocked) and CL. The prepared cells are plated into 24-well plate which is placed 
on top of the water flask after a pre-incubation with the PS for 1 h. The 24-well plate pro-
vides the ability to test multiple setups in the same sample/experiment. The cells remain 
on the culture flasks for a 24 h exposure period in an incubator at 37 °C resulting in a dose 
of 25.1 ± 0.9 mGy (measured by optical stimulated luminescence (OSL) dose meters). 

 
Figure 2. (Top): Setup when irradiating the cells at the linear accelerator. The beam irradiates the 
cells from below. The water flask in between is used as “solid water” to generate Cherenkov light. 
The black foil blocks the Cherenkov light on one side of the well plate. (Bottom): Schematic setup 
for the in vitro study of the effect of Cherenkov-activated PS on the different cells. At the bottom is 
the culture flask containing Re-188. On top is the culture flask containing water. At the top is a 6-
well plate (for visualization, compare to the 24-well plate used in the experiments) for the cells. Each 
setup contains different concentrations of the photosensitizers and is determined in triplicate. 
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3. Results 
3.1. Radiation Experiments 

The FaDu, B16 and 4T1 cell lines were used to evaluate the clonogenic assays of Yoon 
et al. Concentrations of 50 µM and 100 µM psoralen or trioxsalen were used as PS. Figure 
3 shows the survival fractions of six samples with and without a CL block as well as con-
trols without PS. The mean survival fraction values are shown in Table A1 in Appendix A. 
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Figure 3. Survival fractions of the FaDu, B16 and 4T1 cell lines after irradiation with clinical 15 MV 
beam with and without CL blocked. The mean value ± the SD is shown for six samples. 

The differences between the cells with and without PS were analyzed for significance. 
The results are shown in Table A2 in Appendix A. The only significant difference between 
the transparent and blocked setup was for 50 µM trioxsalen at 6 Gy irradiation in the 4T1 
cell line. 

3.2. Photosensitizers Psoralen and Trioxsalen 
Psoralen and trioxsalen (without photoactivation) are not chemotoxic at the concen-

trations used in these studies. However, to obtain reliable results, a negative control was 
observed for each sample and concentration. Survival fractions (SFs) were compared and 
there was no visible effect (𝑝 = 0.33). Since DMSO acts as a radical scavenger and the tri-
oxsalen used is dissolved in it, its properties and effects on the cells must be investigated 
beforehand. No relevant effect of DMSO was found (𝑝 = 0.45).  

Considering that PSs are sensitive to light, it was investigated whether working in a 
laboratory with standard lighting affects or activates the properties of psoralen or triox-
salen and whether this presumed effect varies over time. An absorbance spectrum of the 
PS (concentration of 100 µM) was obtained using the TECAN reader (monochromator-
based absorption measurement, wavelength range: 230 to 1000 nm, five light flashes with 
no rest time for 2 nm steps). The following figure (Figure 4) shows that there is no 
time/daylight induced effect on the absorbance/activation of psoralen (not significant by 
Wilcoxon test). Therefore, all experiments did not need to be performed in the dark. 
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Figure 4. Absorption spectrum of psoralen (100 µM) as a function of exposure time to daylight 
(about 1780 lux). Although small differences are visible for 10 min and 30 min, these differences are 
not significant by the Wilcoxon test. 

In addition, gel electrophoresis was performed to determine whether both PSs have 
the same deleterious effects on plasmid DNA after exposure to UVA light (8 UVA lamps 
at 365 nm with an irradiance of 8 mW/cm²) in the irradiation chamber BS-02 for 5, 10, 20 
and 30 min. The PSs react differently. Trioxsalen is more damaging than psoralen, result-
ing in more single- and double-strand breaks at the same concentration. Figure 5 shows 
an example of the proportions of supercoiled, open circular and linear plasmid DNA after 
10 min of UVA irradiation (3.69 J/cm²).  

 
Figure 5. Gel electrophoresis analysis of proportions of supercoiled, open circular and linear plas-
mid DNA after 10 min of UVA irradiation with varying concentrations of psoralen and trioxsalen. 
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3.3. Cherenkov Light Production in Re-188 
Re-188 produces CL in its own liquid environment (sodium chloride and distilled 

water) in the culture flask. One side of the culture flask is covered with a black aluminum 
foil and should not allow CL to pass through. The BioRad imager (ImageLab Software 
6.0.1 b34) was used to verify this assumption (Figure 6). Analysis of the BioRad image 
shows that the black aluminum foil reduces the CL intensity to 7%, providing the desired 
light-blocking effect. 

 
Figure 6. BioRad light intensity image of Cherenkov light generation in the culture flask and the 
culture flask covered with a black aluminum foil. Re-188 (2.1 GBq) was imaged for 300 s. Left side: 
Cherenkov light visible. Right side: Cherenkov light blocked by the foil. The light intensity is re-
duced to 7.3%. U1 and U2 are the two equal-sized reference regions of interest. The white spots are 
to be interpreted as direct hits by the BioRad camera. 

To verify that the gamma radiation is not affected by the black foil, a planar gamma 
camera image and a dose measurement using OSL dose meter [29] was performed. Figure 
7 shows that the foil on the culture flask does not interfere with the homogeneous gamma 
radiation from Re-188 nor the incoming dose (𝑝 = 0.350). There is no statistically signifi-
cant difference in gamma radiation (𝑝 = 0.351) between the two sides of the flask. 

 

 
Figure 7. (Left): Planar scintigraphy of half-covered culture flask filled with 80 MBq Re-188 using a 
gamma camera (high energy collimator for 𝐸 , = 155 𝑘𝑒𝑉). The image acquisition time was 5 
min. Left side of the visible culture flask: covered with foil. Right side of the visible culture flask: 
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transparent. There is no visible or statistically significant difference (𝑝 0.351) between the photon 
yields on the two sides. The circles indicate the regions of interest used to evaluate the potential 
differences of the two culture flask sides. (Right): OSL measurement of the dose reaching the cells. 
There is no difference between the transparent side and the covered side (𝑝 0.350). 

A spectrum of the CL produced by Re-188 was acquired using the Varioskan micro-
plate reader. When compared to an empty well or a well filled with water, Re-188 pro-
duced a spectrum similar to that simulated for CL. The spectrum is shown in Figure 8. 

 
Figure 8. Spectrum acquired with the Varioskan showing the light emitted by an empty well (black), 
a well filled with water (blue) and a well filled with 600 MBq Re-188 (1 cm height in the well) for the 
wavelength range from 250 nm to 650 nm. 

3.4. Effects of Re-188 and Cherenkov Light 
The effect of CL on the three cell lines FaDu, B16 and 4T1 was monitored for each 

experimental setup: irradiated samples without PS, and samples with different PS concen-
trations each a in transparent (CL visible) or covered (CL blocked) state. The following 
Figure 9 shows the survival fraction of the treated cells with 10 µM and 100 µM as the 
observed concentrations. The mean values of the samples are given in Table A3 in Appen-
dix A. 



Pharmaceutics 2024, 16, 534 11 of 19 
 

 

 

 



Pharmaceutics 2024, 16, 534 12 of 19 
 

 

 
Figure 9. Survival fractions of FaDu, B16 and 4T1 cells. Each graph contains samples without pho-
tosensitizer and samples with the photosensitizer psoralen/trioxsalen for the transparent and cov-
ered setup. The mean value ± SD for nine samples is shown. 

The differences between with/without PS were analyzed for significance. No differ-
ence was significant. The results are shown in Table A4 in Appendix A. 

4. Discussion 
Several studies and investigations have been performed using CL in clinical applica-

tions, not only for visual imaging [14–16] but also as a source of photoactivation for PSs 
such as psoralen [30]. Nevertheless, many conflicting results have been published [10,31–
35] and several open questions remain. 

Psoralen, as partially used in these investigations, is already used in the form of 
PUVA therapy (psoralen activated by UVA radiation therapy) and much research has been 
conducted [6,36–41]. Using a megavolt beam, UVA is induced by photon irradiation, 
which activates the phototoxic properties of psoralen [1,39,42–45]. Yoon et al. also used 
trioxsalen as a derivative of psoralen for their research in the field of PDT. They found that 
the SF was significantly lower when exposed to the CL, which activates psoralen-treated 
cells.  

However, this could not be confirmed in our studies. We investigated samples not 
only for trioxsalen but also for psoralen and added another concentration point. Yoon et 
al. showed the results for the B16 cell line. We performed the assays for the B16, 4T1 and 
FaDu cell lines, but did not see any relevant effects. On the contrary, the differences in SF 
for the negative controls were higher than the differences for the samples with PS, most 
likely due to a UVA-sensitivity. The SF of only one dose and concentration point for the 
4T1 cells was significantly different between the transparent and blocked setups. This ap-
pears to be an outlier as all other results were not statistically significant. Nevertheless, 
this specific concentration and dose will be retained for further investigation. 

When this approach was transferred to radionuclides in the field of nuclear medicine, 
no visible effect was found when different activation methods and the setups were inves-
tigated with radiation, light and radioactivity [39]. Although a similar setup was used, 
there are differences from the current investigations. In the previous studies, a small 
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volume of only 20 µL (or 2 mL) was used to irradiate FaDu cells and produce CL. Here, a 
volume of approximately 350 mL (Re-188 in distilled water) and an additional water flask 
(another 350 mL) were used. Thus, a higher CL intensity is expected along with a higher 
applied dose (8 MBq [39] vs. 1.5 GBq) and longer irradiation times. 

As previous studies have shown, “psoralen is not toxic and does not damage the 
DNA”, when not activated [39]. The Cherenkov radiation spectrum for an energy similar 
to the maximum beta energy of Re-188, the emission maximum of CL, is close to the ab-
sorption maximum of psoralen [46]. This suggests that psoralen activated by the CL pro-
duced by Re-188 should have a significant effect on the survival of the cells used in our 
experiments and should provide an opportunity to make this setup applicable to PDT in 
nuclear medicine.  

Experiments have shown that Re-188 produces CL. This was confirmed not only the 
BioRad imager but also by the Varioskan microplate reader. A clear spectrum of the emit-
ted radiation/light from a Re-188 sample was measured and compared to simulated spec-
tra found in the literature [46] and found to be as expected.  

The black aluminum foil used to block out CL was found to reliably block light. A 
residual of 7.3% of the emitted light can still be found on the “covered” side of the exper-
imental setup. This is comparatively low, considering Yoon et al.’s obscuration of about 
25%. However, light propagates isotopically and can be reflected off the walls of the cul-
ture flask walls, so a small amount of light can still reach the “dark” cells of the setup. The 
use of water flasks or solid water, as in the studies by Yoon et al., can be used not only to 
generate CL but also to block beta radiation to minimize the influencing components. It 
should be noted that CL is also produced in plastic material and water at energies below 
the CL threshold [47–49]. In a realistic scenario, e.g., in a tumor, the radioisotope and CL 
are much closer to the cells and therefore receive more dose and even more CL intensity. 
This cannot be reproduced with the chosen setup.  

A scintigram of the Re-188 filled culture flask showed a homogeneous distribution of 
the emitted gamma radiation and no significant difference between the transparent and 
the covered side of the flask. In addition, the dose reaching the cells is not influenced by 
the black aluminum foil.  

In further investigations of PSs, a measurement performed with the TECAN absorb-
ance plate reader has shown that the PSs psoralen and trioxsalen do not need to be han-
dled in the dark. Since PSs are photoreactive, it is natural to handle them in the dark so as 
not to distort their properties prior to the planned experiments. Absorbance measure-
ments of psoralen samples that were exposed to bright daylight (approximately 1780 lux) 
for varying lengths of time showed no difference in activation for up to 2 h. The results 
showed no significant difference (𝑝 = 0.47 ) between the absorbance of psoralen in the 
dark compared to psoralen exposed to daylight. This again shows that both PSs are only 
activated by UVA light and do not require dark laboratory conditions. This is in contrast 
to the “darkened” setups used by other research groups [50,51]. 

In addition, both PSs were analyzed by gel electrophoresis for their effect on plasmid 
DNA at different periods of UVA irradiation. The results showed that trioxsalen is more 
phototoxic than psoralen. At lower concentrations, trioxsalen already shows the same ef-
fects as psoralen at higher concentrations. In addition, if the concentration is high enough 
and the trioxsalen has been well activated by UVA, double-strand breaks are also visible, 
most likely caused by an excessive amount of single-strand breaks. This was not seen for 
psoralen at any concentration or exposure length. Similar conclusions for psoralen and 
trioxsalen were drawn by [52]. 

Although the Re-188 setup was tested in three cell lines with different concentrations 
of psoralen and trioxsalen, no consistent effects were observed. A positive trend for a pho-
totoxic effect in the transparent setup compared to the covered setup is visible, but the 
results are not significant and negligible compared to the differences in the negative con-
trols and the variations in the cell experiments. This was not expected since a reduction in 
survival was associated with the photodynamic effect of the PS. Apparently, CL alone has 
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a phototoxic effect on cell survival. A possible sensitivity of the cells to UVA light could 
be a possible explanation [53,54]. 

Interestingly, each cell line reacted differently to the PSs. This was not expected. 
While the B16 cell line seems to show only slight effects for psoralen and not for trioxsalen 
(which is contrary to the results obtained by the gel electrophoresis), the FaDu cells show 
the best results for a high dose of trioxsalen. Differences in responses to derivative PSs 
between cell lines have not yet been observed yet.  

Yoon et al. suggested that their approach was “more efficient at inhibiting prolifera-
tion than inducing cell death” [1]. This could not be confirmed because the Re-188 setup 
differs in irradiation time and dose rates.  

In conclusion, the activation of psoralen and trioxsalen via the CL produced by Re-
188 in the colony formation assay is unlikely because the expected effects were not ob-
served. One difference in the experimental procedure between the radionuclide setup and 
the setup of Yoon et al. is the dose rate. The dose rate in the experiments of Yoon et al. is 
at least 1000 times higher (several Gy/min) than the dose rate of the Re-188 setup with the 
water flask (about 10 mGy/h). The longer exposure period could also mean that the repair 
mechanisms of the cells have time to repair some of the damage. The influence of the dose 
rate and time has also been shown in other publications [10,39,55,56], where it is stated 
that the higher the dose rate or photon yield, the higher the CL intensity. Glaser et al. 
however state “that it is unlikely that the emission of CL by radionuclides is a usable 
source for phototherapy” [27]. Since the same cell lines did not show a significant effect 
for the high dose rates in the radiation therapy setup, this could not be confirmed by our 
studies. 

Although our results differ from those of Yoon et al., there are other studies claiming 
significant effects of CL using Yttrium-90 (high energy beta-emitter similar to Re-188 with 
an even higher photon yield), Fluorine-18 or other standard radionuclides [55,57–60].  

Other recent approaches using CL to improve imaging during therapy [61,62] include 
detecting and noting changes in radionuclide probes in the patient’s body during surgery 
[63–65], imaging as a dosimetry validation [66] or even combining PSs with biovectors for 
targeted PDT [67,68]. PDT research is also moving into the field of combination with 
chemotherapy, noting that CL can activate chemotherapeutic agents [69,70]. 

Obviously, the research field of CL used for PDT is not exhausted, neither in terms 
of radiation nor in terms of radionuclides or PSs.  

5. Conclusions 
In this study, a PDT approach using a linear accelerator (Yoon et al.) was further in-

vestigated and transferred to radionuclide therapy. The phototoxicity of psoralen and tri-
oxsalen is activated by CL generated by the radionuclide Re-188. This approach is im-
portant to overcome the limitations of deep-tissue phototherapy in combination with nu-
clear medicine therapy. 

The results of Yoon et al. could not be confirmed and further investigations with ad-
ditional cell lines, a different PS and an additional concentration point did not show sig-
nificant positive results/effects. A simple setup to transfer the approach of Yoon et al. to 
nuclear medicine was found. In vitro studies were performed confirming the radiotoxicity 
of Re-188, and the chemotoxicity of psoralen, trioxsalen and the radical scavenger DMSO 
was not observed. CL appears to affect the cell lines even in the absence of the PSs. How-
ever, no additional significant effect of PSs on the observed survival fractions was ob-
served. A cell-line response to the CL-activated PSs could be expected, but appears to be 
cell-line dependent.  

Investigations with other PSs, or experiments including cell metabolism and lumi-
nescence measurements, may shed light on the open questions. In addition, PSs with a 
higher absorption in the CL spectrum [71] or nanoparticles that enhance the emitted light 
[45,72,73] seem promising to further explore this interesting topic and possibly improve 
the already existing PDT method. 



Pharmaceutics 2024, 16, 534 15 of 19 
 

 

Author Contributions: Conceptualization, J.K., R.F., R.R., H.H. and L.H.; methodology, R.R., D.K., 
H.H. and K.W.; validation, L.H., K.T. and J.K.; formal analysis, L.H., K.W. and R.F.; investigation, 
L.H., K.W., H.H., F.T., K.T., D.K. and M.P.; resources, R.R., K.T., M.P. and K.W.; data curation, L.H., 
M.P. and F.T.; writing— original draft preparation, L.H.; writing—review and editing, L.H., C.B., 
D.K. and J.K.; visualization, L.H. and K.W.; supervision, C.B.; project administration, R.F., C.B., F.T. 
and J.K.. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 

Abbreviation Description 
CL Cherenkov light 
Re-188 Rhenium-188 
PS Photosensitizer 
PDT Photodynamic therapy 
DMSO Dimethyl sulfoxide 
SF Survival fraction 
SD Standard deviation 
OSL Optical stimulated luminescence 
PUVA Psoralen activated by UVA radiation treatment 

Appendix A 

Table A1. Mean values of the survival fractions [%] of the radiation experiments for the FaDu, B16 
and 4T1 cell lines in the transparent and covered setup for 3 Gy and 6 Gy doses. 

Cell 
Line Dose CL No PS 

50 µM Pso-
ralen 

100 µM 
Psoralen 

50 µM  
Trioxsalen 

100 µM  
Trioxsalen 

FaDu 3 Gy Transparent 31.87 42.54 32.86 28.69 37.16 
  Blocked 36.84 39.83 37.44 42.70 47.00 
 6 Gy Transparent 7.33 5.59 4.41 6.77 11.79 
  Blocked 6.62 4.33 6.02 9.76 13.38 

B16 3 Gy Transparent 92.11 61.79 69.81 52.27 81.26 
  Blocked 105.68 69.47 74.75 64.81 93.99 
 6 Gy Transparent 59.92 55.99 51.62 31.32 41.24 
  Blocked 60.38 57.76 61.06 40.45 47.44 

4T1 3 Gy Transparent 93.05 44.58 40.24 33.96 57.67 
  Blocked 96.62 50.34 68.59 54.30 69.28 
 6 Gy Transparent 24.01 19.71 24.77 15.07 21.65 
  Blocked 28.68 21.50 34.75 27.46 26.38 

Table A2. Significance of the differences for each cell line, photosensitizer and concentration for the 
radiation method. 

Transparent\Blocked No PS 
50 µM  

Psoralen 
100 µM  

Psoralen 
50 µM  

Trioxsalen 
100 µM  

Trioxsalen 
FaDu—3 Gy 0.442 0.462 0.380 0.270 0.340 
FaDu—6 Gy 0.441 0.291 0.142 0.053 0.392 

B16—3Gy 0.399 0.348 0.308 0.077 0.225 
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B16—6 Gy 0.496 0.482 0.345 0.231 0.165 
4T1—3 Gy 0.484 0.424 0.259 0.084 0.173 
4 T1—6 Gy 0.429 0.435 0.257 0.014 0.068 

Table A3. Mean values of the survival fractions [%] of the Re-188 experiments for the FaDu, B16 and 
4T1 cell lines in the transparent and covered setup. 

Cell 
Line CL No PS 

50 µM Pso-
ralen 

100 µM 
Psoralen 

10 µM  
Trioxsalen 

100 µM  
Trioxsalen 

FaDu Transparent 82.23 66.50 69.10 71.91 52.29 
 Blocked 78.06 62.20 55.11 69.27 67.68 

B16 Transparent 52.33 53.44 52.73 59.26 79.86 
 Blocked 58.65 55.92 61.20 58.34 75.31 

4T1 Transparent 25.19 21.10 35.95 30.85 22.36 
 Blocked 28.62 20.86 56.95 21.81 24.39 

Table A4. Significance of the differences for each cell line, photosensitizer and concentration for the 
Re-188 experiments. 

Transparent\Blocked No PS 50 µM  
Psoralen 

100 µM  
Psoralen 

10 µM  
Trioxsalen 

100µM  
Trioxsalen 

FaDu 0.431 0.322 0.165 0.409 0.165 
B16 0.298 0.365 0.278 0.486 0.288 
4T1 0.375 0.493 0.165 0.311 0.464 

References  
1. Yoon, S.W.; Tsvankin, V.; Shrock, Z.; Meng, B.; Zhang, X.; Dewhirst, M.; Fecci, P.; Adamson, J.; Oldham, M. Enhancing Radiation 

Therapy Through Cherenkov Light-Activated Phototherapy. Int. J. Radiat. Oncol. Biol. Phys. 2018, 100, 794–801. 
2. Adant, S.; Shah, G.M.; Beauregard, J.M. Combination treatments to enhance peptide receptor radionuclide therapy of 

neuroendocrine tumours. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 907–921. 
3. Jagodinsky, J.C.; Harari, P.M.; Morris, Z.S. The Promise of Combining Radiation Therapy with Immunotherapy. Int. J. Radiat. 

Oncol. Biol. Phys. 2020, 108, 6–16. 
4. Kerr, C.P.; Grudzinski, J.J.; Nguyen, T.P.; Hernandez, R.; Weichert, J.P.; Morris, Z.S. Developments in Combining Targeted 

Radionuclide Therapies and Immunotherapies for Cancer Treatment. Pharmaceutics 2022, 15, 128. 
5. Retif, P.; Pinel, S.; Toussaint, M.; Frochot, C.; Chouikrat, R.; Bastogne, T.; Barberi-Heyob, M. Nanoparticles for Radiation 

Therapy Enhancement: The Key Parameters. Theranostics 2015, 5, 1030–1044. 
6. Bethea, D.; Fullmer, B.; Syed, S.; Seltzer, G.; Tiano, J.; Rischko, C.; Gillespie, L.; Brown, D.; Gasparro, F.P. Psoralen photobiology 

and photochemotherapy: 50 years of science and medicine. J. Dermatol. Sci. 1999, 19, 78–88. 
7. Gasparro, F.P. Psoralen photobiology: Recent advances. Photochem. Photobiol. 1996, 63, 553–557. 
8. Schmitt, I.M.; Chimenti, S.; Gasparro, F.P. Psoralen-protein photochemistry--a forgotten field. J. Photochem. Photobiol. B 1995, 27, 

101–107. 
9. Kamkaew, A.; Cheng, L.; Goel, S.; Valdovinos, H.F.; Barnhart, T.E.; Liu, Z.; Cai, W. Cerenkov Radiation Induced Photodynamic 

Therapy Using Chlorin e6-Loaded Hollow Mesoporous Silica Nanoparticles. ACS Appl. Mater. Interfaces 2016, 8, 26630–26637. 
10. Kotagiri, N.; Sudlow, G.P.; Akers, W.J.; Achilefu, S. Breaking the depth dependency of phototherapy with Cerenkov radiation 

and low-radiance-responsive nanophotosensitizers. Nat. Nanotechnol. 2015, 10, 370–379. 
11. Pham, T.C.; Nguyen, V.N.; Choi, Y.; Lee, S.; Yoon, J. Recent Strategies to Develop Innovative Photosensitizers for Enhanced 

Photodynamic Therapy. Chem. Rev. 2021, 121, 13454–13619. 
12. Glaser, A.K.; Zhang, R.; Gladstone, D.J.; Pogue, B.W. Optical dosimetry of radiotherapy beams using Cherenkov radiation: The 

relationship between light emission and dose. Phys. Med. Biol. 2014, 59, 3789–3811. 
13. Bianfei, S.; Fang, L.; Zhongzheng, X.; Yuanyuan, Z.; Tian, Y.; Tao, H.; Jiachun, M.; Xiran, W.; Siting, Y.; Lei, L. Application of 

Cherenkov radiation in tumor imaging and treatment. Future Oncol. 2022, 18, 3101–3118. 
14. Olde Heuvel, J.; de Wit-van der Veen, B.J.; van der Poel, H.G.; Bekers, E.M.; Grootendorst, M.R.; Vyas, K.N.; Slump, C.H.; 

Stokkel, M.P.M. (68)Ga-PSMA Cerenkov luminescence imaging in primary prostate cancer: First-in-man series. Eur. J. Nucl. 
Med. Mol. Imaging 2020, 47, 2624–2632. 

15. Tamura, R.; Pratt, E.C.; Grimm, J. Innovations in Nuclear Imaging Instrumentation: Cerenkov Imaging. Semin. Nucl. Med. 2018, 
48, 359–366. 

16. Zhang, P.; Wu, M.X. A clinical review of phototherapy for psoriasis. Lasers Med. Sci. 2018, 33, 173–180. 



Pharmaceutics 2024, 16, 534 17 of 19 
 

 

17. Glaser, A.K.; Zhang, R.X.; Andreozzi, J.M.; Gladstone, D.J.; Pogue, B.W. Cherenkov radiation fluence estimates in tissue for 
molecular imaging and therapy applications. Phys. Med. Biol. 2015, 60, 6701–6718. 

18. Rangan, S.R. A new human cell line (FaDu) from a hypopharyngeal carcinoma. Cancer 1972, 29, 117–121. 
19. Eicheler, W.; Zips, D.; Dorfler, A.; Grenman, R.; Baumann, M. Splicing mutations in TP53 in human squamous cell carcinoma 

lines influence immunohistochemical detection. J. Histochem. Cytochem. 2002, 50, 197–204. 
20. Hart, I.R. The selection and characterization of an invasive variant of the B16 melanoma. Am. J. Pathol. 1979, 97, 587–600. 
21. Pulaski, B.A.; Ostrand-Rosenberg, S. Mouse 4T1 breast tumor model. Curr. Protoc. Immunol. 2001, 20, 39. 
22. Scott, B.R.; Pathak, M.A.; Mohn, G.R. Molecular and genetic basis of furocoumarin reactions. Mutat. Res. 1976, 39, 29–74. 
23. Nakao, J.; Mikame, Y.; Eshima, H.; Yamamoto, T.; Dohno, C.; Wada, T.; Yamayoshi, A. Unique Crosslinking Properties of 

Psoralen-Conjugated Oligonucleotides Developed by Novel Psoralen N-Hydroxysuccinimide Esters. Chembiochem 2023, 24, 
e202200789. 

24. Psoralen. Merck Home Page. Available online: https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/struc-
tures/553/081/5e84bf00-4854-464f-a870-9329086b8777/640/5e84bf00-4854-464f-a870-9329086b8777.png (accessed on 6 April 
2024). 

25. Trioxsalen. MedChemExpress Home Page. Available on: https://file.medchemexpress.com/product_pic/hy-b1157.gif (accessed 
on 6 April 2024). 

26. Cipriani, C.; Desantis, M.; Dahlhoff, G.; Brown, S.D., 3rd; Wendler, T.; Olmeda, M.; Pietsch, G.; Eberlein, B. Personalized 
irradiation therapy for NMSC by rhenium-188 skin cancer therapy: A long-term retrospective study. J. Dermatolog Treat. 2022, 
33, 969–975. 

27. Gill, R.K.; Mitchell, G.S.; Cherry, S.R. Computed Cerenkov luminescence yields for radionuclides used in biology and medicine. 
Phys. Med. Biol. 2015, 60, 4263–4280. 

28. Franken, N.A.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1, 2315–
2319. 

29. Yukihara, E.G.; McKeever, S.W. Optically stimulated luminescence (OSL) dosimetry in medicine. Phys. Med. Biol. 2008, 53, R351–
R379. 

30. Kharroubi Lakouas, D.; Huglo, D.; Mordon, S.; Vermandel, M. Nuclear medicine for photodynamic therapy in cancer: Planning, 
monitoring and nuclear PDT. Photodiagnosis Photodyn. Ther. 2017, 18, 236–243. 

31. Hartl, B.A.; Ma, H.S.W.; Hansen, K.S.; Perks, J.; Kent, M.S.; Fragoso, R.C.; Marcu, L. The effect of radiation dose on the onset 
and progression of radiation-induced brain necrosis in the rat model. Int. J. Radiat. Biol. 2017, 93, 676–682. 

32. Kotagiri, N.; Cooper, M.L.; Rettig, M.; Egbulefu, C.; Prior, J.; Cui, G.; Karmakar, P.; Zhou, M.; Yang, X.; Sudlow, G.; et al. 
Radionuclides transform chemotherapeutics into phototherapeutics for precise treatment of disseminated cancer. Nat. Commun. 
2018, 9, 275. 

33. Kotzerke, J.; Runge, R.; Gotze, P.; Wunderlich, G.; Enghardt, W.; Freudenberg, R. [Radio- and photosensitization of plasmid 
DNA by DNA binding ligand propidium iodide: Investigation of Auger electron induction and detection of Cherenkov-
emission]. Nuklearmedizin. Nuclear medicine 2019, 58, 319–327. 

34. Pratx, G.; Kapp, D.S. Is Cherenkov luminescence bright enough for photodynamic therapy? Nat. Nanotechnol. 2018, 13, 354. 
35. Pratx, G.; Kapp, D.S. In Regard to Yoon et al: Cherenkov-Activated Phototherapy. Int. J. Radiat. Oncol. Biol. Phys. 2018, 101, 494–

495. 
36. Ashwood-Smith, M.J.; Grant, E. Conversion of psoralen DNA monoadducts in E. coli to interstrand DNA cross links by near 

UV light (320-360 nm): Inability of angelicin to form cross links, in vivo. Experientia 1977, 33, 384–386. 
37. Chen, J.X.; Kagan, J. Sites of preferred interaction between double-stranded pBR322 DNA and 7-methylpyrido[3,4-c]psoralen. 

J. Photochem. Photobiol. B 1997, 39, 56–62. 
38. Cimino, G.D.; Gamper, H.B.; Isaacs, S.T.; Hearst, J.E. Psoralens as photoactive probes of nucleic acid structure and function: 

Organic chemistry, photochemistry, and biochemistry. Annu. Rev. Biochem. 1985, 54, 1151–1193. 
39. Hübinger, L.; Runge, R.; Rosenberg, T.; Freudenberg, R.; Kotzerke, J.; Brogsitter, C. Psoralen as a Photosensitizers for 

Photodynamic Therapy by Means of In Vitro Cherenkov Light. Int. J. Mol. Sci. 2022, 23, 15233. 
40. Xia, W.; Gooden, D.; Liu, L.; Zhao, S.; Soderblom, E.J.; Toone, E.J.; Beyer, W.F., Jr.; Walder, H.; Spector, N.L. Photo-activated 

psoralen binds the ErbB2 catalytic kinase domain, blocking ErbB2 signaling and triggering tumor cell apoptosis. PLoS ONE 
2014, 9, e88983. 

41. Yoakum, G.H.; Cole, R.S. Cross-linking and relaxation of supercoiled DNA by psoralen and light. Biochim. Biophys. Acta 1978, 
521, 529–546. 

42. Axelsson, J.; Davis, S.C.; Gladstone, D.J.; Pogue, B.W. Cerenkov emission induced by external beam radiation stimulates 
molecular fluorescence. Med. Phys. 2011, 38, 4127–4132. 

43. Clement, S.; Chen, W.; Deng, W.; Goldys, E.M. X-ray radiation-induced and targeted photodynamic therapy with folic acid-
conjugated biodegradable nanoconstructs. Int. J. Nanomed. 2018, 13, 3553–3570. 

44. Jain, S.; Yoon, S.W.; Zhang, X.; Adamson, J.; Floyd, S.; Oldham, M. Evaluation of UVA emission from x-ray megavoltage-
irradiated tissues and phantoms. Phys. Med. Biol. 2019, 64, 225017. 

45. Scaffidi, J.P.; Gregas, M.K.; Lauly, B.; Zhang, Y.; Vo-Dinh, T. Activity of psoralen-functionalized nanoscintillators against cancer 
cells upon X-ray excitation. ACS Nano 2011, 5, 4679–4687. 



Pharmaceutics 2024, 16, 534 18 of 19 
 

 

46. Alekseev, B.; Tarasenko, V.; Baksht, E.; Potylitsyn, A.; Burachenko, A.; Shevelev, M.; Uglov, S.; Vukolov, A. The Yield of 
Cherenkov and Scintillation Radiation Generated by the 2.7 MeV Electron Beam in Plate PMMA Samples. Micro 2022, 2, 663–
669. 

47. Beddar, A.S.; Mackie, T.R.; Attix, F.H. Water-equivalent plastic scintillation detectors for high-energy beam dosimetry: II. 
Properties and measurements. Phys. Med. Biol. 1992, 37, 1901–1913. 

48. Lee, B.; Shin, S.H.; Yoo, W.J.; Jang, K.W. Measurement of therapeutic photon beams-induced Cerenkov radiation generated in 
PMMA- and PS-based plastic optical fibers. Opt. Rev. 2016, 23, 806–810. 

49. Yamamoto, S. Luminescence Imaging of Water During Irradiation of Beta Particles With Energy Lower Than Cerenkov-Light 
Threshold. IEEE Trans. Radiat. Plasma Med. Sci. 2017, 1, 329–333. 

50. Aekrungrueangkit, C.; Wangngae, S.; Kamkaew, A.; Ardkhean, R.; Thongnest, S.; Boonsombat, J.; Ruchirawat, S.; 
Khotavivattana, T. Novel psoralen derivatives as anti-breast cancer agents and their light-activated cytotoxicity against HER2 
positive breast cancer cells. Sci. Rep. 2022, 12, 13487. 

51. Doppalapudi, S.; Mahira, S.; Khan, W. Development and in vitro assessment of psoralen and resveratrol co-loaded 
ultradeformable liposomes for the treatment of vitiligo. J. Photochem. Photobiol. B 2017, 174, 44–57. 

52. Bertling, J. Spektroskopische Aufklärung der Photoaddition von Psoralen an DNA [Inaugural]; Heinrich-Heine-Universität: Düsseldorf, 
Germany, 2022. 

53. Laffers, W.; Busse, A.C.; Mahrt, J.; Nguyen, P.; Gerstner, A.O.; Bootz, F.; Wessels, J.T. Photosensitizing effects of hypericin on 
head neck squamous cell carcinoma in vitro. Eur. Arch. Otorhinolaryngol. 2015, 272, 711–718. 

54. Mudambi, S.; Fitzgerald, M.; Pera, P.; Washington, D.; Chamberlain, S.; Fidrus, E.; Hegedus, C.; Remenyik, E.; Shafirstein, G.; 
Bellnier, D.; et al. KDM1A inhibition increases UVA toxicity and enhances photodynamic therapy efficacy. Photodermatol. 
Photoimmunol. Photomed. 2023, 39, 226–234. 

55. Chen, Y.A.; Li, J.J.; Lin, S.L.; Lu, C.H.; Chiu, S.J.; Jeng, F.S.; Chang, C.W.; Yang, B.H.; Chang, M.C.; Ke, C.C.; et al. Effect of 
Cerenkov Radiation-Induced Photodynamic Therapy with (18)F-FDG in an Intraperitoneal Xenograft Mouse Model of Ovarian 
Cancer. Int. J. Mol. Sci. 2021, 22, 4934. 

56. Quintos-Meneses, H.A.; Aranda-Lara, L.; Morales-Avila, E.; Torres-Garcia, E.; Camacho-Lopez, M.A.; Sanchez-Holguin, M.; 
Luna-Gutierrez, M.A.; Ramirez-Duran, N.; Isaac-Olive, K. In vitro irradiation of doxorubicin with (18)F-FDG Cerenkov 
radiation and its potential application as a theragnostic system. J. Photochem. Photobiol. B 2020, 210, 111961. 

57. Guo, R.; Jiang, D.; Gai, Y.; Qian, R.; Zhu, Z.; Gao, Y.; Jing, B.; Yang, B.; Lan, X.; An, R. Chlorin e6-loaded goat milk-derived 
extracellular vesicles for Cerenkov luminescence-induced photodynamic therapy. Eur. J. Nucl. Med. Mol. Imaging 2023, 50, 508–
524. 

58. Krebs, M.; Dobber, A.; Rodat, T.; Lutzen, U.; Zhao, Y.; Zuhayra, M.; Peifer, C. Photopharmacological Applications for Cherenkov 
Radiation Generated by Clinically Used Radionuclides. Int. J. Mol. Sci. 2021, 22, 9010. 

59. Li, X.; Hsu, J.C.; Son, M.H.; Ha, L.N.; Cai, W. Cancer photodynamic therapy with chlorin e6-loaded, goat milk-derived 
extracellular vesicles: [(18)F]FDG lights up the way. Eur. J. Nucl. Med. Mol. Imaging 2023, 50, 247–250. 

60. Schneller, P.; Collet, C.; Been, Q.; Rocchi, P.; Lux, F.; Tillement, O.; Barberi-Heyob, M.; Schohn, H.; Daouk, J. Added Value of 
Scintillating Element in Cerenkov-Induced Photodynamic Therapy. Pharmaceuticals 2023, 16, 143. 

61. Jarvis, L.A.; Hachadorian, R.L.; Jermyn, M.; Bruza, P.; Alexander, D.A.; Tendler, I.I.; Williams, B.B.; Gladstone, D.J.; Schaner, 
P.E.; Zaki, B.I.; Pogue, B.W. Initial Clinical Experience of Cherenkov Imaging in External Beam Radiation Therapy Identifies 
Opportunities to Improve Treatment Delivery. Int. J. Radiat. Oncol. Biol. Phys. 2021, 109, 1627–1637. 

62. Mc Larney, B.E.; Zhang, Q.; Pratt, E.C.; Skubal, M.; Isaac, E.; Hsu, H.T.; Ogirala, A.; Grimm, J. Detection of Shortwave-Infrared 
Cerenkov Luminescence from Medical Isotopes. J. Nucl. Med. 2023, 64, 177–182. 

63. Lewis, D.Y.; Mair, R.; Wright, A.; Allinson, K.; Lyons, S.K.; Booth, T.; Jones, J.; Bielik, R.; Soloviev, D.; Brindle, K.M. 
[(18)F]fluoroethyltyrosine-induced Cerenkov Luminescence Improves Image-Guided Surgical Resection of Glioma. Theranostics 
2018, 8, 3991–4002. 

64. Pratt, E.C.; Skubal, M.; Mc Larney, B.; Causa-Andrieu, P.; Das, S.; Sawan, P.; Araji, A.; Riedl, C.; Vyas, K.; Tuch, D.; et al. 
Prospective testing of clinical Cerenkov luminescence imaging against standard-of-care nuclear imaging for tumour location. 
Nat. Biomed. Eng. 2022, 6, 559–568. 

65. Zhang, Z.; Qu, Y.; Cao, Y.; Shi, X.; Guo, H.; Zhang, X.; Zheng, S.; Liu, H.; Hu, Z.; Tian, J. A novel in vivo Cerenkov luminescence 
image-guided surgery on primary and metastatic colorectal cancer. J. Biophotonics 2020, 13, e201960152. 

66. Ashraf, M.R.; Rahman, M.; Zhang, R.; Cao, X.; Williams, B.B.; Hoopes, P.J.; Gladstone, D.J.; Pogue, B.W.; Bruza, P. Technical 
Note: Single-pulse beam characterization for FLASH-RT using optical imaging in a water tank. Med. Phys. 2021, 48, 2673–2681. 

67. Derks, Y.H.W.; Schilham, M.G.M.; Rijpkema, M.; Smeets, E.M.M.; Amatdjais-Groenen, H.I.V.; Kip, A.; van Lith, S.A.M.; van de 
Kamp, J.; Sedelaar, J.P.M.; Somford, D.M.; et al. Imaging and photodynamic therapy of prostate cancer using a theranostic 
PSMA-targeting ligand. Eur. J. Nucl. Med. Mol. Imaging 2023, 50, 2872–2884. 

68. Derks, Y.H.W.; van Lith, S.A.M.; Amatdjais-Groenen, H.I.V.; Wouters, L.W.M.; Kip, A.; Franssen, G.M.; Laverman, P.; Lowik, 
D.; Heskamp, S.; Rijpkema, M. Theranostic PSMA ligands with optimized backbones for intraoperative multimodal imaging 
and photodynamic therapy of prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2022, 49, 2425–2435. 

69. Gallaga-Gonzalez, U.; Morales-Avila, E.; Torres-Garcia, E.; Estrada, J.A.; Diaz-Sanchez, L.E.; Izquierdo, G.; Aranda-Lara, L.; 
Isaac-Olive, K. Photoactivation of Chemotherapeutic Agents with Cerenkov Radiation for Chemo-Photodynamic Therapy. ACS 
Omega 2022, 7, 23591–23604. 



Pharmaceutics 2024, 16, 534 19 of 19 
 

 

70. Zhu, S.; Li, K.; Qin, S.; Lin, J.; Qiu, L. Cerenkov radiation induced chemo-photodynamic therapy using ROS-responsive agent. 
J. Photochem. Photobiol. A Chem. 2023, 22, 4934. 

71. Clement, S.; Anwer, A.G.; Pires, L.; Campbell, J.; Wilson, B.C.; Goldys, E.M. Radiodynamic Therapy Using TAT Peptide-Targeted 
Verteporfin-Encapsulated PLGA Nanoparticles. Int. J. Mol. Sci. 2021, 22, 6425. 

72. Boschi, F.; Spinelli, A.E. Nanoparticles for Cerenkov and Radioluminescent Light Enhancement for Imaging and Radiotherapy. 
Nanomaterials 2020, 10, 1771. 

73. Squillante, M.R.; Justel, T.; Anderson, R.R.; Brecher, C.; Chartier, D.; Christian, J.F.; Cicchetti, N.; Espinoza, S.; McAdams, D.R.; 
Muller, M.; et al. Fabrication and characterization of UV-emitting nanoparticles as novel radiation sensitizers targeting hypoxic 
tumor cells. Opt. Mater. 2018, 80, 197–202. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


