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Abstract: Photodynamic therapy (PDT) is a promising therapeutic strategy for cancers where surgery
and radiotherapy cannot be effective. PDT relies on the photoactivation of photosensitizers, most of
the time by lasers to produced reactive oxygen species and notably singlet oxygen. The major
drawback of this strategy is the weak light penetration in the tissues. To overcome this issue,
recent studies proposed to generate visible light in situ with radioactive isotopes emitting charged
particles able to produce Cerenkov radiation. In vitro and preclinical results are appealing, but the
existence of a true, lethal phototherapeutic effect is still controversial. In this article, we have reviewed
previous original works dealing with Cerenkov-induced PDT (CR-PDT). Moreover, we propose a
simple analytical equation resolution to demonstrate that Cerenkov light can potentially generate a
photo-therapeutic effect, although most of the Cerenkov photons are emitted in the UV-B and UV-C
domains. We suggest that CR-PDT and direct UV-tissue interaction act synergistically to yield the
therapeutic effect observed in the literature. Moreover, adding a nanoscintillator in the photosensitizer
vicinity would increase the PDT efficacy, as it will convert Cerenkov UV photons to light absorbed by
the photosensitizer.
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1. Introduction

Photodynamic therapy (PDT) uses specific molecules, namely photosensitizing agents, photo-agents
or photosensitizers (PS), along with light illumination, in the presence of oxygen, to kill cancer
cells, ultimately leading to tumor eradication. PDT is also known as photoradiation therapy or
photochemotherapy. PDT involves the presence of PS, light and endogenous molecular oxygen (3O2) to
generate photochemical reactions. Over the past few decades, diverse synthesized PS activation by
visible and near-infrared (NIR) light has been widely investigated [1]. The mechanism of PDT is based
on type I and II photo-oxidation reactions. At a specific excitation wavelength (light photon absorption),
the PS produces ROS causing oxidative cell damage which is highly dependent on the 3O2 content
within the tissue [2].

Unfortunately, due to shallow visible light penetration depth into tissues, the photodynamic
therapeutic strategy currently has largely been restricted to the treatment of surface localized tumors.
Additional invasive strategies, i.e., interstitial PDT, through optical fibers are currently used for getting
the visible light into the intended deep-seated targets [3,4]. Indeed, compared to ionizing-radiations,
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the light could not penetrate deeply because most tissue chromophores absorb in the range of the visible
light spectrum commonly used in clinical practice. Moreover, the optimization of PDT modalities must
consider numerous phenomena, regarding one or several main factors (photosensitizer, light, oxygen)
involved in the treatment efficacy. A specific dosimetry remains challenging owing to their nonlinear
interactions. Light penetration in the target tissue depends on its specific optical properties. If the
tissue is hypoxic or becomes hypoxic because of the PDT treatment which consumes 3O2, the yield of
singlet oxygen 1O2 will be lower than expected. Furthermore, making things tricky, PS concentration,
light penetration and tissue oxygenation can vary during treatments and one parameter can influence
the others.

To knock down the biotechnological barriers limiting the effectiveness of radiotherapy (i.e., curative
X-ray dose to the tumor tissue without increasing it in the healthy adjoining tissue) and PDT
(low penetration of the light), it has been proposed to use a bimodal therapy using biocompatible
high-Z nanoparticles (NPs). This concept could combine both radiotherapy and PDT strategies,
two clinical proven modalities, while maintaining the main benefits of each therapeutic strategy.
Only PDT can generate 1O2, but unfortunately, the low penetration of light remains a limiting factor.
To treat deep lesions without an invasive approach, X-ray could be used as an excitation source
instead of normal light. This therapeutic approach is known as X-ray-induced PDT (X-PDT) [5–9].
The light penetration limitation in the tumor tissue will be overcome and PS activation within the
tumor cells will be performed by radiotherapy. This methodology requires a material composition
exhibiting appropriate physical properties: high density for a good ionizing radiation interaction,
high scintillation quantum yield and efficient energy transfer toward the PS as well as a biocompatibility
and adapted in vivo bio-distribution. However, most of the X-PDT studies were mainly obtained with
cancer cell lines or animal models bearing subcutaneous grafted cancer cells, limiting therefore clinical
relevance [10]. The potential toxicity of nanoscintillators, in fact, mostly relies on nanoparticles stability,
which can be enhanced by an inorganic shell among other things. As an example, AGuIX-designed
nanoplatforms which originally chelate gadolinium have been assessed in phase I and phase II clinical
trials without evidence of any toxicity [11,12]. AGuIX nanoparticle being a chelator, Gd3+ cations can
be easily replaced by another 3+ lanthanide.

Recently, another therapeutic strategy has been proposed, direct PS activation through Cerenkov
radiation, referred as Cerenkov-induced PDT (CR-PDT) [13,14]. Ran et al., in their proof-of principle
article, postulated that such a treatment could be a synergy between the radiotherapeutic and
phototherapeutic effect, the latter involving solely PSs activation [15]. However, despite the various
recent studies demonstrating a real benefit in terms of tumor growth decrease, there is still a debate
about the presence of a cytotoxic phototherapeutic effect [16]. Indeed, the number of photons absorbed
by the PS being lower than those involved in PDT, the amount of 1O2 produced is dramatically low.

In this article, we review the recent results obtained by researchers dealing with CR-PDT.
Then, we propose an analytical assessment of 1O2 production for the most used PS (photofrin) and
radioisotopes used in nuclear medicine to determine whether Cerenkov radiation could produce a true
phototherapeutic effect or not.

2. Cerenkov Light

Cerenkov light is a luminescence signal produced by charged particles. Two conditions must
be present to enable such an effect: the medium must be dielectric and the charged particle must
travel faster than the phase velocity of light in that medium. Cerenkov photons are produced by
successive polarization/depolarization of the medium along the particle path, yielding constructive
interferences [17]. To make it clearer, Cerenkov radiation can be compared with sound barrier crossing,
but for light.

The Cerenkov photon yield can be computed with the Frank–Tamm formula [18]:



Radiation 2021, 1 7

dN
dx

= 2πα(1−
1

n2β2 )

∫ λ2

λ1

1
λ2 dλ, (1)

where dN/dx is the number of photons emitted per step length; n is the refractive index of the considered
medium; α is a time constant defined as 1/137; and β is the ratio between the actual particle velocity
and light speed in vacuum. Only particles, where βn > 1, will be able to produce Cerenkov light. β is
directly related to the particle energy following the formula:
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Thus, to allow Cerenkov radiation, the initial particle’s energy must be:

E > mc2
(

1
√

1− n−2
− 1

)
(3)

In biological tissues, where the refractive index is considered around 1.4, this energy threshold
is around 250 keV. This threshold is much lower than most of the radionuclides emitting β+ or
β− particles.

The Cerenkov spectrum is a continuous spectrum from UV to infra-red light where the number of
photons per wavelength is proportional to 1/λ2. Cerenkov photons are not emitted isotropically from
the particle, but within a cone aligned with the direction of the travelling particle. The cone aperture of
the distribution (Figure 1) is related to the particle velocity as

cosθ =
1

nβ
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Figure 1. Illustration of Cerenkov effect in a dielectric medium. A charged particle is emitted from the
radioactive focus. Its velocity in the medium is higher than light in that medium yielding Cerenkov
light production in a cone. The cone orientation is colinear to particle trajectory and its aperture is
defined by particle velocity. As the particle is faster than light, Cerenkov photons appear behind it.

Gill et al. highlighted the luminescence yield of several isotopes commonly used in nuclear
medicine and biology [19]. They used simulations (including the true resolution of Franck–Tamm
formula at each length step) to determine the quantity and spatial distribution of Cerenkov light for
each assessed element. Moreover, they validated their simulation kernel by true experiments for five
radionuclides covering energies from 0.611 up to 2.3 MeV. Table 1 summarizes the photon yield of
the most common radionuclides used in nuclear medicine and Figure 2 presents the corresponding
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Cerenkov spectra for the same isotopes. It is noteworthy that most of them are dedicated to positron
emission tomography. Monte Carlo simulations assessed the spatial distribution of Cerenkov photons
in biological medium. Mitchell et al. computed the volume where the charged particles energy was
still higher than the Cerenkov threshold, allowing for the conclusion that many β emitters produced
Cerenkov light in a 2 mm-diameter sphere [18].

Table 1. Cerenkov photon yield for main nuclear medicine elements. Data extracted from [16].

Element Z Halflife Main Emission Type Photon Yield Emax (MeV) Emean (Mev)
11C 6 20.4 min b+ 6.87 0.970 0.390
18F 9 110 min b+ 1.32 0.63 0.252

68Ga 31 67.7 min b+ 33.9 1.92 0.844
82Rb 37 1.27 min b+ 80.8 3.378 1.551
89Zr 40 78.4 h b+ 2.29 0.909 0.396
90Y 39 64.1 h b− 47.3 2.28 0.935
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Figure 2. Cerenkov spectrum for 18F, 68Ga and 89Zr decay in biological medium. Spectra were defined
between 100 and 650 nm. To ease reading, number of photons are expressed relatively to 18F at 100 nm.

3. Photosensitizer (PS) Activation Mechanisms

PS are molecules able to absorb visible light to reach an excited singlet state. Then, return to
the ground state is possible following three ways: (i) non radiative deactivation, (ii) emission of a
fluorescence photon, whose wavelength is higher than the absorbed photon, or (iii) formation of a
triplet state. The triplet excited PS can also decay back to the ground state by non radiative deactivation
or emitting phosphorescence, but most importantly it can interact directly with surrounding biological
substrates: The photo oxidative reactions, namely type I reactions, lead to an electron or proton
transfer to generate radicals such as superoxide, hydroxyl or hydrogen peroxide as a consequence
of dismutation of superoxide. Alternatively, the energy of the excited PS can be directly transferred
to 3O2 (itself as a triplet in the ground state) to form 1O2, corresponding to type II reaction [20]. It is
worth nothing that both type I and type II reactions occur simultaneously, and the ratio between these
processes is affected by the nature of the PS, as well as by the concentration of endogenous 3O2 and
near/adjacent biomolecules targets. However, the production of 1O2 plays a dominant role in in vivo
PDT efficiency with most of the PS used for clinical applications. The reactivity of 1O2, through the
formation of endoperoxide derivatives, with unsaturated fatty acids within membranes, cyclic amino
acyl residues within protein (Histidine, Tryptophane, or Methionine), and nucleic acids (Guanosine),
is the main characteristic of the photodynamic effect [21–24].

The most popular PSs used in practice are porphyrins and their derivatives. These PS present a
high intensity Soret band around 400 nm and from 2 to 4 Q-bands of lower intensity up to 630 nm.
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Soret band excitation is much more efficient than Q-band excitation However, UV/blue light does
not penetrate deeply into tissue and red light is often used to overcome this issue. As stated before,
Cerenkov radiation produce a continuous spectrum from 100 up to 650 nm following a monotonous
1/λ2 decay. Cerenkov radiation involves more UV/blue than red photons. Considering the Frank–Tamm
formula, Cerenkov light should produce an infinite spectrum. In fact, high and low wavelength cut-offs
can be defined: for long wavelengths (above 650~700 nm) due to medium self-absorption and for
wavelengths approaching the X-ray domain (i.e., below 100 nm) [25]. However, these limitations
do not interfere with the ability to activate a PS since their Soret band is classically located around
400–500 nm.

4. Cerenkov-Induced PDT Main Results

Original studies providing detailed methods and results can be separated into in vitro and in vivo
works. Collectively, it has been always reported that cancer cell death is increased when PS and β

emitters are associated in the same treatment protocol. A dose-dependent effect of radioactivity and PS
concentrations is observed. Obviously, close co-localization of both radio-emitters and PS is required
to induce an efficient therapeutic effect [26–31]. In addition, after cellular uptake, intracellular PS level
is related to a significant greatest part/ratio of Cerenkov radiation [30]. However, the photodynamic
effect was not observed for all the assessed cell lines. Nakamura et al. postulated that such differences
could be attributed to variable radiotracer accumulation [31]. Moreover, the sensitivity to the ionizing
radiations and Cerenkov light differs according to the tested cell lines. Such a direct effect leads to the
decrease of the participation of CR-PDT cytotoxicity to the overall therapeutic effect. The effect of the
chosen isotope has been partly evaluated by Duan et al. Even though 18F-FDG was six times more
incorporated in cells than 68Ga-BSA, the total amount of Cerenkov photons was still higher for the latter
tracer and the phototherapeutic effects were higher as well [29]. These results are consistent with the
greater 68Ga Cerenkov yield as compared to 18F yield (33.90 vs. 1.32 photons/decay/ mm respectively).

As a consequence of the use of radionuclides, γ-H2AX expression was studied as a marker
of DNA strand break in genotoxic stress conditions γ-H2AX is a variant sequence of histone H2A,
the expression of which is often increased following a DNA strand break, and the protein localizes as
foci within the nuclei. γ-H2AX plays therefore a major role in response to DNA damage and during
the initial step of the DNA repair mechanism [32]. Recently, the protein levels were found to be
enhanced in breast cancer cells after cell exposure to PSs and radionuclides [27,29]. This observed
increase could not be attributed solely to cell damage induced by the ionizing nature of β emitters.
Indeed, Duan et al. demonstrated that cell exposure to 400 µCi of 68Ga or 18F alone was not associated
with any γ-H2AX nuclei focus. The same trend has been observed by Kotagiri et al. when they
pointed out DNA damage in numerous fibroblasts (i.e., γ-H2AX-induces foci), when combining PS
and 18F-FDG in the treatment protocol [26]. These results are consistent with the previous PDT studies
which demonstrated also DNA alteration while cells did not undergo cell death [33,34]. Nevertheless,
γ-H2AX foci were not observed in all conditions. Duan et al. reported γ-H2AX levels increase only
when the PS was associated with 68Ga but not with 18F [29]. Similar results, such as DNA repair
activation, were obtained with89Zr [35], in agreement with the Cerenkov photon yield of each isotope
(33.90 vs. 2.29 for 68Ga and 89Zr, respectively). Therefore, the PDT efficacy would not be similar
considering the same radioactive deposit and PS concentration. The number of observed γ-H2AX foci
may probably be due to a cumulative effect from initial kinetic energy released by the isotope decay
and PS activation. Indeed, cell exposure to 89Zr isotope alone induced only a few foci compared to the
treatment of both 89Zr isotope and a PS [35]. Considering the 1/λ2 Cerenkov spectrum, nearly all of the
produced photons are in the UV-C domain, which corresponds to the absorption area for nucleic acids
(DNA and RNA) supporting the concept that Cerenkov radiation alters DNA and RNA integrity but
also proteins present in the absorption range of this radiation domain. The UV-C effect is enhanced
when introducing silver NPs as demonstrated by Efthekari et al. [36]. They found a significant increase
of the γ H2AX RNA levels when cells were exposed to silver NPs and UV-C compared to cells exposed
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to UV-C alone. Then, they suggested a synergistic effect of UV-C and Ag NPs in altering DNA and then
increasing γ H2AX expression. At least, a great γ-H2AX expression was associated with the generation
of ROS during 89Zr-induced oxidative stress [28]. The increase of ROS levels was only observed within
the cells incubated with NPs bearing both the PS and the 89Zr radioisotope.

In vivo assessments seem to confirm Cerenkov efficacy. Indeed, tumor progression decreased
when the PS treatment was associated with isotopes. Kotagiri et al. used a HT1080 tumor model in
mice. A complete tumor regression within 30 days was observed when exposing the tumor to 64Cu
and TiO2 [26]. The results were all the more impressive as the tumor represented a viable hypoxic
tumor model. These findings supported the concept that Cerenkov light could induce a cytotoxic
phototherapeutic effect, even in a hypoxic environment. The same trend was observed with other
cell lines and PS/isotope couples. As an example, the impact of a Porphyrin/89Zr association on
tumor development was evaluated in a mouse breast cancer model, in breast cancer cells grafted in
mice. Ni et al. performed serial imaging using Cerenkov luminescence and found that the synthesized
NPs remained in tumors for several days, allowing a long term PS illumination, gradual singlet oxygen
production and the decrease of the tumor development, when 89Zr was embedded with porphyrin
into the same nanostructure [28]. Moreover, the same group highlighted an additional antiangiogenic
effect [35]. Similar to the in vitro studies, the charged particle energy is a crucial point for treatment
efficacy. Using TiO2 NPs, tumor regression has been reported to be higher with 68Ga decay rather
than 18F, despite a lower cell uptake [29]. Therefore, the co-injection of 68Ga and custom TiO2 NPs
significantly inhibited tumor growth in grafted cells in a heterotopic site as compared to tumor growth
in animals in the control group.

Thus, considering these various studies, Cerenkov radiation-mediated PS activation appears to
be an effective phototherapeutic strategy to overcome low light penetration in tissue. Another great
advantage of CR-PDT is the fact that it allows the treatment of disseminated tumors, whereas PDT or
X-PDT are limited to one or a few masses due to the need of an external device [37].

Nevertheless, despite these encouraging results, there is still debate about the existence of a real
phototherapeutic effect through CR-PDT [16]. To support this assertion, the authors estimated the
number of hydroxyl radicals produced by a 18F decay. In fact, for a positron emitted at 250 keV energy,
6800 molecules are produced through water radiolysis. Due to the TiO2 bond, energy was too high
to produce more than a few more radicals. To explain these exciting results, it has been postulated
that positron could directly interact with photosensitizers, like other photocatalysts, to induce water
radiolysis and then hydroxyl radicals, among other phenomena [16]. However, considering PDT
efficacy through hydroxyl radical quantitation boils down to considering this therapeutic strategy like
a “soft radiotherapy”. The PDT effect is mainly due to 1O2 production involved in type II reaction and
should not be assessed through other produced ROS.

5. Singlet Oxygen Production Estimation

1O2 is generated at the site of the parent PS molecule. Due to the short diffusion distance
(10–100 nm), there is a higher probability that the molecule reacts with the parent PS than with the
adjacent PS molecules. Previous studies stated that the cytotoxic effect could be obtained for 3O2

concentrations around 0.5 mM, that corresponds to 2 × 108 to 2 × 109 1O2 molecules per cell to be
effective [38–40]. Thus, to assess whether Cerenkov photons could provide enough 1O2, we propose
to study, analytically, the production of 1O2 for photofrin which is, at the date of preparation of this
manuscript, the most clinically relevant PS, and most isotopes used in medicine.

The most used factor to predict PDT efficiency is the PDT dose, which can be expressed as the
product of the light power by the PS concentration. This criterion only reflects the energy absorbed
by the PS and does not consider local environment factors, such as local 3O2 concentration [41,42].
Photochemical parameters are now integrated to improve dosimetry in vitro. Recent advances have
provided also such information for in vivo preclinical models [43]. To assess the CR-PDT effect,
we used an analytic, macroscopic model of 1O2 production [44]. This model considers light diffusion,
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PDT kinetics and 3O2 supply terms. This model has been used in vivo and has been proven to be more
predictive than PDT dose or light fluence alone [45,46].

In this model, the reaction rate equations can be expressed as [45]:

d[S0]

dt
+

ξλσφ([S0] + δ)
[
3O2

][
3O2

]
+ β

[S0] = 0 (4)

d
[
3O2

]
dt

+

ξλ φ[S0][
3O2

]
+ β

[3O2

]
− g

1−

[
3O2

][
3O2

]
t=0

 = 0 (5)

d
[
1O2

]
dt

−

ξλφ[S0]
[
3O2

][
3O2

]
+ β

 = 0 (6)

where [S0] is the PS concentration; φ, the light fluence; [3O2], the triplet oxygen concentration; and [1O2],
the singlet oxygen concentration. ξλ, σ, δ, β and g are specific PS characteristics and are defined
as oxygen consumption rate at wavelength λ, photobleaching ratio, low-concentration correction
factor, oxygen quenching threshold concentration and macroscopic oxygen maximum perfusion
rate, respectively.

In PDT, the 3O2 consumption and PS photobleaching are due mainly to the high light fluence.
Thus, Equations (4) and (5) cannot be ignored. On the contrary, in CR-PDT, the total number of
photons emitted are dramatically lower than with an external laser source. In this condition, the 3O2

consumption can reasonably be considered lower than the 3O2 supply rate. Then, PS and 3O2

concentrations can be considered constant during time.
The total light energy absorbed by the PS can be expressed by considering Cerenkov light as an

external light source. Indeed, Cerenkov photons can be emitted in a sphere with a diameter up to
2 mm [18]. Thus, the Cerenkov fluence can be expressed as:

φλ =
Eλ.Nλ

4πd2 , (7)

where Eλ is the photon energy (J) for the considered wavelength, and Nλ is the number of Cerenkov
photons of the same wavelength computed by the Franck–Tamm formula in the Cerenkov light sphere
having diameter d (cm).

The energy transfer cannot be considered as a Förster resonance energy transfer (FRET)
phenomenon. Hence, we computed the energy absorbed per wavelength following the Beer–
Lambert formula:

φλ = φλ0 −φλ0.e(ε.l.c) (8)

where ε is the molar extension coefficient (M−1
·cm−1), l is the absorption length (cm) and c is the PS

concentration (M).
Introducing Equation (8) in Equation (6) results in the expression of 1O2 concentration production

per wavelength. Thus, the total 1O2 molecules produced per second and per decay can be defined as:

n1O2

dt
=

∫ λ2

λ1

ξλ
(
φλ0 −φλ0.e(ε.l.c)

)
[S0]

[
3O2

][
3O2

]
+ β

dt.NA, (9)

At last, the radioactive decay can be introduced in the latter equation to take the physical decay
into consideration.

n1O2t = At=0.
∫ λ2

λ1

ξλ
(
φλ0 −φλ0.e(ε.l.c)

)
[S0]

[
3O2

][
3O2

]
+ β

dt.NA.e(−
ln (2)

T .t) (10)



Radiation 2021, 1 12

where n1O2t is the number of 1O2 at time t, At=0 is the initial activity and T is the physical decay time of
the considered isotope.

Under these conditions, the total produced 1O2 depends directly on the initial kinetic energy of
the emitted particle and the isotope half-life time.

We applied Equation (10) with photofrin and various isotopes to assess the amount of 1O2

produced through Cerenkov activation of the PS. PS characteristics used in this study were extracted
from [45] and are summarized in Table 2.

Table 2. Photofrin photodynamic therapy (PDT) parameters used in the macroscopic PDT kinetic
equations. Parameters taken from [42].

Parameter Definition Value

x (cm2
·s−1;mW−1) (630 nm) Specific oxygen consumption rate 3.7 × 10−3

[3O1] (µM) Triplet oxygen concentration 40
b (µM) Oxygen quenching threshold concentration 11.9

[PS] (µM) PS concentration 1

Figure 3 presents the 1O2 production for the most common isotopes used in nuclear medicine
with photofrin. For these computations, we used the β particle mean energy of each isotope and a
2-mm diameter sphere. A 10 kBq activity inside this volume is a reasonable activity which can be
frequently encountered. Indeed, Kotagiri et al. estimated that a 50 mm3 tumor could accumulate more
than 1 MBq of FDG (after a 30 MBq injection). Then, a 2-mm diameter sphere represents a 5 mm3

sphere and could contain easily up to 100 kBq, depending on the radiotracer affinity [47].
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Figure 3. Dynamic singlet oxygen produced by Cerenkov photons for various isotopes. Presented
curves were computed for a 2-mm diameter sphere containing 10 kBq of isotope as well as 1 µM and
40 µM of photofrin and triplet oxygen concentrations respectively.

Despite having the greatest Cerenkov yield, 82Rb is the less effective 1O2 producer. Indeed,
its physical decay is the lowest among the isotopes (roughly 90 s). The total produced 1O2 with 10 kBq
82Rb was estimated at 2.71 × 1011 1O2 molecules. This is enough to destroy a hundred cancerous cells.
Then, classical β+ emitters used in positron emission tomography (i.e., 11C, 18F and 68Ga) can produce
from 2 × 1012 to 8.5 × 1012 1O2 molecules within two hours. 11C and 18F yield roughly the same amount
of reactive oxygen species.

The main difference between them is the dynamics of 1O2 production. 11C has a higher Cerenkov
yield than 18F, but its physical lifetime is much lower (20 vs. 112 min respectively). 68Ga can produce,
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on average, 8.5× 1012 1O2. As stated in previous studies, the effective threshold dose of 1O2 estimated for
murine breast tumor spheroids was 2 × 108 molecules per cell [40]. Similarly, a dose of 5 × 108 molecules
per cell has been reported to induce liver necrosis in living rat [39]. Considering these values, the amount
of 1O2 produced by 68Ga can destroy between 4 × 103 and 4 × 104 cancerous cells for 10 kBq associated
with 1 µM of photofrin after a 2 h exposure. The most effective emitters are 89Zr and 90Y. Both
isotopes have the longest lifetime. The amount of 1O2 produced yields the destruction of 7.6 × 103 to
7.6 × 104 cells with the same radioactive concentration as before. Collectively, our estimation supported
the concept that lifetime should be the most important factor to consider when CR-PDT is set-up.

6. Nanoscintillators Would Increase PDT Efficacy

This 1O2 production estimation only considered the direct PS activation through Cerenkov
radiation. However, an easy way to improve CR-PDT would involve using nanoscintillators in
nanoparticles. Indeed, as stated before, most of the Cerenkov light is in the UV domain and many
lanthanides (e.g., Terbium) has a strong UV absorption yielding a high luminescence. This strategy
is similar to the X-PDT approach where X-rays are used to excite nanoscintillator which, in turn,
activate PS [9]. It requires nanoparticles exhibiting appropriated physical properties to establish energy
transduction from the nanoscintillator to the PS, a high scintillation quantum yield and an optimal
energy transfer from the scintillator onto the PS [48,49]. However, one of the biggest X-PDT pitfall
is that, only a small fraction of the X-ray emitted photons will be converted into scintillations [50].
In addition, X-PDT has been studied in preclinical conditions, with X-ray energies ranging from dozen
to a few hundred keV. In a clinical context here X-ray beam is set around 6 MeV, scintillation yield is
dramatically lower since the probability of photoelectric interaction becomes minimal [38]. In these
conditions, it is of great interest to find another way to activate the entire system nanoscintillator/PS in
clinically compatible condition. In this way, b emitters are relevant not only because they can produce
Cerenkov radiation able to excite both PS and nanoscintillators; but also, for positron emitters, because
the 511 keV annihilation photons can also be converted to visible light by the scintillators to offer a
third PS activation way. Then, PS would be excited from both scintillating element and direct Cerenkov
photons (Figure 4).
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the photosensitizers (PS) and thus to produce photodynamic therapy (PDT) effect. Hence, Cerenkov
light can both excite the PS, mostly between 350–400 nm, and the Terbium, used as a scintillator, to
involve two PS activation ways.

7. Conclusions

Cerenkov light should be able to induce a PDT effect yielding cell death in tumor tissue with a
minimal local radioactive concentration. The fact the greatest part of Cerenkov photons is in the UV-C
domain means that this must be taken into consideration, when dealing with CR-PDT. Indeed, PSs
absorb the light between 400 and 650 nm (i.e., the visible domain), suggesting that most of Cerenkov
photons do not activate type II photoreactions which generate 1O2. Nevertheless, UV-B and UV-C
induce oxidative stress and DNA damage which trigger cell to cell death. An easy way to improve
CR-PDT would be the addition of nanoscintillators to convert UV photons to wavelengths absorbed
by the PS. Hence, the overall mechanism, involved in a possible synergy of direct UV and Cerenkov
photon interactions, should be detailed to fully explain the observed CR-PDT efficacy.
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Figure 4. Up: 68Ga Cerenkov spectrum overlapping Terbium absorption spectrum (between 280
and 520 nm). Terbium presents a high absorption band around 220 nm. Bottom: Terbium emission
overlapping photofrin absorption spectra. Terbium was excited with 351 nm UV source and presented
4 characteristic peaks (490, 545, 590 and 620 nm). These Terbium emission wavelengths are able
to excite the photosensitizers (PS) and thus to produce photodynamic therapy (PDT) effect. Hence,
Cerenkov light can both excite the PS, mostly between 350–400 nm, and the Terbium, used as a
scintillator, to involve two PS activation ways.

7. Conclusions

Cerenkov light should be able to induce a PDT effect yielding cell death in tumor tissue with
a minimal local radioactive concentration. The fact the greatest part of Cerenkov photons is in the
UV-C domain means that this must be taken into consideration, when dealing with CR-PDT. Indeed,
PSs absorb the light between 400 and 650 nm (i.e., the visible domain), suggesting that most of Cerenkov
photons do not activate type II photoreactions which generate 1O2. Nevertheless, UV-B and UV-C
induce oxidative stress and DNA damage which trigger cell to cell death. An easy way to improve
CR-PDT would be the addition of nanoscintillators to convert UV photons to wavelengths absorbed
by the PS. Hence, the overall mechanism, involved in a possible synergy of direct UV and Cerenkov
photon interactions, should be detailed to fully explain the observed CR-PDT efficacy.
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