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Abstract

The electromagnetic spectrum contains different frequency bands useful for medical imaging and
therapy. Short wavelengths (ionizing radiation) are commonly used for radiological and
radionuclide imaging and for cancer radiation therapy. Intermediate wavelengths (optical
radiation) are useful for more localized imaging and for photodynamic therapy. Finally, longer
wavelengths are the basis for magnetic resonance imaging and for hyperthermia treatments.
Recently, there has been a surge of interest for new biomedical methods that synergize optical and
ionizing radiation by exploiting the ability of ionizing radiation to stimulate optical emissions.
These physical phenomena, together known as radioluminescence, are being used for applications
as diverse as radionuclide imaging, radiation therapy monitoring, phototherapy, and nanoparticle-
based molecular imaging. This review provides a comprehensive treatment of the physics of
radioluminescence and includes simple analytical models to estimate the luminescence yield of
scintillators and nanoscintillators, Cerenkov radiation, air fluorescence, and biologically
endogenous radioluminescence. Examples of methods that use radioluminescence for diagnostic
or therapeutic applications are reviewed and analyzed in light of these quantitative physical models
of radioluminescence.
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1 Introduction

Radioluminescence is the production of optical photons from the interaction of ionizing
radiation with matter. It is a broad term that encompasses many phenomena caused by
different physics. These include scintillation, Cerenkov radiation, and the induction of
fluorescence, phosphorescence, and delayed/persistent luminescence by ionizing radiation.

While radiation detectors have leveraged scintillator-produced radioluminescence for
decades, most sources of radioluminescence are so weak that their potential utility in
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biomedicine has not been considered until recently. The prevalence of high sensitivity
optical cameras now permits routine imaging of faint radioluminescent signals, even within
living organisms.

Biomedical applications of radioluminescence broadly fall into two areas, depending on the
intensity and duration of the radiation exposure: imaging or therapy. Imaging applications
are feasible at low optical fluence rates while therapeutic ones necessitate high fluence rates
over greater time durations to achieve a biological effect. The purpose of this review is to
summarize the physics and applications of biomedically relevant sources of
radioluminescence, to put fourth simple quantitative models for consideration of each
phenomenon in the biomedical setting, and to speculate on their suitability for imaging and
therapy applications.

The models described in this review are intended to serve as a quantitative framework for
evaluating potential applications of radioluminescence. Due to their simplicity, they should
be considered useful for order-of-magnitude estimation. Example calculations have been
provided and different results may be obtained by changing the numerical values that have
been assumed.

2 Cerenkov luminescence

2.1

Physics

Cerenkov radiation is an optical signal induced in dielectric media by fast, charged particles.
It is a threshold effect occurring when a charged particle exceeds the phase velocity of light
in that medium. The threshold is approximately 214 keV in water and 261 keV in tissue.
Cerenkov radiation is induced by successive polarization and depolarization of the medium
along the charged particle trajectory, which gives rise to constructive interferences (Jelley
1958).

The Cerenkov photon yield is computed using the Frank-Tamm formula (Mitchell et al
2011):

A
dN 1 21
E = Zna(l - nzﬂZ)A‘l ?dﬂ, (1)

an
dx

a dielectric medium; n is the refractive index of the medium; f is the ratio of the velocity of

where —— is the number of photons emitted per fractional step length of a charged particle in

the charged particle to the vacuum speed of light; and a = 1/137 is the fine structure
constant. The emitted photons are, in practice, limited to wavelengths above 100 nm by
refractive indices that decrease with wavelength in real dielectric materials (Jelley 1958).

Cerenkov radiation possesses unique spectral, spatial, and polarization properties. Its
emission spectrum is continuous from the infrared to ultraviolet region and proportional to

1/42 (Figure 1). Cerenkov photons are emitted anisotropically from the charged particle,
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following a cone-shaped distribution aligned with the direction of the travelling particle. The
angle (0) of the Cerenkov cone is directly related to the velocity of the charged particle,

according to: cosf = #
The physics and history of Cerenkov radiation have been exhaustively covered in (Jelley
1958), and biomedical applications are summarized in recent reviews (Grimm 2015, Tanha
et al2015, Ciarrocchi and Belcari 2017). The following section considers several pre-
clinical and clinical applications, along with their current limitations.

2.2 Applications

2.2.1 Time-of-flight PET detectors—CL has been explored as a timing signal for
time-of-flight (TOF) PET detectors. CL is generated promptly in the scintillator from recoil
electrons and has lower transit time uncertainty compared to scintillation photons (Lecoq et
al2010). Proof-of-concept experiments have shown 71 ps timing resolution based on
coincidence detection of the Cerenkov signal (Korpar ef a/2011). BGO-based PET detectors
have been developed (Kwon ef 212016, Brunner and Schaart 2017). They generate both
Cerenkov and scintillation photons; the earliest arriving Cerenkov photons provide
coincidence timing while later scintillation photons are used for energy discrimination. This
hybrid detector harnesses the benefits of BGO (high stopping power, photoelectric fraction,
no background radiation, lower cost), while overcoming timing resolution limitations.

2.2.2 Cerenkov luminescence imaging—Cerenkov luminescence imaging (CLI) is
defined as optical imaging of Cerenkov radiation from radionuclides and radiotherapy
beams. CLI is a direct method of imaging radionuclides otherwise only detectable with
positron emission tomography (PET). All existing PET radionuclides and most beta-emitting
radionuclides are sufficiently energetic to induce Cerenkov radiation in biological tissue.

CLI has been most prevalent in the pre-clinical domain, owing to the limited penetration
depth of light in tissue, with planar imaging being the most common application (Robertson
et al2009, Liu et al 2010a, Ruggiero et a/ 2010, Mitchell ef a/2011). Pre-clinical
tomographic (Li et a/2010) and endoscopic (Liu et al 2012, Carpenter et al 2014) CLI have
been reported. The benefit of CLI for pre-clinical imaging is the low cost and simplicity of
the instrumentation, compared to PET.

CLI has also shown promise for important clinical applications, such as radiotherapy quality
assurance, radiotherapy dosimetry, and surgical guidance.

Quality assurance and dosimetry are routinely performed to verify the quality of a
radiotherapy treatment plan before it is delivered to the patient. Given the correlation
between radiation dose and the intensity of the resulting CL, it is possible to use CLI to
obtain a two-dimensional dose profile of a radiation beam (Glaser et al 2014). Multiple two-
dimensional views can be combined to obtain three-dimensional beam profiles and
dosimetry for electrons (Helo ef a/2014) and photons (Glaser et 2/2013a, 2013b). In
addition, CLI can detect, in real-time, gross treatment errors during radiation treatment
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arising from hardware faults or patient mispositioning; it can also coarsely estimate skin
surface dose (Jarvis et al2014).

CLI of injected radiopharmaceuticals (e.g. 18F-fluorodeoxyglucose, FDG) is also being
explored to guide surgeries such as sentinel lymph node biopsy, tumor margin assessment,
and tumor detection; its potential utility is supported by both theoretical (Klein et a/2017)
and experimental evidence (Thorek et a/2014b, Hu ef a/2015, Grootendorst et a/2016b).
Though briefly covered below, a comprehensive review has been written on the clinical
applications of CLI (Grootendorst ef a/2016a).

The first reported use of CLI in humans was for imaging a therapeutic dose of 13!T in human
thyroid (Spinelli et a/2013); 8F-FDG-positive lymph nodes have also been imaged in the
axilla of breast cancer patients, using diagnostic levels of radiotracer (Thorek ef a/2014b).
Four patients were imaged and CLI signal correlated with positive lymph node status
determined by PET.

Another pilot study of four patients showed promise for detecting human gastrointestinal
(G tract tumors (Hu ef a/2015). The study used a custom endoscope coupled to a sensitive
EMCCD camera to image '8F-FDG during colonoscopy. The system made it possible to
differentiate GI tumors from normal tissue, even when inflamed (occurring in one patient).
The dark environment achievable inside internal body cavities makes endoscopy an
attractive application of CLI due to the faint intensity of the signal.

An ongoing trial of CLI for margin detection during breast conserving surgery has
demonstrated the potential of CLI for detecting positive tumor margins. Tissue samples from
12 patients were imaged with a commercial CLI imaging system, and the CLI signal
correlated with histopathology in all patients with assessable margins (10 of 12). Two
patients with small tumors and late imaging times had un-assessable margins due to absence
of Cerenkov signal (Grootendorst et a/ 2016b).

Cerenkov luminescence can excite fluorophores in vivo, a process called Cerenkov radiation
energy transfer or secondary Cerenkov-induced fluorescence imaging. High Stokes-shift
nanoparticles (Dothager et a/2010, Liu et a/ 2010b, Volotskova et a/2015) or molecular
fluorophores that emit at longer wavelengths provide increased imaging sensitivity deeper
within tissues or unique molecular contrast (Thorek ef a/2013). Negative contrast can also
be achieved using light-absorbing contrast agents (Thorek ef a/2014a). The combination of
Cerenkov luminescence and nanoparticles has been reviewed in detail (Shaffer ef a/2017).

Finally, a recent development in Cerenkov imaging is Cerenkov-excited luminescence
scanned imaging (CELSI). CELSI uses a megavoltage photon sheet-beam to selectively
induce Cerenkov luminescence in the imaged subject, similar to light-sheet microscopy or x-
ray radioluminescence tomography techniques (Zhang et a/2015). When combined with a
fluorescent oxygen-sensing contrast agent, spatial resolution <300 um and nanomolar
sensitivity, have been demonstrated up to 5 mm deep in tissue (Pogue et a/2018).

2.2.3 Cerenkov luminescence for cancer phototherapy—Photodynamic therapy
(PDT) is a clinically deployed treatment in which a light-activated drug, called a
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photosensitizer, is administered and subsequently activated locally using an external light
source. The photosensitizer preferentially accumulates in cancer tissue and, when excited
with light, catalyzes the formation of reactive oxygen species (ROS) such as singlet oxygen
(102) and hydroxyl radical ("OH) (Ochsner 1997). ROS exert a therapeutic effect through
oxidative damage of cellular membranes, DNA and organelles, leading to cell death
(Dougherty et al 1998, Wilson and Patterson 1986). PDT has better spatial specificity than
systemic chemotherapy because its effect is only achieved in tissues under illumination.
However, the possible applications of PDT are fundamentally limited by the limited
penetration depth of light in tissue.

Cerenkov luminescence has garnered immense interest as a potential light source that could
elegantly address the light penetration limitation of PDT. This combination could quickly
enter the clinic by leveraging existing, approved photosensitizers, radiopharmaceuticals, and
radiotherapy protocols.

Cerenkov luminescence-activated PDT has been reported using both radionuclides (Kotagiri
et al2015, Hartl et al 2016, Kamkaew et a/ 2016) and radiotherapy beams (Ouyang ef a/
2016, Yoon et al 2017). Notably, Kotagiri and colleagues reported a remarkable in vivo
therapeutic effect using a TiO,-based nanoparticle (Kotagiri et a/2015).

However, theoretical and quantitative studies have cast doubt on the possibility of CL-
activated PDT (Glaser et a/2015) and suggest that alternative mechanisms such as
radiosensitization and direct beta excitation (Pratx 2017, Pratt er a/ 2018) explain the
therapeutic effects reported in prior work. Our own quantitative analysis agrees with these
findings. In the following section, we provide simple models for estimating: photon yield
from Cerenkov-emitting sources, ROS yield, radiation dose, and expected therapeutic
efficacy due to Cerenkov-PDT alone; these models have been applied to prior work and
estimated values are summarized in Table 2.

2.3.1 Computed Cerenkov photon yield from radiation sources—Both
analytical and Monte Carlo methods have been used to predict absolute Cerenkov yields
from alpha- (Ackerman and Graves 2012) and beta-emitting radionuclides (Mitchell e a/
2011, Beattie et al 2012, Gill et al 2015). There is general good agreement among computed
values and experimental measurements. Most radionuclides emit 1 to 100 Cerenkov
photons/decay, depending on the radionuclide and wavelength range considered (Gill et a/
2015).

Cerenkov photon yields for alpha-emitting radionuclides have been computed using
GEANT4 Monte Carlo simulation (Ackerman and Graves 2012). Due to their mass, alpha-
emitting radionuclides have insufficient energy to directly generate CL (1673 MeV
threshold) in tissue. The decay products of some alpha-emitting radionuclides produce CL,
but they are not useful for biomedical imaging because CL is not proportional to
radioactivity until the sample reaches equilibrium. 212Bi and 2!3Bi are considered the most
suitable alpha-emitting radionuclides for imaging because they partially undergo beta decay,
producing CL.
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In vivo fluence rates have been estimated for radionuclides and radiotherapy sources (Glaser
et al2015). Monte Carlo simulations (GMOS) were used first to derive Green’s functions for
Cerenkov light fluence over a range of biologically-relevant scattering and absorption
coefficients. In vivo fluence rates were computed by convolving Green’s functions with a
biologically relevant radionuclide activity concentration or radiotherapy beam dose rate.
Typical in vivo fluence rates for radionuclides are on the order of n'W/cm?/MBg/g, while
those from radiotherapy sources are on the order of pW/cm?/Gy/s (Glaser et al2015).

2.3.2 Cerenkov photon yield from radionuclides—The Cerenkov photon yield of a
given radionuclide (unit: photons per decay) is tabulated in several reference reports
(Ackerman and Graves 2012, Gill et a/2015). From these values, it is possible to estimate
the number of Cerenkov photon emitted given the starting radioactivity (A, in Bq), half-life
(84, in seconds) and decay time (), by integrating the radioactive decay formula from time =
0 to z This yields the following decay factor, which represents the mean number of decays
per Bq of radioactivity:

n2

1
t t
Decay factor [decays-Bq_l] = ALA AgXe 12 dt nH
0

t

S
144 x1,,, [s1x|1-2 2

Q

Q

1.44><t1/2 [s], when 1> 1,5

This quantity can be multiplied by the relevant Cerenkov yield to determine the total number
of emitted Cerenkov photons from an initial radionuclide activity of 1 Bq:

Decay-adjusted Cerenkov yield [p h](;t((])ns = Decay factor [delgzys] X Cerenkov yield (2)
photons
decay

Photon yields for common medical radionuclides are computed using Equation 2 (Table 1).
“Decay-adjusted Cerenkov yield” is the total number of photons emitted after decay of 1 Bq
of initial activity over a duration £ “Decay factor” (computed from Equation 1) is computed
as a function of fand #,; “Cerenkov yield” is the mean number of Cerenkov photons emitted
per decay, factoring in the branching ratio (often <1).

Cerenkov photon yields from (Gill ez a/2015) are computed in the 400 — 800 nm wavelength
range and can be scaled into any valid wavelength range (Ain t0 Amax), according to the
following scaling factor:
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Radionuclides can impart significant radiation dose to tissue and cause biological effects. In
this context, it is important to distinguish between radiotracer dose and radiation dose.
Radiotracer dose corresponds to the amount of radioactivity administered to the subject and
is given in units of Becquerel (Bq), which is defined the radioactivity of a substance that
decays at a rate of one disintegration per second. In contrast, radiation dose is given in units
of Gray (Gy) and is defined as the amount of ionizing energy (in Joules) deposited per kg of
tissue. The relationship between radiotracer dose and radiation dose is complex and depends
on many factors, such as the physical half-life of the radiotracer, its energy, its rate of uptake
and excretion from different organs, and the type of radiation (alpha, beta, or gamma).

For the simple case of a beta-emitting radiotracer, radiation dose can be estimated by
assuming that the entire kinetic energy of beta particles is deposited into the tissue volume
of interest. This neglects the contribution of gamma rays that may be emitted from outside
this volume. The radiation dose (in Gy, equivalent to J/kg) is:

Dose [Gy] = Radioactivity concentration B_q3 X Decay factor delgzys] )]
3
MeV 10-13 [ J ] 3 |g 1 cm
mean[—decay 1.6-10 MoV 10 ke X - e

where radioactivity concentration is that contained in the considered tissue; Ejean i the
mean kinetic energy of the emitted beta particles and py; . . is tissue density (typically 1

g/cm?). This formula is most accurate when the spatial dimensions of the volume of interest
are large compared to particle range (typically ~mm); as volume becomes small, it will tend
to overestimate dose due to the incorrect assumption that all energy is deposited within the
volume.

2.3.3 Cerenkov photon yield from radiotherapy source—The Cerenkov photon
yield (noted Rg) has also been determined for radiotherapy source, as a function of energy
(Glaser et a/2014); reproduced in Figure 3). The yield increases with photon energy until
reaching a plateau around 100 photons/MeV.

Cerenkov photon yield per tissue volume is determined by multiplying radiation dose and
the experimentally-determined yield factor (R E) for either photons or electrons:

photons _ g -3/ kg
NCerenkovl cm3 = Dose [Gy] X ptissue[cm_’, x 10 [E] ®)
photons 1nl2 MeV]
xRE[ noros | x 6.2+ 10 [ :
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For example, tissue receiving 1 Gy from a 10 MV photon beam (RE =85 photons/MeV)

would generate 5.3 x 10'! Cerenkov photons per cm? of irradiated tissue.

2.3.4 Model of Cerenkov-activated photodynamic therapy—Reported thresholds
for effective PDT range from 107 to 10° 1O, molecules per cell (Patterson et a/ 1990,
Georgakoudi et a/ 1997, Farrell et al 1998, Niedre et a/2003). We estimated cell killing
probability using the lowest reported threshold, Ny = 4x107 10, molecules per cell, which
killed 63% of cells (one log) and was determined in vitro using protoporphyrin IX
photosensitizer and OCI-AMLS cells (Niedre et a/2003).

For the numerical values listed in Table 2, Cerenkov photon yield, radiation dose and
probability of cell killing due to PDT effects were estimated under the following optimistic
assumptions: 1) the photosensitizer has 100% quantum efficiency at all wavelengths, 2)
lowest killing threshold Mgy = 4x107 molecules / 63% cells); 3) cells are 10 um-radius
spheres; and 4) all ROS produced by Cerenkov-PDT are equally potent to 10,.

The number of 10, molecules generated per cell from the excitation of the photosensitizer
by Cerenkov light can be computed as:

1
%
cell

1
_9%
photon

photons

N Cerenkov [ 3
cm

singlet X cell volume [cm3] 6)

Furthermore, the probability of a single cell being killed by a given dose of singlet oxygen
can be approximated by a simple exponential relationship (Weston and Patterson 2008):

N,
Ny [10, molecules/cell|

singlet [10, molecules/cell]

Prob . of killing single cell =1 — exp(— ) @)

2.3.5 Summary of previous results—Reports of CL-activated PDT are summarized
in Table 2 (radionuclides) and Table 3 (radiotherapy sources) and include estimations of
Cerenkov photon yield, radiation dose, and probability of cell killing due to PDT effects. All
extrapolated quantities are determined using methods and equations described in sections
2.3.2 and 2.3.3. The detailed calculations are also provided in a spreadsheet included as
Supplemental Information.

For radionuclide sources: The radionuclide was assumed to fully decay, except for long-
lived radionuclides such as 90, as noted in Table 2; the radiotracer accumulated entirely in
the treatment volume (tumor or culture well), the emitted kinetic energy was entirely
absorbed in the tumor volume or culture well media volume; cell killing was estimated for in
vivo tumors by assuming that all photons generated in the tumor volume were absorbed by
photosensitizer molecules in the tumor and converted to !0, with 100% efficiency; cell
killing was estimated for in vitro cultures as before, but assuming that 50% of Cerenkov
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photons generated passed through a 10 um cell monolayer and the photosensitizer optical
absorption coefficient was p, = 1 cm'!.

For MV photon sources (e.g. linac): Cerenkov photon yield was computed from radiation
dose (Gy) to the treatment volume (volume of liquid in culture well); photons absorbed by
the cells were computed by assuming all generated photons passed through the 10 um cell
monolayer and the photosensitizer optical absorption coefficient was p, = 1 cm™; cell
killing was estimated by assuming absorbed photons were all converted to '0,.

For (Kotagiri et al 2015), the estimated % of tumor cells killed from Cerenkov-activated
PDT is 0.25% per 32 MBq !8FDG injection (assuming that the entire injected dose
accumulates in the tumor). The starting volume for HT1080 tumors was ~50 mm?, and this
would constitute an expected reduction of 0.13 mm?. This estimated therapeutic effect is
small compared to the reported tumor suppression of >30 days, compared to untreated
controls which grew to volumes >300 mm3. The corresponding estimated radiation dose to
the tumor, assuming 100% of the injected dose in the tumor, is >100 Gy, one that should
achieve excellent tumor control.

Additionally, it should be emphasized that cell killing is greatly overestimated in this model
and only a small fraction of generated photons will result in production of an ROS molecule.
The corresponding estimated radiation dose is 10-100 Gy for most studies examined, a
significant one that would be expected to reproductively kill >99% of all cells. This simple
model strongly suggests that the biological effects due to Cerenkov activated-PDT should be
exceedingly small, even at tumoricidal radiation doses.

Critical analysis of results in both Table 2 and Table 3 reveals a similar trend for all
experiments: minimal estimated Cerenkov-PDT-induced cell killing, even at very significant
radiation dose levels. Based on these results, we conclude that Cerenkov activation of PDT
is not the cause of the observed potent therapeutic effect. Most likely, it is a combination of
direct excitation of the photosensitizer by ionizing radiation, physical radiosensitization by
dense nanoparticles, and nanoparticle surface catalysis. Additionally, past studies have not
always used the most appropriate assays for assessing radiation cell killing in vitro
(discussed in section 2.3.7) and thus may underestimate the biological effects of ionizing
radiation.

Energetic charged particles (created through beta decay or as secondary particles from
energetic photons) deposit energy along their path, which can excite photosensitizers
through direct excitation and ionization mechanisms (Pratt et a/2018). Furthermore,
physical radiosensitization occurs when dense, high-Z nanoparticles absorb ionizing
radiation and re-emit the absorbed energy in the form of short-range Auger electrons, which
are highly damaging to cells due to their high linear energy transfer (T. Butterworth et a/
2012). Finally, catalysis due to a structured water layer on the nanoparticle surface can
weaken H-OH bonds and greatly enhances the efficiency of hydroxyl ("OH) production. A 1
nM concentration of 32.5 nm-diameter gold nanoparticles doubles the hydroxyl radical
production efficiency (from 200 to 400 nM "OH/J) (Sicard-Roselli ef a/2014).
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It must also be noted that 7n vitro cell culture conditions do not appropriately model the
optical absorption of Cerenkov light in the medium. Unlike in a tumor, cell culture medium
is mostly transparent to visible light, therefore Cerenkov light emitted anywhere within the
irradiation volume may propagate to the cell layer at the bottom of the culture vessel.
Because of that, the amount of Cerenkov light reaching the cells is strongly dependent upon
the volume of medium being irradiated. Furthermore, addition of material in the beam path
(such as solid water, as in (Yoon et a/2017)), can increase the generation of Cerenkov
radiation beyond what would be observed within a tumor.

Finally, photoreactivable DNA damage may also play a role in observed Cerenkov-induced
cell killing, though it has not been explored in eukaryotic cells. This type of DNA damage is
unique in that it can be repaired by a light-mediated, enzyme-driven process called
photoreactivation. Cerenkov luminescence was shown to induce the majority (70%) of
photoreactivable DNA damage from ionizing MV photon radiation (Moss and Smith 1980).

2.3.6 Direct ROS production through water radiolysis—These results should be
considered in light of the ROS molecules that are produced directly through water radiolysis,
the molecular decomposition of water through ionization and excitation mechanisms. Water
radiolysis products are €,q (solvated electron), “OH (hydroxyl radical), H* (hydrogen), HO,®
(water radical), H30% (hydronium), "OH (hydroxide), H,O, (peroxide), H, (dihydrogen),
and 10, (singlet oxygen — in aerated solutions) (Caér and Sophie 2011, Sharpatyi and
Kralji¢ 1978). Water radiolysis creates 2.7x10* *OH radicals and 1000-3000 10, molecules
per MeV of deposited energy (Schwarz 1981, Sharpatyi and Kralji¢ 1978). Radiolysis-
generated "OH radicals are the primary mechanism of ionizing radiation induced cellular
damage (Hall and Giaccia 2011). These yields are substantial when compared to Cerenkov
luminescence, which yields no more than 100 photons per MeV of absorbed energy. As a
result, the number of ROS molecules created through the direct action of ionizing radiation
greatly exceeds the number of bioactive molecules potentially produced by Cerenkov
luminescence.

2.3.7 Cell viability assays—The standard for assessing tumor therapy is clonogenicity,
the capacity of a tumor cell to regenerate indefinitely (Hall and Giaccia 2011). Because the
harmful consequences of a tumor stem from its proliferation, this standard is the most
relevant from a clinical standpoint. Cancer cells that do not proliferate are not a threat to the
patient. The traditional way to assay clonogenicity is the colony formation assay (Franken et
al2006), where a known number of cells are plated and the fraction forming colonies
(defined to be 50 cells or more) are counted.

Many previous in vitro studies have relied on assays such as MTS, MTT, WST-1, and XTT,
which reflects the number of metabolically active cells. These assays detect the activity of
metabolic enzymes by measuring a colorimetric change brought about by the reduction of
tetrazolium salts. Metabolic assays are insensitive to clonogenicity and generally
inappropriate for assessing cell survival in the context of radiation treatment. A radiation
dose of 10 Gy is considered sufficient to clonogenically kill most mammalian tumor cells,
yet most cells would remain metabolically active for some time and appear “viable” using a
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metabolic assay; a dose of 100 Gy is required to halt cell functions (e.g. metabolism) (Hall
and Giaccia 2011).

3 Scintillation

3.1

Physics

Scintillation has been defined as “luminescence induced by ionizing radiation in transparent,
dielectric media” (Lecoq et al 2016). The additional characteristics of 1) generation by a
scintillator via 2) a series of distinct processes capture how the word has traditionally been
used and distinguish it from other phenomena such as Cerenkov radiation. Scintillators are
the physical materials that facilitate scintillation by transforming absorbed ionizing radiation
into lower energy photons (Lecoq et a/2016). Scintillators can be inorganic or organic
materials.

3.1.1 Inorganic scintillators—Inorganic scintillators are typically single crystals doped
with impurities that confer their luminescent properties, but they can also be semi-crystalline
(ceramics) or amorphous (glasses). They are made of dense, high-Z materials, which have
increased probability of absorbing ionizing radiation through photoelectric interactions.
Unlike fluorescence, scintillation is not a property of a single molecule but an emergent bulk
property of the inorganic scintillator material.

When ionizing radiation is absorbed by an inorganic scintillator, electrons are excited to the
conduction band and leave positively charged holes in the valence band (Figure 4). After a
process known as thermalization, these excited electron-hole pairs migrate within the
conduction and valence band of the crystal lattice, respectively, and can enter luminescence
centers, quenching centers or traps. Luminescence centers are excited when an electron-hole
pair (exciton) recombines, and then emit light. Quenching centers can be similarly excited
but they relax through non-radiative thermal dissipation. Traps capture and retain electrons
or excitons until they return to the conduction band via acquisition of optical or thermal
energy or to the valence band via a radiationless transition (Birks 1964).

3.1.2 Organic scintillators—Organic scintillators can be solid (crystal or polymer) or
liquid; they can be composed of a single molecule (unary) or a system comprising a solvent
and one (binary) or more (ternary, quaternary, etc.) solute molecules that are added to
enhance fluorescence (Birks 1964). Organic scintillators, unlike inorganic ones, have
scintillation properties that come from individual molecules and not from bulk properties of
the material. Liquid and solid organic scintillators luminesce through the same physics:
excitation by absorption of radiation, non-radiative Forster resonance transfer of excitation
to a fluorophore, and luminescent emission.

Solid organic scintillators can be crystals (e.g. anthracene) or polymers (e.g. polystyrene,
polyvinyltoluene) with solute (e.g. p-terphenyl) to enhance luminescence. Typical efficiency
for solid organic scintillator is 10* photons / MeV (Cherry et a/2012).

Liquid scintillators are chemical cocktails composed of an aromatic solvent (such as
toluene) and small quantity of dissolved luminophore solute. Ionizing radiation interacts in
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the solvent and can yield numerous products (e.g. ions, radicals, excited molecules,
fragments, luminescence, x-rays), depending on energy and radiation type. These competing
energy- and particle-dependent processes cause luminescent yield from a given energy to be
greatest for electrons, then protons, followed by alpha particles. Typical efficiency for a
liquid organic scintillator is 10* photons / MeV for electrons (Horrocks 1974).

3.2 Applications

3.2.1 Nuclear medicine and x-ray imaging—Bulk inorganic scintillators are a key
component of nuclear imaging detectors, surgical gamma probes, X-ray imaging arrays, and
well counters. In a nuclear imaging detector, incident gamma or annihilation photons are
converted into light by solid inorganic scintillators. Sensitive optical detectors such as
photomultiplier tubes or silicon photomultipliers sense the scintillation light, which is
proportional to the absorbed photon energy. Typical inorganic scintillators used are: Nal(T1),
CsI(TD, BGO, LYSO, or LSO. For comprehensive coverage of this topic see (Knoll 2010)
and (Cherry et al2012).

Organic scintillators are used in surgical beta probes, radiotherapy dosimeters, and in liquid
scintillation counters. For surgical beta probes, they are favored compared to inorganic ones,
due to decreased efficiency for gamma photon absorption (Daghighian ez a/ 1994). Organic
scintillator fibers have been explored as part of monitoring systems for quality assurance and
real-time 7n vivo dosimetry (Beddar 2006). Finally, liquid scintillation counters are used for
quantification of short-range alpha- or bets-emitting radionuclides, which are difficult to
measure by other means (Horrocks 1974).

3.2.2 Radioluminescence microscopy—Radioluminescence microscopy (RLM) is
an imaging modality that permits cellular-resolution imaging of beta-emitting radionuclides,
which is otherwise not possible with PET or SPECT imaging. It consists of a high sensitivity
camera coupled to a microscope objective that images a thin (typically 100-500 pm)
CdWOy scintillator placed above or below a culture monolayer (Kim et a/2017). By
imaging beta particle scintillation tracks and applying a reconstruction algorithm (Pratx ef a/
2013), <20 pum resolution is achievable (Wang et a/2017). RLM has been used to study
metabolism (13F-FDG), transgene expression (!3F-FHBG) (Pratx et a/2012), and cell
proliferation with 8F-FLT (Sengupta and Pratx 2016) in MDA-MB-231 human breast
adenocarcinoma.

4 Radioluminescent nanoparticles

41

Physics

4.1.1 Interaction of tissue and ionizing radiation—The physics governing the
interaction of nanoparticles, tissue, and ionizing radiation are depicted in Figure 7. Energetic
photons (e.g. X-rays, gamma rays) interact with biological tissues primarily through two
effects (Compton scattering and photoelectric absorption) and, by these processes, impart
energy to an ejected electron (called recoil electron or photoelectron, respectively).
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4.1.2 Interaction of nanoparticles and ionizing radiation—The introduction of
high-Z nanoparticles increases the X-ray absorption cross section, particularly at lower
energies (<100 keV). The radiation dose in the immediate vicinity of the nanoparticle is
enhanced, a phenomenon called physical radiosensitization (T. Butterworth et a/2012).
However, it important to note that the energy transferred from an X-ray photon to a
nanoparticle is for the most part released into the surrounding medium due to the small size
of nanoparticles compared to the range of ionizing charged particles. As a result, only a
small fraction of the energy of the interacting X-ray is available to stimulate nanoparticle
luminescence.

4.1.3 Materials and Physiochemical Properties—Radioluminescent nanoparticles
are made of materials that luminesce when excited with ionizing radiation. Attachment of
high affinity ligands, such as antibodies, peptides or small molecules, or physiological
trafficking of these nanoparticles allow for optical imaging of specific molecular processes.
Nanoparticle-based probes have drawn significant attention for their unique physiochemical
properties when applied in these biological applications. Novel nanoscintillators, such as
quantum dots (Nikolopoulos ef a/2016), metal nanoclusters (Osakada et a/2014), metal
organic frameworks (Wang et a/2014), and polymer dots (Osakada et a/2013) have been
examined as radioluminescent probes. However, the most widely studied ones are
nanophosphors, which have become synonymous with nanoscintillators. Phosphors are
materials that luminesce in the form of either fluorescence or phosphorescence when excited
with radiation. They are prevalent in the biomedical field in X-ray screens (Yaffe and
Rowlands 1997) and, more recently, as contrast agents for X-ray luminescence imaging.

A unique feature of nanomaterials, including nanoscintillators, is their high surface area-to-
volume ratio, which allows for extensive surface loading and potential multivalent binding to
facilitate specificity. The role of the surface chemistry also has a significant impact on the
biological interaction of the nanoparticle in the bloodstream for in vivo applications.
Biocompatible coatings are necessary to avoid rapid clearance by the immune system;
however, these may also affect energy transfer in PDT applications in which photosensitizers
are grafted via linker molecules. Another important consideration is the surface of the
nanocrystals, as these sites and defects may negatively impact the luminescent output of the
material in comparison to their bulk properties (Dujardin et a/2010). To address this
potential surface quenching, nanophosphors comprised of core-shell architectures have been
employed to improve radioluminescence efficiency (Naczynski ef a/2015).

4.2 Applications

4.2.1 Radioluminescent nanoparticle imaging—Tomographic radioluminescence
imaging modalities are inspired from fluorescence x-ray computed tomography (XFCT;
(Cesareo and Mascarenhas 1989), a method that forms images by exciting and detecting X-
ray fluorescence. However, unlike XFCT, they form images by detecting optical, rather than
X-ray, photons.

X-ray luminescence computed tomography (XLCT) uses an X-ray pencil beam to excite
nanophosphor contrast agents, which emit near-infrared (NIR) photons that are detected with
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an optical detector. The approach takes advantage of weak scattering in tissue of the X-ray
excitation beam and enables reconstruction of high quality, tomographic images regardless
of optical scatter (Pratx ef a/2010a, 2010b, Li et a/2013).

A critical factor in the development of these imaging platforms is the uptake or total quantity
of materials accumulating at sites of interest. Few studies have demonstrated target-specific
accumulation of probes with subsequent /n vivo imaging. Often, concentrations administered
via intravenous injection are close to the limit of detection. However, depending on the
imaging application (e.g. tumor cell detection), the accumulation of probes can increase if
preferential uptake by target cells is achieved. An additional factor to consider is the local
aggregation of the material in endosomal and lysosomal compartments, which could impact
local nanoparticle densities and subsequent energy transfer between different excited
nanoparticles. Unique applications of X-ray luminescence imaging include cancer cell
imaging in the 1000-1500 nm window (Naczynski et a/2015), pH monitoring (Chen et a/
2013), and drug delivery (Moore Thomas L. et a/2014).

4.2.2 X-ray activated photodynamic therapy—There is growing interest in
combining nanoparticle scintillators with radiotherapy to activate photodynamic therapy
(Morgan et a/2009, Scaffidi et a/2011, Chen et a/2015, Clement ef a/2016). The general
reasoning is that these nanoparticles will efficiently transduce X-ray energy into light for
photosensitizer activation and thereby provide additional efficacy during radiotherapy with
no additional radiation dose.

1In vitro evidence of nanoparticle efficacy has been reported using psoralen-conjugated Y,03
nanoparticles (Scaffidi et a/2011). However, the reported biological effect is small, with
physical radiosensitization, due to the presence of nanoscintillator alone, being the dominant
factor. X-ray-activated PDT has also been tested 7n vitro using 8 keV X-rays and a CeF3
nanoparticle conjugated to vetereporfin (Clement et a/ 2016). This low energy used in this
experiment is favorable for observing an effect, due to the greatly enhanced X-ray
absorption cross-section of the nanoparticle, yet low energy X-rays are not practical for
radiotherapy. In the following Models section, we review the theoretical basis for this idea
and provide an appropriate model for estimating its efficacy.

4.2.3 Clinical evidence of PDT-activation through non-light mechanism—
Therapeutic enhancement has been reported by combining a photosensitizer with
radiotherapy; significant necrosis and inhibition of mouse osteosarcoma tumors, compared
with sham-treated mice, was reported using a 5 Gy dose and acridine orange photosensitizer
(Hashiguchi et a/2002). A subsequent uncontrolled clinical trial treated six synovial
sarcoma patients with a 5 Gy radiotherapy beam dose and acradine orange and none had
local recurrence during follow up (ranged from 19-52 months) (Kusuzaki ez a/2005). A
semi-controlled study found better outcomes with minimally invasive surgery followed by
radiotherapy and acridine orange, than wide limb resection alone (Matsubara et a/2010).
None of these studies was rigorously controlled so as to generate the highest level of medical
evidence. However, their consistency and results are encouraging and suggest the possibility
of a non-light-based mechanism of PDT activation.
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4.3 Models

4.3.1 Limitations of previous models—Previous studies have theoretically
investigated the use of nanoparticles to transduce ionizing radiation into optical photons for
activation of PDT (Morgan ef a/2009, Clement ef 2/2016). Based on the assumption that X-
ray photons impinging on a nanoparticle would transfer all of their energy to that
nanoparticle, these studies have concluded that this strategy would be effective for photon
sources <300 kV.

An alternative model for nanoscintillator-mediated PDT recognizes that secondary electrons
generated in the nanoscintillator have ranges much greater than the size of the
nanoscintillator (Bulin ef a/2015). Therefore, contrary to prior assumptions, only a small
fraction of the X-ray energy will generate light within the nanoscintillator. At physiological
nanoparticle concentrations (i.e. <I mg/cm?), biological effects of radiation are primarily
mediated by water, the most abundant molecule in biological tissues. Upon absorbing X-ray
photons, water releases energetic electrons (mostly Compton recoil electrons) that propagate
through the tissue and deposit energy along their path. When such an electron encounters a
nanoparticle, some of its energy is transferred to the nanoparticle, stimulating the emission
of light (Figure 7). The amount of energy transferred is a function of the electron energy,
nanoparticle size, and nanoparticle composition (electron stopping power and density;
(Berger et al2005). The typical energy transfer between an electron and 20 nm diameter
nanoparticle is on the order of 10 eV. This indirect transfer of energy from ionizing photon
to scintillator molecule is the primary mechanism for X-ray luminescence.

4.3.2 Proposed electron absorption cross section-based model—Because X-
ray are predominantly absorbed by water molecules, the efficiency of X-ray luminescence is
nearly independent of nanoparticle X-ray stopping power. The luminescence yield can be
approximated as a function of the radiation dose to tissue (unit: Gy), the nanoparticle mass
concentration Cyp (unit: g/cm?3), the scintillator light yield Y. (assumed here to be 103
photons/MeV) and the electron cross-sections (u/p) for tissue and the nanoparticle material.
The modified model for estimating the density of scintillation photons emitted by the
nanoparticle is:

photons
scint

MeV
> |xCor
m

J

%] (8)

cm

Dose[i] X 10‘3[k—g] X 6.2 % 1012[
kg g

2
( /ﬂ)NP[MeV o /g] y [photons
('M/P)tissue [Mev ’ sz/g] - MeV

A derivation of this equation is provided as Online Supplemental Information. The stopping
power coefficients for electrons (u/p) can be obtained from the ESTAR database, which is
maintained by the National Institute of Standards and Technologies (NIST). Singlet oxygen

concentration (C1 o ) is calculated by assuming that all photons are converted to singlet
2

oxygen molecules:
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The model based on electron stopping power should more accurately predict the efficacy of
X-ray PDT, compared to previous models. It should be effective for predicting PDT efficacy
within the correct order of magnitude. However, it should be noted that values obtained with
this model represent an upper bound for the actual number of scintillation photons emitted,
as explained in the supplemental information, and thus are approximate. The model also
does not account for enhanced radiation dose (physical radiosensitization) near
nanoparticles, and therefore it is valid mainly for low nanoparticle concentrations (< 10
mg/cm?), where particles are relatively far from one another. For greater accuracy, Monte
Carlo simulations, which model photon-nanoscintillator interactions in greater detail, are
necessary (Bulin et a/2015).

Sample photon yields are computed in Table 4 for 1 Gy radiation delivered to tissue
containing 1 mg/cm?3 LaF3 nanoscintillator. Over a large energy range, photon production by
the nanoscintillator is relatively inefficient, yielding <100 photons per MeV of energy
deposited. Although less efficient than Cerenkov luminescence, nanoparticle
radioluminescence is localized to the nanoparticle, and therefore the scintillation light may
be easier to harvest for efficient photosensitizer excitation. These calculations are also
provided in a convenient spreadsheet included as Supplemental Information.

The table also shows that LaF3 (and other high-Z materials) have a lower mass-energy
attenuation coefficient (u/p) for electrons than water. This reflects the fact that the nucleus of
high-Z atoms contains a higher fraction of neutrons than protons, compared to lower-Z
nuclei. Nevertheless, the high density of nanoparticles ultimately results in increased
absorption cross-section and enhanced energy absorption compared to water.

4.3.3 Comparison of proposed electron cross section model with previous
photon-based model—The impact of electron cross sections can be demonstrated by
substituting electron for photon cross sections into the model that predicts singlet oxygen
molecules per cell (Morgan e a/2009). Here, the volume of a cell is taken to be 4.2x1079
cm? (10 pm-diameter sphere) and a concentration of 3 mg/cm? of LaF3 NP is assumed. The
modified model predicts ~10° 10, per cell over a wide energy range and is factor of 10! to
103 less than the original model (Figure 8). This result is much less than the needed 107 10,
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per cell PDT threshold (Niedre ef a/2003) and suggests that even a 60 Gy dose would be
insufficient for an enhancement effect.

5 Air fluorescence
5.1 Physics

Air fluorescence, also known as air scintillation, is fluorescence emitted by atmospheric
gases excited and/or ionized by radiation. The three most abundant atmospheric gases—
nitrogen (78% v/v), oxygen (21% v/v) and argon (1% v/v)—determine the fluorescent yield.
Other atmospheric gases such as CO, and CHy are potent fluorescent quenchers (Morii et a/
2004), but not present in quantities (US EPA 2016) sufficient to appreciably influence
fluorescent yield.

Nitrogen fluoresces primarily via N, — N;, N, — N2+ * or N, — N2+ * (where * denotes an
excited state and * denotes positive charge due electron loss) reactions which yield of 141
photon/MeV of deposited energy (Morii et a/2004). Argon fluoresces brightly, yielding 10*
photon/MeV via primary Ar — Ar* (Suzuki and Kubota 1979) and secondary three-body:
Ar"42Ar — Ar," + Ar, Ar,* — 2Ar + photon reactions (Monteiro et a/2008). Oxygen is

weakly fluorescent, yielding ~0.5 photons/MeV of deposited energy (Morii et a/2004), yet it

is also a powerful quencher of nitrogen and argon fluorescence via NZ* +0,—N, + OZ>k and

Arf 4+ 0, — Ar+ 02* reactions. Consequently, the spectral properties of air fluorescence are

dominated by nitrogen while the fluorescent yield, 25 photons/MeV deposited energy, is
dominated by the quenching action of oxygen.

5.2 Applications

Air fluorescence has been used to detect the interaction of high-energy cosmic radiation with
the Earth’s upper atmosphere, which produce an abundance of secondary radiations
dispersed over hundreds of square kilometers.

Air fluorescence can be imaged during radiotherapy, providing monitoring capabilities that
could prevent gross dosimetry errors during treatment (Fahimian er a/2014). This approach
is relatively simple to implement and would consist of a sensitive camera optimized for
ultraviolet imaging and short-pass filters to block ambient room lighting; gating image
acquisition with radiotherapy source pulse could also greatly improve signal-to-noise ratio.

Air fluorescence can be a significant source of background during X-ray luminescence
imaging, especially in the kV range. Fortunately, this emission is primarily at wavelengths
below 430 nm, thus it can be blocked using a suitable long-pass filter.

5.3 Models

5.3.1 Air fluorescence yield from typical radiotherapy source—Air fluorescence
yield from a radiotherapy source is estimated at a point along the beam as follows. The
considered geometry is depicted in Figure 11.
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Dose to air is the related to dose to water according to the ratio of their respective mass
attenuation coefficients. Furthermore, if we assume that luminescence is observed at a
distance rfrom the source and that dose to water is for a given source-to-surface distance
(SSD; 7<SSD; Figure 11), the divergence of the beam emanating from the linear accelerator
can be modeled by incorporating a 1/7% factor into the formula:

SSD [cm] )2 y (ﬂ/p)air[cmz/g or MeV - cmz/g]

Dose,. [Gy] = (
air [GY] r [em] (/"/p)tissue[cmz/g or MeV - sz/g

] X Dose e [Gy]  (11)

The energy deposited in air (MeV/cm?) is computed by multiplying the dose by air density
(air = 1.23-1070 kg/cm?) and MeV per joule unit conversion factor:

Energy deposited, ;. [Me;f} = Doseair[ki] X Pyir k_g3
cm g cm

X 6.242 x 1012[@] (12)

Finally, light production (photons/cm?) is determined by multiplying the deposited energy
by experimentally-determined air fluorescence yield (Morii et a/ 2004):

MeV

CII’I3

photons
MeV

3 (13)

& lphotons
cm

]x25

= Energy depositedair[

Estimated photon yield for electron and photon sources of typical radiotherapy energies are
listed in Table 5, assuming 1 Gy to tissue at SSD = 100 cm. Mass-energy attenuation
coefficients for photon and electrons in air and tissue were sourced from online databases
(Berger et al 2005, 2009). The calculations are also provided in a spreadsheet included as
Supplemental Information.

6 Persistent/delayed luminescence

6.1

Physics

Persistent luminescence is a phenomenon that is caused by slow liberation of radiation-
induced trapped charged carriers (Van den Eeckhout ef a/2010). Thermoluminescence is the
heating of persistent luminescent materials to liberate radiation-induced electrons that were
trapped at metastable sites. Luminescence is produced when these electrons recombine with
corresponding holes and is used to reveal trap levels in a given material (Van den Eeckhout
et al 2010). Optically-stimulated luminescence, similar to thermoluminescence, is optically
induced liberation of trapped electrons. These electrons similarly recombine with localized
holes, producing luminescence (Boetter-Jensen et al 2003). The emitted luminescence is
proportional to radiation dose accumulated by the material (Nelson et a/ 1967), a useful
relationship that has been used for dating of archaeological and geological materials,
biological dosimetry, and in photostimulable phosphor plates used for X-ray medical
imaging (Rowlands 2002).
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In the in vivo setting, detectable in irradiated animals and persisting for minutes following
irradiation, this phenomenon has been called radiobioluminescence (Rao 2015). This effect
has been observed both in live and dead tissues, suggesting that its origin is not biological
but physical. The mechanism is likely related to food thermoluminescence, caused by
presence of thermoluminescent minerals (e.g. sand and dust; (Sanderson et a/ 1989, Soika
and Delincée 2000).

6.2 Applications

Persistent luminescent nanoparticles, both silicate- and polymer-based, have been developed
for preclinical imaging and in vivo PDT activation. They have favorable properties for
sensitive in vivoimaging (Chermont ef a/ 2007, Maldiney et a/2012, Palner et a/2015).
These are: 1) can be excited with visible, ultraviolet, or x-ray photons before administration
or in vivo, repeatedly; 2) emission wavelengths in the 600-800 nm range, which is favorable
for imaging owing to weak attenuation by biological tissues; 3) can luminescence for >10
hours (Maldiney et al2013), eliminating background signal induced by excitation source
(e.g. autofluorescence).

Persistent luminescence nanoparticles have been developed that can be repeatedly excited in
vivo by external X-ray irradiation for imaging and activation of PDT (Chen er /2017, Song
Liang ef a/2018), as shown in Figure 13.

7 Radioluminescence of biologically-endogenous molecules

71

Physics

7.1.1 Protein and amino acid luminescence—Biological molecules such as trypsin,
tyrosine, phenyalanine, and tryptophan exhibit both immediate luminescence and long
afterglow following X-ray irradiation. Immediate luminescence emitted is fluorescence
caused by electron excitation; it decreases with absorbed dose likely due to temporary
molecular damage (Nelson et al 1967).

7.1.2 Water radioluminescence—Radioluminescence has been observed in pure
water (Sitharamarao and Duncan 1963) at energies below the Cerenkov threshold
(Quickenden 1971, Tarasov et al 2007, Spinelli ef a/2011, Yamamoto et a/ 2016).
Mechanisms for experimentally-observed water radioluminescence are fluorescence and
chemiluminescence related to trace impurities as well as fluorescence of water and
radiolysis products.

Impurity-related luminescence can be caused by direct excitation of endogenous
luminophores dissolved in water (e.g. aromatic amino acids, humic compounds; (Belovolova
et al2009) or chemiluminescence resulting from the reaction of water radiolysis products
with trace impurities (Vasil’ev, R.F. 1970). Impurity-related luminescence is not observed in
purified water.

Water is inherently fluorescent (Quickenden 1971, Belovolova et 2/2009) and water-
radiolysis products, including hydroxyl radicals ("OH), singlet oxygen (10,), hydrated
electrons (eaq‘) are also fluorescent (Sitharamarao and Duncan 1963, Quickenden 1971).
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Water radioluminescence is ~60x less efficient than air fluorescence, equating to a yield of
<1 photon/MeV of deposited energy (Tarasov et a/2007).

Similar to air fluorescence (see section 5.3), the radioluminescence of biological molecules
is proportional to the energy deposited into them.

7.3 Applications

Water radioluminescence, used in combination with a water phantom and sensitive camera,
has been suggested as a means of dose estimation for lower energy x-ray beams (Yamamoto
et al2016). It could supplement or replace ionization chamber point measurements.
Compared to Cerenkov luminescence, the signal is not hampered by threshold effects. It
could also be used to measure the range of protons and ion beams in water, given that these
particles do not generate Cerenkov luminescence at clinically relevant energies (Yamamoto
et al2016).

Endogenous radioluminophores such as aromatic amino acids (e.g. tryptophan) can also be
imaged with XLCT, using suitable emission filters. However, in most situations, they create
an unwanted luminescent background that impede the detection of low concentrations of
administered molecular probes. Spectral or temporal filtering approaches must be
implemented to reject this “auto-radioluminescence” and achieve high sensitivity with
XLCT.

8 Summary

8.1 Summary of radioluminescence sources

Radioluminescence has been explored for a multitude of biomedical applications and this
review has endeavored to summarize the physics and applications of all relevant phenomena.
We note a recent and complementary review that focuses on biomedical applications at the
intersection of optical and ionizing radiation (Pogue and Wilson 2018). This summary
quantitatively tabulates the strength of each phenomenon in Table 6 and speculates on their
utility for either imaging or therapy in the biomedical setting.

8.1.1 Imaging—Single-photon-sensitivity cameras can image all radioluminescence
signals, given sufficient integration time. However, some phenomena are impractically weak
to be useful in the biomedical setting, especially where better methods are already available.

Scintillator-based detectors have proven their utility for radionuclide and radiological
imaging, owing to their ability to efficiently transduce ionizing photons into detectable
optical ones. Though advances in scintillator materials and optical detectors have improved
their performance over past decades, the general concept has changed little. Recently,
scintillators have found new uses as in vivo nanoscintillator contrast agents for x-ray
luminescence computed tomography and in radioluminescence microscopy for cellular-
resolution imaging of beta-emitting radiotracers.
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Cerenkov luminescence provides a means for simple, direct imaging of radionuclides via
optical signals. It is a suitable substitute for /n vivo PET imaging when the trade-off of
decreased /n vivo imaging resolution, lack of penetration and absolute quantitation are minor
compared to benefits of cost, speed and simplicity. Consequently, preclinical, radiotherapy,
and surgical applications appear to be most useful for CLI.

Persistent luminescence has been harnessed extensively in radiation dosimetry and in
storage phosphors for X-ray medical imaging. It is also a source of noise emitted by
biologically-endogenous molecules during sensitive, prolonged imaging of living organisms.
Recently, persistent luminescence nanoparticles have been used for 7n vivo imaging. These
materials can be repeatedly excited in vivo via X-ray radiation and luminesce for a sustained
duration.

Water radioluminescence is the weakest form of radioluminescence. It has been explored
for radiotherapy applications, however other methods could likely accomplish the same goal.
For example, direct excitation of a fluorescent solution could provide a brighter, more
readily detectable signal for kV X-ray dosimetry.

8.1.2 Therapy—Clinical phototherapies require bright, sustained sources of light. Most
radioluminescence sources are too weak to provide sufficient radiant exposure to activate
these therapies. Our analysis shows that radionuclide-generated Cerenkov luminescence is
too weak to activate photodynamic therapy at reasonable radioactivity concentrations.
Radiotherapy-generated Cerenkov luminescence is brighter, but still unlikely as a means of
activating phototherapy.

Nanoscintillators have been suggested as therapeutic agents to efficiently transduce
radiotherapy photons into light for phototherapy. While these high-Z nanoparticles are
certainty effective physical radiosensitizers, our analysis shows their potential contributions
to therapy to be exceedingly small at physiological concentrations.

For both Cerenkov luminescence and radiation-activated nanoscintillators, the delivered
radiation dose must exceed tumoricidal levels to observe even the smallest PDT effect. We
conclude that therapeutic uses of radioluminescence, based on available literature, are
unlikely with current nanoparticles and photosensitizers.
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Figure 1.
Physics of Cerenkov photon production (left) and emission spectrum (right). Cerenkov

photons can be produced by a variety of medical sources including: linear accelerators
(linacs) emitting megavoltage electrons or photons, and beta-emitting radionuclides used in
radiopharmaceuticals. The emission spectrum is continuous from the ultraviolet to infrared
with intensity proportional to A =2
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Figure 2.
EXx vivo specimen imaging of excised breast tissue. Black and white is reflectance tissue

image and overlaid heatmap is CL image. This research was originally published in JNM.
Grootendorst M. R. et al. A 2016 Intraoperative Assessment of Tumor Resection Margins in
Breast-Conserving Surgery using '8F-FDG Cerenkov Luminescence Imaging — A First-in-
Human Feasibility Study. J Nucl Med. 2016. Jun;58(6):891-898. © SNMMI.
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Figure 3.
Estimated Cerenkov photon yield (RE) per energy deposited from photons and electron

beams. Data are adapted from Glaser et al 2014
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Figure 4.

Physics of inorganic scintillation (left) and typical emission spectra for common scintillators
(right). Ionizing radiation deposits energy in the scintillator, generating mobile electron-hole
pairs that produce scintillation photons when they recombine in luminescent center.

Phys Med Biol. Author manuscript; available in PMC 2020 February 06.

800



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Klein et al.

High energy
photon

MW

Solvent

D

GBS

Figure 5.

A
I

Solvent  Solvent  Solute
excitation excitation excitation

.-
4 CH, CH, CH,
*i

-

I

Photons
AN

LI

Il

Page 32

Liquid scintillators emission spectra
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Physics of organic scintillators (left) and emission spectra (right). Primary or secondary

charged particles deposit energy in the solvent, exciting solvent molecules. Excitation

energy transfers non-radiatively from solvent to solvent molecule. Luminescence is

produced when excitation energy is transferred to a solute molecule.
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Figure 6.
MDA-MB-231 cells imaged using '8F-FLT RLM and EdU fluorescence microscopy. This

research was originally published in JNM. Sengupta, D. and Pratx, G. Single-cell
characterization of FLT uptake with radioluminescence microscopy. J Nucl Med. 2016;Jul;
57(7):1136-40. © SNMMI
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Figure 7.
Physics of ionizing radiation interacting in scintillator-containing tissue. Electrons or

positrons are emitted into tissue via (a) beta-emitting radionuclides or (b) as recoil or
photoelectrons from the interactions of high-energy photons with tissue. Electrons or
positrons passing through tissue generate reactive species through water radiolysis (e).
Photons can directly interact in the nanoscintillator, generating electrons through Compton
or photoelectric absorption (c). Electrons generated in tissue (a,b) or nanoscintillator (c)
deposit a small fraction of their energy in nanoscintillators, producing scintillation photons
(d). Scintillation photons absorbed by the photosensitizer (f) can generate singlet oxygen or
other reactive oxygen species (g). The range of ionizing particles is several orders of
magnitude larger than the diameter of nanoscintillators.
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Estimated molecules of O, generated per cell for a 60 Gy photon dose. Models that use

either photon or electron cross secitons are plotted, along with an established log killing

threshold (dashed).
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Air radioluminescence
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Air fluorescence physics (left) and emission spectra (right). Electrons generated from the

interaction of ionizing radiation with air generates electrons that excite its fluorescent

constituents (primarily N»).
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Figure 10.
Air fluorescence images from a 6 MeV electron beam at various dose rates (left) and linear

relationship between fluorescence intensity and dose rate (right), from Fahimian et al 2014.
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Air fluorescence radiotherapy geometry. Dose to air falls with the inverse square of the
distance from source (right).
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Persistent luminescence spectra
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Persistent luminescence physics (left) and spectra of fluorescence and persistently

luminescent biological molecules (right). Absorption of energy excites electrons into the

conduction band of the persistent luminescent material. Electrons can fall into traps and also

return to the conduction band, eventually leading to luminescence.
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Figure 13.
Imaging (left) of repeated x-ray activation of persistent luminescence nanoparticles in vivo

and ROI quantitation following repeated excitation (right) from Chen et al 2017.
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Water radioluminesce physics (left) and typical spectrum (right). In pure water,
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Water radioluminescence
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radioluminescence is induced by excitation of water and water-radiolysis products by

ionizing radiation.
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Table 1:

Estimated photon yield and expected dose in tissue from various radionuclides.

Page 42

Radionuclide | Half-life [s] | Average emitted beta | Cerenkov yield, 400 — Decay factor [decays/Bq] | Decay-adjusted
energy (Ecan) [MeV/ | 800 nm [photons/decay] Cerenkov yield
decay] [photons/Bq]

18p 6,582 0.242 1.32 9,478 12,511

64Cu 45,723 0.060 0.56 36,278 25,605

68Ga 4,070 0.735 339 5,861 198,688

897r 282,240 0.198 2.29 406,426 646,330

90y 230,400 0.934 47.3 331,776 10,897,920
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Table 2:

Summary of reports of radionuclide-induced Cerenkov-activated photodynamic therapy.

Page 43

long-term therapeutic
effect (in vivo)

Reference Source | Photosensitizer Condition Outcome Cerenkov Estimated Estimated
photon Cerenkov dose from
yield per PDT effect radionuclide
cell (200 - [% tumor [Gy]

800 nm) cells killed]

Kotagiri et al BR TiO-Tf-Tc L.V. injection Median survival 1.0x105 0.25 235

2015 2x; HT1080 increased from 15 to 50

mouse tumor days
BR TiO-Tf-Tc L.V. injection ~6.5-fold tumor growth 1.0x10° 0.25 235
2x; A549 inhibition at day 30
mouse tumor compared to control
64Cu TiO-Tf-Tc Direct tumor Complete regression at 4.2x10% 0.11 117
injection; 30 days
HT1080
mouse tumor
Kamkaew et 897r HMSN-Ce6 Direct Tumor growth 8.6x10° 2.13 973
al2016 injection; 4T1 completely inhibited
mouse tumor within 14 days post-
injection
Hartl et al 90y TPPS,, In vitro; C6 Cell viability decreased 1.4x107 29.6 592
2016 7 cells ~22% compared to
radiation effect alone

Nakamura et 18R pan-IR700 In vitro; Decreased A431-luc 4.13%10? 0 4

al2017 (panitumumab A431-luc cells | bioluminescence in
conjugated to dose-dependent manner
IR700 dye) (in vitro); no significant

e

Expected photon yield, PDT effect, and radiation dose computed using 14 day experiment duration

7
Expected photon yield, PDT effect, and radiation dose computed using 72 hour reported incubation period
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Table 3:

Summary of reports of Cerenkov-activated radiotherapy induced photodynamic therapy

Page 44

Reference | X-ray energy [MV] | Photosensitizer Condition Outcome Cerenkov | Estimated | Reported
photons Cerenkov dose to
absorbed PDT cell layer
per cell effect [ % [Gy]
(200- 800 tumor
nm) cells

killed]

Ouyang et | 6 TiO, anatase nanoparticles | In vitro, A549 | Decreased 3.7x10° 8.88 2

al2016 colony

formation by
~20%
compared to
radiation
group alone

Yoon et al 6 Psoralen In vitro, B16 Decreased 2.8x10° 0.69 12

2017 * & 4Tl colony

formation of
20% and
9.5% for
4T1 and B16
cells,
respectively

*
Solid-water slab not included in model
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Table 4:

Page 45

Estimated photon yield from 1 mg/cm? LaF5 nanoscintillator in tissue receiving 1 Gy radiation dose using

different photon energies

Photon energy [MV]

Electron mass attenuation coefficient [MeV-cm?/g]

Photons emitted

LaFj Tissue Photons / em® | Photons / MeV deposited
0.001 41.9 121 2.15 x 101 34
0.01 12.3 22.6 3.37 x 10! 54
0.1 2.55 4.11 3.85 x 10!! 62
1 1.26 1.85 4.22 x 10! 68
10 2.09 2.13 6.08 x 10! 97
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Table 5:

Page 46

Energy deposited in air and computed luminescence from 6 and 10 MeV electrons or photons emitted from a

radiotherapy source.

Energy [MeV] | Particle type | Mass-energy attenuation coefficient | Dose to air (r = 50 cm) per 1 Gy Photons generated

[em?/g or MeV-cm?/g] dose to tissue (SSD =100 cm) [Gy] | (SSD =50 cm)
[photons/cm?3]

Air Tissue

6 Photon 0.0165 0.0179 3.69 7.00x108

10 Photon 0.0145 0.0155 3.74 7.11x108

6 e 1.97 2.00 3.94 7.49x108

10 e~ 2.16 2.13 4.05 7.69x108
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Summary of radioluminescent sources

Table 6:

Page 47

Source

Photon yield (photons / MeV energy deposited)

Spectral range (nm)

Mechanism

References

Inorganic scintillators 104 -10° 400 — 600 Scintillation (Cherry et al
2012)
Organic scintillators 104 300 — 450 Fluorescence / phosphorescence | (Birks 1964)
Liquid scintillators 104 300 - 450 Fluorescence / phosphorescence | (Horrocks 1974)
Air scintillation N, 120 100 — 500 (peaks) ITonization / fluorescence (Suzuki and
Kubota 1979,
0, <1 (quencher) Morii et al
2004)
Ar 10*
Air 25
Cerenkov radiation Radionuclides | 1 - 100 (decay™") 200 - 800 Cerenkov radiation (Ackerman and
Graves 2012,
Gill et al2015)
Radiotherapy 6 MeV e~ 100 200 — 800 Cerenkov radiation (Glaser et al
2014)
10 MeV e~ 103
6 MeV photon 81
10 MeV photon 91
Nanoparticle scintillators (1 mg/cm?) | 10— 100 400 — 600 Scintillation (Bulin et a/
2015)
Endogenous biological molecules Immediate Thermo-luminescence | 300 — 600 Fluorescence / persistent (Nelson et al

(Tyrosine, Trypsin, Phenylalanine, luminescence 1967)
Tryptophan) 7 8)(103 - 6)(104 4.5-310
Water radioluminescence <1 200 — 600 (500 peak) | Fluorescence (Tarasov et al

2007)

7
Reported values are for molecules in their pure, crystalized form; typical concentrate is -~pg/cm3 in vivo (Madras et al 1974)
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