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Abstract

Photodynamic therapy (PDT) has emerged as an attractive option for cancer treatment. However,
conventional PDT is activated by light that has poor tissue penetration depths, limiting its
applicability in the clinic. Recently the idea of using X-ray sources to activate PDT and overcome
the shallow penetration issue has garnered significant interest. This can be achieved by external
beam irradiation and using a nanoparticle scintillator as transducer. Alternatively, research on
exploiting Cherenkov radiation from radioisotopes to activate PDT has also begun to flourish. In
either approach, the most auspicious success is achieved using nanoparticles as either a scintillator
or a photosensitizer to mediate energy transfer and radical production. Both X-ray induced PDT
(X-PDT) and Cherenkov radiation PDT (CR-PDT) contain a significant radiation therapy (RT)
component and are essentially PDT and RT combination. Unlike the conventional combination,
however, in X-PDT and CR-PDT, one energy source simultaneously activates both processes,
making the combination always in synchronism and the synergy potential maximized. While still
in early stage of development, X-PDT and CR-PDT address important issues in the clinic and hold
great potential in translation.
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11 INTRODUCTION

The national cancer institute estimates that 1,685,210 new cases of cancer are diagnosed in
the United States every year, with 595,690 people dying from the disease. The mainstay
treatment options are surgery, radiation, chemotherapy, and endocrine therapy
(Urruticoechea et al., 2010). However, the U.S. Surveillance Epidemiology and End Results
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data suggest that there have been only a 14% decline in age-adjusted mortality rates over the
past 35 years. As such, researchers have long been searching for new treatment options
(Noone et al., 2018). One promising modality is photodynamic therapy or PDT. For cancer
therapy, photosensitizers are delivered to tumors, and are stimulated by light to generate
reactive oxygen species (ROS), most importantly singlet oxygen (105), to damage tumor
cells or induce tissue ischemia (Huang et al., 2008). PDT is associated with a low level of
systemic toxicity because photosensitizers are usually pharmaceutically inactive in the dark
and photo-irradiation is given only to tumor areas in the procedure. Further, PDT can be
applied repeatedly without cumulative toxicity or incurring resistance (Agostinis et al.,
2011). Moreover, multiple studies showed that local PDT treatment can stimulate systemic
antitumor immunity, leading to suppression of distant tumors or metastases (Gollnick,
Vaughan, & Henderson, 2002; Korbelik, 2011; Oseroff, 2006; van Duijnhoven, Aalbers,
Rovers, Terpstra, & Kuppen, 2003).

Despite these promises, the uses of PDT in the clinic have been limited. One major problem
has been the challenge of delivering sufficient light to tumors in internal organs. Visible or
near-infrared light has a penetration depth of less than 1 cm through body tissues, limiting
PDT treatment to diseases that are close to the skin (Hopper, 2000; Kalka, Merk, &
Mukhtar, 2000). One possibility to circumvent the limitation is to deliver light through an
optical fiber. This allows PDT to target certain internal organs. For instance, PDT is
approved to treat lung, esophagus, mouth and skin cancer in the United States and gastric
cancer in the Japan (Huang, 2005). Very recently, a clinical trial in Europe showed that PDT
reduced the prevalence of low-risk prostate cancer by 35% over 2 years compared to those
who received observation only (Emberton, 2016). Still, the light delivery is often limited by
tumor size and location.

It has been postulated that if light could be produced adjacent to photosensitizers,
penetration depth would no longer be an issue. One exciting approach is X-ray-induced PDT
or X-PDT. X-PDT exploits a nanoparticle scintillator to down-convert external X-ray
photons to visible light photons; the latter in turn actives near-by photosensitizers to trigger
PDT. Unlike visible or Near-infared (NIR) light, X-rays afford superior tissue penetration
and can potentially expand the scope of PDT in clinical applications. Another emerging
approach is Cherenkov radiation-induced PDT or CR-PDT. Cherenkov radiation occurs
when a particle travels faster than the speed of light through a medium, which is seen with
multiple radioisotopes (Shaffer, Pratt, & Grimm, 2017) (Hoogendam et al., 2016; Phillips et
al., 2014; Pratt, Shaffer, & Grimm, 2016). Research shows that Cherenkov radiation from
medical radioisotopes can activate photosensitizer to produce ROS (Kotagiri et al., 2018).
Both external-beam radiation and internal irradiation are widely utilized for cancer
treatment, underscoring the clinical relevance and prospects of X-PDT and CR-PDT. In this
review article, we attempt to summarize recent progress on X-PDT and CR-PDT to elucidate
the mechanism behind the efficacy of the therapies and to provide insight and inspiration for
its future advancement (Figure 1).

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cline etal. Page 3

21 X-RAY LUMINESCENCE AND CHERENKOQOV IRRADIATION

When exposed to a light source, a photosensitizer undergoes either a type 1 or type 2
photochemical reaction. In a type 1 reaction, the excited state photosensitizer transfers an
electron to surrounding biomolecules, producing superoxide radical anions, such as highly
reactive hydroxyl radicals (Maisch et al., 2007). For a type 2 reaction, an excited triple-state
photosensitizer transfers energy directly to molecular oxygen, forming 10,. 10, is extremely
reactive due to the pairing of two electrons into one of the antibonding orbitals (Marchetti &
Karsili, 2016). This allows 10, to directly destroy tumor cells through apoptosis or necrosis
and as such is often used as an indicator for PDT lethality.

An effective cytotoxic dose of 10, has been reported to be approximately 5 x 107-2 x 10°
molecules per cell (Niedre, Secord, Patterson, & Wilson, 2003). Thus, efficient
luminescence generated through scintillation or Cherenkov radiation is crucial. Although
both X-Ray and Cherenkov luminescence have long been known, it is only recently that
their potential in biomedical imaging and therapy has been intensively studied. Therefore,
achieving high photon yield in biological environments is an area of active interest.

2.11 X-ray luminescence

Scintillating materials have long been used in the fields of detection, dosimetry, and
diagnosis (Dujardin et al., 2010). The scintillation process is an extreme form of optical
down conversion with three steps in the basic mechanism. First, incident irradiation ionizes
the material, forming holes in the highest energy shells. More specifically, incident
irradiation excites outer shell electrons, triggering a series of radiative electron decays,
followed by the emission of secondary X-rays, nonradiative decays (e.g., Auger electrons),
and electron-electron inelastic scattering (e.g., Compton scattering). This process occurs on
the order of 1071°-10713 s and requires 2—7 times the energy threshold to make an electron
hole pair. Second, there is a gradual release of the absorbed energy until the ionization
threshold is reached. At this point, the energy has dissipated to the point where it can no
longer propagate further ionizations; instead, it promotes interband transitions, leading to the
creation of electron hole pairs. Electron—photon relaxation and interband transitions promote
thermalization. Charge carriers can return to the diffuse band (as in semiconductors), be
trapped in defects or impurities (as in dopants), or self-trapped to its own structure or form
excitons, these processes take 10712-10711 5. In the third and final step, the excited
luminescent center returns to the ground state by photon emission or nonradiative
suppression. The radiative process is usually short (107°-1073 s) for pair recombination,
exciton emission, or electronic recombination, but may take several minutes if the process is
highly prohibitive (Cebim, Oliveira, Krauser, & Davolos, 2017).

For bulk scintillators, elemental composition and structure are the major parameters
affecting luminescence efficiency. The ideal scintillator should have high efficiency
converting absorbed high-energy photons into relaxed electrons and holes, transferring
relaxed electron—hole pairs toward the emitting center, and emitting center luminescence
yield. The photoabsorption cross sections of the inner-shell electrons are much larger than
those of the outer-shell electrons. As such, high-Z elements, which have more inner shell
electrons, are more efficient in capturing X-ray photons (Band, Kharitonov, &
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Trzhaskovskaya, 1979). For this reason, the majority of bulk scintillators are high-Z
elements doped with rare earth metals. Where structure is concerned, the fewer defects
present in a material the fewer nonradiative processes occur, leading to higher the emission
intensity. Minimizing the number of defects in a bulk scintillation material is based on many
aspects of the synthetic method, but one of the most important parameters is reaction
temperature. Many materials show an exponential increase in emission intensity with
annealing, which improves crystallinity and thus reduces defects (Lempicki, Wojtowicz, &
Berman, 1993). Phase is another parameter that influences the optical properties. For
instance, a hexagonal phase NaGdF »:Eu3* scintillator was found to be 25% more intense
than its cubic structure counterpart (Sudheendra et al., 2014). Both coordination number and
covalence degree of the dopant at the crystallographic site play a critical role in bulk
material scintillation defining the luminescent properties from efficiency to wavelength.

For X-PDT, nanoparticles, rather than bulk scintillators, are used due to their bio-
applicability, surface functionality and passive tumor targeting (Davis & Shin, 2008). While
the aforementioned principles still apply, nanoparticle scintillators have their own sets of
rules for synthesis and luminescent properties. Nanomaterials have expanded the
possibilities for X-ray luminescence uses in high-energy physics and medical imaging,
providing a large portfolio of compositions including composite films, vitroceramics, thin
films, coordination compounds, metal-organic frameworks (MOFs), and organic—inorganic
hybrid materials (Cooper, Bekah, & Nadeau, 2014; Hamieh, Dorkenoo, Taupier, Henry, &
Halley, 2017; Pereira, Martin, Levinta, & Dujardin, 2015; Vistovskyy et al., 2014;
Vistovskyy et al., 2016; Wahid, Pokhrel, & Mao, 2017). Even pure metals and
semiconductors, which usually do not function as X-ray scintillators, may function as such if
formed into nanoparticles (Brus, 1984; Paillard et al., 1999; Yuan et al., 2013).

Size reduction to the nanoscale has a plethora of effects to the scintillation properties. Key
among these is the increased importance of the particle surface conditions. Due to the high
surface to volume ratio inherent in nanoparticles, a significant proportion of scintillation
activator sites are present on the surface of the particle and are exposed to surface
conditions. Additionally, given the small size of the nanomaterial and the high mobility of
excitonic excitations, surface activators are more frequently stimulated than in their bulk
counterparts (Dujardin et al., 2010). This means that all surface interactions such as defects,
coatings, and media interaction all impact luminosity to a larger degree than in bulk
materials. Furthermore, materials size reduction may cause surface strengths to induce an
additional pressure leading to crystal field fluctuations. This causes energy levels to be
distributed randomly, decreasing the probability of direct energy transfer, and consequently
increasing the chance of a radiative transition.

In practice, there have been some mixed results with scintillator size reduction for doped
nanoparticles. For instance, severe quenching was observed in Gd,O5:Eu3*nanoparticles
under high-energy excitation, while enhancement has been observed with YSO:Ce3*
nanoparticles (Ledoux et al., 2004; Muenchausen et al., 2008). Jung et al. (2014) analyzed
the radioluminescence emission properties in the range 300-400 nm of 15 nanoscintillators,
and found that for many standard X-ray phosphors, the quantum efficiency of nano-sized
powders is far less than that of micron-sized powders. They theorized this to be due to
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luminescence quenching from defects found on the surface (e.g., dangling bonds, absorbed
species) and from disorder in the lattice surrounding the activator ion. However, it has also
been observed that nanoscintillators have some improved properties over single crystals. The
rise time is shortened in borates, and 90-nm sized powders of YAG:Eu3* scintillators
exhibited maximum luminous output, which was four times that of the single large crystal
(Klassen et al., 2005). For semiconductors, on the other hand, the reduction of size leads to a
violation of the momentum conservation law (i.e., quantum confinement) and as such
luminescence yield increases as the size decreases (Brus, 1984; Paillard et al., 1999).

The additional disorder applied by surface strengths poses a challenge when optimizing
nanoparticle scintillators. Bottom up synthetic methods often produce particles of poor
crystallinity, and efforts to anneal the particles often result in irreversible aggregation (Chen
et al., 2017). Top-down synthetic methods have the advantage of better crystallinity and
therefore higher luminescence, but have suboptimal size control. The majority of classical
X-PDT studies so far have been conducted with nanoparticles made from a top-down
approach. Meanwhile, efforts are being made to develop synthetic approaches that enable
nanoparticles to undergo annealing without causing aggregation (Gaspar, Mazali, & Sigoli,
2010).

There are two major classes of nanoscintillators, namely doped scintillator and semi-
conductor. Of doped scintillators, lanthanides have been the most widely explored
(Sudheendra et al., 2014). This is largely attributed to their high material density, high
atomic number, and strong luminescence intensity. In particular, nanoparticles of the
formulation ALnF4 (A = Alkaline, Ln = Lanthanide) have a band gap in the range of 9-10
eV and are very suitable for X-ray down-conversion. Semiconductor nanoscintillators made
from ZnO, Si nanocrystals, porous Si, CuBr, PbS, CdSe, and CdS have also been explored
(Alivisatos, 1996; G Ledoux, Gong, Huisken, Guillois, & Reynaud, 2002; Nanda, Kruis,
Fissan, & Behera, 2004; Rama Krishna & Friesner, 1991; Viswanatha et al., 2004). The size
of these particles is often kept as small as possible to maximize quantum entanglement
effects (Table 1).

2.21 Cherenkov radiation

The Cherenkov effect is observed when a charged particle travels faster than the speed of
light through a medium (Cherenkov, 1960). In tissue (refractive index ~1.40), a B particle
needs an energy >250 keV to exceed the speed of light and emit visible photons. Almost all
medical isotopes pass this threshold (Gonzales et al., 2014). Although originally detected in
1958, the first biologically relevant use of Cherenkov radiation was documented by
Robertson et al. (2009) in mice with 18F and 13N. The researchers proposed a unique
bimodal imaging system where the same agent is detectable by both optical imaging and
positron emission tomography. Later, Thorek, Ogirala, Beattie, and Grimm (2013) studied
Cherenkov radiation interacting with quantum dots for secondary Cherenkov-induced
fluorescence imaging. Since that time several studies have reported that Cherenkov radiation
can be exploited to activate PDT (Hartl, Hirschberg, Marcu, & Cherry, 2016; Kamkaew et
al., 2016; Kotagiri, Sudlow, Akers, & Achilefu, 2015).
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Using Cherenkov radiation to induce PDT offers several potential advantages. For one it
could eliminate the need for external beam irradiation and potentially minimize healthy
tissue exposure. Moreover, many radiopharmaceuticals are able to accumulate selectively in
tumors after systematic injection (Packer, 1984). This could allow CR-PDT to target
multiple tumor loci with high selectivity. A major downside of CR-PDT, however, is the
extremely low fluence rates of Cherenkov radiation. While there is no accepted universal
lower fluence limit for PDT, a number of in vitro and in vivo studies have found that a
decrease in cytotoxicity occurs when fluence rate is below 5.5 mW/cm?2 (Bellnier & Lin,
1985; Henderson, Busch, & Snyder, 2006). Monte Carlo simulations have determined the
flux rates for radionuclides to be on the order of 0.01-1 nW/cm?2 per MBq g~L. For most
treatments this would put fluence several orders of magnitude below where researchers have
observed decreased phototoxicity (Glaser, Zhang, Andreozzi, Gladstone, & Pogue, 2015).

X-RAY-INDUCED PDT

In this section, we explore classic X-PDT, defined as having a nanoscintilator localized in
close proximity to a photosensitizer with matching excitation wavelength. We introduce the
origin of the technique as well as the related theoretical modeling and simulations. We
discuss the importance of scintillator materials and nanoparticle surface modification on X-
PDT efficiency.

Origins and design considerations

The idea of using X-ray energy to facilitate PDT has been floating around since the mid 80s.
In 1989 it was proposed that tissues irradiated by X-rays could produce red light and excite
haematoporphyrin derivatives for PDT (Bistolfi, 2000). The idea of using scintillator
nanoparticles to stimulate photosensitizers was first proposed by Chen and Zhang (2006).
The group explored two classes of nanoparticle scintillators: doped nanoparticles
(LaF5:Ce3*, LuF3:Ce3t CaF,:Mn2*, CaF,:Eu?t, BaFBr:Eu?t, BaFBr:Mn2*, and
CaP04:Mn2*) and semiconductor nanoparticles (CdS, ZnO, ZnS, and TiO,). From these
CdS was selected and conjugated to porphyrin through EDC/NHS coupling. The group
demonstrated the emission and absorption spectrum overlap as well as the quenching of the
CdSs scintillator spectrum after conjugation with the porphyrin. However, in this pioneer
work, no studies were performed to determine ROS generation or toxicity under X-ray
(Figure 2a).

Following this conceptual study, several theoretical models were generated to estimate the
capability of X-PDT. Results from initial simulations were not encouraging. One such study
by Morgan, Kramer-Marek, Smith, Camphausen, and Capala (2009) drew on the
contemporary literature, combining results for nanoparticle targeting of tumor tissues and
10, measurements in PDT to determine the expected lethality of the technique. The authors
attempted to model, based on literature consensus, whether lethal levels of 20, could be
obtained without lethal levels of radiation. Using LaFz as a case study the authors concluded
that for energies above 300 keV, an excess of 60 Gy is required to achieve enough 10, per
cell for a killing dose. Common radiation therapy (RT) involves a total radiation dose of 50—
70 Gy, at energies around 6-20 MeV (Majumder, Choudhury, Das, Kundu, & Mitra, 2013).
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As such X-PDT would only be useful it treatments where low energies were applicable and
at higher energies provide no significant advantage over RT. Further, from the literature the
authors determined 5% volume fraction for the nanoparticle uptake was a difficult but
attainable goal. From this they determined that at above 300 keV, where the absorption of
LaF3 is <20x that of the cell, the cell absorbs more radiation than the scintillating
nanoparticles. The authors acknowledged some limitations within their model, for instance
the difficulty accounting for potential radiosensitizing effects (a considerable effect seen in
later studies) and that full cellular internalization is not required for a cytotoxic effect.
Additionally, the total radiation dose is not as important as the localized damage delivered to
key cellular processes. Cancerous cells with X-PDT and radiosensitizing nanoparticles at
energies above 300 keV will see a significant increase in lethality compared to RT at the
same dose (Takahashi & Misawa, 2007). Still, the simulation work raised good questions on
the practicality of X-PDT as an effective treatment modality.

Further simulation studies proved more promising. Bulin et al. (2015) determined that the
Morgan paper underestimated the energy deposition in nanoparticles. Specifically,
scintillation includes both primary and secondary excitations, and their migration distances
may exceed nanoparticle's size, leading to increased energy deposition. Clement, Deng,
Camilleri, Wilson, and Goldys (2016) created a more optimistic X-PDT model and
supported it by quantifying experimental 10, quantum yield and in vitro studies. The
authors synthesized 9-nm CeF3 particles via a co-precipitation method and electrostatically
adsorbed verteporfin to the particle surface. For their particles, they determined that 60 Gy
of 6 MeV and 30 keV corresponds to (1.2 +0.7) x 108 and (2.0 £0.1) x 109 10,/cell. The
exact number of 10, molecules required for lethality varies considerably and the value in the
literature is between 5 x 107 and 2 x 10° molecules per cell (Morgan et al., 2009; Niedre et
al., 2003). The authors assumed that 5 x 107 10, molecules per cell result in 1/e clonogenic
surviving fraction. Thus, 1.2 x 108 to 2.0 x 10% 10, molecules per cell would correspond to
~10% and negligible surviving fraction, respectively. To validate their conclusions the
authors performed an in vitro X-PDT experiment with pancreatic cancer cell lines. At 6
MeV and 6 Gy 32% of the cells were killed compared to a negligible fraction with X-ray
alone.

The X-PDT efficiency is dependent on a number of factors, notably the X-ray luminescence
intensity of the nanoscintillators, the 10, quantum yield of the photosensitizers, and the
spectrum overlap between the two. Moreover, how the photosensitizer binds to nanoparticle
surface may largely affect the X-PDT efficiency. The three methods most commonly used
are electrostatic interactions, pore loading, and covalent bonding (Chen et al., 2015; Chen,
Wang, et al., 2017; Clement et al., 2016; EImenoufy, Tang, Hu, Xu, & Yang, 2015). Though
there is no hard rule for minimum distance between nanoscintilator and photosensitizer but,
given the poor light penetration in tissues it can be assumed that X-PDT efficiency is
proportional to the distance between the two. Some researchers maintain that the distance
between the two should be less than 10 nm. This would allow for radiationless Forster
resonance energy transfer to occur, minimizing energy loss during transition and potentially
improving radical production efficiency (Chen & Zhang, 2006; EImenoufy et al., 2015). So
far, there have been few studies to systematically examine the impact of the loading methods
on X-PDT efficiency.
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Another factor worth investigation is the contribution of X-ray luminescence and
fluorescence on cell lethality. The scintillation process may generate UV or other ionizing
irradiation. It has been proposed that UVC alone can be harnessed to damage cells and
cancerous tissues (Justel & Feldmann, 2007). How to differentiate these effects from the
PDT contribution remains a challenge. On the other hand, it is fair to admit that X-PDT is
intrinsically a complicated process and the cell death a result of multiple factors. Likely,
these understudied factors account for the discrepancy between the theoretical models and
the real practice.

Furthermore, the intratumoral or intracellular distribution of nanoparticles are hardly
homogeneous and this distribution profile may largely affect cytotoxicity. Given the short
penetration of radicals, the damage is likely focused on membrane or organelles enriched
with nanoparticles. Rossi et al. (2015) observed very high X-PDT efficacy with SiC/SiOy
core/shell nanowires in killing adenocarcinomic alveolar basal epithelial cells, and they
attributed this to a large degree to the almost complete cell uptake of the nanowires.
Mitochondria targeted X-Ray ROS production has been shown in vivo to induce
mitochondrial collapse and significantly more cellular apoptosis than X-rays alone or the
untargeted nanoparticles (Li et al., 2018). The ability to alter the energy deposition profile
could contribute to the cell killing mechanism of X-PDT.

3.21 Classic X-PDT

The Chen and Zhang (2006) pioneered the exploration with X-PDT. They took LaF3:Ce3*,
LuF;:Ce3* CaFp:Mn2*, CaF,:Eu2*, BaFBr:Eu2*, BaFBr:Mn2*, and CaPO4:Mn2*, CdS,
Zn0, ZnS, and TiO, and compared photosensitizers of matching absorbance wavelengths,
such as photofrin, fullerenes, and TiO». In this initial study they demonstrated that for CdS
nanoparticles conjugated with tretrakis (o-aminophenyl) porphyrin under X-ray the emission
of the nanoparticles decreased while the fluorescence of tretrakis (0-aminophenyl) porphyrin
increased (Figure 2b).

Progress in nanoparticle synthesis and fabrication has led to more comprehensive studies.
Among all the scintillators tested rare earth materials, for instance terbium including
compounds, have been most widely explored. This is likely due to terbium's favorable
emission spectrum, which consists of four peaks centered at 488 nm (intraconfigurational
transition 4f8 —-4f8 5D4 — 7F6), 545 nm (5D4 — 7F5), 588 nm (5D4 — 7F4), and 625
nm (5D4 — 7F3). EImenoufy et al. (2015) covalently conjugated LaF3:Th nanoparticles
with a Rose Bengal photosensitizer and the same group demonstrated a similar formulation
but with the Rose Bengal loaded into silica pores instead (Tang, Hu, EImenoufy, & Yang,
2015). For both formulations the group evaluated 10, generation in solution as the measure
of X-PDT efficiency. Bulin et al. (2013) synthesized Th,03 nanoparticles and linked
porphyrin to the particle surface. With this approach, Bulin et al. evaluated the energetics of
the energy transfer between the scintillator and photosensitizer as well as X-Ray-induced
10, generation. Chen, Wang, et al. (2017) synthesized terbium nanoparticles conjugated to
meso-tetra(4-carboxyphenyl)porphyrin for X-PDT brain cancer therapy and have shown its
efficacy with cell studies. The therapy showed a significant cell viability drop (*50%) on 9
L glioma cells at 80 keV compared to X-Ray alone.

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cline etal. Page 9

Other lanthanide materials have also been studied, many with cellular studies. For instance
Zou et al. (2014) demonstrated LaF5:Ce3* nanoparticles (emission at 520 nm) conjugated
with PPIX induced oxidative stress, mitochondrial damage, and DNA fragmentation in PC3
cells under X-ray irradiation. Clement et al. (2016) conjugated CeF3 nanoparticles with
Verteporfin and assessed both 10, generation and lethality against Panc1 cells at low and
high energies. KaSc¢akova et al. (2015) synthesized lanthanide-based micelles (GdEuC12)
and incorporated Hypercin into them. They observed 10, production and cytotoxicity with
the formulation upon X-ray irradiation. Recently a novel core dual shell system proposed by
Hsu, Lin, and Chang (2018) used lanthanides to enable X-PDT and X-ray fluorescence
without resonance quenching. The group measured the 10, generation and in vitro toxicity
of the NaLuF4:Gd(35%),Eu(15%)@NaLuF4:Gd(40%)@NaLuF4:Gd(35%),Th(15%)
nanoparticles. Recently, a series of new nanoparticle formulations have been proposed for X-
PDT. These include Ceg g5Thg 15F3 nanoparticles in a CTAB chlorin e6 shell,
12Ca0-7Al,05:Th3* nanocages, (Y1.xPry)3Als012 nanocrystals, and GdVO4:Eus*
nanoparticles conjugated to methylene blue (Cooper, Capobianco, & Seuntjens, 2018; Jung
etal., 2014; Li etal., 2017; Losytskyy et al., 2016, 2017; Song et al., 2018; Yefimova et al.,
2017). However, none of these particles have yet moved beyond energetics analysis.

Some nonlanthanide materials have also shown potential in facilitating X-PDT. Rossi et al.
(2015) synthesized SiC/SiOy core/shell nanowires and evaluated these materials as X-PDT
agents (Figure 3a). The nanowire cores are grown on silicon through chemical vapor
deposition using a vapor-liquid—solid process (Fabbri et al., 2012). The nanowires show
negligible cytotoxcicity in the dark and 545 nm fluoresce under X-ray. The nanowires are
then functionalized with azide groups and covalently coupled with a porphyrin derivative
through click chemistry. 12 days after 6 MeV and 2 Gy irradiation the authors observed a
75% reduction in A549 cells compared to the control (Figure 3f). Another interesting
nonlanthanide X-PDT particle was proposed by Losytskyy et al. (2016). The particle is a
polystyrene-based scintillator conjugated to chlorin €6 and showed encouraging energetics
for X-PDT.

A further advantage of the dual nature of X-PDT is the radioenhancement effect that can be
provided by nanoparticles. In these direct conversion particles, the absorption of X-ray
energy excites electrons into states above the conduction band edge and excited electron
hole pairs are subsequently trapped at the particle surface. The electron holes then interact
with water to form hydroxyl radicals, and the electrons react with O, to form superoxide/
peroxy radicals (Takahashi & Misawa, 2007; Townley, Kim, & Dobson, 2012). Ma, Zou,
and Chen (2014) synthesized copper-cysteamine complex (Cu-Cy) nanoparticles and
investigated their capacity to produce 10, under X-ray irradiation. The authors examined the
X-PDT efficacy in vitro via live/dead assays and observed extensive lethality at 2 Gy (90
keV). Under the same principle, a series of other X-PDT nanoparticles have been tested,
such as octahedral molybdenum cluster compound (n-Bu4N),[M0618(O0C-1-
adamantane)g], colloidal GdSe and Gd,O3 nanoparticles, alginate-coated iron nanoparticles,
ZnS:Ag CeF3, and a series of Cd-based quantum dots to name a few (Generalov, Kuan,
Chen, Kristensen, & Juzenas, 2015; Kim et al., 2009; Kirakci et al., 2015; Sheng, Li, Weiss,
& Wang, 2012; Takahashi & Misawa, 2007; Yang et al., 2008). The authors consider these to
have an advantage above conventional X-PDT nanoparticles as it saves the energy transfer
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step, potentially leading to a higher 10, quantum yield. However, it is debatable if these
therapies technically count as X-PDT since no separate photosensitizers are involved.

Despite the extensive in vitro studies, it is not until recently that X-PDT was tested in vivo.
Encouraged by the success of the Cu-Cy nanoparticle in vitro, the Chen group pursued in
vivo experiments with subcutaneous mouse model MCF-7 cells (Ma, Zou, & Chen, 2014).
When the particles were injected intratumorally without X-ray the tumors saw an increase of
250% over 13 days where as those exposed to 5 Gy of 90 keV X-rays and particles saw a
reduction in tumor size by 25%. Townley et al. (2012) performed in vivo analysis with silica
coated TiO2:Gd3* nanoparticles in rodent A549 xenograft models. Compared to X-rays
alone, the nanoparticle and X-ray (200 keV) doubled the treatment efficacy and even
provided significant tumor reduction after multiple rechallenging. Interestingly, the authors
observed better outcomes with nanoparticles at 1 mg/mL than at 5 mg/ML, the mechanism
behind this effect remains unknown.

Our group developed an integrated nanosystem containing a SrAl,O4:Eu2*(SAQ)
nanoscintillator core, a mesoporous silica coating, and a photosensitizer merocyanine 540
(MC540) loaded into the silica layer for in vivo analysis (Figure 4a) (Chen et al., 2015).
SAO emits green X-ray luminescence (~520 nm), which well matches the excitation
wavelengths of MC540. MC540-SAOQ nanoparticles efficiently mediated X-PDT, killing
U87MG (Chen et al., 2015) and H1299 cells (G. D. Wang et al., 2016), both cell lines that
are refractory to RT. The treatment remained effective when cancer cells were lain under
4.5-cm thick pork tissues (Wang et al., 2016), which is not possible with conventional PDT.
When injected directly into subcutaneous tumors (Chen et al., 2015) or implanted along with
cancer cells to the lung, MC540-SAO nanoparticles in conjugation with external beam
irradiation led to much greater tumor suppression than radiation alone (Figure 4f).

Zhang et al. (2015) evaluated LiYF4:Ce@ZnO core/shell nanoparticles as a X-PDT agent in
vivo with xenograft HeLa tumor models. In this nanosystem, LiYF,4:Ce is the scintillator and
ZnO0 the photosensitizer. The group was able to completely inhibit tumor growth after 15
days compared to a marginal tumor suppression from RT alone. The group postulated that
the LiYF4:Ce@ZnO nanoparticles produced hydroxyl radicals through the type 1 PDT
pathway, which is less oxygen-dependent than the type 2 pathway that is preferred in
conventional PDT. This study evaluated X-PDT performance under low oxygen conditions,
and illustrated that ROS production remained relatively stable when oxygen content was
reduced (from 21% to 2%) whereas X-Ray alone saw a significant decrease in ROS
generation. However, more studies are needed to understand the impact of oxygen level
change on X-PDT efficiency.

Another interesting avenue of research is the use of nanoscale metal-organic frameworks
(nMOFs) as X-PDT nanoconjugates. MOFs are a class of hybrid materials formed by the
self-assembly of metal ions or clusters and organic polydentate bridging ligands. This
nanoplatform offers a unique approach to bring together scintillators and photosensitizers at
close proximity and with good control. Several groups have explored chlorin- and
porphyrin-based MOFs (Lu, He, & Lin, 2015; Park, Jiang, Feng, Mao, & Zhou, 2016). Liu
et al. (2016) developed a nMOF capable of radio sensitization and PDT and demonstrated its

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cline et al.

3.31

Page 11

effect in vivo. The MOFs were composed of Hf cores to serve as radiosensitizers and tetrakis
(4-carboxyphenyl) porphyrin (TCPP) bridging ligands to serve as the photosensitizer. This
concept was further advanced in a publication by Lan et al. (2017) in which the authors
developed nanoscale organic layers for X-PDT therapy. At the nanoscale size the authors
speculated that due to ROSs short lifetime, a significant portion of ROSs generated would
not diffuse out of the 3D nMOF structure. Therefore, in an attempt to improve the X-PDT
efficacy, the group reduced the dimensionality and created 2D nanoscale metal—-organic
layers (nMOLSs) instead.

In a prior publication the Lin group had demonstrated that a Hf-based nMOF could absorb
X-rays and transfer that energy to coordinated anthracene-based ligands which would then
generate luminesce in the visible spectrum (Wang et al., 2014). Seeing the potential, Lan et
al. (2017) combined an anthracene-based Hf nMOL with two photosensitizers, Ir[2,2”-
bipyridine (2-phenylpyridine),]* and [Ru(2,2”-bipyridine)s]? to induce X-PDT. When tested
in vitro, the nMOLs were capable of dramatically reducing the viability of two colon cancer
cell lines, CT26 and MC38, through X-PDT so the group moved to in vivo evaluation. When
0.5 nmol of nMOLs were intratumorally injected and treated with 5 Gy radiation, the
researchers were able to reduce the tumor volume by 83.6% for CT26 tumors and with 10
Gy reduce MC38 tumor volume by 90.1% (Figure 5e).

X-PDT by persistent luminescence

While using an X-ray to stimulate PDT has many advantages, concerns remain about the
dose of radiation being delivered to healthy tissues. A possible solution is to exploit
nanoscintillators that emit persistent luminescence. Unlike fluorescence, which has a
lifetime of nanoseconds, persistent luminescence from some phosphors can endure for
minutes or even hours after the end of excitation (Chen et al., 2014). This would allow for
X-PDT to remain active in the absence of external irradiation, which may lead to reduced X-
ray exposure for normal tissues and with minimal concerns about enhanced particle toxicity
as the persistent luminescence will expire before most particles are cleared from the tumor
sites (Liu et al., 2013).

For persistent luminescence X-PDT, the nanoparticle design is no different from classical X-
PDT save for the scintillator used. Homayoni et al. (2016) explored Sr,MgSi,O7:Eu?*,Dy3*,
a well-known afterglow material, as a X-PDT agent. SroMgSi,O7:Eu2*,Dy3* nanoparticles
have four X-ray luminescence emission peaks at 408, 480, 580, and 660 nm. Only the 480-
nm emission, which comes from the 5d to 4f transition of seven coordination site Eu*, is
persistent (Fei, Chang, & Mao, 2005). The authors observed particle luminescence for up to
5,000 seconds after the end of X-ray irradiation. They then coated the particles in silica and
conjugated to the surface both PpIX and folic acid. However, the study did not evaluate if
the afterglow component was significant enough to mediate PDT and kill cancer cells.

Ma et al. (2014) prepared TBrRh123-loaded ZnS:Cu,Co nanoparticles and investigated their
potential in persistent luminescent X-PDT. The authors measured two components to the
decay lifetime. A short-lived component at 510 nm and the long-lived component at 546 nm,
which lasted more than 10 minutes. They attributed the afterglow at 546 nm to the Cu2* ions
shifted from the normal wavelength of 525 nm by crystal defects. The authors showed that
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the nanoparticles were efficiently internalized by PC3 cancer cells and, with 2 Gy
irradiation, reduced cell viability by 40%. The authors claimed that this lethality was
comparable to classical X-PDT mediated by MTCP-LaF3:Tb nanoparticles at 13.2 Gy and
they attributed the enhanced sensitizing effect to the persistent luminescence property of
ZnS:Cu,Co nanoparticles, although the hypothesis would be difficult to prove. Recently
Song et al. (2018) doped ZnGay04:Cr nanoparticles with W(V1) improving the scintillators
afterglow capabilities. They then evaluated its energetics for use in X-PDT. Beyond
providing another X-PDT scintillating option this study is of interest as it may provide
insight on improving the afterglow properties of other nanoscintillators.

We recently synthesized LiGasOg:Cr nanoparticles and tested their potential to mediate X-
PDT. LiGasOg:Cr affords long and intense afterglow after X-ray irradiation (Chen et al.,
2017). More uniquely, the luminescence is centered in the near-infrared spectrum window
(~720 nm). When coated with mesoporous silica and loaded with 2,3-naphthalocyanine
(NC), a photosensitizer, the resulting nanoparticles can function as a theranostic agent with
both imaging and X-PDT capabilities. in vitro studies showed NS-LiGasOg:Cr@mSiO,
nanoparticles still produce 10, after the end of X-ray irradiation, and the resulting radicals
were sufficient to kill H1299 cells. We conjugated to the nanoparticle surface Cetuximab, an
anti-EGFR antibody, and intravenously injected the conjugates to mouse orthotopic lung
cancer models. The nanoparticles were able to selectively accumulate in lung tumors, and
the nanoparticles' afterglow was detected by I1VIS in a “bioluminescence” imaging mode
(i.e., without excitation). With 6 Gy external irradiation, the nanoparticle mediated X-PDT
and induced efficient tumor suppression.

While persistent luminescence may allow for continued production of radicals after the end
of X-ray irradiation, the intensity of the luminescence often diminishes rapidly, and so then
does cytotoxicity. Moreover, an extended energy endurance does not necessarily guarantee
an increased energy deposition in tumors. There is no proof that persistent luminescence is
beneficial regarding energy transfer efficiency and photosensitizer activation, although it is
speculated that persistent luminescence is associated with low speed of oxygen
consumption, and may avoid anoxia seen with PDT. Overall, X-PDT with afterglow is an
interesting concept, but relevant studies are few and far between. Further research is needed
to elucidate how much afterglow X-PDT contributes to therapy and why.

41 CHERENKOV RADIATION-INDUCED PDT
411 CR-PDT stimulated by radioisotopes

Cherenkov luminescence (CL)-based optical imaging has long been investigated and
approved for medical use (Ciarrocchi & Belcari, 2017). Recently, several groups have
exploited Cherenkov radiation as an energy source to activate PDT. One strategy is to pair a
radionuclide and a photosensitizer in a nanoparticle package. For instance, Kamkaew et al.
(2016) encapsulated oxophilic zirconium-89 (89Zr) and chlorin e6 into a mesoporous silica
nanoparticle. Cherenkov emission peaks in the UV but still shows strong blue emission.
Since one absorption peak of chlorin e6 is ~400 nm, the two are a good pair for CR-PDT.
Chlorin e6 is barely released from the nanoparticles (only 9% after 2 days), which is
beneficial as 89Zr has a relatively long half-life (78.4 hr). in vitro studies with 4 T1 cells
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found a high level of DNA double-strand breaks with the CR-PDT nanoparticles relative to
897r alone. Intratumoral injection of the CR-PDT nanoparticles led to complete tumor
eradication in 14 days at a sublethal (15 MBq) radiation dose (Figure 6¢). One potential
safety concern, however, is that many nanoparticles were found in the liver on Day 14, with
significant amounts of the radioisotopes and photosensitizers remaining active (~12% 89Zr
and 44% Ce6).

Instead of delivering radioisotopes and photosensitizers using the same nanoplatform, some
groups have explored a colocalization approach, where radionuclides and photosensitizers
are injected separately but co-enriched in cancer cells. This means that the therapy is only
active when the components are in the tumor, limiting concerns about persistent toxicity as
seen with previous CR-PDT particles. This approach exploits the fact that many clinically
approved radiotracers accumulate in cancer cells with high efficiency and selectivity (Packer,
1984). Kotagiri et al. (2015) tested 2-deoxy-2"-(18F)fluoro-D-glucose (18F-FDG) as the
Cherenkov source and TiO, nanoparticles as the photosensitizer. 18F-FDG is the mostly
commonly used positron emission tomography tracer and as a glucose analog it accumulates
in tissues with high metabolism rates, such as tumors (Kelloff et al., 2005). Meanwhile,
transferrin was conjugated to TiO, nanoparticles to facilitate nanoparticle tumor targeting. in
vitro studies showed that incubation with 18F-FDG and TiO, nanoparticles led to breached
cell membrane integrity and vacuolated cytosol, features associated with necrosis while the
separate components induced minimal toxicity. Intravenous injection of 18F-FDG and
transferrin TiO, nanoparticles then showed significant tumor suppression in vivo. With the
tumor volume reduced to one-eighth of the controls on day 15. Another 18F-FDG co-
localization CR-PDT study by the same group used titanocene-loaded nanomicelles as the
photo sensitizer (Kotagiri et al., 2018). These micelles were conjugated with LLP2A for
VLA-4 (agP integrin) targeting. The latter is a plasma membrane protein overexpressed in
295% of the multiple myeloma human cell line MM1.S. When tested in disseminated
multiple myeloma mouse models 18F-FDG plus the titanocene nanomicelles led to selective
and effective tumor suppression.

Compared with X-PDT, CR-PDT has certain advantages. For instance, CR-PDT can
potentially target multiple metastases, which is challenging for classic X-PDT. The co-
localization approach is also unique. Both radiotracers and photosensitizers can be rendered
to be tumor targeting, making the treatment highly selective as the PDT activation can only
occur when the two components meet within a cancer cell. A main concern with CR-PDT,
however, is its low efficacy (Pratx & Kapp, 2018). The number of photons generated by
radionuclides is several orders of magnitude lower than those during external irradiation, not
to mention the loss of energy during conversion (Glaser et al., 2015). As mentioned above,
Monte-Carlo simulations showed that the flux rates for radionuclides to be on the order of
0.01-1 nW/cm? per MBq g~1. This amount of photons is deemed insufficient to produce
effective phototoxicity (Glaser et al., 2015). If this is the case then how CR-PDT induces
cancer cell death? It is likely the damage induced by the radionuclides improves on the
lethality that could be expected from PDT alone, perhaps inducing a synergistic effect, as
discussed in detail later. (Williams, DeNardo, & Meredith, 2008).
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A recent study by Pratt, Shaffer, Zhang, Drain, and Grimm (2018), however, offers an
approach to eliminate the low luminescence yields of CR-PDT. The group examined the
impacts of decay and secondary products from radionuclides on nanoscintillators. By mixing
sub-CL B emitting radionuclides with scintillating nanoparticles they were able to achieve a
luminescence of nearly 2,500 times what was observed with the nuclide alone. Although -
emitting radionuclides also showed a significant increase in luminescence when in proximity
to a nanoscintillator the group discovered that p-scintillation induced radiance enhancement
fourfold that of -y. They attributed this to the ability of B particles to interact with matter
through multiple pathways including CL, electron excitation, ionization, bremsstrahlung,
and annihilation (B* only). I particles on the other hand interact with matter through the
photoelectric or Compton effects, coherent scattering, or pair production. In addition to the
scintillation observed the group also generated characteristic X-ray energies through an L
shell electron occupying the vacancy of a previously ejected K shell electron which they
used as an additional imaging step. The authors concluded nanoparticles in proximity to
either pB- or -y-emitting radionuclides exhibit enhanced total photon flux and emit at discrete
wavelengths in systems with luminescent metal ions.

4,21 CR-PDT stimulated by external irradiation

Cherenkov radiation is generated when particles travel faster than light in a medium. For
electrons in tissues, this energy threshold is about 0.219 MeV. It is proposed that a linear
accelerator (LINAC), which is commonly used in RT in the clinic, can stimulate this
phenomenon in body tissues. A clinic LINAC generates X-rays in the range of 6-18 MeV
with about 80% photons and 20% electrons. It is reasoned that tissues under irradiation can
serve as an in situ scintillator source, producing photons for PDT activation (Li, Mitchell, &
Cherry, 2010). This approach is appealing because compared to radioisotopes, external beam
induced Cherenkov radiation may provide a higher photon flux and thus more efficient PDT.
A Monte Carlo simulation comparing the two found that the available photons for
radioisotopes would be 0.01-1 nW/cm? and 1-100 pW/cm? for external RT beams,
dependent on the given waveband, optical properties, and radiation source (Glaser et al.,
2015).

External beam-based Cherenkov illumination has already been used to map tumor treatment
during RT using a photosensitizer (Axelsson, Davis, Gladstone, & Pogue, 2011). With a
water-based phantom, Axelsson et al. (2011) were able to activate the fluorophore PpIX
(which has utility as a photosensitizer as well) and demonstrate that the higher the energy X-
ray the greater the PplIX fluorescence, as follows via the Frank Tamm equation;

LN_L’T(L_L)l_ !
dx 137 /11 /12 /j2'72

where m is refractive index and p is the Cherenkov threshold (Ross, 1969). The equation
predicts that photon yield and path-length correlate to X-ray energy. The group was then
able to demonstrate this phenomenon in vivo and in real time when they obtained video
imaging breast cancer patients tumors with doses and energies comparable to those used in
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RT (Jarvis et al., 2014). The group also hypothesized that if a photosensitizer were to be
loaded into tumors, this CL could also be used for PDT. Based on the results of
luminescence imaging studies discussed above, the group evaluated a theoretical approach
for external beam CR-PDT. Taking a fractionation scheme representative of RT scheme:
where 2 Gy is administered each day for 30 days, the daily light dose at 450 nm would be
approximately 20 pJ/cm? and 32 pJ/cm? for 6 or 18 MV photon beam, respectively. The
accumulated light dose, over 30 days, would be then 0.6 mJ/cm? and 1 mJ/cm? for the two
photon beam energies. This would be lower flux than standard treatment, but significantly
greater than that observed by radioisotopes PDT.

This technique is poised for potential synergies with explored techniques. As discussed
above the presence of nanoscintillators have been shown to greatly enhance the CL
generated by radionuclides. It is believed that an X-PDT nanoparticle agent developed to
take advantage of the CL as well as the X-ray-induced scintillation would greatly enhance its
tumor lethality. Another potential synergy between CL and nanoscintillators with optical
down conversion. Cherenkov radiation mainly generates UV-blue wavelengths. This not only
limits which photosensitizers are applicable but also has poor tissue penetration depth,
reducing the quantity of usable photons. The use of a nanoparticle transducer to down-
convert the energy could alleviate both of these issues. While to our knowledge none of
these approaches have yet been explored it opens an interesting avenue for further enhancing
X-PDT lethality as well as the synergistic effects between X-rays, PDT and nanopatrticles.

51 X-PDT AND CR-PDT: COMBINATION THERAPIES

X-PDT and CR-PDT were developed to address the tissue penetration problem of
conventional PDT. But because the energy down-conversion is never 100%, and both
approaches involve a significant RT component. In this sense, X-PDT and CR-PDT are in
essence PDT and RT combinations, and the synergy between the two modalities might help
explain the high treatment efficacy at a relatively low radiation doses.

The idea of combining PDT and RT was proposed decades ago (Ramakrishnan, Clay,
Friedman, Antunez, & Oleinick, 1990). In most studies, PDT showed either an additive or
synergistic effect when combined with RT. It seems that time interval between them is a
critical factor. According to Kostron, Swartz, Miller, and Martuza (1986) when RT and PDT
was applied sequentially with a 30-min gap, the therapy was additive, regardless of the
treatment order. Within 30 minutes, however, synergistic benefits were observed. Others
reported a much narrower interval for combination synergy. For instance, Kavarnos, Nath,
and Bongiorni (1994) found that if given beyond 1 min apart the effect was not synergistic
but additive. The mechanism was never fully understood but a popular postulation is that it
derives from the fact that PDT and RT target different cellular organisms. Specifically,
ionizing radiation mainly causes DNA strand breaks and RNA synthesis inhibition, resulting
in cell apoptosis, mutation, and chromatic aberration (Luijsterburg & van Attikum, 2011).
While the cellular impacts of PDT often involve damage to the lipids and plasma membrane,
though these are photosensitizer-dependent (Dougherty et al., 1998). The combination may
override cell repairs, leading to high lethality at a sublethal radiation dose (Luksiene,
Kalvelyte, & Supino, 1999; Ramakrishnan et al., 1990).
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Other mechanisms have been proposed to account for the synergy. Montazerabadi,
Sazgarnia, Bahreyni-Toosi, Ahmadi, and Aledavood (2012) suggested that some PDT-
resistant tumor cells are more sensitive to ionizing radiation and some radiation-resistant
tumor cells are sensitive to PDT. Benstead and Moore (1990) proposed that rapid cancer cell
death by PDT serves as selection pressure, causing cancer cells to replicate at an increased
rate. This exacerbates the damage caused by radiation, which is most effective against fast
proliferating cells. Rubin and Casarett (1968) hypothesized that late stage radiation damage
is caused by the leakage of plasma into the interstitial space from a compromised epithelial
lining. This stimulates fibrosis and leads to cell death. As PDT also leads to a leaky
endothelial lining, when the two techniques are combined the probability of fibrosis is
increased. These mechanisms seems less likely as the effect is observed only within a short
time frame regardless if the RT occurs before after PDT. It should be noted that this
synergistic effect has not universally been observed in all tumor models, and for a while not
at all in clinical trials. However, some recent clinical studies have since shown an
improvement in cure rate due to a synergistic effect between the RT and PDT (Kostron,
Obwegeser, & Jakober, 1996; Nakano et al., 2011; Prinsze, Penning, Dubbelman, &
VanSteveninck, 1992).

Despite the encouraging results, the PDT and RT combination has limited prospect in the
clinic. This again is attributed to the shallow tissue penetration of light which limits the use
of PDT. It is also challenging to colocalize the photo- and X-ray-irradiation to maximize
synergy between the two modalities. The fact that a PDT session can take 15 min or longer
while a RT session takes less than 5 min also poses difficulties for the combination. While
the concept of PDT and RT combination is attractive, the interest has remained academic for
most therapies.

The emergence of X-PDT and CR-PDT makes us revisit these early studies and find clues
about the high treatment efficacy of these new modalities. In one recent study, we treated
H1299 cells with SAO:Eu-mediated X-PDT and examined the impacts on cells through
multiple assays (Wang et al., 2016). We found that X-PDT caused DNA damage and
reduced clonogenicity, which are characteristics of RT. Meanwhile, X-PDT also induced
early time point necrosis and increased lipid damage, suggesting a PDT component in the
treatment. Western blotting and lipid peroxidation assay also found both RT and PDT
patterns in X-PDT but suggested a shift of the impacts from DNA breaks in RT to lipid
damage in PDT (Figure 3e). This evidence supports the notion that X-PDT is in essence RT
and PDT combination. Unlike the conventional combination, however, in X-PDT and CR-
PDT, one energy source simultaneously activates both processes. This makes the
combination always in synchronism and the synergy potential maximized. The new
approaches also overcome the tissue penetration problem, making the combination more
clinically relevant and translation more feasible.

61 CONCLUSION

Despite recent progress, X-PDT and CR-PDT development is still in its infancy. On one
hand, encouraging results were observed at both in vitro and in vivo levels. On the other
hand, no simulation models are able to fully explain the observed tumor therapy. In future
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studies, it will be important to look into the energy transfer between scintillators and
photosensitizers and determine the portion of radicals produced from the X-PDT
mechanism. Crucially, X-PDT and CR-PDT are essentially RT and PDT combination
therapy. How the two modalities interact and how they affect cells at DNA and molecular
levels should be examined further.

One complication is the diversity in energy sources and scintillator nanoparticles. So far, the
majority of X-PDT studies were conducted with low or medium energy X-ray beams. While
at lower energies (20-170 keV) the photoelectric absorption component dominates Compton
scattering by an order of magnitude as the energy increases, so does the Compton scattering
component, reducing the enhancement seen by high Z elements in X-ray absorption
(Takahashi & Misawa, 2007). It is important to test these nanoparticles with clinical MeV
beams and see if the effectives can surpass the simulation studies. Another consideration is
the toxicity from nanoparticles. Previous studies focus on scintillation materials with
appealing optical properties but pay little attention on their bio-compatibility and bio-
degradability. For future developments, the feasibility of clinical translation should become
an important criterion.

Despite this, the future does look bright for X-PDT. Most of the current particles show
increased tumor lethality over radiotherapy while exposing patients to lower X-ray doses.
Additionally, there are vast numbers of scintillating nanoparticles, afterglow phosphors,
medical isotopes that have yet to be adapted or optimized for X-PDT/CR-PDT. What can be
achieved with external beam CR-PDT remains only theoretical at this point. It is believed
that once the benefits are shown in vivo this area will quickly become one of the most
exciting in X-PDT as it works in perfect conjunction with enhancing the effectiveness of
classic X-PDT models. A further area of future exploration of PDT is in vasculature
targeting. While PDT has demonstrated effective vasculature destruction, little analysis has
been performed to see this effect in X-PDT. Given that many nanoparticles are too large for
efficient extravasation, tumor vasculature is a promising target for future X-PDT. The
principals behind X-PDT may have potential beyond the generation of ROSs. Y503
nanoparticles conjugated with psoralen (a photoactive drug) and after irradiation have
formed monoaducts and cross-linking that induce apoptosis for deep tissue tumor treatment
(Scaffidi, Gregas, Lauly, Zhang, & Vo-Dinh, 2011). Combining X-PDT nanosystems with
other photoactive drugs instead of or in addition to photosensitizers is an unexplored
territory with exciting opportunities.
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FIGURE 1.
Schematic illustration for X-PDT and CR-PDT. Left: Classic X-PDT. X-rays excite a

nanoscintillator to generate X-ray luminescence, which in turn activate a photosensitizer to
produce cytotoxic ROS. Right: Cherenkov radiation PDT. Cherenkov radiation from
radioisotopes is harnessed to activate a photosensitizer to initiate PDT
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FIGURE 2.

(a) The emission spectrum (red) of CdS nanoparticles and the absorption spectrum (black) of
tretrakis (o-aminophenyl) porphyrin (TOAP). (b) Fluorescence emission spectra of TOAP
(black), CdS nanoparticles (green), and TOAP-CdS nanoparticle conjugates (red) (Reprinted
with permission from W. Chen and Zhang (2006). Copyright 2006 American Scientific
Publishers)
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FIGURE 3.
Silica nanowire based X-PDT. (a) Schematic of the SiC/SiOx/H, TPACPP system. Grown

nanowires are functionalized with azide groups; the H,TCPP porphyrin derivative
containing an alkyne group (H2TPACPP) is synthesized by converting the carboxy groups
into N-propynylamides; the nanohybrid is constructed by bonding HoTPACPP to the NWs.
(b) Left: SEM image of the as-grown nanowire network on Si substrate. Right: TEM image
of two neighbor nanowires. (c) TEM of cellular uptake and internalization of the nanowires
during the first 24 hr. (d) Fluorescence spectra acquired at room temperature over as-grown
nanowires. (e) 10, generated, as a function of the radiation dose. (f) Histogram of clongenic
survival assay. (Reprinted with permission from Rossi et al. (2015). Copyright 2015 Nature
Publishing Group)
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X-PDT with strontium aluminum oxide (SAO) nanoparticles. (a) Schematic illustration of

the working mechanism. A SAO nanoparticle core is coated with two layers of silica.

MC540, a photosensitizer of matching, is loaded into the mesoporous layer. (b) TEM image
of SAO@SiO, nanoparticles. (c) Comparison between the XEOL of SAO (red) and the
absorbance of MC540 (black). (d) MTT assays showing that SAO nanoparticle-mediated X-
PDT efficiently killed U87MG cells. (e) Western blotting assays. In the presence of SAO

nanoparticles, radiation-induced cellular damage is shifted from DNA breaks to lipid

peroxidation. (f) in vivo X-PDT therapy results. (Reprinted with permission from Hongmin

Chen et al., (2015) and G. D. Wang et al., (2016). Copyright 2015 and 2016 American

Chemical Society)
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FIGURE 5.
Nanoscale metal organic layers for X-PDT. (a) Schematic for Hf-based nMOL X-PDT

agent. (b) Photosensitizers. Top: Ir[2,2”-bipyridine (2-phenylpyridine),]*. Bottom: [Ru(2,2’-
bipyridine)s]2+ c) physical characterization. Top left: TEM nMOL bottom left: HRTEM
image, inset: FFT pattern. Top right: Tapping-mode AFM topography. Bottom right: Height
profile along the white line. d) SOSG assay results. Samples were treated by 225 kVp
irradiation. (e) in vivo therapeutic effect of NMOL (left:CT26, right:MC38). (Reprinted with
permission from Lan et al. (2017). Copyright 2017 John Wiley and Sons)
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FIGURE 6.
(a) Schematic for Cherenkov radiation. (b) Chenekov X-PDT particle [89ZrJHMSN-Ce6

schematic, (c) in vivo therapy results with [89Zr]HMSN-Ce6. (d) Cherenkov X-PDT with a
co-localization approach using 2-deoxy-2"-(*8F)fluoro-D-glucose and TiO»-Tf-Tc
nanoparticles. (e) Co-localization in vivo therapy results. (Reprinted with permission from
Shaffer et al. (2017), Kamkaew et al. (2016) and Kotagiri et al. (2018). Copyright 2017,
2016 and 2018 American Chemical Society and Nature Publishing Group)
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X-PDT agents made by coupling a nanoscintillator and a photosensitizer
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X-ray scintillator (emission)
CdS(420 nm)

CeF3(340 nm)

SrAl,04:Eu2*(520 nm), Silica coated
LaF;:Ce3* (520 nm) PLGA
encapsulated

LaF3:Tb (544 nm)

LaF5:Th silica coated (540 nm)

SiC/SiO, core/shell nanowires (545
nm)

LaF5:Tb (540 nm)

Th,03 coated with polysiloxane (540
nm)

GdEUC12 (595 nm)

HfnMOL (500 nm)

ZnS:Cu,co (510 nm)

LiYF,4:Ce (305 nm)

LiGagOg:Cr (720 nm)

NaLuF,:Gd,Eu
@NaLuF4:Gd
@NaLuF4:GdTb (543 nm)

Au (not determined)

Y7.99P r0_01Al5012 @Si 02(300-450 nm)

Photosensitizer (absorption)

Tretrakis (0-aminophenyl) porphyrin (400 nm)

Verteporfin (370,420 nm)

Merocyanine 540 (540 nm)

Protoporphyrin 1X (409 nm)

Rose Bengal (560 nm)

Rose Bengal (560 nm)

Tetracarboxyphenyl porphyrin derivative (550
nm)

Meso-tetra(4-carboxyphenyl)porphyrin (516 nm)

5-(4-carboxyphenyl)-10,15,20-triphenyl
porphyrin (520 nm)

Hypericin (590 nm)

Ir[2,2" -bipyridine(2-phenylpyridine),]*(355 nm)
Or
[Ru(2,2’-bipyridine)s]2* (450 nm)

TBrRh123 (518 nm)

ZnO (290 nm)

2,3-naphthalocyanine (775 nm)

Rose Bengal (560 nm)

Verteprofin (365, 690 nm)

Protoporphyrin 1X (408 nm)

Particle
size

9nm

407 nm
2 um
40 nm

45 nm

Diameter 40 nm

25nm

10 nm

4.6

1.2 nmthickness

4nm

35nm

100 nm

25nm

12 nm

75nm

X-ray
energetics

6 MeV, 30
keV 1-6
Gy

50 keV 1~
10 Gy

90 keV, 3
Gy

75 keV

75 keV

6 MeV,
0.4-2 Gy

80 keV

44 keV,
11 Gy

15 keV

225 keV,
2Gy

120 keV,
2Gy

220 keV,
8 Gy

50 keV, 5
Gy

160 keV,
5Gy

6 MeV, 6
Gy

1.48 keV
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