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ABSTRACT: Radiotherapy (RT) is the primary standard of care for many locally
advanced cancers. Often times, however, the efficacy of RT is limited due to radio-
resistance that cancer cells develop. Photodynamic therapy (PDT) has gained
importance as an alternative local therapy. Because its mechanism involves minimal
acquired resistance, PDT is a useful adjunct to RT. This review discusses recent
advances in combining RT with PDT for cancer treatment. In the first part of this
review, we will discuss clinical trials on RT + PDT combination therapies. All these
approaches suffer from the same inherent limitations as any current PDT methods;
(i) visible light has a short penetration depth in human tissue (<~10 mm), and (i) it
is difficult to illuminate the entire tumor homogeneously by external/interstitial laser
irradiation. To address these limitations, scintillating nanoparticle-mediated RT-PDT
approaches have been explored in which nanoparticles convert X-rays (RT) into
visible light (PDT); high-energy X-rays can reach deep into the body to irradiate
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cancers uniformly and precisely. The second part of this review will discuss recent efforts in developing and applying nanoparticles

for RT-PDT applications.

KEYWORDS: radiotherapy, photodynamic therapy, scintillating nanoparticle, radioluminescent nanoparticle, semiconductor nanoparticle,

photosensitizer, Cherenkov radiation

1. INTRODUCTION

The last two decades have seen a steady decline in annual
cancer incidence and mortality rates.' While progress in
diagnosis and treatment has been made with regards to various
types of cancers, this trend has largely been attributed to a
decline in incidence and improved management of the four
major cancer types (lung, breast, prostate, and colorectal).1
Despite improvements in standard therapies including surgery,
radiotherapy, and chemotherapy, many cancers still carry a
poor prognosis even when detected at an early stage.”
During the period since the discovery of X-rays by Rontgen
in 1895, radiotherapy (RT) has been extensively used for
cancer treatment.’ Irradiation technology has significantly
evolved from using heated-cathode X-ray tubes to linear
accelerators that are capable of producing X-rays of megavolt
energy.’ This development has enabled the use of RT for
treatment of deep-seated tumors. Currently, RT is the primary
treatment modality for about 29% of all cancer survivors in the
US, with intensity-modulated radiotherapy (IMRT), stereo-
tactic radiosurgery, or image-guided RT being the standard of
RT in the clinic.”® While these state-of-the-art procedures
enabled significant improvements in dose localization, the
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effectiveness of RT is still limited because of the inherent
incompatibility of the treatment with the nature of the
cancer,”'? or the difficulty of implementin$ the treatment to a
desired effect while controlling side effects. 12 For this reason,
researchers have been seeking to develop an improved
treatment modality that involves a new (more effective and
safer) biological mechanism, for use as a standalone treatment
or in combination with a conventional therapy.

2. PHOTODYNAMIC THERAPY

One such therapy that has received growing attention over the
past few decades because of its noninvasive/highly localized
nature is photodynamic therapy (PDT)."> PDT produces
therapeutic effects as a result of interactions among three
individually benign components: namely, visible light photons,
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molecular oxygen (O,), and a photosensitizing agent (photo-
sensitizer or PS). Upon photoexcitation, photosensitizers are
converted from a ground to excited singlet state prior to
undergoing intersystem crossing to a lower-energy, longer-
lived triplet excited state. From either excited state, photo-
sensitizers react with biological substrates to form unstable
radical species which subsequently undergo reactions with
molecular oxygen to generate cytotoxic reactive oxygen species
(ROS), such as hydroxide radicals (*OH), hydrogen peroxide
(H,0,), and superoxide anions (O,*”). This process of
forming ROS via intermediate radicals is called the type I
photodynamic reaction. More common is the type II
photodynamic reaction, in which a triplet excited PS directly
transfers energy to molecular oxygen (in the triplet ground
state), which then turns into singlet oxygen ('0,). 'O, and
other ROS are very short-lived, with half-lives ranging from
about 0.03 to 0.18 ms in biological media, and therefore their
effects are confined within short distances near their sites of
production.'* As a result, the primary mode of photodynamic
cytotoxicity is largely controlled by the location of photo-
sensitizers; for instance, hydrophobic photosensitizers are
localized within the interior of lipid membranes and thus
cause cell death by compromising the integrity of cell/
organelle membranes. This is a simplistic overview of the PDT
mechanism. Detailed discussions are available in the
literature.>~"”

2.1. Progress in Clinical Applications of Photo-
dynamic Therapy. The initial testing of PDT in the early
1900s was motivated by the observation of the phototoxicity of
hematoporphyrin in human skin."® Following the discovery of
selective accumulation of porphyrins in tumors'” and
innovations in PS design,”” PDT’s potential in oncology was
first demonstrated when a complete tumor response to
hematoporphyrin and red light was observed by Dougherty
et al. in mice bearing mammary tumors.”' Subsequent work by
the same group verified high rates of response to PDT in
human patients with various tumors, both cutaneous and
subcutaneous.”” These and other studies demonstrated the
usefulness of PDT for treatment of cutaneous lesions.
However, higher PS doses and longer exposure to external
light were required to produce therapeutic effects in
subcutaneous lesions, because visible light has a very limited
penetration depth in human/animal tissue (<10 mm).** Also,
off-target irradiation causes side effects.'” To address these
limitations of external-beam PDT, interstitial PDT, in which
laser light is delivered through an optical fiber inserted via a
needle or catheter directly into the tumor or the tissue around
it, has been developed. Although it offers advantages in light
delivery, interstitial PDT suffers from nonuniform exposure of
the tumor to the litht, which results in incoherent responses
within the tumor.”” Shafirstein et al.>> have reviewed recent
clinical trials of interstitial PDT in patients with various cancer
types. PDT is now an established modality of cancer treatment
with several FDA-approved photosensitizers (7 aBProved plus
7 under clinical investigation as of 2018),”" including
aminolevulinic acid and methyl aminolevulinate for topical
application and J)orﬁmer sodium and temoporfin for systemic
administration.”

3. COMBINATION OF RADIOTHERAPY AND
PHOTODYNAMIC THERAPY

Aside from being used as a standalone treatment, PDT has also
been used in combination with a conventional therapy,

particularly, in combination with RT, either concurrently or
as an adjuvant (adjunct) to conventional RT. This RT-PDT
combination is an attractive approach because RT and PDT
cause cancer cell death by different mechanisms (although
both treatment methods involve the formation of cytotoxic
ROS). RT typically inflicts cellular damage at the DNA level
(primarily DNA double-strand breakage), which leads to cell
death, predominantly by apoptosis and mitotic failure and also,
to a lesser extent, by senescence and autophagy.25 However,
certain genetic mutations render cancer cells incapable of
initiating apoptosis in response to irreparable DNA damage,
and as a result, the cancer cells become resistant to RT.*° To
the contrary, in the PDT case, damage is localized at the
subcellular sites of PS accumulation. Conventional photo-
sensitizers typically accumulate in the cell and mitochondrial
membranes, and therefore, PDT causes cellular damage in
those locations,"**”*® which results in cell death via necrosis
(in the case of cell membrane damage) or cytochrome-c-
initiated apoptosis (in the case of mitochondrial membrane
damage).29’3o Due to its unique mechanisms of action, PDT is
a powerful complement to RT.

3.1. Photodynamic Therapy as a Salvage Treatment
Following Radiotherapy. PDT has been commonly used as
a salvage procedure for patients with recurrent cancer post-RT;
this practice has shown promising results. For instance, Tan
and co-workers used temoporfin (Foscan, 5,10,15,20-tetra(m-
hydroxyphenyl)chlorin) to treat patients with end-stage head
and neck squamous cell carcinoma.’’ All 39 patients (mean age
60.9 years) presented tumors <10 mm in depth. 100, 95, and
33% of the patients had undergone prior surgery, RT, and
chemotherapy, respectively. After the exhaustion of conven-
tional treatment options, the patients received PDT involving
an intravenous (IV) administration of 0.15 mg/kg temoporfin
followed by illumination of the lesion using a microlens fiber
connected to a diode laser (4,,, = 652 nm) within 96 h of
temoporfin administration; extreme caution was taken to
illuminate the entire tumor. The results were promising; the
overall response rate was 68%, and the median progression-free
survival times were 33 months in patients with tumors showing
responses and 2.5 months in patients with nonresponding
tumors. The overall median survival times were 37 months for
responders and 7.4 months for nonresponders; 8 responding
patients survived as of the latest follow-up. Side effects were
mild to moderate with short-term photosensitivity at the site of
treatment being the most common one.

In another study’'* patients (median age 70 years) with
unresectable recurrent adenocarcinoma in the prostate gland
(as determined by an increase in prostate-specific antigen
(PSA)) underwent PDT with temoporfin (IV administered at
a dose of 0.15 mg/kg). All the patients received prior external
beam RT (40—64 Gy). Tumors were irradiated at 3 days post-
RT using a diode laser (4, = 652 nm) with a laser fiber
inserted through a needle inserted percutaneously into the
prostate gland. Treatment response was measured by X-ray
CT/contrast enhanced MRI and by PSA levels. Image analysis
showed significant tissue necrosis in most treated tumors (up
to 91% of the prostate cross section); five patients had no
visible tumor remaining. Nine patients demonstrated a
decrease in PSA level by up to 79%; two of them had a full
remission of the disease. Furthermore, PDT was generally well
tolerated with side effects including further exacerbation of the
loss of erectile function (already significantly impaired due to
the initial RT) and acute discomfort during urination. The
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authors mentioned that light delivery was done conservatively
because interstitial illumination was unprecedented at that
time; some regions of the prostate were left unirradiated. They
speculated that the complete illumination of the prostate using
an accurate dosimetry system may allow ablation of the entire
lesion.

Yet, in another study,”> PDT was given after external beam
RT to 24 patients (mean age unreported) with recurrent
prostate carcinoma. Palladium-bacteriopheophorbide (Too-
kad), which targets tumor vasculature and impairs blood
supply to the tumor, was used as the PS. The study was
designed to evaluate the safety of palladium-bacteriopheo-
phorbide with two treatment arms: one in which patients
received a fixed light dose (100 J/cm) but escalating drug
doses (0.1—2.0 mg/kg), and the other with a fixed drug dose
(2 mg/kg) but escalating light doses (100—360 J/cm). A
bundle of optical fibers, each inserted through a closed-end
catheter, encased within a modified brachytherapy frame and
connected to a diode laser (4,,, = 763 nm) was inserted
transperineally into the prostate. Palladium-bacteriopheophor-
bide was administered intravenously, and then 20 min were
allowed to pass before RT was started. Treatment response
was assessed by PSA levels and MRI scans. Results suggested a
positive correlation between drug/light dosage and their effect.
The largest bilateral lesions were found in 6 patients treated
with the highest drug/light doses; in this group, the average
lesion diameter was 22 + 6 mm, which corresponded to >20%
of the total prostate volume. The PSA levels in 4 out of the 6
patients had reduced to a negligible level and remained at that
level until the last follow-up 6 months later. No serious mid- to
long-term adverse effects were noted such as prolonged
photosensitivity (often observed with other photosensitizers).
This is due to the very short half-life of palladium-
bacteriopheophorbide in the body (~20 min). There was
some variation in treatment response at an identical light dose,
which was attributed to inconsistency in light illumination.

PDT has also been used for the treatment of malignant brain
tumors. In a study conducted by Muller and Wilson,>* 50
patients (mean age 48 years) with malignant supratentorial
tumors were chosen; out of the SO patients, 45 had cerebral
glioma, whereas the other S had solitary cerebral metastasis. 33
out of the 50 patients had recurrent disease after previous
treatment (surgery/RT). Tumors were treated with a PS, a
hematoporphyrin derivative (Photofrin I) or dihematopor-
phyrin ether (Photofrin 1I), administered intravenously at a
dose of 2 or 5 mg/kg. At 18—24 h post-PS injection, tumors
were irradiated intraoperatively using a custom-built illumina-
tor composed of an inflatable balloon applicator coupled to an
argon dye pump laser (4, = 630 nm). Immediately prior to
illumination, tumors were debulked by resection or draining
fluid from the cyst. Twelve patients whose tumor geometries
allowed complete illumination of the tumor demonstrated
complete or near-complete responses. The median survival
time of this group was 17.1 months, which was significantly
greater than that of the remaining cases (6.5 months). A
significant survival benefit was also noted for higher doses of
light (>1500 J) relative to lower doses. The treatment was
generally well tolerated except for some instances of cerebral
edema in cases involving illumination over large areas. The
authors concluded that treatment success was critically
dependent on light delivery; better prognosis was achieved
with a more complete/homogeneous distribution of light
across the tumor.

3.2. Photodynamic Therapy as a Neoadjuvant Treat-
ment to Radiotherapy. Aside from its use as a salvage
treatment, PDT has also often been used as a neoadjuvant to
RT. Umegaki and colleagues have used PDT to debulk
cutaneous anaplastic large cell lymphoma prior to RT.* In this
single patient study, S-aminolevulinic acid (ALA) (20% in
Dortin) was topically applied, and the tumor was externally
irradiated with a halide lamp (4,,,, = 630—700 nm) at 6 h post-
ALA administration. The tumor was nearly completely
debulked and thus became suitable for external beam RT
(40 Gy total). The patient experienced no significant side
effects aside from some tolerable pain in the illuminated area
and remained disease free up to the last follow-up visit at 2
years post-treatment. Results from in situ TUNEL assay
showed that, following PDT, cancer cell death occurred
predominantly via necrosis rather than apoptosis, which makes
this PDT — RT treatment more beneficial than RT alone or
chemotherapy alone for localized lesions.

Lam and co-workers used PDT in combination with
palliative external beam RT to treat patients with inoperable
obstructive non-small cell bronchogenic carcinoma for
comparison with palliative RT alone.*® A total of 11 patients
(mean age 66 years) were randomized into either group.
Patients in the dual treatment arm underwent PDT first.
Photofrin II was injected intravenously 24—48 h prior to light
illumination. An Ar-pumped dye laser (1,,, = 630 nm) was
inserted into a fiberoptic bronchoscope for tumor illumination.
All patients received a total of 30 Gy X-ray dose delivered over
2 weeks. The results indicated a significant difference between
the two groups; all patients treated with RT only showed
tumor regrowth after 12 weeks of treatment, and three of them
died before the subsequent follow-ups at 22, 36, and 37 weeks,
whereas only 1/4 of the patients who received the dual
treatment showed relapse of the disease during the 12-week
period, and 2 patients were in complete remission at 26 and 44
weeks. Benefits of the dual treatment were also noted in terms
of respiratory symptoms, breathing status, pulmonary function,
and gas exchange. No significant adverse reactions were
observed in either group except for mild dysphagia, photo-
sensitivity of the treated areas, and nausea. The authors
suggested that the PDT + RT combination would be useful not
only for palliative care but also as a primary treatment option.

Further examples of application of PDT + RT in lung cancer
treatment include the study of Imamura and co-workers,®”
wherein 29 patients (mean age 67.3 years) with occult lung
cancer were treated with either PDT alone or PDT followed by
thoracic RT (60 Gy). PDT was performed with the
photosensitizer, Photofrin 1I, administered intravenously (2
mg/kg). Light illumination was performed 48 h later using an
argon dye laser/excimer dye laser system (4, unspecified)
attached to a quartz fiber passed through a fiberoptic
bronchoscope. One month follow-ups indicated that initial
PDT showed a 64% complete response rate, whereas the
remainder of the cases showed a complete response rate of
71.4% after subsequent thoracic RT. Overall, 9 patients
showed recurrence during the follow-up period which ranged
from 4.4 to 75.5 months. Side effects included varying levels of
erythema, blister formation on sunlight-exposed skin, and mild
airway stenosis; all these side effects were deemed tolerable.

Calzavara and co-workers used PDT or PDT followed by
RT to treat superficial esophageal cancer.’® In this study, 21
patients (median age 61 years) underwent PDT with a
hematoporphyrin derivative and hematoporphyrin adminis-
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tered intravenously at 2.5 and 5 mg/kg, respectively.
Iumination was performed at 24—48 h post-PS injection
using an argon dye laser system with a microlens tip. 38% of
the patients showed complete response, whereas 28% showed
partial response. Within this responsive subgroup, patients who
additionally received subsequent RT showed no recurrence for
7—34 months post-treatment. Interestingly, the authors
observed a negative correlation between light dose and
complete response rate, which was contradictory to what was
known in the literature. They attributed this discrepancy to the
instability of the light diffusing material in the laser system at
high irradiances, fluctuations in emission wavelength, and/or
inconsistent delivery of the photosensitizer. Nevertheless, the
results supported that PDT — RT is more beneficial than PDT
alone.

3.3. Systematic Investigation of Combined Radio-
therapy and Photodynamic Therapy. Recently, systematic
studies have been conducted to evaluate the synergism
between RT and PDT. Weinberg and colleagues designed a
study to observe the effect of the order of treatments on tumor
control.’” Nine patients (median age 63 years) with
obstructive endobronchial non-small cell lung cancer
(NSCLC) were given combined PDT (with 2 mg/kg
Photofrin) and high dose rate brachytherapy (15 Gy total).
Ilumination was done at 24 h after intravenous injection of
Photofrin using a diode laser (4., = 630 nm) fitted with an
optical fiber inserted through a bronchoscope. The results
favored the use of brachytherapy prior to PDT, which showed
local control in 6/7 patients for prolonged periods (3 months
to S+ years); one failed case was due to systemic spread of the
disease. When PDT preceded RT, 2/2 patients showed partial
response; local palliation was achieved in one patient only for
10 weeks. It was observed that the shorter the interval between
the treatments, the more prolonged the tumor control, and
that the combination of the two treatments was generally well
tolerated. The authors noted that uneven light dose
distribution might have affected the efficacy of PDT. The
overall conclusion of the study was that brachytherapy
followed by PDT within a short interval was beneficial and
warrants a larger-scale investigation.

Nakano and colleagues conducted a clinical study to test a
PDT + RT combination for Bowen’s disease.*’ Four patients
(mean age 69.5 years) were treated by PDT with topically
administered ALA (20% in an aqueous cream). llumination
was done using an excimer pumped dye laser (4,,,, = 630 nm)
for a total dose of 50 J/cm* 4—6 h after ALA administration.
Within 30 min of PDT, patients were treated with 3 Gy of
external beam RT. The combination treatment was repeated 3
more times for a total of 4 PDT + RT sessions. The post-
treatment analysis indicated that all lesions disappeared, and
no recurrence was observed during the 14-month follow-up
period. No significant adverse effects were noted. The success
of the treatment was attributed to synergistic interactions
between PDT and RT. The authors concluded that a larger
scale study is warranted to affirm the observed results and to
establish concomitant PDT + RT as a standard treatment
option.

4. X-RAY-EXCITABLE SCINTILLATING
NANOPARTICLE/PHOTOSENSITIZER CONSTRUCTS
FOR CONCOMITANT RADIOTHERAPY AND
PHOTODYNAMIC THERAPY

The clinical studies summarized in Table 1 demonstrated that
the PDT + RT combination has significant potential in
enhancing patient outcomes relative to conventional RT. The
clinical data also supported the lack of significant side effects
caused by the addition of PDT. The ages of patients tested
cover a reasonable range (48—70 years in average/median
age), demonstrating a broad potential utility of the PDT + RT
approach; note most of these studies were small scale and
designed to test the feasibility and safety of the treatment, and
therefore, larger-scale studies are warranted to prove efficacy in
broad populations. At the same time, these previous studies
revealed some limitations of current PDT: (1) the difficulty of
complete and uniform illumination of the tumor by light and
(2) the difficulty of delivering light into the deep regions of the
body (Figure 1). As a solution to address these limitations, the

External Beam PDT Interstitial PDT X-Ray-Induced PDT

(RT-Induced PDT or

b RT-PDT)
~v ': ‘fz‘: N
X ~i, s

» Deep tissue
penetration of
high energy X-rays

» Uniform
illumination over
large areas

» Poor penetration
of light in tissue (1
-3 mm)

» Delivery of light into
deep tissues

» Limited illumination
areas

Figure 1. Potential advantages of using X-ray-induced PDT (RT-
induced PDT or RT-PDT) relative to conventional external beam/
interstitial PDT.

use of scintillating (radioluminescent) nanoparticles (NPs)
that can transduce ionizing radiation (such as X-rays) into
(UV/visible/IR) light and can thus potentiate radiation-
induced PDT (RT-induced PDT or RT-PDT). Various NP
constructs, each with nuanced variation in their characteristics,
have been demonstrated. An extensive review of initial progress
in this area has been reported by Lucky and colleagues.”* In
the remainder of this review, we intend to highlight some of
the recent developments that have taken place since this
previous review.

A promising approach to implement RT-PDT is to use
scintillating (radioluminescent/semiconductor) NPs that in-
teract with incident X-ray photons to produce lower-energy
visible light photons that activate nearby photosensitizers. If
the energy of the incident X-ray photons is lower than the
binding energy of inner-shell electrons (typically < ~500 keV)
of the absorber atoms, the so-called photoelectric effect occurs,
where the incident photon energy is completely absorbed by
an inner-shell electron resulting in the emission of the inner
electron and the formation of an inner-shell vacancy.”' ~* This
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vacancy is subsequently filled by a higher-energy outer-shell
electron moving down and releasing a secondary photon and/
or an Auger electron. This photoelectric effect is dependent on
the atomic number, Z, of the atom, with an increased
probability of occurrence with a higher Z. When the incident
X-ray photon energy is significantly greater (i.e.,, on the order
of 107'=10° MeV), an alternative process, called Compton
scattering, occurs where the incident photon collides with an
outer-shell electron of an atom, resulting in the ejection of the
electron and the deflection and a decrease in energy of the
original X-ray photon.* ~* This process is independent of the
atomic number of the absorbing material. Both these
mechanisms are believed to contribute to the generation of
UV/visible light by scintillating NPs under X-ray irradiation
and thus the potentiation of RT-PDT.

By using nanoconstructs coloaded with scintillating NPs and
photosensitizers (Figure 2), photodynamic effects can be

X-Ray Photons

\\\ L7

__/ scintillating /_

Nanoparticle

/ &\ Type Il Reaction

0, — 10,

Type | Reaction
Endogenous Substrates
— Free Radicals
» ROS (OH', 0,7, H,0,)

Photosensitizer
‘ 2° Photons
Energy Transfer

Figure 2. Mechanism of cytotoxic radical generation by nanoscale
constructs for RT-PDT. Different photodynamic reactions (type I vs
type 1I) occur depending on photosensitizer type.

produced by X-rays in deep tissues. The optimal distance
between the scintillator and the photosensitizer is <10 nm
because at such small separation distances, the energy transfer
is more efficient; the excitation energy transfer occurs via
Forster resonance energy transfer rather than via a less efficient
radiation-absorption process.”* Topics associated with the
scintillator-photosensitizer energy transfer mechanisms have
recently been reviewed in detail by Cline et al.** and Lucky et
al."* Modern external beam RT (such as intensity modulated
RT or IMRT) enables uniform and complete irradiation of a
tumor bed with minimal exposure of nearby normal tissue to
radiation. Therefore, combined with IMRT, NP-based RT-
PDT has the potential to produce localized cytotoxic effects
within the tumor. The remainder of this section will highlight
notable recent advances in preclinical studies of RT-PDT. Key
features of RT-PDT nanoconstructs discussed in this section
are also summarized in Table 2.

4.1. Rare-Earth Metal-Doped Semiconductor Nano-
particles. One common approach to achieve the down
conversion of X-rays into visible light is to use highly quantum
efficient, rare-earth metal-doped semiconductor NPs as
scintillators. Along these lines, many NPs have been explored
since the first demonstration was published by Chen and co-
workers in 2006."> These NPs are most often coated with silica
to improve colloidal stability and prevent degradation
(hydrolysis) of the NPs and the leaching of toxic metal ions
into the surroundings. These particles are then further coated
with an additional layer of mesoporous silica or polymer
material, in which photosensitizer molecules are loaded.

Chen et al.*® tested rare-earth-doped semiconductor

(LiGagO4:Cr) NPs in an orthotopic mouse model of
NSCLC. LiGasOg:Cr NPs have an emission maximum at
720 nm and are thus suitable for activating 2,2-naphthalocya-
nine, which is a synthetic photosensitizer and has a peak
absorbance at 712 nm. The NPs were coated with a layer of
amine-functionalized mesoporous silica, into which 2,2-
naphthalocyanine was loaded. N-Hydroxysuccinimide (NHS)
ends of NHS-PEG-COOH chains were reacted with the amine
groups of the silica surface under pH 7.4. The carboxyl groups
at the other ends of the PEG chains were subsequently
conjugated with the amine groups of cetuximab via EDC/NHS
coupling for targeting epidermal growth factor receptors
(EGFRs), which are overexpressed in many cancer types. In
addition to a high luminescence intensity, the formulated NPs
(named “NC-LGO:Cr@mSiO,” NPs) show a strong and
persistent afterglow that can be detected by a fluorescence
imaging system. Because their afterglow outlasts background
luminescence from endogenous fluorophores, the NPs can be
used for imaging of deep-seated tumors and thus for guiding
RT-PDT. The tumor-targeting and imaging capabilities of the
NPs following intravenous administration were validated in an
orthotopic mouse model of NSCLC. 'O, generation by NC-
LGO:Cr@mSiO, NPs was confirmed by an in vitro assay.

A recent study focused on improving the scintillation
efficiency of CeF; NPs via codoping. Ahmad et al.*’ tested a
combination of CeF; NPs codoped with Tb*>" and Gd**
(scintillator) and rose bengal (RB, photosensitizer (PS))
coencapsulated within a layer of PEGylated-mesoporous silica
for treatment of mammary carcinoma. The authors hypothe-
sized that limited in vivo success with previous rare-earth NP/
PS formulations (such as CeLaF;/LaF;@chlorin 6, CeF;@
verteporfin, CeF,@ZnO, and CeF,:Tb**@chlorin e6) was due
to the low scintillation efficiencies of the NPs and also that
codoping of CeF; NPs would increase their scintillation
efficiency by facilitating an internal energy transfer from Ce®"
(activator) to Tb>* (sensitizer), while it would also enable the
use of the NPs as an MRI and/or CT contrast agent. An in vivo
study using mice bearing subcutaneous 4T1 allografts showed
that RT-PDT was significantly more therapeutically effective
than treatment with X-rays alone; experiments were performed
at 2 different X-ray doses (3 and 6 Gy). However, this study
did not include control groups treated with undoped or singly
doped CeF; NPs for comparison with the codoped NPs.
Metabolomic analysis of serum suggested that a down-
regulation of precursors for protein/DNA synthesis was
responsible for tumor destruction. A biodistribution study
indicated that the NPs initially accumulated in the liver, spleen,
and lungs, but were cleared from the body within 30 days
without causing any significant toxicity. Overall, it was
concluded that concurrent NP treatment significantly
improved efficacy relative to RT alone.

Jiang et al.*® reported an alternative, codoped NP-based RT-
PDT strategy which used RT-PDT in combination with
antiangiogenic therapy (AAT) (Figure 3). CaF,:3%Ce’**,1%
Tb** (CCT) NPs and sunitinib (SU, a small molecule inhibitor
of multiple receptor tyrosine kinases) were coloaded into
polyamidoamine (PAMAM) dendrimers, which resulted in the
formation of a dual-core—satellite structure. Hydrophilic PEG
chains and RB photosensitizer moieties were covalently grafted
to the surface of the NP/SU-loaded dendrimers. This
nanoconstruct generated a significant level of 'O, under low
dose X-ray irradiation (1 Gy), resulting in necrotic cell death in
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Figure 3. (A) Formulation of CaF,:3%Ce**:1%Tb** NPs grafted with rose bengal-conjugated PEG dendrimer and coloaded with Sunitinib (CCT-
DPRS) proposed for concomitant RT-PDT and antiangiogenic therapy. (B) In vitro cell viability assay conducted in 4T1 cells (N = S). (C) In vivo
tumor suppression assay conducted in mice bearing subcutaneously implanted 4T1 tumors (N = S). Reproduced with permission from ref 48.

Copyright 2021 American Chemical Society.

vitro. Further, SU released from the dendrimers inhibited
capillary-like tube formation in a human umbilical vein cell
line, validating its antiangiogenic effect. In a subcutaneous 4T1
mouse tumor model, RT-PDT alone reduced the tumor
volume (tumor growth inhibition ratio measured at 14 days
(TGI) = 79%). When combined with the antiangiogenic
impact of SU, the RT-PDT suppressed tumor growth to a
much greater extent (TGI = 112%). Interestingly, in this RT-
PDT-AAT therapy, 2 doses of 0.5 Gy delivered 4 days apart
produced a better therapeutic result than 6 Gy delivered in a
single fraction, which was attributed to the tumor reoxygena-
tion effect that occurred in the dose fractionated situation. No
indication of toxicity was observed in organs of mice treated
with the nanoconstruct. The authors concluded that the RT-
PDT-AAT is a promising strategy that warrants further
mechanistic/toxicological investigation.

4.2. Metal/Metal Oxide Nanoparticles. Metal NPs have
also been used for RT-PDT applications. Gold (Au) NPs have
received a lot of attention because of their relative safety and
the ease with which their surface can be functionalized with
photosensitizing moieties.”” A recent example is Au NPs
functionalized with verteporfin (VP),* which is an FDA-
approved PS for PDT of neovascular macular degeneration. VP
has an intense absorption at 365 nm and a weaker absorption
at 700 nm. However, unlike ordinary photosensitizers, VP
causes the formation of 'O, under direct X-ray exposure. Au
NPs enhance this effect by strengthening the electric field near
their surface, which increases the absorption of radiation by
VP. Clement et al. investigated the efficacy and safety of using
SH-PEG/SH-PEG-NH,-functionalized Au NPs for X-ray-
induced PDT in vitro."” The same group also investigated
the use of triphenylphosphonium (TPP)-functionalized
biodegradable PLGA capsules coloaded with VP and Au NPs
to produce X-ray-induced PDT effects in mice bearing
colorectal cancer xenografts.50 In the presence of these NPs,

a 4 Gy dose of X-rays produced a therapeutic effect equivalent
to 12 Gy of X-rays without the NPs, while the NPs did not
produce any side effects. TPP functionalization enabled
mitochondrial targeting, leading to cell death via apoptosis.
Considering that PLGA and VP are already FDA-approved,
and Au NPs are minimally toxic, the authors argued that this
technology has the potential for clinical translation.

Another example of using Au NP constructs was reported by
Sun and co-workers.”" It had previously been known that
protein-protected Au clusters exhibit optical luminescence
under X-ray irradiation. Taking advantage of this property,
glutathione-protected Au atomic clusters of ~68 nm diameter
(named “aggregation-induced emission heterogeneous Au
(AIE-Au) clustoluminogens”) were used as an energy trans-
ducer for RB-mediated PDT under X-ray activation. AIE-Au
clustoluminogens themselves act as a radiosensitizer by
producing secondary electrons and eventually hydroxyl radicals
under X-ray irradiation.”” Due to these dual mechanisms, AIE-
Au clustoluminogens were shown to be able to improve the
effectiveness of X-ray treatment even at as little as 1 Gy dose in
multiple radio-resistant cell lines (including U87MG, HEPG2,
and PC3) both in vitro and in vivo. Mechanistic investigation
revealed that cellular damage occurred mainly due to
peroxidation of the lipids in the cellular membrane in addition
to direct DNA breakage. It was also demonstrated that AIE-Au
clustoluminogens enhance contrast for CT/fluorescence
imaging, which makes them a good candidate for theranos-
tic/theragnostic applications.

Alternatively to metal NPs, our laboratory has been
exploring the possibility of using nontoxic CaWO, NPs as a
potentiator for RT-PDT because CaWO, is a radiolumines-
cent/scintillating (semiconducting metal oxide) material which
emits UV-A/blue light under X-ray irradiation.””** A poly-
(ethylene glycol)-bilirubin (PEG-BR)-encapsulated CaWO,
NP formulation has been developed (Figure 4).>> Secondary
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Figure 4. (A) Radiotherapy enhancement mechanism of PEGylated-bilirubin/ CaWO, NPs (PEG-BR/CWO NPs). (B) In vitro clonogenic cell
survival assay conducted in HN31 cells (N = 3). Table summarizes SERs (estimated at 10% cell survival) and &/f ratios (where a and 3 are linear-
quadratic model parameters). (C) Kaplan—Meier curves from an in vivo survival assay conducted using mice bearing subcutaneously implanted
HN31 tumors. Mice were irradiated with 8 Gy X-rays delivered in 4 fractions of 2 Gy/day (N = 9). Reproduced with permission from ref S5.

Copyright 2020 American Chemical Society.
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UV-A/blue light generated by CaWO, NPs under X-ray
irradiation is absorbed by BR which serves as a photosensitizer.
Photoactivated BR produces cytotoxic singlet oxygen ('O,)
molecules. In radio-resistant (pS3 mutant) HN31 (head and
neck squamous cell carcinoma) cells, a sensitization enhance-
ment ratio (SER) of 1.4 was achieved with 320 keV X-rays,
while no cytotoxicity of the NPs was observed in vitro. Efficacy
of concurrent CaWO, NPs with X-ray radiation was validated

in vivo in a mouse HN31 xenograft model.** Histopathological
analysis confirmed that CaWO, NPs do not damage major
organs following intratumoral administration and enhance
necrosis within the tumors.>® Other variants of the CaWO, NP
formulation have also been tested and shown to be effective in

53,5

® When compared

enhancing the effectiveness of X-rays.

with rare-earth metal-based semiconductor/scintillating NPs,
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Figure 6. (A) Formulation and mechanism of action of LiLuF,:Ce@Si0,@ Ag;PO,@Pt(IV) NPs (LAPNPs). (B) In vitro clonogenic cell survival
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3). (C) In vivo tumor suppression assay conducted in mice bearing

subcutaneously implanted HeLa tumors. Mice were irradiated with 4 Gy X-rays (N = ). Reproduced with permission from ref 64. Copyright 2018

American Chemical Society.

CaWO, is potentially advantageous in terms of biosafety and
an abundance of the raw chemicals.

4.3. Nanoscale Metal-Organic Frameworks. Metal—
organic frameworks (MOFs) are formed by self-assembly of
metal ions with organic linkers (polydentate ligands). Recently,
nanoscale MOFs (MOF NPs) have been successfully
synthesized.”” Various anticancer agents and photosensitizers
have been loaded into MOF NPs. Various combinations of
different types of metal centers and organic linkers have also
been demonstrated. Liu et al. developed nanoscale MOFs
composed of Hf'" ions and tetrakis(4-carboxyphenyl)-
porphyrin (TCPP) photosensitizer linkers.”® The high-Z Hf
atoms efficiently absorbs high-energy X-rays and subsequently
transfers the X-ray energy to the photosensitizers. This was the
first-reported use of MOFs for RT-PDT. These MOF NPs
were further PEGylated (via coating with PEG-grafted
poly(maleicanhydride-alt-1-octadecene)) to enhance stability
against aggregation. The MOF NPs significantly improved the
effect of radiation (6 Gy X-rays) on 4T1 cancer cells in vivo,
while no significant toxicity was observed over 30 days post-IV
administration in mice. The same group further demonstrated
that 2D MOF nanosheets (metal—organic layers or MOLs)
produce greater therapeutic effects than their 3D analogues
because singlet oxygen molecules generated under X-ray
irradiation can be released easier from the 2D structure
(Figure 5).>” MOL NPs were constructed using Ir[bpy-
(ppy).]* or [Ru(bpy),]**-derived tricarboxylate photosensitiz-
ing ligands, benzene-1,3,5-tribenzoate linkers, and [Hf,O,-
(OH)4(HCO,)¢] secondary building units. These MOLs
generate 'O, under X-ray irradiation because the Hf atoms
directly transfer the X-ray energy to the PS compounds. The
concomitant MOL NP + X-ray (10 Gy delivered in 10
fractions of 1 Gy dose, 120 kVp) treatment caused an 82.3%
and 90.1% reduction in tumor volume in mice bearing colon
adenocarcinoma for Ir- and Ru-based photosensitizers,
respectively. No toxicity due to MOL NPs was detected in
histological sections of organs. Currently, a company (RiMO

Therapeutlcs) is conducting a Phase I clinical trial on this
technology.®

5. DEVELOPMENT OF DIRECTLY
X-RAY-ACTIVATABLE PHOTOSENSITIZERS

Alternatively to using X-ray energy transducers (scintillating
NPs), efforts have also been made to develop photosensitizers
that can be directly activated by X-rays. A potential advantage
of this approach is that X-ray’s ROS generation efficiency can
be improved by bypassing the photon energy transfer (i.e.,
sc1nt1llat10n) step.

Ma et al.®" developed a Cu-cysteamine (Cu-Cy) complex
(CusCI(SR), where R = CH,CH,NH,), in which both thiol
and amine groups bind to Cu' ions, unlike conventional
complexes in which only thiols bind to Cu. This newer
architecture enables more efficient radioluminescence emission
and direct 'O, production under X-ray irradiation relative to
other Cu-Cy complexes. In vitro experiments in colorectal
cancer cells indicated that Cu;CI(SR), enhances the effect of
X-rays (2—3 Gy, 90 kV) by 40—60%.°> This enhancement was
attributed to the accumulation of the complexes in the
mitochondria, which led to increased apoptosis/necrosis. In a
follow-up study, CuyCI(SR), NPs were functionalized with
pH-low insertion peptides for targeting to low pH cancer cells.
The efficacy of these NPs was validated in mice bearing murine
breast tumors.”®

The majority of photosensitizers studied produce cytotox-
icity via generation of 'O,, which makes them reliant on the
availability of molecular oxygen. As an oxygen-independent
alternative, Wang et al. proposed the use of photocatalytic
semiconductor NPs capable of lysing water into cytotoxic
eOH (Figure 6).°* Their photosensitizer system is composed
of a LiLuF,:Ce core and a silica shell loaded with Ag;PO, NPs
and functionalized with cisplatin prodrugs (Pt(IV) complexes).
The photosensitization mechanism is as follows: LiLuF,:Ce
absorbs X-rays and emits UVB/UVA light (305/325 nm).
Ag;PO, NPs (peak absorbance at 295 nm) absorb UV light,
which results in the formation of electron—hole pairs. The
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Figure 7. (A) A schematic explaining the mechanism of Cherenkov radiation-induced PDT. (B) Cell kill efficacy of TiO, NPs under the influence
of FDG in HT1080 cells in vitro (N = 3). (C) Tumor growth suppression by TiO, NPs under the influence of FDG in mice bearing subcutaneous
HT1080 tumors in vivo (N = 6). Reproduced with permission from ref 66. Copyright 2015 Springer Nature.

majority of these electron—hole pairs recombine. However,
Pt(IV) acts as a sacrificial electron acceptor, leaving unpaired
holes which catalyze photolysis of water into hydroxyl free
radicals. Upon accepting electrons, Pt(IV) converts into
cisplatin which is an anticancer agent capable of causing
DNA damage. This mechanism was validated to be operative
under both normoxic and hypoxic conditions, whereas
formulations devoid of Pt(IV) produced hydroxyl radicals
only under normoxic conditions. In in vitro clonogenic assays,
the sensitization enhancement ratios were determined to be
1.24 and 128, respectively, under normoxic and hypoxic
conditions. This radiosensitization effect was attributed to
increased DNA damage, which caused increased apoptosis and
proliferative dysfunction (mitotic catastrophe). In mice bearing
HeLa cells, concomitant NPs caused near complete tumor
suppression. No significant toxicity was observed in
histological analysis of major organs.

6. CHERENKOV (CERENKOV) RADIATION-INDUCED
PHOTODYNAMIC THERAPY

Alternative approaches have also been developed that do not
rely on external-beam radiation but instead take advantage of
the UV/visible Cherenkov radiation produced when a charged
particle travels inside a dielectric medium at a speed greater
than the speed of light.”® An advantage is that clinical positron
emission tomography (PET) radionuclides can be used as the
radiation source. The concept was pioneered by Achilefu and
co-workers, who used radiolabeled 2’-deoxy-2’-(**F)fluoro-p-
glucose (FDG) as the UV emitter to potentiate the
photocatalytic activity of TiO, NPs (Figure 7).°° Upon
absorbing UV light, type I photodynamic reactions occur in

which electron—hole pairs are generated within TiO, which
cause catalytic degradation of chemisorbed H,O molecules
into cytotoxic ®OH and O,°” radicals. Concomitant IV
administration of TiO, NPs functionalized with apo-transferrin
(TF) (for colloidal stability and tumor targeting) and
titanocene (TC) (for radical generation) produced significant
tumor regression in mouse HT1080 (fibrosarcoma) xenografts
and also a significant delay in tumor growth in mouse AS549
(NSCLC) xenografts. Because of the tumor specificity of both
the radionucleotides and NPs, no toxicity was observed in
excretory organs (i.e., kidneys and liver).

After this initial success, efforts have been directed at using
radioisotopes with greater luminescence. Duan et al. proposed
that %Ga-bovine serum albumin (**Ga-BSA) is advantageous
over '®F-based radionucleotides (e.g, FDG) because it has a
30-fold higher photon yield.”” Typically, PDT requires 10—30
times higher doses of '*F compared with PET imaging.
Therefore, with ®*Ga, it becomes possible to perform PDT (via
activation of the TiO, photocatalyst) at much lower **Ga
doses (i.e.,, at doses needed for diagnostic imaging). In this
study, TiO, NPs were coated with dextran for colloidal
stability and tumor specificity. Despite its significantly lower
uptake by 4T1 cells (1.1% for %Ga-BSA vs 6.35% for FDG),
%Ga-BSA produced 4.5-times more amount of photons and
correspondingly greater cell killing. The same trend was also
verified in mouse 4T1 allografts treated with intratumorally
injected “Ga-BSA and TiO, NPs. ®®Ga is also currently
clinically used. No side effects were observed with “*Ga-BSA
and TiO, NPs.

Ni et al. developed a radionuclide/photosensitizer nano-
construct consisting of (Zny4Mnys)Fe,0, NPs (MNPs)
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functionalized with DSPE-PEG (stabilizing agent), meso-
TCPP (photosensitizer), and *Zr (radioisotope).68 The
focus of the study was to improve tumor targeting by using
the magnetic properties of MNPs. In mice bearing 4T1 tumors
in both flanks, an external magnetic field was applied to one
tumor but not the other. The magnetic field induced an
increased accumulation of MNPs in the tumor. Although *Zr
has a lower photon yield than ®*Ga (2.29 vs 33.90 photons/
decay/mm, respectively), ®Zr has a much longer radioactive
halflife (78.4 h) than *®Ga (67.7 min). Therefore, the
Cherenkov luminescence was able to produce sustained
TCPP photosensitization and accordingly sustained 'O,
generation. The tumors treated with MNPs under the
magnetic field were nearly completely suppressed for 2
weeks, whereas the nonmagnetically exposed tumors (control)
showed little effect of the MNP treatment. Histopathological
analysis showed no significant organ damage except to the
liver; the damaged liver recovered within 2 months.

Li and co-workers used NH,-Ti;,0;¢ nanoclusters (~ 4 nm
diameter) as a type 1 photosensitizer,”” which has a greater
photocatalytic activity than TiO, NPs and also causes an
increased chemodynamic effect. Chen et al. tested several
common photosensitizers for use with FDG in Cherenkov
radiation-induced PDT and identified vertoporfin as the best
choice.”” While radionuclides have an innate ability to emit
UV,”" their own cell kill effects are not comparable with that of
external beam RT. Thus, Cherenkov-induced PDT is unable to
produce the synergistic effects of PDT and RT. On the other
hand, using clinical radionuclides offers a unique opportunity
to combine therapy and diagnosis.

7. CONCLUDING REMARKS: GAPS IN CURRENT
KNOWLEDGE

PDT is an effective local therapy, well tolerated, and facile.
Using PDT in combination with RT results in improved
prognosis relative to RT alone. However, there are limitations
of PDT with the most important one being the difficulty of
uniform illumination of the entire tumor which limits the
efficacy of PDT. Various novel scintillator/photosensitizer
constructs that use X-rays (instead of visible light) as the
triggering mechanism for PDT have been developed to address
this issue. Several prominent examples of such “RT-PDT”
approaches have been reviewed, including rare-earth metal-
doped semiconductors, metal/metal oxide semiconductors,
metal—organic frameworks, X-ray activatable photosensitizers,
and oxygen-independent photosensitizers. In addition, recent
progress in Cherenkov radiation-induced PDT is also high-
lighted.

For clinical translation of RT-PDT, there are gaps that need
to be filled. The efficacy of RT-PDT depends on delivery and
distribution of NPs within the tumor tissue. Thus far, all
preclinical proof-of-concept studies have been performed using
cell line-based mouse tumor models; it is uncertain whether
similar success can be achieved with spontaneous tumors
characterized by more complex tissue/vascular structures and
correspondingly higher barriers for NP transport. Strategies for
improving intratumoral distribution of NPs need to be
developed.

Preclinical studies of RT-PDT are typically performed using
X-rays having energies of tens to hundreds of keV, whereas
clinical RT typically uses beams of megavoltage X-ray photons.
This difference in photon energy is expected to cause a shift in
the dominant mechanism of interaction between the incident

photon and the tumor tissue and also between the incident
photon and the NP; both the relative biological effectiveness of
X-ray beams itself’ > and the energy absorption by the NP** are
decreasing functions of the incident photon energy. Therefore,
preclinical studies with low-energy benchtop irradiators tend to
give an overestimation of the effect of the therapy. Further
preclinical validation of the performance of NP candidates®>”
under clinical photon energy conditions (e.g,, 6 MeV) would
be necessary before moving on to the next stage of the
development.

Rare-earth metal-doped semiconductor NPs have been most
commonly studied for their potential use in RT-PDT. Because
of their high quantum yields, these materials have shown
impressive efficacies in tumor models in vivo. However,
currently there is lack of data on the long-term chemical
stability and toxicity of these materials. For instance,
lanthanide NPs, such as those containing cerium, have been
shown to cause toxicity to brain and liver.”* Free gadolinium
ions (Gd*") are highly toxic, although their toxicity is reduced
upon chelation.”> The long-term safety and bioresorbability/
biopersistence characteristics are essential information for
evaluating the clinical feasibility of these materials. Consid-
eration of these regulatory issues early on, i.e.,, even during the
discovery stage, would make research efforts more potentially
impactful. Overall, RT-PDT is a promising concept for high
localized and efficient treatment of solid tumors, and
nanotechnology will continue to play a central role in
advancing this vision.
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