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Abstract: In oncology, tremendous research has been conducted on the use of alternative minimally
invasive techniques for cancer treatment and diagnosis. The use of biophotonic techniques as a
standalone treatment or together with conventional imaging techniques has gained interest among
researchers in recent years, while biophotonic therapies such as photothermal and photodynamic
therapies tend to bring the use of non-ionizing radiation in therapy back into the spotlight due to the
progressive development of optical instrumentation, enhancement agents, molecular probes, light
sources and nanocarriers. Thus, the coupling of non-ionizing with ionizing radiation (IR) and the
combination of nanomedicine with nuclear medicine procedures are considered to be revolutionary
strategies to optimize the therapeutic efficacy of biophotonic modalities and to develop theranostic
applications for the better diagnosis and treatment of cancer. Recently, the low-intensity Cerenkov
light emitted by tissues as a byproduct of the IR-biostructure interaction has been suggested as
an effective internal light source that can trigger phototherapy and guide radiotherapy dosimetry
using Cerenkov imaging. This review also provides an overview of in vitro and in vivo studies
regarding the use of Cerenkov radiation produced by X-rays or radionucleotides and combined with
nanoparticles as a hybrid method to induce enhanced photothermal and photodynamic therapies.

Keywords: Cerenkov radiation; photodynamic therapy; photothermal therapy; radiation enhance-
ment; nanotheranostics

1. Introductory Remarks

Cancer is still one of the main causes of morbidity and mortality worldwide, despite
the development of several imaging and treatment modalities since the very beginning of
the 20th century. According to a 2020 World Health Organization (WHO) report, in the
year 2018, 18.1 million people around the globe had cancer and 9.6 million died from the
disease, while, by 2040, those figures will nearly double [1]. In the same report, the WHO
summarizes the spectrum of cancer control interventions: primary prevention, screening
and early diagnosis, multimodal treatment and survivorship, and palliative care. However,
the survival and the quality of life with certain types of cancer are still poor. In fact, the
complexity, diversity and heterogeneity of tumors strongly affect the therapeutic outcome
of any treatment effort.

Moreover, according to Augustine et al. [2], as the response to conventional treatments
is still variable among patients, particularly for poorly characterized cancers, a mostly
personalized treatment approach is proposed, as the “one-size-fits-all” model can have
limited effectiveness. Each cancer varies among different types and patients, making
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even widespread and universally applied therapies that have been used for years, such
as chemotherapy, produce different results and vary in effectiveness among patients. In
fact, chemotherapeutic agents may vary in their effectiveness even for a certain tumor due
to heterogeneity and cell plasticity [2]. So, in order for a treatment to be more effective, a
new type of medicine, “personalized medicine”, was introduced, which, according to the
American National Human Genome Research Institute [3], uses each patient’s individual
genetic and molecular profiles in order to administer a more appropriate approach tailored
to each patient’s diagnosis and therapy, leading to the highest therapeutic efficiency along
with the best safety profile [4]. The drawbacks of personalized medicine are mainly
economically driven, since genome and molecular profiles would require more lab tests
and processes, making them more time-consuming and potentially causing national and
provincial inequities due to the lack of some patients” access to personalized testing and,
overall, unequal opportunities to better health care [5].

This approach ascertains a clinical need for treatment regimens specific to an indi-
vidual or a certain group of patients [2]. The development of new biophysical methods
and techniques for the early (in terms of the time of appearance and extent) diagnosis and
treatment of pathological biostructures is of great interest. Moreover, it requires a combina-
tion of knowledge and experience in both classical biomedical sciences, such as biology,
biochemistry, and biomedical diagnosis and treatment, and interdisciplinary applications
of biophysics, medical physics, informatics and biomedical engineering. Certainly, cancer
treatment is one of the most interdisciplinary fields of basic and clinical research. New
techniques, which act in addition to existing methods or as alternative diagnostic methods,
have been developed in recent years. Among these, bio-optical techniques based on the
use of laser and laser-like radiation seem to be promising.

At the same time, combined noninvasive targeted therapies, covering the entire spec-
trum of electromagnetic radiation, promise better outcomes in the fight against cancer and
other diseases [6]. An interplay between ionizing and non-ionizing radiation is consid-
ered to optimize both the diagnostic and therapeutic efficacy of biophotonic modalities.
Recently, there has been great interest in new biomedical modalities that combine optical
and ionizing radiation, known as radioluminescence, for radiation monitoring therapy,
phototherapy and nanoparticle-based molecular imaging [7].

The use of photons in the visible spectrum emitted through Cerenkov radiation is
considered by several research groups to be a factor for the deeply penetrating energy
stimulation of photosensitizers for photodiagnosis and/or photodynamic therapy (PDT)
and photothermal therapy (PTT). After nearly a century since its discovery, in the last
decades, the Cerenkov effect has received particular interest in the biomedical fields of
diagnosis and therapy, resulting in new ideas for applications. To overcome the limita-
tions imposed by Cerenkov’s low light intensity, several efforts have been made, mainly
regarding the local enhancement of the light intensity using nanoparticles. Nanoparticles
are biophotonic systems that serve either as diagnostic fluorescence agents for noninvasive
tumor detection or as noninvasive tumor destruction systems with photodynamic and
photothermal anticancer properties. The advantages of combining nanotechnology and
Cerenkov luminescence have already been demonstrated in preclinical models [8], and it
has been suggested as an effective internal light source for cancer phototherapy.

As the combination of nano-biophotonic techniques with up-to-date nuclear medicine
procedures could provide a valuable benefit for theranostic applications in oncology, in this
work, we briefly present an overview of the ionizing and non-ionizing radiation interplay
in cancer management. Furthermore, preclinical and theoretical examples of the combined
ionizing and non-ionizing Cerenkov luminescence of nanomaterials are given.

2. Novelties in Cancer Diagnosis

Once a symptom or a routine screening test result indicates a malignancy, several
conventional procedures are usually suggested to the patient for cancer diagnosis. These
may involve biochemical laboratory and imaging tests and scans, or even the surgical
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excision for biopsy and histopathologic confirmation, which, for a long time, has been
considered the “gold standard” of malignancy diagnosis. Conventional medical imaging
uses various physical factors (e.g., X-rays, ultrasounds, magnetic fields and radio waves) to
discriminate biophysical parameters, such as the tissue density (X-rays), wave reflectance
(ultrasound—US) or hydration state and properties (magnetic resonance imaging—MRI).
In the last decades, the introduction of multimodal imaging systems has opened up a new
avenue in the preclinical and clinical confrontation of cancer, aiming to improve the inter-
pretation accuracy by correlating anatomical, functional and morphological information
extracted from different imaging units. Multimodality imaging has been the subject of
much research, particularly in the preclinical setting [9].

The widespread use of ionizing-radiation-based medical imaging for cancer diagnosis,
particularly computed tomography (CT), mammography, fluoroscopic procedures and
nuclear medicine examinations, has led to increased exposure to ionizing radiation. Even
though the A.L.A.R.A. (As Low As Reasonably Achievable) principle minimizes patients’
exposure, the risk of radiation-induced secondary effects, or even malignancies, still re-
mains. Hence, non-ionizing biomedical imaging has been proposed as an alternative for
cancer diagnosis because, unlike X-ray imaging, it does not expose patients to ionizing radi-
ation. Importantly, novelties in biomedical health research aim to increase image resolution
versus reduced radiation exposure. Moreover, another drawback of conventional medical
imaging technologies is attributed to the need for big installations (from a machine and
shielding point of view), with high operating expenses.

Non-ionizing imaging includes several modalities for noninvasive or semi-invasive
imaging based on different physical factors, other than tissue-penetrating ionizing radiation.
Some representative diagnostic procedures are endoscopy (based on conventional light
illumination of internal organs and tissues via physical body cavities), spectroscopy (based
on non-ionizing electromagnetic waves), ultrasound imaging (based on high-frequency
sound waves) and magnetic resonance imaging (based on strong magnetic fields, magnetic
field gradients and radio waves). It is generally accepted that visible and near-infrared
light, conventional ultrasound mechanical waves and magnetic fields are, in principle,
harmless to the human body. However, for the improvement of the contrast resolution
(e.g., the sensitivity and specificity of diagnostic images), it is recommended that specific
contrast pharmaceuticals (such as nanoparticles of gadolinium or iron compounds for MRI
and microbubbles for ultrasound) be injected [10].

Optical imaging uses monochromatic photon beams of laser light from ultraviolet to
infrared wavelengths to obtain detailed images of organs, tissues, cells and even molecules,
from point-of-care to laboratory testing and from screening and diagnostic imaging to
treatment monitoring [11]. Although non-ionizing radiation does not penetrate the human
body, the so-called optical imaging or biophotonic techniques offer the advantages of
minimally or noninvasive methods for looking inside the body via optical fibers and wave-
guides [12] in a less harmful manner than X-rays. Consequently, optical imaging can be
used for repeated procedures to monitor the progression of a disease or the results of
a treatment. Among different optical imaging techniques, we list the following: Laser-
Induced Fluorescence spectroscopy (LIFs), endoscopy, Optical Coherence Tomography
(OCT) [13], Photoacoustic Imaging (PI) [14], Diffuse Optical Tomography (DOT) [6], Diffuse
Optical Imaging (DOI) [15], Raman Spectroscopy [16], Super-resolution Microscopy (e.g.,
photoactivated localization microscopy—PALM) [17], etc. [18] (Figure 1). According to
Chen et al. [19], imaging technologies can be categorized into macroscopic, mesoscopic and
microscopic scales, depending on their spatial resolution and penetration depth. In addition,
biomedical imaging technologies can also be categorized as anatomical, physiological,
cellular or molecular, depending on the imaging information obtained [19]. Emphasizing
the contribution of optical imaging to pathological diagnosis, we have to point out that for
some medical disciplines, e.g., dermatology, no other imaging technology was available
before that could readily reveal details of sub-surface skin tissue at a clinically useful
resolution, except surgical extraction and biopsy.
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Figure 1. Schematic illustration of different uses of non-ionizing radiation theranostics in cancer
treatment and diagnosis.

Certainly, during the multiple years of optical imaging applications, it was anticipated
by the scientific community that optical imaging modalities would not be able to replace
conventional X-ray imaging. Furthermore, optical imaging covers several emerging diag-
nostic methods, and its acceptance in clinical practice required the validation of images
obtained with other well-established techniques to discriminate not only neoplastic/non-
tumor tissue but also malignant events at the molecular and cellular levels. It is noteworthy
to mention that optical imaging applications demand safe optical powers lower than the
maximum permissible exposure (MPE) values [11]. According to a current statement by
the International Commission on Non-Ionizing Radiation Protection (ICNIRP), a literature
search of existing regulations and potential health risks did not reveal any studies indicating
adverse effects associated with the use of optical radiation in diagnostic procedures [20].

Recently, Pogue and Wilson [21] summarized several aspects of X-ray and optical
technologies, “the two central pillars for human imaging and therapy”, as they said, giving
various examples of the ways in which optical and X-ray sciences and technologies intersect.
At this point, it is worth emphasizing that optical technologies tend to be highly specific
depending on the organ to be examined and the suspected disease and diagnosis. This leads
to the appropriate ergonomic adaptation of respective biomedical technologies, resulting
in different devices for different specialties (e.g., the OCT system in ophthalmology is very
different from the analog in dermatology). This is in contrast to X-ray imaging and therapy
systems, which are much more general-purpose, with a given device covering a range of
clinical procedures, as Pogue and Wilson mentioned in their work [21].

With the progressive development in both “noninvasive” imaging instrumentation and
imaging materials (e.g., enhancement agents, molecular probes, tracers and nanocarriers),
the field of imaging science is growing exponentially. Furthermore, the convergence of
nuclear clinical imaging systems with advanced radiological imaging technology has
resulted in the development of combined imaging modalities, such as PET/CT, SPECT/CT
and PET/MRI, with the latest addition being total-body PET-CT [22,23]. Last year, Noltes
et al. [23] in their editorial urged, “let us all embrace optical imaging as a growing branch
on the clinical molecular imaging tree and a global opportunity to enrich our molecular
armamentarium for the benefit of the patient”. According to the same team, optical imaging,
apart from its use in preclinical studies, has already been translated into routine clinical
care by both surgery- and endoscopy-focused groups in phase I-1II clinical trials [23]. The
inter-crossing of in vivo imaging techniques with bioluminescence, fluorescence and MRI
enables the recording of events at the cellular and even molecular levels, which is expected
to accelerate diagnosis [24]. Moreover, in an effort to set “a big picture to Biophotonics
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imaging” agenda, Laura Marcu and her colleagues discussed the relevant works presented
by experts in the field during the 5th International Conference on Biophotonics (ICOB),
held in 2017 in Fremantle, Western Australia [25]. In this position paper, they present
the three main themes from the conference that capture the current status and future
directions of biophotonics imaging, namely, (1) biophotonics at the nano- to microscale
level; (2) biophotonics at the meso- to macroscale level; and (3) biophotonics and the clinical
translation conundrum [25].

3. New Trends in Cancer Therapy: A SHIFT to Non-Ionizing Radiation

The armamentarium of cancer treatments includes invasive and noninvasive thera-
peutic modalities. Treatment options depend on the type, location and stage of the disease.
The most conventional therapies are surgery (an invasive treatment modality), radiother-
apy (a noninvasive, loco-regional treatment modality) and chemotherapy (a noninvasive,
systemic treatment modality). Nowadays, other therapeutic methods are also considered
(e.g., immunotherapy, hormone therapy, biological therapy, photodynamic therapy) as well
as combinations of these (e.g., radiosurgery) [6,26].

In oncology, treating cancer with a beam of photons is currently an established ther-
apeutic technique, one familiar to patients undergoing X-ray radiotherapy. The history
of radiotherapy began in 1895, when Rontgen discovered X-rays, and in the following
more than 125 years of being on the scene, radiotherapy has been significantly improved.
More specifically, it expanded from its initial empirical application with the aid of the
newly developed fields of radiation biology, medical physics and nanomedicine to a fairly
complex and efficient therapeutic approach [6,26,27].

Radiotherapy can be sorted into two major types of ionizing radiation: (a) photon-
based radiative energy (X-rays and gamma rays) and (b) particle-based radiative energy
(such as electrons, protons, neutrons, carbon ions, alpha particles and beta particles). In
radiotherapy, radiation is used in different forms, such as external beam radiation therapy,
brachytherapy or internal radiation and radiopharmaceuticals, aiming to destroy cancer
cells mainly by causing irreversible damage to their DNA. External beam radiation therapy
uses linear accelerators in order to produce ionizing radiation and direct it locally to patients’
region of interest, while in brachytherapy (from Greek words “brachy”, which means short—
in terms of time—and “therapy”), a radioactive source is placed inside of the patient’s
body for a short period of time in order for the area of interest to be irradiated internally.
Radioisotope therapy, classified under nuclear medicine, uses radiopharmaceuticals that
are injected, in a specific amount, into a patient and then accumulate near the cancerous
area and irradiate it [28]. Nevertheless, high-energy photons are not the only choice, as the
ionizing radiation releasing energy into the cancerous tumor can lead to significant damage
to healthy tissues surrounding the tumor as a side effect [29]. Usually, radiotherapy is
performed by directing ionizing radiation to a specified volume, and in order to maximize
the radiation dose in the tumor area and to minimize the dose in the surrounding healthy
tissue, multiple beams are used at different angles of incidence, in different shapes and
with modulated intensity.

The laser discovery in 1960 gave the opportunity to introduce new therapeutic modal-
ities in the cancer battle, in both invasive and noninvasive modes. Laser beams are
monochromatic, coherent and collimated, resulting in laser-based procedures that have
high spectral, spatial and temporal resolutions. Depending on the photobiological laser—
matter interaction mechanisms, laser light, in place of a scalpel, can be used to surgically
remove cancerous or precancerous growths or to relieve symptoms. Laser surgery causes
less bleeding and damage to normal tissue than standard surgical tools do, and there is
a lower risk of infection. Furthermore, laser light can be used non-surgically for pho-
todynamic therapy (PDT) and plasmonic photothermal therapy (PPTT) for cancer and
other diseases [30]. In the next two sub-sections, we briefly mention some aspects of these
phototherapies, PDT and PTT.
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3.1. Photodynamic Therapy (PDT)

The agents are the photosensitizers (PSs), photosensitive drugs that are administered
intravenously or topically to the patient and accumulate selectively in the cancer mass after
a time interval or a couple of days. Subsequently, the pathological area is irradiated with
monochromatic light of an appropriate wavelength matching the PS absorption peak, more
precisely light from a laser source or a laser-like (i.e., light-emitting diode—LED) source.
Depending on the mechanism that takes place, the PS will absorb the incident photon
energy and produce highly cytotoxic molecules, such as singlet oxygen (102) [30,31]. The
photo-generated singlet oxygen (102) attacks cellular organelles, causing their destruction
through direct cellular damage, vascular shutdown and the activation of an immune
response against targeted cells [32].

During the new era of PDT, several improvements have been developed in all three
necessary PDT constituents. Many different PDT photosensitizers have been introduced
and approved for use in PDT and fluorescence diagnosis since the first porphyrin and
hematoporphyrin derivative compounds, forming the so-called photosensitive drug or
photosensitizer generations for cancer and other disease applications (there are at least
three PS generations, the first being hematoporphyrin derivatives, developed in the early
1970s). In parallel, several biophotonic technologies required to generate and transmit
the appropriate light for PDT in patients use various light sources (e.g., lasers emitting in
various wavelengths, LED arrays, lamps) and light-guiding modalities (e.g., optical fibers
for endoscopic or interstitial applications). At present, diode lasers are the most common
light sources for clinical PDT [33]. Certainly, PDT is considered a promising strategy
with a noninvasive nature and spatiotemporal selectivity. In regard to theoretical and
experimental efforts for accurate light, PS and ROS dosimetry in PDT (i.e., the biophysical
features of PDT), we have to admit that this is a complex and still-open research field,
regardless of whether many papers have been published [32-39].

Following vast basic biomedical research and preclinical exploration, PDT has been
applied to treat a wide range of medical diseases, including wet age-related macular
degeneration, acne and certainly malignant tumors [40]. As very aptly noted by Juzeniene,
Peng and Moan in 2007, the field of PDT is large, embracing several subspecialties, from
laser technology and optical penetration through diffusing media to a number of medical
fields, including dermatology, gastroenterology, ophthalmology, blood sterilization and
treatment of microbial/viral diseases [41]. However, there are many problems that hinder
the widespread clinical use of PDT, such as the selective approach of the photosensitizer to
the malignant tumor and the appropriate value of the laser light radiation dose throughout
the tumor. Although several PDT drugs have been approved for clinical use, the method has
not gained acceptance as a first-line treatment option. More than a decade ago, Agostinis
etal. [42] provided a comprehensive review of PDT, referring, among others, to the paradox
of one of the good properties of PDT, namely, the highly localized nature of its action, also
being one of its current limitations, as “the treatment is ineffective against metastatic lesions
which are the most frequent cause of death in cancer patients” [42].

Another major drawback is the limited penetration of visible light deep in the tis-
sue [18], which influences the photodynamic therapy’s efficacy. Non-ionizing light de-
livered to deeper tissues, up to 1 cm, has been limited to the wavelength’s emission in
the so-called optical window, spanning approximately from the orange/red region of
the visible spectrum into the near-infrared range (from 600 to 1300 nm). Obviously, it is
expected that the illumination of specific photosensitizers revealing reduced penetration in
the treated tissue lesion will result in problematic treatment and—potentially—in a future
recurrence of the tumor.

Consequently, the translation of PDT from preclinical to clinical applications is mostly
performed on human diseases that are either easily accessible or limited to superficial or
relatively transparent layers of tissues (such as skin pathologies and chorioretinal condi-
tions) [43,44]. Research to improve the therapeutic possibilities of PDT is oriented toward
(i) the design of new photosensitizers with minimum cytotoxicity and maximum tumor
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selectivity: newer-generation substances are intended to absorb light radiation toward
the near-infrared part of the spectrum for deeper light penetration into the tissues; (ii) the
combined application of photodynamic therapy together with other techniques, such as in
combination with radiotherapy, hyperthermia and radiosensitive substances.

3.2. Photothermal Therapy (PTT)

Photothermal therapy (PTT) is a minimally invasive therapeutic scheme. PTT is a
newly developed and encouraging type of hyperthermia that employs photon energy
(provided by monochromatic electromagnetic wave beams) to generate heat sufficient
to cause cell destruction [30,32,45]. Certainly, the use of laser radiation in PTT offers an
alternative path to using radio-frequencies (RFs), microwaves or high-intensity focused
ultrasound (HIFU) [32]. In photothermal therapy, local and controlled temperature effects
are sought for the cancerous tissue only. This leads to the destruction of cancer cells by
either apoptosis, necroptosis or necrosis, or it can be used in combination with radiotherapy.

Recent advances in nanotechnology gave rise to a generation of various metallic
nanoparticles that can act as photosensitizers for PTT. Functionalized metallic nanoparticles
can be photothermal sensitizing agents due to their unique optical and electrical properties.
Metallic nanoparticles can resonate plasmonically upon their exposure to light. Surface
plasmon resonance is a nanoscale electronic effect that causes metallic nanoparticles to
absorb and scatter electromagnetic radiation of wavelengths considerably larger than the
particles themselves [46].

According to this phenomenon, the electromagnetic wave that is incident on small
dielectric particles causes collective transitions of the particles’ electrons between occupied
and unoccupied electronic energy bands, thus creating a form of resonance with the incident
electromagnetic field. Hence, the free electrons present in the material oscillate collectively,
producing so-called Localized Surface Plasmons (LSPs) [47]. When the frequency of the
incident electromagnetic wave is tuned to the oscillation frequency of the electron cloud, the
absorption and scattering of light are enhanced [48]. The interaction of the electromagnetic
wave with a homogeneous particle depends on the particle’s size, the refractive index of
the particle and the medium in which it is located, as well as its construction material [49].
Plasmonic oscillations can be tuned in a wide spectral range, from visible to NIR, when
the NP shape deviates from the highly symmetric nanospherical shape to nanoshells
(NSs), nanocages (NCgs) and nanorods (NRs) [45]. The resonated nanoparticles convert
the electromagnetic energy into heat via a non-irradiated process, causing hyperthermic
damage to cancer cells.

Plasmonic photothermal therapy (PPTT) using gold-based nanospheres was reported
for the first time in 2003 by Lin and co-workers [50]. Thirty-nanometer gold nanoparticles
functionalized with anti-mouse IgG were incubated with T lymphocytes labeled with
anti-human CD8 mouse IgG. Irradiation with a nanosecond pulsed laser at a 565 nm
wavelength led to over 90% cell death. In vivo, the use of near-infrared light (NIR) for
PTT is the optimal choice, as it penetrates deeper into tissues with higher spatial precision.
PEG-AuNSs injected interstitially into tumors in mice and then irradiated with NIR light
at 4W/cm? for 4-6 nm induced a temperature increase and irreversible tissue damage.
Recently, silica-encapsulated gold nanochains (AuNCs@SiO2) with strong surface plasmon
resonance at NIR-II (A = 1-1.7 um) demonstrated high photothermal conversion efficiency at
1.064 pum, inducing severe cell death and remarkable tumor growth inhibition in mice [51].

However, the main drawback of PTT, as in PDT as well, is the limited penetration
depth of light, leading to the incomplete elimination of tumors even if the therapeutic effect
is high. This can in turn lead to tumor recurrence [52]. Recently, Upconverting Nanoparti-
cles (UCNPs) have been demonstrated in biophotonics as hopeful theranostic probes for
tissues [53,54]. UNCNPs have the unique ability to absorb near-infrared light and emit light
at shorter wavelengths, closer to the visible or ultraviolet light region. Sharma et al. [55]
provided a general review of the application of different kinds of theranostic nanoparti-
cles for in vivo image-guided light-activated therapy in cancer. They demonstrated that



J. Nanotheranostics 2023, 4

93

nanoparticle-mediated phototherapies, such as photodynamic therapy and photothermal
therapy, are earnestly considered efficient interventional strategies against several cancer

types [55].

4. Radioluminescence Combined with Nanoparticles in Imaging and Phototherapy

The link between thera(peutics) and diag(nostics) led to the development of a new in-
terdisciplinary field, entitled “theranostics”, which became very exciting for scientists after
the first reports during the last decade [32,56-58] as a key hallmark of cancer nanomedicine.
A very interesting approach is to combine existing optical imaging technology with so-
phisticated nanoparticle-based optical contrast agents for high-resolution in vivo cancer
imaging. Recently, Kemp and Kwon published a comprehensive review on cancer theranos-
tic improvements through nanotechnology, pointing out that “the strategy against cancer
needs to shift from finding new therapies to improving existing therapies and diagnostics
in innovative, effective, and plausible ways” [59]. They provide insights into the current
clinical and preclinical nanotechnological applications for cancer drug therapy, diagnostics,
imaging and radiation therapy. Moreover, several gold nanomaterials have recently been
translated into clinical evaluations for pathologies other than cancer, such as atherosclerotic
lesions and other diseases [60].

In recent decades, several papers have presented the existing and potential interfaces
between biophotonic and X-ray technologies that enable biomedical diagnostic and thera-
peutic applications [21]. As we mentioned, the main disadvantage of optical imaging is
that the penetration depth is limited because the energy of photons is low, much lower
than that of ionizing radiation photons, thereby making it nearly impossible to image deep
tissues in large biological targets. Due to the small size of experimental animals, the depth
of penetration is not a problem for them. Therefore, optical imaging and therapy are widely
used, especially for preclinical research [61].

Radioluminescence, which is normally produced by the interaction of ionizing radi-
ation with a scintillator material, can be used as a light source in PDT. The use of X-ray
sources in combination with scintillating nanoparticles can overcome the barrier of light
tissue penetration [62]. NaGdF4:Eu3+ NPs were used to convert X-rays into optical pho-
tons within the 600-700 nm range to perform X-ray luminescence optical tomography [62].
Bilirubin-photodynamic nanoparticles (PEGylated bilirubin-encapsulated CaWO4 nanopar-
ticles or “PEG-BR/CWO NPs”) can mediate combined radiotherapy/PDT in solid tumors
due to the radioluminescence properties of their CaWO4 nanoparticle cores. PEG-BR/CWO
NPs emit UV-A and visible light from their CaWO4 cores, which excites bilirubin and leads
to the production of singlet oxygen (Figure 2). The clonogenic survival array demonstrates
the phototherapy enhancement due to PEG-BR/CWO NPs.

Cerenkov Radiation Coupled with Nanoparticles Mediates Imaging and Phototherapy Enhancement

Cerenkov radiation (CR) is a type of electromagnetic radiation that is emitted when
a charged particle moves through a dielectric medium, with a velocity greater than the
phase velocity of light in that medium. The emission is a result of the polarization of the
medium’s molecules along the charged particle’s trajectory. During the depolarization of
these molecules, after the particle’s passage, radiation, mainly blue in color, is released.
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Figure 2. (a) Schematic image of the PEG-BR/CWO NP mechanism of action. (b) PEG-BR/CWO
NP initial clonogenic survival assay. HN31 cells were plated in 6-well plates at 0.2 x 103 (0 Gy),
0.8 x 103 (3 Gy), 1.6 x 103 (6 Gy) and 5.0 x 103 (9 Gy) in triplicate for each treatment group. Cells
were incubated with PBS, PEG-BR micelles (0.2 mg/mL PEG-BR) and PEG-BR/CWO NPs (0.2
mg/mL CWO nanoparticle) for 4 h prior to radiotherapy. Irradiation was performed with a 320 kV
X-ray irradiator (2 Gy/min). Reprinted with permission from Ref. [62]. Copyright 2020, American
Chemical Society.

More specifically, the light is emitted at the angle 6, forming a cone around the particle’s

direction, which depends on the particle’s relative velocity, 3 = £ (v is the velocity of the

particle and c is the speed of light in a vacuum), and the refractive index, #, of the medium

in which the particle moves, with the relation cos 6 = [Tln The CR spectrum is continuous,
peaks in the ultraviolet-blue region and then decreases inversely to the square of the

wavelength (A) through the visible region [63] according to the Frank-Tamm equation:

AN 1 1
mzme (1—132’12))\2 1)
where 7 is the number of Cerenkov photons that are produced per unit of length (1) and
wavelength (A), and a = 117 is the fine-structure constant [64].

The use of Cerenkov luminescence has been suggested by some research groups as
an effective alternative solution to overcome the limitation of the penetration depth and
become the bridge between ionizing and non-ionizing radiation (Figure 3). Cerenkov light
is spontaneously generated within tissues subjected to ionizing radiation in a continuous
spectrum from the near-ultraviolet through the visible spectrum (highly weighted to the ul-
traviolet/blue spectral region) [65]. The characteristic blue glow of Cerenkov luminescence
(CL) is produced when a charged particle traveling faster than the phase velocity of light
interacts with a dielectric medium, such as water or tissue. Astronauts in space (crews of
Apollos 11, 12 and 13 [66]), as well as patients with cancer undergoing radiation therapy,
have reported seeing blue flashes of light when encountering high-energy radiation, even if
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their eyes are closed [67]. This phenomenon has been attributed to the excitation of retinal
pigments by the generation of Cerenkov light inside the eye and can be very helpful in the
setting of stereotactic radiosurgery and in brain radiation therapy [67].

Cerenkov Bioluminescence

Fluorescence

Ultrasound A \ Raman

Optoacoustic

Depth of penetration/Field of view

Lower Higher
Sensitivity

Figure 3. Schematic representation of various optical imaging modalities discussed in this review.
Different modalities are represented as different boats, each with its individual pros and cons and its
specific utility. The x-axis represents sensitivity (lower to high, left to right). The y-axis represents the
depth of penetration/field of view, as indicated below each boat. Reprinted with permission from
Ref. [68]. Copyright 2020, Society of Nuclear Medicine and Molecular Imaging.

In the last decade, the use of Cerenkov radiation emission has been considered by sev-
eral research groups to be a determining factor for in situ dosimetry in radiotherapy [69,70].
A big international effort by several collaborating research groups, led by Dr. Brian Pogue,
published both experimental and theoretical results from their investigation into fluo-
rescence, phosphorescence and absorption spectroscopy methods using Cerenkov light
release [71-75]. To cancer patients receiving radiotherapy schemes at Dartmouth-Hitchcock
Medical Center, they applied a real-time monitoring protocol for radiation dose verification
and for patient positioning throughout each treatment fraction via a Cerenkov imaging
system [76]. They realized that, during the radiotherapy session, the Cerenkov effect occurs
when photons or electron beams interact with the irradiated tissue volume and that this
internally emitted light reflects the shape of the treatment beam on the patient’s skin surface.
So, several research groups, especially the Dartmouth team led by Lesley Jarvis and Brian
Pogue, developed proper imaging devices (e.g., cameras) to capture the intensity of this
light, which is relative to the delivered dose, in an effort to realize real-time monitoring [76].
A major problem that Pogue’s team emphasized was the difficulty in making clinical mea-
surements in a conventional radiation treatment environment where ambient room light
is always present, raising significant concern for patient and physician compliance [77].
Several efforts were oriented to develop, test and implement the appropriate imaging
devices for Cerenkov emission registration. A very illustrative image of Cerenkov blue
light from a human head phantom for radiation therapy was published by Pogue’s group
in 2012, enabled by a Cerenkov imaging system, which provides the real-time visualization
of each radiation beam (Figure 4).
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Figure 4. (a) The gated detection of Cerenkov emission with room lights on is shown with spectra
acquired from a scattering phantom. Cerenkov emission is obtained by calculating the difference
between the gated signal and ambient lighting signal. (b) A photograph of the room with a corre-
sponding image of Cerenkov emission from a human head phantom for radiation therapy overlaid
to illustrate the amount of ambient lighting present for all experiments. Reprinted with permission
from Ref. [78]. Copyright 2012, Optica Publishing Group.

For applications other than radiation dosimetry, Briam Pogue and collaborating groups
reported their efforts on tumor pO; measurements using Cerenkov-excited phospho-
rescence imaging with a systemically delivered phosphorescent oxygen-sensitive probe,
PtG4 [71,72], or Cerenkov-excited luminescence imaging (CELI) [73]. Furthermore, they
recognized that moving from phantom experiments to the systemic administration of any
drug to human beings requires extensive toxicological and other tests before clinical trans-
lation. Thus, they developed and evaluated the possibility of oxygen measurements with
CELI using a model implantable sensor [75]. This technique makes use of the Cerenkov
light generated within tissues subjected to radiation beams to excite the phosphorescence
of PtG4, and the phosphorescence decay time of the probe is used to quantify tissue pO,.
CELI offers several advantages, including the real-time reporting of oxygenation in tumors
at the time of delivering the radiation, either as a monodose or during each fraction in
tumors undergoing multiple fractions of radiotherapy.

Cerenkov luminescence imaging (CLI) can be an emerging hybrid method that uses
light emission from many commonly used medical radioisotopes [63,79]. The term CLI
was coined by Robertson et al. in 2009 when they studied Cerenkov emission from the PET
probe BE-FDG in well plates and a xenograft tumor in a mouse [80]. Boschi and Spinelli
summarized several studies referring to CLI in the biomedical field. They organized them
in a table to help interested viewers for a fast consultation, subdividing CLI into different
areas of applications (cancer imaging, tomography, Cerenkov-induced fluorescence, intra-
operative modality, medical applications in humans, models and others) [81]. Liu et al.
used CL produced by (-tracer iodine-131 as an internal light source to illuminate three
different CdSe-ZnS core-shell Quantum Dots (QDs) (QD655, QD705 and QD800) both
in vitro and in vivo (Figure 5). The excited QDs allowed for multiplexing optical imaging,
producing fluorescence in much higher optical intensities [82], whereas the number of
luminescent photons produced from radionuclide radiation is small.
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Figure 5. Radiation-luminescence-excited QDs for optical imaging. Reprinted with permission from
Ref. [82]. Copyright 2010, John Wiley and Sons.

Cerenkov radiation emission can also be used for the internal stimulation of photosen-
sitizers resulting in photodiagnosis and/or phototherapy. Fan et al. (2016) reported some
potential challenges to overcome the so-called Achilles” heel of photodynamic therapy,
i.e., the tissue penetration limitation of excitation light for deep-seated diseases [40]. They
present a series of deep PDT techniques based on different excitation sources, including NIR
light, X-ray radiation and internal self-luminescence. They anticipate that “deep PDT will
be developed as a versatile, depth/oxygen-independent and minimally invasive strategy
for treating a variety of malignant tumors at deep locations”.

According to published ex vivo and in situ studies, the combination of PTT with
RT can have a synergistic therapeutic effect that can overcome the limitations of each
single treatment [83]. PTT can enhance the effects of RT by attenuating the repair of
double-strand breaks (DSBs) caused by RT [84,85]. Novel G. Lan et al. synthesized a novel
nanoscale metal-organic framework (nMOF) by hierarchically incorporating three high-Z
components, Hf12, DBB-Ir and W18 (W18@Hf12-DBB-Ir), which, upon X-ray irradiation,
significantly enhance hydroxyl radical generation. These distinct reactive oxygen species,
W18@Hf12-DBB-Ir, demonstrate synergetic cell killing with high anticancer efficacy [86].

Clinical results have shown that the combination of hyperthermia and radiotherapy
(ionizing radiation) can increase response rates from 16% to 26% [87]. Cells in hypoxic,
low-pH areas and cells in the S-phase are both relatively radioresistant. The increased
blood flow caused by hyperthermia can improve tissue oxygenation, which temporarily
increases radiosensitivity [88]. Studies have shown that thermal treatment combined with
traditional or accelerated radiation fractionation for 7 days may increase the tumor growth
delay by up to 17 days [89].

Apart from Cerenkov luminescence optical imaging, the exploitation of Cerenkov
radiation can provide a very important option for the in vivo photoactivation of pharma-
ceuticals, particularly photosensitizers, for photodynamic therapy [90].

However, the majority of the energy from CR is dissipated through molecular excita-
tion, ionization, Bremsstrahlung radiation and heat [91]. For example, CR represents less
than 0.006% of the total energy released during the radioactive decay of 8F [91]. To give a
numerical example from the literature [63], assuming an average refractive index of 1.33 for
water and 1.4 for soft tissue and using the Frank-Tamm equation, the number of Cerenkov
photons produced by a beta particle moving in the two media, for a wavelength range of
400-1000 nm, per length unit, is calculated to be 20 photons/mm and 23 photons/mm,
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respectively. Cerenkov radiation production in biological tissue is a very complicated pro-
cess and can be generated by primary and secondary particles produced during different
interactions with the medium’s atoms. However, most of the photons originate from the
primary beta particles of the radioisotope, which have enough energy to overcome the
Cerenkov threshold in that medium and cover an area of only a few millimeters around the
radioisotope molecule. Secondary particles can produce Cerenkov photons further from
the source, but their contribution is important only in high-energy isotopes used in PET,
such as Zr [63]. In biological tissues, ultraviolet light (A < 380 nm) is greatly absorbed by
molecules such as hemoglobin, water and melanin, while in the early near-infrared region
(600-1600 nm), scattering is more dominant, leading to Cerenkov radiation’s spectrum hav-
ing a more complex shape and the conical spatial distribution of photons in the tissue being
disturbed [63], adding more difficulty to the detection or use of this radiation for therapy.

Moreover, the effect of CR-PDT can be limited when the radionuclide and a photo-
sensitizer are administered separately [92]. The strategy of coupling radionuclides with a
photosensitizer can lead to the continuous generation of ROS throughout the blood circula-
tion period, making the modality effectively a normal chemotherapeutic agent [93]. Thus,
the reduction in the adverse effects of CR-PDT is of major significance and still remains
challenging. The combination of the commonly used clinical diagnostic radiotracers in PET
imaging with nanoparticles loaded with photosensitizers can have an effective therapeutic
photodynamic action [94]. Radionuclides can be transformed from chemotherapeutics into
phototherapeutics by utilizing CL to trigger photoactivated nanoparticles. Kotagiri et al.
used transferrin-coated TiO, nanoparticles doped with the photosensitizer titanocene to
target human fibrosarcoma (HT1080) cells injected in mice [95]. They demonstrated that
CR emitted by 8F-fluorodeoxyglucose (\¥F-FDG), the commonly used radiotracer in PET,
mediates the excitation of TiO, NPs, which leads to the production of cytotoxic hydroxyl
and superoxide radicals, achieving depth-independent PDT. Duan et al. compared the
activation of Dextran-modified TiO, nanoparticles (D-TiO, NPs) between the radiotracers
Gallium-68 (Ga-68) and '8F. They proved that Ga-68 is a higher-yield photon emitter than
I8F for Cerenkov-induced PDT and displayed more DNA damage to 4T1 cells [96]. TiO,
NPs present a high absorption of UV light (A = 275-390 nm) and can serve as efficient
photocatalysts producing Radical Oxygen Species (ROS) (Figure 6).

Recently, Ruijie Qian et al. engineered a nanocarrier co-loaded with the radionu-
clide 3T and a photosensitizer precursor for combined radiotherapy and PDT. They
designed tumor-targeting nanoparticles (*'I-EM@ALA) by loading the photosensitizer 5-
aminolevulinic acid (ALA) into an '3 I-labeled exosome mimetic (EM) to achieve combined
antitumor therapy. 13'T also served as an internal light source for CR, and the drug-loaded
nanoparticles effectively targeted tumors [97].

Hybrid nanotheranostic formulations have been developed for PET to provide syner-
getic PDT/PTT in breast-tumor-bearing mice. Radiolabeled core—satellite nanoconstructs
of copper sulfide (CuS) nanoparticles were prepared by [¥Zr]-labeled hollow mesoporous
silica nanoparticles (HMSNs) and citrate-capped CuS nanosatellites. CuS mediates hyper-
thermia, which enhances the oxygenation of blood vessels and decreases tumor hypoxia,
the major barrier to the effectiveness of PDT [98]. Many computational simulations have
been conducted to calculate the CR yield arising from radiotracers and radiotherapy beams.
According to Monte Carlo simulations, the fluence rate of CR was found to be in the order
of 0.01-1 nW/cm? per MBq/g for radionuclides and 1-100 uW /cm? per Gy /s [99]. The CR
fluence depends on the radiation source, the optical properties of the tissue and the given
wavelength. The energy fluence of CR-mediated phototherapy reaches the order of nJ/cm?
for radionuclides and m]/cm? for radiotherapy beams. Ngwa et al. performed Monte
Carlo simulations to compare the CR produced during external beam radiotherapy (EBRT)
using titanium dioxide (titania) nanoparticles (NPs) as inclusions in radiotherapy bioma-
terials to that produced by radionuclides. The simulations showed that 6 MV radiation
produced about 10 times higher CR per unit dose deposition than '®F. They confirm the
CR enhancement experimentally by irradiating human lung cancer cells with or without
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0.5 ug/g 2nm titania NPs at 2 Gy with a 6MV photon beam. According to clonogenic assays,
the survival fraction of the cancer cells was reduced by 20% with NPs, confirming the
synergistic effect of ionizing radiation and titania NPs. Table 1 provides a list summarizing
the recent in vivo and in vitro studies with NPs and different Cerenkov sources. Figure 7
illustrates the interconnection between the advanced radiation biophysics, biophotonic
and nanotechnology techniques for cancer management and the interplay of Cerenkov
radiation for applications showing promise for significantly improving patient prognoses
and quality of life.
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Figure 6. (A) Schematic of the CR-mediated excitation of TiO2 NPs to generate ROS that induced
cell apoptosis of cancer cells. (B) Relative amounts of CR photons generated by intracellular 68Ga-
BSA and 18F-FDG. (C) Tumor growth curves of different groups of mice after treatments indicated.
(D) Survival curve indicates that co-injection of Ga-BSA and D-TiO2 NPs was the optimal choice
among methods. ** p < 0.01. Reprinted with permission from Ref. [96]. Copyright 2018, American
Chemical Society.
Table 1. Combined nanoparticle-radiation treatments for various types of NPs and Cerenkov sources.
Cell Line/Application NPs Source Effects Ref.
Human fibrosarcoma Polyethyle.zneglycol- Reme.irkable.tumor volume
. coated TiO, NPs shrinkage in 3 days and
cell tumors (HT1080) in 64Cu [95]
A (TiO,-PEG NPs) (type: complete tumor regression by
mice/in vivo
small nanoclusters) 30 days

Human fibrosarcoma
cell tumors (HT1080) in
mice/in vivo and
in vitro

Apo-transferrin
(devoid of iron and

abbreviated as ¥ FDG significant suppression of
Tf)-coated TiO, NPs & 3%

Effects related to necrosis were

observed in vitro, with [95]

(TiO,-Tf) tumors in vivo.
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Table 1. Cont.

Cell Line/Application NPs Source Effects Ref.
Breast cancer—4T1 Dextran—modlfled T'102 68 Strong DNA damage to
. .. nanoparticles (D-TiO; Ga [96]
cells in mice/in vivo NPs) tumor cells
Breast cancer Chlorin e6 induced Both in vivo and in vitro results
;igﬁjﬂgu/éi‘r]sltfg Sﬂlil SQIKIV;:?:&IDS?G(EZ 6) 89Zr (bound to the NPs) confirmed the PDT effects [100]
Balb/c mice/in vivo radiolabeled with 8°Zr on cells.
Magnetic nanoparticles
(MNPs) with porphyrin
Breast cancer surfrerllcoe1 Gr:rcllgldeif(ifgi)ljrz for Large amount of ROS generation
.. . 897r (bound to the NPs) in cells treated with [101]
cells—4T1/in vitro magnetic tumor 8971 MNP/ TCPP was observed
targeting and ’
MNP-PEG (average
diameter ~20nm).
CuS NPs on the surface Hyperthermia and
4T1 murine breast of [#9Zr]-labeled hollow hotod ypert h It
tumor-bearing mesoporous silica 89Zr (bound to the NPs) P tc})lto ynarlmtc t ltlara.py t1jesu tfm [98]
mice/in vivo nanoshells filled with tu(;;s;:x}?vilf solrsl,qildneaelf(f):c?s
porphyrin molecules.
Titanium dioxide (TiO,)

Human multiple nanoparticles coated Electrospray-fabricated NPs
myeloma—MM1.S with protein transferrin 8EDG improved cell killing from 23% [102]
cancer cell line and (Tf) [Tf/TiO,] and to 57% compared to NPs

HT1080 cells/in vitro average diameter of produced with other methods.
25 nm (£3.2 nm).
Transferin-coated Higher levels of ROS at all time
Multiple Mvel titanium dioxide NP points were generated compared
witipie viyeloma Hamim droxide WS to either 8°Zr alone or TiO?-Tf
MML.S cells/in vivo, (Tf/TiO,) with average  8°Zr (bound to the NPs) NPs. Overall. 8 Zr-TiO2-Tf is [103]
In vitro, ex vivo 1 2;1 1amtiei' 60f capable of generating sufficient
nm nm ROS to cause MM cell death.
There were 20% more cancer
Human lung A549 Titania NPs with .. cells killed when radiation and
cancer cells/in vitro average size of 2 nm. 6MYV radiation NPs were combined compared [104]
to radiation alone.
Liposome nanocarriers Liposomes with 10 nm NPs
. produced the highest amount of
containing gold NPs ROS.
Human with diameter of 10 nm Gold NPs were able to amplify
colorectal cancer cells antd 5 nrfr.l and d 4 Gy of X-ray radiation. the radiation doses in tumor [105]
(HCT116)/in vitro ver fp;r ]'Tha?PP ¢ tissue. Mitochondrial damage
conjugated wi ) 0 was induced and activated the
t.arget cells. mechanisms for cancer
mitochondria. cell death.
Bi, O3
hﬁiﬁiﬁf&?{)ﬁ;j&i{f nanoparticles with a Efficient production of
HOC? cells/in vitro size of 5 + 3 nm turned 4 Gy of X-ray radiation. =~ X-ray-PDT effect to induce cell [106]

and in vivo

onto Black Phosphorus
(BP) nanosheets

apoptosis and cell cycle arrest
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Figure 7. Schematic illustration of the interconnection of advanced radiation biophysics, biophotonic
and nanotechnology techniques with the Cerenkov radiation for cancer management.

5. Conclusions

The novelty of using nano-biophotonic techniques, combined with up-to-date nuclear
medicine imaging procedures and radiotherapy, could provide an effective strategy in
preclinical and clinical environments for theranostic applications. Many studies have been
conducted with various protocols based on different types of nanoparticles, Cerenkov
radiation sources and irradiation conditions. Each of them demonstrates that Cerenkov
luminescence can be the bridge between ionizing and non-ionizing radiation to overcome
the limitation of the penetration depth for more effective and targeted photothermal
therapies.
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