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Abstract

Photodynamic therapy (PDT) is a photochemistry based treatment modality that involves the
generation of cytotoxic species through the interactions of a photosensitizer molecule with light
irradiation of an appropriate wavelength. PDT is an approved therapeutic modality for several
cancers globally and in several cases has proved to be effective where traditional treatments have
failed. The key parameters that determine PDT efficacy are 1. the photosensitizer (nature of the
molecules, selectivity, and macroscopic and microscopic localization etc.), 2. light application
(wavelength, fluence, fluence rate, irradiation regimes etc.) and 3. the microenvironment
(vascularity, hypoxic regions, stromal tissue density, molecular heterogeneity etc.). Over the years,
several groups aimed to monitor and manipulate the components of these critical parameters to
improve the effectiveness of PDT treatments. However, PDT is still misconstrued to be a surface
treatment primarily due to the limited depths of light penetration. In this review, we present the
recent advances, strategies and perspectives in PDT approaches, particularly in cancer treatment,
that focus on increasing the ‘damage zone’ beyond the reach of light in the body. This is enabled by
a spectrum of approaches that range from innovative photosensitizer excitation strategies,
increased specificity of phototoxicity, and biomodulatory approaches that amplify the
biotherapeutic effects induced by photodynamic action. Along with the increasing depth of
understanding of the underlying physical, chemical and physiological mechanisms, it is anticipated
that with the convergence of these strategies, the clinical utility of PDT will be expanded to a
powerful modality in the armamentarium for the management of cancer.
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Introduction

Visible and near infrared (NIR) radiation,
although a miniscule part of the electromagnetic

residing deep within the body led to the identification
and characterization of several physiological

radiation spectrum, have provided us with a vast
palette of applications in which we may not only
“see” but also harness this energy for therapeutic
purposes. The inquisitiveness that drove early
pioneers to understand light-tissue interactions and to
use electromagnetic radiation to peer at tissues

chromophores, including melanin, hemoglobin and
water. As photonics technology advanced, thorough
characterization of the wavelength dependent optical
absorption and scattering coefficients of these
common chromophores became possible, leading to
the identification of the so called “optical window,”
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which exists between 600-900 nm light (Fig. 1).
Absorption of light within the optical window by the
common physiological chromophores is low, thereby
allowing incident light between these wavelengths to
penetrate more deeply into the tissue. For example, a
~70% reduction in optical absorption of melanin in
the skin is observed (i.e., ~1.8-fold enhancement in
penetration depth, ignoring the effects of tissue
scattering) when the irradiation wavelength is
changed from 500 nm to 700 nm. Despite the fact that
the penetration depth of visible light does not exceed
more than several millimeters, several diagnostic and
therapeutic techniques utilizing visible and NIR
radiation have significantly impacted the clinical
standard of care over the past two decades,
specifically in the treatment of age-related macular
degeneration, dermatologic conditions, cancer, and
various diagnostics and imaging applications [1].
Beyond these applications, visible and NIR light have
been exploited to understand the physiology,
microenvironment and treatment response of
numerous pathologies in a multitude of preclinical
studies [1].

Photodynamic therapy (PDT), a light based
cytotoxic therapy, has gained significant popularity as
it offers temporal and spatial control of the treatment
with minimal systemic toxicity [3]. PDT is a
phototoxic therapy wherein the photosensitizer (PS, a
photo-activatable molecule) is excited with light of a
specific wavelength to generate reactive molecular
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species or free radicals that can react with the local
microenvironment (Fig. 2). Spatial selectivity in PDT
can be achieved by 1. Specifically targeting the PS to
the tumor compartment by utilizing various
methodologies such as immunoconjugates or
nanoconstructs [4-8] and 2. Locally delivering light to
the region of interest to cause damage to malignant
tissue while sparing surrounding healthy tissues; both
are critical requirements in treatment of diffuse
tumors such as glioblastoma in the brain [3]. The
translation of light based techniques such as PDT to
pathologies that are deeply situated within the body is
primarily restricted by the finite depth of light
penetration into tissue. To date, the routine clinical
use of PDT has been limited to superficial layers of
tissues, such as the skin [9, 10], retina [11] and others,
that are easily accessible. Delivering light to deeper
tissues (e.g. large tumors) has been limited by a
significant attenuation in potency as the light
penetrates more deeply into tissue, thereby rendering
it sub-cytotoxic as it reaches the target tissue and
ultimately reducing the overall efficacy of PDT. In the
context of cancer therapy, PDT has shown promise in
its ability to treat superficial tumors resistant to
standard therapies and also to eradicate residual
disease in the surgical bed that may cause recurrence.
Nevertheless, its applications for the treatment of
tumors in deep tissue have been limited to date [3,
12-14].
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Figure 1: Absorption spectrum of chromophores and water in the radiation therapy spectral range and visible to NIR spectral range. The optical window region where
absorption of light due to physiological chromophores is low is shaded in pink. The absorption peaks of most commonly used photosensitizers for photodynamic therapy (PDT)
are also depicted. Abbreviations: PpIX - Protoporphyrin IX, mTHPC - m-tetrahydroxyphenylchlorin, EtNBS - 5-ethylamino-9-diethylaminobenzo[a] phenothiazinium chloride,
NPe6 - mono-L-aspartyl chlorin €6 and BPD - benzoporphyrin derivative monoacid A. HbO; - Oxygenated hemoglobin, Hb - Deoxygenated hemoglobin, H,O — Water. Data
adapted from Jacques et al [2] and National Institute of Standards and Technology database.
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Figure 2: Schematic representation of PDT mechanism of action. The photosensitizer (PS, a photo-activatable molecule) is excited from the ground state to the singlet excited
state ('PS) with light of a specific wavelength. From this excited state, the PS undergoes intersystem crossing to an electronically different excited state lower in energy such as
the triplet state (3PS). In its long-lived triplet state the PS reacts with local microenvironment to generate reactive molecular species or free radicals. These reactive species induce
cell death. For example, energy from the PS triplet state is transferred to the ground-state triplet oxygen molecules (302) to generate reactive singlet oxygen ('O2) molecules.

PDT efficacy is determined by the interplay
between lightt the PS and the tissue
microenvironment [15], and depends on several
parameters such as the PS delivery-light-interval,
overall light dose, the macroscopic and cellular PS
localization, and the tumor oxygenation status,
among others. Selective tissue damage can only be
achieved when light and the PS are present in
sufficient quantities at the desired location.
Substantial efforts by several groups to enhance light
delivery to deeper tissues are in progress; however, an
upper limit exists on how far into the infrared region a
PS can absorb light and still produce cytotoxic species.
In photochemistry, the PS is typically electronically
excited to the singlet excited state upon absorption of
a photon. From this excited state, the PS molecule
undergoes intersystem crossing to a longer lived
triplet state, which can initiate photochemical
reactions directly, giving rise to reactive free radicals,
or transfer its energy to the ground-state triplet
oxygen molecules (30O;) to generate reactive singlet
oxygen (1O2) molecules. Specifically, the energy
required to excite an oxygen molecule from its ground
state to its singlet state is ~0.96 eV, creating an upper
limit on the excitation wavelength to be around
850-900 nm depending on the energy level of the PSs’
triplet state. Because most of the currently used PS’s
have absorption peaks in the 600 - 750 nm range (Fig.
1), the light irradiation window for PDT has been
restricted to this range within the past few decades.
Overall, the limitations stemming from the PS
excitation wavelength and light delivery, coupled
with the variability in clinical outcomes caused by
inconsistencies due to inter- or intra-
microenvironmental heterogeneity and the failure to
customize the PDT dose in a patient-specific manner,
historically has prevented PDT from gaining
widespread acceptance as a first-line therapeutic
modality.

PDT’s therapeutic impact extends beyond the

zone treated by light. Here, we review the current
efforts and advances in the field of PDT to facilitate
deep tissue therapy beyond the traditional barriers set
by tissue optical properties. The first section of this
review will discuss new developments in light
delivery strategies that enable PS excitation in tissues
deeper than previously possible. In the second
section, we discuss new PS targeting strategies that
enhance the selectivity and efficacy of PDT in deep
tissue by reducing off-target toxicities. Throughout
the review, the prospects for the clinical translation of
PDT and the requirement for treatment monitoring
techniques that enable accurate PDT dosimetry are
discussed. Perspectives on combining PDT with
current clinically-relevant treatments and other
forward looking therapies such as mechanism-based
combination regimens are discussed. We also discuss
the impact of biomodulatory approaches that amplify
the biotherapeutic effects induced by photodynamic
action and the impact of harnessing local and systemic
biological and immune responses to enhance
deep-tissue PDT efficacy. We anticipate that the
progress made in light delivery, dosimetry design,
nanotechnology based combinations, biomodulating
strategies, PS excitation and targeting strategies that
have shown tremendous potential in preclinical
studies will ultimately have significant clinical impact
on customizing treatments and managing recalcitrant
disease.

Light delivery strategies for deep tissue
PDT

The term “photodynamic action” was coined by
Prof. von Tappeiner in the early 1900's when he
observed the toxic effect of an acridine dye on
paramecia [16]. Since then, several PSs have been
discovered or synthesized and their respective
mechanisms of PDT have been unraveled. Together,
the efforts to develop new PSs that can specifically
localize to the target tissue, the development of
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Lasers, Light emitting diode (LEDs) and fiber optic
technologies that can excite PSs at their optimal
absorption peak, have enabled the translation of PDT
to the clinic for a variety of disease applications.
Various types of light sources ranging from
inexpensive conventional arc lamps to expensive
coherent, narrow bandwidth lasers have been utilized
to excite PSs. It is well known that collimated laser
beams scatter forward when interacting with tissues,
and thereby have higher tissue penetration depth than
non-coherent LED or arc lamps. These non-collimated
light sources exhibit more divergent beam properties
and therefore have reduced forward scattering of light
making them unsuitable for treating deeper lesions
[17].

Image-guided placement of fibers for
deep-tissue PDT

Historically, PDT has incorrectly been alleged
only as a surface treatment because the application of
external light may only treat superficial lesions.
Availing  advances in  fiber  optics and
microendoscopic technology, PDT is now being
extensively used in clinic with interstitial, endoscopic,
intraoperative or laparoscopic light delivery systems.
Laser light can be focused into thin optical fibers for
delivery of light into deeper and difficult to access
treatment sites. For example, in a recent clinical study
by Jerjes et. al., [18] multiple fibers were placed under

ultrasound guidance into various deep-seated
pathologies such as head and neck tumors and
vascular anomalies within the limbs (Fig. 3). More
than one hundred patients were treated with PDT
using the PS meso-tetrahydroxyphenyl chlorin
(mTHPC). More than half the patients had a good
response to the treatment while 5 patients became
disease free. Of the patients harboring head and neck
tumors, 80% reported improvements in breathing,
swallowing and speech [18].

Another notable case involved a pancreatic
adenocarcinoma patient who underwent interstitial
PDT after being initially considered unsuitable for
surgical resection [19]. PDT was performed on this
subject wherein the optical fiber was inserted into the
tumor under CT guidance. PDT caused significant
tumor damage and the patient subsequently was
reclassified as a surgical candidate due to significant
tumor shrinkage [19]. In another study by Huggett et
al, all of the fifteen patients evaluated had PDT
induced necrotic intratumoral lesions of up to 12 mm
following a 40] light dose, and no noticeable side
effects or toxicities [20]. Interstitial deep tissue PDT is
also being evaluated in several other clinical trials as
extensively reviewed by Svanberg et al [21]. These
studies and other published trials have showcased the
potential for PDT to treat deep-seated pathologies
while inducing manageable to minimal toxicity. An

Figure 3: Examples of image-guided interstitial PDT for deeply situated tumors. A. Photograph of surgeon inserting needles under ultrasound-guidance for placing fibers in deep
tissue. B. Light delivered to the heamangioma of the left infraorbital region through multiple fibers. Photographs of solid skin tumor in the ear with 6 fibers implanted under
ultrasound guidance. C. One fiber is used for illumination while other 5 fibers are used for diagnostic purposes to evaluate light fluence, sensitizer concentration and tissue
oxygenation. D. All the fibers are used in “transmit” mode to illuminate the whole tumor for PDT. Images adapted with permission from Jerjes et al [18] and Svanberg etal. [21]
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attractive feature of interstitial PDT is that it also
facilitates efficient dosimetric planning. Because fibers
are placed in predetermined locations within the
target site, they can not only be used to deliver light,
but can simultaneously act as diagnostic sensors that
can gauge important PDT parameters that critically
impact the therapeutic response, such as the fluence
rate, PS concentration, PS photobleaching, and the
tissue oxygenation status [21, 22]. The low adverse
event rates that have been reported in PDT treated
patients, who were otherwise unsuitable for surgery
or resistant to chemotherapy, point to the potentially
important role that PDT can play in treating
pathologies such as cancer. Furthermore, it should be
noted that these studies were performed by coupling
laser light into optical fibers. Indeed, coupling
non-collimated light sources into fibers, though
feasible, leads to a significant loss in the power at the
fiber output, and has generally not been considered.
Recent advances in LED light source technology have
led to their ability to output hundreds of Watts. Along
with enhanced portability stemming from battery
powered sources and precision optical fiber coupling,
these non-collimated and less expensive light sources
will ease the translation of PDT to clinical procedures.

Pulsed or fractionated PDT regimes for
achieving enhanced necrotic depth

Continuous wave (CW) lasers or light sources
have traditionally been used for PDT. However, as the
availability of pulsed lasers increased, several groups,
including ours, have compared the effectiveness of
pulsed lasers and CW irradiation for PDT since the
late 1980s. Pulsed laser illumination was thought to
enhance PDT efficacy primarily due to hypothesis
that the downtime between light irradiation will: 1.
Allow the tissue to re-oxygenate, making subsequent
irradiations effective and 2. Allow re-accumulation of
photosensitizer at the lesion [23]. While a few studies
have shown that the necrotic depth induced by CW
lasers is similar to thaFt seen with pulsed lasers, other
studies have shown significant enhFancement in the
necrotic depth resulting from pulsed irradiation
[24-29]. For example, a study by the Bown group
showed comparable outcomes between
phthalocyanine (ALSPc) based PDT using an argon
ion pumped CW dye laser with a copper vapour
pumped dye pulsed laser (10KHz repetition rate) [28].
The same study also demonstrated that a low
repetition rate with a high pulse energy source such as
the flashlamp of a 5 Hz pumped dye laser is not an
efficient irradiation source for PDT. Our group also
demonstrated no statistically significant difference in
the depth of necrosis 48 hrs post PDT with CW or the
pulsed irradiation with the same average incident

irradiance [30]. On the contrary, another study by
Grecco et. al. demonstrated that a femtosecond laser
irradiation produced twice as deep a necrotic zone
compared to a CW laser at an equivalent dose (150
J/cm?) using the first-generation PDT sensitizer
hemoatoporphyrin derivative (HpD) [31, 32]. Several
differences, such as the type of PS and interval
between irradiations etc, have made the comparison
between pulsed and continuous PDT inconclusive. To
determine factors that affect or increase the necrotic
depth in a pulsed-PDT regime, Pogue et al simulated
the deposited dose and reported that the pulsed laser
irradiation can be beneficial for deep tissue PDT [33];
however, these results are modest and strongly
depend on the PS, the laser pulse width, the pulse
energy, and the repetition rate. In another study by
Sterenborg et al [34], the simulations concluded that
pulsed excitation in PDT is identical to CW for fluence
rates below 4 x 108 Wm2. At higher fluence rates, the
effectiveness of pulse PDT drops significantly [34].
Despite promise for deep tissue PDT and the debate
on the advantages of pulsed irradiation versus CW
irradiation to produce optimal treatment outcomes,
CW lasers appear to have gained more traction as
clinically used light sources to date.

The type of light source used (CW or pulsed), the
concentration of the PS at the treatment site also play
an important role in determining the depth of necrosis
induced by PDT. [35]. A lesion with a very high PS
concentration may prevent light from penetrating to
the deeper regions of the tumor due to a phenomenon
known as PS self-shielding, in which saturated
concentrations of the PS absorb a major portion of the
incident light in the superficial layers. According to
Pogue et al, a high intensity pulsed beam might have
advantages over CW due to the transient change in
absorption of the PS that allows the latter parts of the
laser pulse to pass through the surface layers with less
attenuation. In simple terms, the photobleaching or
destruction of PS in the top layer will allow
subsequent light to not be attenuated, and reach
deeper tissues creating a “layer-by-layer” PDT effect
[30]. Clinically, achieving high concentrations of PS
may require either a localized intra-lesional PS
injection or to limit PDT to nearly transparent tissues
in which the PS absorption is much higher than that of
tissue. A study by Rizvi et al also showed that high
concentrations of PS may not translate to effective
PDT therapy [36]. These observations point to the
importance of “right” amount of PS and “right” light
irradiance to obtain an effective treatment outcome.
Another strategy utilized by our group and others to
enhance PDT efficacy is to combine two or more PSs
[37]. For example, Cincotta et al demonstrated that
large RIF tumors were more effectively treated with a

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 13

2463

combination  of  Benzoporphyrin = Derivative
(BPD)-PDT and EtNBs-PDT compared to PDT with
individual PS alone. This combination of PSs was
chosen because each PS targets different
compartments of the tumors (oxygenated vs hypoxic,
vascular vs cellular) allowing for a better overall
therapeutic outcome [38].

Another strategy to induce deep tissue
phototoxicity is to perform repeated PDT or
metronomic [39] PDT (slow infusion of PS and low
dose light). In the realm of repeated PDT, studies have
shown that fractionated PDT (i.e., PDT repeated with
a prefixed time interval in one therapy session)
induced necrosis to a depth 3 times greater than PDT
alone [40]. In addition to affording a better treatment
response profile, this PDT design also increases the
feasibility of deep tissue PDT because it may allow for
continuous accumulation of PSs at the treatment site,
i.e., the first series of irradiation of PpIX in ALA-based
PDT will lead to photobleaching of the PpIX and the
time gap between irradiations will allow for
resynthesis of PpIX to occur at the treatment site. The
amount of PpIX reaccumulated at the treated site is
demonstrated to be a function of the fluence rate of
the first PDT dose [23, 41]. These studies indicate that
clever PS delivery strategies together with
appropriate light illumination strategies could lend
themselves to more efficacious deep tissue PDT.

Image-guided dosimetry and treatment design
for deep-tissue PDT

Tissue optical properties play a dominant role in
determining the depth of the treatment zone during
PDT [2, 42] and moreover, due to the variable
vascular network and microenvironment in
pathologies such as cancer, there is significant inter-
and intra-lesion heterogeneity in treatment response.
For example, the heterogeneous vascular network in
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tumors impacts PS uptake, thereby further altering
the tissue optical properties. Understanding the
spatial ~distribution of light in lesions and
personalizing design strategies such as the placement
of fiber optic probes or adjusting fluence rate based on
real-time feedback on lesion properties (PS
concentration, photobleaching, oxygenation content,
etc.) is of the utmost importance to achieve
predictable treatment outcomes from PDT. For
example, Zhou et al demonstrated that personalizing
the light dose based on pre-treatment measurements
of the PS concentration within the lesion significantly
reduced variability in treatment response [43].
Another important factor determining PDT efficacy is
the PS-light-interval, wherein dosimetry and
treatment planning can become complicated when
considering damage to only the vascular
compartment of the lesions and not to the
surrounding tissue [44]. Fluorescence imaging has
traditionally played a major role in PDT dosimetry by
evaluating PS fluorescence and photobleaching [3,
15]; however, its penetration depth is limited and
makes it difficult to gauge deeply-situated untreated
regions. Other deep-tissue optical imaging techniques
such as photoacoustic imaging [45] or diffuse optical
imaging techniques [46] are currently being evaluated
in several studies to understand the role of oxygen in
PDT efficacy. In our recent studies, we showed that
regions within the tumor that did not have complete
vascular shutdown (i.e., no reduction in blood oxygen
saturation) regrew post PDT [47]. Fig. 4 showcases an
example of untreated regions within the
subcutaneous  tumor  (xenograft with  U87
glioblastoma cells) where there was no hypoxia due to
vascular shutdown. Specifically, an ultrasound image
(tumor structure), photoacoustic image (oxygen
saturation), and immunofluorescence image
(vasculature in green and hypoxic regions in red) of a
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Figure 4: Utility of deep-tissue photoacoustic imaging to monitor PDT efficacy. The ultrasound image demarcates the location and size of the subcutaneous tumor (glioblastoma
UB87 cells). Spectroscopic photoacoustic imaging provides blood oxygen saturation map of the tumor at the same cross-section. The oxygen saturation maps are pseudo colored
on a black (0%) to red (100%) scale. Immunofluorescence image at the same cross section of the tumor is obtained post-euthanasia. The vasculature is stained in green while red
stain shows the hypoxic regions in the tumor. Hypoxic conditions are caused in PDT either due to consumption during the process or via vascular coagulation post-PDT. Here
we observe that deeper tumor regions had no hypoxia stain (indicated by yellow arrows) or reduction in oxygen saturation indicating insufficient light dose reaching these deeper
tissues. Incorporating therapy monitoring techniques to identify non-responsive or untreated areas is highly important and critical to prevent subsequent regrowth of these

regions by designing appropriate therapy. Figure adapted from Mallidi et al. [47]
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tumor treated with BPD based PDT are shown in Fig.
4. Sufficient light dose (illumination at 690 nm) did
not reach the bottom of the tumor (yellow arrows),
thereby causing little to no damage to this region of
the tumor. Given the heterogeneity in the tumor
microenvironment, it is critical to incorporate imaging
technologies that can sufficiently sample disease
regions for markers such as vasculature, oxygen
saturation, necrosis, blood flow changes etc. to assess
potentially non-responsive areas and predict
treatment response. Recently, techniques that directly
monitor the singlet oxygen generated during PDT
have also been employed to predict treatment
response [45]. An extensive review of direct and
indirect treatment response strategies in PDT have
been provided elsewhere [15, 48] and are considered
beyond the scope of this review. Overall, to achieve
efficient therapeutic benefit from PDT, specifically
also for deep tissue PDT, it is of paramount
importance  to  monitor = microenvironmental
conditions and provide the “right or optimal” light
dose (fluence rate and fluence) and illumination
regime according to the photosensitizer concentration
at the treatment site [49].

Forward looking methodologies for deep
tissue PDT

To overcome the poor penetration depth of
visible light into tissue, several alternatives involving
penetrating radiation have been proposed and will be
discussed in this section. Because the PS requires a
threshold number of incident photons to initiate the
cytotoxic photochemistry, the overarching goal of
deep tissue PDT is to create an energy source that can
locally activate the PS even at deeper depths. This
source could be either self-activated, e.g.
bioluminescent, or be comprised of other forms of
electromagnetic  radiation, e.g., near-infrared
radiation (NIR), X-rays or y-rays that are known to
penetrate more deeply into tissues compared to
visible light (Fig. 1). In situations where the PS cannot
be directly excited by penetrating radiation, a
transducer, usually consisting of a nanoparticle (NP),
may be used to locally absorb the incoming radiation
and transfer part of its energy to activate the PS [50].
In this section, we will review how bioluminescence,
NIR light, and X-rays or y -rays can be used to initiate
PDT in deep tissues.

Chemi- and Bio-luminescent probes for PDT

Chemi- and bio-luminescent probes were the
first self-emitters used to locally activate a PS in deep
tissues. Both types of probes generate luminescent
products, but contrary to chemiluminescence, the
light emitted by bioluminescent probes is derived

from enzymatic activity [51]. Phillip et al. were the
first to report the use of chemiluminescent probes in
the late 1980’s [52]. They demonstrated in vivo that a
peroxyoxalate chemiluminescent solution could
activate the HpD Photofrin II, concluding that
chemically activated luminescence could be a
promising option for PDT in deep tissues. More
recently, Huang et al. demonstrated that luminol
activated by ferrous sulphate could excite the
meso-tetraphenylporphyrin (TPP) PS inducing an
effective decrease in the viability of Caco2 cells [53].
Yuan et al. confirmed these results by demonstrating a
complete spectroscopic validation of the energy
transfer between the oxidized luminol and the OPV, a
cationic oligo (p-phenylene vinylene) PS [54].
Generation of ROS and cell death was confirmed in
vitro in this chemi-luminescent based PDT study. The
authors performed an in vivo study that demonstrated
the combination of oxidized luminol and OPV could
slow tumor growth with minimal systemic toxicity in
HeLa tumor-bearing mice.

Despite their promise, chemiluminescent probes
usually exhibit systemic toxicity that may limit their
widespread adoption. A few years after the
introduction of chemiluminescence based PDT,
Carpenter et al. reported the first use of
bioluminescence, a method with lower intrinsic
toxicity than chemiluminescence, to excite a PS for
PDT. The emission of oxyluciferin, a luminescent
species produced by the oxidation of luciferin by the
luciferase enzyme, was used to locally excite the PS
hypericin. By demonstrating the ability of a
bioluminescence molecule to transfer energy and
excite the PS, this group opened up new possibilities
to initiate PDT in deeper tissues than were previously
possible. Later, Theodossiou et al. investigated the
capacity of the oxyluciferin to activate the PS rose
Bengal in vitro and induce cell death in murine
fibroblasts [55]. Although Schipper et al. has more
recently contested these results [56], the viability of
cells transfected with the luciferase gene was reduced
to (11+12)% when treated with 10 nM Rose Bengal.
Schipper et al. strongly questioned the efficiency of
the bioluminescence-activated PDT by showing that
the light dose emitted by the bioluminescence probe
(on the order of 10 mW.cm2) was significantly lower
than the doses typically employed in clinical trials for
laser activated-PDT (~ 50 mW.cm2) [56]. Besides this
fundamental concern, several follow up studies
demonstrated improved killing stemming from either
bio- or chemi-luminescence activated PDT,
highlighting our limited understanding of the
mechanisms underlying these energy transfers since
ostensibly the reduced energy densities emitted by
the luminescent probes can still activate PS and
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impart cytotoxicity.

There is an intrinsic toxicity associated with the
use of bioluminescence probes, although it is lower
than that induced by chemiluminescent probes. To
decrease this toxicity, Zhao et al. reported the
synthesis of  microcapsules containing the
bioluminescent probe D-luciferin [57]. Once activated,
D-luciferin emits a broad luminescence (520-680nm)
that strongly overlaps with the absorption spectra of
the PS's rose Bengal and  hypericin.
Microencapsulation decreased the direct toxicity of
D-luciferin, in that MCF-7 cells treated directly with
this formulation exhibited a viability of 93+1.8%
compared to 55+3.7% following treatment with an
equivalent concentration of free D-luciferin (9 pM).
The microcapsules also enhanced the cytotoxicity of
the bioluminescence/PS system while decreasing the
cell viability from 96% to 88% via rose Bengal-PDT or
to 71% with hypericin-PDT (both PSs were used at the
equivalent concentrations of 0.03 mg.mL-1). To further
reduce the toxicity, Hsu et al. proposed the use of a
self-illuminated bioluminescent Rluc8-QD, which was
previously synthesized by So ef al., [58] to activate a
PS [59]. Rluc8 is an enzyme that oxidizes a substrate,
coelenterazine, to produce a characteristic
fluorescence emission at 480nm. This energy can be
transferred to quantum dots, (QD) by Forster
Resonant Energy Transfer (FRET) or Dby
Bioluminescent FRET (BRET), leading to their
excitation. The QD energy relaxation is accompanied
by an emission of luminescence centered in the red
(655 nm) that can be used to activate a PS. Thus, BRET
allows for shifting of the emission of the
bioluminescent molecule, coelenterazine, to a
wavelength that could excite a conjugated PS. In their
study, Hsu et al. observed a 5-fold reduction in tumor
volume compared to a control that used Foscan®
loaded micelles as a PS self-activated by the
conjugated coelenterazine/QD compound. In a more
recent study, Kim et al. [60] used the same
bioluminescent probe, Rluc8-QD, to activate a
different PS, chlorin e6 (Ce6), to induce PDT. Besides
reporting the efficacy of their conjugated system on
cell viability and tumor growth suppression in vitro
and in vivo respectively, the authors evaluated the
equivalent light dose required to reach a similar
killing efficiency as with laser activated PDT. This
dose was estimated to be 2.2 mW.cm=2. In addition, a
detailed in vivo study showed the impact of the
RLuc8-QD mediated excitation of Ce6 on the
reduction of cancer cells spread to sentinel and
secondary lymph nodes, potentially indicating a
promising new modality to decrease likelihood of
distant metastases. Taken together, these results
demonstrate a promising new method to induce PDT

mediated cytotoxicity at depth. Even though the light
dose produced by chemi- or bio-luminescent probes is
lower than that usually required for PDT, this method
still efficiently induces cytotoxicity, emphasizing the
complexity and the limited understanding of the
processes involved. Further investigations and
thorough validations on the efficiency of these probes
(either as free probes or in nanoparticle form) are
required prior to clinical translation.

NIR radiation to induce PDT in deeper tissue

The most direct approach to excite PS for PDT in
deeper tissue is to use radiation that lies within the
NIR optical window (Fig. 1). Following absorption of
a single photon, the excitation energy is below the
production threshold of singlet oxygen molecules,
allowing only type I PDT or oxygen independent-PDT
[3]. Two photon (TP) processes use longer excitation
wavelengths and can also be considered to excite the
PS and induce photodynamic tissue damage. In the
following sections we will discuss various options for
PDT in deeper tissues using NIR radiation. These
options are also illustrated in Fig 5A.

TP excited PS

Using TP processes to excite a PS would not only
enhance the penetration depth but also localize the
illumination area. Indeed, TP excitation is a non-linear
process whose efficiency quadratically increases with
the laser intensity [61]. Thus, the excitation is strongly
confined to the focal plane. This confinement of light
excitation is particularly relevant to avoid off-target
toxicities. For example, in the treatment of age-related
macular degeneration (AMD), TP excitation allows for
the preservation of healthy tissues that have absorbed
some PS and lie within the optical beam path, while
still allowing for effective treatment of the target site
[62]. Starkey et al. [63] demonstrated in murine
xenograft models that TP-PDT could efficiently be
used in vivo to induce tumor regression at depth. They
showed that irradiating the mouse from the ventral
side could treat a tumor located on the dorsal side.

The first studies of TP excited PS were reported
in the 1980’s, and were performed mainly using
Nd:YAG lasers [64]. These results were controversial
because ambient water molecules efficiently absorb
the Nd:YAG laser emission (1064 nm) and induce
hyperthermia in tissues, as was shown by Marchesini
et al. [65]. In 1995, Lenz et al conducted a study of TP
activated PDT in rat ears, and compared several PS
including hematoporphyrin derivative (HPD) and
phtalocyanine while controlling for the hyperthermia
effect. =~ Even though fluorescence intensity
measurements demonstrated that TP processes could
excite the PS, no cell killing was observed in these
studies [66]. This pointed to the fact that TP excitation
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of a commonly used PS was not sufficient to induce
PDT phototoxicity in wvivo. Following this study,
several commonly used PSs were investigated for
TP-PDT, but the results mainly demonstrated that the
efficiency was too low to induce cytotoxicity. Hence,
commonly used PSs including PpIX, Photofrin or
Visudyne, cannot be considered serious candidates
for TP-PDT [67-69]. Several approaches have been
investigated to improve the PS-TP absorption cross
section [70] and during the last decade, several newly
designed molecules have been synthesized as

summarized in Table 1. The TP absorption
A

cross-section as well as the singlet oxygen generation
quantum yield have to be considered when
evaluating the overall utility of the newly designed
PSs for type II TP-PDT. An effective TP-PDT agent
requires both the maximal TP absorption cross-section
(gold nanorods for example) and a sufficient 'O
quantum yield (porphyrin derivatives, for example).
Despite a noteworthy increase in the TP absorption
cross-section, the overall anti-tumor PDT efficacy
usually remains low thereby limiting the use of
TP-PDT.

NIR radiation
l
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Figure 5: A. Three different ways to excite PSs for PDT using NIR radiation. Method | relies on direct two-photon excitation of the PS that, once excited, can undergo type |
or type |l photodynamic processes involving reactive molecular species and singlet oxygen. Methods 2 and 3 involve a nanotransducer. In the second scenario, the nanotransducer
absorbs the NIR radiation through two-photon processes and transfers part of the energy to excite the PS either through a radiative or a non-radiative mechanism. The
nanotransducers involved may be either organic chromophores that have a high TP-absorption cross-section, or optically active nanoparticulate entities such as Gold Nanorods
(GNR), quantum dots (QD) or carbon quantum dots (CQD). Method 3 illustrates the use of up-converting nanoparticles that successively absorb two NIR photons through a
metastable energy state and transfer part of this energy to the PS. B. This figure illustrates three ways to activate the PS using ionizing radiation such as X-rays. Because X-rays
are used for radiation therapy, each of these activation routes could be combined with radiotherapy to enhance the overall efficiency of the tumor treatment. Method 1 involves
direct excitation of the PS using ionizing radiation such as X-rays. In this case, the PSs are called radiosensitizers. Method 2 involves a local generation of light using the broad
spectrum Cerenkov emission process, when a charged particle travels faster than light in a given matter and emits Cerenkov radiation. This emission presents a strong overlap
with the absorption spectra of many PS and can subsequently be used to excite them. Method 3 shows the use of nanoscintillators that act as nanotransducers to locally convert
ionizing radiation into visible light to excite PSs. The transfer from the nanoscintillator to the PS can either be radiative or non-radiative (FRET), and leads to activation of the PS.
Abbreviations: NIR: Near Infrared, FL: Fluorescence, PH: Phosphorescence, ISC: Inter-System Crossing, MS: Metastable State, NRD: Non Radiative Decay, NER: Non-Elastic

Relaxation and T: Thermalisation.
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Table 1: Photosensitizers designed and synthesized for TP-PDT.
For each compound, the excitation wavelength (in nanometers),
the TP absorption cross section (in GM; I GM = 1050
cm4s.Photon-!) and the singlet oxygen quantum yield are
indicated.

Compound Excitation TP absorption ®a Ref
wavelength  cross section
(nm) (GM)
Substituted 802 139 036  [71]
difuranonaphtalene
Substituted distyryl benzene / 0.46
Dendritic dimers around the PS 887 7600 / [72]
Modified bare tetrapyrroles
PyP 780 8200 084  [73]
yPyyPy 9100 0.54
Porphycenes
PdTPPo 770 1750 0.78  [74]
TPPo 2280 0.23
Conjugated porphyrin dimers 916 17000 0.60  [75]
Symmetric squaraines 806 17400 0.33  [76]
derivatives
Quadrupolar chromophores 800 6000 051 [77]
Gold Nanorods 835 5.4.10° 1.102 [78]
Coumarin-based PS 820 1556 049  [79]
Porphyrin triphenylamine 830 251 0.80  [80]
Diketopyrrolopyrrole
porphyrine conjugates
DPP-ZnP 910 2000 058  [81]
DPP-ZnP-DPP 4000 0.50

TP excited nano-transducer for PDT

In addition to developing new PSs with high TP
absorption cross-sections, there has been an increased
interest in using energy transducers to locally absorb
incident NIR radiation to subsequently activate the
PS. In most cases, NIR radiation is absorbed through
TP processes by a nanotransducer (Fig. 5A2) that
could have various origins. One option is to link the
PS to chromophores that have strong TP absorption
cross-sections. Under NIR radiation, the
chromophores will be excited by multi-photon
processes and will transfer part of the excitation
energy to the PS by FRET. Bhawalkar et al
demonstrated that conjugating the PS to
chromophores did not modify the photochemical
properties of the PS, and demonstrated the ability for
the linked PS to generate 'O [82]. Later, several
studies were published that validated the concept of
antenna chromophores, ie. chromophores that
activate the PS through FRET transfer following TP
excitation [83-85]. Instead of chemically linking the PS
to the chromophores, strategies that co-encapsulate
them into silica nanoparticles (NPs) have also been
proposed [86]. To improve the efficiency of the
indirect activation of PDT with TP excitation
nanoparticles, plasmonic gold nanorods (GNR) with
higher TP absorption cross-sections can be used. Zhao
et al. demonstrated enhanced O, generation by using
GNR combined with a porphyrin (I790) as PS [87].

Since TP excitation requires high incident laser
intensity, the GNRs may undergo an irreversible
deformation that leads to a loss of their emission
properties. To prevent this type of photo-damage,
Chen et al. synthesized mesoporous silica-encased
GNRs that incorporate a PS for TP activated PDT and
showed efficient generation of 10, and cell killing [88].
In addition to GNRs, QDs are potential candidates for
TP mediated PS activation. In addition to exhibiting
PS properties themselves [89, 90], QDs have
demonstrated efficiency in acting as an energy
transducer to activate PS bound to their surface via
FRET [91]. These semi-conducting NPs are also
characterized by a high TP absorption cross-section,
making them uniquely suited for deep-tissue PDT.
Because heavy metal containing QDs are quite toxic to
cells, carbon QDs (CQD) appear as an attractive
alternative. Fowley et al. reported the synthesis of
high TP absorption cross-section CQDs combined
with the PS PpIX. Under TP excitation, CQD absorb
and transfer energy via FRET to the conjugated PS
that then generates cytotoxic species. HeLa cells were
exposed to different concentrations of CQD/PpIX
conjugates and a viability reduction was
demonstrated. In addition, the in vivo efficiency of this
compound was shown in that it strongly reduced the
size of fibrosarcoma tumors induced in mice [92].
Besides allowing for PDT activation at increased
depth, TP-PDT also confines the excitation to the laser
focal point. Though localized illumination of TP-PDT
could be useful for certain applications, it can be a
major limitation and unrealistic from a practical
viewpoint for treating large and disseminated tumors.
Broad therapeutic strategies, such as single photon
PDT, could be used to treat larger tumor regions
while TP-PDT could be reserved for subsequent
precise tumor eradication at depth.

Upconverting Nanoparticles (UCNP)

Up-converting nanoparticles (UNCPs) are
promising candidates for deep tissue PDT and have
been extensively studied over the past few years [4,
93]. UCNPs are usually made of a ceramic lattice
doped with rare earth ions that allow for sequential
absorption of two photons through a metastable
energy level. The lifetime of the metastable state is
typically on the order of a microsecond, and is an
order of magnitude longer than the lifetime of virtual
states involved in TP processes. A consequence of the
longer lifetime of the transitional state includes the
possibility to use continuous wave lasers and, more
importantly, lower power densities for UNCP
excitation. For example, the power densities may be in
the range of 1-10° W.cm? for UNCP excitation,
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whereas 100-10° W.cm? are required for TP activation.
Typically, after the absorption of two or more low
energy NIR photons (usually around 980 nm) by
UNCPs, a single higher energy photon is emitted in
the visible range (Fig. 5A3). Since this process does
not naturally occur in living systems, imaging rare
earth materials through upconversion emission
results in very low non-specific background for
fluorescence and PDT, as is reviewed thoroughly by
Moghe et al [94]. We will not go into details for this
type of transducers because excellent and more
exhaustive reviews have already been published on
the subject [4, 93]. However, the large amount of in
vitro and in vivo studies reporting an efficient UCNP
induced PDT effect substantiate the promising role of
UCNP to excite PS for PDT in deep tissue. More
generally, rare earth materials used in upconversion
or similar nanoparticles are also promising candidates
for deep-tissue PDT based theranostics and medical
imaging due to versatile synthesis, modification
chemistries, photostability and relative safety.
However, their in vivo bioclearance and toxicity still
need thorough investigation to bolster their clinical
applicability.

lonizing radiation for PDT in deep tissues

Though better than visible radiation, NIR
radiation still has a limited penetration depth of
approximately 1 cm. Treatment of large superficial
tumors may be possible with NIR light but tumors
residing in deeper tissues remain unreachable
without the secondary light delivery strategies
discussed in section 2. To substantially improve the
the penetration depth of excitation photons, X-rays
that are already used for radiation therapy (RT) with
little tissue penetration limitations, are interesting
candidates even though they are known to cause
intrinsic toxicities [95]. That being said, taking
advantage of X-rays used during RT to
simultaneously activate PSs, thereby potentiating the
localized cytotoxic effect in deep tumors, may
improve the overall treatment efficacy by affording
PDT-RT combination effects and by decreasing the
dose required for RT. This is because combining PDT
and RT, which imparts cytotoxicity by mechanistically
distinct avenues, may lead to treatment synergism.
Although several in vitro studies have been published
on the combination of PDT and RT, there is no
consensus on the overall utility of this combination
therapy. Berg et al. demonstrated that the time
interval between RT and ALA-PDT is crucial and the
treatment combination may lead either to an
antagonistic or synergistic effect in adenocarcinoma
cells (WiDr) [96]. Other studies report an additive
effect  between  haematoporphyrin  dimethyl

ether-PDT [97] or indocyanine green-PDT [98] and RT
on Eherlich ascites carcinoma cells and prostate
carcinoma cell lines (PC3) respectively. More recently,
Montazerabadi et al. demonstrated in vitro a
synergistic effect on breast cancer cells (MCEF-7)
treated with both indocyanine green-PDT and RT [99].
Several methods of combining PDT and RT are
illustrated in Figure 5B and will be discussed in the
following sections.

PS that act as radiosensitizers

PSs that double as radiosensitizers (RSs) have
been developed by several groups to combine the
effects of PDT with RT and impart greater cytotoxicity
in deep tissues. Luksiene et al. reported that
Haematoporphyrin dimethyl ether (HPde) acts as a
RS when injected at a concentration higher than 30
mg/kg of body weight in mice with transplanted
tumors. The combination of PDT and RT for these
mice led to a 4x reduction in relative tumor growth
compared to radiation only [97]. In a subsequent
study, the RS properties of three different PS (HPde,
Photofrin II (PII) and hematopoprhyrin derivative
(HPD)) were compared [100]. In this in vivo study, it
was demonstrated that the HPde was the most
efficient RS, followed by the PII and HPD.
Furthermore, this study also showed that the RS effect
of these PSs was cell line dependent. The interest in
the development of dual PS and RS agents has
diminished due to the low efficiency of PSs that act as
RSs under direct excitation. Alternatively, various
approaches were developed to locally generate visible
light using X-ray irradiation that could excite the PS in
deep tissue.

Cerenkov radiation to locally excite the PS

Cerenkov radiation has been proposed to
generate light in deep tissues using ionizing radiation.
Cerenkov emission is observed when charged
particles, e.g. electrons or positrons, travel faster than
the phase velocity of light in a given medium. Because
there is a minimum velocity associated with this kind
of radiation, there is also a minimum energy value
required for these particles to be classified as
Cerenkov. Thus, Cerenkov radiation can be generated
either by B* or - emitter radioisotopes such as those
used for positron emission tomography (PET) or
X-ray based radiotherapy, which induce an
electromagnetic cascade containing high-energy
charged particles that interact with matter. The
spectrum of Cerenkov emission is broad, is centered
in the near ultra-violet range and can overlap with
many PS excitation spectra (Fig. 5B2). In addition, the
radionuclides and ionizing radiation used for
radiotherapy can be used to generate Cerenkov
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emission making it particularly attractive for
deep-tissue PDT. Although this approach is still
relatively under-explored, two promising studies
have been recently published. First, Axelsson et al. not
only demonstrated that a measurable Cerenkov
emission was produced in a water phantom following
irradiation by X-rays (6-18MV) or electrons (6-18
MeV) delivered by a clinically used linear accelerator,
but also that this Cerenkov emission was able to
activate PpIX in solution [101]. This proof of concept
demonstrated the potential role of Cerenkov radiation
to induce PS excitation and PDT in deep tissues. More
recently, Kotagiri et al. demonstrated that ®Cu
radionuclide, usually used as a PET radiotracer and
characterized by a high positron emission and fast
decay, could induce Cerenkov radiation and excite
TiO> NPs that act as oxygen independent PS. In
addition to demonstrating efficient cell killing in vitro,
the authors presented in vivo experiments showing
complete eradication of the tumor when NPs were
combined with the ¢4Cu radionuclide, whereas tumors
were unaffected in all the treatment control conditions
[102]. Even though the number of published studies
remains low, Cerenkov radiation seems to be a
promising approach to activate the PS in deep tissues,
either by using ionizing radiations utilized for RT
(X-rays) or diagnostic purposes (radiotracers).

Nanoscintillators for X-ray conversion into visible
light

A decade ago, Chen and Zhang [103] proposed a
new approach that combined PSs with nanoscinti-
llators. Nanoscintillators are nanoparticles (NP) that
are able to convert ionizing radiation, such as X- or
y-rays into visible light. By locally converting the deep
penetrating X-rays used for RT into visible light,
nanoscintillators may act as a local excitation source
for PS activation (Fig. 5B3). To enable the energy
transfer (radiative or non-radiative) from the
nanoscintillator to the PS, the PS excitation spectrum
must overlap with the nanoscintillator’s emission
spectrum. Delivering nanoscintillator/PS constructs
to tumors prior to radiation therapy (RT) may allow
for excitation of the PS and induction of PDT, which,
when combined with the cytotoxic effects of RT, could
lead to synergistic treatment of tumors residing in
deep tissue. The first experimental study of a
conjugated nanoscintillator was published by Liu et
al. who presented the synthesis of LaFsTb3*
nanoparticles conjugated to MTCP (meso-tetra(4-
carboxyphenyl) porphine) as a PS and the generation
of 10, following X-ray irradiation of the
nanoscintillators [104]. Following this, a few other
studies were published that reported the synthesis of
new nanoscintillator conjugated PS compounds that

showed similar energy transfer properties post
excitation with X-ray irradiation. Most of these “proof
of concept” studies are restricted to optical
measurements (emission spectra, fluorescence decay,
102 chemical probes fluorescence properties) [105,
106] or in vitro experiments demonstrating reduction
in viability due to nanoscintillator based PDT. For
example, Abliz et al. reported a reduction in viability
of human glioblastoma cells, from 80% to 10%, when
micrometric gadolinium oxysulfide particles were
combined with Photofrin II and irradiated with X-rays
[107].

In order to  help design  useful
nanoscintillator/PS conjugates with optimal size or
composition that can induce cytotoxic effects in deep
tissue following X-rays irradiation, it is necessary to
better understand and characterize the underlying
mechanisms. In this spirit, a study based on
time-resolved spectroscopic measurements of terbium
oxide nanoparticles (Tb.O3@SiO2> NPs) conjugated to a
porphyrin PS revealed an energy transfer that occurs
from the nanoscintillator to the PS, mainly as a
non-radiative dipole-dipole transfer (FRET) [108].
This resulted in singlet oxygen generation following
X-ray excitation. As FRET efficiency decreases in a
manner inversely proportional to the distance
between the emitter (luminescent ion in the
nanoscintillator) and the absorber (PS) to the sixth
power, this distance is a determining factor. By
identifying FRET as a major contribution to the
transfer mechanism, this study allows fixation of a
condition on the distance between donor and acceptor
centers in the nanoscintillator/PS systems. Another
important parameter to estimate the overall efficiency
of a PS-nanoscintillator conjugate is the 10> quantum
yield upon X-ray irradiation. Clement et al deduced
the quantum yield of a CeFs nanoscintillator
conjugated to verteporfin as a PS, by combining
experimental measurements of the amount of 1O,
generated with the calculated amount of energy
deposited in the scintillating NPs. To do so, they
referred to a model firstly introduced by Morgan et
al,, that allows predicting the maximum amount of
10, generated under X-ray irradiation by estimating
the amount of energy deposited in nanoscintillators
during the irradiation [109]. Based on their model,
Morgan et al came to the conclusion that only X-rays
with energy below 300 keV, such as those used for
brachytherapy, could induce sufficient cytotoxicity.
Recently, these calculations were further refined using
Monte Carlo simulations and a more accurate
estimation of the energy deposited in nanoscintillator
was provided by Bulin et al. [110]. Each of these
simulation tools could efficiently be used to design
the next nanoscintillators to use as local light source in
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combination with a PS to induce PDT in deep tissue.
With the advent of nanoscintillators, interest in
combining PDT with RT appears to be growing. Chen
et al. recently reported a study in murine
subcutaneous tumor models where scintillating
nanoparticles (SrALOsEu?*) were combined with
merocyanine540 (MC540) as the PS. Following
irradiation delivered by a X-ray tube (50kV, 70pA),
the tumor size decreased approximately 8-fold in 12
days, and no effect was observed on the mice body
weight [111]. Various nano-based approaches have
been employed to incorporate scintillating materials
and PSs. For example, Kascakova et al. reported the
synthesis of lanthanide-based micelles integrating
hypericin as a PS [112]. Although the authors reported
a very low amount of 'O, generated, the idea of
incorporating lanthanides into the micelles could be
easily extended to other types of nanocarriers,
including liposomes. Due to their low density, the
lanthanide complexes will very likely absorb only a
small portion of the incoming X-rays, pointing to low
PDT efficiency of such complexes and hence the need
for further investigations. Another approach to
initiate PDT via X-rays is using a nanoscintillator
(LiYF4:Ce®) combined with a semiconducting
nanoparticle (ZnO). The strength of this approach lies
in its ability to overcome the potential degradation of
the PS under ionizing radiation while also
diminishing the oxygen dependence of PDT, which is
particularly limiting in hypoxic tissues for the
majority of PSs that undergo oxygen-dependent type
II reactions. Under irradiation, nanoscintillators
convert X-rays into visible light that is able to excite
the ZnO NPs. These NPs initiate type I
photochemistry by generating cytotoxic hydroxyl
radicals [113]. In vitro, this approach led to a reduction
of HeLa cell viability to 70% after exposure to a 6 Gy
dose applied either in normoxic (21% O) or in
hypoxic (2% O2) conditions. In vivo, when treated with
NPs and exposed to a 8 Gy dose X-rays, the tumor size
decreased by a factor 5 compared to the control group.
To induce a similar cytotoxic effect while
decreasing the radiation dose, Ma et al. proposed to
use NPs that exhibit an afterglow emission in addition
to their scintillating properties [114]. By definition,
afterglow is a delayed luminescence that persists after
the irradiation ceases. This emission is due to the
recombination of charges slowly released from
shallow energy levels that have been trapped during
irradiation. A significant reduction in the viability of
PC3 cells was observed following incubation with the
nanoconstruct (ZnS:Cu,Co conjugated with the PS
tetrabromorhodamine-123) and exposure to X-ray
radiation. More broadly, it is possible that a delayed
emission may enable a reduction in the applied X-ray

irradiation dose while still maintaining sufficient
therapeutic  efficacy. = However,  synthesizing
biocompatible afterglow particles still remains a
challenge and the efficiency of PS activation through
this indirect phenomenon remains low. Overall, the
development of nanoscintillator combined PSs is at a
very nascent stage and more thorough in vitro and in
vivo studies must be performed to realize the full
clinical translational potential of this technique.

Targeted probes that confine
phototoxicity

Theranostic approaches for imaging, diagnosis
and monitoring PDT treatment of disease tissue often
requires exogenous probes to act as selective contrast
agents, which are specific to inherent aberrations and
alterations in the target tissue. Advanced photoactive
targeting probes have been deployed for a wide
variety of preclinical and clinical applications,
including the diagnosis of neoplastic tissue and the
delineation of resectable tumor margins. [115-118] In
relevance to this review, the array of optical
theranostic targeting probes designed specifically for
selective deep tissue PDT will be reviewed in the
context of emerging technologies, their limitations
and the essential steps required for successful future
development. The design, synthesis and utility of
such customizable targeting probes will also be
discussed in this section.

Aside from light penetration, a specific limitation
for deep tissue PDT is the inadequate tissue selectivity
of phototoxicity. Although phototoxicity is confined
to areas of irradiation, cellular discrimination of PDT
within those areas is typically poor as a result of weak
PS selectivity and strong tissue scattering of the
excitation light. When irradiating neoplastic tissue in
the vicinity of sensitive anatomical sites, such as the
brain, off target phototoxicity could have drastic
undesired effects, reducing the maximum tolerated
PDT dose and limiting efficacy. This was exemplified
by an in vivo canine brain tumor PDT study where
high-dose therapy using 1800 J of 630 nm light and 2-4
mg/kg of the PS photofrin induced significant
neurotoxicity and brain stem damage [119]. Reducing
the administered PS dose to 0.75 mg/kg eliminated
these adverse effects. Thus, selectivity of phototoxicity
can be achieved by confining photosensitization to
diseased tissue cells by targeting the PSs, regardless of
the off-target incident light, thereby increasing the
maximal tolerated PDT doses.

The critical parameters required for successful
deep-tissue PDT are common for most bioconjugated
diagnostic and therapeutic probes. These parameters
revolve around the biological targeting probe’s
molecular weight, immunological effects dictating its
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circulation times, physiological clearance rates,
physiological impact following PS conjugation, and
the optical properties that ultimately govern their
effectiveness as deep-tissue PDT agents. PS targeting
can be achieved through three archetypal probe
platforms as illustrated in Fig. 6, which will be
discussed in this section. These platforms include
probes for targeted delivery, probes for
tumor-selective activation and probes that combine
selective delivery and activation.

Probes for selective tumor cell delivery

The availability of FDA-approved therapeutic
antibodies, such as cetuximab and trastuzumab have
deemed them as fundamental platforms for selective
PDT. Added advantages include their capacity for
conjugating high PS payloads and their synergistic
therapeutic effector function. The development of
antibodies conjugated to PSs (photoimmunocon-
jugates, PICs), as shown in Fig. 6A, resulted in the
innovation of a selective PDT treatment modality
termed as photoimmunotherapy (PIT). PIT was
pioneered in 1983 by the team of Julia Levy who
conjugated the PS hematoporphyrin to anti-M-1
antibodies using l-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide HCL (EDC)-mediated amide
coupling [120]. Increasing the PS-light intervals from
96 hrs to 192 hrs delayed tumor regrowth and
extended median survival times of mice bearing
subcutaneous M-1 tumors. Several adaptations of this

PIC platform have since been developed, including
multiple PS molecules stochastically conjugated to
antibodies using similar covalent coupling techniques
[121-127]. Both the glycosylation sites on the
Fragment crystallizable (Fc) portion of full-length
antibodies and the hinge region disulfides have been
frequently utilized as handles for the site-specific
conjugation of polymers carrying PS payloads so as to
avoid PS interference with the antibody’s binding
capacity [128-132].

Since the seminal work by Levy et al., targeted
imaging and fluorescence-guided surgical debulking
assisted by an improved tumor margin delineation
has attracted attention in the clinic. The clinical
ambition of targeted theranostic probes modified with
photosensitizing agents ultimately lies in the accurate
photodiagnosis of malignant tissue followed by its
selective PDT eradication. Towards this goal,
fluorescent targeting probes have been clinically
deployed for the surgical assistance of tumor
resection. The earliest clinical use of targeted
photoactive probes for the optical detection of cancer
tissue in patients was reported in 1992 by Folli et al.
who utilized a fluorescein conjugate of an
anti-carcinoembryonic  antigen antibody  [115].
Although not used to intraoperatively assist surgical
resection of the colonic carcinomas, in vivo selectivity
of the probe was validated by ex vivo fluorescence
imaging revealing heterogeneous labeling of cancer
tissue with no fluorescence detected in the normal
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Figure 6: A schematic representation of the three archetypal targeted PDT probes that either selectively deliver PSs to tumor cells (A), are selectively activated within tumor
tissue (B) or are activated within tumor cells following targeted delivery (C). A) Targeted probes conjugated to PS molecules can be delivered selectively to tumors cells through
the blood or through direct contact on surfaces, whereby the probes actively bind to their targets and deliver their payload in a disease-specific manner. B) Microenvironmental
characteristics of tumors, such as tumor-specific proteases that are upregulated during disease progression can be targeted with substrate-mimetic quenched PDT probes that
become selectively activated within the tumor upon cleavage. C) Some activatable targeted probes combine the mechanisms of probe systems described in (B) and (C) to
selectively deliver the PS payload to tumor cells, yet remain optically inactive until cancer-cell specific internalization, proteolytic degradation and PS dequenching.
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mucosa 24 hrs following intravenous administration.
In 2011, van Dam et al. demonstrated for the first time
an improvement in the sensitivity of intraoperative
detection of ovarian cancer micrometastases in
patients using a folate conjugate of fluorescein
isothiocyanate (FITC) [116]. Through the selective
binding of the folate-FITC probe to the tumors
overexpressing folate receptor-a, median tumor
nodule detection was improved 4.9-fold, as compared
to conventional white light surgery. Inspired by these
exciting advances, folate was conjugated to a
porphyrin PS and investigated in a preclinical model
of ovarian cancer micrometastases with the intent of
selective in vivo PDT [133]. Although folate targeted
PDT treatment was not attempted in wvivo,
folate-selective PS delivery resulted in the preferential
accumulation of the PDT agent in tumor tissue with a
mean tumor-to-normal ratio of 31:1 in the peritoneum.
More recently, a conjugate of the FDA-approved
anti-Epidermal Growth Factor Receptor (EGFR)
antibody cetuximab and IRDye® 800CW has been
deployed for first in-human trials of targeted antibody
probes to mediate in vivo fluorescence tumor imaging
and potentially guide surgical detection [117]. The
clinical evolution of PICs is currently expanding to
PDT applications in a Phase I trial for patients with
head and neck cancer, where a cetuximab conjugate of
the commercial photosensitizing fluorophore IRDye®
700DX is utilized [134]. However, a number of
biophysical and biochemical parameters dictate the
efficacy of targeted PDT probes, which will be further
discussed in this section.

Molecular weight

The molecular weight of the targeted PDT probe
plays a critical role in the pharmacokinetic behavior
and biodistribution patterns of the conjugate; this has
typically been investigated by using recombinant
engineered  biomolecules or  through the
fragmentation of full-length antibodies. Although
oncogenic receptor antagonism and proapoptotic
signaling is a fundamental therapeutic mechanism of
targeted  biologics, secondary immunological
responses induced by the Fc fragments of intact
full-length antibodies play a critical antitumor role
[135]. Fc fragments are responsible for the antibody’s
effector function, which induces cytotoxicity through
antibody-dependent cell cytotoxicity and
complement-dependent cytolysis [135]. The effector
function is in fact the predominant mechanism of
toxicity for some targeted biologics, such as
trastuzumab, and is abolished when utilizing
antibody fragments devoid of Fc regions. In a
thorough molecular imaging study, Sexton et al.
compared the differential tumor distribution and

biodistribution of an EGFR-specific Affibody®
peptide (ca. 7 kDa) with the anti-EGFR antibody
cetuximab (ca. 150 kDa) [118]. The authors found that
the total tumoral concentrations of the
IRDye800CW®-Affibody® peptide conjugates and
IRDye680RD®-cetuximab antibody conjugates were
equal, although intratumoral distributions varied. At
the tumor margin, 72% of the probes present was the
IRDye800CW®-Affibody®, whereas at the tumor
interior, 55% of the probes present was the
IRDye680RD®-cetuximab. Plasma clearance rates of
the two probes were also size-dependent, where 66 %
of the IRDye800CW®-Affibody® probe was cleared
within 1 min following intravenous injection, while
only 37% the IRDye680RD®-cetuximab probe had
been cleared at this time point. Thus, depending on
the specific therapeutic need, photoactive targeted
probes with varying pharmacokinetics and
biodistribution properties may be selected to provide
specific needs. For example, if fluorescence guidance
of tumor resection is used and followed by
photodynamic eradication of residual disease, then a
targeted probe such as an Affibody® or an antibody
fragment would be optimal for its superior ability to
delineate and penetrate the tumor margin.
Conversely, if whole tumor PDT is required to treat
non-resectable neoplasia, a larger targeted probe such
as a full length-antibody PIC with superior
intratumoral distribution would be preferred. In
addition, smaller molecular weight antibody
fragments offer a certain advantage over full-length
antibody conjugates, in that their faster physiological
clearance rates shorten the time-frame necessary to
achieve peak tumor levels [136]. For example,
fragment antigen-binding (Fab) and F(ab). portions of
antibodies have been shown to reach maximal tumor
accumulation in 1-2 hrs, whereas a full-length IgG
molecule requires 8 hrs to reach peak tumor
concentrations following intravenous administration
[136]. However, faster physiological clearance rates
also limit the maximal tumor concentrations of the
probe. Fab and F(ab), fragments have been shown to
reach maximal tumor concentrations of 0.45% and
0.5% of the total injected dose, respectively, whereas
full-length IgG antibodies reached 2.5% of the total
injected dose, although requiring 6-7 hrs more to
reach this maximal tumor accumulation [136].
Increased physiological exposure of targeted biologics
by prolonging their serum half-lives is oftentimes
desirable, as is the case for Etanercept, the therapeutic
Tumor Necrosis Factor receptor fused to human IgG1
Fc fragments [137].

PICs composed of PSs conjugated to engineered
antibody fragments devoid of Fc regions have also
been thoroughly reported in the literature [138-141].
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For example, Single-domain antibody fragments
called nanobodies that are selective for EGFR have
been conjugated to the PS IRDye700DX® and used for
in vivo PDT of head and neck cancers [141]. The
authors compared a monovalent nanobody PIC (15
kDa) with a biparatopic internalizing nanobody PIC
(30 kDa) and found that the biparatopic variant
exhibited a two-fold higher selectivity as compared to
the monovalent equivalent. Furthermore,
tumor-to-normal selectivity of both the monovalent
and biaparatpic PIC was found to be approximately
7.5-fold higher at 24 hrs following administration than
at 1 hr. Although the biparatopic nanobody PIC was
more phototoxic in wvitro than the monovalent
equivalent, results of the in vivo PDT were the
opposite. The authors attributed the improved in vivo
PDT efficacy and apparent increase in tumor
penetration of the monovalent nanobody PIC to its
smaller size. However, this experimental evidence
might allude to the binding site barrier hypothesis
where the bivalent nanobody PIC (equilibrium
dissociation constant (K4) = 1.0 nM) exhibits a higher
receptor affinity than the monovalent PIC (Kq = 1.9
nM) and is thus less able to penetrate the tumor. The
binding site barrier hypothesis states that an inverse
correlation exists between the binding affinity of
targeted probes and their penetration within target
tissue [142]. Thus, a lower affinity for the target may
improve tumor penetration of the targeted probe and
its homogenous distribution within the tumor, at the
expense of reduced in vivo selectivity. In contrast, an
increase in avidity has been shown to improve the
biological activity of targeted therapeutics at the
cellular level, where the affinity of target binding
positively correlates with treatment response [136].
Watanbe et al. reported a comparative study of the
biodistribution and selectivity of three different
engineered Prostate-Specific Membrane Antigen
(PSMA) PICs generated from IRDye700DX® PS
conjugates of a full-length antibody (150 kDa), a
minibody (80 kDa) and a diabody (50 kDa) [143].
Interestingly, the authors found that the antibody PIC
and the minibody PIC had the highest selectivity
towards a PSMA-positive tumor at 24 hrs following
administration, with respect to a contralateral
PSMA-negative tumor. However, the largest
intertumoral difference of the nanobody PIC was
observed at 6 hrs after injection. Although the
selectivity of the minibody PIC was approximately
5.7-fold and 6.7-fold higher than the antibody PIC and
the nanobody PIC, respectively, the antibody PIC was
the most effective at delaying tumor regrowth
following PDT. Furthermore, PDT using the antibody
PIC prolonged mouse survival more than PDT using
the minibody and nanobody PICs. The experimental

evidence suggests that the impact of molecular weight
on the PIC’s overall efficacy must be viewed in
conjunction with the multiple other influential
properties. Therefore, the size of a PIC, in
combination with other biochemical properties of
PICs, may be selected to perform specific tasks.

Electrostatic charge

Although the molecular weight of the targeted
probe is a critical aspect of its biological properties
and efficacy, the electrostatic charge of the conjugate
can be equally impactful. Hamblin ef al. prepared
anionic and cationic charged PICs from the IgG
murine monoclonal antibody 17.1A that is specific for
the Ep-CAM cell adhesion antigen found on HT-29
colorectal carcinoma cells and compared their
biodistribution [132]. Following partial reduction of
the hinge region disulfides, 17.1A was site-specifically
conjugated with either a chlorin e6-bearing cationic
polylsine carrier, or its succinylated anionic
derivative. At 3 hrs following intravenous injection,
the anionic 17.1A PIC delivered 12.58% of the total
injected PS dose/g tissue to the tumor, whereas the
cationic 17.1A PIC only delivered 2.27% of the injected
dose/ g tissue, which is in fact marginally lower than
the tumor accumulation of the free PS (3.77% of the
total injected dose/g tissue). Although the
tumor-to-liver selectivity of the cationic and anionic
17.1A PIC was identical, the tumor-to-skin selectivity
of the anionic PIC was approximately 1.68-fold higher
than the cationic conjugate. These findings
emphasized the drastic effects of electrostatics on PIC
pharmacokinetics, where anionic PICs improve tumor
delivery of the PS by 5.5-fold, as compared to the
cationic counterpart; however, tumor selectivity was
improved by only 1.68-fold [132]. Duksa et al.
investigated the biodistribution of PICs formed of
OC125 F(ab). fragments site specifically conjugated to
cationic and anionic polylysine carriers of the PS
chlorin e6 following intraperitoneal administration
[139]. Contrary to previous findings from the
aforementioned biodistribution study of cationic and
anionic full-length antibody PICs [132] Duska et al.
found that the cationic OC125 F(ab)> PIC delivered
4.1-fold more PS to the ovarian cancer tissue than the
anionic equivalent at 3 hrs following intraperitoneal
injection. At 24 hrs following intraperitoneal
administration, the cationic PIC delivered 4.5-fold
higher amounts of PS that the anionic PIC. These
findings underscore the impact of the electrostatic
charge on the PIC’s biodistribution and tumor
selectivity, and how this impact is also dependent on
other factors mentioned in this section such as route of
administration and molecular weight of the probe.
These findings emphasize that an accurate
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comparison of probe electrostatics can only be
conclusive for the specific size of the probe used and
for that specific route of administration.

Degree of probe conjugation

Importantly for PDT, the number of PSs
conjugated per targeting probe has also been shown
to exert a marked impact on its pharmacokinetics.
Vrouenrats et al. investigated the pharmacokinetic
behavior of a radiolabeled chimeric Ig anti-epican
antibody, 1%I-cMAb U36, conjugated to an
amine-reactive tetrafluorophenyl ester of the
porphyrin derivative TrisMPyPFCO2H [144]. The
antibody-to-PS ratio was varied from 1:1.2, 1:2.1 and
1:3.0; the PIC was unstable and aggregated when 4 PS
molecules were conjugated to each antibody. Tumor
uptake was reduced when more PSs were conjugated
to each antibody as HNX-OE head and neck mouse
tumors were found to have 15.5, 8.6, 6.5, and 4.0 %
injected dose (ID)/g tissue at 48 h following
administration of the unconjugated, 1:1.2, 1:2.1 and
1:3.0 PICs, respectively. The reduced tumor delivery
could be attributed to decreasing circulation half-lives
as the degree of PS conjugation increased. At 48 h
following injection, the 1:1.2, 1:2.1 and 1:3.0 PICs were
found in the blood at 58%, 42%, and 26% of the
unconjugated antibody in circulation, respectively.
The expedited clearance rates with increasing degree
of PS conjugation to the PICs did not correspond to
higher tumor-to-normal ratios; on the contrary an
inversely proportional relationship was observed.
Interestingly, it has been  shown  that
antibody-mediated agent delivery in tumors does not
increase the total tumor uptake of the probes, as a
sham non-selective IgG antibody accumulates in the
tumor to the same degree as a tumor-specific IgG
[136]. However, a stark difference in receptor binding
and therapeutic efficacy is observed between the
targeted antibody and the non-selective IgG.
Activatable variants of the BPD-cetuximab PIC were
developed by Savellano et al. who demonstrated that
an increase in the degree of PS conjugation to the
antibodies increased the static quenching of the BPD,
reducing the photoactivity [145]. Spring et al., then
utilized the quenched 7:1 BPD:cetuximab PICs, which
exhibited a 7-fold quenching in photoactivity whilst
intact, for the selective, tumor-specific activatable
PDT of ovarian micrometastasis [146]. The activatable
PIC leverages the specific cellular discrimination of
antibody conjugates, regardless of total tumor
concentration. The capacity for the tumor-activatable
PIC to become activated following specific cancer cell
binding, internalization and a proteolytic degradation
adds further selectivity to PDT treatments that utilize
targeted probes. In the presence of the

micrometastatic ovarian tumors on the peritoneal
wall, the intraperitoneally administered PIC
selectively binds to the cancer cells, is internalized and
activated (Fig. 7A). In the absence of disease, no
fluorescence corresponding to the PIC is observed.
Furthermore, the importance of selectivity is
exemplified in this study by the absence of BPD in
tumor-free  colonic  tissue =~ when  ovarian
carcinoma-bearing mice are injected with the PIC (Fig.
7B). However, the non-selective free BPD
accumulated in both the disease tissue, and the
sensitive non-diseased colonic tissue. PDT using the
tumor-activatable PIC in the peritoneal model of
ovarian micrometastases allowed for a 17-fold
increase in the tolerable PDT dose [146]. This allowed
for a more complete PDT treatment procedure that
minimizes off-target toxicity. Expanding this concept
to solid tumors will improve cellular selectivity of
deep tissue PDT, thus increasing the probability of
complete tumor cell eradication, whilst retaining the
viability of healthy tissue. Activatable antibody-based
probes merge the concept of targeted PS delivery with
tumor-selective  activation, which is another
mechanism for a class of targeted PDT probes that
will be discussed in the next section.

Probes for selective tumor activation

Photodynamic molecular beacons

Selectivity towards the target tissue that will be
treated with PDT can be also imparted through the
inherent biochemical lability of customized probes
that are designed to be enzymatically or chemically
cleaved, and thus activated, at the required site of
action (Fig. 6B). Therefore, targeted PDT is no longer
confined by selective tumor delivery and localized
photo-irradiation, but is also regulated by tumor
biochemistry and microenvironment. An archetypal
example of such activatable technologies is referred to
as ‘molecular beacons’, initially designed as sensors
for biochemical binding and enzymatic processes.
Matayoshi et al. were the first to report fluorogenic
substrates for sensing HIV-1-encoded proteases that
cleaved and activated the molecular beacon by
recovering the fluorescence of an intramolecular
FRET pair by up to 40-fold [147]. Such molecular
beacons have evolved over the last two decades and
have served as optical sensors of the tumor
microenvironment and subsequently, tumor-selective
photoactive therapeutics with the critical need to
utilize NIR-absorbing PSs, as reviewed by Lovell et al
[8]. Chen et al. were the first to report a photodynamic
molecular beacon (PMB) consisting of a peptidic
substrate of the apoptotic mediator caspase-3, flanked
by the NIR PS pyropheophorbide 4 and a carotenoid
singlet oxygen scavenger [148]. The team reported the
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solid-phase synthesis of a DEVD-containing peptide
sequence, followed by the modular peripheral
conjugation of the pyropheophorbide a and the distal
liquid-phase conjugation of the carotenoid 0
scavenger. Caspase-3 hydrolysis of the peptide linker
resulted in a 4-fold increase in 'O, production, as
measured by the phosphorescence emission at 1270
nm.

Matrix metalloprotease substrates

The technology was further expanded by
developing a FRET-based PMB, which was activated
by matrix metalloprotease-7 (MMP-7), an enzyme
involved in tumor invasion and metastasis by the
degradation of extracellular matrix and connective
tissue [149]. The MMP-7 peptidic substrate was also
prepared using solid phase synthesis and flanked by a
pyropheophorbide PS and its respective FRET-based
quenched, Black Hole Quencher 3 (BQH3). Within 3
hrs of incubation with MMP-7, the molecular beacon
was reported to exhibit a 12-fold recovery of PS
fluorescence, and more importantly for a PMB, a
19-fold increase of 'O generation following
proteolysis. Extracellular cleavage by MMP-7 does not
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guarantee internalization of the PS cleavage product
and phototoxicity. However, wusing confocal
microscopy, the study confirmed that KB cells
(MMP-7+*) incubated with the PMB for 5 hrs, resulted
in a significant intracellular presence of the
pyropheophorbide cleavage product, with apparent
mitochondrial localization. Conversely, BT20 cells
(MMP-7-), minimal fluorescence corresponding to the
PS cleavage product was observed. Furthermore,
selective MMP-7 dependent activation of the PMB
and the intracellular fate of the PS cleavage product
directly translated into a selective photodynamic
effect. The viability of KB cells (MMP-7+) incubated
with 2.5 pM of the molecular beacon was reduced to
almost 0% following irradiation at 7.5 J/cm?, whereas
BT20 cell (MMP-7-) viability was essentially unaltered
at the same irradiation conditions, even up to 4 pM of
the probe. In vivo, there was some evidence of
selective activation of the molecular beacon in the
subcutaneous KB tumor, and following PDT the
tumor volume regressed. However, the majority of
the fluorescence signal originated from what
appeared to be the liver, possibly through proteolytic
digestion of the probe. The same team led by Gang

Disseminated tumor

Figure 7: A. In vivo microendoscopy of murine ovarian micrometastatic carcinoma showing selective binding and fluorescence activation of the activatable Cetuximab-BPD PIC
upon cellular internalization and proteolytic digestion. Activation is highest at 8-24 hrs following intraperitoneal administration in disease-bearing mice, whereas activation of the
PIC is not observed in the “no tumor” control mice (scale bars are 100 um). B. Peritoneal distribution of BPD fluorescence in mice with disseminated ovarian tumors
administered with free BPD (top) or the activatable Cetuximab-BPD PIC. The PIC (bottom) demonstrates selectivity and little activation at disease-free organs, such as the colon
(white dotted line), as compared to the non-specific binding of free BPD (top). Figure adapted from Spring et al [146].
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Zheng very recently published a study presenting the
compelling efficacy of a multi-MMP PMB with proven
in vivo efficacy against vertebral metastases [150].
Treatment selectivity at such critical physiological
sites is of the utmost importance, where preservation
of the nervous system is a considerable challenge. The
multi-MMP  peptidic substrate  GPLGLARK was
flanked as before by the NIR PS pyropheophorbide
and BQH3. PDT treatment using the MMP molecular
beacon reduced tumor growth in vertebrate
metastasis rat model by approximately 2-fold,
significantly reduced numbers of tumor cells and
osteoclasts, and increased the number of apoptotic
cells, as compared to the respective controls.

Non-cleavable probes

Although not cleavable, an elegant alternative
system is the more conventional oligonucleotide-
based molecular beacon platform, typically utilized as
genetic biosensors. More recently, the oligonucleotide
molecular beacon technology was described in a
photodynamic system, where complimentary nucleic
acid binding to target-specific DNA sequences
activates the photoactivity of the probe [151]. A 3
pyropheophorbide PS and 5 BlackBerry quencher
phosphoramidite molecules, either as a monomer,
duplex or triplex, flanked the nucleic acid sequence.
Upon binding to the target DNA sequences, the
molecular beacons were activated 30-fold, 40-fold and
100-fold when single, duplex or triplex quencher
molecules were tethered. Likewise, 1O, generation
was recovered when the oligonucleotide beacon was
exposed to the target DNA sequence. However, target
DNA binding did not result in the maximal potential
de-quenching of 300-fold when 3 quenchers
molecules were tethered, underscoring a significant
limitation in using hydrophobic FRET-pairs, as is
typically the case for PMB. The in vitro and in vivo
efficacy of this nucleic acid system was not explored
further.

Non-oncological probes

Although not described for the treatment of
cancer, enzymatic cleavage as a mediator for selective
activation of PSs has also been deployed for
antimicrobial PDT of antibiotic-resistant strains. We
have previously reported the development of a
photodynamic chemical probe susceptible to
enzymatic cleavage by [-lactamase, the enzyme
responsible for bacterial resistance to -lactam
antibiotics [152]. A cephalosporin,
7-amino-3-chloromethyl-3-cephem-4-carboxylic acid
p-methoxybenzyl ester, containing a p-lactam ring
was peripherally modified with two molecules of the
pPS 5-(4’-carboxybutylamino)-9-diethylaminoben-

zo[a]phenothiazinium  chloride  (EtNBS-COOH).
Conjugation of two EtNBS molecules each to
cephalosporin resulted in a 5-fold quenching of the
PS. When cleaved by [-lactamase expressed by
methicillin-resistant Staphylococcus Aureus (MRSA),
the PSs were spatially separated and the fluorescence
was dequenched. The EtNBS cleavage products were
also capable of exerting a 76-96% photodynamic
reduction in viability of multiple clinical MRSA
strains following irradiation.

A major limitation of cleavable probes is their
off-target non-specific cleavage or hydrolysis, which
renders them ineffective and reduces the
signal-to-noise ratio. Furthermore, in the context of
deep tissue-PDT for cancer, sufficient intratumoral
concentrations of small molecular weight probes can
be limited by suboptimal pharmacokinetics, which
may necessitate their improved delivery by multiple
means, such as PEGylation [153]. Without altering the
probe to  promote cellular internalization,
photodynamic molecular beacons are also restricted
to extracellular activation, given that the cleavage
product with PS is cell-permeable. Alternatively,
intracellular cytosolic targets required for the
activation of molecular probes can be reached through
the conjugation of the probe to a cell penetrating
peptide, or by internalization using nano-sized
delivery vehicles, all of which are hindered their own
limitations [154]. Stacking of hydrophobic macrocyclic
photosensitizers with each other or with their
respective FRET pairs can also limit the extent of
dequenching following target-specific cleavage, and
therefore requires the careful selection of PSs with
appropriate opto-chemical properties.

Harnessing local and systemic biological
responses to enhance deep-tissue PDT
efficacy

The efficacy of PDT for disease sites at depth is
limited by biophysical barriers such as hypoxia, poor
vascularization, and necrotic tissue, features
commonly observed in medium to large solid tumors.
As a way of circumventing these limitations, several
studies have been performed to exploit the secondary
effects of PDT or PDT-based combination therapies to
impact disease biology beyond the reach of light
alone, thereby extending the therapeutic penetration
to typically inaccessible disease sites. This section will
discuss a number of approaches that impact disease at
depth via PDT-induced secondary effects, such as
immune stimulation or mechanistically cooperative
PDT-based combination regimens.

PDT Induced Immune Stimulation

PDT impacts, and in some cases stimulates, the
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immune system through several mechanisms. When
PDT damages cells through a combination of
cytotoxic mechanisms, [155] endogenous intracellular
molecules known as Damage Associated Molecular
Patterns (DAMPs) are activated to repair
treatment-induced damage within cells [156].
Intracellularly, DAMPs, such as heat-shock-protein 70
(HSP70), play an important damage control function
in which they serve as chaperone proteins for
impaired and misfolded proteins, thereby inhibiting
stress induced apoptosis and aggregation of
intracellular proteins. This pro-survival function is an
important resistance pathway following PDT [157].
However, if cells are damaged beyond the point of
repair, DAMPs, which are highly immunogenic, can
be released into the extracellular space. HSP70 has
been shown to bind to antigen presenting cells (APCs)
and facilitate antigen cross presentation, leading to
maturation of dendritic cells and activation of CD8+
cytotoxic T cells [158]. In addition, PDT-induced
release of other heat shock family proteins, such as
HSP47, 60, and 90, has been shown to be partially
responsible for sensitization of APCs to tumor cells
[159, 160]. Other DAMPs that have been implicated in
sensitizing the immune system to tumor cells include
calreticulin, phasphatidylserine, adenosine
triphosphate, peroxiredoxin 1, HMGB1, BCL-2, and
annexin Al, among others [157, 161-165]. Taken
together, these results indicate a mechanism by which
PDT-induced oxidative stress leads to cell death via
necrosis or apoptosis, causing DAMP release and
subsequent activation of the innate immune
inflammatory ~ cascade. = Through  additional
mechanisms discussed below, mediators of the innate
immune system are sensitized and primed to exhibit
systemic anti-tumor activity in areas beyond the
initial localized PDT target site [166, 167].

PDT based activation of the innate immune
system is comprised of non-specific inflammation and
secondary cytokine release leading to phagocyte
recruitment and complement activation. Among the
many cytokines that may be activated by PDT,
interleukin (IL)-1 and IL-6 are thought to be of critical
importance. They both serve as chemoattractants for
various immune cells including neutrophils,
phagocytes, and lymphocytes [168]. Neutrophil
infiltration occurs within 5 minutes after PDT, and is
mediated partially by IL-1 and IL-6 in addition to
E-selectin expression by cells at the site of
inflammation [169]. Several studies highlighted the
importance of neutrophils in mediating PDT-induced
cytotoxicity by demonstrating that PDT efficacy is
reduced in neutrophil depleted tissues [170].
Furthermore, the application of granulocyte
macrophage colony-stimulating factor (GM-CSF),

which serves to increase neutrophil counts in tissues,
potentiates overall PDT efficacy [171]. Cecic et al. also
demonstrated the importance of the complement
anaphylatoxin, C3a, in contributing to PDT-induced
neutrophilia [172]. In this study, injecting a mouse
model of fibrosarcoma with antibodies blocking the
C3a receptor (C3aR) led to the inhibition of neutrophil
accumulation in photofrin-PDT treated tissues.

The effects of PDT on the innate immune system
suggest that PDT can lead to immune sensitization
and prolonged anti-tumor immunity, even after the
cessation of therapy [173]. Induction of anti-tumor
immunity could significantly improve treatment
outcomes, especially in deep tissue where the direct
cytotoxic effects of PDT are oftentimes proportional to
light penetration depths. Canti et al. published one of
the first studies demonstrating the beneficial effects of
PDT-induced anti-tumor immunity. Mice bearing
MS-2 fibrosarcomas underwent a curative regimen
comprising of PDT with the PS aluminum
pthalocyanine disulfonate in addition to surgery.
Upon tumor re-implantation following therapy,
immunocompetent mice exhibited greater survival
than immunosuppressed mice, suggesting a critical
role of the immune system in yielding durable
outcomes following treatment [174]. Another study in
syngenic BALB/c mice demonstrated a 100% cure rate
following photofrin-PDT of EMT6 mammary
sarcomas. However, no long-term cures were
observed in non-obese diabetic or severe combined
immunodeficiency (SCID) nude mice. Transplantation
of splenic T-lymphocytes from the immunocompetent
mice to the SCID mice pre-PDT led to a delay in tumor
recurrence. Furthermore, transplantation of a mixture
of splenic T-lymphocytes and B-lymphocytes from the
PDT treated immunocompetent mice to the SCID
mice led to a 100% cure rate following PDT. The
authors demonstrated the specificity of PDT-induced
anti-tumor immunity by showing that transplantation
of splenic T and B lymphocytes to SCID mice
undergoing X-ray based radiation therapy did not
lead to cures. Taken together, this study demonstrates
that the efficacy of PDT-induced anti-tumor immunity
relies both on innate and humoral immunity, and is a
significant determinant of the overall outcome
following photofrin-PDT [175]. Finally, BPD-PDT of
poorly immunogenic mouse sarcomas (RIF1) in
immunocompetent C3H/HeN mice led to the
disappearance of tumors followed by an eventual
recurrence. The authors then transfected the RIF-1
tumors with green fluorescent protein (GFP) of
jellyfish origin, hypothesizing that tumors bearing a
foreign protein would subsequently increase the
tumors’ visibility to the host’'s immune system.
Indeed, BPD-PDT of the GFP transfected RIF1 tumors
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led to a 100% cure rate, suggesting that the GFP
served as an immune sensitizing antigen that
promoted sustained anti-tumor activity by the host
immune system [176].

The ability of PDT to induce systemic anti-tumor
immunity via tumor cell death and subsequent
immune sensitization has led to several studies
exploring the development of PDT generated
anti-tumor vaccines. This technique is based on the
generation and injection of tumor cell lysates
following PDT ex vivo. Several studies demonstrated a
robust anti-tumor immunity following immunization
with PDT treated tumor cells, including EMT6 cells
(human mammary sarcoma), P815 cells (mouse
mastocytoma), and SCCVII cells (mouse squamous
cell carcinoma) [157, 177, 178]. The mechanism
underlying antitumor immunity likely relies heavily
on DAMP release following PDT-induced
cytotoxicity. Importantly, cells treated with
Ultra-violet (UV) or ionizing radiation do not induce
tumor immunization to the same extent as PDT,
demonstrating the specificity of PDT in sensitizing
immune cells to untreated tumor cells situated in
deep tissue [157].

In addition to a PDT-induced systemic immune
response, the impact of PDT on the microvasculature
of pathologic tissues also has potential to induce
therapeutic effects in deep tissue. PDT-induced
endothelial damage leads to vessel contraction,
vascular leakage, and basement membrane exposure
[179]. In addition to serving as a potent signal for
platelet aggregation via the coagulation cascade,
basement membrane exposure leads to thromboxane
release as well as complement cascade activation,
thereby contributing to the acute inflammatory effects
of PDT described above. The destructive effects of
PDT on the vasculature, termed microvessel
shutdown, have been exploited in therapeutic
applications as a way to induce hypoxia in tumor or
diseased tissue [180, 181]. The mechanism underlying
PDT-induced microvessel shutdown may involve
PDT based inhibition of nitric oxide (NO) release, a
vasodilatory molecule, leading to local hypoxia. A
study by Korebelik et al. suggested that PDT-induced
inhibition of NO led to enhanced cure rates in
endogenous NO producing tumors, indicating that
the beneficial effects of PDT-induced vascular
shutdown can be abrogated with vasodilation. In
addition, tumors with low endogenous production of
NO were more sensitive to Photofrin-PDT, and
addition of NO inhibitors did not improve outcomes
[182]. Local hypoxia at the target site coupled with
PDT-induced oxidative stress to microvasculature via
superoxide anion formation creates an area of tissue
ischemia, which serves as a potent stimulator of

complement activation and neutrophil infiltration,
further enhancing the PDT-induced innate immune
response in addition to creating areas of hypoxia at
depth [176, 182]. The mechanistic benefits of
PDT-induced vascular shutdown as part of a
combination therapy are discussed further below.

PDT Based combination therapies

It is increasingly evident that the next-generation
of cancer therapeutics will comprise of combinatorial
approaches that overcome intrinsic resistance
pathways via non-overlapping and interactive
mechanisms that enhance overall survival and reduce
recurrence rates. PDT forms the basis of promising
anti-cancer regimens because the mechanisms
underlying photodamage are distinct from most
chemo-, radio-, or biological therapies. Therefore,
PDT based combination regimens can improve
outcomes due to the potential for mechanistic
cooperativity, wherein the effects of PDT potentiate
the effects of subsequent treatments and vice-versa,
leading to synergistic reductions in tumor volume
while maintaining a manageable toxicity profile. Due
to these advantages, rationally designed PDT based
combination therapies may help to overcome
light-based limitations posed by deep tissue because
the effects of secondary, non-light based, therapies
can lead to increased cytotoxicity in target tissues that
were either sub-optimally or minimally impacted by
PDT. A selected series of studies demonstrating the
potential for rationally designed PDT based
combinations to improve outcomes in deep tissue are
discussed below.

Numerous studies have demonstrated that the
effectiveness of light-based combinations depends on
mechanistic  interactions between PDT, the
subsequent therapy, and the disease being treated. In
order to achieve synergism and impart an improved
efficacy in deep tissue, PDT and the secondary
therapy must induce interactive cytotoxic
mechanisms in the target tissue whose consequences
are greater than the additive effects of the individual
modalities. Furthermore, the target tissue itself must
also exhibit an amenable biological landscape to
support any mechanistic cooperativity. This principle
was highlighted as early as 1988, when Nahabendian
et al. demonstrated disease and treatment specific
interactions with HpD-PDT combined with either
doxorubicin or cisplatin. It was found that treating
BALB/c mice bearing EMT-6 tumor xenografts with
HpD-PDT combined with doxorubicin led to a
synergistic reduction in tumor burden and increased
the depth of killing within the tumor. However,
combining HpD-PDT with cisplatin led to an additive
effect, and the authors noted that a significant
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proportion of the tumor was unaffected at depth for
this regimen. In addition, RIF-1 tumors were not
sensitive to either of the HpD-PDT based
combinations, highlighting the importance of
considering both the combination therapy as well as
the disease being treated when designing
comprehensive treatment regimens [183]. The
sequence of component therapies in a larger
combination also impacts the overall efficacy within
deep tissue. For example, Zuluaga et. al. showed that
mitomycin C treatment of mouse RIF-1 subcutaneous
tumors prior to HpD-PDT was more effective at
reducing tumor burden than vice-versa [184]. This
finding has been echoed in a study published by our
group demonstrating that BPD-PDT combined with
carboplatin  exhibited a sequence dependent
synergism. Treating three-dimensional (3D) ovarian
cancer nodules with carboplatin prior to BPD-PDT
resulted in only an additive therapeutic effect,
whereas a synergistic effect was observed when
BPD-PDT preceded carboplatin [185]. This sequence
dependent synergism was because BPD-PDT led to a
disruption of the 3D nodules allowing a better
penetration of carboplatin into the nodules (Fig. 8).
These selected studies highlight the importance of
considering both the biology of the target tissue to be
treated as well as the sequence/composition of the
regimen to be applied when designing PDT based
combination therapies to yield efficacy in deep tissue.

An important advantage of PDT stems from its
ability to sensitize tumors to follow up treatments that
are individually ineffective due to intrinsic resistance
pathways expressed by cancer cells. Because many of
these secondary therapies can penetrate more deeply
than light, there is significant opportunity to design
combination therapies whereby initial cycles of PDT
sensitize tumors to conventional chemo- or biologic
therapies that then lead to enhanced eradication of
tumor tissue at depth. Celli et. al. demonstrated that
several pancreatic cancer cell lines (AsPC-1, BxPC-3,
PANC-1, Capan-1, and Capan-2) exhibit baseline
gemcitabine resistance that can be overcome via
pre-treatment with BPD-PDT. The assumption made
in that study is that BPD-PDT decreased expression of
Bcl-XL, an anti-apoptotic protein, and shifted the
Bax/Bcl-XL ratio towards a more pro-apoptotic
balance, thereby creating an environment for
enhanced gemcitabine efficacy [186]. In another study,
platinum resistant ovarian cancer cells (OVCAR-5)
pretreated with a PIC (anti-ovarian cancer antibody
OC125 conjugated to chlorin e6-monoethylene-
diamine monamide as the PS) were resensitized to
platinum therapy following PDT, suggesting that
light based modalities have the ability to favorably
modulate intrinsic tumor resistance pathways such

that follow up therapies are more effective [187].

A significant barrier to deep tissue therapy stems
from an inability to achieve sufficient drug delivery to
these relatively inaccessible sites. PDT enhances
vascular permeability leading to increased tumoral
accumulation of macromolecular therapeutic agents
[188]. Snyder et. al. showed that PDT treated tumors
exhibited increased intratumoral, liposomally (0.1 pm
diameter) encapsulated, doxorubicin compared to
non-treated  tumors  [189]. This  enhanced
accumulation at tissue depths greater than those
typically accessible by PDT significantly potentiated
efficacy of both PDT and doxorubicin in combination,
and little to no systemic toxicity was observed [189].
In addition, our recent studies have demonstrated
that pretreatment with liposomal BPD (L-BPD)-PDT
significantly increases the intracellular concentration
of liposomal irinotecan (L-IRI) in vitro and improves
localized tumor control in orthotopically implanted
pancreatic cancer xenografts [180]. In addition to
enhanced irinotecan accumulation, the study also
showed other cooperative interactions with L-IRI to
synergistically reduce tumor burden. L-IRI is a
topoisomerase I inhibitor that binds
topoisomerase-DNA complexes and prevents DNA
religation, causing DNA strand breaks and apoptosis.
Resistance to irinotecan is often mediated by ATP
binding cassette sub-family G member 2 (ABCG2)
efflux pumps expressed in the cell membrane and
organelle membranes. Low dose L-BPD-PDT was
shown to decrease expression of these efflux pumps,
causing an increase in the intracellular L-IRI
concentration, thereby leading to enhanced cell
killing. Furthermore, L-IRI treatment led to the
decreased expression of monocarboxylate transporter
4 (MCT-4), a prognostic indicator of pancreatic cancer
progression that was shown to be upregulated in
tumors treated with PDT alone. In a separate study,
Gallagher-Colombo et. al. demonstrated that
pretreating tumor xenografts with erlotinib, a small
molecule inhibitor of EGFR, prior to BPD-PDT
significantly extended the survival of mice compared
with those treated with BPD-PDT or erlotinib alone
[190]. The authors postulate that multiple
mechanisms contributed to the potentiation of
BPD-PDT efficacy. Not only was it observed that the
intratumoral concentration of BPD was significantly
greater following erlotinib treatment, but erlotinib
also induced mild endothelial cell cytotoxicity that
was likely potentiated by subsequent BPD-PDT,
leading to significant vascular shutdown and
enhanced tumor death. The results of these studies
suggest a paradigm by which the individual
components of a combination  regimen
mechanistically potentiate the effects of the combined
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therapy. Furthermore, these studies highlight the
utility of PDT in improving intratumoral
chemotherapy concentrations, in part by enhancing
vascular permeability and improving chemotherapy
diffusion into deep tissues, but also by interfering
with the ability of target cells to efflux these drugs. As
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Figure 8: Carboplatin poorly penetrates three-dimensional ovarian cancer nodules as revealed by a ring of dead cells (ethidium bromide — red) surrounded by a largely intact
cluster of live cells (calcein — green) following carboplatin treatment (top image and graph). BPD-PDT disrupts the nodule structure, and may potentiate carboplatin therapy and
enable increased therapeutic efficacy in deep tissue because of increased tumor cell surface area exposure to follow up chemotherapeutics (bottom image and graphs). Figure

adapted from Rizvi et al [185].
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Significant efforts have been devoted towards
applying PDT based combination therapies to target
the tumor-associated vasculature as a way of inducing
cancer cell cytotoxicity secondary to hypoxia at
deeply residing tumors. In a selected example,
Nowak-Sliwinska et. al. investigated the efficacy of a
panel of angiostatic agents (sorafenib, erlotinib,
sunitinib, and  bevacizumab) in enhancing
visudyne-PDT induced vascular shutdown [191].
Using a chorioallantoic membrane (CAM) model from
a chicken embryo, it was found that PDT alone
allowed significant regrowth of microvasculature two
days after treatment, but PDT in combination with
any of the anti-angiogenic agents led to sustained
shutdown of microvasculature. Visudyne-PDT
combined with sorafenib, which inhibits several
tyrosine kinases including vascular endothelial
growth factor receptor (VEGEFR), platelet derived
growth factor receptor, and raf family kinases, led to
the most durable shutdown of microvasculature of all
angiostatic agents tested in terms of reducing the
number of vascular branching points and vessel
density 48 hrs after treatment. Because several studies
have demonstrated an important role for
microvasculature shutdown in enhancing
PDT-induced cytotoxicity and necrosis, this study
along with several others demonstrate the importance

of intelligently pairing angiostatic agents with PDT to
impart greater tumor killing in deep tissue.

The benefits of multi-pathway inhibition to
potentiate PDT efficacy have been well studied over
the past two decades. In addition to limitations
stemming from depth, a major hurdle in the treatment
of solid malignancies stems from the ability of tumors
to escape treatment through resistance pathways [192,
193]. To address this loophole, there has been recent
interest in packaging synergistic multi-modality
therapies with non-overlapping toxicities in
nanoconstructs such that their release can be
spatiotemporally controlled to synchronously inhibit
these treatment escape pathways as they are
expressed by tumors (Fig. 9). Spring ef. al. have
demonstrated the synthesis and characterization of a
photoactivatable =~ multi-inhibitor =~ nanoliposome
(PMIL) that contains the PS BPD in the lipid bilayer
and encapsulates cabozantinib (XL184), an inhibitor of
both the MET and VEGER signaling pathways [194].
MET is the receptor tyrosine kinase for hepatocyte
growth factor that promotes cancer cell motility,
invasion, and metastatic escape in response to
hypoxic conditions, which are characteristically seen
in response to PDT-induced vascular shutdown and
common VEGEFR inhibition treatments. NIR excitation
of BPD in the lipid bilayer of the PMIL leads to
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Figure 9: Photoactivatable multi-inhibitor nanoliposomes (PMIL) enable synchronous suppression of survival pathways following PDT to enhance tumor cell death. Cartoon
representation and cyro-electron microscopic (cryo-EM) image depicting a PMIL (A). These PMILs encapsulate cabozantinib (white arrow in the cryo-EM image), a multi-kinase
inhibitor of the c-MET and VEGF signaling pathways in tumors (C), that is released upon light activation of BPD (B) in the PMIL bilayer (also denoted by a white arrow in the
cryo-EM image in A). Light activation of PMILs leads to reduction of distant metastatic tumor burden in an orthotopic model of pancreatic cancer despite localized light

irradiation (D). Figure adapted from Spring et al [197].
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cabozantinib release such that target tissues
experience simultaneous phototoxicity via BPD-PDT
followed by a sustained inhibition of tumor survival
pathways. It was found that a single cycle of the PMIL
treatment led to a sustained reduction in both
subcutaneous and orthotopic mouse models of
pancreatic cancer. Notably, mouse tissues that did not
undergo light irradiation, such as the liver and lymph
nodes, also exhibited significant reductions in
metastatic disease compared to completely untreated
mice, suggesting that the secondary effects of
BPD-PDT or systemic release of cabozantinib
following light irradiation led to efficacy at distant
sites. It also may be possible that localized anti-cMET
therapy inhibits metastasis from the primary tumor.
In another related study, photactivatable liposomes
also containing BPD in the lipid bilayer but instead
encapsulating bevacizumab significantly enhanced
tumor reduction in a subcutaneous (AsPC-1 cells)
mouse model of pancreatic cancer [195]. The strength
of this approach lies in the mitigation of the
pro-survival VEGF burst that is known to follow
localized PDT [196]. Taken together, these findings
have significant implications for treatment of deep
tissue because multi-modal therapies formulated in a
single package can impart cytotoxicity in deep tissue
due to the incorporation of non-light dependent
therapies that mechanistically and temporally
cooperate with localized PDT.

Summary and future perspectives

PDT is a light activated therapeutic modality
that has demonstrated efficacy in many applications
including, but not limited to, ophthalmology,
oncology, infectious diseases, and cosmetic treatments
[3, 13, 17, 197-201]. Particularly in oncologic
applications, PDT efficacy in some cases is on par with
and sometimes exceeds that of surgery, chemo or
radiation therapy. Moreover, PDT lends itself to
spatial and temporal control, thereby offering
advantages such as reduced long-term morbidity and
decreased systemic toxicities compared to standard
chemo- or radiotherapy. Despite these advantages,
PDT has largely been restricted to clinical trials or
palliative adjunct treatments and its widespread
acceptance as a mainstream clinical modality is
hindered primarily due to following reasons 1. The
need to coordinate consistent delivery of light to
potentially heterogeneous treatment sites that can
vary over many patients requires management and
standardization of lasers, applicators, fiber optics,
power meters etc. This is a particularly difficult task in
context of deep tissue PDT because these already
complicated  technologies only increase in
sophistication, creating a potentially expensive

logistical barrier. 2. Heterogeneity in disease biology
and topography necessitates customized,
patient-specific, treatment planning that accounts for
the size of the area to be treated, the light scattering or
absorption properties of the target tissues, the depth
to which the therapy must penetrate while sparring
normal healthy tissue, 3. Intrinsic and extrinsic
dosimetry parameters based on current clinically
available imaging methods to gauge therapy insult in
deep tissues need to be incorporated into treatment
regimen and 4. Appropriate medical personnel such
as radiation oncologist or medical physicist with some
training in optical methods, image-guided fiber
placement, dosimetry, and PDT and 5.
Misconceptions centered on the limited penetration of
PDT.

In addition to light penetration, several PS
parameters such as selectivity, localization, quantum
yield etc. are critical determinants of deep tissue PDT
efficacy. Along with the challenges posed by
optimizing these parameters, as discussed throughout
this review, PS’s also afford exciting opportunities to
enhance the therapeutic efficacy of PDT because they
are theranostic agents that induce photodynamic
action and double as imaging contrast agents.
Although changes in PS fluorescence have been
correlated with PDT treatment efficacy in several
studies, fluorescence imaging alone does not provide
information in deep tissue due to limited light
penetration. This highlights the need to exploit other
imaging modalities, which still take advantage of the
theranostic capabilities of PS at depth, that monitor
relevant parameters such as photobleaching or
oxygen saturation. Because no one imaging modality
is likely to provide a sufficient amount of information
to guide PDT at depth, there likely will be need to
integrate several of these imaging methods into a
single platform that can simultaneously monitor
multiple parameters to guide therapy in deep tissues.

Parallel to the need for combined imaging
platforms to monitor therapy at depth is the necessity
to apply integrated multifunctional nanoparticles that
can unify the biodistribution, pharmacokinetics and
spatiotemporal synergy of both imaging and PDT
based combination therapeutic modalities. There are
two major criteria to facilitate translation of
multifunctional nanoplatforms: therapeutic
superiority and clinical safety. The introduction of
any organic or inorganic nanomaterials into the body
carries potential health risks, and thus substantial
pre-clinical evidence showing an improvement in
therapeutic efficacy versus the standard of care is
required to justify their use. Nanoconstructs must
demonstrate the capability to carry sufficient drug
loads specifically to target tissue while retaining their
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simultaneous imaging capabilities. Furthermore, their
pharmacokinetic profiles must ensure that the
theranostic function has a tumor selectivity exceeding
that of free agents. Some theranostic nanoconstructs
that have been discussed in this review are based on
radiologically ~or optically active inorganic
nanomaterials, which have unknown long-term
physiological effects. Of all nanomaterials explored to
date, injectable Feraheme® (iron oxide nanoparticles)
are the only ones currently approved by the FDA for
iron deficiency. Even though it is approved,
Feraheme® comes with warnings of extreme immune
reactions and anaphylaxis. Similarly, inorganic
nanomaterials with particularly attractive optical and
photochemical properties, particularly for deep tissue
PDT, may elicit unexpected reactions and tissue
toxicities. Such examples include nanocrystals doped
with heavy metal ions that are potentially hazardous.
It is of paramount importance that physiological
clearance of the nanomaterial to be used is definitively
confirmed, their chemical and physical stability is
maintained in the body, and that their theranostic
utility does not negatively impact their systemic
toxicity profile. Thorough safety analyses of the
emerging theranostic nanotechnologies discussed in
this review will inevitably precede any further clinical
translation of multi-agent nanoplatforms for deep
tissue PDT.

The traditional view that PDT is limited to
superficial pathologies is being redefined with the
emergence of new concepts and technologies in the
realms of light delivery, PS delivery, and
photodynamic activation as discussed in this review.
As more and more PDT based modalities are moved
into Phase II and III clinical trials, incorporation of
personalized dosimetry (either implicit, explicit or
surrogate) parameters integrated with clinically
viable deep tissue imaging tools will become
increasingly important to ensure durability of
treatment response especially in deep tissues. Along
these lines, newer platforms that deliver synergistic
PDT based combination therapies and exploit the
secondary biologic effects of PDT such as immune
stimulation will likely gain traction in the coming
years as they progress to the initial phases of the
clinical translation. In the long term, the availability of
biocompatible nanoparticles incorporating
upconverting nanomaterials, radiosensitizers, and
theranostic multi-functional agents, together with
cleverly designed personalized light delivery
strategies could substantially increase the footprint of
PDT as a viable therapy that has significant impact in
deep tissues and, more broadly, in enhancing overall
outcomes.
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