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ABSTRACT: Early cancer detection and perfect understanding of
the disease are imperative toward efficient treatments. It is
straightforward that, for choosing a specific cancer treatment
methodology, diagnostic agents undertake a critical role. Imaging is
an extremely intriguing tool since it assumes a follow up to
treatments to survey the accomplishment of the treatment and to
recognize any conceivable repeating injuries. It also permits
analysis of the disease, as well as to pursue treatment and monitor
the possible changes that happen on the tumor. Likewise, it allows
screening the adequacy of treatment and visualizing the state of the
tumor. Additionally, when the treatment is finished, observing the
patient is imperative to evaluate the treatment methodology and
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adjust the treatment if necessary. The goal of this review is to present an overview of conjugated photosensitizers for imaging and

therapy.

1. INTRODUCTION

Photodynamic therapy (PDT) is an attractive cancer
theranostic platform, mainly due to its precise controllability,
minimal invasiveness, and high spatiotemporal accuracy.' It
works by combining photosensitizers (PS) with negligible
cytotoxicity and excitation light in compatible doses to
produce cytotoxic reactive oxygen species (ROS), which
eradicate cancer cells.” PDT presents, therefore, several unique
and distinct characteristics, which make it a very advantageous
therapy not only as a stand-alone treatment but also in
combination with other established modalities.

Although conventional imaging remains critical to the
management of patients with cancer, molecular imaging can
provide additional information. Imaging, in such manner, is an
extremely intriguing tool since it is not only assuming an
essential role after treatment to access its success and recognize
any conceivable repeating injuries, but also because it allows an
examination of the disease and to investigate whether the
behavior of the tumor has changed. Additionally, when the
treatment is finished, observing the patient is vital in order to
evaluate the outcome and, if necessary, to revise the protocol.”
Imaging, in combination with PDT, may therefore be used not
only for research but also as a tool for studying basic PDT
mechanisms, developing models of diseases, understandin
PDT tissue interactions,” and even as a therapy response.
Moreover, it can provide a basis to establish the prospect of
success of new therapeutic approaches.” "'

PDT imaging can be divided into different modalities:
optical, ultrasound, magnetic resonance, and nuclear imaging,
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according to the mechanism of action.'” This can either be
through radioactive compounds that produce a flag on a screen
(PET or SPECT), by utilization of nonradioactive materials
that may enhance the contrast of tumors (computer
tomography (CT) and magnetic resonance imaging (MRI))
or through acoustic (ultrasound and photoacoustic) and
fluorescence signals upon activation (Figure 1).

While both, optical and nonoptical imaging, have been used
to monitor PDT, the outcomes are often assessed too late,
usually when the disease has progressed more than expected.
This creates a new challenge for developing online or early
monitoring strategies to envision as soon as possible a new
approach to treat a disease.'’ Imaging techniques combined
with PDT offer new opportunities for the treatment of
different cancers. This concept introduces the so-called
theranostic agent, a single compound that inherently possesses
both imaging and treatment properties, allowing for the
visualization of the problem while being able to treat the
condition.”"* These modalities have correlative properties that
make them appropriate for various kinds of in vivo imaging
applications. They are overall conceivable to be conjugated
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Figure 1. Imaging applications in photodynamic therapy.

with PDT agents so as to accomplish a definitive objective of
having a single agent that does “all”.”"*

Theranostic agents are commonly divided into two groups
according to their design: (1) an agent with both properties,
imaging and therapeutic, and (2) double-functionalized
nanoparticles (theranostic particles) that are modified with
an assortment of imaging and therapeutic moieties.” Exploiting
the same biodistribution such theranostic agents can pave the
way to personalized medicine (Figure 2).'°'” Due to the
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Figure 2. Cartoon depicting personalized medicine with theranostic
agents.

development of instruments for imaging and PDT treatment,
several imaging and therapeutic modalities have been
combined, using different assembly strategies, to develop
novel theranostic agents.20

2. BASIC PRINCIPLES OF PHOTODYNAMIC THERAPY
(PDT) AND PHOTOSENSITIZERS

2.1. Photodynamic Therapy (PDT). The true potential of
PDT was only realized after the extensive work of Dougherty

and co-workers who, between 1975 and 1980, reported a
complete cure of malignant tumors by combining an HpD
(hematoporphyrin derivative) and red light.”" Initially, it was
applied in a breast cancer model and later in patients with skin,
prostate, breast, or colon tumors. These promising results were
later confirmed in clinical trials with improved versions of
HpDs in patients with skin or bladder cancer. At the same
time, Weishaupt and his colleagues postulated that singlet
oxygen ('0,) generated in PDT was the cytotoxic agent
responsible for the destruction of tumor cells.””** Finally, in
1993, a landmark for PDT was achieved with the regulatory
approval in Canada of porfimer sodium, a semipurified version
of HpD, for the treatment of bladder cancer.

Light, oxygen, and PS precise cooperation are key for the
efficacy of PDT to trigger the production of ROS, responsible
for the inactivation and destruction of tumor cells.
Furthermore, PDT provides spatiotemporal control through
the photosensitizer and the light source."> The PS can reach
the tumor compartment utilizing various targeted method-
ologies,”* such as immunoconjugates or nanotechnologies.”> A
localized light activation ensures an optimal treatment, thus
sparing surrounding tissues. While a specific location of light
illumination provides spatial control, a time delay between PS
administration and light irradiation provides a temporal control
of the therapy.

Nevertheless, the combination of light, oxygen, and PS
represents a great challenge in the optimization of therapeutic
protocols. To obtain the desired therapeutic effect, a great
number of factors should be considered, namely, the type of
PS, the dose administered, the intracellular location, the drug
to light interval (DLI), the total light dose applied, its
wavelength and fluence rate, tumor characteristics, and local
availability of oxygen. Since the PS is only activated in the
presence of light, PDT presents several advantages over other
conventional cancer treatments such as low systemic toxicity
and the capability to destroy tumor cells selectively.
Furthermore, it can also be applied in combination with
other therapeutic modalities and is often cheaper than other
cancer treatments.”*>” On the other hand, PDT presents some
disadvantages including the fact that most of the PS used in
PDT are hydrophobic molecules, they show a poor cell
specificity, and light penetration through tissues is minimal,
thus limiting PDT treatments to superficial tumors such as skin
cancer, nasopharyngeal cancer, and oral cancer.”*™*

2.2. Photosensitizers in PDT. When developing new
photosensitizers, there are a series of advantages and
limitations that we can find. The limitations include photo-
sensitivity after treatment, the fact that the treatment efficacy
depends on optimal light activation to the tumor, and the
presence of oxygen remains crucial to PDT. Another big
disadvantage is that no current photosensitizer can treat
metastatic cancers.>> The advantages, on the other side, make
for a compelling case for the continuation of the development
of such compounds. These include fewer adverse effects and
little invasiveness, short treatment time and selectivity, and
lower costs than other treatments. Other advantages include
the following: it can be used in outpatient settings, can be
applied multiple times, and leaves little or no scarring after
healing.*®

A PS should, ideally, be a single and pure compound that
accumulates preferentially in tumors. At the same time, it
should have low toxicity in the dark to minimize phototoxic
side effects, and it should be rapidly eliminated from the
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body.””** To reach target cells, the PS needs a good balance
between hydrophilicity and lipophilicity. Indeed, it must
possess amphiphilicity. An ideal photosensitizing agent ought
to have a high absorption peak between 600 and 800 nm (red
to deep-red region). Absorption of photons at higher
wavelengths (>800 nm) does not provide enough energy to
excite oxygen to its singlet state and accordingly to generate
sufficient ROS. These characteristics as well as others are
summarized in Figure 3.

Figure 3. Ideal characteristics of photosensitizers.

In addition, a PS must have good photophysical properties,
such as high quantum yields of triplet state formation, high
singlet oxygen production, and an appropriate triplet lifetime.
The triplet lifetime is crucial to allow the PS to interact with
oxygen and other substrates in view to generate ROS.”**
Moreover, PSs should have good absorption between 600 and
800 nm to ensure strong light penetration into tissues.
Therefore, agents absorbing strongly in the red, such as
chlorins, bacteriochlorins, and phthalocyanins, are more
suitable for PDT treatments. However, most known PSs do
not possess all requirements. In the past few years, efforts have
been focused on the development of PSs that can be activated
with the light of a longer wavelength, with mild photo-
sensitivity and high tumor specificity. Tetrapyrrole-based
structures seem to gather most of these characteristics, making
them the best option for PS when compared with other classes
of molecules.

Many different molecular structures have been studied for
PDT (Figure 4), includin% some natural products such as
hyperacin,35_37 curcumin,”®~* hypocrellin“’43 and ribofla-
vin, "~ as well as synthetic dyes. When it comes to synthetic
dyes, the most commonlgr studied are phenothiazinium salts
such as Methylene Blue™ and Toluidine Blue," which have
been widely studied both for antimicrobial applications™ and,
less often, anticancer activity.”' Rose Bengal, which has a long
history as a photoactive dye and has been explored for
antimicrobial applications,52 tissue bonding a;)4plications,53 and
anticancer applications is another example.” Squaraine and
BODIPY dyes, with delocalized systems of molecular orbitals,
provide good absorption in the visible range.”
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Figure 4. Structures of photosensitizers currently used in PDT.

Most BODIPY dyes have the right characteristics, such as a
low dark toxicity, a good cellular uptake, a high extinction
coeficient, and a low quantum yield for photobleaching, which
make them good PDT agents. However, some modifications
can be made to their structure in order to enhance intersystem
crossing (ISC) and prevent photodamage in PDT, which is
thought to occur predominantly via triplet excited states. Spin-
coupling to heavy atoms (“heavy atom effect”) is a common
modification. Generally, the addition of heavy atoms occurs at
positions that will not disrupt the planarity of the dye. An
appropriate placing of heavy atoms on a BODIPY core
promotes spin—orbit coupling, without any energy loss from
excited states.’® In the case of Rose Bengal, the introduction of
halogens into the rings, such as bromine or iodine, seems to
increase the triplet yield of the molecule by facilitating
intersystem crossing. In a similar manner, the introduction of
iodine into the delocalized system of squarines also increases
the triplet yield.

Other synthetic dyes include phenalenones,”” often used as a
standard for the generation of 'O, and recently developed into
an antimicrobial PS,*** and coordinated to transition metals.
These are a relatively new class of PSs. Ruthenium(II)
polypyridyl complexes are perhaps the most studied,®
although other ruthenium,®’ rhodium,*” and cyclometalated
iridium® complexes have also been studied. There is also
evidence that luminescent platinum(II) and gold(Ill) com-
plexes can act as PSs.’* In addition to these structures,
nowadays, most PSs utilized in PDT (Figure S and Table 1)
show a tetrapyrrole structure.

It is possible to categorize the photosensitizers into three
generations, especially with regards to porphyrin-based PSs.
Porfimer sodium and the hematoporphyrin derivative (HgD)
are known as the first generation of photosensitizers.””*
Porfimer sodium shows many drawbacks, such as a poor light
absorption at the maximum wavelength (&, at 630 nm), a
low molar extinction coefficient (~3000 M™' cm™), and a
slow clearance, which causes prolonged photosensitivity of the
skin after treatment.*"~®
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Figure 5. Most commonly used PSs in the clinic.

While a photodynamic impact can be achieved with porfimer
sodium, efficiency can be improved by red-shifting the
absorbance band and by increasing the absorbance at longer
wavelengths. There has been a noteworthy exertion among
therapeutic physicists to find second-generation PSs, and
numerous compounds have been proposed as potent
anticancer agents for PDT.** The so-called second generation
of photosensitizers, which include various derivatives of
porphyrins, phthalocyanines, naphthalocyanines, chlorins, and
bacteriochlorins, was created from not only just the need to
overcome drawbacks but also to increase the formation of
singlet oxygen (10,), through a type II process.”””

When the wavelength is higher, the light penetrates through
tissues deeper; therefore, PSs with strong absorbance in the
deep-red region, such as chlorins, bacteriochlorins, and
phthalocyanins, can have a better impact on tumors. Chlorin
derivatives show an intense absorption band around 650 nm,
which make them good candidates for PDT applications.
These PSs with increased light penetration were classified as
second-generation photosensitizers.71

An early example is temoporfin, which was approved in
Europe in 2001. This chlorin derivative reduces the skin post-
treatment photosensitivity by at least a factor of two, from 4 to
12 weeks with porfimer sodium to only 2 to 4 weeks.
Moreover, because it possesses an increased light absorption at
a longer wavelength (652 nm), the light dose required for
treatment is reduced by a factor of 10. Although showing
significant progress when compared to sodium porfimer, some
other aspects needed to improve such as pharmacokinetic
profiles and higher phototherapeutic indices, as well as
solubility.”” The side effects of the second generation of PSs
caused by nonspecific localization, and the need for better
pharmacokinetic profiles gave rise to the development of a
third generation of photosensitizers: PSs with amphiphilic
properties appropriate for diffusion through the lipid barrier
and for endocellular localization.”

Therefore, to improve the efficacy of PSs in PDT, the so-
called third generation of PSs must show a longer wavelength
activation and a better selectivity for tumor tissues. To achieve
these goals, conjugation of targeting molecules (such as
antibodies) to the PS, encapsulation of a PS into carriers (such
as liposomes, micelles, or nanoparticles), or functionalization
with prodrugs that get activated only at the tumor site, is
among the new strategies employed.”> ® The main goals
being the improvement of specificity and efficacy, reduction of
off-target accumulations, and optimization of the pharmacoki-
netic.

In order to reduce the impact on adjacent tissues, the
concept of prodrug has been evaluated. The strategy consists of
the administration of a PS in an inactive form, which will
become active only after reaching the target. The activation
will be triggered by proteases, the pH, or another biological
response. A PS producing singlet oxygen in a specific
environment, acidic conditions, for example, will have a
stronger impact on tumors where the pH is lower.”” Such
activatable photosensitizers combine the concept of local
treatment and personalized therapy, the main objective being
to display minimal phototoxicity when off-target, and hi%h
activity in the targeted tissue to increase PDT selectivity. "
Although the strategy of activatable agents seems to be of great
interest for the future of photodynamic therapy, the main
strategy applied nowadays still seems to be the functionaliza-
tion of these molecules through conjugation with biomolecules
and carriers such as porphysomes, quantum dots, nano-
particles, and targeting moieties.

2.3. Functionalization of PSs. Incorporation of hydro-
philic groups on the PS, such as HSO;~, COO~, and NR/",
increases the water solubility, but the delivery of lié)ophilic PSs
to target cells remains an important PDT goal.”>’® To achieve
that goal, different types of functionalization of PS can be
performed, usually through the conjugation with other
molecules. The choice of the conjugates is driven by the
tumor microenvironment, such as hypoxia,77 enzymes,78 leaky
vasculature,””®" and receptors overexpressed by cancer
cells.”*

Lately, certain limitations of potent PSs, such as (i) poor
solubility in aqueous media, (ii) high potency for aggregations,
and/or (iii) undesired interactions with proteins or bio-
molecules in aqueous media, in combination to the rapid
advances in nanotechnology, led to the development of
another round of the third generation of PSs, which are
encapsulated to the nanostructure,®*”®’ with the most
commonly used nanoparticles being listed in Table 2.
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J. Med. Chem. 2020, 63, 14119—-14150


https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00047?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00047?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00047?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00047?fig=fig5&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c00047?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Table 1. PSs Currently Used in Clinics or Under Clinical Trials”>

excitation
generic name chemical name wavelength (nm) application manufacturer
clinically first photofrin porfimer sodium 630 esophageal cancer, lung adenocarcinoma,  Axcan Pharma,
approved generation endobronchial cancer Canada
second ameluz/ aminolevulinic acid 635 mild to moderate actinic keratosis DUSA, USA
generation levulan hydrochloride
foscan temoporfin 652 advanced head and neck cancer Biolitec, Germany
laserphyrin aspartyl chlorin 664 Early centrally located lung cancer Meiji Seika, Japan
metvix/ methyl aminolevulinate 570—670 nonhyperkeratotic actinic keratosis, basal ~ Galderma, UK
metvixia cell carcinoma
redaporphine 749 biliary tract cancer Luzitin, Portugal
visudyne verteporfin 690 age-related macular degeneration Novartis,
Switzerland
under clinical antrin motexafin lutetium 732 coronary artery disease Pharmacyclics
trials fotolon 665 nasopharyngeal sarcoma Apocare Pharam,
Germany
photoclor 664 head and neck cancer Rosewell Park
photosens sulfontaed alumunium 675 age-related macular degeneration Russia
phthalocyanines
photrex 664 age-related macular degeneration Miravant, USA
radachlorin 662 skin cancer Rada-pharma,
Russia
talaporfin L-aspartyk chlorin e6 664 colorectal neoplasms, liver metastasis Novartis,
Switzerland
TOOKAD padeliporfin 762 prostate cancer Negma-Lerads
Table 2. Clinically Approved Nanoparticles'*’
type agent modality indication trade name
clinically sulfur colloid #mTe SPECT Iymphoscintigraphy, bone marrow, Technecoll (US)
approved gastrointestinal, liver, and spleen
albumin colloid #mT¢ SPECT lymphoscintigraphy, inflammation Nanocoll (EU)
imaging, melanoma, prostate
SnF, colloid #mTe SPECT lymphoscintigraphy, gastrointestinal, Hepatate (France)
liver, and spleen
Re,S; colloid #mTe SPECT lymphoscintigraphy, gastrointestinal, Nanocis (EU)
melanoma, prostate
albumin colloid #mTe SPECT lymphoscintigraphy of breast Senti-Scint
dextran-coated iron oxide (ferumoxide) Fe** Fe**,0, MRI mononuclear phagocyte system Feridex (US),
(Fe** Fe*,)0, imaging, cellular labeling Endorem (Britain)
carboxydextran-coated iron oxide Fe?* Fe**,0, MRI lymph node imaging, perfusion imaging ~Sinerem (EU),
(ferucarbotran) (Fe** Fe*,)0, Combidex (US)
carboxydextran-coated iron oxide 7-Fe, 05 MRI hepatocellular carcinoma, cell labeling ~ Resovist (US, EU),
(ferucarbotran) Cliavist (France)
polyglucose sorbitol carboxymethyl ether-  y-Fe,O, MRI iron-deficiency anemia, off-label uses in  Faraheme (US)
coated iron oxide (ferumoxytol) imaging
under sulfur colloid #mTe SPECT colon cancer
:rlil:fscal sulfur colloid #mTe SPECT cancer
sulfur colloid mTe SPECT head and throat cancer
gold nanoshell photothermal ~ head and neck cancer
silica 2 and Cys PET and melanoma
optical
iron oxide ferumoxytol MRI glioma
iron oxide ferumoxytol MRI pancreatic cancer
iron oxide ferumoxide MRI inflammation
iron oxide ferumoxytol MRI myocardial infarction

Medicinal nanoparticles (NPs) are drug-loaded, and their
overall size does not exceed the 100 nm in order to cross
effectively physiological barriers in vivo.”"”> Appropriate
modification of NPs enables improved solubility, excess in
drug loading, and to control drug release and enhancing their
imaging modalities.””™™* These interesting and sometimes
unexpected properties of nanoparticles are largely due to their
high surface-area-to-volume ratio. Introduction of different
functional groups at the surface of NPs provide a variety of

14123

chemical properties.”’ In other words, the surface or core of
the nanoparticle might be loaded with various agents, allowing
the use in multiple applications simultaneously (such as
imaging and therapy).”>~” A common example of indirect PS
functionalization is the usage of peptide linkages that can be
cut by metalloproteinases (MMP’s), which are ordinarily
abundant in an assortment of tumors. Nanoparticles can

likewise help in the delivery of hard-to-formulate drugs within
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water-based solutions, by either protective biopolymer coating
or encapsulation.’

Nanoparticles can also be surface-covered with polymers
such as poly(lactic-co-glycolic corrosive) (PLGA) or poly-
ethylene glycol (PEG) for increased tumor selectivity.”® The
surface can be decorated with drugs, pro-drugs, contrast
agents, or a mixture of different elements.”” Optimally, the
monitoring of treatments (before, during, after) is conducted
by the contrast agent. Nanoparticles can also be loaded with
drugs or prodrugs (peripherally or internally).”” Such
theranostic nanoparticles can be tweaked to release the drug
based on tumor microenvironment conditions.”” %% Indeed,
many tumors possess a poor blood vessel system, of leaky,
dilated, and irregular shapes, which allow large molecules to
reach the tumor.'®® Then, when inside, the lack of efficient
lymphatic drainage traps the NPs in the tumor. These two
phenomena are known as the enhanced permeability and
retention effect (EPR).'%'%* The surface of the NPs can be
functionalized with targeting agents to interact with overex-
pressed tumor-related receptors.'”> Targeting biomolecules
can be combined so that one functional group may allow the
nanoparticle internalization by endocytosis, while another
functional group targets a specific receptor before drug
release.’

Recent studies have demonstrated the possibility of using
metal-based nanoparticles as 0photosensitizers, up-conversion
tools delivery, and vehicles.'”” Moreover, metal-based NPs
show good sizes and shapes to ensure prolonged activity and
biodistribution. Studies dealing with nanoparticles based on
molybdenum oxide, TiO,, ZnO, and tungsten oxide as
photosensitizers in PDT have been conducted in recent
years, 108109

The first investigation of nanoscaled metal—organic frame-
works (MOF) in PDT was reported by Lu et al. in 2014.""°
Their study suggests that the Hf—porphyrin nanoscale metal—
organic framework (DBP—UiO) is an excellent photosensitizer
in PDT treatments of resistant head and neck cancers. The
DBP—UiO framework shows enhanced in vitro and in vivo
PDT efhicacy. Following this initial study, other applications of
nanoscaled MOFs in PDT were reported.''’ MOFs have
indeed become popular metal-based nanoparticles for PDT
applications.

A very common conjugation of photosensitizers is with
porphysomes. Porphysomes are derived from porphyrin—lipid
bilayers, and they show a high static quenching effect. In
addition, they have a structure and a loading capacity similar to
those observed for liposomes. Most importantly, they have a
high porphyrin payload that is advantageous for PDT
treatment, while being biocompatible, nontoxic, and biode-
gradable.'"?

Jin et al. have constructed folate-porphysomes by incorpo-
rating a small percentage of folate conjugate lipids in
porphysome formulation. This allowed FR-mediated cell
uptake of nanoparticles, which, subsequently, resulted in a
rapid disruption in cells upon activation of porphyrin
fluorescence and production of ROS. The irradiation of the
folate porphysomes increases folate receptor-selectivity and
ultimately PDT efficacy. Once systematically administrated to
FR-positive tumor-bearing mice, the folate-porphysomes were
reducing the tumor size and increasing the survival rate.
Furthermore, such targeting-porphysome formulation facili-
tates the introduction of additional targeting moieties to realize
disease-specific and personalized PDT treatments.

Similarly, Lovell et al. developed porphysomes with a higher
quenching capacity than the PS alone.'"> Located inside a
simple bilayer, the porphyrin—lipid orientation promotes
porphyrin interaction and quenching. However, after loading
porphyrins into the nanocarrier, the fluorescence response was
regained, thus confirming the benefit of these combinations.

Another example of a successful porphysome design was
published by Philp et al., in which porphysomes were used to
monitor in real time the resection of primar?r tumors, lymph
nodes, and abdominal metastases in rabbits."'* Another proof
of the diagnostic ability of nanoparticles was reported by Ng et
al, who employed bacteriopheophorbide as a fluorescent
energy acceptor in a self-sensing porphysome (FRETy-
some).' " Following subcutaneous injection in mice, the
presence of FRETysome has permitted to image the tumor.
Moreover, they observed after 24 and 48 h postinjection the
persistence of nanovesicles at the tumor site.' '

Several research groups have recently focused their interest
in the functionalization of “quantum dots” QDs with PDT
agents. Nanostructured semiconductor materials were first
applied in heterogeneous photocatalysis in the 1980s, and their
unique properties have raised attention.*™"'"~"*% Scientists
used these nanocrystals as PSs, due to their ability to selectively
transfer energy and to produce light over a broad range of
wavelengths, which can be oIptimized to the appropriate
wavelength for PS excitation.”'~'** Unlike most organic
photosensitizers, QDs do not have metastable excited states,
which can promote effective energy transfer, and therefore,
distinct processes are expected to occur, thus yielding reactive
oxygen species in a different way.'*

Wang et al. developed a water-soluble and pH/H,0,
responsive silicon QDs-based nanocomplex and explored
their applications in PDT."*” Silicon is not only an outstanding
semiconductor but also a promising fluorescent probe for
targeting and imaging cancer cells. The developed QDs could
not only deliver more photosensitizers but also image the
tumor by fluorescence. In vivo experiments have confirmed
that, under light exposure, the growth of tumor was effectively
repressed.'”’

When administered individually, both PSs and QDs have
advantages and limitations. Some properties such as NIR
absorption, broad absorption bands, and photostability are
required for PDT. Surprisingly, the actual PSs present
disadvantages when compared to the unique optical properties
of QDs, such as narrow absorption band, poor photostability,
and visible light absorption.'”® QDs’ properties such as
efficient light outputs and the capacity of tuning their
absorption and emission bands gave them an exceptional
photoresistance. This allows light excitation for continuous
ROS production either via type I or type II processes and
accordingly ensures prolonged phototherapies.'””

Nanotechnology in PDT has created new opportunities and
new modalities in the field by providing efficient nanoscale PSs
delivery systems. While allowing a controlled release of drug
and efficient uptake by cells, their surface area can be modified
with functional groups for additional chemical/biochemical
properties, which together improve the treatment efficacy and
minimize side effects associated with classic PDT. Moreover, it
has been demonstrated that it is conceivable to have a single
nanoparticle formulation conveying a lower dose of the
imaging probe and a high payload of the therapeutic drug,
meaning that nanocarriers can positively modulate biodis-
tribution and pharmacokinetic profiles of the drug formula-
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tions overcoming the current drawback of most molecular
theranostic :;1gents.130_132 To date, there has been a high
number of different synthetic strategies,>’ which only
consolidates the potential interest in NPs, both as drug
carriers and as imaging agents. Hence, many tactics have been
used to incorporate PSs into polymers, gold nanoparticles,
magnetic and silica nanoparticles, as well as other various
delivery carriers such as liposomes, quantum dots, and so
on."**™"*7 These NPs show high selectivity, high efficacy, and
limited side effects.">® Currently, there are only a few
nanoparticle-based theranostic platforms tested in clinical
trials, but this might change in the near future.' 7140

2.4. Active and Passive Targeting of PSs. One of the
main challenges in PDT is linked to drug delivery and
targeting."**> An ideal PS is delivered in therapeutic
concentrations to only the target cells, while healthy cells
remain untouched. This basic concept ensures minimal side
effects, when keeping and efficient PDT treatment.*”"** For
more than 20 years, intensive efforts have been put in the
development of targeted photodynamic therapy. The sub-
cellular localization of the PS in mitochondria, lysosomes,
endoplasmic reticulum, and plasma membrane (different
organelles) plays a crucial role in the cell death mechanism
involved (apoptotic, necrotic, and autophagy-associated cell
death). For example, the majority of the clinically approved
photosensitizers, temoporﬁn,138 porfimer sodium, *' and
verteporfin,'** already partially localize to the mitochondria,"**
which is considered as one of the most pivotal subcellular
organelles in eukaryotic cells.'"*" Moreover, defects or
dysfunctions of mitochondria are connected to cancer
progression and programmed cell death. Therefore, intensive
research has been done toward the development of
mitochondria-targeting therapeutics and diagnosis, which can
effectively overcome tumor hypoxia, evade MDR, improve
photothermal cancer treatment efficiency, and so on.'*'*® A
study by Sibrian-Vazquez et al. demonstrated an increased
localization of guanidinium and bisguanidinium porphyrin
derivatives to the mitochondria, due to the positive charge of
the compounds.'*’

One of the two main approaches to accomplish tumor-
targeted PDT is by covalent conjugation of the photosensitizer
with targeting biomolecules (Figure 6). These include proteins
(essentially antibodies and their fragments), peptides, nucleic
acids, and small molecules (biotin, folic acid, gefitinib, etc.).
This is called active tumor targeting and refers to specific
interactions at the molecular level between the drug/
nanocarrier and target cells, usually through specific recog-
nition and ligand—receptor interactions.'*

Active targeting can be further separated in vascular
targeting and tumor targeting. Both can work simultaneously
to achieve better therapeutic efficacy. The first aims to
eradicate tumorous blood vessels, which supply nutrients and
oxygen to the tumors, by facilitating the accumulation of
nanoparticles in vascular tissues.””’ Tumor targeting, on the
other hand, increases the accumulation and cellular uptake of
nanoparticles by selecting an appropriate receptor—ligand or
antigen—antibody pairing. This is one of the most important
issues in active targeting. Tumor cell markers must have two
defining characteristics: (1) overexpression on the surface of
tumor cells while being mostly quiescent on the surface of a
normal, noncancerous cell and, (2) at the same time, should be
selectively identified and bound by corresponding ligands."*’
Only in this way, they can be used as sites (i.e., the receptor)

Passive Tumor Targeting
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Figure 6. Two main strategies to accomplish tumor-targeted PDT.

for the targeted delivery of specific drugs (such as anticancer
drugs or photosensitizers). Targeting moieties can be separated
into different categories: nonprotein small molecules, receptor-
specific peptides, aptamers, and a variety of proteins, such as
transferrins, lectins, and antibodies.'>"">*

Several tumor cell markers have been explored for active
photodynamic targeting, including transferrin receptors (TR),
folic acid receptors (FR), glucose transporters, growth factor
receptors, LDL receptors, integrin receptors, and insulin
receptors. Other potential tumor cell markers often include
glycoproteins, such as lung cancer tumor markers (ie., CEA,
Cyfra21—1, and NSE), gastrointestinal tumor markers (i.e.,
CEA, CA199, the CA242 group, and CA724), breast cancer
markers (CA153), ovarian cancer markers (CA12S), hep-
atocellular carcinoma markers (AFP), prostate cancer markers
(PSA), and choriocarcinoma markers (HCG)."’

Recently, for example, Kim et al. synthesized a tumor
penetrating trastuzumab (Tra) derivative by chemical con-
jugation to chlorin e6 (Ce6).">* Tra is a monoclonal antibody
used for treating human epidermal growth factor receptor 2
(HER2) overexpressing cancers.>* The ability of Ce6 to
generate ROS and the targeting of HER2 receptors increased
the internalization of the conjugated PS. In this derivative, Tra
and Ce6 were linked by a maleimide-poly(ethylene glycol)
spacer. A confocal microscopy study showed that the
fluorescence associated with Ce6 was only detected for the
HER2-positive cell lines (SK-BR-3, BT-474), thus confirming
selectivity. In comparison, the Ce6-Tra conjugate compound
penetrated more deeply, which can contribute to better
destruction of dense tumor tissue. In this system, visualization
and PDT treatment were combined.'>

When it comes to conjugated biomolecules, several types
have been investigated, including receptor-specific peptides,
transferrins, antibodies, oligonucleotide aptamers, and non-
protein small molecules, which include vitamins (e.g, folic
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acid, vitamin D, vitamin E, and vitamin B), retinoic acid,
steroids, and other hormones. Some very effective binders
include those interacting preferentially to low-density lip-
oprotein (LDL), suggesting that upreégulated LDL receptors
found on tumor cells are important.'*® Consequently, studies
dealing with PSs covalently linked to molecules with affinity for
neoplasia or to receptors expressed on specific tumors have
been published."”” In particular, those involving small
molecular-based targeting drugs have received a great deal of
attention in the design of targeted photosensitizers for cancer
therapeutics.'>®

Conjugation of PSs to tumor-specific biomolecules such as
monoclonal antibodies, epidermal growth factor, and small
molecules (e.g,, short peptides or peptidomimetics) provides
another promising strategy to increase selectivity. Incorpo-
ration of functional groups to target specific receptors
associated with cancer is, indeed, a common strategy to
increase the efficiency of PSs (Figure 7). As mentioned before,
an overexpressed receptor that has already been explored for
the targeting of cancer cells is the folate receptor a.'>

s
light
3 s irradiation e ! *
photosensitizer

! | Receptor-targeted
s . PDT
—— H
B s light )
irradiation P
Receptor-targeted
photosensitizer

Figure 7. Receptor-targeted approach in PDT.

Another example of this kind of functionalization for
targeting can be found in the work of Soukos et al., where a
monoclonal antibody was conjugated to Ce6 as a tumor-
specific targeting agent for imaging and therapy in a hamster
cheek pouch carcinogenesis model.” This “photoimmunocon-
jugate” derivative (PIC), as it was defined, increases the
specific delivery of the PS. In this study, EGFR, which is
overexpressed in several human tumors, was the target. The
anti-EGFR monoclonal antibody (C225) was selected and
attached to Ce6. Then, the PIC was used as a diagnostic
platform and monitoring tool to determine the therapeutic
response. The same antibody (C225) was also conjugated to
the benzoporphyrin derivative (BPD, verteporfin), thus
providing another PIC derivative.'®’

Besides antibody-based PICs, small molecules and peptides
can also be introduced to PSs. For example, Choi et al
introduced a membrane-penetrating arginine oligopeptide
(R7) on 5-[4-carboxyphenyl]-10,15,20-triphenyl-2,3-dihydrox-
ychlorin (TPC), in view to enhance cellular uptakes.'®" For
similar reasons, new kinds of PSs with high water solubility, as
well as with one or more functional groups for conjugation
with biological agents, have been prepared by Li et al."** They
have reported on the synthesis and characterization of
asymmetrically substituted highly water-soluble phthalocya-
nines (Pc), with two different types of peripheral substituents:
one reactive group for conjugation and the others for water

solubility (Figure 8).
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Figure 8. Structures of conjugated PSs.

Passive targeting is occasionally interpreted as physical
targeting, which exploits the physiological and morphological
differences between healthy and tumor tissues to achieve
tumor selectivity and preferential accumulation of PSs. As
mentioned previously, nanocarriers provide the potential for
improvement of PS delivery to the target area to maximize
PDT efficacy. Due to the uncontrolled proliferation of tumor
cells, solid tumors have an abnormal tissue composition and
architecture, which limit the uptake and distribution of
drugs."®> While rapid vascularization promotes fast-growing
tumor sites, inflamed tissues embrace a leaky and defective
architecture, thus leading to the enhanced permeability and
retention (EPR) effect.'**'®* In addition, there is an
accumulation of drugs due to inefficient lymphatic draina§e,
which make it harder for tumor sites to clear nanoparticles. **

Hyperproliferative tumor cells have a high metabolic rate
and keep growing despite limited oxygen and nutrients.
Therefore, in order to maintain its activity, tumor cells employ
an enhanced level of anaerobic glycolysis, which produces a
large quantity of lactic acid, resulting in intratumoral hypoxia
and a lower pH environment.'®® The accumulation of PSs in
tumors is known to be enhanced as its hydrophobicity
increases. This is due to the fact that hydrophilic molecules
are retained in the blood circulation system, while hydrophobic
molecules tend to extravasate and accumulate in tumor tissues.
PSs, however, generally have large 7-conjugation domains for
high quantum yields and effective energy absorption, which
enable most classical PSs to easily aggregate in an aqueous
environment. For this reason, these PSs are not suitable for
intravenous administration, and further functionalization is
needed, usually through the conjugation with a nanocarrier.

Since accumulation at the tumor involves a passive process
requiring a long circulation half-life, the targeted delivery of
PS-loaded nanocarriers is largely dependent on the biophysical
and morphological properties of the nanocarrier. These
properties include the material composition, morphology,
hydrodynamic size, and surface charge.'®® The hydrodynamic
size affects NP concentrations in the vessel, NP permeability,
and clearance from the body.'”'%®

Another important factor concerning passive targeting is the
surface properties. In vivo experiments have shown that
hydrophobicity and surface charge affect the fate of nano-
particles and determines their behavior with plasma proteins,
cells of the immune system, and nontargeted cells."*’
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Table 3. Commonly Used Imaging Agents

application

radioactive sugar molecule (-['*F]-fluorodeoxyglucose) that shows the metabolic activity of tissues

3’-deoxy-3'-["®F]-fluorothymidine allows to detect growth in the primary tumor; detect tumor response to

modality agent
MRI gadolinium highlights areas of tumor or inflammation
PET/SPECT [#*Cu]Cu-ATSM identify hypoxic tissue
[**F]FDG
[*8F]-fluoride imaging of new bone formation
["*F]JFLT
treatment
[*8F]EMISO ['"®F]-fluoromisonidazole is used to identify hypoxia
[**Ga]Ga(I11)

technetium-99m
thallium-201
X-ray and CT imaging barium

examine heart blood flow

gastrografin

attaches to areas of inflammation, such as infection; attaches to areas of rapid cell division, such as cancer.

used to radiolabel many different common radiopharmaceuticals; most used in bone and heart scans

contrast agent used to enhance images of the abdomen and pelvis

same as barium but contains iodine instead

iodine contrast agents highlight blood vessels as well as the tissues of various organs; can be ionic or nonionic (less side effects)

3. IMAGING AND THERAPY TECHNIQUES IN PDT

In the medical field, approval to run clinical trials is often a
limiting step, and this is also true for the implementation of
molecular imaging biomarkers.'”® However, it is undeniable
that molecular imaging, if the modality is chosen correctly, is
more efficient in a timely and resource manner when compared
to other practices such as tissue dissection and histological
analysis.'"”" From all of the different imaging techniques used
for PDT, optical imaging is more broadly studied due to the
fluorescence properties of the PSs. For this reason, we cannot
exclude from this review where we will also focus on nuclear
medical imaging (PET/SPECT) due to the great potentials the
authors believe it holds, even though other techniques like
MRI'7>7'7® and ultrasound'”® have also been developed and
extensively studied on PDT over the past decade. A summary
of the most used imaging agents currently in medicine can be
found in Table 3.

In addition, PSs are fundamentally theranostic agents when
used for PDT treatments, since such compounds absorb and
emit light upon activation. Hence, the fluorescence property is
used for imaging to monitor tumor uptake. Moreover, the PS
fluorescence holds promise for fluorescence-guided resection
(FGR) treatment, which is approved in Europe for both
brain'”” and bladder cancers,'”® Another advantage of using
PSs for FGR is that it allows a posteriori follow-up of
treatments.'”” The specificity of PDT presents itself as the
same molecule that may do both, the therapeutic and imaging
roles.

3.1. Optical Imaging. A pivotal role has already been
played by optical imaging in PDT dosimetry."” The presence
of PSs at the targeted location before PDT treatment was used
to quantitatively monitor the fluctuation of fluorescence before
and after treatment, thus showin§ a correlation between
clinical response and fluorescence.™ This different outcome
was associated with photobleaching during the production of
reactive oxygen species. Zhou et al. have also observed that the
response to treatment is less influenced when the light dose is
adjusted to PS uptake."®" Such studies confirm the significance
of fluorescence imaging in PDT dosimetry.'””

The fluorescence property of PSs can also serve for imaging
as most PSs upon activation emit light in the visible region.
Moreover, as PSs have a tendency to accumulate better in
neoplastic tissues, this approach, frequently named photo-
dynamic diagnosis (PDD), is very much appropriated for
selective visualization of tumors and to outline the frontiers
between cancerous and healthy tissues. The ability to precisely

define tumor boundaries is a crucial step during an
optimization process of a surgical intervention. At the moment,
this fluorescence imaging technique constitutes the majority of
the imaging applications. Ensuring a cancer-free margin around
cancerous tissues is a crucial factor in avoiding recurrence.
Resection of excess healthy tissue, on the other hand, can have
serious and severe implications for the patient. This is one of
the reasons why combining imaging and therapy is so
important, and why over the past years, there has been an
increasing interest in the development of innovative
theranostic agents.

Therefore, the preparation of PSs with high fluorescence
intensity and excellent singlet oxygen ('O,) quantum yields
(QYs) is particularly needed for cancer diagnosis and PDT. In
this regard, diketopyrrolopyrrole (DPP) and boron dipyrro-
methene (BODIPY) are two kinds of a building block with
great potential for PDT. Recently, Zou et al. have linked DPP
and BODIPY through a series of donor—acceptor—donor (D—
A-D) linkers, thus forming a DPPBDPI structured organic
photosensitizer (Figure 9)."% The results indicate that the
synergistic effect, resulting from the combination of the two
photosensitizers, can simultaneously increase the fluorescence
intensity by 5.0% and the 'O, QY by up to 80%.

Upon nanoprecipitation, the DPPBDPI can form uniform
nanoparticles (NPs), which display not only high phototoxicity
but also insignificant dark toxicity toward HeLa cells. In vivo
fluorescence imaging shows that the DPPBDPI-NPs target
tumors rapidly and inhibit tumor growth upon PDT treatment,
even at reduced doses (0.5 mg kg™'). The imaging and
photodynamic behavior of DPPBDPI suggest a synergistic
effect that can provide a novel theranostic platform for cancer
diagnosis and PDT.

The high sensitivity of the method, the harmless nature of
the agent, and the low cost of the procedure, makes optical
imaging and detection an ideal imaging modality.” Among
several characteristics, a potent PDD needs to have an intense
absorption band in the red or the near-infrared (NIR) spectral
region.'® The optimal wavelength for PDT treatment must be
a good compromise between activation and tissue penetration
with low dispersion. Moreover, it should take into consid-
eration the characteristics of the damaged tissue (location,
lesion size, and accessibility). Because of these, and by utilizing
near-infrared wavelengths (650—900 nm), which combine
deep tissue with enough energy to excite the photosensitizer,
fluorescence has ended up being an excellent asset for disease
diagnostics and treatment."** It is easy to understand now how
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Figure 9. Illustration of a theranostic agent for PDT with a D—A-D
structure with enhanced 'O,, QYs, and fluorescence.

PSs are not limited exclusively to the therapeutic generation of
singlet oxygen species, since numerous photosensitizers are
additionally excellent fluorophores valuable for imaging, thus
helping to characterize and to modify parameters amid PDT
treatments. The tetrapyrrolic skeleton remains the most
prominent structure for the development of photosensitizers.
Tetrapyrrolic units show strong absorption in the visible
region, and they possess an excellent photosensitizing ability to
produce reactive oxygen species (ROS). In addition, the
photophysical parameters of tetrapyrrolic units can be tuned by
the insertion of metal ions or halogen atoms, like chlorine and
fluorine, which induce macrocycle changes that modil;y the
balance between fluorescence and intersystem crossing.'*>~"*

The most fascinating and valuable imaging probes are
photosensitizers that are nonphototoxic outside their destina-
tion and are only dynamic within the presence of a targeting
molecule whereupon fluorescence and singlet oxygen produc-
tion happen. Activatable photosensitizers (aPS) are perfect
imaging probes since they share comparative activation
mechanisms to fluorophores, and they can distinguish cancer
cells from ordinary cells.”* A few authors have researched into
what they call “killer beacons” comprised of up to four
modules: a fluorescent probe, a quencher, a linker, and a
delivery vehicle, whose properties can be adjusted, modified, or
joined to fill diverse needs (Figure 10). These beacons are
based on a unique fluorescent photosensitizer linked to other
functional groups. The dye should theoretically be hushed in
the absence of the target, and its fluorescence re-established
simply after the target is reached. To accomplish that, the PS
must be linked to a quenching unit (Q) through a reasonable
linker, which should keep the PS and quencher close enough to
ensure fluorescence resonance energy transfer (FRET).

In another example of activatable photosensitizers, Stefflova
et al. have designed and synthesized a folate receptor-targeted,
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Figure 10. Principles behind a beacon system for post-PDT imaging
of apoptosis.'** The system is composed of four parts: a PS (violet
dot), a folate delivery entity (blue dot), a caspase-3 cleavable linker
(KGDEVDGSGK), and a quencher (red dot).

hydrophilic, and pharmaco-modulated PDT agent (Figure
11)."** This molecule, obtained after three synthetic steps
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Figure 11. Pyro-GDEVDGSGK-Folate comprising three compo-
nents: pyropheophorbide-a (imaging and therapeutic agent), a
peptide sequence (linker), and folate (delivery vehicle).

from Spirulina algae, selectively detects and destroys cancer
cells, while avoiding healthy tissues.'®® Pyropheophorbide-a
(Pyro) is a fluorescent photosensitizer that can also be used for
NIR imaging and PDT (over 50% quantum yield). The
Photochlor derivative is in phase I/II of clinical trials. In this
compound, the folate moiety serves as a guiding molecule to
bring the photosensitizer to folate receptor (FR)-overexpress-
ing cancer cells. The PS and guiding folate are linked by a short
GDEVDGSGK peptide. This peptidic sequence is stable and
water-soluble, thus preventing cleavage prior to reaching the
target. Moreover, the length of the sequence ensures that no
steric hindrance takes place. Lastly, it serves as a pharmaco-
modulator for efficient delivery and reduced toxicity, and the
system is easily modified to introduce other peptide sequences
for different targeting.

At last, photosensitizers’ efficiency can be upgraded by
linking them with different particles that can deliver the entire
cargo in malignant cells either nonspecifically or specifically, by
focusing on “disease fingerprints”. For instance, PSs linked to
oil dispersions, liposomes, or hydrophilic polymers (PEG) can
be internalized to disease cells through passive diffusion or
phagocytosis. Such carriers help to solubilize the PS in
biological media (for intravenous infusion) and, furthermore,
to increase uptake and retention by tumors.'** The bifunc-
tional chelator approach presents itself as one of the most
interesting and viable solutions for a theranostic goal, using
porphyrins as the perfect building blocks since they offer both
a metal isotope chelator and a targeting vector.

3.2. PET/SPECT Imaging. Two main directions can be
pursued for the radiolabeling of dyes, including photo-
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sensitizers: the first one focuses on hydrogen-3 and carbon-14
marking for biodistribution studies and tissue autoradiography,
while the second focuses on labeling these molecules with a
short half-life (the time is needed for a radioisotope to decay to
its half) y- or positron-emitting radionuclides for tumor
imaging and nonintrusive quantitation of photosensitizers."*’
Nuclear medical imaging (NMI) strategies like positron
emission tomography (PET) and single-photon emission
computed tomography (SPECT) are interesting complemen-
tary techniques, as they provide a further tissue penetration
and decreased scattering of the produced signal.

In 1951, the first radiolabeled porphyrin system was
prepared, introducing copper-64 in the core of protoporphyrin
IX (Scheme 1). Soon after, hydrogen-3, carbon-14, palladium-

Scheme 1. Synthesis of [**Cu]CuPPIX (Protoporphyrin
IX)]4]

HOOHOO HOOHOO

[B*Cul-Cucl,

0.1 M NaOAc buf. (pH 6.0)
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109, sulfur-35, zinc-65, cobalt-57, and iodine-125 were likewise
investigated. However, they are unacceptable for in wvivo
imaging as a result of their long half-lives or powerless gamma
photon energy.'” Currently, iodine-124, copper-64, and zinc-
62 are the most promising radionuclides for PET imaging in
PDT, ! 14190-192

In the 1980s, it was demonstrated that the in vivo
biodistribution and pharmacokinetics of porphyrins are not
affected by chelation with copper-64 in light of the fact that the
copper molecule fits into the focal point of the tetrapyrrole ring
without modifying the side chains that dictate the in vivo
conduct. This made it conceivable to exploit porphyrins’
inborn capacity to chelate metals to fuse the radionuclide,
taking into account the direct radiolabeling of photosensitizers
with copper-64 without adjusting their conduct in vivo, which
ultimately yields to exceptionally stable radiolabeled photonic
nanoparticles.'”” Subsequently, the radiolabeling of metal
complexes of porphyrins is the most encouraging strategy,
the only issue being whether the metal has a radioactive species
suitable for quantitative in vivo scanning and whether this can
be exchanged with the nonradioactive species.

For nonmetallo-photosensitizers, the inclusion of the
radioactive metal may change the biodistribution so that, for
each metal-photosensitizer, combination biodistribution tests
must be performed, normally with hydrogen-3 or carbon-14
labeling or quantitative fluorometry of excited tissues as a
standard. In general, just as standard porphyrins, radiolabeled
porphyrins accumulate in the tumor without changing the
principle attributes of the host porphyrin molecules. Gallium-
68'"" and copper-64'">""*""> are promptly accessible and
inexpensive metal isotopes, both appropriate for human PET
imaging that may very well turn into the prime isotopes for
radiolabeling porphyrins since complexation chemistry with
the porphyrin core is quite straightforward, especially when it
comes to copper-64.

While copper-64 marking has shown that, at least in animal
tumor models, the fuse of this metal particle into the porphyrin
ring does not significantly alter the uptake kinetics in tumors
and healthy tissues. Marked differences between gallium-67
and technetium-99-labeled sulfonated phthalocyanines have
shown that the metal ion modifies the dye conformation and
thus may influence the molecular aggregation.lgg’l% This leads
to the conclusion that it is necessary to proceed with
biodistribution investigations of radiolabeled analogues of
photosensitizers at the beginning of in vivo studies.

On the other hand, the bifunctional chelator approach
enables guided delivery of radioisotopes to selected cells by a
kinetically and thermodynamically stable chelator conjugated
to cancer-specific biomolecules such as antibodies, antibody
fragments, peptides, or proteins. These systems exploit the
overexpression of receptors and proteins on tumor cells. Some
investigators accomplish this functionalization through the
introduction of glucose and galactose moieties on the
photosensitizer, thus culminating in an increased activity in
tumor uptake.'”’

Since fluorine-18 is the most common radioisotope used in
clinics, further research has been done regarding its potentials
linkage to PSs. A dual-modality agent named ['*F]-PET/
fluorescence, in which both the positron-emitting and
fluorescence properties are combined, has been developed by
Li et al."”” They used a BF, unit, typically present in BODIPY
dies, which can provide a ['®F]-radiofluorination site. Through
PET imaging, they observed 2 h post-injection, an accumu-
lation of the radiolabeled PS in the liver and kidneys, as well as
in the gall bladder. Considering the lipophilicity and electronic
property of the radiolabeled system, an accumulation in these
organs is not surprising, as the BF, group possesses no
targeting value.

The utilization of the fluorine-18 isotope in studies including
antibodies and in photodynamic treatment (PDT) is, however,
limited by its short half-life (110 min). In this regard, iodine-
124 is considered a better choice for longitudinal imaging
studies utilizing preclinical PET due to its half-life of 4.2 days.
The labeling strategy for the iodine-124 isotope is well
recognized, and it has been used in the labeling of an
assortment of biologically active molecules.'”®

Developed by Roswell Park’s group, the ['**I]-1'-3-(m-iodo-
benzylox)ethylpyropheophorbide-a derived from chlorophyll-a
has demonstrated in vivo PET-imaging capacity.'”” As a
nonradioactive analogue of chlorophyll-a, it shows PDT
efficiency, and therefore, it is an interesting candidate for
PET imaging. With great pharmacokinetic and pharmacody-
namics profiles, it can be utilized for imaging (PET/
fluorescence) and PDT. Curiously, when comparing to
nonradioactive compounds, the postloading of the iodinated
analogues in polyacrylamide-based (PAA) nanoparticles (NPs)
had a striking effect in the biodistribution. In mice, the imaging
and treatment agents are better taken up by tumors, with
decreased uptake in different organs, particularly in the spleen
(PFigure 12).

Focusing on another approach, some authors have detailed
the labeling of phthalocyanines (Pc) with PET isotopes for
both tumor imaging and drug development studies. Phthalo-
cyanines, which are structurally like porphyrins, are powerful
PSs in their own right because of their high singlet oxygen
quantum yield and high activation wavelength (600—850 nm).
Van Lier et al. have demonstrated that the level of Pc
sulfonation strongly affects the level of complex aggregation

https://dx.doi.org/10.1021/acs.jmedchem.0c00047
J. Med. Chem. 2020, 63, 14119—-14150


https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00047?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00047?fig=sch1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c00047?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Tumor

R=1-124
radioactive)

non-radioact

Figure 12. Multifunctional nanoplatform for cancer imaging and
therapy with radiolabeled ('**I) chlorophyll-a (right) and the
nonradioactive analogue (left), showing the accumulation in the
tumor.’

and biodistribution, still conserving photosensitivity.”’” Con-

sequently, they prepared a series of phthalocyanines with
increasing sulfonate groups and radiolabeled each of them with
copper-64 (Scheme 2). The tri- and tetra-sulfonated water-

Scheme 2. Synthesis of **Cu-Labeled Phthalocyanines**’
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soluble phthalocyanines have shown rapid renal clearance on
the EMT-6 tumor model, being both under the detection
limits. Despite having a comparable excretion pathway, the
disulfonated analogue showed an increased uptake in tumors,
thus providing sufficient contrast for PET imaging.'””

With imaging and treatment in mind, Liu and MacDonald
have looked into the synthesis and evaluation of radiolabeled
porphysomes. These nanogparticle platforms have been used as
drug delivery vehicles.”” As opposed to standard NPs,
porphysomes do not require functionalization of the nano-
particle surface with metal radioisotope chelators.”® Benzopor-
phyrin derivative monoacid (BPD-MA) was demonstrated to
be a potent photosensitizer both in vitro and in vivo, as well as
in clinical trials.””" However, as many porphyrins exhibit a high
level of lipophilicity, including BPD-MA, they have a tendency
to aggregate in aqueous solution, therefore, limiting its
bioavailability.37 To circumvent this problem, porphyrins
have been incorporated into liposomes for improved delivery,
solubility, and efficacy.

Verteporfin, for example, has been utilized in clinical
preliminaries and endorsed for clinical use, showing how
liposomes have been considered as good delivery frameworks
and as a feasible choice for the improvement of hydrophobic
PSs.”* A few authors extended the capacity of porphysomes
by investigating the inherent capacity of the porphyrin—lipid
conjugates to form steady, high-affinity complexes with copper-
64, which has good attributes for nanoparticle tracking through
positron emission tomography (PET).

Shi et al. prepared [**Cu]-Cu(II)-labeled pyropheophor-
bide-a (a near-infrared fluorescent porphyrin) derivatives
coupled to folic acid for improved folate receptor interceded
take-up in the tumor, opting to utilize the porphyrin element in
a chelating role."”> The porphysomes, composed of lipid
functionalized porphyrin units, have been labeled specifically

with copper-64 with a radiochemical load of 98%. The
[#*Cu]Cu(II)-labeled porphyrin units contribute to <5% of the
porphysome molecular weight, unaffecting the nanoparticle
size and photonic properties. The tumor uptake of the
[#*Cu]Cu(Il)-porphysomes was evaluated at 24 h post-
injection by PET/CT (Figure 13A) and fluorescence imagin.

) Y g ging
(Figure 13B,C).

Figure 13. In vivo multimodal imaging of [**Cu]-Cu(II)-porphysomes
in an orthotropic prostate cancer model."’

3.3. Combination of PET/SPECT and Optical Imaging
toward Multimodal Theranostic Agents. The different
techniques used for imaging cancers are stand-alone
techniques, and it becomes imperative to have multimodal
probes, in order to progress in cancer treatments.”*>72%° At the
moment, our current imaging modalities are limited in what
they can perform individually,”*® but by combining different
techniques, new achievements are expected. In principle,
multimodal ima§ip§ agents can combine magnetic resonance
imaging (MRI),"”>”*” fluorescence imaging,” "’ computed
tomography (CT),"”>*'° positron emission tomography
(PET),”™*'° and single-photon emission computed tomog-
raphy (SPECT).'”>*%

Recently, the feasibility of using multimodal agents has been
verified in multiple in vitro and in vivo models.”" ' A series of
multimodal probes, with magnetic elements, such as iron
oxide,”"**'* or Gd(III)-based chelates,”'>*'® were coupled to
PS. These studies demonstrate a remarkable potential for
image-guided cancer therapy. However, such hybrid materials
have limited applications since they are difficult to synthesize
and produce in large quantities.”’" Therefore, the extended
clinical use of theranostic agents will require affordable and
easy-to-make derivatives. Not all multimodality combinations
are useful, but certain imaging combinations are more
attractive because some possess synergistic properties, like
the combination of optical fluorescence imaging and PET
(OFI/PET).
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As previously discussed, fluorescence is an inexpensive
modality. It is easy to operate; it possesses multiplexing
capacity and high spatial resolution at histologic or superficial
levels. On the other hand, PET shows quantitative, non-
invasive, and extremely sensitive in vivo imaging without depth
restraint.”'”*'® The molar sensitivity of OFI and PET are
relatively equal and both excellent; therefore, they can be used
at nontoxic tracer quantities.217 Fluorescence contrast imaging
shows a better spatial resolution than PET at the histologic and
superficial levels.”'” Moreover, fluorescence probes are stable,
unlike PET probes, which rapidly decay. PET, on the other
hand, has a superior resolution to fluorescence imaging
through deep tissues. Therefore, the OFI/PET dual modality
is a promising combination in clinical preoperative PET
imaging and intraoperative optical imaging-guided surgery or
PDT. Among dual-modality OFI/PET probes, those contain-
ing NIR dye and especially those based on cyanine-based NIR
organic dyes (Figure 14), are of particular interest due to
optimal tissue penetration.

SO;Na 50;Na

SO;Na

SO3Na

o . \
G

Figure 14. Structures of Cyanine-Based NIR dyes.
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Not only NIR dyes should be considered, those emitting in
the visible region are also suitable, as fluorescence imaging can
be partially compensated by PET. Similarly, dual-modality
OFI/SPECT combines SPECT’s depth penetration, high
sensitivity, and quantitative signals with the already mentioned
advantages of OFL The design remains very similar; however,
y-emitting radioisotopes such as technetium-99m and indium-
111 are used. Indium-111 is the most common SPECT
radionucleus, and it is often coupled to cyanine-based NIR
fluorescent groups. Moreover, to increase the response for
cancerous tissues, targeting groups are generally employed.

In view of generating a “trifunctional agent” for double-
imaging (PET and fluorescence) and PDT treatment, Pandey
et al. have modified the tumor-avid porphyrin (pyropheo-
phorbide a), and reported the synthesis of a '**I-labeled PS
with high (>95%) radioactive specificity.'”” The half-lifetime of
the nuclide allows us to perform the synthesis of the labeled PS
and to accumulate in the target tissues after injection. They
were the first to demonstrate that selective accumulation of
porphyrin-based trifunctional agents to tumors can be
achieved, thus confirming that using a single agent for imaging
(PET and optical) and therapy is a promising avenue. In
contrast to other studies, the different techniques are
noninvasive, and the use of a single agent limits inconsistencies
in the pharmacokinetic and pharmacodynamic patterns of the
compound at all stages.

Another example of multiple-modality imaging with a known
photosensitizer as the fluorescence probe was published by
Cheng and co-workers.””’ A PEG-Ce6 nanomicelle was
successfully prepared and used for OFI/PET dual-modal
image-guided photodynamic cancer therapy. The presence of
chlorin e6 molecules allows the PEG-Ce6 nanomicelles to
work as a chelating agent for [**Cu]Cu®*. After internalization,
PDT was carried out in vivo at a low irradiation rate, showing
an excellent therapeutic effect on tumors. They were able to
elaborate a simple approach to synthesize biocompatible
multifunctional PEG-Ce6-based theranostic agents with the
right properties for multimodality imaging-guided tumor
therapy. The size and shape of nanoparticles and nanomicelles
ensure high tumor uptake in vivo and partial renal clearance.
These results might improve future applications and end up in
clinical trials for these theranostic agents. In addition, these

Table 4. Representative Nanoparticles and their Biomedical Applications

90,291

type of imaging modality
nanoparticle possible surface modifications applicable
quantum dots  lipids, polymer, targeting ligands or optical
biomolecules
dendrimer charge, polymer, targeting ligands, or MR, optical
biomolecules
liposome charge, polymer, targeting ligands or MR, optical,
biomolecules, viral protein coating radionuclide imaging
gold lipids, polymeric shell, targeting ligands, or CT, optical
nanoparticle biomolecules
carbon polymeric shell, targeting ligands or MR, optical,
nanotube biomolecules radionuclide imaging
mircrobubble  polymeric shell, targeting ligands or ultrasound
biomolecules
iron oxide charge, dextran, lipids, polymer, targeting MRI
ligands or biomolecules
micelle charge, polymer, targeting ligands or MR, optical,
biomolecules radionuclide imaging
silica charge, polymer, targeting ligands or MR, optical
nanoparticle biomolecules
14131

possible therapeutic
strategies

PDT

drug and gene delivery

drug, gene and protein
delivery, PDT

drug delivery, PTT

drug delivery, PTT

drug, gene and protein
delivery

siRNA delivery, PT

drug and gene delivery

drug and gene delivery

synthetic protocol
colloidal synthesis, self-assembly, viral
assembly

organic chemistry techniques
emulsion, polymerization

biological reduction, colloidal synthesis,
vapor precipitation

arc discharge, laser ablation, vapor
precipitation

emulsion, layer-by-layer fabrication,
polymerization

coprecipitation, decomposition,
microemulsion, sol—gel, thermal

microemulsion

chemical polymerization, microemulsion
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PEG-Ce6 nanomicelles can chelate other metals (Mn>* or
Gd*") for additional imaging modalities, thus providing high-
resolution imaging for anatomical information. Combining
PET/OFI/MRI can be a winning combination since it can
gather crucial information. The high sensitivity of the imaging
techniques and excellent resolution of the images should help
physicians to design better therapeutic approaches for cancer
treatments.”>' In this regard, Li et al. acknowledged that
nanotechnology is an ideal platform to combine different
imaging agents into hybrid materials. Moreover, they can have
a tremendous impact on tumor diagnoses..222 Representative
nanoparticles for their use as multimodal agents and their
biomedical applications can be found in Table 4.

Nanoparticles are behaving differently from single molecules
or bulk particles. They have properties of their own, and this
can be nicely exploited in medicine. For example, nanoparticles
tend to accumulate and internalize selectively to cells, being
transported across membranes via transcytosis.””> Further-
more, structural modifications of nanoparticles can be
performed chemically, thus modifyin§ not only their properties
but also their biocompatibility.””* However, to develop
nanoparticles with multimodal imaging or therapeutic capacity,
multiple factors need to be considered, such as toxicity,
interaction with metabolites, biocompatibility, and biodegrad-
ability.”**

Among multimodal techniques associated with nano-
particles, those involving SPECT/CT are the most common.
For example, a liposomal nanocarrier incorporating techne-
tium-99 has been developed for SPECT/CT imaging.”** The
imaging probe was used to visualize the amount of drug
delivered to tumors. In addition, the therapeutic effects of this
probe were determined using different tools. These probes can
gather multiple information from different imaging modalities
without having to inject other substances.

Overall, multimodal imaging agents should have a low
toxicity and/or high biodegradability. They should have a high
selectivity to target the disease. These characteristics would
allow us to evaluate the efficacy of specific targeting and to
determine the toxicity caused by the off-target accumulation of
the multimodal imaging agent. On the other hand, there is a
need to develop more efficient nanocarriers for controlling the
external release of nanoparticles. Only then can this approach
start to be considered for effective clinical translation and
accurate diagnosis.

4. IMAGING HYPOXIA IN PDT

One of the major drawbacks in PDT is the increased oxygen
needs. As mentioned earlier, oxygen consumption is
predominant through the active mechanism of PDT, resulting
in aggravate further the hypoxic conditions in tumors. It is
well-known nowadays that tumor hypoxia can be linked to
tumor aggressiveness, metastatic spread, poor tumor control,
increased level of recurrence, and unfortunate therapeutic
outcomes, mainly due to radiation and chemotherapy
resistance.'***°"**" Taking into account the variability of O,
concentrations within tumors and even tumor regions, it is
quite undeniable that O, concentrations will have an impact on
PDT treatments.””" Regrettably, solid tumors are known to
show acute hypoxia due to a series of abnormal physiological
variations in the tumor microenvironment including uncontrol-
lable tumor cell proliferation, an irregular vascular system, and
a deteriorating microenvironment.”>>**> The degree of

hypoxia is, therefore, directly linked to cancer treatment
effectiveness.”****°

An increasing interest in developing methods to measure
tumor hypoxia has, therefore, been raised. These techniques
can either be invasive (e.g, polarographic O, sensor) or
noninvasive (e.g., molecular imaging), and they both aim at
measuring the oxygen level within the tumors. Medicinal
imaging (optical, MRI, PET, and SPECT) has become a useful
tool to characterize the variability and magnitude of hypoxia
within tumors and to help the physicians’ decisions.”*® Optical
imaging techniques assess the optical absorption, scattering,
and fluorescence in tissues.”>” MRI techniques, based on
contrast agents (endogenous or exogenous), embrace
techniques such as electron paramagnetic resonance
(EPR),238 dynamic contrast MRI (DCE-MRI), magnetic
resonance spectroscopy (MRS),”*” and blood oxygen-depend-
ent level (BOLD) imaging.mo’241 However, undoubtedly, one
of the most extensively investigated imaging modality toward
hypoxia imaging is PET due to the various advantages
discussed in the previous section and to the development of
hypoxia-specific radiolabeled agents.”**™*** Since the very
early stages of hypoxia research, it has been revealed that
several nitroimidazoles and thiosemicarbasides can directly and
reproducibly identify the absence of oxygen.”*

In 1981, Chapman et al. pioneered the use of nitroimidazole
derivatives and molecular imagin§ techniques to evaluate the
degree of hypoxia in tumors.”’ These compounds are
particularly interesting because the oxygen-binding affinity to
nitroimidazoles is directly linked to cell retention and O,
concentration (Scheme 3).>*® Following this study, hypoxia-
specific agents targeting intracellular macromolecules have
made possible the widespread use of PET for imaging hypoxia.

Nowadays, copper-based complexes incorporating bis-
(thiosemicarbazone) ligands have become the most effective
class of compounds for imaging diagnostics of hypoxic tumors.
The pharmacological activity and theranostic properties of
these complexes have allowed the determination of the origin
of hypoxia and how it is involved in tumors and heart diseases.
The mechanisms by which these copper complexes
(CuATSM) are hypoxia selective seem to be associated with
metal coordination. The hypoxia selectivity involves intricate
intracellular reduction—oxidation processes, leading to Cu(I)
species, which are free from the chelated complex via redox
reactions (Figure 15). In hypoxic environments, Cu(II) species
are easily reduced to Cu(I) derivatives, and upon decom-
plexation, the Cu(I) can interact with biomolecules.”*’ This
phenomenon is essential for delivering free copper to cells.
However, it does not guarantee a selective uptake.”*®
Therefore, to increase selectivity, bis(thiosemicarbazonato)
complexes as well as thiosemicarbazide analogues have been
modified to better target tumors, and their responses in vitro
have been explored worldwide.”*”**~%!

To date, only a few PET agents have been evaluated in
clinical trials: [**F]-fluoromisonidazole (['*F]FMISO),>**>*
['8F]-fluoroazomycin arabinoside (['F]FAZA),”>” and
[**Cu]copper-diacetyl-bis(N(4)-methylthiosemicarbazona-
t0),”**** being the most promising ones. Although
["*F]JFMISO is consensually known as the gold standard in
clinical research for hypoxia measurement, it is considered to
have low-specific tissue accumulation resulting in limited
imaging contrast of hypoxic tissues compared to normoxic
areas, slow nonhypoxic cellular wash out, and no specific time
for image acquisition.”>***” ['*F]FAZA was developed along
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Scheme 3. Mechanism of Nitroimidazole Derivatives in
Hypoxic Cells
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with the second-generation 2-nitroimidazoles, and while it has
been denoted that it overcomes most of [®F]JFMISO’s
limitations, its intertumoral activity is lower.”>"*>*

On the other side, studies suggest that [**Cu]Cu(ATSM)
occasionally possesses better properties,”””*®’ due to its
capacity to enter hypoxic cells and localize in tissues with
low O, concentrations.”® However, its selectivity seems to be
related to the intracellular redox potential (Figure 16).>°>>%*
Subsequently, regardless of the collection of different tracers
that are currently used for hypoxia tracing, none of them
provide reproducibility across variant hypoxia subtypes, and
new ones need to be developed in order to raise the sensitivity,
the selectivity, and the resolution of the imaging studies.

Lately, gallium-68 (~68 min) is one of the radionuclides
that has been commonly applied as a probe. These systems
usually contain a nitroimidazole or a macrocyclic ligand, which
is able to complex gallium-68 (for example, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid or 1,4,7-triaza-
cyclononane-1,4-diacetic acid, generally alluded to as DOTA
and NOTA). A variety of studies have shown improved
clearance and successful hypoxia imaging compared to
[8F]EMISO. Recent studies have also demonstrated an
affinity for the (HIF)-1 regulated carbonic anhydrase-IX
receptor (CA-IX), a renowned endogenous marker of
hypoxia.”®*

Hypoxia-responsive domains have been reported, and
functional groups, such as nitro, quinone, transition metals,
aliphatic, and aromatic N-oxides, have been identified for
chemo-drug release. Such derivatives have been studied by
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Figure 15. Proposed mechanism of hypoxic selectivity for [**Cu]-
CuATSM 247251252

different groups and recently added to the design of carriers for
PSs and for anticancer drugs. These systems have led to the
development of hypoxia-responsive nanoplatfom do-
mains.”***°® For instance, light-activatable nanoparticles
(NPs) with nitroimidazole groups was develog)ed by Lin et
al. to selectively release drugs in hypoxic cells.”®” Furthermore,
Gu’s team has reported a 2-nitroimidazole (NI) conjugate
linked to the dithiophene-benzotriazole polymer (NI-CP),
which can encapsulate doxorubicin (DOX) via a double
emulsion method, thus forming a DOX decorated polymer
(DOX/NI-CP).”*® Near-infrared (NIR) light irradiation was
performed after accumulation in the tumor region, showing a
good production of ROS despite the hypoxic conditions.
Moreover, the tumor hypoxia aggravated by the photodynamic
reaction facilitated the cargo release, which turns this
procedure into a self-feedback process, leading to selective
drug release and an excellent therapeutic effect. This study
suggests that the introduction of PSs in hypoxia-sensitive
delivery carriers offers spatiotemporal control over the drug
released, thus providing another type of theranostic agent.”*

Moreover, it has been established that PDT planning might
be facilitated by molecular imaging through the estimation of
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Figure 16. Studies showing the relationships between the retention of
[**F]EMISO and [**Cu]Cu(ATSM) and hypoxia. (a) Coregistration
of the ["F]JFMISO PET signal (2 h postinjection) with the
[**Cu]Cu(ATSM) PET signal (3 or 24 h postinjection. (b)
[**F]FMISO and [**Cu]Cu(ATSM) uptake was evaluated at 2 and
24 h after radiotracer injection, respectively.”*

the biodistribution of the PS in tumors. However, the
concentration of oxygen remains crucial for PDT efficacy,
and the role of imaging in this regard is often overlooked.
Increasing intratumoral blood flow, using oxygen carriers,
generating oxygen in situ, and targeting hypoxia-induced
factors are some of the strategies that have, up to now, been
developed to overcome tumor hypoxia. From all techniques,
one, in particular, has stood out. This technique takes into
consideration the existence of endogenous hydrogen peroxide
(H,0,), which is naturally produced in cancerous cells. This
approach utilizes H,O, catalysts, such as catalase (CAT), to
decompose H,0, into O,. Though, as an exogenous enzyme,
the protease induced degradation as well as the immunoge-
nicity of CAT, two non-negligible factors that need to be
considered.”’*~*7?

Some authors have looked into the possibility of taking
advantages of the porphyrin structure of THPP to coordinate
metal ions and have come up with catalase-entrapped
nanocapsules (CAT-THPP-PEG). To increase solubility, the
nanocapsules are functionalized with short polyethylene glycol
(PEG) chains. The enzymatic activity and stability of catalase
are ensured by the CAT-THPP-PEG nanoparticles, which,
after labeling with technetium-99m, can be traced by in vivo
SPECT imaging. These nanoparticles have prolonged blood
circulation and show efficient tumor retention after intra-
venous (iv) injection, and once located in the tumor, the
catalytic activity is regained, transforming H,0, to O,. These
very interesting therapeutic responses were associated with the
nature of the PS (THPP) and tumor hypoxia. Moreover, in
mouse tumor models, reduced immunogenicity was observed
as compared to free catalase. The authors, therefore, presented
an easy approach for the preparation of a unique type of
enzyme entrapped theranostic nanocapsules, using PS as

linkers. This, ultimately, allows for enhanced cancer therapy
by modulation of tumor hypoxia via nanoparticle functional-
ization. The enzyme stability and reduced immunogenicity,
which also enhance PDT, enable in vivo SPECT imaging to
become an attractive cancer theranostic nanoscale platform.

5. DISCUSSION AND PERSPECTIVES

In general, standard medical protocols analyze a disease or
disorder, determine its characteristics, and then apply treat-
ments. A similar strategy is employed by the researcher when
developing new drugs or new modalities of treatment.””*
Despite the predominance of this old-fashioned strategy,
studies suggest that, for some diseases, another approach
should be taken. Most of the modern diseases are
heterogeneous in their behavior and appearance.”’* For
instance, with a cancer patient, the first step is to identify
the phenotype, then the heterogeneity is assessed, and finally,
the stage in which the cancer has evolved is determined.”*"
According to the stage and the characteristic of the cancer, the
patient will receive a specific modality of treatment, so two
patients with a similar disease may end up with different
treatments.'” The “one size fits all” approach that has been
preconized for many years is not viable with cancers; the more
we learn about the disease, the better we understand that a
different approach is needed for developing successful
treatment against cancer.””

The preferential localization of porphyrins in tumors, their
ability to produce reactive oxygen species upon light activation,
and their low toxicity have made them perfect molecules for
photodynamic therapy. Moreover, the photophysical proper-
ties of porphyrins and the possibility to bind metal ions
provide a unique platform for developing imaging agents. An
ideal imaging agent is harmless to the body, and it possesses a
fluorescence intensity above the cellular autofluorescence.
These characteristics have been incorporated in recently
synthesized porphyrins or porphyrin conjugates.””” It is also
important to note that porphyrin analogues, such as
phthalocyanines, chlorins, and bacteriochlorins, are also good
candidates for imaggin§, and several reviews have been written
on the subject.”’*”” Although porphyrin analogues show
similar behaviors and similar applications, they are often
studied separately. Metalloporphyrin is another type of
porphyrin derivatives that can be used as imaging agents.
The introduction of metal ions in the porphyrin core modifies
the photophysical property of porphyrins, and accordingly, it
can improve the phototherapeutic efﬁcacoy, provide MRI
contrast, and enhance Raman imaging.28 In conclusion,
metalloporphyrins own all of the essential characteristics of
becoming theranostic agents.

There are, however, two main limitations of porphyrin-based
imaging agents in therapy, and they come down to the
synthesis and the aggregation of porphyrins. The principal
strategy for the synthesis of these compounds is based on the
condensation of mixed aldehydes resulting in a complex
mixture of porphyrin derivatives, which are often difficult to
purify and to isolate. Then, despite having pure molecules, the
planar aromatic structure of porphyrins increases the
probability of aggregation, a problem encountered by most
researchers in the field.”*' Aggregation is not only a problem
when it comes to therapy because it is usually related to low
solubility, which, in the case of PDT, means worse
pharmacokinetic profiles but also in imaging because
aggregation usually translates into changes in the absorption
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spectra.”®” In this way, having lower Soret bands would

damage the pharmacodynamics of PDT as well as the imaging
due to their decreased fluorescence. Therefore, many
researchers have turned, as previously explained, to the
solution of these problems by conjugation with nanostructures,
which promise to help overcome these challenges.

On the other hand, more specific and individualized
modalities of treatment are needed.”*’ Diagnostic tools are
vital for determining the progress of a disease in a patient, and
combining diagnostic and therapeutic applications in a sin§le
molecule can, in principle, provide personalized treatments.”*
Having a single platform®” will help doctors to apply the best
treatment to individuals and, by doin% so, will reduce side
effects and other undesirable outcomes.”**

The advent of novel drug delivery technologies is essentially
driven by the observation that many therapeutic agents are not
able to localize preferentially in target tissues and/or because
of their lack of selectivity against diseased cells. Commonly, a
preclinical biodistribution study leads to the quantification of
the drug over time in tissues/organs. Generally, these studies
are carried out ex vivo through time-consuming methods that
required the sacrifice of many animals. These days, this can be
done in vivo and in real time using imaging methodologies and
tailored imaging probes. In a typical nanomedicine approach,
the nanocarrier is loaded with both the drug and the imaging
agent, an agent that can be detected by the corresponding
imaging technique. Due to the good quantification properties
and outstanding detection sensitivity, radioisotopes that have
been broadly utilized for ex vivo biodistribution studies may
have an interesting potential for in vivo applications. Kopelman
et al. gave an example of such systems, in which an intricate
mixture of porphyrin oligomers (porfimer sodium) and MRI
contrasting a1g7ents were trapped together in a nanoparticle
(Figure 17)."”” In these systems, the nanoparticles were

Nanoparticle Platform

@

\ /Q € MRI Contrast Agent

\
Cell Membrane [

&

Photosensitizer

#  Reactive Oxygen Species

.'* » §¢ Molecular Targets
Cloaking PEG coat
Figure 17. Schematic PAA core matrix nanoplatform with photo-

dynamic dye, MRI contrast agent, polyethylene glycol (PEG) loading,
and molecular targeting groups.'””

functionalized at the surface with RGD targeting sequences
and PEG for immune cloaking. Then, after delivery to tumors
in rats, the photosensitizers were activated by light. The results
show a complete necrosis of 9 L gliosarcoma tumors in rats
within § min.'”?

As it was mentioned earlier, the effectiveness of photo-
inactivation can be affected due to PS aggregation.”® Taking
this into consideration, several studies have looked at different
carriers to avoid aggregation, to stop degradation, and to
increase uptake. For example, silica-based NPs (SiNPs) have
been loaded with PSs.**™**% In the clinical field, SiNPs are

used as cell markers,”” "' drug and gene delivery plat-
forms,>?"*%* enzyme adsorption, and immobilization agents,293
and they are able to internalize cells.”*~>"" Therefore, it made
sense for them to be investigated for PDT applications.
Synthetically modified SiNPs, such as ORMOSIL, mesoporous
silica NPs (MSiNP), and hollow SiNPs (HSiNP), are
frequently used in the clinic. These SiNPs are particularly
appropriate for PDT as they show chemical inertness, and they
are structurally stable. At the same time, they are resistant to
pH variations and do not absorb light. However, perhaps most
importantly, the functionalization of SiNPs ensures a
monomeric environment to all PSs, thus avoiding aggregation
phenomena. Moreover, singlet oxygen can travel through the
SiNP shell.*** Finally, the functionalization of SiNPs remains
relatively easy, and the surface of SiNPs can accommodate all
kinds of functional groups, including PEGs, antibodies,
peptides, glycosides, and several other biomolecules.”***%>*%¢

ORMOSIL functionalized NPs have shown great promises
for PDT applications.”®® They have been widely studied
because of their hydrophobic/hydrophilic tunability, which can
ease the solubility of PSs. Accordingly, Ohulchanskyy et al.
have prepared ORMOSIL NP derivatives with covalently
bound PSs. The covalent attachment of the PS increases the
stabilit?f and avoids leaching of the PS before reaching its
target./ Among different systems, the iodobenzylpyropheo-
phorbide derivative (Figure 18) was synthesized to initiate a

EtQ OEt
EtO-g;j

Figure 18. Iodobenzylpyropheophorbide precursor for functionaliza-
tion to ORMOSIL NPs.

coprecipitation reaction, thus facilitating purification and
isolation of the compound. These ORMOSIL and ORMO-
SIL-PS conjugates were evaluated on two tumor cell lines,
Colon-26 and RIF-1. The study shows an excellent uptake by
cells and that the photophysical properties of the PSs are
preserved. Indeed, upon light activation, the phototoxicity of
the PSs was comparable to that of the PS alone. Moreover, the
authors highlighted the possibility of replacing the natural
iodine of iodobenzylpyropheophorbide with a different isotope
(e.g, I-124, I-125, etc.). This modification implies that the
same systems can be used as contrast agents (PET/SPECT),
while still having PDT effect, thus becoming theranostic
agents.””” A similar observation was made by other groups, on
systems involving other PSs covalently linked or encapsulated
in ORMOSIL NPs.*”*

Metal NPs are another category of NPs commonly used in
PDT. Among metal-based NPs, gold NPs (AuNPs) are
particularly attractive, due to their distinctive properties,
which make them perfect candidates for labeling, delivery,
heating, imaging, and sensing applications.”””~>"" Mostly
linked to their biocompatibility, precise structure, limited
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surface, and optical properties, gold NPs have received a great
deal of attention in PDT.***7°°* While the introduction of
specific groups (thiol, amino, cyano) confer the colloidal
stability,”' the functionalization of gold NPs with lipids,
proteins, oligonucleotides, or PSs can improve their biological
properties (targeting, stability, selectivity).”’® In fact, the
conjugation of PSs on the surface of AuNPs may produce an
enhanced electromagnetic field as a result of localized surface
plasmon resonance of AuNPs upon light activation and,
consequently, an increase the PDT efficacy (Figure 19). This
phenomenon will enhance the PS excitation rate, increase ROS
produggil%lg,z and, ultimately, will generate an improved PDT
agent.”

Figure 19. Cartoon illustrating the surface plasmon resonance
phenomena on gold NPs.

The use of hydrophilic AuNPs as a platform to prepare
multimodal systems was recently published by Penon et al.**®
The multifunctional AuNPs (PS-AuNPs-PEG-Ab) show
porphyrins and PEG chains connected to an anti-erbB2
antibody. The antibody aims to target overexpressed erbB2
receptors, which are commonly found on the membrane of SK-
BR-3 breast cancer cells. The different components are
attached to the AuNPs via thiol groups, which have a high
chemical affinity for AuNPs. These functionalized NPs are
photoactive, producing 'O, and killing cells under PDT
conditions. It was also demonstrated that the PS-AuNP-PEG-
Ab conjugate accumulates in cells, and upon photoactivation,
damage to membranes and modification to cellular morphol-
ogy were detected.”””

Like metal-based nanoparticles, nanotheranostic particles
involving PDT can destroy their targets. However, to be
effective, nanotheranostic particles need to reach their target,
to avoid off-target phototoxicity. Therefore, it is important to
monitor the localization of these particles in real time, in order
to minimize side effects linked to the generation of reactive
oxygen species outside the tumors.

Luckily, most photosensitizers used for PDT are also
fluorescent molecules, a useful property that can be employed
to localize the photosensitizer. Fluorescence spectroscopy is
cheap to operate, it shows outstanding resolution in the
appropriate spectral region, and it can be used in parallel to
radioisotopes (PET and SPECT), thus being perfectly
compatible with other techniques.’****” Photons released by
naturally fluorescent biomolecules or from externally admin-
istered fluorescent probes can be used for imaging. However,
some limitations are associated with fluorescence, including
poor tissue penetration, high noise, and background from

tissue scattering of photons in the visible region, autofluor-
escence, light absorption by proteins, and interference from
water molecules.”” Nevertheless, NIR activation can overcome
these limitations in that region: tissue penetration of light is up
to several centimeters, a low autofluorescence is observed, and
tissue scattering is reduced to a minimum,****%

Selectivity and targeting strategies are keys for fluorescence
imaging and PDT. This can be achieved by passive transport,
which implies the use of large molecules, such as nanoparticles.
The particular size of nanoparticles increases their accumu-
lation in tumors, and after internalization, the particles are
retained (EPR effect). Peng et al. have developed multifunc-
tional polymeric nanoparticles loaded with IR-780, which
provide both NIR fluorescent dyes and photosensitizers in a
large particle.”'” These micellar nanoparticles confirm that
passive targeting can be accomplished with nanoparticles.

Using similar concepts, Tsai and co-workers studied the
accumulation in cells of nanoparticles decorated with the
photosensitizer PPIX.”'*'* They found that the pH-sensitive
particles were delivering PPIX in the nucleus, while non-pH-
sensitive nanoparticles were delivering PPIX in lysosomes.’"”
In mice bearing AS49 xenografts, the different accumulation
was nicely linked to the biological activity. Indeed, the pH-
sensitive nanoparticles have a stronger inhibition on tumor
growth, suggesting that the localization of the photosensitizer
in cells can strongly affect PDT.

Like PPIX, chlorin e6 (Ce6) is another popular photo-
sensitizer used as a theranostic agent.”'*™*'® Lee et al. have
developed glycol chitosan nanoparticles to transport Ce6 to
cells.>’” Two transport systems were evaluated: one involving
physical encapsulation and the other involving covalently
linked Ce6 nanoparticles. The conjugated system showed a
longer circulation time, a better-controlled release of Ce6, and
a higher accumulation of the PS to tumors. The increased
accumulation in tumors of mice bearing HT-29 human colon
adenocarcinoma was established by NIR imaging. Then, PDT
treatments on the same tumors showed severe necrosis and
mass reduction of tumors.

Phthalocyanines (Pc) are also a class of molecules with
significant potential as theranostic agents, given the strong
absorption within the NIR window. For example, a fluorescent
Pc-loaded graphene nanoplatform was used as an imaging and
PDT agent on ovarian cancer cells.”"® Similarly, a biocompat-
ible carbon nanodot loaded with zinc Pc was used for the same
modalities (imaging and PDT) on HeLa cells, as well as on
animal models.”'” Both examples confirm the usefulness of
passive transport in view to target tumors for PDT and
fluorescence imaging.

A second strategy to target tumors and add selectivity to
PDT/imaging agents implies the development of activatable
multifunctional agents, which can become active after
responding to a biological or physical stimulus.”® The
activation can be triggered artificially (exogenous stimuli) by
applying, for example, a magnetic/electrical field, ultrasound,
or light. On the other hand, the activation can be triggered
biologically, by physiological conditions associated with cancer
(endogenous stimuli), such as the temperature, pH, or
enzymatic activity.">>***7*** Among these endogenous stimuli,
pH is probably one of the most attractive targets, as tumors
tend to have a mildly acidic pH.'”” Accordingly, charge-
switching nanoparticles have been designed to react under
acidic conditions (Figure 20). In such system, the positively
charged region of the compound interacts strongly with
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Figure 20. Mechanism of an activatable peptidic zipper-based PS.

negatively charged particles, especially those located in
membranes, thus overall increasing cellular uptake.’'®

Enzymes such as matrix metalloprotease-2 that are overex-
pressed in tumor cells can be targeted by activatable
nanoparticles.’”’ Likewise, a theranostic agent with double
targeting possibilities can, for example, be fluorescent and
phototoxic only after being released by tumor-associated
lysosomal enzyme cathepsin B. This is particularly attractive
for targeting folate receptor-positive cancer cells.”** This
strategy focuses on selectivity and specificity for malignant
cells, using targeted moieties that can aim specific receptors
found on the surface of biomolecules and inside cells. One
frequently mentioned group is the RGD peptide (tripeptide
Arg-Gly-Asp), which can target the integrin avb3 receptors that
are overexpressed in several tumor types. RGD conjugates
loaded in ICG nanoparticles showed promises for FGS in liver
resection.””' Conjugation of (i) RGD peptides for improved
tumor targeting, (ii) temoporfin as a photosensitizer, and (iii)
with fluorescent dye molecules for improved contrast has been
performed.*”> An in vivo study has confirmed the dual
modalities of these systems, fluorescence imaging and PDT.

Folic acid (FA) is another functional group that can be used
to target specific receptors. Folate receptors are upregulated in
ovarian, lung, brain, and breast cancers, thus making folate
conjugates good candidates for increasing selectivity.*”® Wang
et al. reported a nanoparticle that incorzporates fluorescence
imaging, PDT, and FA targeting ability.3 7 Later on, a highly
biocompatible carbon nanodot was synthesized, which
incorporates the same modalities. Biological studies showed
that the functionalized carbon nanodot increases fluorescence
and has PDT effects in vitro and in mice.”” More recently, FA-
coupled nanoprobes loaded with Ce6 were synthesized, and
after a series of in vitro and in vivo experiments to access
specificity, efficacy, and safety, the multifunctional theranostic
agent ability was demonstrated.

Radionuclide imaging is another strategy that combines high
sensitivity and unlimited tissue penetration. It can be
associated with imaging to monitor disease development.
Usually, the half-life of the selected PET isotope matches the
time necessary for imaging,>***’ with the necessity of
producing a high signal-to-background ratio at a target
localization. For tumor imaging, copper-64 or zirconium-89
are normally used with systemic injection of an intact antibody
to maximize the tumor-to-background ratio. Fluorine-18 is also
a good radioisotope, which is already used in the clinic
([**F]JFDG). However, '*F radiochemistry can be hard to
manipulate at the radiochemical level, and '*F radiochemistry
involved a covalent bond.>**™*** DOTA, on the other hand,
involves coordination chemistry, and it is quite easy to use the
same platform for different radionuclides and different imaging
techniques, for example, copper-64 and gallium-68 for PET,
indium-111 for SPECT, and yttrium-90 for radiotherapy. The

versatility of DOTA provides an ideal system, where different
imaging techniques can be applied to a single platform.

Another significant consideration when selecting a PET
radionuclide is the time frame associated with the targeted
biological event. In other words, the half-life of the positron-
emitting radionuclide must fit with the biological event;
otherwise, the results may be misleading and the imaging may
not provide answers. For example, copper-64 possesses a half-
life of 12.7 h, ideal for tracking monoclonal antibodies over a
period of 48 h, while fluoride-18 with a half-life of 110 min can
be used to trace fast clearance molecules.>** Therefore,
radioisotopes such as carbon-11, fluoride-18, copper-64,
bromide-76, technetium-99m, indium-111, and yttrium-90
have been utilized along with various copolymers, in view to
develop robust nanodelivery systems.”*>~>*’

If we take into consideration the already mentioned impact
of hypoxia on tumor progression, metastatic spread, absence of
tumor control, amplified recurrence phenomena, and poor
therapeutic outcome, then imaging hypoxia is a step forward.
As opposed to other noninvasive techniques, PET imaging
offers specificity for the detection of hypoxic tissues. In this
regard, the first compounds to address the imaging of hypoxia
tissues were developed in the early 1980s.**" They consist of 2-
nitroimidazole derivatives linked to multiple PET tracers
(Figure 21).
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Figure 21. Structures of known ['®F]-based 2-nitroimidazole
derivatives.

The main idea behind these ['®F]-based 2-nitroimidazole
derivatives is to have a stable compound showing high
specificity for imaging hypoxia without the inconsistent
correlation that is often associated with other imaging
techniques like PET with ['®F]-fluorodeoxyglucose
([**F]FDG). The most common PET tracer for hypoxia
imaging is the fluorinated nitroimidazole derivative ['F]-
fluoromisonidazole (['*F]JFMISO).***** Like other com-
pounds in the nitroimidazole family, ["*F]JFMISO can diffuse
passively through cell membranes due to its lipophilicity. Then,
after internalization, the compound is reduced into R-NO,
radicals by the nitroreductase enzyme (NTR). This process
remains reversible, meaning the tracer will only stay in the cell
under hypoxic conditions; otherwise, in the presence of
oxygen, the tracer is released. As mentioned, in the absence of
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oxygen (pO, < 10 mmHg), the reduction process is much
slower. Consequently, the increasing production of R-NHOH
derivatives that bind directly to intracellular molecules ensures
that the level of tracers inside cells is high.340_3'43 However, the
main drawbacks of ['®F]FMISO include the fact that passive
transport requires 2—4 h after intravenous injection for
["*F]FMISO to accumulate to hypoxic tissues®***** and that,
despite this uptake period, tracer accumulation remains
Low 344346

Alternatively, among the non-nitroimidazole compounds,
radioactive copper (copper-60, -61, -62, -64) labeled with
diacetyl-bis(N4-methylthiosemicarbazone) [**Cu]CuATSM)
is another promising PET radiopharmaceutical for hypoxia
imaging. First studied in 1997, the compound has shown
suitability for the detection of hypoxia in living tissues.”>’
However, the mechanism of uptake remains unclear. Never-
theless, it is known that [**Cu]CuATSM is a neutral lipophilic
molecule, which is easily crossing membranes by passive
diffusion.’*® Fujibayashi et al. suggested that, after internal-
ization, the accumulation in tumor cells mainly depends on the
cytosolic/microsomal bioreduction process.””” The bivalent
[%*Cu]Cu(I)-ATSM, once inside cells, undergoes a thiol
reduction and is converted to the less stable Cu(I) complex
[#Cu]Cu(1)-ATSM.**® In hypoxic conditions, this complex is
progressively dissociated into Hy-ATSM and free Cu(I), which
can rapidly coordinate to proteins.”****/ 7%

It is, therefore, plausible that copper itself plays a major role
in the [**Cu]CuATSM entrapment. In order to verify this
hypothesis, Hueting et al. analyzed the in vitro and in vivo
distribution of [**Cu]CuATSM and [**Cu]CuOAc in animal
models (EMT6 and CaNT).”*® The study shows that both
copper tracers accumulate in similar fashion in tissues,
confirming that copper metabolism takes part in the activity
of [**Cu]CuATSM.

Hypoxia for cancer patients is very important, and the
development of prognostic biomarkers for hypoxia can make a
huge difference in the success or failure of a treatment.
Additionally, identifying hypoxia in vivo without any intrusive
intervention may facilitate its use in the clinic. Nonetheless,
determining the best tracer for this purpose remains difficult.
While some data suggest that ["*F]JFMISO is an excellent
candidate, a suboptimal imaging limitation remains. On the
other hand, high PET image quality favored the use of
[**Cu]CuATSM. Besides, when directly compared to the
principal 2-nitroimidazole family representative (['®F]-
FMISO), [**Cu]CuATSM uptake is significantly better in
hypoxic tissues than in other areas, and it reaches its target
more rapidly (10—15 min versus 2—4 h).”*” Tt is clear that
these achievements are important and can potentially generate
better theranostic-PDT agents.

Even though the outlook for imaging seems encouraging,
obstacles remain high for commercial applications. In fact,
both imaging agent development and standard drug discovery
and development share much in common, especially those
binding to a specific target in vivo. Both must overcome several
challenges when it comes to factors such as target
authentication, identification of the best possible candidate,
showing high affinity and selectivity, as well as good clearance,
and low toxicity.>*’

The impact of a therapeutic intervention is difficult to
evaluate in cancer treatment, which makes the validation of
molecular imaging biomarkers difficult when compared to
existing surrogate markers. A quantitative assessment through

imaging can help to determine the real impact of a new
treatment (complete or partial response), and it can provide
information on the progression of the disease.””' PET/CT and
other hybrid imaging modalities, by overlaying different
images, allow the determination of the therapeutic effect
with PET and the size of the tumor with CT.*”

Another challenge is the need to understand the drug’s
mechanism of action when integrating PET or SPECT into
clinical research. For example, ["*F]JFDG PET may help to
identify downstream effects at an early stage of cancer
development, even before tumor shrinkage. Routine clinical
use of [F]JFDG PET involves static imaging 2 h post-
injection, which can be useful if we only want the localization
of tumors and metastases. On the other hand, if we are intent
to perform dynamic imaging, the recollection of PET data from
the initial injection of ['"*F]FDG will give direct access to
pharmacokinetics and pharmacodynamics information on the
tracer, which can be very important for better understanding
how drugs and therapies work in real time.*>® This example
illustrates the careful planning and deep understanding that is
required of all of the processes involved when trying to
perform the imaging of cancer and how they can limit or help
each other.

We can, by this, conclude that the similarities between the
processes of developing therapeutic drugs and diagnostic
agents make their simultaneous development into theranostic
agents even more challenging. At the same time, technologies
and development from one domain can accelerate the
development processes of the other (PET microdosing, for
example). Finally, the development of new drugs incorporating
tracers and imaging biomarkers can also contribute to the
emergence of theranostic agents.””’

6. OUR CONTRIBUTIONS

As it can be understood from this review, there is an urgent
need for new drugs and practices to treat cancer. Photo-
dynamic therapy (PDT) imposes itself as one of the most
preponderant voices to answer this demand. With the
combination of a photosensitizer, light, and oxygen, PDT
achieves a unique selectivity by the production of localized
reactive oxygen species inside tumor cells, which leads to their
destruction with limited side effects.*** Our approach aims to
use cellulose nanocrystals to transport and deliver radiolabeled
photoresponsive molecules to biological targets and create new
theranostic agents.

In order to achieve our goal of using these cellulose-metal-
porphyrin assemblies and to trace them using SPECT imaging,
several steps have been taken so far. First, we have prepared
and characterized CNCs** as well as photoresponsive
molecules through stoichiometric quantities of aldehydes and
pyrrole in propionic acid (Scheme 4).° Then metalla-
assemblies were obtained using inorganic metalla-clips under
a well-developed methodology.”” The last step was to load
these metalla-assemblies to nanocrystals by dissolution in
methanol, adding them drogwise to the CNC solution and
leaving it to react for 24 h.>>® Derivatives of the 5,10,15,20-
tetra(4-pyridyl)-21H,23H-porphine were chosen as photo-
responsive molecules, due to their ability to simultaneously
be linked to the cellulose nanocrystals (CNC) and coordinated
to ruthenium. Even though different grafting methods were
explored, the best results were achieved through the covalent
amide binding of the photosensitizer and the CNC.
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Scheme 4. Synthesis of Cellulose-Metallo-Porphyrin
Theranostic Agents

oxidized cellulose
nanocrystals (CNC)
+

radiolabeling

Labeling of CNC with the nonradioactive metallic isotope
has also been explored, and the radiolabeling experiments will
follow shortly. A full set of in wvitro assays with the
nonradioactive derivatives will be performed to determine
the ICys, and the influence of the cage and CNC to cells.
Following the in vitro study, in vivo imaging will be conducted,
and the data will be processed and statistically analyzed.

Our preliminary results are very promising regarding the
synthesis of a multimodal agent that combines a photo-
sensitizer for PDT treatment and a radioactive agent for
imaging (before, during, and after the process), thus aiming to
develop an innovative theranostic agent. The conjugation with
cellulose nanocrystals and coordination to inorganic entities
intend to ameliorate their delivery, solubility, and metabolism.

7. CONCLUSIONS

The importance of PDT in the treatment of cancers as well as
nononcological diseases is growing rapidly. However, despite
increasing reports showing the benefits of PDT over traditional
treatments, extensive use in the clinics remains to be seen. This
limited utilization of PDT in the clinics is due to different

factors, some linked to the pharmaceutical formulations of
PDT agents (solubility, administration, aggregation, selectiv-
ity) and some to the technology involved (instrument, light
source, etc.).

For more than 20 years, researchers have focused on
developing safer and more effective PDT agents not only to
cure cancers but also to be used in many other domains.>*®
During that period, the clinical success of PDT for the
treatment of head and neck cancers is undeniable, showing an
increased survival rate of patients with such cancers, as well as
an improved quality of life. Similarly, the cure of some early
stage tumors, precancerous lesions, and nonmelanoma skin
cancers has been enormously effective.” In addition, the
association of PDT to NPs technology has offered new
solutions and new perspectives to further develop the field of
photodynamic therapy.

Photodynamic treatment (PDT) is and should be
considered a therapy with promising outcomes for the
treatment of different diseases, the most studied one being
cancer. This treatment depends on the impacts of light
conveyed to photosensitized cells. Therefore, adding molecular
imaging to PDT treatment is crucial and keeps on expanding,
from disease detection, treatment planning, to real-time
monitoring and its outcome evaluation. While there has been
impressive progress over the past decade, to be successful in
the clinic, numerous technical difficulties must be investigated
and ameliorated, for example, the requirement of imaging
probes to precisely recognize the spatial and temporal
occurrence of specific cell death processes. As cancer is
proliferating fast, innovative diagnostic and therapeutic
strategies are imperative for early detection and precision
treatment. In addition, to optimize the therapeutic outcome of
PDT, an evaluation of the local microenvironment before
treatment is essential. For example, as photosensitizers (PSs)
need oxygen to operate, the presence or absence of O, is
crucial for the production of toxic reactive oxygen species
(ROS), according to PDT treatment. Therefore, without
specific information on local O, concentrations during PDT
treatments, the effectiveness of treatments can fluctuate greatly.
Moreover, due to O, consumption during PDT treatments, the
oxygen level needs to be continuously maintained to ensure
efficacy. Thus, measuring O, levels in real time during PDT
treatments has become one of the main challenges for the
future of PDT.

So far, multiple sensors have been used to monitor O,
concentrations in biological media, thus providing convenient
imaging tools for refining cancer diagnosis and improving
therapeutic efficiency. However, the combination of an
imaging agent with a photosensitizer to generate a theranostic
O, sensory platform for image-guided PDT has been rarely
reported.‘?’59 In the clinic, PET imaging has become one of the
most effective tools to visualize tumor hypoxia in patients. It
has been used clinically on various cancer types with different
radiotracers. It is now well-documented; PET imaging can
increase treatment response and optimize radiotherapy plans.
OFI and PET as double-modality contrasting agents have
proven to be an excellent combination. The OFI/PET systems
show low toxicity, and they possess high spatial and long
temporal resolutions.””’

In summary, multimodal imaging presents itself as a
powerful tool to make an accurate picture of diseased sites.
The accumulation and retention of nanoparticles in real time
can be quantified by PET imaging, while OFI imaging can
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provide other information at a cellular/molecular level.
Together, they can validate and optimize treatments without
being too expensive. Therefore, the emergence of integrated
diagnostic and therapeutic agents in a single system is a
valuable strategy to develop new therapeutic combinations in
PDT.
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B ABBREVIATIONS USED

AFP, hepatocellular carcinoma markers; aPS$, activatable
photosensitizer; Arg, arginine; Asp, aspartate; AuNPs, gold
nanoaprticles; BODIPY, boron-dipyrromethene; BOLD, blood
oxygen-dependent level; BP, benzoporphyrin derivative; BPD-
MA, benzoporphyrin derivative monoacid; C225, EGFR
antibody; CA12S, ovarian cancer marker; CAI1S3, breast
tumor marker; CAI199, gastrointestinal tumor marker;
CA242, gastrointestinal tumor marker; CA724, gastrointestinal
tumor marker; CA-IX, (HIF)-1 regulated carbonic anhydrase-
IX receptor; CAT, catalase; Ce6, chlorin e6; CEA, lung cancer
tumor marker; CNC, cellulose nanocrystals; CT, computer
tomography; Cu-ATSM, Diacetylbis(N(4)-methylthiosemicar-
bazonato) copper(Il); Cyfra21—1, lung cancer tumor marker;
DBP-UiO, Hf—porphyrin nanoscale metal—organic frame-
work; DLI, drug to light interval; DOTA, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid; DOX, doxor-
ubicin; DPP, diketopyrrolopyrrole; EGFR, epidermal growth
factor receptor; EPR, enhanced permeability and a retention
effect; FA, folic acid; FGR, fluorescence-guided resection;
FMISO, fluoromisonidazole; FR, folate receptors; FRET,
fluorescence resonance energy transfer; GLUT, glucose
transporters; Gly, glycine; HCG, choriocarcinoma marker;
HeLa, immortal cell line derived from cervical cancer cells;
HIF, hypoxia-inducible factors; HpD, hematoporphyrin
derivative; HSiNP, hollow SiNPs; ICG, indocyanine green;
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ISC, intersystem crossing; LDL, low density lipoprotein; MDR,
multidrug resistance; MOF, metal—organic frameworks; MRI,
magnetic resonance imaging; MSINP, metal SiNPs; NI,
nitrimidazole; NI-CP, (NI)-conjugated dithiophene-benzotria-
zole-containing polymer; NIR, near-infrared; NMI, nuclear
medical imaging; NOTA, 1,4,7-triazacyclononane-1,4-diacetic
acid; NP, nanoparticle; NSE, lung cancer tumor marker; OFI,
optical fluorescence imaging; PAA, polyacrylamide; Pc,
phthalocyanine; PDD, photodynamic diagnosis; PDT, photo-
dynamic therapy; PEG, polyethylene glycol; PET, positron
emission tomography; PIC, photimmunoconjugate; PLGA,
poly(lactic-co-glycolic acid; PPIX, protoporphyrin IX; PS,
photosensitizer; PSA, prostate cancer marker; Q, quencher
particle; QD, quantum dots; QY, quantum yield; RGD,
arginylglycylaspartic acid; ROS, reactive oxygen species;
SiNP, silica nanoparticles; SK-BR-3, human breast cancer cell
line; SPECT, single-photon emission computed tomography;
THPP, tris(3-hydroxypropyl)phosphine; TPC, S-[4carboxy-
phenyl]-10,15,20-triphenyl-2,3-dihydroxychlorin; TR, transfer-
rin receptor.
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