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Abstract

Photoactive agents are promising complements for both early diagnosis and
targeted treatment of cancer. The dual combination of diagnostics and thera-
peutics is known as theranostics. Photoactive theranostic agents are activated
by a specific wavelength of light and emit another wavelength, which can be
detected for imaging tumors, used to generate reactive oxygen species for
ablating tumors, or both. Photodynamic therapy (PDT) combines photo-
sensitizer (PS) accumulation and site-directed light irradiation for simulta-
neous imaging diagnostics and spatially targeted therapy. Although utilized
since the early 1900s, advances in the fields of cancer biology, materials sci-
ence, and nanomedicine have expanded photoactive agents to modern medi-
cal treatments. In this review we summarize the origins of PD'T and the sub-
sequent generations of PSs and analyze seminal research contributions that
have provided insight into rational PS design, such as photophysics, modes
of cell death, tumor-targeting mechanisms, and light dosing regimens. We
highlight optimizable parameters that, with further exploration, can expand
clinical applications of photoactive agents to revolutionize cancer diagnos-
tics and treatment.
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1. BACKGROUND

Photoactive agents are materials that absorb light and transform this energy into heat, lumines-
cence, or excited reactive species. Photoactive compounds can be fluorescent (e.g., cyanines), phos-
phorescent (e.g., porphyrins and phthalocyanines), both fluorescent and phosphorescent (rare), or
neither (dark—not luminescent). A dark photoactive compound without luminescence can still
generate heat and chemically reactive species. Luminescent agents are generally composed of
phosphorescent or fluorescent emitters, depending on the spin states involved in the emission
process; phosphors generally exhibit long-lived (microseconds to milliseconds) luminescence from
excited triplet states, whereas fluorophores exhibit short-lived (picoseconds to nanoseconds) lu-
minescence from excited singlet states. Fluorescent and phosphorescent dyes, which absorb light
of a specific wavelength and emit light of a different wavelength, offer great potential as both
diagnostic and therapeutic agents for cancer treatment. These dyes can be utilized as a photo-
sensitizer (PS) for phototherapy, in which light is used to activate the PS to induce biological
damage, a technique commonly known as phototherapy. In the cancer field, phototherapy is a
promising minimally invasive alternative to traditional chemotherapy, radiotherapy, and surgical
intervention and can be used to treat a variety of cancers (1, 2). As PSs have advanced, they can
now also be employed as contrast agents for tumor imaging; this combined application of therapy
and diagnostics is commonly termed theranostics (3). Luminescent theranostic agents increase the
precision and effectiveness of treatment, as they can detect and treat the tumor while monitoring
the pharmacokinetics and pharmacodynamics of the PS injected into the patient (4). This review
focuses on the clinical use of PSs as theranostic agents in cancer therapy.

The first use of phototherapy was reported over 3,000 years ago, when ancient Egyptian, In-
dian, and Chinese civilizations applied light to treat different diseases, including psoriasis, rickets,
and vitiligo. Treatments for these diseases generally consisted of ingesting plant and seed extracts

Broadwater et al.



Annu. Rev. Biomed. Eng. 2021.23:29-60. Downloaded from www.annualreviews.org

Access provided by 170.103.48.1 on 01/14/22. See copyright for approved use.

Triplet exciton e 2HYe” H* e
102 0, ;; 02.7 ;; H202 + *OH
LX) LN ] LX) LX) L] oo L) LX) Hzo LN ]
*0:0° *0:0° t0:0: HeO:OH *O:H
O — — — — — — — — —
et A S S 5 N
" -_—
Singlet Ground state Superoxide Hydrogen Hydroxyl
oxygen (triplet oxygen) peroxide radical
I
Typell Typel

Figure 1

Common reactive oxygen species (ROS) generated during photodynamic therapy. Type I photoreactions
lead to electron transfer, reacting with oxygen to generate superoxide (O ™), which can further react to
generate hydrogen peroxide (H,O;) and hydroxyl radicals (‘OH). In type II photoreactions, an excited
triplet exciton is transferred to the triplet ground state oxygen, generating a highly reactive singlet state
oxygen. Collectively, these ROS react with cellular components to induce damage by cleaving, oxidizing, and
oxygenating biomolecules.

followed by exposure to sunlight (5, 6). Modern phototherapy began with Niels Ryberg Finsen, the
father of ultraviolet therapy. In 1903, Finsen received the Nobel Prize in Physiology or Medicine
for using short-wavelength light, the Finsen lamp, to treat lupus vulgaris and helped bring pho-
totherapy to mainstream medicine. In 1907, Hermann von Tappeiner and Albert Jodlbauer intro-
duced the term photodynamic action to describe this phenomenon (7), and photodynamic therapy
(PDT) is now synonymous with phototherapy.

Agents with distinct mechanisms based on photothermal therapy (PTT) and PDT have been
developed. These agents have been used against several targets including tumor tissues, bacteria,
and fungi. To cause cell death, the PS generates either heat for PTT or excessive reactive oxy-
gen species (ROS) for PDT (8). In PTT, the heat generated through the PS agent increases the
temperature of the surrounding environment, ablating cells through either necrosis or apoptosis
depending on the irradiation level (9). PDT requires three basic elements: a PS, light, and bioavail-
able oxygen in the tissue being treated. The PS absorbs a photon, transforming it from the ground
singlet state to an excited singlet state, and then transfers this energy to form ROS. Often there is
an intermediate step in which the excited PS first transfers the energy to a triplet state on the PS
prior to transferring the energy to form a ROS. The generation of ROS is based on two different
photochemical reaction processes, type I and type Il PDT. Type I PDT involves an electron trans-
fer reaction between the PS in the singlet excited state with cellular components and the triplet
ground state oxygen (O,), forming free radicals including superoxide anion (O, ™), hydrogen per-
oxide (H,0,), and hydroxyl radicals ((OH) (10). In type II PDT, an excited triplet state on the
PS transfers its energy directly to oxygen, converting the (O,) triplet ground state to a reactive
singlet oxygen (1O,) excited state, which can cleave many organic carbon-carbon bonds or can
subsequently generate other known ROS (6, 11) (Figure 1). These type II photoreactions require
PSs (such as phosphors) with highly efficient intersystem crossing to form triplet exciton species.

Ideal chemical properties for a theranostic PS include high extinction coefficients, chemical
stability, water solubility, and long wavelengths for optimal tissue penetrance. Longer wavelengths
of light are not as readily absorbed by biological endogenous fluorophores, leading to decreased
light scatter and autofluorescence while improving penetrance and resolution, respectively. In
biological contexts, an ideal PS should accumulate in tumor tissue while rapidly clearing from
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the rest of the body. It should also avoid forming toxic secondary metabolites, be nonmutagenic,
and display high phototoxicity (toxicity with light activation) with low cytotoxicity (toxicity in
the dark) (12).

PDT has several clinical uses outside of cancer. The facile and immediate delivery of PS and
light is ideal for the treatment of superficial dermatologic diseases. It can be used to treat various
skin disorders, such as actinic keratosis, photorejuvenation, warts, and acne (13). Phototherapy is
also effective for treating infectious diseases. At the beginning of the twentieth century, the first
demonstration of photodynamic effect against microorganisms was described by Raab (14), when
he used acridine orange and light to induce the death of a paramecium. In 1960, Macmillan and
colleagues (15) showed the efficiency of toluidine blue against microorganisms such as bacteria,
algae, and yeast. Since the 1990s, studies have shown the efficiency of PDT against microorgan-
isms, and due to microbial resistance to many antibiotics/biocides, photodynamic inactivation and
PDT are alternative treatments against bacteria such as Helicobacter pylori, Staphylococcus aureus, and
Escherichia coli (16,17). PDT can also be used to treat fungal and viral infections (18). For example,
human papillomavirus infections, which cause genital warts (condyloma acuminate) and increase
risk for cervical cancer, can be treated with PDT by using a porphyrin precursor, aminolevulinic
acid (ALA) (19, 20).

The US Food and Drug Administration (FDA) has approved several PSs. An overview of first-,
second-, and third-generation PSs is shown in Figure 2, and their characteristics are summarized
in Table 1. For cancer treatment, most FDA-approved agents for PDT are based on the first-
generation PS, porfimer sodium (Photofrin), a ROS-forming PS that is still in use today. PSs can
induce a variety of effects, including ROS generation, ligand dissociation, toxic chemical reactions
independent of oxygen, and PTT. This review focuses specifically on PSs for oxygen-dependent
PDT, as they have had the most clinical success and are therefore more widely explored. Unlike
PT'T, which can damage adjoining tissues with high doses of laser irradiation, PDT can be repeated
many times at the same site if needed. Furthermore, toxicity from oxygen-dependent PDT is
the most tunable, allowing precise control of cellular toxicity to mitigate off-site tissue damage.
Though important, advances made with alternative PSs are outside the scope of this review. We
focus on summarizing the foundation of traditional PDT therapy and clinically approved PSs,
with particular emphasis on clinical criteria such as dosage, biological indications, light delivery,
and potential combinatorial therapies. By highlighting advances in the field, we aim to identify key
areas where further research is necessary for the extension of photoactive theranostic agents to a
wider range of cancer types in order to improve diagnostics, therapy, and overall patient outcomes.

2. CLINICAL INDICATIONS

Clinically, fluorescent agents are used for early diagnostics, as intraoperative markers in surgical
resection, and for direct tumor treatment via PDT. Currently, PD'T with various PSs is clini-
cally approved for obstructive esophageal and lung cancers (worldwide), high-grade dysplasia in
Barrett’s esophagus (worldwide), mild to moderate actinic keratosis (worldwide), basal cell carci-
noma (worldwide), advanced head and neck cancer (European Union), cutaneous T cell lymphoma
(European Union), biliary tract cancer (European Union), and prostate cancer (European Union).
These clinically approved PSs are summarized in Table 2 (21, 22). Although several clinical trials
have shown effective results, PDT has had a slow transition to frontline cancer treatment. PDT
is currently utilized for early intervention of neoplasms or for palliative care (23). PDT is not yet
appropriate for major tumor debulking due to the physical limitations of light penetrance and
hypoxia common in large tumors (24). Work in the past 10 years has pushed PDT development,
demonstrating its use for first-line treatment for small, centrally located tumors, inoperable or
widely disseminated tumors, cancers with a high rate of recurrence, and metastasis (23, 25). PDT
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Figure 2

Overview of the three generations of photosensitizers (PSs). First-generation PSs are porphyrins, most notably Photofrin.
Second-generation PSs include chlorins, bacteriochlorins, phthalocyanines, and aminolevulinic acid prodrugs. Structural differences
between porphyrin, chlorin, and bacteriochlorin are highlighted with double bonds in boldface. Third-generation PSs include near-IR
(NIR)-cyanine dyes, such as indocyanine green (ICG), and targeted PSs incorporated into nanostructures or bound to tumor-binding
moieties, such as ICG-antibody conjugates.

has the potential to become a potent frontline cancer treatment due to its ability to increase drug
delivery, induce cancer cell resensitization to traditional therapies, and trigger the body’s antitu-
mor immune response.

In addition to acting as direct antitumor agents, fluorescent molecules are used as real-time
imaging probes. Many fluorescent-guided surgery (FGS) trials are utilizing PSs as real-time
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Table 1 Overview of photosensitizer generations

Absorption Clinical
Advances peak (nm) | Targeting | Mode of action Structure significance Limitations
First NA 630 Passive Tumor apoptosis | Oligomeric Established Low light
generation mixture PDT asa penetration, skin
cancer photosensitivity,
therapy poor tissue
selectivity, low
photostability
Second Deeper 630-750 Passive Tumor apoptosis | Monomeric Expanded Insolubility,
generation wavelength and necrosis PDT toa inadequate
absorption, through broader tumor targeting,
increased vasculature range of incomplete
10, destruction cancer tumor regression
generation types
Third Active targeting, | >700 Active Combinatorial Conjugated to Aims to Biocompatibility,
generation multimodal therapies with targeting establish aggregation-
nanodelivery PDT, PTT, moieties and PDTasa caused
platforms, and nanostruc- frontline quenching,
advanced chemotherapy tures cancer inadequate
optical therapy clinical data
properties

Abbreviations: NA, not applicable; PD'T, photodynamic therapy; PTT, photothermal therapy.

ICG: indocyanine

green
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markers for tumor margins during surgery, allowing physicians to assess tumor growth, aggres-
siveness, and possible metastasis during tumor debulking. Biopsies can be collected from the
stained tumor for fluorescent histological analysis of specific tumor markers, allowing more
precise diagnoses in order to determine appropriate treatment strategies (26). Indocyanine green
(ICG) is commonly used for sentinel lymph node (SLN) mapping to detect metastasis, and it
is also being assessed in clinical trials for improving complete surgical resection in pancreatic,
breast, liver, and brain cancers (27-30). This is termed photodynamic diagnostics and has also
been applied in bladder cancer with Hexvix (an ALA analog) to identify masses that were initially
missed by visual tumor identification during surgery (26). Gliolan, another ALA analog, improved
complete surgical resection and progression-free survival in malignant glioma in a randomized,
controlled phase III trial and is now approved in the European Union, Japan, and Australia 31,
32). FGS outcomes can also be improved when followed by intraoperative PDT. For example,
in a phase II clinical trial for patients with malignant brain tumors, the debulked tumor site was
irradiated with excitatory wavelengths following FGS, reducing incomplete resection by PD'T-
induced phototoxicity of the leading tumor edge, a site commonly missed during surgical removal
of tumor tissue. This strategy reduced recurrence and had a 95.5% 12-month overall survival
rate with minimal side effects. This finding shows that PDT can be used to delineate tumor
margins and protect against recurrence (33, 34). Additionally, PDT has been widely studied as a
neoadjuvant therapy; for example, preoperative PDT in non-small-cell lung cancer can increase
the number of potential surgery candidates and improve resection completeness (35, 36).

3. FIRST-GENERATION PHOTOSENSITIZERS

First-generation PSs are hematoporphyrins, a heterocyclic macrocycle composed of four intercon-
nected pyrrole subunits derived from hemin. Purified oligomeric mixtures of hematoporphyrins

Broadwater et al.
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make up Photofrin, the first clinically approved photosensitizing agent. Photofrin was approved
by the FDA in 1995 for palliative care of obstructive esophageal and endobronchial non-small-cell
lung cancer (37). It is delivered intravenously and rapidly concentrates in the tumor and corre-
sponding vasculature. Endoscope delivery of 630-nm light irradiation is administered to the tumor
48-72 h following intravenous injection. Photofrin accumulates largely in the mitochondria and
lysosomes of cells and induces cell death predominantly via apoptosis (38). Photofrin has been
widely explored in clinical trials for other cancers such as lung, pancreatic, head and neck, bile
duct, brain, gall bladder, and breast. However, inherent problems such as limited penetrance of
excitation wavelengths, chemical instability, hydrophobicity-induced aggregation, low in vivo sin-
glet oxygen generation, and offsite accumulation have hindered its diversification into additional
cancers and broader establishment as a first-line treatment (39). While Photofrin is still undergo-
ing clinical trials to assess the validity of PDT in a wider range of cancer types, the next generation
of PSs are being developed to improve PDT efficacy and selectivity concurrently.

4. SECOND-GENERATION PHOTOSENSITIZERS

Second-generation PSs were designed to improve upon the limitations of the first-generation
hematoporphyrins by exhibiting longer wavelength absorption, increased water solubility, and in-
creased tumor-targeting ability. They are based on the general structures of porphyrin precursors,
phthalocyanines, chlorins, and bacteriochlorins, with additional side chains to increase solubility.
Whereas Photofrin is an oligomeric mix of hematoporphyrins, second-generation PSs, which are
all monomeric mixtures, have faster clearance times and improved intratumoral distribution. Be-
low, we discuss current clinically approved second-generation PSs, which are also summarized in
Table 2.

ALA is the biosynthetic precursor to protoporphyrin IX (PpIX), an endogenous PS used in
the synthesis of heme. Photosensitive porphyrins have poor solubility and chemical stability. Use
of the water-soluble porphyrin precursor ALA leads to cellular biosynthesis and substantial ac-
cumulation of PpIX (40). Cancer cells accumulate higher amounts of PpIX than normal cells do
when dosed with ALA, and subsequent photoactivation with 633 nm of light induces ROS and cell
death (41). The photodynamic effect is thought to be mediated by mitochondria- and cytoplasm-
localized ROS generation in tumor cells and the surrounding vasculature, similar to hematopor-
phyrins (42). Chemically stable ALA can be delivered topically, as well as orally or intravenously,
which has seen great success in localized treatment of precancerous lesions such as actinic ker-
atosis (43). There have been promising clinical trials for bladder cancer: Patients at intermediate
or high risk received 50 mL of 8 to 16 mM of hexaminolevulinate (HAL) solution instilled into
the bladder following transurethral resection. Following HAL-PDT for 3 months, lesions were
absentin 52.9% of patients at 6 months, 23.5% at 9 months, and 11.8% at 21 months (44). Unfor-
tunately, the same results have not been consistently observed with intravenous or oral delivery,
which led to offsite accumulation in nerve endings, systemic toxicity, and poor efficacy in clinical
trials for prostate cancer (45, 46). This is likely due to variable intratumoral distribution of HAL
and oxygen levels, an important diagnostic criterion as discussed above.

Verteporfin is a benzoporphyrin derivative used primarily to treat age-related macular degen-
eration. It was originally investigated for cancer therapy because of its ability to suppress angio-
genesis via vascular destruction, which downregulates genes involved in migration and invasion
(47). Verteporfin is rapidly incorporated into plasma low-density lipoprotein (LDL), which allows
preferential targeting of cancer and neovascular cells due to increased expression of LDL recep-
tors (48). Once in the tumor microenvironment, verteporfin accumulates intracellularly within the
mitochondria, where it induces ROS-mediated apoptosis following 690-nm light irradiation. It has
been reported to inhibit growth by interfering with the binding of yes-associated protein (YAP)
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and transcriptional coactivator with PDZ-binding motif (TAZ) oncoproteins to the transcrip-
tional enhanced associate domain (TEAD) family of transcription factors, independent of light
irradiation (49). Although promising in several in vitro studies, verteporfin does not have signifi-
cant nonphotoinduced effects in vivo (50-52). However, PD'T with verteporfin has shown promise
in pancreatic and breast cancers and has moved on to phase II clinical trials (25). Verteporfin is
rapidly cleared through the bile, showing decreased photosensitivity and increased penetrance
due to the longer wavelength. In the United States, verteporfin is approved for the treatment of
macular degeneration and is undergoing clinical trials for the treatment of inoperable pancreatic
tumors (NCT03033225) and cutaneous metastases of breast cancer (NCT02939274).

Padeliporfin (TOOKAD) is the third conceptualization of bacteriochlorophylls used for ther-
apeutic PD'T. The palladium core of the porphyrin enables greater possibility for excited-state
intersystem crossing from the PS’s singlet state to the triplet state, which can generate ROS.
Padeliporfin has a strong absorbance at 763 nm and accumulates in vasculature-localized prostate
tumors while clearing from systemic circulation within a few hours following binding to pro-
tein serum albumin (53). In a phase III clinical trial, men with low-risk, localized prostate cancer
were given 4 mg/kg of TOOKAD intravenously followed by 753 nm of directed irradiation. At
the 24-month follow-up only 28% of men treated with vascular-targeted PD'T displayed disease
progression, with minimal side effects (54). Following these illuminating results, TOOKAD was
approved in the European Union for the treatment of low-risk prostate cancer, and phase I trials
have begun for the treatment of obstructing esophagogastric cancer.

Temoporfin (Foscan) is a reduced porphyrin, a chlorin analog with a red-shifted absorbance at
650 nm, which is more intense than that of Photofrin. Isotopically labeled temoporfin is incorpo-
rated into serum lipids and localizes in various cellular organelles, excluding the nucleus (55). Upon
irradiation, a large number of vacuolization and structural alterations occur to the Golgi appara-
tus, endoplasmic reticulum (ER), and mitochondria (56). Similar to many PSs, tumor destruction
occurs by direct tumor damage as well as vascular damage and the following immune response.
Temoporfin was approved in the European Union in 2001 for palliative care of advanced head and
neck squamous cell carcinoma (SCC). This was following a phase III clinical trial in which 53% of
patients with recurrent/refractory head and neck SCC saw increased quality-of-life benefits (57).
Temoporfin has also been investigated as the primary treatment in head and neck, skin, prostate,
thoracic, brain, bile duct, breast, and pancreatic cancers (58).

Talaporfin (Laserphyrin) is a mono-L-aspartyl chlorin specifically designed to have lower clear-
ance time than first-generation PSs. It can absorb longer (664 nm) wavelengths compared with
first-generation PSs and demonstrates reduced skin photosensitivity (59). Its antitumor effect is
mediated primarily by mitochondrial ROS-induced apoptosis, though it localizes in other cyto-
plasmic organelles, in a manner similar to that described above with verteporfin (60, 61). These
improved qualities have led to improved therapeutic outcomes when compared with Photofrin
for esophageal cancer (62). It was approved in Japan in 2004 for the treatment of lung cancer
and is undergoing clinical trials for the treatment of brain, head and neck, esophagus, liver, and
metastatic cancers.

Other second-generation PSs also currently under clinical trials are redaporfin, fimaporfin
(NCT04099888), and 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) (63-65). All
function through ROS-induced apoptosis. Common drawbacks seen in second-generation PSs
are insufficient phototoxicity, poor tumor targeting, and insolubility. Although second-generation
PSs are chemically purer than first-generation PSs, self-aggregation has made drug delivery and
pharmacokinetic analysis difficult. For example, the tendency of temoporfin to aggregate results
in variable clearance times and intratumoral distribution (66). Intravascular aggregation compli-
cates the passive tumor targeting on which second-generation PSs rely for tumor accumulation.

Broadwater et al.



Annu. Rev. Biomed. Eng. 2021.23:29-60. Downloaded from www.annualreviews.org
Access provided by 170.103.48.1 on 01/14/22. See copyright for approved use

Unfortunately, this method of targeting is often not robust enough to mediate complete tumor
destruction. When small-molecule second-generation PSs were designed, the primary focus was
on increasing in vitro singlet oxygen generation, as a means to maximize potential tumor photo-
toxicity, and intracellular localization. This approach has not translated well to clinical models, as
passive tumor targeting does not have the level of specificity desired for frontline therapies, and in
vitro assessment of singlet oxygen generation does not consider oxygen consumption and intra-
tumoral light scattering (67). Third-generation PSs have focused on tumor targeting, absorption
and emission of even longer wavelengths, and improved phototoxicity.

5. THIRD-GENERATION PHOTOSENSITIZERS

Third-generation PSs are currently being designed to improve targeting and advance optical
properties including high extinction coefficients, longer wavelength absorbance, and photostabil-
ity. Wavelengths in the near-infrared (NIR) spectrum (650-1,700 nm) are ideal for in vivo imag-
ing, as they are less absorbed by endogenous biological fluorophores (68). This leads to deeper
tissue penetration and improved resolution. The NIR-I window refers to wavelengths from 650
to 900 nm, and NIR-II wavelengths range from 1,000 to 1,700 nm (69).

5.1. Fluorescent Small Molecules

Cyanine dyes, which are fluorescent small molecules that can absorb in the UV, visible, or NIR
range, have been widely investigated as PSs for PDT (70, 71). ICG, a disulfonated heptamethine
cyanine that absorbs at 780 nm, has been utilized since 1959 for medical diagnostics to track
hepatic function, blood flow, and tissue and organ perfusion, and in 2015 its use was expanded
to cancer diagnostics. Due to its confinement within the vascular system, ICG’s primary use in
cancer is for detecting abnormal pulmonary drainage indicative of lymphatic metastasis by SLN
mapping (27). Although well characterized, ICG suffers from aggregation, short half-life, poor
photostability, nonspecific binding, and poor aqueous stability (72). However, the heptamethine
scaffold on which ICG is based is promising for the development of alternative theranostic cya-
nine dyes. The alkyl side chains are easily conjugated to tumor-targeting moieties, addition of
a carbocyclic ring increases the rigidity to improve quantum yields, and N-alkyl substitutions
can improve phototoxic effects (73). In the past five years, the ability to modify the counterion
of promising theranostic cyanine and rhodamine salts has proved useful in increasing the quan-
tum yield (74-77), forming self-assembling nanoparticles, and modulating the passive cytotoxicity
without light irradiation (78, 79). Even more compelling, the organic salt formulation has been
used to modulate electronic energy levels independent of the bandgap by way of counterion pair-
ing to selectively generate ROS, enabling precise tunability of both cytotoxicity and phototoxicity
(80). Several optimized cyanine dyes are currently undergoing preclinical trials to assess thera-
peutic efficacy capability (30, 81); however, there are many analogs undergoing clinical trials for
diagnostics and FGS (82, 83).

NIR-II small molecules are harder to develop due to their need for increased molecular
conjugation, instability, and hydrophobicity. In general, achieving light absorption and emission
beyond 1,000 nm is a challenging material design problem, as nonradiative rates typically increase
substantially when the conjugation is increased to reach bandgaps in this range. This typically
results in low quantum yields of less than 1-10% for photoluminescent emission beyond 1,000 nm
(84) and would similarly reduce ROS generation yields as well. Although there have been some
recent demonstrations with the development of NIR-II dyes (85, 86), more preclinical work has
focused on NIR-I dyes with emission tails that extend past 1,000 nm, such as ICG (87). Additional
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challenges for NIR-II-based molecules are related to available light sources and imaging cameras
with a deep NIR photoresponse, which will need to become more cost-effective and widely
available.

5.2. Nanomedicine

Nanostructures exhibit one or more dimensions at the nanometer scale, including atomic, molec-
ular, nanocrystal, and nanoparticle assemblies (88). They can offer specific physicochemical prop-
erties; have an increased surface area—to—mass ratio, which alters their reactivity; and possess a
great deal of control over particle dimensions (89). They can be grouped on the basis of their class
(organic, inorganic, and hybrid), origin (natural or synthetic), ordering (e.g., amorphous nanopar-
ticle versus crystalline nanocrystal versus hierarchical assemblies), and dimensionality (0D, 1D,
2D, and 3D) according to the electron movement along the dimensions in the nanomaterial (90,
91). In the biomedical sciences, nanostructures have shown promise as theranostics, drug carriers,
and formulations for drug assembly (92).

Nanoparticles can range from nanometers to several microns in size and can be simple, dis-
ordered aggregate ensembles or exhibit hierarchical structures such as with micelles or layered
particles. Nanoparticles used as theranostics are primarily organic based, inorganic based, or hy-
brid composites (93-95). Organic nanoparticles, which can be based on small molecules or poly-
mers, include carbon-based nanostructures (CBNs). CBNs are typically biocompatible, allowing
for immune evasion, prolonged blood circulation time, and increased tumor-targeting ability. The
most common CBNs used for theranostic purposes, both as direct PSs and as carriers for loading
PSs, are graphene, carbon nanotubes, and fullerenes (96). They offer several advantages, including
high quantum yield, high stability, and good biocompatibility (97). Although CBNs generally have
low toxicity, researchers have raised concerns about their fibrous-like structure (98), which could
induce inflammatory and fibrotic reactions, and about mesothelioma or carcinogenic responses in
the lining of the lung (99).

Inorganic nanoparticles are predominantly metal (e.g., gold, silver, and aluminum), metal ox-
ides (e.g., titanium oxide, iron oxide, and magnetite), or semiconductors (e.g., silicon, lead sulfide,
and cadmium telluride). Inorganic nanoparticles tend to enable more structural control over exact
size and shape and the optical resonance can be tuned to NIR regions (100). However, inorganic
nanoparticles are typically less biocompatible with cells, leading to poor penetration and superfi-
cial ROS generation. They also often have poor absorption coefficients near the bandgap, causing
strong absorption of UV and blue wavelengths despite having a NIR bandgap (101). Common
examples of inorganic nanoparticles as theranostics are quantum dots, nanorods, and nanoshells.

Quantum dots are luminescent colloidal nanocrystals (or nanoparticles) usually 1-10 nm in
size and are composed of semiconductor materials. They have spatial dimensions smaller than the
Bohr radius of the bulk excited state, which impart strong quantum confinement effects leading to
blue shifts in absorption and emission (102). Nanorods are rod-like 1D nanostructures between
10 and 120 nm (103). Nanorods and nanoshells have a well-established chemistry, and their lo-
calized surface plasmon resonance, which comes from the coupling between the electromagnetic
field and the collective oscillations of the free conduction electrons at the nanoparticle surface,
can efficiently convert the excited-state photon energy to heat (104, 105). They can be made from
metallic and nonmetallic elements, such as carbon, gold, and zinc oxide, among many others. The
shape of gold nanostructures, such as nanorods and nanoshells, can not only change the absorp-
tion and scattering wavelength from visible to the NIR region but also increase their absorption
and scattering cross sections, enabling imaging and PTT in this region with deeper optical pen-
etration in biological tissues (106). Gold nanorods, when under irradiation, are also considered
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to be excellent imagers for cancer and localizable heat sources, desirable traits in an imaging and
PTT nanostructure (107). However, both gold nanorods and gold nanoshells possess a relatively
low specific surface area, which limits drug loading and can induce aggregation, blue-shifting the
absorption window and decreasing tissue penetration (108).

Hybrid nanoparticles for therapy typically rely on multimodal drug treatments, such as
combining PDT with O, economizers/generators, immune activators, ROS generators, and
apoptotic inhibitors. Potential combinatorial therapies are discussed in more detail in Section 10,
but nanoparticles offer a clear benefit as a multidrug delivery system. Nanoparticle-mediated PD'T
allows two antitumor treatments to be combined into one delivery system, improving the syner-
gistic effect compared with independent PSs and chemotherapeutic delivery. This is demonstrated
with hybrid nanoparticle C dots, ultrasmall core shell silica nanoparticles, which encapsulate flu-
orescent molecules and can easily accommodate conjugation of a variety of targeting moieties,
notably cyclic (arginine-glycine-aspartic acid-p-tyrosine-lysine) pentapeptide and a-melanocyte-
stimulating hormone (109, 110). C dots also undergo radiolabeling with 1, allowing preop-
erative positron emission tomography imaging as well as real-time fluorescent imaging. C dots
have demonstrated tumor-specific accumulation in a minipig model of spontaneous melanoma,
in which micrometastases in lymph nodes have been intraoperatively detected in real time (111).
C dots are currently undergoing preliminary clinical trials in patients with melanoma or brain tu-
mors to characterize biodistribution and pharmacokinetics (NCT01266096) as well as SLN map-
ping INCT02106598). The clinical relevance of these hybrid-composite nanoparticles is apparent
and has the potential to improve surgical diagnostics and therapy. Table 3 provides examples of
nanostructures and their uses in theranostic cancer treatment.

Although nanostructures have proven to be efficient in nanomedicine, a common problem
of PSs, especially organic dyes, lies in their high hydrophobicity and rigid planar structures. In
particular, when PSs are used in the aggregated state or at high concentrations, the intrinsic flu-
orescence signals are reduced or disappear because of intermolecular -7 stacking (112). This
is well known as the aggregation-caused quenching (ACQ) effect. The formation of aggregates
results in diminished imaging quality due to the quenched fluorescence. To minimize the ACQ
effect, Luo et al. (113) reported in 2001 that a type of luminogen (i.e., silole derivative) exhib-
ited enhanced fluorescence in the aggregated state, and their finding gave rise to the concept of
aggregation-induced emission (AIE). AIE is a photophysical phenomenon in which many organic
luminophores show dim or no emission in the dissolved state (single molecular state) but show
enhanced emission in the aggregated state because of restricted intramolecular motion (114). AIE
nanoparticles present some desirable characteristics, such as excellent photostability, high emis-
sion efficiency, and efficient ROS generation in the aggregated state for imaged-guided PDT. In
addition, AIE nanoparticles are suitable for in vivo imaging and have deep penetration ability and
strong photobleaching resistance. Currently, AIE nanostructures have emerged for various ap-
plications, including cancer theranostics, and can occur as different nanostructures, for example,
nanodots, nanorods, C dots, and nanosheets (115-118).

6. MODE OF ACTION

PDT induces antitumor effects by three main mechanisms: (#) destruction of tumor cells by the
generation of ROS, (b) collapse of the tumor vasculature and subsequent nutrient starvation of tu-
mor cells, and (¢) activation of the innate immune system against tumor antigens (Figure 3). Dif-
ferent PSs accomplish these mechanisms to varying degrees and being highly efficient at all three
is not necessarily needed or desirable. Early destruction of tumor vasculature inhibits the systemic

www.annualreviews.org o Photoactive Agents for Cancer Imaging and Therapy

AIE:
aggregation-induced
emission

41



(panurzuor))

SIP2 01491
ur peoueyud
Ajqereurax Ayrsuayur
Aysuorur onm anjo sopnaedoueu
UoIsSIud S(I0) ur (s[jeo UOISSIWd pue UoISSIwd
pazijeuonouny 01.1919) ASooydiour padonpur
002 -o0e}INg I20UED RS 085S SuiSeunrorg JI-AD-FIAN JO uone[MPOIN -uonedoiddy san
speudis
OATA ueurey
Ul uonedIpeId Suons
Jowmny a9dwod ‘uonenauad
paruasaxd IE2)
191p2801 OAIA UT pasoxdurr
LAd/LLd ‘ona ut ‘Burpro]
‘eurounIed (L-DDS) o81es
pau pue BLIOUId STNDA/99D paaoxduur
peay 10y 1uage 16D Joou LLd/1dd -urumqe “Aoeonyo saqnioueu
661 | SurSewn onsouSer(y pue peaf] 808/0€9 /SurSewy Sunemoap Suorp [ewdyI0I0Y J SLNDMS uoqIe))
% SL
B APIGLA)ITE]
uonIqIyur Jowny
‘eLIpuOYdOI I OAIA 1 ueyy
ur uonerauds ur ‘onia 1018218 ppoIk
¢y mars ur I ur (1.14) wnuenb
1Lad dyads 1eoued OLIIL P
18 ~ELIPUOYDOITA Isearq 086 Ldd /AOD-dNDN {0, @onpoiq saon
o8eurep OATA UT OoHoueu
anssN dNOIXAU ‘onia ur Suneoo Juage
3|qrsia ou (TPH) LT14 druoin|q Lraarp
(I UOISS2130.1 190UEd papeo-on[q 3nip pue
861 Toumy 9391dwor) [e214100) 808/559 LLd/1ad QUL [ewLORoIoy J §199ys OHoueU suayderr) uoqie))
ERLIEREIEN | SyTeway adfy () yyead (syuoneordde 21mPNNs SIMPNISOUEU | IINJONDSOUBN] | 9SEq 2IMONNG sse[)
130UE)) uondiosqy ita 1Y xapduwroooueN Jo sjoy

-asn paaoxdde 10j Jy31Adoo 995 “7Z/H1/10 U0 1°8%°€01°0L1 Aq popiaoid ssad0y

S10°SMIIAQI[ENUUE MMM WO} PAPEOJUMO(] "09-67:€ 120T "SUH "Powiorg A9y "Nuuy

OAIA U pUE OXJIA UT JDOUED
Jo sad£) yuarapip 1eam 03 suonedrdde [enualod o) pue SONSOULIAY) SE PIsN SUONE[NULIOJ PIINIONIISOUERU JO sId)dweled pue sowooIno oy, ¢ d[qe],

Broadwater et al.

42



(panurzuory)

SurSeun OAIA asea[a1 Snip
vu:uommho.zmw OATA ur AO.,DTV mu®>0.~&Ew
ur Adusmoyge-ysy ur (S[[0 pue 3eay
pue sisoydode era 1€-9N paziedo|
%08 4q Lqers “Vam) Burdewr pue Loy
[[29 paseadap 190U Aderarpourayo JVI-OD1 01 uondiosqe SSN
07 LILd/LAdd Isearq 808/0ZF /1dd/LLd “VSH-HSNO4 Y81 JIN (ny “8-9) [BRW SSN
PmoIs
Iowmn) payqryur
pue fpiqera
:UU @umwuhuuﬂu OATA UT
Sunogrey ‘onia ur
eLIpuOyd0IIW (L-I0IW) »ddD-P [errsyet
{UONE[NDID 190U -IOIS®YNDY UOISIDAUOD SUN
€07 -pa8uojoiq Isea1q 808/059 Ldd/LLd -9°0 [euRyIoloy g (ny “8-2) (BRI SIN
Aderoy 103ruowr
01 SurSeurr 1
{3IM 991U §O 9,08
ur uone[qeoyoyd
Aq s1owm
wO UOTSSIUIRX OATA
[£201 paonput pue ur ‘onia uononpoxd
%$8 Aq Apiqera ut (S[92 sod
[[22 paseaddp eOH) pue uon
L1d/1ad 190U SurSeun PVVA® -diosqeoroyd
207 [eLIOIEUIqUIOD) [E21A1D) $90°T Ivd/1.1d/Ldd -FOd(HO)™MD | IN paaoaduyg rOd(HO) ™D s10p wueng) | owediouy
Aq
Juade -nedwooorq
1Se0U0D TYIN Qo1 pasoxduur
ue se [enuajod 2/ IVY pue ‘(L.1.d)
padeydsip Surreaq dunagiey 951
pue sisoxdode —1owny onoaudeur 1.y ‘(LA
Po1233Ln-5OY 081S/51192 pue .14 SV uondpnpoxd
107 OAIA UT Ut ORTA UL L~-IDIN 433 1.dd ‘SwiSewy | -H7d-dNOI-*D SOY¥ e QU uoqieny
0UIYY SYIEWY adfy o(uru) yyead (s)uoneosrdde 9IMPNIS dImpnysoueu 2IMPNNsouBN | 9seq aImONNg sse[D)
I120U8)) uondiosqy urepy xarduwrodoueN Jo J[oy

-asn paaoxdde 10j Jy31Adoo 995 “7Z/H1/10 U0 1°8%°€01°0L1 Aq popiaoid ssad0y

S10°SMIIAQI[ENUUE MMM WO} PAPEOJUMO(] "09-67:€ 120T "SUH "Powiorg A9y "Nuuy

(ponunguo)) ¢ S1qEL

43

www.annualreviews.org o Photoactive Agents for Cancer Imaging and Therapy



‘uﬁuUhN&OﬁNﬁ EOMwMQ>EOUn—5 MHZUD

freuedd0rIost surwepoyl [Aypeuwrenal ‘) 1 1Y, O[ozeipen[¢z¢1][p]ozuaq(jAuayd(jAuafusydin-z¢z¢1)-4)- L-(JA- 7-uaydonp-(j4- z-jozepruit[po ‘g ]orypueuayd- 1 -(jAuayd(jAing-227)-1)-1)-§)-+
‘I LA-Ad.L 9qmoueu uoqred pajfem-a[3urs ‘T NDAAS ¢/-ewounred [[39 snourenbs ¢/-H1g ‘Aderoy [eunoyy Aouanbagjorper ‘] 13 ‘sewads uadAxo 2anoear ‘SOY

{Adexayp reuroporoyd ‘q 1 J t19znisuasoroyd ‘G ((proe o109413-00-on0e)A[od ‘o) 0418 suajhypadiod ‘oyiy g ‘Adesey srureudporoyd ‘g (14 ‘AydeiSowrol onsnoseoroyd ‘Tvg
‘(proe orjdme)A[od Yy ‘[eysoueu ‘SN ‘poltouru YN 2pniedouru qN SY[-1edu YIN anearap apruip sudfepydeu ‘TN ‘opxo susydeiSoueu ‘Qnoueu ‘FurSewr 20uew0saT dnaudeur TN
opnaedoureu opIxo uoIr GNO] (U9918 durueAdopur ‘o) furunqe wnes uewny ‘ySH ¢z 101dasar 1019e) umoid [eurropids uewny ‘ziof 9op wmuenb suaydeid ‘o) pniedoueu prqdy
onouSewr pare43ad [joysoueu-plos ‘HJD PIoe o1j0] ‘Y ‘2qmoueu uoqied anjq ueay] ‘TN opndad Sunensuad-fjeo adf1-a qgDH-a Gop uoqred (1)) uaId[[nyINSUTUION ‘097) [SUONRIAIGQY

Vi pue ‘D] 24p ‘VSH {Pias pazijeuonouny GN- snotod e (s pasa0d pue uInIoxop SnIp 120uednue oyl M papeo] XLnEW d[qepeLdopolq VO Id,

ddD-a pue 920) 4 2yp denus 01 ZO1g snozodosaur pareASad a1 pIm pareod SYN-NY,
“s1op wmuenb *OJ(HO) M) paIeod-yyd,

Vi PUE D P pazIeuonduny pue SqNOI P papeo] 99D,

*(I-T(IN) 2ADBALIDP [(IN] P28Se1-ouIso1f1-1 qam s(p) PAZI[EUODDUN-20BJING ¢

(LIJ/1Ad jo 481ouds “5-0) Adesoyy paurquiod ot JO $199J30 Y3 249IYOE 03 SYRSUS[IARM JUSIDJIP 03 Pasodxd axom sdnoid [eyuswrradxyy,

Surdewn onm
ur 3senuod-ySiy
pue unodrey onia
sarpoqnue ur (s[[eo SurSeun
ZIOF{-DUE (M CADIS) 95U92sdION]]
%0T Aq Lpiqera 120uTd pue LLd VOId
907 1[99 PaseaIdd([ Isearg 808 1LILd/SuiSewy SIN HdD-7H | Jo uoneuiquol) | punoie sGN-NY SGN
sanssn Jowny
(w gpg 01
dn) doap oSewr
ued {(HO. pue
{0,) uononpoud
SOY 3uaod OAIA
‘suedro urewr ur ‘onm Ayiszadstp
01 5109132 IS ur (S[[0 I01eM pUR qILd-AdL
ou PIM IMOIT SLEV) 1Lad/8uiSeun Aqnedurod parensdeous
S0T 10w JO uoRIqIyuy | 190U UR[§ 008 uojoyd-om], d.Ld-dd.L -o1q pasoaduuy -prdry SAN PHqAH
ouUdIYOY SYIRWY adfy o(uu) yyead (s)uoneordde 2IMPNINS aImpNIsouLu 2IMPNIsoueN | 9seq aImPNNg sse[D)
I90U8D) uondiosqy urey xa[duroooueN Jo J[oy

-asn paaoxdde 10j Jy31Adoo 995 “7Z/H1/10 U0 1°8%°€01°0L1 Aq popiaoid ssad0y

S10°SMIIAQI[ENUUE MMM WO} PAPEOJUMO(] "09-67:€ 120T "SUH "Powiorg A9y "Nuuy

(ponunuo)) ¢ S1qeL

Broadwater et al.

44



Annu. Rev. Biomed. Eng. 2021.23:29-60. Downloaded from www.annualreviews.org
Access provided by 170.103.48.1 on 01/14/22. See copyright for approved use

Inhibition of
O autophagy
t Lipid

1 ROS — peroxidation

e 1 Fe*? \

/ } Loss of 2%

/ b
7\
* m
.3 iAT\

% Phototoxic damage

@ Normal cell
@ Vascular endothelial cell ,/

CA*? CytC
) $ Hsp ——> SMAC/Diablo
o °® 0
Qoe 1 CRT

Immune system
recruitment

Apoptosis

"R"‘

58,
@

Immunogenic
cell death

Destruction of Tumor

“AA“Q" tumor vasculature starvation

Photodynamic therapy (PDT) induces tumor cell death through various mechanisms depending on photosensitizer (PS) localization.
PSs that cause direct tumor cell destruction localize in specific cellular organelles, leading to different cell death pathways. (@) PSs that
localize in the mitochondria generate reactive oxygen species (ROS) and damage the mitochondria, causing a decrease in ATP levels
and depolarization of the mitochondrial membrane potential (A,). (@) This results in the release and recruitment of proapoptotic
proteins [cytochrome C (CytC) and the SMAC/Diablo complex] that initiate apoptosis. (@) PSs that localize in lysosomes also induce
ROS while additionally releasing labile iron, which increases cytosolic oxidative damage. Low levels of oxidative damage contribute to
apoptosis, and high levels damage membranes to induce necrosis. Furthermore, destruction of lysosomes inhibits autophagy, a
mechanism for tumor cell survival. (@) PSs that photodamage the endoplasmic reticulum release heat shock proteins (HSPs), calcium,
and calreticulin (CRT). (@) High levels of cytosolic calcium trigger apoptosis. HSP release and CRT displays on the cell surface are
important damage-associated molecular patterns (DAMPs) that stimulate the antitumor immune system. (@) PSs that localize within
endothelial cells in the tumor vasculature ablate blood vessels and induce tumor starvation.

antitumor immune response and prevents additional drug and oxygen delivery, and highly concen-
trated ROS generation at the tumor site does not effectively stimulate the innate immune system.

The cell death mechanisms of PSs are influenced by their localization. This can be in the tumor
bed, in the tumor vasculature, or directly within the tumor cells. Certain PSs, such as padeliporfin
(TOOKAD), have been developed specifically to accumulate in the tumor vasculature and inhibit
tumor progression by nutrient starvation (53). This is usually coupled to additional accumulation
of PSs in tumor cells. Most second-generation PSs were designed to accumulate within tumor cell
organelles to improve tumor destruction. Generation of ROS within mitochondria, Golgi appara-
tus, ER, and lysosomes can directly initiate apoptosis over a matter of hours. This cleaner form of
cell death is thought to be ideal, as the programmed cell death routine releases toxic cellular com-
ponents in a controlled manner and recognition of the apoptotic marker, phosphatidylserine, by
phagocytes suppresses the expression of proinflammatory cytokines (119). Higher doses of light
and drug treatment lead to tumor cell necrosis, influenced by nonspecific PS accumulation in the
plasma membrane, resulting in immediate catastrophic damage and loss of membrane integrity
(38). These necrotic, proinflammatory modes of cell death accelerate tumor growth and metastasis
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by recruiting tumor-associated macrophages, which differentiate into growth-/repair-promoting
macrophages in the presence of cytokines such as interleukin 6 (IL-6), leukemia inhibitory factor
(LIF), tumor necrosis factor (TNF), C-C motif chemokine 22 (CCL-22), and stromal cell-derived
factor-12 (CXCL-12) (120, 121). However, certain forms of PDT recruit natural killer and CD8*
cytotoxic T cells to generate an antitumor immune response. Expression of heat shock proteins
HSP70 and HSP90, calreticulin, and high mobility group protein B1 (HMBG1) in the presence
of ROS-induced damage in the ER stimulates an immunogenic cell death. Expression of these
damage-associated molecular patterns (DAMPs) stimulates local inflammatory cells, a necessary
mechanism to achieve optimal PDT (122). PDT-stimulated immune response has the acute ef-
fect of locally controlling tumor growth and is also preventative against metastasis and tumor
recurrence by activating systemic immunosurveillance against tumor cells.

Activation of the innate immune system requires adequate blood flow to allow for a systemic
antitumor response; thus, PSs designed to ablate tumor vasculature are not ideal. To circumvent
this problem, an alternative method combines different intensities of light irradiation, coupling
low- and high-fluence-rate light delivery. Fluence rate is the measurement of incident light on a
cross-sectional area over a period of time. Initial low-fluence-rate light delivery can induce dis-
perse PDT effects to implement a systemic antitumor immune response, and subsequent high-
fluence-rate light delivery can destroy tumor vasculature and lead to acute tumor destruction. The
PDT-activated immunogenic cell death response, also called photoimmunotherapy (PIT), was
originally observed by the Kobayashi group (123): Light activation of antibody-bound IR700CW
leads to a conformational change that irreparably damages the plasma membrane when bound to
tumor cell membrane receptors. This damage leads to the release of DAMPs to initiate an immune
response. Initially, PIT was found to be independent of ROS generation, instead relying on con-
formational changes to the antibody structure. However, ICG antibody conjugates also induce a
similar effect via direct cellular ROS damage, which has allowed further insight into the molecular
mechanisms of antitumor immune system stimulation and into rational design of PSs to induce

this effect (124).

7. TARGETING
7.1. Passive Targeting

PDT has traditionally relied on the accumulation of PSs in the tumor site by passive targeting,
a phenomenon in which the inherent pathophysiology of tumors allows increased accumulation
of macromolecules. This has been exploited primarily in nanomedicine to reduce the side effects
associated with many chemotherapeutics by reaching cytotoxic levels of drugs only at the tumor
site. Nanoparticles passively accumulate in tumors due to the leaky and malformed vasculature of
tumors coupled with poor lymphatic drainage, known as the enhanced permeability and retention
(EPR) effect (125). The EPR effect leads to increased accumulation of larger macromolecules and
nanoparticles in the tumor bed. Unfortunately, there has been poor clinical translation in human
studies due to the heterogeneity of the EPR effect across different types of cancers, individuals,
and even tumors and metastases within the same patient (126).

7.2. Active Targeting

Due to the limitations of passive targeting, tumor-specific moieties for active targeting by PSs
of tumor tissue have been developed. Tumor-targeting agents include small molecules and anti-
bodies. Small molecules are ideal targeting agents because they are generally inexpensive and do
not inhibit cellular uptake of PSs, as sometimes observed with antibodies targeted to membrane
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proteins. Conversely, antibodies have a higher degree of tumor selectivity and sensitivity. Simple
sugars similar to glucose are popular targeting moieties that have been used for years, most com-
monly for positron emission tomography scans. Cancer cells overexpress glucose transporter 1
(GLUT-1), which can be manipulated to increase the uptake of conjugated PSs (127, 128). Simi-
lar results have been seen with folate, hyaluronic acid, and transferrin (129, 130).

Antibody targeting has the highest degree of specificity for tumor cells (131). Unfortunately,
many cancers that require additional therapeutic options do not express easily targetable recep-
tors. Further, large antibodies lead to poor tumor penetration and extended vascular circulation.
Antibodies can also induce an immune response and are expensive to synthesize. Smaller anti-
body fragments can lead to reduced circulation and improved tissue distribution (132). However,
smaller antibody fragments require higher-affinity binding to prevent diffusion from the tumor
bed and clearance through the vascular system (133).

PDT also has the means to enhance tumor drug uptake and can act as an indirect tumor-
targeting technique. Under proper conditions, PDT induces necrotic cell death of tumor cells
adjacent to blood vasculature. This perivascular destruction dilates the blood vessel, increasing
blood volume but decreasing tumor blood pressure. The combination leads to increased nanopar-
ticle perfusion into the tumor bed (134). This has been studied predominantly with NIR-PI'T
(near-IR-photoimmunotherapy) using various IR700-antibody conjugations; the PS undergoes
ligand dissociation from the antibody’s light chain when photoactivated, leading to membrane de-
struction. However, similar effects in traditional ROS-inducing PSs and upconverting nanoparti-
cles have been seen (135). Histopathology following NIR-PIT shows dilated tumor vasculature
with a widened tumor interstitium, which has been confirmed by magnetic resonance imaging
and fluorescent visualization of nanoagent accumulation in the tumor bed. This large increase in
tumor permeability is known as the super-enhanced permeability and retention (SUPR) effect and
has been used to increase tumor accumulation of nanodrug delivery 24-fold (123). The SUPR ef-
fect leads to increased targeted uptake of nanomaterials, which offers promising optical properties
as well as an ideal platform for multidrug delivery, tumor targeting, and improved biostability.

8. LIGHT DOSING REGIMENS

Fiber optics, light-emitting diodes, and microendoscopic delivery have advanced light delivery to
the tumor environment. Clinical trials using interstitial, endoscopic, laparoscopic, and intraop-
erative light delivery following surgical resection have been performed. However, the inherent
heterogeneity of tumors makes standardized regimens of light treatment and drug delivery chal-
lenging. Different PSs localize differently within tumors, and tumors have highly varied microen-
vironments and drug uptake, making it difficult to anticipate the proper light dosimetry to induce
a particular effect (136). Higher fluence rates (75 mW/cm?) rapidly deplete intratumoral oxygen
pressure (pO;) and do not significantly decrease tumor growth as expected (137). Surprisingly,
lower fluence rates are more effective for tumor control (137, 138). The rapid generation of ROS
with high fluence rates can deplete the tumor oxygen too quickly, creating hypoxic conditions
that inhibit PDT and promote tumor cell survival. Premature vascular collapse also inhibits local
tumor phototoxicity, blocking the delivery of additional O, and PSs. Studies have found that an
initial low-fluence-rate light delivery, followed by high-fluence-rate light delivery, improves the
efficacy of PD'T using the clinically approved PS agent temoporfin (139). Administering two inde-
pendent light treatments with differing dosimetries improves antitumor efficacy in several models
and across multiple PSs (140). Monitoring tumor oxygen levels during PDT may enable real-time
adjustments to light distribution and intensity, as different PSs can consume oxygen at different
rates (141, 142). Timing of light treatment is complicated by PS pharmacokinetics, which varies

www.annualreviews.org o Photoactive Agents for Cancer Imaging and Therapy

47



Annu. Rev. Biomed. Eng. 2021.23:29-60. Downloaded from www.annualreviews.org

Access provided by 170.103.48.1 on 01/14/22. See copyright for approved use.

48

dramatically between PSs, and an optimal light treatment window can vary from hours to days
after PS delivery. A major limitation to PDT is recurrence, which is thought to occur due to in-
complete tumor response to therapy. Optimizing light treatment regimens based on the mode of
action of a specific PS would reduce recurrence and improve outcomes.

9. RESISTANCE MECHANISMS

Autophagy, the degradation and recycling of cellular components, promotes cell survival under
harsh conditions and is often upregulated in cancer cells that are resistant to traditional radiother-
apies and chemotherapies. Increased expression of autophagy markers in cancer stem cells and
malignant precursor cells has been reported (143, 144). Autophagy can decrease the efficacy of
mitochondria-targeted PDT| and incomplete tumor response following PDT increases expression
of autophagy proteins in tumor cells (145, 146). To address this, researchers have used combinato-
rial therapy with autophagy-inhibiting agents to sensitize cells to PDT (147). PDT in combination
with lysosome- and mitochondria-targeting PSs should also be considered to avoid autophagy-
induced resistance; lysosomal destruction halts the recycling of biomolecules that promote cancer
cell survival via autophagy mechanisms. For example, the combination of two PSs, phenylben-
zothiazole (EtNBS) and verteporfin, showed a 95% reduction in the weights of fibrosarcomas in
BALB/c mice (148). This level of advanced photokilling could not be replicated with dramatically
higher doses of either PS administered alone or with higher doses of light treatment. These two
agents localize to different organelles within the cell: EENBS localizes to the lysosomes, inhibiting
apoptosis and releasing labile iron and Ca*?; verteporfin localizes primarily to mitochondria and
the ER to induce apoptosis. Although more preclinical data are needed, combining PD'T with
autophagy or lysosome inhibitors could increase efficacy for large tumor debulking or complete
tumor response. Understanding the distinct mode of action of specific PSs is important for devel-
oping combinatorial treatments that inhibit cell survival programs induced by PDT.

The destructive effect of PDT relies primarily on the production of ROS, which causes ir-
reversible oxidative damage to membranes and organelles. Unfortunately, cancer cells tend to
have highly dynamic stress resistance mechanisms, including high levels of superoxide dismutases
(SODs), glutathione peroxidase, and thioredoxins (149). This promotes a highly oxidative environ-
ment, promoting genetic instability and increased resistance to cell death mechanisms. Following
PDT, MDA-MB-231 breast cancer cell xenografts show an immediate increase in inducible nitric
oxide synthase (iNOS) and nitric oxide, which leads to increased tumor growth and inhibition
of ROS-induced apoptosis (150). Administration of NOS inhibitors improves PDT efficacy with
Photofrin, likely by hindering the cytoprotective effects of iNOS (151, 152), though these benefits
are observed only with high-fluence-rate PDT (153).

Resistance to apoptosis is a hallmark of cancer and has been well reported for PDT (145, 154).
Overexpression of antiapoptotic Be/-2 and underexpression of proapoptotic Bid and Bax inhibit cell
death programs to improve cell survival during PDT (155). Low-power PDT leads to increases
in the survival and stress responses, as upregulation is seen in hypoxia inducible factor 1 (HIF-1)-
and nuclear factor-kB (NF-kB)-induced genes (156). Because failure of PDT to fully eradicate
tumors can lead to increased malignancy and tumor progression, treatment regimens must be
appropriately designed to avoid inadvertently triggering protumor cell programs.

Increased expression of drug efflux pumps is a well-established mode of drug resistance. This
remains true for PDT] though the efflux pumps expressed tend to correlate to the localization and
mode of uptake of the PS. ATP-binding cassette super-family G member 2 (ABCG2) is an efflux
pump commonly expressed in multidrug-resistant cancers, and several PSs are known substrates
(157). Increased expression is seen after low-dose PDT; and upregulation in cell lines reduces
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the efficiency of PDT (155). Inhibition of efflux pumps has been successful in antibacterial PD'T:
Treatment with methylene blue PDT is improved when it is combined with a microbial efflux
pump inhibitor (158). Additionally, cell lines resistant to mitochondrial PDT" show changes to
mitochondrial structure and metabolism, though more research is needed to determine the exact
molecular mechanisms (159, 160). Overall, this is an area where more research is needed in order to
interpret potential resistances associated with therapy and improved indicators for cancers where
PDT could be an ideal therapeutic option.

10. COMBINATORIAL THERAPY

Increased knowledge about the biochemical interactions driving tumor progression has led to
combinatorial treatment, by which multiple pathways are targeted to improve response to ther-
apy and mitigate drug resistance (161). PDT already has the benefit of targeting multiple cell
death pathways by inducing direct damage to mitochondria, Golgi apparatus, ER, and lysosomes,
creating widespread irreversible cell damage at proper dosages. As discussed above, combining
PDT with autophagy or lysosome inhibitors may be effective against tumors with high levels of
autophagy. The combinatorial therapies discussed below focus on targeting additional pathways
to enhance PDT and subvert tumor survival responses.

10.1. Impairment of Cellular Redox

Many combinatorial treatments enhance the primary mechanism of PD'T—generation of ROS.
PDT can be augmented by increasing tumor oxygen saturation, interfering with cellular redox
balance, or potentiating the effects of PD'T-generated ROS. Antioxidant inhibitors have had poor
effects independently but show promise for enhancing the effects of PDT (162, 163). Dysfunc-
tion to redox homeostasis via cellular antioxidant inhibitors such as diethyldithiocarbamate (a
Cu/Zn-SOD inhibitor), 2-methoxyestradiol (a Mn-SOD inhibitor), L-buthionine sulfoximine (a
glutathione synthesis inhibitor), and 3-amino-1,2,4-triazole (a catalase inhibitor) has displayed in-
creased cell death and ROS generation with traditional PDT agents in cell models but requires
further study in animal models (163). Exogenous small-molecule antioxidants such as vitamins E
(tocopherol) and C (ascorbate) have shown promise both as protective agents in normal cells and
as selectively toxic agents against cancer cells at higher pro-oxidant concentrations (164). How-
ever, reaching clinically effective dosages of these agents has proved to be difficult, which has
limited their use and study. Hollow MnO, nanoparticles have become a promising nanoplatform
for PDT, as they provide delivery of PSs, which tend to be poorly soluble, and also stimulate oxy-
gen levels. MnO, catalyzes the breakdown of H,O, into water and oxygen, maintaining stable
levels of oxygen for a prolonged PDT response (165, 166). MnO; nanosheets have also been im-
plemented with PDT to oxidize intracellular glutathione, which impairs the antioxidant response
to ROS generation (167). There have been many studies of the antineoplastic effects of cannabid-
iol, which increase ROS generation in mitochondria and ER of cancer cells (168). Although not
efficacious on its own, cannabidiol showed dramatically increased potency when combined with
PDT and radiotherapy (169). For ALA prodrugs, agents that alter heme and iron metabolism
have led to increased accumulation of PpIX and subsequent improvements to PDT in preclinical
models (170-172).

10.2. Ferroptosis

Ferroptosis is another form of regulated cell death that ties in closely with oxidative stress and can-
cer. This unique form of cell death is based on iron-dependent lipid peroxidation. Cellular iron
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homeostasis is highly regulated due to the high reactivity of labile iron with oxygen to form ROS
(173). Ferroptosis can be induced by perturbations to the glutathione antioxidant network and
metabolism, inhibition of glutathione peroxidase 4 (GPX4), and increasing levels of intracellular
iron. For example, although pancreatic cancer is highly resistant to cellular apoptotic mechanisms,
ferroptosis can subvert typical apoptotic cell signaling to induce cell death in pancreatic ductal ade-
nocarcinoma cell lines (174, 175). Iron chelators such as deferoxamine combined with prodrug
ALA treatment have been investigated, as the sequestration of iron inhibits the final step of heme
synthesis, increasing the generation of photoactive PpIX from ALA (176, 177). Conversely, iron
chelation can also inhibit ferroptosis; iron complexed with deferoxamine lacks redox potency, re-
ducing the efficacy of PDT-induced cell death (178). Potential PD'T’ combinatorial methods could
involve dual delivery of small-molecule ferroptosis inducers (e.g., erastin, sorafenib, and RSL3),
iron doping via nanoparticle delivery, and iron-based nanoparticles. Not only has ferroptosis been
shown to resensitize cancer cells to chemotherapy and promote PDT; but high levels of ROS com-
bined with labile iron could produce O, via Fenton reactions. This would resupply the hypoxic
tumor microenvironment with molecular oxygen, solving a key problem inherent to PDT. Finally,
many ferroptosis inducers act by inhibiting the cellular redox balance, a mechanism that would
also enhance PDT.

10.3. Tumor Sensitization

PDT has been shown to improve the outcome of traditional chemotherapy and radiotherapy. Al-
though PDT itself primarily has a localized effect, resulting in minimal side effects, it can also
heighten the effect of radiotherapies and chemotherapies. Sensitization of the tumor to tradi-
tional therapies allows for lower effective doses, reducing side effects while improving therapeutic
outcomes. This has been especially notable with platinum-based chemotherapeutics because of
their induced expression of proapoptotic pathway proteins (179). In xenograft models of small-
cell lung cancer, low-dose cisplatin combined with PDT displayed a synergistic effect on tumor
size when compared with either treatment alone (180). However, reports regarding cisplatin in
preclinical models have been contradictory; due to the reliance of PDT efficacy on the immune
system, nude mouse models may not be appropriate for this type of therapy (181). PD'T combined
with radiotherapy led to similar results, although the interaction between the two treatments has
proved difficult to study. The combination of verteporfin and radiation therapy showed a 60%
reduction in tumor doubling time in patients with fibrosarcoma (182). Reduced side effects are
common with this type of combinatorial therapy, but the mechanism for the unexpectedly low
cross-interaction toxicity has yet to be determined (183).

10.4. Immunostimulators

Immune activation is a crucial part of the PDT mechanism. An increased immune response has
been reported to promote PDT efficacy in human patients, provoking interest in enhancing this
effect (184). Immune checkpoint therapy in T cells enhances antitumor therapy by preventing
tumor proteins from inhibiting the activation response of T effector cells (185). Treatment of bi-
lateral cancer in cholinergic mouse models with a pyrolipid PS and PD-1/PD-L1 (programmed
cell death protein 1/programmed cell death ligand 1) axis inhibitor (oxaliplatin) improved regres-
sion of the primary-site, light-treated tumor as well as that of distant tumors. This abscopal effect
was attributed to antitumor immunity, evidenced by increased exposure to calreticulin by treated
tumor cells followed by increased presence of CD8" and CD4* T cells at distant tumor sites
(186). Similar synergistic effects have been observed with immunostimulators, such as glycated
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chitosan, CpG oligodeoxynucleotides, and cyclophosphamide, as well as other immune check-
point inhibitors (187, 188).

11. CONCLUSIONS AND FUTURE OUTLOOK

In this review, we have highlighted the scientific advances in photoactive theranostics that are
expanding clinical PDT and photodynamic diagnostic applications. These advances have the
potential to revolutionize modern treatments of cancer and other diseases. Breakthroughs in
materials science, electronics, and imaging equipment have enabled exploration into NIR flu-
orophores/phosphors and have expanded the clinical applicability of PDT. This expansion has
facilitated novel investigations into photosensitizing agents in order to meet the demand for opti-
mized, accessible cancer treatments. We have summarized several innovative and promising pre-
clinical works. Moving these multimodal PSs into clinical settings should be prioritized. However,
several areas still need to be advanced in order to fully realize the tremendous potential of pho-
toactive theranostics. The wide variety of PSs studied with different tumor and cellular models has
made it difficult to develop optimized regimens for ideal patient outcomes. Further research into
each potential theranostic agent is needed to determine proper dosing criteria, both for the pho-
toactive agent and for the activating light. Improved PS agents need to be designed with minimal
off-target effects, greater selectivity, enhanced phototoxicity, and enhanced penetrance. Additional
standards, generally neglected in the literature, are required to establish proper dosing intervals
for different combinatorial therapies with PDT. Whether PDT is being used as a sensitizing agent,
an immune activator, or the primary treatment, it will have different dosing windows depending
on the combined therapy. Substandard clinical trial results may be due to variable pharmacoki-
netics, which is important for determining the timing of light treatment. Furthermore, PDT is
an ideal complement for combinatorial therapies with great potential for enhancing tumor-killing
efficacy beyond that of either approach alone and for enabling greater space for treatment devel-
opment and exploration. Many of the chemotherapeutic agents discussed are well tolerated at low
concentrations, and the combination of tumor targeting and broad effects of PD'T promises a po-
tent antitumor effect. Future work should aim to improve the efficacy of PD'T through rationally
designed treatment strategies, to explore novel photoactive materials, and to continue to expand
applications in a broader range of cancer types.
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