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Abstract

Reactive oxygen species (ROS)-mediated mechanism is the major cause underlying the efficacy of
photodynamic therapy (PDT). The PDT procedure is based on the cascade of synergistic effects
between light, photosensitizer (PS) and oxygen, which greatly favor the spatiotemporal control of
the treatment. This procedure has also evoked several unresolved challenges at different levels
including (i) limited penetration depth of light restricts traditional PDT to only superficial
tumours; (ii) oxygen reliance deprives PDT treatment of hypoxic tumours; (iii) light could
complicate the phototherapeutic outcomes due to the concurrent heat generation; (iv) specific
delivery of PSs to sub-cellular organelles for exerting effective toxicity remains an issue; and (v)
side effects by undesirable white-light activation and self-catalysation of traditional PSs. Recent
advances in nanotechnology and nanomedicine have provided new opportunities to develop ROS-
generating systems through photodynamic or non-photodynamic procedures while tackling the
challenges of current PDT approaches. In this review, we summarize the current status and discuss
the possible opportunities of ROS generation for cancer therapy. We hope this review will spur
pre-clinical research and clinical practice for ROS-mediated tumour treatment.
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1. Introduction

Reactive oxygen species (ROS) are chemically reactive radicals or non-radical molecules
derived from molecular oxygen (O,), including singlet oxygen (10,), peroxide (O),
superoxide (Oze), and hydroxyl radical (HO).1: 2 Since the introduction of O, into our
atmosphere by photosynthetic organisms early in the blossomy evolution of aerobic life,
ROS has become an integral part of our earth life.3 Molecular oxygen has two unpaired
electrons with parallel spins located in two separate orbits of its outer electron shell, which
makes it highly susceptible to radical formation. The formation of ROS as a byproduct
during the photosynthesis and aerobic respiration of plants and other living organisms
constantly occurs in chloroplasts, mitochondria, peroxisomes, and cytosol of cells. 5 In
mammalian cells, ROS is mainly generated in mitochondria when oxygen is reduced along
the electron transport chain during aerobic respiration or by oxidoreductase enzymes and
metal-catalyzed oxidation throughout the lifetime of cell cycle.b

ROS functions as a double-edged sword in cells.” Low levels of ROS play important roles in
supporting cellular life cycles, such as proliferation and homeostasis.® They act as cellular
signaling messengers by reversibly oxidizing protein thiol groups, thereby modifying protein
structure and function.” More importantly, ROS generation has long been recognized as one
of the key factors that protect our body from invading organisms in disease-resistance, cell-
mediated immunity, and microbiocidal activity.® Cells have a variety of defensive
mechanisms to regulate the balance between the formation and elimination of ROS, and thus
controlling ROS at a moderate level for normal cellular functioning. However, the imbalance
between ROS generation and detoxification could generate oxidative stress with high levels
of ROS in the cell. This would result in oxidative damage to cellular constituents (e.g.,
proteins, lipids, and DNA), apoptosis or necrosis, and probably the promotion of cancer-
causing mutations.19-12 The level of ROS can also indicate different cellular activities that
vary in nature and over time. Mounting evidence suggests that many types of cancer cells
have increased levels of ROS compared with their normal counterparts.13-15 Concomitantly,
cancer cells have altered redox status by increasing the expression of endogenous
antioxidants, which significantly affect the phenotypic behavior of cancer cells and their
response to therapeutic interventions.16: 17 Many cancer cells are thus well adapted to
oxidative stress because of their inherently flexible redox status, which makes malignant
cells more resistant to exogenous stress, such as chemotherapy and radiotherapy.18-20

Modulating the exceptional redox regulatory mechanisms of cancer cells has long been
recognized as an effective strategy to eradicate these cells.2! Many compounds, such as
paclitaxel, doxorubicin, arsenic oxide and platinum-based drugs, would promote the
generation of cellular endogenous ROS when they exert anticancer activity both /n vitro and
in vivo.22: 23 However, the underlying mechanism for the generation of cellular ROS by
these compounds is still unclear. Similarly, the low clinical response and high frequency of
drug resistance to these chemotherapeutic agents are also not fully understood.24 25
Furthermore, some cancer cells, especially those in advanced stages, are highly adaptive to
oxidative stress by upregulating the expression of antioxidants (e.g., glutathione or catalase)
which enables them to survive harsher drug treatments. Exploiting the vulnerability of
cancer cells to exogenous ROS generation has shown great promise in cancer drug
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discovery.26 In fact, cancer cells have the ability for elevated ROS generation which results
in an upregulation of antioxidant(s) and a shift of redox dynamics to maintain the ROS
levels below the toxic threshold.26 It is conceivable that cancer cells would be more
dependent on antioxidants for cell survival and thus, more vulnerable to exogenous ROS or
on compounds that abrogate the antioxidant systems.2® This concept of inducing preferential
cancer cell death was proposed two decades ago, suggesting that ROS-mediated cancer cell
killing strategies may cause more damage to malignant cells than normal cells due to the
different redox states.27-30 It is worth noting that redox alteration in cancer cells is a
complicated, multifactorial process and therefore simply introducing ROS-generating agents
into cells may not always lead to a preferential killing of cancer cells.26: 29

Photodynamic therapy (PDT) is a treatment that employs exogenously produced ROS to kill
cancer cells generated from photosensitizers (PSs) or photosensitizing agents by light
activation.31-33 First introduced in the early 1890s and rediscovered in 1975,34 PDT has
been extensively exploited as a promising strategy for cancer cell killing and tumour
ablation over the past four decades.35-37 There are typically three major components
involved in PDT: a specific light source that provides energy for a specific type of
photodynamic reaction; PSs that can harvest this light and conduct photodynamic reaction;
and oxygen-containing substrates (e.g., molecular oxygen, water) that produce ROS upon
electron transfer from excited PSs.36 Since the approval of the first PDT drug procarbazine
in 1970s, more than 16 drugs have been developed till now that are commercially available
or under clinical trials.3! Nevertheless, conventional PDT faces several challenges including
light penetrating depth, PS and O, reliance, PS localization, and light-dependent activation

(Fig. 1).

Recent advances in nanotechnology have provided a versatile platform for PDT
developments.38: 39 A number of comprehensive reviews have been contributed to elucidate
the theory behind the PDT procedure,*0: 41 summarize the judicious optimization of PSs and
design of nanostructures for PDT study,*2-44 or underscore the clinical practice of PDT
treatment.31: 37. 45,46 On this basis, this review is devoted to the innovative systems that aim
to produce ROS for cancer therapy and expand the scope of PDT in cancer treatment (Fig.
1). We have attempted to provide an overview of such systems by highlighting the critical
needs for new PDT treatment strategies while emphasizing the efforts to produce ROS for
cancer therapy.

2. Depth penetration

Light penetration depth into the skin is one of the preconditions for a PDT procedure. As a
type of electromagnetic radiation, light travels at a particular wavelength and carries a
consecutive flow of energy. The entire range of light is divided into several categories as
wavelengths increase from 10716 to 108 m, including gamma rays, X-rays, ultraviolet (UV),
visible light, infrared, and radio waves. Utilizing light as an energy source,
photosensitization is an electron transfer (not energy transfer) process from an excited light-
absorbing sensitizer to non-absorbing substrate. The penetration depth and delivery
efficiency of light are two major obstacles in PDT of cancers for deep tissue treatment,
because light can be largely reflected and decayed upon interacting with tissues (e.g., skin).
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A similar concern is also valid in photothermal therapy (PTT) that employs light-absorbing
agents to generate heat for thermal killing of cancer cells.38

The living tissues are a highly complicated dynamic turbid medium which can confer a
dominant effect to light by varying the rates of absorption, scattering, transmission and
reflection (Fig. 2).31 47. 48 penetration depth of light in living tissues depends on multiple
parameters such as wavelength, intensity, polarization, coherence, and the tissue physiology,
like pigmentation, fibrotic structure, hydration and composition (e.g., hair). Endogenous
fluorophores, including hemoglobin and melanin, have strong absorption of light in the
visible spectrum below 600-700 nm. Therefore, an ideal PS should have an absorption peak
above 700 nm to allow tissue penetration as deep as possible.*? By taking into account the
energy shrinkage with wavelength increment, only the light in the range of 700 and 1100 nm
(i.e., near-infrared, NIR) is suitable to penetrate deep into tissue.50 However, long
wavelength NIR light (e.g., >850 nm) was found to be less effective in activating PSs in
practical PDT due to the narrow energy gap and the relatively fast non-radiative transition
(e.g., thermal effect).#0: 51 Taken together, most of the current PSs have limitations with the
wavelength ranging from 700 to 850 nm.%! In a typical setting, the light penetration depth
was reported to be ~3 mm underneath the skin, which largely hinders their wide applications
in the clinic.52

To overcome the drawback of limited penetration depth in traditional PDT systems, several
strategies have been applied. First, one can use light transducers as energy amplifiers that
can absorb light in the NIR region and emit in the visible region thereby activating PSs in
the vicinity.53: 54 Such examples can be found in upconversion nanoparticles (UCNPs) and
two-photon excited NPs.25-60 Second, bioluminescence resonance energy transfer (BRET)
systems combining bioluminescent luciferase and quantum dots (QDs) could allow /n situ
production of light and internal activation of the PSs due to the unique optical properties of
QDs.%1 Third, X-ray as a light source has great promise in PDT applications with no tissue
penetrating limitation. This strategy employs nanoscintillators to convert X-ray into visible
light and in turn activates the nearby PSs.62 Fourth, high-speed charged particles, such as
positrons (B*) or electrons, may emit light in the visible spectrum (250-600 nm) when they
travel in a given medium faster than the speed of light. This procedure is known as Cerenkov
radiation being great potential for depth-independent PDT.62

2.1 Upconversion systems

The concept of upconversion is an important photonic phenomenon in photo-physics and
chemistry, which describes the conversion of a lower energy excitation into a higher energy
emission through an anti-Stokes photoluminescence process.>”: 83 With the emergence of
nanotechnology and nanomedicine, UCNPs have attracted tremendous research interest in
the fields of materials, energy, bioimaging, and biomedicine.56: 58-60, 64,65 Although
molecular upconverting systems usually show relatively higher upconversion conversion
efficiency than UCNPs, they are still limited in practical PDT study partially due to the
challenges to reach favorable NIR excitable range.56 Recent advances in synthetic and
theoretical approaches may open up new avenues to solve these problems by using
upconverting molecules for PDT study.57: 68 The upconverting range of UCNPs can be
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easily modulated from NIR to shorter NIR, NIR to visible, or NIR to ultraviolet (UV)
emission through engineering the synthetic methods, either by dopant control or by
formation of core-shell structure. Moreover, light emitted by UCNPs is considered to be
nonblinking and nonbleaching, less light scattering, and capable of deep tissue penetration
because the excitation in the NIR region is within the optical ‘transparency’ window of
biological tissues. Therefore, UCNPs have great potential to endure the limitations of light
penetration depth in traditional PDT procedure, which serves as a light transducer to emit
shorter wavelength light for activating PSs upon NIR light excitation (Fig. 3A). There are
several strategies to construct PDT formulations based on UCNPs and PSs. First, PSs can be
covalently conjugated onto UCNPs through surface functionalization and chemical binding
procedures (Fig. 3B). Second, PSs can be non-covalently attached to the surface of UCNPs
through either hydrophobic-hydrophobic interaction or electrostatic interaction (Fig. 3C).
Third, PSs can be embedded into mesoporous silica matrix during the formation of UCNP-
silica core-shell structure (Fig. 3D). Fourth, nanostructured TiO» can serve as PS layer
coated onto the surface of UCNP as core-shell structure without adding molecular PS (Fig.
3E).

Covalent chemical conjugation of PSs onto the surface of UCNPs is quite straightforward;
however, this method requires the PSs to be sufficiently hydrophilic to render the overall
formulation water-soluble and biocompatible. Unfortunately, most of the current PSs are
hydrophobic which limits this method to very few choices of hydrophilic PSs.69-72
Alternatively, a smartly engineered configuration of 5-aminolevulinic acid (ALA)-
conjugated UCNPs have been recently reported as a novel PDT formulation.”® ALA is an
FDA-approved PDT prodrug that can be converted to PS protoporphyrin IX (PplX) via the
heme biosynthesis pathway.”* 7> In contrast to the directly administered FDA-approved PS
Photofrin,”® ALA molecule is economic, hydrophilic, and more importantly, of higher
selectivity in cancerous cells due to the downregulated ferrochelatase (a PplX degrading
factor).”* 7> When conjugated to UCNPs with high absolute upconversion quantum yield of
3.2% in red-emission, Han et al. demonstrated a significant PDT effect in a deep-seated
tumour at a safe laser power density.”3 The covalent chemical conjugation avoids the
unexpected release of PS from the UCNPs during systemic circulation. However, covalent
conjugation of PS is often associated with low loading efficiency, which is mitigated with
the combination of other loading methods to achieve sufficient ROS generation for cancer
cell killing.””

Delivery of hydrophobic drugs largely relies on the non-covalent physical adsorption or
electrostatic interaction methods. The same design considerations were applied to load PSs
for constructing light activated PDT platforms.’8 Specifically, the as-prepared UCNPs are
usually capped with oleic acid to make the host NPs soluble only in a non-polar organic
solvent. For example, Liu et al. reported that Chlorin 6 (Ce6) could be loaded in the
tangling framework of hydrophobic alkyl chains by using amphiphilic C;gMPH-PEG
molecules.”® The resulting UCNP-Ce6 supramolecular complex showed excellent PDT
efficacy and tumour suppression.”® The authors further demonstrated that 10, generation
maintained at the level of 50% when a piece of 8 mm thick pork tissue was placed under the
980 nm laser, while no 10, was detected when excited at 660 nm. On the other hand, Chen
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et al. reported that the exposed positively charged Ln3* ions on the surface of UCNPs can be
attached with negatively charged mono-substituted B-carboxyphthalocyanine zinc (ZnPC-
COOH) molecules, resulting in a high energy transfer efficiency of 96.3% (the highest value
reported to date).8% Non-covalent loading of PSs allows for close interaction with the
UCNPs, which in turn confers high energy transfer efficiency for effective ROS generation.
Moreover, other hydrophobic drugs (e.g., chemotherapeutic drugs) can be combined with
PSs using this method, which would further enhance the tumor-killing effect.

Surface coating of a silica layer was widely employed to incorporate PSs with UCNPs,
which are usually embedded into the mesoporous silica shell.81-84 The unique porous
structure of mesoporous silica layer facilitates diffusion of oxygen species (e.g., H,O or O,)
into the channels and interaction with the loaded PSs.8% This method has several advantages:
(i) both hydrophobic and hydrophilic PSs can be loaded into the porous silica layer; (ii) the
size of mesoporous channels can be easily tuned to modulate the loading efficiency and
interacting profile of different PSs with different molecular sizes; (iii) positively charged PSs
are especially suitable for this system due to the negatively charged nature of the silica
matrix. It is noteworthy that this method is a slow multistep process and the PS loading
efficiency is highly variable from batch to batch.3?

Integration of UCNPs with molecular PSs has shown great promise in ROS generation at the
deep tissue level. However, molecular PSs often suffer from uncontrollable loading and
leakage due to the highly diffusive nature even when incorporated into nanoparticles; this
also attenuated the reliability and reproducibility of PDT results both /n vitroand in vive.
TiO, nanoparticles are excellent regenerative photocatalysts that can absorb ultraviolet light
at a range of 275 to 390 nm and generate cytotoxic ROS with high efficiency.86 ROS can be
produced through electron-hole transfer from TiO, nanoparticles to either chemisorbed
water in an oxygen-independent manner or molecular oxygen in aerobic conditions.87: 88
Recently, Zhang and co-workers reported that UCNPs coated with a layer of TiO, shell had
highly stable ROS generation without the use of molecular PSs.8% 90 This design eliminates
the possibility of PSs leakage, thus ensuring significant and stable ROS outputs for efficient
killing of cancer cells.%°

2.2 Two-photon excitation

As a nonlinear optical phenomenon, two-photon absorption (TPA) is the simultaneous
absorption of two photons of identical or different frequencies to excite the ground state of
molecules to an excited higher energy state. This approach has attracted increasing interest
in recent years.9! The TPA protocol requires the use of a tightly focused femtosecond laser
beam as a light source to excite a small focused area and obtain sufficient instant energy for
two-photon excitation.®® In contrast to other upconverting processes in which photon
adsorption could happen non-synchronously, TPA occurs only when two photons are
simultaneously absorbed. The light intensity is maximized at the focal plane and decreases
approximately with the square of the distance along the propagation direction. Thus,
excitation through TPA is confined in a small area near focal plane, giving the extraordinary
opportunity to pinpoint 3D images with high spatial selectivity.91 92
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Therefore, two-photon-excited PDT is a promising strategy for deep-tissue penetration and
selective activation of PSs by using femtosecond pulsed NIR laser (Fig. 4A).93-95 A proof-
of-concept /n vivo study for two-photon PDT was reported in 2008 by Wilson and Anderson
groups, who developed a new family of porphyrin-based PSs with high two-photon cross-
sections (Fig. 4B).% The authors demonstrated that the TPA cross-sections of these
porphyrin dimers were more than two orders of magnitude greater than those of standard
clinical PSs, remarkably facilitating the TPA process (Fig. 4C, D). The use of NIR laser
light (920 nm, 300 fs, 90 MHz, 39 mW) efficiently activated the PSs for ROS generation and
cell death (Fig. 4E). The selective occlusion of mouse artery with a diameter of about 40
mm at the focal point of the laser was observed while leaving the surrounding tissue
unaffected.

Starkey et al. reported the development of an MPA79-based derivative with the
corresponding maximum TPA cross-section of 1500 to 2000 Goeppert-Mayer units.%® This
molecule allowed for robust regression of tumour xenografts at the depth of 2 cm through
the body of severe combined immunodeficiency (SCID) mice by two-photon PDT. The
results further indicated the high potential to lay a maximum depth at 5 to 7 cm in larger
animals. Intelligent artificial synthesis and modification of porphyrin-based molecules for
enhanced TPA have been extensively explored.?”-100 Kobuke and co-workers reported that
the butadiyne-linked bisporphyrin array system showed strongly enhanced TPA exhibiting a
potential for an enhanced energy transfer and PDT efficacy upon two-photon

activation.®”: 101 Despite the extensive research interest, these molecular TPA materials often
suffer from severely decreased quantum yield after transferring into water through molecular
engineering or nanoparticle formulation.102

Jiang and colleagues reported a considerable large increase in the quantum yield of
CdSeS/ZnS QDs from 0.33 to 0.84 after polymer encapsulation, probably due to the
blocking of non-radiative decay pathway from the surface trap states of QDs.192 The
resultant QDs exhibited a notable penetration depth of 2.2 cm in two-photon imaging of
cells underneath a tissue phantom, suggesting the feasibility of utilizing QDs as two-photon
mediated deep tissue PDT probes. Plasmonic metal NPs (e.g., Au, Ag) are known to have
unique optical properties arising from collective oscillation of conduction band electrons on
surfaces, which can induce local electromagnetic fields and modulate optical properties of
nearby chromophores. Furthermore, Au nanostructures were reported to possess about two
orders of magnitude higher TPA cross-sections than those of traditional fluorophores,
making them attractive candidates as TPA probes and light transducers in PDT.103. 104
Recently, a FRET system based on two-photon excited silica-coated gold nanorods (GNRS)
and PSs has been investigated by adjusting the thickness and porous feature of silica shell
between the donor and acceptor.10%: 106 The optimal two-photon energy transfer was
achieved with the silica thickness of 20 nm which caused severe damage to epithelial tumour
model by TPA-PDT procedures.105

2.3 Self-illumination

Analogous to FRET, BRET utilizes biochemical stimulus to activate bioluminescent proteins
which in turn serve as donors to excite acceptors (e.g., fluorophores or proteins) in close
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proximity.107. 108 First discovered in marine creatures such as jellyfish Aequorea Victoria
and the sea pansy Renilla reniformis, BRET has additional advantages over FRET because
the emission and the activation in BRET can be remotely controlled through biochemical
reactions. These features provide invaluable opportunities for /n vivo imaging and
biosensing. The enzyme Renilla luciferase (Rluc) and its substrate coelenterazine are one of
the most widely used donor counterparts in artificial BRET platforms.109 Rluc catalyzes the
oxidation of coelenterazine, which is a cell-permeable molecule, and emits light at the
maximal wavelength of 480 nm depending on the structural nature of the substrate.110. 111
The unique optical properties of QDs, especially for the large Stokes shift, make them
appealing as leading candidates in BRET system where locally excited weak
bioluminescence can be converted into bright fluorescence at a longer wavelength.112
Therefore, locally activated BRET systems are amenable for deep tissue bioimaging and
sensing which could overcome the shallow tissue penetration of light in traditional light-
dependent platforms.6 113

Recently, a BRET system by Rluc illuminating QDs has been demonstrated for deep tissue
PDT.114. 115 Dated back to 1994, a similar concept of bioluminescence-based PDT was
reported by Carpenter et al., who investigated its potential using Photinus pyralis luciferin/
luciferase system as bioluminescence light source.116117. 118 Rag et al. developed an eight-
mutation variant of Rluc, denoted as Rluc8, which is more stable in serum and has improved
catalytic efficiency compared with the wild-type protein, suitable for BRET imaging and
bio-sensing 7 vivo.51

A BRET-mediated PDT system was reported by Lai and co-workers in which Rluc8 was
immobilized on the surface of CdSe/ZnS QDs which showed a cascade of BRET and ROS
generation after adding coelenterazine (Fig. 5).114 BRET excites fluorescence emission of
QDs at 655 nm which in turn activates the PSs (Foscan) in close proximity. The generation
of ROS was calculated to be ~40.8%, killing A549 cells in vitro and significantly delaying
tumour growth /n7 vivo. Yun and colleagues further reported that Rluc8-decorated QDs
showed efficient BRET-induced PDT for the treatment of macroscopic tumours and
metastases at sentinel and secondary lymph nodes (LNs) in deep regions.11> The authors
demonstrated that not only the primary tumour but also the metastatic cancer cells in
inguinal LNs were significantly reduced in the treated group, highlighting the great potential
for BRET-mediated PDT of tumours located in deep tissues which cannot be reached by
external optical illumination.11°

2.4 X-ray excitation

X-rays are a part of the electromagnetic spectrum with frequencies in the range of 3x1016 to
3x1019 Hz and energies in the range of 0.1 to 100 keV. Different from traditional light, X-
rays can ionize atoms and disrupt chemical bonds of molecules due to the high-carrying
energy. In terms of energy, X-rays are categorized into ‘hard” and ‘soft’ X-rays with energies
above 5-10 or less than 5 keV, respectively. Despite considerable risks of radiation sickness
and cancer-causing potential, X-rays have been widely applied in medical imaging due to
their considerable merits in disease examination.52
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X-rays interact with matters by three major mechanisms of photoelectric absorption,
Compton scattering, and pair production. It is of note that the interaction is scantly related to
chemical properties because X-ray photon energy is much higher than chemical binding
energies of applied materials. For medical imaging of organisms by hard X-rays,
photoelectric absorption is the major interaction between X-rays and bone structures which
make them clearly show up in images due to the presence of calcium, while Compton
scattering is the dominant interaction between X-rays and soft tissues. In other words, heavy
metals can enhance the ionizing effects of X-rays through the “high-Z effect”, exhibiting
higher photoelectric cross sections than soft tissues using sub-mega-electronvolt

energies.62: 119, 120 The employment of high-Z substances (usually containing heavy metals)
to generate X-ray-excited optical luminescence (XEOL) has been a promising technology
for molecular imaging and biomedical applications.121: 122

X-ray photons hold great potential to serve as an ideal excitation source, enabling
penetration into deep tissues.52 123 To this end, X-ray-excited PDT procedure could be
highly potent in overcoming the limitation of light penetration depth in traditional light-
activated PDT. In this process, wide band gap materials are employed as scintillators to
absorb incoming X-rays and transform them into UV/visible light. This phenomenon is
attributed to the interaction between high energy photons and scintillators through
photoelectric effect and Compton scattering effects (Fig. 6A). Recently, several types of
nanoparticles have been developed for this purpose, such as metal-organic frameworks,124
gold nanoclusters,12° radioluminescent nanophosphors,126: 127 QDs, 128 and lanthanide-
based NPs.129. 130 The emission of UV/visible light can be subsequently harvested by
nearby PSs to generate ROS (Fig. 6B). Also, the use of X-rays enables super-high
penetrating depth and excitation of locally loaded PSs when they are in deep-seated tumours.

A pilot study performed by Chen et al. demonstrated that X-rays can activate Ce3*-doped
lanthanum(111) fluoride (LaF3:Ce3*) or ZnS:Cu,Co particles to emit scintillation or persistent
luminescence, which in turn activates the PSs to generate 10, for cancer cell
destruction.131. 132 The authors showed that this strategy was able to effectively kill cancer
cells /n vitroupon a 5 Gy X-ray irradiation, holding great promise for deep seated cancer
treatment.123. 133 Xje group developed a novel SrAl,04:Eu2* (SAO) NPs as an X-ray
inducible nanoscintillator, which induced substantial tumour growth arrest and even tumour
shrinkage in a U87MG xenograft model.12” More recently, Shi group developed a core-shell
Ce(l1)-doped LiYF4@SiO,@ZnO structure to combine synchronous radiotherapy and
ionizing radiation-induced deep PDT (Fig. 6C-F).134 The radiation-induced PDT
demonstrated substantially enhanced antitumour therapeutic efficacy with minimal
dependence on the light penetration depth and oxygen levels in mouse tumour models (Fig.
6G, H).134

The feasibility of using high-energy photons (e.g., X-ray, -y-ray) as light sources for PDT
has recently been quantified in a model of CeFs-verteporfin (VP) conjugates.13° The results
showed that the quantum yield of X-ray induced 10, generation was 0.79 + 0.05 for the
most efficient conjugate with 31 VP molecules per nanoparticle. This conjugate

converts 10, molecules at the level of 1.2 x 108 to 2.0 x 10 per cell upon exposure to high
energy (6 MeV) radiation with a radiotherapeutic dose of 60 Gy. Furthermore, another study

Chem Soc Rev. Author manuscript; available in PMC 2017 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 10

employed Monte Carlo program to model energy deposition and predicted the efficiency of
nanoscintillators in X-ray-induced 10, generation, emphasizing several key factors that
would balance the PDT effect, such as coupled PSs, X-ray energies, NP concentrations, and
NP sizes.136

2.5 Cerenkov radiation

Cerenkov radiation, named after Pavel Alekseyevich Cerenkov, is an electromagnetic
radiation when a charged particle (B- or a-particle) travel through a dielectric medium at a
speed faster than light.137 As a charged particle, it can polarize the molecules of its medium
into an excited high-energy state. One of the most important characteristics for Cerenkov
radiation is the emission of Cerenkov luminescence (CL), which is generated from the
process of polarized molecules relaxing back to the ground state.137 The emitted radiation
luminescence consists of light within continuous spectrum (ca. 200-1000 nm) with a broad
energy range (ca. 6.1-1.23 eV). The CL-based strategies have recently attracted attention in
molecular imaging applications and serve as an effective tool to bridge the radionuclide
imaging with optical imaging.138: 139 For example, Moore and colleagues reported a proof-
of-concept study that 2-deoxy-2-[18F]fluoro-D-glucose (18FDG) could be used as PET-
activated probe in a luciferase-transfected breast cancer model.140

Similar to X-ray-induced PDT process, high energy positron (%) internalized Cerenkov
radiation, with greatly enhanced tissue penetration depth, can also be utilized in
phototherapeutic studies. However, CL is still a low-intensity light source because of the low
Cerenkov photon flux from the radiotracers. Significant signal amplification and optimized
light-harvesting procedures are therefore required to exert efficient Cerenkov-radiation-
mediated therapy.137 TiO, nanoparticles are excellent regenerative photocatalysts that absorb
ultraviolet light (A = 275-390 nm) with high efficiency to generate cytotoxic ROS (e.g., Oy~
and HO»).88 The HO- are produced through electron-hole transfer to H,O molecules
adsorbed on the surface of TiO, nanoparticles in an oxygen-independent process This
approach holds great potential to induce toxicity to hypoxic tumours.87 8 Achilefu et al.
have explored the use of TiO, nanoparticles as PSs for CR-induced phototherapy (CRIT,
Fig. 7A).141 The authors employed apo-transferrin (Tf) as a tumour-targeting agent coated
onto TiO, nanoparticles, providing a modular approach for PSs design and an efficient
tumour-targetable CRIT (Fig. 7B, C).141 The results showed that CRIT is effective only
when both the CR source (18F and 64Cu) and the PSs are in the same cell, while maintaining
off-target toxicity at a low level. Finally, an /n vivo study employing the intravenous
administration of tumour-targeting NPs showed that CRIT significantly inhibited the growth
of the A549 tumour (Fig. 7D-F).141

Although the use of radioisotopes as a light source can greatly alter the limited penetration
depth of an outside light source, Cerenkov radiation is still restricted by its effectiveness.
First, the luminescence intensity from Cerenkov radiation is several orders of magnitude
weaker than that of conventional fluorescence imaging, because most of the radiated energy
is in yy-photons rather than B-particles. Second, Cerenkov radiation is mainly composed of
UV-blue photons which have limited tissue penetration depth. The combination of CR and
energy transfer mediators to improve CL intensity is considered as a promising strategy to
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achieve enhanced PDT outcomes, such as the use of QDs,138 gold42 or europium oxidel43
nanoparticles.

3. Oxygen self-supplement

A solid tumour often has fast proliferation exceeding its blood supply due to the imperfect
vascular system leaving portions of the tumour in a hypoxic microenvironment.144. 145 A
variety of tumour treatments, such as chemotherapy, radiation and hyperthermia therapy, are
ineffective because of the low tumour oxygenation levels.146: 147 Hypoxic tumour regions
may thus be excluded from therapy, resulting in inevitable tumour recurrence and
metastasis.148: 149 Hyperbaric oxygen therapy which entails the use of pressurization to
deliver increased oxygen concentration to the body and especially in the tumour has been
developed.147: 150 Since the 1970s, this strategy has been introduced in clinical trials with
patients undergoing radiotherapy in hyperbaric oxygen chambers in an attempt to force more
oxygen into blood and into the tumours.1°0 Indeed, breathing hyperbaric oxygen can
increase the pressure of oxygen (pO,) in tissues of the patient. For example, pO, of skin
dermis increases from about 50 torr when breathing air (20% oxygen) to 150-350 torr during
the breathing of 100% oxygen at 1 atm.151 This value can be increased to above 1000 torr by
breathing of 100% oxygen at 2 to 3 atm.15! Researchers have also shown that breathing
hyperbaric oxygen could increase the ROS levels in patients, implying the critical role of
oxygen in disease treatments.147

The photodynamic procedure through PSs excitation via the triplet state can be characterized
as Type | and Type Il processes.3° Type | reaction comprises the directly activated reactions
between PSs and substrate molecules v7a electron or hydrogen atom transfer and usually
gives rise to free radicals.39 In the Type Il process, which is dominated by most of the
current dye PSs, the electronically excited PSs react with oxygen to form ROS.39: 62
Therefore, the availability of molecular oxygen may become a rate limiting factor in
producing ROS through the Type Il process (Fig. 8). Previous studies have shown that
tumour hypoxic condition could largely abolish PDT-mediated cell inactivation.152: 153 An
in vitro study using Photofrin Il as PS showed full PDT effects when the pO, level was at
about 40 torr and half the effects at about 8 torr.154 It has also been reported that oxygen
level dramatically decreases during and after photodynamic treatment, largely attenuating
the effectiveness of ROS production and PDT outcomes.1%° Under more severe conditions,
PDT could shut down the tumour vasculatures during ROS production depriving the tumour
of oxygen and suspending the photodynamic process.1%® Studies have shown that the
combined hyperbaric oxygen therapy and PDT may enhance the effectiveness of PDT
compared with PDT alone.46: 150 Although PS dosage and light dosimetry have been well
standardized in PDT procedures, the oxygen level and the hypoxic microenvironment within
tumours cannot be controlled, leading to ambiguous outcomes in a number of PDT studies.

To enhance the availability of oxygen in the tumour during PDT treatment, several strategies
have been developed including hyperbaric oxygen enrichment, prevention of vascular
shutdown, and /n situ oxygen self-supplement. Although the hyperbaric oxygen treatment
can enhance the oxygen level in tumour plasma, the practical feasibility of hyperbaric-
mediated PDT seems to be limited.14” Modulation of other parameters, such as the light
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exposure cycle, may be more easily achievable in terms of efficacy. The prevention of
vascular shutdown is executable by pre-administration of heparin, a clinically used drug for
preventing thrombosis and disseminated intravascular coagulation.15” This strategy could
temporarily reduce thrombosis in tumour region during light irradiation, showing enhanced
therapeutic effect in an EMT6 mammary carcinoma model.15 Since the first two methods
are beyond the scope of this review, we mainly highlight the oxygen self-supply systems
enabling the on-demand production of molecular oxygen to promote PDT treatment (Fig. 8).

red blood cells

Red blood cells (RBCs) are known as essential vehicles to transport oxygen (as well as
carbon dioxide) through the blood stream of all vertebrates.1>8 Hemoglobin (Hb) is the iron-
containing metalloprotein inside RBCs that carries oxygen from the lung and returns carbon
dioxide to lung during respiration.158 Each Hb molecule contains four heme groups to which
oxygen can bind. However, bare Hb itself is not suitable for oxygen delivery due to the short
circulation half-life and poor stability which requires adequate decorating techniques to
‘mask’ them into composites denoted as artificial red cells (ARCs).159: 160 \jith the
emergence of nanotechnology, various approaches have been engineered for this
purpose.160. 161 |n this respect, the ARCs internalized PDT systems may have the potential
to boost photodynamic efficacy.

Wang’s group reported a hemoglobin (Hb)-based oxygen carrier that was chemically
conjugated to a tri-block copolymer.162 The self-assembly of copolymers led to the
formation of micelles encapsulated with a second-generation PS zinc phthalocyanine
(ZnPc). The Hb was evaluated after conjugation for oxygen-binding capacity and
antioxidative activity, which would compensate the oxygen demands during ROS
production. Importantly, the resulting PDT formula was able to generate more 10, and
greater photocytotoxicity in Hela cells /n vitro, compared to ZnPc-loaded micelles without
Hb. 162

Cai et al. developed a biomimetic lipid-polymer as ARC containing Hb as an oxygen carrier
and indocyanine green (ICG) as PS.163 The ICG was incorporated with the subunits of Hb at
the interface through extensive electrostatic and hydrophobic interactions (Fig. 9A-C). The
proximal distance between ICG and heme enables self-supplied oxygen molecules for
efficient ROS generation during the PDT procedure. The oxidation of ambient ferrous-Hb to
cytotoxic ferryl-Hb species by ROS has shown synergistic effects on cancer destruction (Fig.
9D-H). Overall, such an ARC system provides an effective way to replenish oxygen
consumption during PDT treatment, which holds great potential for suppression of hypoxic
tumours.163. 164 More recently, Xie’s group reported ferritin modified RBCs as an oxygen
self-supplied PDT formulation, which showed effective tumour suppression in a
subcutaneous US7MG tumour model.16°

3.2 Perfluorocarbon nanoparticles

Perfluorocarbon molecules are a series of fluorochemicals with the formula of CxFy, which
are derivatives of hydrocarbons by replacing all the C-H bonds with C-F bonds.166 Due to
the low surface tension, viscosity, and chemical inertness in biological systems,
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perfluorocarbons have been widely used in both industrial and medical applications, such as
cryogen, anesthesia, radiotherapy regulation, and vitreoretinal surgery.167-169 Several
perfluorocarbons have been approved by the US Food and Drug Administration (FDA) for
contrast-enhanced ultrasound imaging.170 Contrary to the hemoglobin example, oxygen
molecules are internalized into perfluorocarbons through physical force-mediated
adsorption. Therefore, the amount of oxygen dissolved in perfluorocarbons increases
linearly with oxygen tension and is inversely related to temperature. The solubility of
oxygen in perfluorocarbons is approximately 40-50 mL oxygen per 100 mL liquid under 760
torr (1 atm) at 25 °C, making them highly suitable to serve as blood substitutes.166 This
value is more than twofold higher than that of the whole blood with a coefficient of
approximately 20 mL oxygen per 100 mL under the same conditions.166 Researches have
also shown that perfluorocarbons can prolong cell survival under hypoxic environment
owing to the controlled release of oxygen.171-173 Therefore, perfluorocarbons are potentially
valuable oxygen modulators and should be of great potential to replenish oxygen
consumption and promote ROS generation in PDT studies.174 175

The use of perfluorocarbons has been recognized as a useful strategy to improve
oxygenation level of solid tumours, and thus increase their vulnerability to therapeutic
methods during and after treatments, such as ionizing radiation34 169 and chemical
drugs.170. 173,176, 177 gpecifically, oxygen-favoring PDT would deplete oxygenation level
through photochemical consumption and occlusion of blood vessels.146 Therefore,
perfluorocarbon-integrated PDT with a continuous supply of molecular oxygen could be an
innovative strategy to diminish the oxygen dependence. The in situ release of oxygen from
securely loaded perfluorocarbons would achieve significantly enhanced PDT outcomes,
especially suitable for the treatment of hypoxic tumours.

The perfluorocarbons are usually formulated as an emulsion to improve their aqueous
miscibility. Lipid formation through a self-assembly process is one of the most powerful
tools in utilizing perfluorocarbons after exposure to a high oxygen tension environment.
Recently, Hu and Wu et al. used a perfluorocarbon nanodroplet as a carrier for both PS and
oxygen to develop a novel oxygen self-enriched PDT (Oxy-PDT).178 The near-infrared PSs
IR780 were used to impart irradiation by 808-nm laser, which was uniformly dispersed in a
lipid monolayer along with perfluorocarbons covered by PEG (MW 2000) on the surface
(Fig. 10A, B). This system did not rely on the pre-existing hypoxia, oxygen consumption, or
vascular damage during PDT treatments and showed a higher therapeutic efficacy of Oxy-
PDT than traditional PDT both in vitro and in vivo (Fig. 10C-E). Furthermore, the 10,
lifetime is considerably much longer in perfluorocarbons than in water, which could lead to
long-lasting photodynamic effects (Fig. 10F, G). Overall, the self-enriching oxygen offers a
simple yet effective solution to the limitation of oxygen reliance in traditional PDT.

Although the use of oxygen-carrying perfluorocarbons seems to be a promising
experimental tool, the optimization of systemic administration and elimination of
perfluorocarbons should be taken into account. Also, extensive exposure to perfluorocarbons
could potentially cause immediate and long-term side effects in some individuals, such as
hypotension, cutaneous flushing, fever, pulmonary hypertension, chest tightness, and
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elevated central venous pressure.179: 180 Therefore, clinical translation of perfluorocarbon-
integrated PDT should be carefully evaluated.

Catalase is an enzyme that catalyzes the decomposition of H,0O, to water and oxygen in
aerobic living organisms. The high efficiency of catalase, which converts approximately 5
million H,O, molecules each minute, is invaluable in preventing cellular damage from high
levels of H,0O, molecules.181 Inhibition of catalase activity has shown a great impact on cell
apoptosis due to the elevation of oxidative stress.181 The oxygen-evolving photodynamic
process requires exogenous delivery of catalase to enhance the phototherapies, since the
distribution of catalase in organisms is not precisely known,182. 183

To this end, Guo and He et al. recently reported an H,O,-activatable O,-evolving PDT
(HAOP) nanoparticle employing catalase to produce oxygen and enhance photodynamic
procedure.184 The catalase molecules were co-loaded with methylene blue (MB) into the
aqueous core of poly (D, L-lactic-co-glycolic acid) (PLGA) NPs, where the photodynamic
transition was spontaneously quenched by black hole quencher-3 (BHQ-3) at the shell (Fig.
11A). Cyclic RGD peptide was decorated on the NP surface to selectively target a.,p3
integrin-rich tumour cells. By penetrating H,O5 into the PLGA NPs, catalytic production of
oxygen could disrupt the PLGA NPs and neutralize the quenching of MB, leading to
efficient ROS generation upon laser excitation (Fig. 11B). The phototoxicity of HAOP NPs
showed prominent therapeutic effects in the U87MG tumour (Fig. 11C, D).184 Another
study by Tang’s group employed phenyl mesoporous silica-coated Au rods to wrap catalase
enzyme onto the surface, which showed similar PDT outcomes.18%> More recently,
manganese dioxide (MnO,) NPs were used in this system, further highlighting the promise
of modulating tumour microenvironment to deprive oxygen-dependence from current
PDT.186

stimulations

Light activation of PSs offers the first level of spatiotemporal control of ROS generation.
The judicious use of light has facilitated a great deal of control of ROS production mainly
through the photodynamic process. The external light has the merit of on-site stimulation
that selectively irradiates the region of interest by photo-toxicity while leaving non-
irradiated area unaffected. However, besides tissue penetration limits, light excitation could
also have equivocal biological response effects (e. g., heat generation) in cells and tissues,
which complicate the phototherapy outcomes. In general, phototherapies are often developed
as confluent PTT/PDT systems for synergistic treatment of tumors.38 Even though
significant progress has been made in the intelligent selection of light sources, the available
systems are still indiscriminate due to the unavoidable activation of PSs under daylight
exposure or by self-catalyzed reactions.38: 39 To avoid potential side effects, patients during
and after administration of PSs are required to stay away from the daylight exposure, which
increase the abundant of patients under PDT treatments.3! The critical design considerations
to minimize systemic toxicity during PDT studies are highly desirable.187

Chem Soc Rev. Author manuscript; available in PMC 2017 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

4.1 Heat

Page 15

Recently, the employment of stimuli other than light for ROS generation has received
increasing attention (Fig. 12). Although light may still be needed, smartly engineered
systems that rely on additional controls would confer greatly enhanced safety for ROS-
mediated cancer therapy. In this section, we will concisely introduce the examples that were
intelligently designed to exhibit responsive ROS production by diverse stimulations.

As an easily accessible source of energy, heat has been widely used to activate numerous
transformations. Plasmonic nanoparticles (e.g., Au, Ag) have efficient photonic adsorption
due to the presence of surface plasmon resonance (SPR) effect.188-191 Many nanoprobes
based on remotely controlled heat generation have been developed for on-demand delivery
and release of cargos for biomedical imaging and therapy.192-194 Based on this rationale, it is
worth noting that many 10, scavengers can release the 10, through a reverse process upon
heating.19%: 196 |n fact, endoperoxides, such as naphthalene, anthracene, and a few other
arenes, are the most reliable chemical sources of 10, for studying their chemiluminescence
property.197

To demonstrate the potential of anticancer effect, Akkaya and Yoon et al. modified gold
nanorod (GNR) with anthracene endoperoxide derivatives (EPT1) (Fig. 13A, B).198 Due to
the strong plasmonic heating effect of GNRs in the NIR region, Hela cells when incubated
with EPT1-GNRs showed prominent oxidative stress and cell death under irradiation with
808 nm NIR laser (2.0 W-cm™2) for 10 min (Fig. 13C, D). In contrast to PDT, chemical
generation of 105 is independent of the external supply of oxygen, which surmounts the
hypoxic environment of tumours. In this study, however, a relatively high temperature
(~60 °C) was required to release 10,, which may hinder their wide applications.

Another study has reported a similar concept of storing 20, in a bifunctional chromophore
to allow the production of 105 in a bimodal light/dark circle.1%9 By mimicking the fractional
PDT for replenishment of intracellular oxygen, a BODIPY-based pyridine compound (PYR)
is activated by light irradiation to generate 105, some of which would be “stored” in the
form of 2-pyridone endoperoxide (EPO). This system benefits from the thermal
cycloreversion of EPO to produce 10, in the absence of light when irradiation is turned off
in fractional PDT. It is worth noting that the cycles between PYR and EPO can be repeated
indefinitely. Considering the limitation of light penetration depth into tissues, local thermal
cycloreversion enabling continuous production of 10, in the dark would be a promising
improvement of traditional PDT.200 Furthermore, these molecules acting as oxygen-
independent PSs would partially undermine the intrinsic tumour hypoxia and PDT-induced
hypoxia environment.

4.2 Ultrasound

Ultrasound (US) has been widely used as a medical tool both for imaging and therapy.201
The development of US-based medical practice can be traced as far back as the early 19th
century before US imaging was in practice in the 1950s.292 Among modern clinical settings,
the merits of non-ionization and non-radiation make US a powerful mean to visualize organs
under the skin, which is especially useful for viewing the fetus during pregnancy. By
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modulating the applied ultrasonic power, US can be used as an external energy to exert
damages to subjects. Hence, US is probably an alternative choice of energy source to
spatiotemporally control the biological effectiveness of applied formulations in a
noninvasive manner,203. 204

Yeh et al. reported an H,O,-filled polymersome displaying echogenic reflectivity and ROS-
mediated cancer therapy triggered by a micro-US diagnostic system.29% The polymersome
composed of PLGA polymers was initially encapsulated with H,O5 in the hydrophilic core
and Fe30,4 NPs packed in the shell. Upon exposure to US, the disruption of PLGA
polymersome triggered the release of HoO, which subsequently reacted with nearby FesOg4
NPs packed inside the polymersome membrane. The formation of HO- following a Fenton
reaction showed prominent cancer cell killing effect. Details of ROS generation by Fenton
reaction will be further discussed in Section 6.3. US-triggered ROS generation in this study
via a non-thermal and non-photo process is an efficient PS-free therapeutic option to
completely suppress tumour growth in a mouse model.205 Furthermore, US can be utilized
as a direct energy source to activate hydrophilized titanium dioxide (HTiO,) NPs and
generate ROS with high efficiency (Fig. 14A-C).206 The HTiO, NPs effectively suppressed
the growth of superficial tumours after US treatment with elevated levels of proinflammatory
cytokines and intense vascular damages (Fig. 14D-F). Another study showed that the
combination of light and US activation of PSs generated higher levels of ROS than either
one alone.207

4.3 Cancer-specific stimulations

To minimize undesired damage to healthy tissues during PDT treatment, one can control the
photosensitization of ROS at different levels.2%8 These strategies with a broad range of
spatiotemporal controls include: (i) precise delivery of external exciting source exclusively
to the desired tissue; (ii) active targeting of PSs to targeted foci surpassing healthy
tissue;209-211 and (iii) specific activation of a photosensitizer in the target

tissue.43: 76212, 213 pjstinctive from the first and the second strategies, the third strategy
collaborates with cancer cells themselves to kill them, which could be an ingenious manner
to lower the side effects when treating tumours.”®

During a typical type Il photodynamic process, the intersystem crossing from singlet excited
state to triplet excited state of PSs is the major mechanism to transfer ground state molecular
oxygen (305) to 10,.214. 215 This process could be manipulated by introducing a
chromophore to quench the photosensitizing effect of PSs nearby, thus attenuating the
production of 10, species. It is also possible to scavenge 10, even after it has been
generated. FRET is a non-radiative energy transfer process by which the excited state PS
donor can transfer energy to an acceptor that shares absorptive spectral overlap with the PS
fluorescence emission. By combining the process of PDT and FRET, an 10, quencher/
scavenger is thus able to deactivate the photosensitization of proximal PSs.216 The
advantage here is that the FRET will be effective only when the PS and quencher are closely
linked in nanometer range through well-designed chemical binding and physical attachment.
This type of FRET-based PDT can be explored at a broad scale for materials ranging from
molecules and metal-organic-frameworks to nanostructures.217-219

Chem Soc Rev. Author manuscript; available in PMC 2017 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 17

The disease-specific segment can be designed to link donor and acceptor which enables to
specifically react with an endogenous stimulus existing predominantly in the tumour, such as
tumour-specific enzymes, acidic environment, ROS levels, and so on.”®: 220 This method
relies on the exploration of the proteomic or metabolic differences between cancer cells and
healthy cells, which could be a general solution to achieve cancer-specific inhibition and
tumour ablation.

4.3.1 Enzymes—As a proof-of-principle study, Zheng’s group reported a protease-
activatable Pyro-peptide-CAR (PPC) that consists of a pyropheophorbide a (Pyr) as PS and a
carotenoid as 10, quencher/scavenger linked by a cleavable caspase-3 substrate,
GDEVDGSGK.213 The peptide can be specifically cleaved in the presence of caspase-3,
which belongs to the well-known tumour targeting protease family,221 allowing for
restoration of photosensitization and production of 10, (Fig. 15A,B). The 10, quenching
and PS-beacon activation were validated by measuring luminescence and lifetime of 10 in
solution. The PPC was then tested for caspase-3 cleavage using HPLC to monitor the
diminishment of PPC peak and the rise of Pyro and CAR residue peaks (Fig. 15C-F). The
same group further extended the concept of a photodynamic molecular beacon (PMB) to
construct a matrix metalloproteinase-7 (MMP7)-triggered 10, production system.212 The
PMB was responsive specifically to MMP7, while there was no beacon activation in the
presence of an MMP-7 inhibitor. Preliminary in vitro and in vivo studies in KB cells with
high expression of MMP7 also revealed the activatable PDT efficacy, which highlighted the
tumor-targetable PDT at the molecular level while precluding healthy cells from 10,
induced damage.

Choi et al. developed a PS-conjugated GNR (MMP2P-GNR) system in which PSs were
conjugated onto the surface of GNR via a protease-cleavable peptide linker.222 FRET
between PSs and GNR efficiently suppressed the fluorescence and phototoxicity of the PSs
in their native state. When exposed to target protease matrix metalloprotease-2 (MMP2), the
PSs were activated by cleavage of the peptide linker. /n vitro cell studies in HT1080 cells
overexpressing MMP2 indicated efficient fluorescence recovery and 10, generation, while
the control BT20 cells lacking MMP2 showed minimal effects. The enzymatic cleavage of
FRET linkers could be extended to a broad family of enzyme-substrate systems specifically
existing in cancer cells.

4.3.2 pH—The increased fermentative metabolism and poor perfusion of solid tumours
leave an acidic tumour environment due to glycolysis under hypoxic conditions, which is
perhaps the most pervasive tumour microenvironment regardless of the tumour types.223 The
relatively low pH was hypothesized to play an important role in promoting the local invasive
growth and metastasis of cancers.224 225 Many pH-responsive materials have been designed
as diagnostic226-228 gnd therapeutic?2%-232 tools targeting specifically to tumour. Using the
concept of pH-driven drug delivery systems, PDT can be modulated as pH-responsive
platforms through controlling the effectiveness of PSs at different pH values. These
strategies can be divided into two categories: (i) chemically alternating the structure of PSs
through pH-responsive (e.g., cleavable, protonation) modifications, which turn into activated
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phototoxicity in acidic environment?33-237 and (ii) physically quenching the photodynamic
effect of PSs by the FRET process, which can be destroyed by acidic stimulation.238. 239

O’Shea and colleagues described a supramolecular photonic therapeutic agent (SPTA)
enabling reversible off/on switching of 10, generation in response to external pH
changes.233 The intramolecular photoinduced electron transfer (PeT) initially decayed the
excited state of PSs, resulting in virtually no 10, generation upon light irradiation. Under
acidic environment, the protonation of amine receptors of BF,-chelated azadipyrromethenes
would deactivate the ET and restore the 10, generation ability upon light irradiation. Several
other /n vivo studies on pH-activatable PDT further demonstrated the potential of this
strategy with possibly fewer side effects.236: 237 Ju and Yu et al. reported an aza-boron-
dipyrromethene (aza-BODIPY) structure substituted with diethylaminophenyl and
bromophenyl (NEt,Br,BDP) as an acidic pH-activatable PS (Fig. 16A).236 The nanoprobe is
silent under physiological condition (pH 7.4), but is activated in the acidic environment (pH
4.5-5.0) to produce 10, for efficient tumour therapy under 808 nm irradiation (Fig. 16B,
C).236

Besides chemical variations, PSs can also be quenched by physical energy transferring
strategy. In such a system, pH-responsive materials are introduced to control the degree of
quenching efficiency and thereby the ROS generation of PSs. For example, Liu’s group
reported a micelle structure composed of PS-conjugated pH-responsive copolymers where
fluorescence emission of PSs (eosin Y, EoS) was quenched by self-quenching and PeT
process.238 Under acidic environment associated with tumour endolysosomes, the
protonation of poly (2-diisopropylamino) ethyl methacrylate tertiary amine moieties led to
the micelle-to-unimer transition and the release of PSs. The restoring of fluorescence
emission enables 10, generation upon light irradiation, which confers synergistic
phototoxicity along with photothermal effect. The similar concept of responsive PDT can be
modulated by cooperating with inorganic nanostructures.240

4.3.3 Oxidative catalysis—Cancer cells are known to undergo an elevated oxidative
stress during the fast proliferation and outgrowth.!: 26 The increased metabolic activity and
ROS generation have been recognized as site-specific stimuli combining the use of ROS-
responsive materials.241: 242 Because most of the currently available PSs undergo Type |1
photosensitization, the deactivation of intersystem crossing could attenuate the yield of
triplet state, thus constraining the formation of 10,.

Cosa et al. designed a two-segment photosensitizer-trap molecule (Br,B-PMHC) as a
dormant 10, PS which is deactivated due to the PeT from the trap segment to the PS
segment, competing with the intersystem crossing.243 Combined singlet and triplet
quenching of the excited PS along with the physical quenching of 10, by the chromanol ring
of a-tocopherol of the trap segment provide three layers of suppression of 10, production
(Fig. 17A). However, oxidation of the trap segment by ROS would effectively restore the
ability of the dormant PS to sensitize 10, and abort its ability to scavenge 10, species. This
system with juxtaposed antioxidant and pro-oxidant antagonistic chemical activities for a
dormant PS enables ROS-mediated activation of 10, sensitization providing a new chemical
solution for the spatiotemporal control of 10, production. The selective photoactivation and
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production of 10, in ROS-stressed vs. regular cells were successfully tested via the
photodynamic inactivation of a ROS-stressed Gram-negative £. coli strain (Fig. 17B, C).
Another study by the same group reported a Chlorin e6-hyaluronic acid (Ce6-HA) conjugate
that can be activated by peroxynitrite in macrophage cells.244 In particular, significantly
higher phototoxic effect was observed in the activated macrophage cells over human dermal
fibroblasts and non-activated macrophages.

By using the elevated endogenous ROS levels to amplify exogenous ROS generation in
cancer cells may promise minimal toxicity to healthy cells.2® The realization of metabolic
imbalance in cancer cells will open up new avenues to develop approaches enabling
selective activation of the ROS generation while minimizing the damage to healthy cells.

4.3.4 Aptamer targets—Disease-specific ligands have been extensively explored to
enhance the selectivity of therapeutic effects and reduce undesirable side effects in disease
treatment.245-247 One approach toward this goal is to utilize an antigen-antibody system to
guide the specific delivery of drugs. As an emerging class of chemical targeting ligands,
single-stranded oligonucleotides, known as aptamers, offer significant advantages to
generate cancer-specific drug delivery systems, such as flexible design, synthetic
accessibility, easy modification, chemical stability, and rapid tissue penetration.248
Particularly, due to the conformational flexibility, aptamers can be programmed into FRET
systems in which aptamers may change their conformation in the presence of specific targets
to modulate the FRET efficiency.249-251 In this regard, aptamer-based FRET systems may
achieve activatable photosensitization with high specificity.252: 253

Tan and co-workers successfully constructed a PDT system that can be selectively triggered
by target proteins based on aptamers and single-walled carbon nanotubes (SWNTS).24 The
aptamer-SWNT design was based on the attachment of PS-conjugated aptamers on SWNTSs
through - stacking between nucleotide bases and SWNT side walls. The quenching

of 10, generation in aptamer-SWNT was restored by a magnitude of 20 in the presence of
specific target proteins (thrombin), which was achieved by the reduced proximity between
PSs and SWNTs and the destroyed FRET events. This concept has provided a paradigmatic
design for cancer-specific PDT based on the aptamer targeting approach.2°>-257 |n a more
recent study, Hahn’s group reported an RNA aptamer-conjugated PS (AIR-3A-Ce6) for
specific binding to interleukin 6 receptor (IL-6R), which is a multifunctional cytokine
involved in various diseases such as Crohn’s disease, rheumatoid arthritis, psoriasis,
systemic sclerosis, and some cancers.2%® The AIR-3A-Ce6 conjugate was rapidly and
specifically internalized by IL-6R-positive BaF3/gp130/IL6R/TNF cells. As a result, the
viability of IL-6R-positive cells was significantly inhibited under light irradiation due to
ROS generation, while negligible cytotoxicity was found in IL-6R-negetive cells and cells
treated with unconjugated Ce6 molecules.258

Overall, engineered aptamer conjugates hold great promise to specifically deliver PSs into
target cancer cells and more importantly, specifically activate the photosensitization in
cancer cells. One of the major concerns for aptamers, especially those developed against
intracellular targets, is the intracellular stability. Unlike antibodies, the tertiary structure of
aptamers is highly dependent on solution conditions. Hence, aptamers could lose their
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binding affinity by the change of three-dimensional structure due to the complicated
intracellular environment (e.g., pH, ionic strength). However, this problem can be partially
addressed by increasing the diversity of nucleic acid pools through chemical
modifications.259 260

5. Genetically encoded photosensitizers

PSs used to date are predominantly derived from chemical synthesis. The challenges to
deliver and remove exogenous PSs are still prevalent in PDT studies. Sophisticated design
and synthesis of chemical PSs capable of targeting tumour cells, and more specifically,
subcellular organelles have attracted considerable research interest. These strategies are
expected to significantly enhance the PDT outcomes to tumour cells while minimizing PS
dose and harmful side effects. For example, aptamer-based G-quadruplex (GQ) structure
integrated with PSs have provided an efficient way to deliver PSs to target cells with high
affinity and selectivity.252 The formation of aptamer GQ structure by self-assembly can be
stabilized by ligands through rt—m stacking and electrostatic interactions, such as the use of
PS molecules naphthalene diimides, 261 262 perylene diimides,2%3 and porphyrins.264
Mitochondrion, as energy factory of cells, plays a pivotal role in arbitrating cell apoptosis
which can be initiated by the elevated ROS level especially that is originated from the
mitochondrion itself.262 In addition, lysosomal targeted PSs to directly activate cell
apoptosis and nuclear targeted PSs to introduce /n situ double strand breaks and alkali-labile
lesions in the DNA molecules have been widely studied. Organelle-targeted PSs that
specifically accumulate in hypersensitive subcellular locations, such as nucleus,265: 266
lysosome,267 and mitochondrion,268: 269 have provided an elevated level of controllable
photosensitization. These approaches on whether and to what extent subcellular localization
of PSs may influence the overall efficiency of photodynamic therapy have been concisely
studied and summarized.279. 271

Although significant improvements have been made to provide controllable
photosensitization specifically on tumour area and in specific organelles, these strategies still
show some off-target effect from nonspecific localization.”® More severely, mitochondria
targeted PSs have been found with high dark toxicity probably due to the highly cationic
nature of the molecules in order to cross mitochondrial membrane of negative

potential 279 271 Nuclear targeted PSs are also not favorable due to the high risk of causing
genetic variation.289 Therefore, selectively targeting and activating PSs with high specificity
and low potential of side effect remain an important goal in PDT-associated cancer therapy.

5.1 KillerRed

Genetically encoded fluorescent proteins (FPs) have been widely developed as a general tool
for microscopy.272: 273 Specifically, FPs that generate 10, are of special interest for
correlative light and electron microscopy.2’* Recently, genetically encoded ROS-generating
proteins (RGPs) have been recognized as phototoxic cancer therapeutic agents, propagating
the family of PSs.27> For example, fluorescent proteins such as green fluorescence protein
(GFP) can be used as site-specific labels for cell, organelle, and protein, which may also
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photosensitize 10, but at a very low efficiency.2’® The photochemically inert nature of GFP
is probably due to the shielded chromophore in their structure.27”

Photochemically active versions of GFP have been developed using transgenic technologies,
which were employed for exerting phototoxic effect and cancer cell ablation.274 278-280 Op
the other hand, reducing irradiance and/or fluence can achieve sub-lethal levels of ROS for
mediating subtle cellular signaling.27” The first developed RGP was the KillerRed, a
homolog of GFP, anm2CP, by Lukyanov and coworkers.2”® The structure of KillerRed has a
unique water-filled channel reaching the chromophore, which may be responsible for its
prominent phototoxic nature over original GFP. KillerRed is known to produce O~ via a
type | photosensitization upon irradiation with red light. In a recent study, KillerRed was
fused to an antibody to target tumour cells.281 The resulting photo-induced ROS generation
led to tumour-specific cell death, suggesting that genetically encoded RGPs may be useful
for enhanced PDT while circumventing the limited specificity of synthetic PSs.281 However,
the dimerization tendency of KillerRed largely prevents its fusion with proteins of interest,
thus hindering its wide applications. Recently, SuperNova, a monomeric RGP, was generated
through random mutagenesis of KillerRed.282 In contrast to KillerRed, SuperNova in fusion
with target proteins showed proper localization and little perturbation to mitotic cell
division, which could to some extent overcome the major drawbacks of KillerRed.282 The
ROS generation responsible for the phototoxic effects of SuperNova remains to be
elucidated, because both Oy~ and 10, were detected during the photosensitizing reactions.

5.2 MiniSOG

Recent efforts to develop genetically encodable tags enabling to generate 10, have been
focused on flavin mononucleotide (FMN)-binding FPs,280 because FMN is an efficient PS
with relatively high quantum yield in photosensitizing 10, (®5 = 0.51). MiniSOG
(abbreviation of mini singlet oxygen generator) is a green fluorescent flavoprotein derived
from phototropin 2 containing 106 amino acids.2’2 The excitation spectrum is maximized at
488 nm with @, of approximately 0.47, basically equal to that of free FMN.272 The
miniSOG monomers are capable of generating 10, but not O™, indicating that this
procedure occurs through a type 11 photosensitization. The flavin mononucleuotide cofactor
required by miniSOG is endogenously present in cells, making it a suitable candidate for
correlative electron microscopy. The size of miniSOG is less than one quarter the size of the
obligate dimer of KillerRed, and less than half the size of GFP.272 274 Because of this
distinguishing feature, miniSOG facilitates protein tagging and is less likely to influence
protein targeting than larger tags.280

Upon blue light illumination, miniSOG generates a sufficient quantity of 10, which was
capable of catalyzing local polymerization of diaminobenzidine into precipitates for imaging
by electron microscopy.2’2 Tsien and Jin et al. demonstrated that mitochondrial targeted
miniSOG is a potent light-induced cell ablation reagent in C. elegans.2"* Another study
employed genetically encoded immune-PS 4D5scFv-miniSOG to selectively recognize the
extracellular domain of human epidermal growth factor receptor 2 (HER2/neu), a receptor
overexpressed in many human carcinomas.?83 The recombinant protein 4D5scFv-miniSOG
exerted a highly specific photo-induced cytotoxic effect on HER2/neu-positive SK-BR-3
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human breast adenocarcinoma cells (ICso = 160 nM).283 However, blue light has limited
propagation through the tissue and may hinder the wide applications of miniSOG in clinical
practice. In this regard, future studies might require light delivery systems to permit
interstitial activation of miniSOG for in-depth PDT, as described in Section 2.

5.3 NIR light-excitable protein

To gain more clinical relevance, PSs are required to be excited with NIR light for deep tissue
penetration. However, most of the current genetically encoded RGPs are below this spectral
range, causing concern about the undesirable photosensitization by endogenous
chromophores. Recently, Bruchez’s group produced an NIR light-excitable fluorescent
complex by a targeted and activated photosensitizer (TAP) and a genetically encoded
fluorogen-activating protein (FAP).284 TAP is an iodine-substituted malachite green (MG)
analog with low free fluorescence and ROS generation, while FAP is a genetically encoded
fluorogen with dL5** (a 25-kDa binder) moiety specifically binding to MG derivatives. The
heavy-atom substitution is to increase intersystem crossing and redshift the major absorption
band of the MG chromophore (Fig. 18A). The association and formation of FAP-TAPs
produce 10, with high quantum yield (®, = 0.13) when activated at 666 nm, whereas the
control MG-ester-dL5** or free TAPs dye showed no detectable 10, generation under the
same conditions.284 This targeted and activated approach enables 10,-mediated protein
inactivation, targeted cell killing and rapid targeted lineage ablation in living larva and adult
zebrafish (Fig. 18B, C). Remarkably, the NIR excitation and emission of this FAP-TAPs
provide a new spectral range for RGPs that could be useful for manipulating cellular
ablation deep within living organisms.

Although genetically encoded photosensitizers for PDT study can allow photosensitization
with high precision, current studies are mostly limited at a proof-of-concept level /n vitro.
This approach is based on the genetic transfection and expression of specific fluorophores in
cells, which could face a major gap between /n vitro study and /n vivo applications. An in
vivo study showed that intratumoral injection of gene complexes can efficiently eliminate
tumours upon laser irradiation.2”8 In this respect, genetically encoded photosensitizers have
great potential to achieve tumour-specific PDT provided by the efficient gene delivery,
transfection, and expression in tumour cells.

6. Non-photodynamic approaches

The excessive production of ROS in cancer cells that overwhelms their eliminating
capability can cause toxicity to cells.}! The cascade damages would happen irreversibly
once the intracellular ROS reaches a level higher than cells can tolerate, causing apoptosis or
necrosis depending on the dose. Therefore, one may conclude that introduction of ROS to
cells with a considerable level may exert toxicity to cells. Drug developments based on this
rationale have been applied to a broad scale of anticancer drugs.28°

PDT provides an effective way to kill cancer cells through a ROS-mediated mechanism.
Besides PSs, a lot of other chemicals have been found to generate a high level of ROS in a
non-photodynamic manner in cells. In contrast to photosensitization, non-photodynamic
ROS generation without the need of light, oxygen, and PSs have been demonstrated as an
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alternative strategy for cancer therapy. The approaches that induce non-photodynamic ROS
generation can be categorized into the following categories: (i) molecular drugs; (ii)
nanomaterials; and (iii) biochemical reactions. Regardless of the spatiotemporal control of
ROS generation, this strategy modulating the unique redox regulatory mechanisms of cancer
cells could have major implications in cancer treatments.

6.1 Molecular drugs

One common drug that can generate ROS is procarbazine, which produces H,0, through
oxidation in aqueous solution and has been used for the treatment of Hodgkin's lymphoma
and primary brain cancers.288 [t is noted that procarbazine can cause DNA methylation,
which would generate the replication-blocking and mispairing lesions.28” The formation of
H»0 is essential to exert the cytotoxic effects following chain reactions to produce highly
toxic radicals.288 This process can happen without light activation, leading to an elevated
ROS level and degradation to nuclear DNA fragments.286 Since the first approval by FDA in
1969, the case of procarbazine has promoted extensive exploitation of ROS-mediated
therapeutic options, such as arsenic trioxide and parthenolide.285: 286, 289

Doxorubicin, a widely used redox-cycling anthracycline drug, is known to generate ROS by
several different mechanisms.28° First, doxorubicin may interact with trace metals, such as
iron (111), to produce iron (I1)-doxorubicin free radical, which could reduce molecular
oxygen to 10,.290. 291 gecond, doxorubicin can be reduced by one electron mechanism via
mitochondrial reductases to anthracycline semiquinone free radicals, which in turn reduce
molecular oxygen to O+~ and H,0, under aerobic conditions.2%2 Cisplatin-based drugs are
also able to generate ROS through nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) oxidase mechanism.2%3 However, there is no evidence that elevated ROS levels
upon treatment by these molecular drugs are dose-dependent, nor the significant contribution
to anticancer effects. The anticancer activities for these molecular drugs are still dominated
by the formation of intra-strand DNA cross-links.

ROS generation during chemotherapy could be involved in a variety of cellular signaling
pathways.28> The common ground is that ROS can alter enzyme functions and protein
structures causing cell death by the apoptotic or necrotic pathway, and the related
mechanisms and outcomes may vary among different cell types, doses, and drug
variations.2%* Molecular drugs that are able to generate ROS in cells could be a way to guide
the mechanistic study on the ROS mediated cellular activity and potential anticancer activity
of these molecular drugs. Further studies about the mechanistic illustration of molecular
drug-inducible ROS generation are needed to have a major impact on anticancer drug
development.286

6.2 Nanomaterials

The emergence of nanotechnology and nanomedicine offers vast opportunities in biomedical
engineering and disease treatments. In this regard, modulating the structural and
physicochemical properties of nanomaterials can lead to significant changes in biological
activities including ROS generation.29° Oxidative stress induced by nanomaterials could be
due to intrinsic aspects of nanomaterials, such as surface, size, composition, and shape;
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cellular responses to nanomterials such as mitochondrial respiration, nano-bio interfacial
interaction, and immune cell activation are responsible for ROS-mediated damage.296: 297

Due to the large array of w-1t conjugated structure, single-walled carbon nanotubes
(SWCNTSs) can enhance electrochemical reactivity of certain biomolecules and promote
electron-transfer reactions in proteins.298-300 |n other words, SWCNTSs can act as redox
mediators by shuttling electrons from biological electron donors (i.e., reducing agents) to
electron acceptors (i.e., oxidizing agents).301: 302 Therefore, SWCNTS can be considered as
solid matrices in different Fermi levels depending on the number of electrons transferred to
each SWCNT. Previous studies have shown that carbon-based nanomaterials are efficient
PSs to produce ROS under light-activated photodynamic procedure for cancer
therapy.393-307 A study by Wang and Zhang et al reported that graphene quantum dots
(GQDs) exhibited a high 10, generation yield, greater than 1.3, through a multistate
sensitization (MSS) mechanism.398 Recently, Jafvert’s group reported that carboxylated
SWCNT (C-SWCNT) were able to generate ROS in the dark.302 The study indicated that C-
SWCNTSs initially store the electrons transferred from both NADH (B-nicotinamide adenine
dinucleotide, reduced form) and DTTre (DL-dithiothreitol, reduced form)and subsequently
shuttle these electrons to molecular oxygen-generating O,¢~ species. The electron
transferring efficiency of CNTs is highly dependent on the surface coating and dispersive
ability in the water.301 These results indicate that C-SWCNTSs can be a light-independent
source of ROS in water by oxidation of electron donors. Thus, the electron shuttling through
CNTs to molecular oxygen may be a potential mechanism for DNA damage by various
carbon-based nanomaterials.30°

Cancer cells incubated with silver (Ag) nanomaterials were found to undergo significant
oxidative stress with a more than 10-fold increase of ROS level in cells exposed to 50 ug/mL
Ag-15nm NPs, indicating that the cytotoxicity could be related to the ROS-mediated
mechanism.310 Interestingly, cell viability increases with increasing the size of Ag NPs.
Only marginal toxicity was observed when cells were incubated with Ag-55 nm NPs, which
could be attributed to the decreased reactive nature of NPs with a relatively large size.310
Yang’s group explored the surface chemistry of copper (Cu) NPs with a diameter of 15 nm
during and after ROS generation in a non-cellular assay.31! Transmission electron
microscopy (TEM), powder X-ray diffraction (PXRD) and UV-vis spectroscopy were used
to identify that ROS generation is closely related to the surface oxidation of Cu NPs. Longer
chain ligands could better protect Cu NPs from oxidation and lead to lower ROS generation
than Cu NPs with shorter chain ligands on the surface. These studies implied that ROS-
mediated potential toxicity by nanomaterials is an integrative effect intimately related to
their physiochemical features, which could be an important guideline to develop
nanomaterials for medical applications.295: 312

6.3 Biochemical reactions

Mitochondria are the most important organelles responsible for the production of Ope™ by
one-electron reduction of O, molecule. O,¢~ is the main precursor of most highly oxidizing
or reducing species to initiate oxidative cascades in the cell.* 18 In fact, ROS are constantly
produced as by-products in a series of biochemical reactions during cell metabolism. For
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example, dismutation of Oy~ by superoxide dismutases (e.g., MnSOD, Cu/ZnSOD)
produces HyO5, which in turn may be fully reduced to water or partially reduced to HOs,
one of the strongest oxidants in nature. In addition, O~ may react with other radicals
including nitric oxide (NOe), which produces another powerful oxidant, peroxynitrite,
propagating the family of reactive nitrogen species (RNS). Although cells have several
mechanisms to eliminate the overproduced reactive species maintaining their oxidative
balance, overwhelming the imbalance between ROS generation and elimination is an
efficient strategy to kill cancer cells.26 In fact, apoptotic procedures for cells at the late life
stage could be partially ascribed to the amplified ROS generation which surpasses the
capability of eliminating them. Therefore, it is reasonable to assume that engineered
biochemical reactions enabling the on-demand production of ROS in cancer cells may have
great potential to trigger cell death. Recently, a number of approaches based on this
assumption have been described, such as Fenton reaction.205:313

6.3.1 Fenton reaction—HO- is the most reactive radical that is produced mainly through
the Fenton reaction from H,0, and metal species (e.g., iron, copper), while Haber-Weiss
reaction also serves as HOe« source from Oy~ and H,O, but in a much slower manner. HOs
can successively react with biomolecules at a diffusion-controlled rate to form a series of
additional free radicals, for examples, thiyl (RSe), carbon-centred ((R)3Ce), and peroxyl
radicals ((R)3COO»), which may cause considerable damage to cells.314 As many cancer
cells overproduce H,0,, this accumulative nature has been exploited to implement specific
therapeutic strategies, such as to spontaneously trigger responsive-drug release for
chemotherapy or to stimulate endogenous O, production for enhanced photodynamic
therapy.315-317

To explore the potential for cancer therapy based on Fenton reaction-produced ROS, Shi and
colleagues reported a hubble-bubble approach to synthesize amorphous iron nanoparticles
(AFe-NPs). These NPs were rapidly ionized in acidic tumours for the on-demand release of
FeZ* ions and enabled subsequent localized Fenton reaction for specific cancer therapy (Fig.
19A).313 The AFe-NPs showed remarkable advantages over the corresponding crystalline
iron nanocrystals (FeNCs) in cancer therapy benefiting from their amorphous nature. This
chemodynamic therapy (CDT) paradigm that combines the specific property of cargo and
tumour microenvironment promises efficient on-demand generation of HO« from H,0, (Fig.
19B, C). Another study that employed H,O,-filled polymersome to show ROS-mediated
cancer therapy based on Fenton reaction has been reviewed in section 4.2, which displayed
echogenic reflectivity by US induced disruption of PLGA polymersome.2%% In this regard,
CDT can be an alternative tool for ROS generation internalized by endogenous chemical
energy without the need for external input of laser irradiation or local oxygen, thus
circumventing the limitations posed by the penetration depth of light through tissues and the
hypoxic tumour environment.205. 313

Besides iron, other transition metals or nanostructures, such as manganese, copper, cobalt,
cerium, and nonmetallic carbon can catalyze the Fenton or Fenton-like reaction,318-320
External energy inputs including photo-, sono-, or electro-assisted Fenton reactions have
been widely studied as well.321 These portraits may provide versatile cut-in points of
employing Fenton reaction to generate ROS for specific cancer therapy.322 Although still in
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its infancy, the development of cancer-specific Fenton reaction taking advantages of the
discrepancy between cancer microenvironment and normal tissues may open up new
avenues to treat cancer cells through engineered biochemical reactions.

6.3.2 Others—In biological systems, ROS can be produced in a series of light-dependent
and -independent manners. This category of biochemical routes in terms of generation and
biological significance of ROS have been reviewed elsewhere.214: 323,324 Taking 10, for
example, which is the major cytotoxic species in eukaryotic cells, light-independent
production of 10, during the cell life cycle would happen between i) H,0, and hypochlorite
(CIO™) during phagocytosis, ii) electron transfer reaction from excited carbonyl species, iii)
superoxide anion reactions with organic or inorganic substances, iv) ozone reaction
involving hydrotrioxide intermediates, v) peroxynitrite reactions with hydroperoxides or
hydrogen peroxides, vi) decomposition of lipid hydroperoxides by reduction through Russell
mechanism, and vii) enzymes (e.g., catalase, peroxidases) involved in metabolism, and so
0n.323-325 The major routes and substances for 10, generation in biological systems are
displayed in Fig. 20.

Modulation of these biochemical reactions has been widely studied in cell biology to
understand their cellular functions and impacts, which are especially important to guide the
cancer therapy based on ROS-mediated mechanism. These biochemical reactions can be
operated as pro-drug activatable systems for non-photodynamic ROS generation by specific
stimulations (e.g., pH or redox) in cancer cells. However, so far very few biochemical
reactions have been engineered as ROS sources for cancer treatment. The major challenges
for this nascent concept are multifold: (i) to generate ROS specifically in cancer cells, and to
a much lesser extent in normal cells; (ii) to produce sufficient ROS for inducing damage to
cancer cells; and (iii) to stabilize pro-drug intermediates in an ambient environment.
Remarkably, the emergence of nanotechnology and nanomedicine may provide a series of
toolboxes to materialize this particular approach.326-329 Therefore, we look forward to
witnessing the breakthrough of engineered non-photodynamic ROS generation for cancer
therapy through interdisciplinary collaborations between chemistry, material science,
nanotechnology, nanomedicine, and oncology.

7. Conclusion and perspective

The past decades have witnessed tremendous developments of PDT due to its feasibility in
cancer treatment. The underlying mechanism of PDT for growth inhibition and shrinkage of
tumours is the generation of ROS. Although PDT drugs have been approved for clinical use,
it has not gained acceptance as a first-line treatment option. Recent advances in
nanotechnology and nanomedicine have opened up an extremely promising avenue in the
field of PDT providing versatile technological opportunities to encounter the existing
challenges of PDT systems. In this review, we have attempted to provide an overview of a
variety of approaches to generate ROS for cancer therapy. The judicious designs were
categorized taking into consideration the following aspects: (i) introducing engineered light
source for in-depth penetration; (ii) constructing oxygen self-supplied formulations; (iii)
making photosensitization responsive to diverse stimulations other than light; (iv)
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programing genetically encodable PSs; and (v) utilizing non-photodynamic biochemical
reactions to avoid the dependence on PSs, oxygen and light.

By surveying the existing literature, we firmly believe that rationally engineered ROS
generation strategies will expand our cancer treatment options. Due to the lack of clinical
evidence, however, most of the developed ROS generation systems are still in the early
development stage. Future work should focus on the following important questions: (i) how
to delimitate the functional ROS levels during photodynamic or non-photodynamic cancer
therapy, (ii) how to precisely control ROS generation specifically in the tumour but not in
normal cells, and (iii) how to clinically translate the new ROS generation approaches to
target deep-seated tumors. We hope that this review is timely in providing an overview of
current status on this theme and will shed new light on future directions to move forward in
the continued battle to conquering cancer.
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Schematic illustration of the mechanism of ROS generation through a typical photodynamic
procedure. However, traditional photodynamic procedure encounters several challenges at
difference levels (in black) blocking the broad applications of PDT. The overall contents are

provided to summarize the advanced strategies to solve these problems through

photodynamic and/or non-photodynamic procedures while highlighting the generation of

ROS for cancer therapy.
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Light penetration through the tissues. The penetration depth of a typical light is dominated
by the rates of absorption, scattering, transmission and reflection by tissue itself, which vary
with different wavelengths. Adapted with permission from ref. 31. Copyright 2011,

American Cancer Society.
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(A) NIR light harvesting by UCNP for photosensitizing PS and ROS generation. (B-E)

Strategies for integrating UCNP and PS for PDT study including covalent binding (B),
physical attachment through hydrophobic-hydrophobic interaction or electron static
interaction (C), silica shell embedding (D), and direct PS coating (E).
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(A) Scheme of two-photon activation of PS for ROS generation. (B) Structures and
absorption spectra of conjugated porphyrin dimers 1-5, and the clinically used
photosensitizer verteporfin, 6. (C) One-photon absorption spectra of 1, 2, 4 and 6. (D) Two-
photon absorption spectra of 1-4. All spectra were recorded in dimethylformamide (DMF)
with 1% pyridine. (E) /n vitro photodynamic therapy of porphyrin dimers 1-5, compared to
verteporfin, 6. Reprinted with permission from ref. 96. Copyright 2008, Nature Publishing
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Fig. 5.
Schematic representation of RLuc8-immobilized QDs-655 for BRET-based PDT. Reprinted
with permission from ref. 114. Copyright 2012, Elsevier Ltd.
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Fig. 6.
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(A) Scintillating nanoparticles (SCNPs) act as an X-ray transducer to generate 10, through
the electron transfer process. (B) Diagram of the PDT mechanism that occurs when energy

is transferred from ScNPs to activate the PS. (C-F) Scanning transmission electron

microscope (STEM) image and corresponding element mapping (for Y, Ce, Si, and Zn) of

ScNPs. (G, H) /n vivo ionizing-radiation-induced ScNPs-mediated synchronous

radiotherapy and PDT. Reprinted with permission from ref. 62. Copyright 2016, American
Chemical Society. Reprinted with permission from ref. 134. Copyright 2015, John Wiley &

Sons, Inc.
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Fig. 7.
(A) Schematic of the CR-mediated excitation of TiO, nanoparticles to generate cytotoxic

hydroxyl and superoxide radicals from water and dissolved oxygen, respectively, through
electron-hole pair generation. CR is generated by PET radionuclides (not to scale). (B, C)
Cell-viability and DNA damage by TiO» treatment. (D-F) /n vivo CRIT through a one-time
intra-tumoural administration shows significant shrinkage of tumour, and extensive necrotic
centres and destruction of the tumour architecture from haematoxylin and eosin (H&E)
slices. Reprinted with permission from ref. 141. Copyright 2015, Nature Publishing Group.
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Scheme shows several situations of oxygen in PDT, indicating great importance for
introducing oxygen self-supplied systems to confer efficient PDT outcomes.
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Fig. 9.
(A-C) Schematic illustration of cancer-boosted PDT based on ICG-loaded artificial red cells

(I-ARCs) (D, E) ROS generation and ROS-mediated cell viability assay using I-ARCs. (F-
G) In vivo anti-tumour evaluation of I-ARC-based PDT shows complete remission of
MCF-7 tumours. Reprinted with permission from ref. 163. Copyright 2016, Nature
Publishing Group.
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Fig. 10.
(A) Structure and design of the Oxy-PDT agent. (B) Structure of PS IR780. (C, D) Cell

viability assay in CT-26 cells shows enhanced cytotoxicity by Oxy-PDT agents. (E-G) /n
vivo photodynamic therapy of Oxy-PDT by intra-tumoural injection in a subcutaneous
tumour model, showing prominent 10, generation and tumor growth inhibition. Reprinted
with permission from ref. 178. Copyright 2015, Nature Publishing Group.
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Fig. 11.
(A) Schematic illustration of mechanism of H,O5-controllable release of PS and O, to

implement PDT and (B) HAOP NP for selective and efficient PDT against hypoxic tumor
cell. (C) Change of relative tumor volume (V/V) and tumor slides by H&E staining upon
different treatments. Scale bars: 100 pm. Reprinted with permission from ref. 184. Copyright
2015, American Chemical Society.
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Fig. 12.
Scheme shows the ROS generation through diverse stimulations other than light activation of

photosensitization, which could provide spatiotemporal control for ROS-based cancer
therapy.
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Fig. 13.
(A) Synthesis of the targeted anthracene endoperoxide derivative (EPT1) for gold nanorod

functionalization. (B) PDT concept of photo-triggered thermal conversion and 10,
generation. (C) Absorbance at one of the anthracene peaks (404 nm) after heating EPT1 for
30 min at the indicated temperatures. (D) Viability assays of HelLa cells incubated with 10
pm of GNR-PEG or EPT1-GNR for 24 h, washed with DPBS, and irradiated with 808 nm
laser (2.0 Wem™2, 10 min). Reprinted with permission from ref. 198. Copyright 2016, John
Wiley & Sons, Inc.
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(A) Schematic illustration of sonodynamic therapy (SDT) using HTiO, NPs. (B, C) TEM

EDS mapping and images of HTiO, NPs. Scale bar is 500 and 90 nm for B and C,

respectively. (D) Treatment regimen of SDT. Red arrow represents injection time-points of
HTiO, NPs. (F) Antitumour efficacy of HTiO, NPs in SCC7 tumour-bearing mice. (G)
Bright-field images of tumour vasculature after SDT with US. Scale bar, 1000 um. Reprinted

with permission from ref. 206. Copyright 2016, Nature Publishing Group.
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Fig. 15.
(A) Concept of 10, quenching/scavenging and activation by an enzymatic cleavage of a

caspase-3 substrate. (B) Structure of caspase-3 activatable Pyro-peptide-CAR (PPC) beacon.
(C-F) HPLC chromatograms monitoring caspase-3 cleavage by (C,D) Pyro fluorescence and
(E,F) CAR absorption: (C,E) PPC alone and (D,F) PPC + caspase-3. Reprinted with
permission from ref. 213. Copyright 2004, American Chemical Society.
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Fig. 16.
(A) Structures and pH-activatable generation of fluorescence and 10, by cRGD-

NEt,BroBDP NP. (B) NIR fluorescence spectra of cRGD-NEt,Br,BDP NP at different pH.
(C) Subcellular localization of 10, generated during cRGD-NEt,Br,BDP NP-mediated PDT
with singlet oxygen sensor green (SOSG), LysoTracker Red and Hoechst 33342 staining.
Scale bars: 25 pm. Reprinted with permission from ref. 236. Copyright 2015, The Royal
Society of Chemistry.
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Fig. 17.
(A) Proposed mechanism for autocatalytic 10, amplification. Following photoexcitation of

Bry,B-PMHC, its singlet excited state rapidly deactivates via intra-molecular photo-induced
electron transfer (PeT). The improbable occurrence of a chemical quenching pathway of 10,
by BroB-PMHC will yield an oxidized, active form, Br,B—PMHCox that will sensitize
additional 10,. (B) 10, phosphorescence emission intensities (Aey = 1270 nm) as a function
of irradiation time for different PSs in air-equilibrated acetonitrile solutions. (C)
Antibacterial photodynamic inactivation in £. coli ATCC 25922. E. coli dark controls (from
left to right): control, incubated with 500 nM hydrogen peroxide. Reprinted with permission
from ref. 243. Copyright 2016, American Chemical Society.
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Fig. 18.

(A) Mechanism of ROS generation by FAP-TAPs. IC, internal conversion by molecule’s free
rotation; ISC, intersystem crossing. (B) Images of cells that were labeled with 400 nM of the
indicated dye taken before laser illumination (top) by differential interference contrast (DIC)
and fluorogen-FAP (red). Live cell (cyan) and dead cell (yellow) were assayed 30 min after
illumination (bottom). Scale bar, 10 pm. (C) Merge of DIC and mCer3 fluorescence (cyan)
showing phenotype development from 0 h p. i. to 96 h p. i. of larval zebrafish (7= 20 for
each group). Scale bar: 1000 um. Reprinted with permission from ref. 284. Copyright 2016,

Nature Publishing Group.
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Fig. 19.
(A) Preparation of amorphous Fe? nanoparticles (AFeNPs). (B) Electron spin resonance

(ESR) spectra of different reaction systems with 5, 5-Dimethyl-1-Pyrroline-N-Oxide
(DMPO) as the spin trap. (C) Growth inhibitory effects of the AFeNPs on MCF-7 cells at pH
7.4 and 6.5 at various H,O5 concentrations (n = 6, mean % s. d., **P<0.01, and ***P<0.001).
Reprinted with permission from ref. 313. Copyright 2016, John Wiley & Sons, Inc.

Chem Soc Rev. Author manuscript; available in PMC 2017 November 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhou et al.

2 H.?Oc;_H(vii)
w 10
ROO® 2

\/ O il

H,0,

Fig. 20.

Page 57

An overview of major biochemical reactions that are able to generate 10,. R indicates alkyl
groups, enzymes include catalase and peroxidases. (i) H,O», and hypochlorite (CIO™) during
phagocytosis; (ii) energy transfer reaction from excited carbonyl species; (iii) superoxide

anion reactions with organic or inorganic substances; (iv) ozone reaction involving

hydrotrioxide intermediates; (v) peroxynitrite reactions with hydroperoxides or hydrogen

peroxides; (vi) decomposition of lipid hydroperoxides by reduction through Russell

mechanism; (vii) enzymes (e.g., catalase, peroxidases)-involved metabolism.
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