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Overcoming barriers in photodynamic therapy
harnessing nano-formulation strategies
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Photodynamic therapy (PDT) has been extensively investigated for decades for tumor treatment because
of its non-invasiveness, spatiotemporal selectivity, lower side-effects, and immune activation ability. It
can be a promising treatment modality in several medical fields, including oncology, immunology,
urology, dermatology, ophthalmology, cardiology, pneumology, and dentistry. Nevertheless, the clinical
application of PDT is largely restricted by the drawbacks of traditional photosensitizers, limited
tissue penetrability of light, inefficient induction of tumor cell death, tumor resistance to the therapy,
and the severe pain induced by the therapy. Recently, various photosensitizer formulations and
therapy strategies have been developed to overcome these barriers. Significantly, the introduction of
nanomaterials in PDT, as carriers or photosensitizers, may overcome the drawbacks of traditional
photosensitizers. Based on this, nanocomposites excited by various light sources are applied in the PDT
of deep-seated tumors. Modulation of cell death pathways with co-delivered reagents promotes PDT
induced tumor cell death. Relief of tumor resistance to PDT with combined therapy strategies further
promotes tumor inhibition. Also, the optimization of photosensitizer formulations and therapy
procedures reduces pain in PDT. Here, a systematic summary of recent advances in the fabrication of
photosensitizers and the design of therapy strategies to overcome barriers in PDT is presented. Several
aspects important for the clinical application of PDT in cancer treatment are also discussed.

administered alone. Additionally, the cytotoxicity of PDT is
restricted to light-exposed regions due to the very short lifetime

Photodynamic therapy (PDT) is a promising unique strategy for
tumor therapy with high spatiotemporal selectivity and low
side-effects. In PDT, several reactive oxygen species (ROS) are
produced in situ to destroy cancer cells with the introduction of
photosensitizers into tumor tissues and the delivery of light
with suitable wavelength." Ideally, PDT constitutes a non-
invasive approach for cancer treatment. Both the photosensiti-
zers and the light used in PDT are principally non-toxic when
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(<200 ns) and diffusion range (about 20 nm) of ROS.> There-
fore, the side effects of PDT are broadly acceptable compared
to radiotherapy and chemotherapy. In particular, PDT is
promising in that it can stimulate effective anti-tumor
immune responses. Considering these advantages, PDT has
been extensively investigated for cancer treatment and also uti-
lized in several medical fields, including immunology,®
urology,”® dermatology,”"" ophthalmology,">™** cardiology,">"”
pneumology,'®*?° and dentistry.>* >

However, the clinical application of PDT is largely restricted
by several barriers. Traditional photosensitizers are mostly
activated by light of short wavelengths with low tissue
penetrability.>* Therefore, the clinical application of PDT is
currently restricted to superficial tumors, such as skin, head
and neck tumors, etc.”” Meanwhile, several other drawbacks of
traditional photosensitizers, such as low water solubility, lack
of tumor-targeting ability, and potential toxicity to normal
tissues, also hinder the application of PDT in clinical practice.
Moreover, PDT is unique in that it induces complex events in
both the tumor tissues (tumor vascular damage,”®*” tumor cell
apoptosis,”® necrosis or autophagy,”** release of cell debris
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and tumor specific antigen,*® activation of the antioxidant
system,***> damage-repair system or pro-survival signaling,*®>°
etc.) and the hosts (retention, transformation, degradation or
excretion of photosensitizers in the liver, kidneys and other
organs,’®™® activation of the immune system,**** etc.), which
may contribute to the tumor inhibition or resistance to the
therapy. Therefore, the efficiency of PDT is also largely restricted
by cellular responses and tumor resistance to the therapy, which
are mediated by many different mechanisms. For example, the
excretion of photosensitizers by transporters or exocytosis reduces
their retention in tumor cells."”*"*> ROS generation may be
dampened by the hypoxic tumor microenvironment.*>™*” Also,
the activation of the antioxidant system in tumor tissues leads to
scavenging of ROS.>**>*® Expression of heat shock proteins
promotes the repair of proteins damaged by ROS.***” Induction
of pro-survival signaling pathways may reduce PDT induced
tumor cell death.>® The immune activation ability of PDT is also
hampered by the immunosuppressive microenvironment of
tumor tissues.*® Another important but less concerned issue is
the severe pain induced by PDT. During PDT treatment, the pain
experienced by patients is sometimes intense or even intolerable,
which causes the interruption or termination of the PDT
process.’*™* Therefore, the development of novel photosensitizer
formulations and therapy strategies to overcome these barriers is
critical for the clinical application of PDT.

Several kinds of nanomaterials possess promising optical
and physicochemical properties (high ROS generation
efficiency, being responsive to light of suitable wavelength,
tumor targeting ability, moderate physiological stability and
circulation time, excellent biocompatibility, etc.), making
them attractive alternatives to traditional photosensitizers
for PDT.>*™” Also, various nanomaterials have been success-
fully used as carriers to improve the water solubility, tumor-
targeting efficiency, and ROS production of traditional
photosensitizers.****™%® Therefore, considering the suggested
advantages from nanomaterials, various nanoparticles, nano-
composites, and corresponding therapy strategies have been
developed to overcome the barriers in PDT.>*'"%* This review
summarizes the recent advances in these issues. First, the
principle of PDT and the development of photosensitizers are
introduced. Then, various nanoparticles applied in PDT, either
as carriers or as photosensitizers, are summarized, followed by
the strategies for the fabrication of nanocomposites for PDT.
Based on this, the physicochemical properties of these materi-
als and their applications in the treatment of deep-seated
tumors, modulation of cell death pathways, relief of tumor
resistance to PDT, and the reduction of severe pain induced by
PDT are summarized. Finally, several aspects important for the
clinical application of PDT in cancer treatment are discussed.

2. Basic principles of PDT

Production of ROS by photosensitizers in response to light
stimulation is the core reaction of PDT. Two types of photo-
dynamic reactions have been reported based on the type of ROS
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Fig. 1 Principles of type | and type Il photodynamic reactions.

generation from the photosensitizers in the presence of light
(Fig. 1). In a type I reaction, the ground-state photosensitizers
are first activated to the singlet excited state upon exposure to
light and then to the triplet excited state by intersystem cross-
ing, in which electrons are transferred to surrounding sub-
strates to produce radical anions and oxygenated products. In a
type 1II reaction, the activated photosensitizers transfer energy
to tissue oxygen to produce highly active singlet oxygen, which
reacts with biological molecules to destroy cancer cells.>>*

The highly reactive ROS produced during PDT attack the
surrounding bio-molecules, such as lipids, proteins, and DNA,
to exert a cytotoxic effect (Fig. 2).°>°® Lipids, especially unsatu-
rated lipids, are sensitive to ROS.®”"®® The radicals generated in
photodynamic reactions induce lipid peroxidation.®® Meanwhile,
unsaturated lipids might be directly added by singlet oxygen to
form lipid peroxides. Lipid peroxidation damages the structure
and function of bio-membranes.®”” Furthermore, these radicals
might trigger free-radical chain reactions, leading to the second-
ary modification of proteins and polynucleotides.®>**”® There-
fore, plasma membrane and membranous organelles, such as
mitochondria, endoplasmic reticulum (ER), Golgi apparatus, and
lysosomes, are vulnerable to PDT. Damage to these organelles
leads to apoptosis, necrosis, or autophagy-mediated cell death.®”

Proteins are also sensitive to the ROS produced during the
PDT procedure (Fig. 2).*”' Amino acid residues, such as
cysteine, methionine, tyrosine, histidine, and tryptophan, are
the primary sites of oxidative modification of proteins.”>”
ROS-mediated oxidation of proteins results in the formation
of different products, depending on the amino acid sequence of
each protein. Therefore, different proteins exhibit quite differ-
ent sensitivities to ROS.%® Cross-linking of proteins with other
proteins or photosensitizers might also occur in response to
PDT.”* All these reactions damage the structure, catalytic
activity, and biological functions of proteins, contributing to
PDT-induced cell death.”>7”>

DNA is also an essential target of ROS in PDT (Fig. 2).
Guanine (one of the DNA base pairs) is especially sensitive to
oxidative damage. ROS-induced damage to mitochondrial and
genomic DNA might also give rise to cancer cell apoptosis.”®””

3. Toward better photosensitizers

Generally, several characteristics are required for an ideal
photosensitizer. First, a high quantum yield is required for
photosensitizers to achieve efficient production of ROS.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Molecular targets of ROS in PDT. Lipids, proteins, and DNA are the main targets of ROS in PDT. Lipid peroxidation following PDT damages
membrane structures, including cell membranes, lysosomes, mitochondria, and ER. ROS-mediated oxidation leads to the denaturation, aggregation, and
cross-linking of cellular proteins, resulting in the loss of function of the targets. ROS might also attack both mitochondrial and genomic DNA. All these
processes give rise to apoptosis, necrosis, or autophagy-mediated cancer cell death in PDT.

Second, activation by light with better tissue penetration
ensures the application in deep tissues. Third, efficient accu-
mulation in tumor tissues and precise targeting to certain
organelles are critical for specific induction of tumor cell death
with high efficiency. Fourth, suitable retention time in the body
and negligible dark toxicity are important to minimize the side-
effects.

In search of better photosensitizers, several generations of
photosensitizers have been developed (Fig. 3).>** The applica-
tion of various nanomaterials in PDT, either as carriers or as
photosensitizers, is a milestone in this field. Significantly, the
fabrication of various nanocomposites and investigation of
corresponding therapy strategies provide powerful tools to
overcome the barriers in PDT.

3.1. Traditional photosensitizers

The first generation of photosensitizers included porphyrin
and hematoporphyrin (Fig. 3).>* Several of these photosensiti-
zers have been approved for the clinical treatment of esopha-
geal, bladder and lung cancers, and the early stages of cervical
cancer after investigations for many years.>® However, the
clinical application of these photosensitizers is restricted by
several drawbacks, such as relatively poor absorption of light
with high tissue penetration, low efficiency of ROS production,

This journal is © The Royal Society of Chemistry 2021

lack of tissue specificity, and long retention time in the human
body.>*78

A group of macrocyclic compounds composed of porphyrin-
based structures and several non-porphyrinoid compounds
were developed and introduced as the second generation of
photosensitizers considering the shortcomings of the first
generation of photosensitizers (Fig. 3).>> Generally, the quan-
tum yields of second-generation photosensitizers are higher
than those of the first generation. Meanwhile, efficient activa-
tion by light of longer wavelengths improves the therapeutic
effect on deeper tissues. Moreover, the shorter retention time in
the body reduces the phototoxicity to normal tissues. However,
the lack of tumor specificity still restricts the clinical applica-
tion of the second generation of photosensitizers.>*

Recently, considerable efforts have been made to develop
novel photosensitizers with better tumor-specific delivery or
targeting efficacy. It is a popular strategy to modify the existing
photosensitizers with targeting moieties. Recently, the applica-
tion of nanomaterials either as carriers or as photosensitizers
strongly promotes the development of PDT.>*”®

3.2. State-of-the-art nanomaterials in PDT

With the development of nanotechnology, a series of nanomater-
ials have been reported to exhibit an efficient ROS generation
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Fig. 3 Molecular structures of representative traditional photosensitizers. Molecular structures of representative photosensitizers of the first (porphyrin
and hematoporphyrin) and second (Ce6, HPPH, m-THPC, ALPcS4, ZnPC, ALA, and RB) generations are presented [Ce6: Chlorin e6; HPPH: 2-[1-
hexyloxyethyl]-2-devinyl pyropheophorbide-a; m-THPC: meta-tetra(hydroxyphenyl)-chlorin; ALPcS4: aluminum phthalocyanine tetrasulfonate; ZnPC:

Zn(n)-phthalocyanine; ALA: aminolevulinic acid; RB: Rose Bengall.

ability in response to light excitation, enabling their use as
photosensitizers in PDT.*"**#* Moreover, nanomaterials are
also ideal carriers for traditional photosensitizers.>*®
Nanomaterial-mediated PDT of cancers is associated with
several advantages. First, nanomaterials exhibit better tumor-
targeting efficacy, and passively transport and accumulate in
tumors through the enhanced permeability and retention (EPR)
effect due to their particle size and the abnormal vascular
structure of tumors.”®**%” The targeting efficacy of nanomater-
ials can also be effectively modulated through surface modifi-
cation and functionalization to achieve enhanced tumor-killing
efficiency and reduced toxicity to normal tissues.®**® Second,
nanomaterial-based photosensitizers exhibit better photo-
stability than traditional ones. Hence, less photo-bleaching is
observed upon light exposure.®>® Third, the optical properties
of nanomaterials are highly adjustable, which provides the
system with more possibilities and capabilities.’”*® Fourth,
the multifunctional feature of nanomaterials enables diagnos-
tic imaging of the treatment process and further improvement
of the specificity and therapeutic effects.”’** Furthermore, the
large surface area of nanomaterials enables high drug loading
capability so that traditional photosensitizers and other drugs
can be delivered into tumors for combinational therapy.>’
Several experiments have been conducted to investigate the
potential applications of nanomaterials as carriers or as photo-
sensitizers in PDT.

Chem. Soc. Rev.

3.2.1. Nanocarriers for photosensitizers. Nanomaterials
are suitable for drug loading and delivery due to their large
surface-to-volume ratios. The pharmacokinetics of traditional
photosensitizers can be effectively optimized by loading them
on suitable nanoparticles.’®?*°® Accumulation of nano-
particles in tumors through the EPR effect gives rise to passive
tumor targeting of photosensitizers. Moreover, surface modifi-
cation of nanoparticles with various targeting moieties signifi-
cantly enhances the targeting efficacy of photosensitizers.
Many nanoparticles fabricated with naturally occurring or
synthetic materials have been used as carriers of photosensiti-
zers for cancer PDT (Table 1).%

3.2.1.1 Inorganic nanoparticles for photosensitizer delivery.
Several kinds of inorganic nanoparticles, such as silica
nanoparticles,”® metal oxide nanoparticles,” and gold
nanoparticles,' have been widely investigated in tumor ther-
anostics. These nanoparticles constitute ideal carriers for
photosensitizers due to their highly adjustable morphology,
excellent loading capacity, and biocompatibility.">*°

Silica nanoparticles, such as mesoporous silica nano-
particles, can act as excellent drug carriers because of their
excellent biocompatibility, large surface area, and high pore
101 As “generally regarded as safe” (GRAS) materials,
they are biodegradable and can be surface-modified for more
efficient drug loading, targeted drug delivery, and controlled

volume.
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Size Light
Nanomaterial Photosensitizer Functionalization (nm) (nm) Administration Cancer Remarks Ref.
Hollow silica Phthalocyanine — 35 730 Intratumoral Sarcoma Highly efficient dual 103
nanoparticles PDT and PTT
Mesoporous silica ICG PEG-folic acid ~ 193.40 808 Intratumoral Breast Ultrasonic/NIR fluorescence 105
nanoparticles cancer imaging and PDT/PTT
Iron oxide PpIX — 37 632 Intravenous  Breast Magnetic resonance imaging- 99
nanoparticles cancer guided PDT
Iron oxide Ceb6 DA-PAA-PEG 100 704  Intravenous Breast Red-shift of the absorption/ 108
nanoclusters cancer excitation peak from 650 nm to

700 nm
Micelles PpIX — 123.9 He- Intravenous Lung  Prolonged blood circulation 113
Ne cancer and enhanced tumor-targeting
laser ability
Liposomes Aggregation-induced — 160-200 480, Intravenous  Breast Controlled photosensitivity 507
emission 810 cancer of the photosensitizers and
photosensitizers reduced side effects

Human serum Ce6 — 100 660 Intravenous Breast Fluorescence, photoacoustic, 115
albumin cancer and magnetic resonance
nanoassemblies triple-modal imaging-guided PDT
DNA origami BMEPC — 115 440 — Breast Restricted intramolecular 117

(edge), 2 cancer rotation of BMEPC, intensified

(height) fluorescence emission and

drug release. Meanwhile, they are suitable for enhancing the
solubility of poorly water-soluble drugs and traditional
photosensitizers.**%*

For example, hollow silica nanospheres have been used for
the delivery of a highly hydrophobic photosensitizer, phthalo-
cyanine. Enhanced water-dispersity of the photosensitizer was
achieved with this strategy. Efficient loading and delivery of
phthalocyanine into tumor cells enabled highly effective dual
PDT and photothermal therapy (PTT) of sarcoma in vivo with
730 nm laser irradiation."®® Dual-modal imaging-guided com-
bined PDT/PTT of cancer was also achieved with mesoporous
silica nanoparticles as carriers through the manipulation of
cargoes and surface modification (Fig. 4). Both perfluorohexane
and indocyanine green (ICG) were loaded into mesoporous
silica nanoparticles for ultrasonic/near-infrared (NIR) fluores-
cence imaging to achieve this goal (Fig. 4b and c). In response
to NIR light irradiation, the production of ROS was catalyzed
by ICG, while hyperthermia was produced from the polydopa-
mine coating of the nanoparticles (Fig. 4d and e). Dramatic
tumor inhibition was observed with this combined strategy
(Fig. 4f),104'105

Metal oxide (such as iron oxide) nanoparticles are also used
as carriers for tumor targeting of photosensitizers. The excel-
lent contrast enhancement of iron oxide nanoparticles also
makes imaging-guided PDT of cancer possible.'°®'*” More
importantly, the efficient response of iron oxide nanoparticles
to the magnetic field enables enhanced targeting of tumors.
Yan et al. reported the application of protoporphyrin IX (PpIX)-
loaded super-paramagnetic iron oxide nanoparticle (SPION)
nanoclusters in magnetic resonance imaging-guided PDT.
Highly efficient loading of PpIX onto SPIONs ensured enhanced
ROS production and significant inhibition of tumor growth
in vivo.”° Li et al. also reported the application of iron oxide
nanoclusters in the targeted delivery of photosensitizers for

This journal is © The Royal Society of Chemistry 2021

radical production

PDT. The photosensitizer Ce6 was loaded onto polyethylene
glycol (PEG) functionalized iron oxide nanoclusters. Interest-
ingly, the absorption/excitation peak of Ce6 shifted from
~650 nm to ~700 nm after this process, enabling activation
by NIR light. The cellular uptake of Ce6 was also significantly
accelerated by combining with these nanoparticles. The tumor-
targeting efficiency of these nanoparticles was also improved
with the assistance of a magnetic field. More favorable tumor
therapy effects were achieved with this nanocomposite both
in vitro and in vivo.'%®

The localized surface plasmon resonance (LSPR) effect of
specific inorganic nanoparticles, such as gold nanoparticles,
also enables energy transfer from the nanoparticles to the
loaded photosensitizers apart from simply being used as a
carrier of photosensitizers. This gives rise to enhanced ROS
production efficiency and therapeutic effect in PDT.>*%°

Despite their extraordinary physicochemical properties,
further investigation is still needed to confirm the biocompat-
ibility of inorganic nanoparticles in the human body. Due to the
high stability of several inorganic nanoparticles, the pharma-
cokinetics in vivo and long-term impacts to the immune system
and important organs (especially the liver, kidneys, and lungs)
should be further clarified for clinical application.

3.2.1.2 Organic nanoparticles for photosensitizer delivery.
Organic nanoparticles, such as polymeric micelles, nano-
spheres, nanocapsules, liposomes, and dendrimers, are also
important carriers to deliver photosensitizers in PDT (Fig. 5).
Organic nanoparticles might be prepared with various naturally
occurring or synthetic organic molecules, such as polyesters,
polyacrylamides, phospholipids, proteins, nucleic acids,
polysaccharides, etc.>**°®%*1% with different formulations,
hydrophilic and hydrophobic chemicals can be effectively
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Fig. 4 Mesoporous silica nanoparticles as carriers for dual-modal imaging-guided combined PDT/PTT of cancer. (a) Schematic illustration of the
theranostic system constructed with mesoporous silica nanoparticles. (b) /n vivo bio-distribution of the nanoparticles depicted with NIR fluorescence
imaging. (c) In vivo ultrasonic images of the tumor. (d) In vivo PTT efficacy of the nanoparticles. (e) In vivo PDT efficacy of the nanoparticles depicted by
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) staining in tumor sections. (f) Tumor growth curves following the indicated treatments.

Reproduced with permission.°®> Copyright, 2019, Wiley-VCH.

loaded into organic nanoparticles, enabling their full applica-
tion in PDT.>>®'10

For example, micelles are molecular aggregates dispersed in
colloidal solutions. In aqueous solutions, micelles are formed
with the hydrophilic heads of molecules in contact with the
solvent, while the hydrophobic tails aggregate at the center.
Therefore, hydrophobic drugs, such as photosensitizers, can be
loaded in the core of micelles and delivered to tumors.'*>"** Tsai
et al. investigated the application of pH-sensitive micelles in PDT.
The photosensitizer PpIX was encapsulated in either non-pH-
sensitive or pH-sensitive micelles for cancer cell treatment. PpIX
was localized in lysosomes with non-pH-sensitive micelles. How-
ever, nuclear localization of PpIX was observed when delivered
with pH-sensitive micelles. Delivery with micelles also gave rise to
prolonged blood circulation and enhanced tumor targeting abil-
ity, effecting better anti-tumor activity."**

Bio-molecules, such as proteins, nucleic acids, and polysac-
charides, are also used for photosensitizer delivery. Serum
albumin is a globular protein abundant in blood plasma and
has widely been used to deliver drugs, genes, peptides, and
imaging agents.""* Serum albumin is suitable for the delivery of

Chem. Soc. Rev.

hydrophobic drugs, such as photosensitizers, with no need for
toxic solvents. Hu et al. prepared human serum albumin nano-
assemblies to deliver the photosensitizer Ce6. Ce6 was loaded
onto these nanoparticles through S-S bond cross-linking
and hydrophobic interactions. Excellent reduction response
and enhanced tumor targeting and retention were observed
within this nanocomposite. In vitro and in vivo investiga-
tions confirmed the enhanced anti-tumor efficacy of this
nanocomposite."> Folic acid moiety was tagged to albumin
to enhance the uptake of the co-delivered photosensitizer by
tumor cells to enhance the targeting efficiency of albumin nano-
particles. This targeted delivery strategy results in improved
cytotoxicity."'®

Nucleic acids, such as DNA, are also successfully used for
photosensitizer delivery. A DNA origami was designed to form two-
or three-dimensional nanostructures suitable for drug loading
by taking advantage of the interaction between complementary base
pairs. For example, Zhuang et al. successfully loaded the photosen-
sitizer 3,6-bis[2-(1-methylpyridinium)ethynyl]-9-pentylcarbazole
diiodide (BMEPC) onto a DNA origami. With this strategy, aggregation-
induced photobleaching of BMEPC was effectively reduced.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Organic nanoparticles for the delivery of hydrophobic or hydrophilic photosensitizers in PDT. Reproduced with permission.>* Copyright, 2015,

American Chemical Society.

More interestingly, the intramolecular rotation of BMEPC was
also restricted after loading onto the DNA origami, resulting in
enhanced ROS production and cytotoxicity following light
stimulation."”” Kim et al. prepared a self-assembled DNA tetra-
hedron to deliver the photosensitizer methylene blue for cancer
PDT utilizing the advantage of the DNA binding property of the
photosensitizer.''® It was demonstrated that the developed
DNA nano-construct effectively inhibited the tumor growth
in vivo. DNA photocleavage after the therapy effectively
reduced the potential side effects.’” The highly programmable
sequence, diverse nanostructures, moderate stability, and
excellent biocompatibility of DNA based nanocarriers make
them promising for future applications.

3.2.2. Nanomaterials as photosensitizers. Several nanoma-
terials can generate ROS themselves under light stimulation,
making them suitable for use as photosensitizers for PDT due
to their unique optical properties (Table 2). Compared to
traditional photosensitizers, nanomaterial-based photosensiti-
zers have better photostability, passive tumor targeting ability
mediated by the EPR effect, and convenient for further mod-
ification and combined therapy.

3.2.2.1 Noble metal nanoparticles as photosensitizers. In addi-
tion to being carriers for photosensitizers, several kinds of
noble metal nanoparticles are also directly used as photosensi-
tizers in cancer PDT. Gold nanostructures are the most repre-
sentative noble metal photosensitizers. Under laser irradiation,
the strong LSPR of gold nanoparticles allows their enhanced
light-matter interaction in a specific wavelength range, result-
ing in enhanced light absorption and photothermal
conversion.'™™"*" When light excites on the surface of gold
nanoparticles, the energy from LSPR can be transferred to the

This journal is © The Royal Society of Chemistry 2021

oxygen molecule in the ground state effectively to produce
singlet oxygen, which is a typical type II PDT process."**
Interestingly, the size or other morphological parameters
finally determine the LSPR band of gold nanostructures, mak-
ing it possible to activate them with light of higher tissue
penetrability to enable application in deeper tissues. This
feature endows gold nanoparticles with tunable and multiple
function potential in diagnostic applications."””'*® vankayala
et al. reported the efficient production of singlet oxygen with
gold nanorods (NRs) upon NIR light stimulation. Eradication of
B16F0 melanoma was observed with gold NR-mediated PDT.
The highly potent anti-tumor effects achieved with this strategy
enabled the use of a low-energy light-emitting diode array
instead of a high-power laser as a light source (Fig. 6).5' Two-
photon excited singlet oxygen production was also achieved
with the gold NRs. Significantly higher singlet oxygen produc-
tion levels were observed compared with the traditional photo-
sensitizers, such as RB and ICG. The gold NRs exhibited good
biocompatibility and efficient cellular uptake after functionali-
zation with polyvinylpyrrolidone. This nanocomposite effi-
ciently destroyed HeLa cervical cancer cells.*’

In addition, gold nanostructures with different morphologies
were constructed to optimize the PDT performance. Gold
nanoechinus,'*® gold nanoshells,"*" gold bipyramids,*** and gold
nanocages™®' were reported to achieve highly efficient singlet
oxygen generation and tumor elimination. The light resource also
plays a critical role in the PDT process. Under X-ray irradiation,
enhanced generation of hydroxyl radical and superoxide anion
can be observed than under UV light irradiation."*?

Light-stimulated ROS production and PDT-mediated killing
of cancer cells [breast (MCF-7) and lung (A549)] were also
validated with silver nanoparticles as photosensitizers."**
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Light
Nanomaterial Functionalization Targeting Size (nm) (nm)  Administration Cancer Remarks Ref.
Gold NRs Lipofectamine 2000 — 37.3 (length), 11 915 Intratumoral Melanoma  First demonstration of gold 81
(diameter) NR-mediated PDT
TiO, — IL13R 5 Visible — Brain cancer Visualization with synchrotron 82
nanoparticles antibody light X-ray fluorescence microscopy
at the submicrometer scale
ZnO Phospholipid DOPC — 21 255 — Cervical UV-stimulated PDT 140
nanoparticles cancer
Fullerene DSPE-mPEG — 100 730 Intravenous  Cervical Photoacoustic imaging-guided 87
cancer PDT and PTT
Graphene PEG Folate 100 980 Intravenous  Melanoma  Fluorescence imaging-guided 64
oxide PDT and PTT
Graphene — — 2-6 405, Subcutaneous Breast cancer High quantum yield of ~1.3, 144
quantum dots 637 broad absorption band span-
ning
the UV region and the entire
visible region, strong deep-red
emission
BP nanosheets — — 2 (height) 660 Subcutaneous Breast cancer High quantum yield of about 61
0.91, photodegradable
BP quantum PEG — 2.5 625 Intratumoral  Breast cancer Prominent NIR photothermal 183
dots and red light-triggered
photodynamic properties
DBP-UIO — — 100 (diameter), 10 640 Intratumoral Head and Highly potent PDT agents for 84
NMOFs (thickness) neck cancer the treatment of resistant
cancers
SPNs Cell membranes of acti- — 47 (diameter) 808 Intravenous  Breast cancer Enhanced tumor accumulation, 195

vated fibroblasts

3.2.2.2 Metal oxide nanoparticles as photosensitizers. Metal
oxide nanoparticles, such as titanium dioxide (TiO,) and zinc
oxide (ZnO) nanoparticles, can also catalyze ROS production
when stimulated with a light of suitable wavelength.®
The photocatalytic activity of TiO, was first reported in
1972."%° Due to its vibrant photocatalytic properties, TiO, has
widely been used in many energy-conversion processes, such
as photo-degradation, CO, reduction, and solar cells.>* Under
UV light irradiation, the large photon energy permits ground
state electron transition from the valence band to the conduc-
tion band by crossing the band gap of TiO,. The excited
carriers, holes, and electrons are formed in the valence band
to the conduction band of the semiconductor. Before the
recombination of holes and electrons, the holes react with
the surrounding water to produce radicals and the electrons
are transferred to the surrounding oxygen to form superoxide
anions."*"*” Such a type I PDT reaction in TiO, endows it with
the potential for wide application in the treatment of hypoxic
tumor tissues, though its potential in the treatment of deep-
seated tumors is still limited by the relatively short wavelength
of corresponding light sources.®**'**'*° For example, TiO,
nanoparticles (5 nm) were also used as photosensitizers in
brain cancer (glioblastoma) PDT (Fig. 7). An antibody against
the glioblastoma multiforme surface marker IL1302R was
covalently tethered to the nanoparticles with a dihydroxyben-
zene bivalent linker to enhance the targeting efficiency of brain
cancer (Fig. 7). Visible light-stimulated production of ROS with
this nanocomposite gave rise to the programmed death of
cancer cells.*”
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stronger bioimaging ability and
combined PTT/PDT

ZnO nanoparticles are also used as photosensitizers for PDT
with bandgap energy and photocatalytic activity similar to TiO,.
A lipid bilayer was used to coat the nanoparticles to enhance
the stability of ZnO nanoparticles in biological media. The
lipid-coated ZnO nanoparticles were effectively internalized by
human epithelial carcinoma cells through a liposomal path-
way. ROS production and enhanced cancer cell death were
observed following stimulation with ultraviolet (UV) light.'*
Moreover, doping of ZnO nanoparticles with silver stimulated
the production of ROS in the daylight."*'

3.2.2.3 Carbon-based nanomaterials as photosensitizers.
Carbon-based nanomaterials, such as fullerenes, graphene,
and graphene oxide are also widely used in tumor
theranostics.'**** These materials are mostly hydrophobic.
However, it is usually quite convenient to modify the surface of
carbon-based nanomaterials through either electrostatic inter-
actions or covalent bonding.*> Many studies have been con-
ducted to investigate the application potential of various
carbon-based nanomaterials for the loading and delivery of
photosensitizers and imaging agents.’*'** Meanwhile, several
kinds of carbon-based nanomaterials can also catalyze ROS
production in response to light stimulation, making them
potent photosensitizers for cancer PDT.??

3.2.2.3.1 Fullerenes. Fullerenes are allotropes of carbon,
consisting of hollow cages of carbon atoms. Due to their unique
structure and properties, fullerenes have attracted much atten-
tion in various fields since their discovery in 1985."*> Fullerenes
are ideal carriers for the delivery of drugs and photosensitizers.
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Fig. 6 NIR light excited PDT with gold NRs. (a) Cellular processes involved in the PDT- and PTT-induced cell death upon photo-irradiation of cells
incubated with gold NRs. (b) ROS production was determined by DCFH-DA fluorescence. (c) Singlet oxygen sensor green fluorescence in Hela cells
treated as indicated. (d) Photothermal images of mice following the indicated treatments. (e) The apoptotic index was determined with the mean
fluorescence intensity of caspase-3 staining in tumor tissues. (f) Relative tumor-to-volume ratios following the indicated treatments. Reproduced with
permission.8* Copyright, 2013, Wiley-VCH.
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Fig. 7 Schematic representation of the preparation of a brain cancer-
targeting nanocomposite with TiO, as a photosensitizer for PDT. Repro-
duced with permission.®? Copyright, 2009, American Chemical Society.

Interestingly, the loading of porphyrin onto fullerenes changed
their photochemical properties, leading to the enhanced pro-
duction of singlet oxygen and increased tumor cell
penetration.'** Moreover, the extended m-conjugation of full-
erenes enables the absorption of light in the UV or blue
spectrum to form a triplet state and generate ROS. Both type
I and type II photodynamic reactions can be induced to
produce free radicals and singlet oxygen. Therefore, fullerenes
can be used as photosensitizers for the PDT of tumors even in
the hypoxic microenvironment.'*® Antennae-fullerene com-
plexes were prepared for light-stimulated PDT using long
wavelengths due to the low tissue penetration of UV and blue
light."*” For example, Shi et al reported the fabrication of
fullerene-based nanoparticles conjugated with an NIR-
absorbing antenna for photoacoustic imaging-guided syner-
getic PTT and PDT. Functionalization with 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE)-mPEG enhanced the
biocompatibility of nanoparticles. Upon intravenous injection,
the nanoparticles accumulated in tumors through the EPR
effect, generating photoacoustic imaging signals around the
tumors. With NIR light-induced electron transfer from anten-
nas to fullerenes, enhanced ROS and heat generation efficiency
was achieved, resulting in marked inhibition of tumor
growth.®”

3.2.2.3.2 Graphene and its derivatives. As the first group of
two-dimensional nanomaterials, graphene and its derivatives
have been widely used in ultrafast photonics,'** %>
optoelectronics,'*** and biomedicine."®"”” Considering its
amazing irreplaceable physicochemical properties,'*®'*® gra-
phene has been investigated as a drug delivery vehicle and a
photosensitizer for cancer treatment. The large surface
area’®®™® and various surface functional groups'®* "% of
graphene-based materials enable efficient loading of chemical
drugs, photosensitizers, and large biological molecules, such as
small interfering RNA (siRNA), antibodies and other functional
proteins. Microenvironment responsive moieties and tumor-
specific drug delivery, release, and activation can also be
achieved through the incorporation of targeting ligands,
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leading to enhanced tumor therapy efficacy and reduced side
effects.'*?

Tremendous research has been conducted to investigate
the utilization of graphene-based nanomaterials as carriers of
photosensitizers for cancer PDT. Delivery with graphene-based
nanomaterials improves the stability, bioavailability, and
photodynamic efficiency of traditional photosensitizers."*? It
is crucial to pre-quench the photosensitizers for selective
activation in tumors following light stimulation to reduce off-
target effects from non-specific activation and the poor target-
ing efficiency of photosensitizers. Du et al. reported that
integrating the photosensitizer Ce6 onto the surface of gra-
phene quantum dots or graphene oxide gives rise to fluores-
cence quenching and mild phototoxicity. However, the
photoactivity of Ce6 could be selectively recovered in reducing
conditions. The resulting nanosystem exhibited improved
tumor accumulation, enhanced tumor therapy efficiency, and
reduced side effects."® Yu et al. prepared a cancer integrin
o, Be-targeting peptide-modified graphene oxide for the delivery
of the photosensitizer HPPH to improve the tumor-targeting
efficacy. The resulting nanocomposite exhibited significantly
enhanced tumor uptake and PDT-mediated tumor suppression
in both subcutaneous and lung metastatic rodent models. More
interestingly, dendritic cells were activated by the therapy,
leading to further inhibition of tumor growth and lung
metastasis.'®® Furthermore, Choi et al prepared graphene
oxide quantum dot-based core-shell nanoparticles for cell
imaging and photosensitizer delivery. The nanoparticles con-
sisted of upconversion nanoparticles (UCNPs) as the core and
graphene oxide quantum dots as the shell. Cell imaging was
achieved by implementing upconversion luminescence of the
UCNPs, while singlet oxygen was generated by hypocrellin
loaded on the graphene oxide quantum dots through n-n
interactions. The EPR effect enables the accumulation of the
as-prepared nanomaterials in tumors. Improved anti-tumor
therapeutic effects were achieved with this multifunctional
nanocomposite."®®

Graphene-based nanomaterials might also generate ROS
following light stimulation; therefore, they might also be used
as PDT photosensitizers. For example, nano-sized graphene
oxide was shown to catalyze singlet oxygen generation through
a type II photodynamic reaction in response to 980 nm NIR
light stimulation, enabling its application in the PDT of deep-
seated tumors. A photothermal effect was also observed in this
condition. Besides, the photoluminescence of nano-sized gra-
phene oxide in the visible and short NIR region was used for
multi-color fluorescence imaging in vivo. After the functionali-
zation of nanoparticles with PEG-folate, precise targeting of
tumor cells was achieved. A combination of PDT and PTT with
this nano-sized graphene oxide gives rise to effective cancer cell
killing in vitro, efficient tumor destruction in vivo and increased
survival of tumor-bearing mice after the therapy.®*

Graphene quantum dots (GQDs) were also found to produce
singlet oxygen through a multistate sensitization process with a
quantum yield of ~1.3, enabling their application as photo-
sensitizers in PDT. The GQDs exhibited a broad absorption
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band spanning both UV and the entire visible region, with a
strong deep-red emission. In vitro and in vivo studies indicated
that GQDs are potent PDT agents for imaging and treatment of
cancers with efficient ROS generation.'**

Several strategies have been reported to enhance the PDT
effect of GQDs. Kuo et al. prepared nitrogen-doped GQDs to
enhance the production of ROS. A higher amount of ROS was
generated upon light stimulation, resulting in dramatically
improved antimicrobial effects. Interestingly, higher nitrogen-
bonding compositions of GQDs gave rise to a better photo-
dynamic effect than the lower compositions. Meanwhile, the
intrinsically emitted luminescence and high photostability
made the nitrogen-doped GQDs promising agents in biomedi-
cal imaging."”® Rare earth-doped UCNPs combined with GQDs
were used to overcome the limitation of the relatively low tissue
penetration depth of the light source. In this nanocomposite,
UCNPs emitted visible UV light upon NIR light excitation,
which stimulated the production of singlet oxygen by GQDs.
A hydrophilic rhodamine derivative, tetramethylrhodamine,
was covalently modified to the nanocomposite to enhance the
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efficiency of cell targeting, leading to mitochondrial
targeting of the material. The destruction of mitochondria by
the generated singlet oxygen resulted in the apoptosis of cancer
cells in response to NIR light stimulation. Highly improved
tumor therapeutic efficacy was observed in vivo with this
nanocomposite."”*

A combination of graphene derivatives with other carbon-
based photosensitizers might enhance the tumor therapeutic
effects. For example, graphene oxide has been used in combi-
nation with fullerene C60 to prepare a new graphene oxide-C60
hybrid. After functionalization with mPEG, the hybrid has been
proved to be effective in combined PDT and PTT of cancer."”?
In this hybrid, graphene oxide mediates the photothermal
effect, while the conjugated C60 mediates the generation of
singlet oxygen in response to light stimulation in an aqueous
solution. The hybrid exhibited excellent stability and enhanced
inhibition of cancer cells than both of them individually. In
another similar research, C60 was conjugated with graphene
oxide via host-guest chemistry (Fig. 8). Graphene oxide was first
functionalized with folic acid to enable tumor cell targeting.

Fig. 8 Graphene/C60 nanohybrid for combined PDT/PTT. (a) Schematic illustration of PDT/PTT combined with the graphene/C60 nanohybrid. (b) PTT
effect of the nanohybrid. (c) Intracellular ROS production of the nanohybrid. Reproduced with permission.”* Copyright, 2017, The Royal Society of

Chemistry.
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Then, y-cyclodextrin (y-CD) was attached to its surface via n-n
interactions to generate a hybrid structure for drug loading.
Finally, C60 molecules were loaded onto the above structure to
generate a host-guest complex (Fig. 8a). Increased cellular
uptake of the nanocomposites was observed as a result of folic
acid modification. Upon light stimulation, efficient ROS pro-
duction was observed in the cells (Fig. 8c), resulting in dramatic
inhibition of cancer cells."”?

3.2.2.4 Black phosphorus. With the excellent physicochem-
ical properties of layer-dependent bandgap, large surface
area, carrier mobility balance, on/off ratio, and excellent
biocompatibility, black phosphorus (BP) has aroused wide-
spread interest in the fields of ultrafast photonics,'>>*74717¢
optoelectronics,"””*”® and biomedicine.'®*'®! The application
of BP in cancer PDT has also been investigated as a new two-
dimensional nanomaterial. In 2015, Wang et al. reported that
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ultra-thin BP nanosheets exhibit excellent photodynamic prop-
erties (Fig. 9). When irradiated with a laser of 660 nm wave-
length, efficient production of singlet oxygen with
consumption of the surrounding oxygen through a type II
photodynamic reaction was detected both in the solution and
in cancer cells (Fig. 9c and d). Dose-dependent cytotoxicity
to tumor cells was also observed (Fig. 9e). The PDT of
breast cancer (MDA-MB-231) with BP nanosheets gave rise to
tumor cell apoptosis and tumor growth inhibition in vivo
(Fig. 9f and ¢).°" Combination of the photodynamic properties
of BP with its photothermal and drug-loading properties
enabled more efficient tumor cell killing."®* To extend the
potential application of BP in tumor PDT, a dual-triggered
self-supported oxygenic nanosystem based on BP nanosheets
was developed recently to overcome the limitations of oxygen
dependent ROS generation of the intrinsic hypoxic tumor
microenvironment. BP nanosheets in this strategy were used

Fig. 9 BP nanosheets as photosensitizers for cancer PDT. (a) Schematic illustration of singlet oxygen production catalyzed by BP nanosheets. (b)
Preparation of ultra-thin BP nanosheets with liquid exfoliation. (c) Characterization of singlet oxygen production. (d) Detection of ROS generation in cells
with DCFH-DA. (e) Cell viability after PDT with different amounts of BP nanosheets. (f) Cell proliferation and apoptosis in tumor tissues [PCNA:
proliferating cell nuclear antigen; TUNEL: terminal transferase uridine triphosphate nick-end labeling]. (g) Changes of tumor size following PDT with BP
nanosheets [PBS: phosphate-buffered saline]. Reproduced with permission.® Copyright, 2015, American Chemical Society.
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as both a photosensitizer and a nanocarrier. The functionaliza-
tion of BP nanosheets with folate and a blocker DNA
duplex of 5-Cy5-aptamer-heme/3’-heme-labeled oligonucleo-
tides enabled specific recognition of tumor cells and O, gen-
eration from the excessive intracellular H,O, in tumor tissues,
leading to a dramatic increase in PDT efficacy in the hypoxic
environment of cancer cells and tumors.*’

Moreover, in addition to BP nanosheets, BP quantum dots
(BPQDs) can also produce ROS, expanding the use of BP as a
photosensitizer in certain cancers. BPQDs have been success-
fully used in cancer PDT.'®*"'® L et al reported the functio-
nalization of BPQDs with PEG to improve the biocompatibility
and physiological stability to be used as a photosensitizer in
phototherapy. The resulting nanoparticles exhibited excellent
PTT and PDT effects. PDT/PTT combined therapy with these
nanoparticles gave rise to significantly improved therapeutic
efficacy of cancer both in vitro and in vivo. BPQDs loaded with
fluorescent molecules also enabled reliable imaging of cancer
cells. Meanwhile, the cytotoxicity and side effects of PEGylated
BPQDs to the main organs were negligible."®* Guo et al. also
confirmed the excellent physiological stability and acceptable
cytotoxicity of BPQDs. It was shown that BPQDs could be
quickly eliminated from the body through renal clearance
because of their ultrasmall size. The excellent ROS generation
and efficient cancer cell killing ability of BPQDs upon light
irradiation were also confirmed both in vitro and in vivo."®*

Compared with several kinds of other nanophotosensitizers,
such as gold nanoparticles and carbon-based nanoparticles, an
interesting property of BP based nanophotosensitizers is their
moderate stability. When exposed to oxygen and water, rapid
degradation of BP occurs, resulting in the production of
phosphate.'® This process can be modulated using light of
different wavelengths."®® Moreover, BP-based nanocomposites
with adjustable stability (with half-life from days to weeks) can
also be prepared through surface modification with different
strategies, enabling their application in various clinical
conditions.'®"'®” Nevertheless, further investigation is still
needed to clarify the impact of burst phosphate release by BP
to protein phosphorylation, cellular signal transduction, and
tissue homeostasis.

3.2.2.5 Nanoscale metal-organic frameworks. Nanoscale
metal-organic frameworks (NMOFs) are a group of crystalline
hybrid materials made up of metal centers and organic brid-
ging ligands. NMOFs, as photosensitizers or as photosensitizer
nanocarriers, have been used in PDT due to their modulable
structure, easy surface modification, highly porous nature, and
excellent biocompatibility. Because of their highly functional
characteristics, MOF-based nanomaterials are promising for
fabricating photosensitizers with favorable characteristics for
PDT.57’62

The application of NMOFs for cancer PDT was first reported
in 2014, in which a Hf-porphyrin NMOF, DBP-UiO, was used as
a photosensitizer for the treatment of resistant head and neck
cancers. Singlet oxygen production with surrounding oxygen
through a type II photodynamic reaction was achieved upon
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light stimulation of DBP-UiO nanoplates. The PDT-mediated
tumor inhibition was investigated both in vitro and in vivo.** In
another work, an NMOF composed of Hf and tetrakis(4-
carboxyphenyl)porphyrin (TCPP) was fabricated as a photosen-
sitizer for tumor treatment. The PDT effect of TCPP was
combined with the radiotherapy effect of Hf**, enabling com-
bined PDT/radiotherapy of cancer. Finally, PEG was used
to functionalize the nanostructure to enhance the
stability and biocompatibility of the material. An improved
anti-tumor effect was observed upon intravenous injection of
the nanomaterial.'®® Recently, an NMOF-based tumor-
responsive image-guided PDT platform was reported with
minimum ROS exhaustion from the endogenous antioxidant,
glutathione (GSH). A Cu(u) carboxylate-based MOF (MOF-199)
was used as a nanocarrier for the loading and delivery of the
photosensitizer. The Cu(u) in the MOFs scavenged the GSH and
simultaneously released the encapsulated photosensitizer by
inducing MOF-199 decomposition. An efficient cancer killing
effect was observed both in vitro and in vivo through the
resulting enhanced ROS accumulation in cancer cells and
tumors."®’

Different from most other nanophotosensitizers, the com-
position, nanostructure, and physicochemical properties of
NMOFs are highly divergent and programmable, making them
promising for the construction of multifunctional nanoplat-
forms with various characteristics for more efficient tumor
theranostics.>” On the other hand, the incorporation of heavy
metal atoms requires a detailed investigation of their long-term
impacts on health.

3.2.2.6 Semiconducting polymer nanoparticles. Semiconduct-
ing polymer nanoparticles (SPNs) are mainly made up of
hydrophobic semiconducting polymers. In certain conditions,
amphiphilic polymer matrices are also needed for the fabrica-
tion of the nanoparticles.’®® Because of their excellent optical
properties, photostability and biocompatibility, SPNs are also
widely investigated in various biomedical applications, includ-
ing biosensing, fluorescence imaging, photoacoustic imaging,
and PTT mediated tumor inhibition."”*™*** With the capability
of catalyzing ROS generation following light stimulation, var-
ious SPNs are treated as promising photosensitizers for
PDT.190’194

Through the conjugation of SPNs with targeting ligands,
drugs or other components, multifunctional nanocomposite
photosensitizers with better therapeutic performance can be
fabricated to overcome various barriers in PDT. For example, Li
et al. prepared SPN based nanocomposites to overcome delivery
barriers in the tumor microenvironment. To achieve this goal,
the cell membrane of activated fibroblasts was coated onto the
SPNs, enabling specific targeting of cancer-associated fibro-
blasts. This strategy enhanced the tumor accumulation and
combinational PTT/PDT efficiency of the nanocomposites.'>
To overcome the limitation from the hypoxic tumor microen-
vironment, Zhu et al. prepared oxygenic hybrid SPNs by con-
jugation with MnO, nanosheets. Oxygen was generated through
MnO, nanosheet mediated H,0, conversion. The generation of
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singlet oxygen by the nanocomposites was therefore enhanced,
enabling efficient inhibition of tumor by PDT.'*® Cui et al. devel-
oped a hypoxia-activated PDT strategy with SPNs, and a chemo-
drug conjugated by hypoxia-cleavable linkers. Enhanced tumor
inhibition was achieved through the synergistic effect of PDT and
chemotherapy.'®” Jiang et al. synthesized an SPN based nano-
inhibitor through the incorporation of a carbonic anhydrase IX
(CA-IX) antagonist. Specific targeting of CA-IX positive cancer cells
was achieved with this strategy. Meanwhile, CA-IX inhibition
potentiated the tumor inhibition efficiency of PDT.'*®

SPNs are also promising in the construction of stimuli-
responsive nanoenzymes to achieve a better tumor inhibition
efficiency. For example, Li et al. designed photoactivatable pro-
nanoenzymes with SPNs to promote the tumor inhibition
efficiency of PDT. During PDT, the RNA degradation activity
of the pro-nanoenzyme was also induced by NIR light irradia-
tion, leading to the inhibition of metastasis. The therapeutic
efficiency was thus improved.'*

3.3. Synthetic chemistry of nanomaterials for PDT

To achieve ideal PDT performance of nanomaterials during
cancer treatment, it is necessary to produce nanomaterials (as
carriers or as photosensitizers) with high quality and suitable
morphology. To date, various methods have been employed to
synthesize nanomaterials for PDT. These strategies can be classi-
fied into top-down approaches (mechanical cleavage, liquid phase
exfoliation, etc.) and bottom-up approaches (chemical vapor
deposition (CVD), wet-chemical synthesis, etc.) (Fig. 10).

3.3.1. Top-down synthesis

3.3.1.1 Mechanical cleavage. The micromechanical cleavage
approach is the most representative top-down synthesis
method to delaminate materials down to few-layers, even atom-
ically thin monolayers. Novoselov and Geim have synthesized
single-layer graphene via mechanical cleavage in 2004;>° since
then, this method has been widely used to fabricate different
kinds of 2D nanomaterials, such as BP, transition metal
dichalcogenides (TMDs), arsenene, and antimonene.”’’>°
Mechanical force is applied via a scotch tape to break the van
der Waals-like interactions between layers, while the in-plane

Fig. 10 Schematic illustration of the typical synthesis methods of nano-
materials. Top-down synthesis: (a) mechanical cleavage; (b) liquid phase
exfoliation; and (c) selective etching assisted exfoliation. Bottom-up
synthesis: (d) CVD; (e) wet-chemical synthesis; and (f) self-assembly.
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interaction is still undamaged (Fig. 10a). It is a facile way to
obtain ultrathin few-layer or monolayer 2D nanostructures with
a lateral size of hundreds of nanometers. Very recently, by
improving the synthesis process, the size of monolayer 2D
materials as large as dozens of millimeter with high crystal
quality can be reached.”® However, the relatively low yield
significantly limited the application of the mechanical cleavage
method in the biomedical field. Nevertheless, some researchers
still performed biomedical sensor investigations based on 2D
materials obtained with mechanical cleavage.**®

3.3.1.2 Liquid phase exfoliation. The liquid phase exfoliation
method is one of the most widely used approaches for 2D
materials synthesis. Compared to the mechanical cleavage
method, the advantage of the liquid phase exfoliation method
is that it enabled the production of 2D materials in large
quantities with relatively high quality and low cost.>*>*'® The
intercalation solvent and ultrasonication are the key factors in
liquid phase exfoliation. During the intercalation process, the
intercalation solvent would extend the interlayer space and
weaken the interlayer interaction. After that, the ultrasonica-
tion further breaks the van der Waals interactions to obtain
ultra-thin 2D nanosheets (Fig. 10b). To further increase the
yield of 2D materials, various emerging approaches were devel-
oped such as salt-assisted exfoliation, intercalation-assisted
exfoliation, ion exchange-based exfoliation, etc.>'’ Owing to
the abovementioned advantages, liquid phase exfoliation was
widely used in the synthesis of 2D nanocarriers and photo-
sensitizers, such as graphene,*®*'* graphene analogues,”***'*
2D TMD nanosheets,>'*2'7 Bp,®1>187220 3n( others.?>!**2

3.3.1.3 Selective etching assisted exfoliation. Since the report
of 2D Ti,C; in 2011, the family of 2D transition metal carbide
and nitride compounds (termed MXenes) have been widely
investigated.””’ The MXene family shares the same chemical
formula M,.,X, T, (n = 1-3), where M represents an early
transition metal (such as Ti, Zr, Hf, V, Nb, Ta, Cr, Mo and so
on), X is carbon and/or nitrogen and T, stands for the surface
terminations (for example, hydroxyl, oxygen or fluorine). For
the MAX phase, the metal atom layers always insert between the
two layers of MXene. To obtain an ultra-thin MXene layer, the
selective etching assisted exfoliation method was proposed. As
shown in Fig. 10c, the MAX phase was immersed in a strong
acid solution (like hydrofluoric acid) to etch the metal atom
layer. The accordion-like multi-layer MXene will be exfoliated to
few-layer even monolayer MXene by further intercalation pro-
cess. Such a universal approach can produce 2D MXene materi-
als with nanoscale-lateral size and atomic-scale thickness for
almost all the members of the MXene family. Moreover, the
synthesized MXene shows excellent optical properties, drug
carrier ability, and biocompatibility. After surface functionali-
zation with organic molecules, the MXene can be well used as
both a carrier and a photosensitizer for PDT.>**">2¢

3.3.2. Bottom-up synthesis

3.3.2.1 CVD. CVD is the most representative bottom-up
approach for the synthesis of various nanomaterials. The CVD
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process was achieved via a chemical reaction between a solid or
molten substrate and gas-phase small molecules. Huge efforts
have been made to explore the emerging methods for the
fabrication of nanomaterials with layer controllability and
large-area uniformity.?°®?>***” CVD is widely applied in the
synthesis of 2D materials. In the early stage, the widely used
method is the one-step vapor phase reaction method. Using
this approach, vapor phase precursors are transferred to the
next thermal zone and deposited onto the substrate to form 2D
material layers such as graphene, BP, and hexagonal boron
nitride, as shown in Fig. 10d.>****° Two-step CVD was also
proposed for the synthesis of 2D TMDs, in which the transition
metal was deposited on the substrate, followed by chemical
reaction in the vapor phase chalcogen atmosphere.?*"?** This
emerging CVD processing enables the fabrication of 2D TMDs
with large lateral size and excellent thickness controllability.
CVD is also suitable for the preparation of doped or multi-
component nanoparticles. Nanomaterials fabricated with CVD
have been investigated for various biomedical applications
including PDT and biosensing.?**"2*> However, similar to the
previously mentioned mechanical cleavage method, the relative
low yield of the CVD approach limits its large scale application
for nanomaterials synthesis.

3.3.2.2 Wet-chemical synthesis. Wet-chemical synthesis refers
to synthesis processes in which nanomaterials were obtained
through chemical reactions among certain precursors in
solution phase (Fig. 10e). Hydro/solvothermal synthesis and
2D-templated synthesis are two most widely applied wet-
chemical synthesis strategies.>*®*3” Wet-chemical synthesis is
suitable for achieving a high yield and large amount production
of various nanomaterials, such as TMDs.>*® Conventional metal
and metal oxide photosensitizers can also be obtained based on
the wet-chemical synthesis method.®"#>'4%23% Recently, wet-
chemical synthesis based 2D and 0D material fabrication was
also used extensively. For example, graphene quantum dots
and fullerenes have been synthesized as excellent 0D photo-
sensitizers under hydrothermal reaction experimental
conditions.’>**®2** Rich-defect MoS, ultra-thin nanosheets
were also synthesized by a hydrothermal reaction with hex-
aammonium heptamolybdate tetrahydrate as a precursor.>'’
Featured by high yield and low cost, the wet-chemical synthesis
process shows promising potential in large-scale and industrial
production of nanomaterials for applications in PDT as carriers
or as photosensitizers.

3.3.2.3 Self-assembly. Self-assembly refers to the process in
which organized structures formed in a disordered system
through interactions between the components in the system
(Fig. 10f). This process is controlled by both the intrinsic
characteristics of the precursors and extrinsic stimulations
such as changes in temperature, pH, and mechanical force.
The self-assembly strategy enables the large-scale production of
materials with high quality and low cost. It is widely applied in
the preparation of nanoparticles suitable for usage as building
blocks of nanocomposites, especially those composed of lipids,
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polymers, peptides, proteins, and nucleic acids.>*'>** The self-
assembly strategy is also an effective way to construct nano-
composites by assembling single nanoparticles and other com-
ponents together. The constructed nanocomposites always
show superior properties by integrating nanoscale building
blocks.>*> For example, Li et al. decorated 2D MoS, nanosheets
with DNA which enabled the self-assembly of MoS, to construct
a 3D nanoplatform. After self-assembly, the superstructure
showed enhanced drug loading capacity and resistance to
damage from intracellular enzymes. The self-assembled super-
structure was disassembled in cancer cells by triggering high
levels of ATP, resulting in tumor specific release of drugs.**®
Very recently, our group demonstrated a tumor microenviron-
ment triggered self-assembly BP platform by anchoring poly-
oxometalate (POM) nanoparticles onto the surface of BP
(POM@BP). When exposed to the tumor microenvironment
(acidic tumor microenvironment), the POM®@BP will self-
assemble to form larger clusters with extended retention in
tumor tissues and enhanced photothermal performance.**”
Nanoparticles and nanocomposites prepared through self-
assembly are also widely applied in PDT as carriers or as
photosensitizers.>*#>°

3.4. Strategies for the fabrication of nanocomposite
photosensitizers for better PDT

Through the conjugation of nanocarriers and photosensitizers
with other functional components, the physicochemical and
biochemical properties of the resulting nanocomposite photo-
sensitizers can be significantly optimized. Various covalent and
non-covalent approaches are used in the surface modification
of nanomaterials. In particular, multi-functional nanocompo-
sites can be fabricated through the combination of photosen-
sitizers with various polymers, targeting ligands, small
molecule drugs, metals, nanoparticles, siRNA, proteins, etc.
The unique physicochemical and biochemical properties of
these nanocomposites enable effective modulation of light
responsibility, ROS production, tumor microenvironment, cel-
lular signal transduction, and tumor responses. Various bar-
riers in PDT can be overcome with these novel photosensitizer
formulations and corresponding therapy strategies.

3.4.1. Polymers. Polymers are most widely used compo-
nents in the preparation of nanocomposite photosensitizers
with enhanced properties. Various polymers, such as PEG,
polydopamine (PDA), and poly(lactic-co-glycolic acid) (PLGA),
have been applied in the construction of nanocomposite photo-
sensitizers to achieve better physiological and chemical
stability, biocompatibility, targeting efficiency, and ROS
production,*®9%112:251:252 gor example, many pristine nano-
particles tend to aggregate in a physiological medium. Surface
modification of these nanoparticles with hydrophilic polymers
is an effective strategy to enhance their physiological stability
and ensure their application in PDT.*? Certain nanomaterials,
such as BP nanoparticles, are intrinsically unstable under
ambient conditions. Coating with suitable polymers reduces
their contact with oxygen and water and improves their
chemical stability."®”*! Polymers also provide sites for further
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conjugation of nanocomposite photosensitizers with various
functional components, largely expanding the functionality of
photosensitizers.>?*?

In the preparation of nanocomposite-based photosensiti-
zers, polymers can be incorporated through
mechanisms.>®">*>?>* For example, polymers can interact
directly with nanoparticles through electrostatic interactions,
van der Waals forces, or hydrogen bonds.®**** Meanwhile,
polymers can also be attached to nanoparticles through cova-
lent interactions.>''? Certain polymers, such as PDA, can be
synthesized on the surface of nanoparticles through in situ
polymerization.>*?

3.4.2. Targeting ligands. Lack of tumor targeting ability is
one of the most important drawbacks of traditional
photosensitizers.”> Nanomaterials could accumulate in
tumors through the EPR effect.”® However, this cannot fully
meet the needs of clinical applications. To further improve the
tumor targeting efficiency of nanoparticle-based photosensiti-
zers, a variety of tumor targeting strategies are developed. As
the most widely used active targeting strategy, various targeting
ligands have been investigated for tumor-specific delivery of
nanoparticles.'°%°¢>%7

Generally, targeting ligands are coated on the surface of
photosensitizers and recognized by certain tumor specific sur-
face markers following administration."” Therefore, various
small molecule ligands, peptides, proteins, and oligosacchar-
ides with high affinity to tumor specific surface markers are
used as the targeting ligands of photosensitizers.®'***>*° with
high variability, specificity, affinity, and biocompatibility, anti-
bodies can also act as ideal targeting ligands in PDT.?¢%2%!
Aptamers, oligonucleotides with certain 3D conformation and
affinity to specific targets, have also been widely used as
targeting ligands in recent years.>*>>

Tumor specific delivery of photosensitizers can be achieved
with targeting ligands. For example, several cell surface recep-
tors, such as folic acid receptor, transferrin receptor, and CD44,
are overexpressed in certain tumor types. Therefore, photosen-
sitizers coated with corresponding ligands (folic acid, transferrin,
hyaluronic acid, etc.) can be recognized through ligand-receptor
interactions and taken up by tumor cells through receptor
mediated endocytosis.??**%*

To enhance PDT induced tumor cell death, targeted delivery
of photosensitizers to certain organelles can also be achieved
with suitable ligands. For example, mitochondria are a kind of
organelle that is critical for both energy supply and apoptosis
regulation. Meanwhile, they are extremely sensitive to ROS.
Therefore, photosensitizers with surface modification of mito-
chondria targeting ligands can be specifically delivered to
mitochondria and catalyze the production of ROS in situ follow-
ing light stimulation to induce tumor cell apoptosis with high
efficiency.??°

For the PDT of certain tumors, targeting ligands are also
required for photosensitizers to overcome anatomical barriers
in vivo. For example, brain delivery of traditional photosensiti-
zers is blocked by the blood-brain barrier. Therefore, targeting
ligands, such as RGD peptide, are utilized in the surface

various
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modification of photosensitizers to promote brain delivery in
the PDT of brain tumors.

3.4.3. Small molecule drugs. Small molecule drugs are
powerful tools for the modulation of various physiological
and pathological processes.’®>>®” Therefore, they are also
widely applied in the construction of multifunctional nano-
composites for PDT.**®**° small molecule drugs are also pro-
mising tools to overcome tumor resistance to PDT through the
modulation of physiological processes in tumor cells. For
example, several transporter proteins, such as P-glycoprotein
(P-gp) and ATP-binding cassette superfamily G member 2
(ABCG2), participate in the excretion of traditional photosensi-
tizers by tumor cells.""*’>*”" Therefore, the co-delivery of
corresponding small molecule inhibitors with nanocomposite
photosensitizers may promote the retention of photosensitizers
in tumor cells to enhance PDT efficiency. The antioxidant
system also participates in resistance to PDT through the
degradation of ROS.**?”? Therefore, small molecule inhibitors
of antioxidant enzymes, such as superoxide dismutase (SOD),
GSH peroxidase (GPX), and GSH-S-transferase (GST), may also
be used in the construction of multifunctional nanocomposite
photosensitizers to enhance the therapeutic efficiency of PDT.

Small molecule drugs are usually loaded onto inorganic
nanoparticle-based photosensitizers through electrostatic
interactions, van der Waals forces or hydrogen bonds. They
can also be effectively loaded into organic nanoparticles such as
liposomes, micelles, and dendrimers.’®>** Moreover, they may
also be conjugated with photosensitizers through covalent
bonds.’® In particular, chemical bonds responsive to the
tumor microenvironment (acid, GSH, H,0,, efc.) or external
stimuli (NIR light, heat, etc.) are also utilized in the delivery of
small molecule drugs to modulate the PDT efficiency.*®*%%112

3.4.4. Nanoparticles. Nanoparticles with desirable physical
or chemical properties are also applied in the decoration of
nanocomposite photosensitizers to overcome the barriers in
PDT. In particular, UCNPs are widely used in the PDT of deep-
seated tumors. After the absorption of two or more low energy
photons, photons with higher energy are emitted by UCNPs to
stimulate the production of ROS by the co-delivered
photosensitizers.””* Therefore, better PDT efficiency for deep-
seated tumors was achieved.

On the other side, the formation of heterostructures has
been shown to promote ROS generation through enhanced
separation of photogenerated electron-hole pairs and
improved light harvesting. Therefore, coupling of certain kinds
of nanoparticles may be an effective strategy to fabricate
photosensitizers with better performance. For example, gold
nanoparticles of 5-10 nm size have been loaded onto g-C3N,
nanosheets through a photodeposition process to enable ROS
production under 670 nm laser irradiation in an oxygen-free
environment.”'*

Several kinds of nanoparticles with catalytic activity, such as
MnO, nanoparticles, platinum nanozymes, and gold nanoclus-
ters are also frequently used to decorate photosensitizers to
relieve tumor hypoxia through in situ production of
Oxygen‘218,274—277
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3.4.5. SiRNA. SiRNA is a kind of double-stranded RNA of
about 20-27 base pairs in length. Similar to small molecule
inhibitors, siRNA is also an important tool to modulate intracel-
lular processes, which functions in the degradation of messenger
RNA of the target genes.”’® Compared with chemical drugs, the
advantage of siRNA is that it is very convenient to design and
synthesize different siRNA sequences to downregulate the expres-
sion of various genes.”’® Therefore, siRNA is a powerful tool to
modulate proteins without specific chemical inhibitors.?*° In the
fabrication of novel nanocomposite photosensitizers, siRNA is
frequently used to modulate proteins and signaling pathways to
enhance the tumor inhibition of PDT. For example, siRNA target-
ing MutT homolog-1 (MTH1), an enzyme participating in the
hydrolyzation of oxidized nucleotides, has been successfully
applied in PDT to overcome tumor resistance to the therapy
through the repair of ROS-induced DNA damage.*®

Since siRNA is unstable and sensitive to RNase both
in vitro and in vivo, highly efficient delivery of siRNA is
challenging.”*”**° Various organic and inorganic nanoparticles
have been utilized in the loading and intracellular delivery of
siRNA. For example, liposomes have been shown to be ideal
carriers of both siRNA and photosensitizers.>”>**%? When
incorporated into liposomes, both the stability and cellular
uptake of siRNA are increased, making it possible to modulate
the tumor resistance of PDT with high efficiency. Although
siRNA has been successfully loaded into liposomes with differ-
ent charges, the cellular uptake and biocompatibility of differ-
ent formulations are quite different.”®* Other organic
nanoparticles, such as those based on polymers, dendrimers,
and polysaccharides, are also suitable for the loading and
delivery of both siRNA and photosensitizers for highly efficient
PDT of cancer. Meanwhile, inorganic nanoparticles, such as
silica nanoparticles, metal oxide nanoparticles, gold nano-
particles, carbon-based nanoparticles, and BP, are also ideal
carriers for siRNA in the preparation of multifunctional nano-
composite photosensitizers. Based on the knowledge about
signaling pathways and critical regulators involved in tumor
resistance to PDT (discussed in Section 6), it is speculated that
the knock-down of critical genes involved in photosensitizer
excretion, ROS degradation, cellular damage repair or pro-
survival signaling pathways with siRNA will be a promising
strategy for overcoming the internal barriers of PDT.

3.4.6. Proteins. Proteins with certain biochemical proper-
ties are also applied in construction of nanocomposite
photosensitizers.*°>1%12 As mentioned above, ligands or
antibodies of tumor or tissue specific surface markers are
widely used in targeted delivery of photosensitizers. Besides,
conjugation of photosensitizers with hemoglobin, an effective
oxygen carrier, has been shown to relieve the limitation of ROS
production by tumor hypoxia.*®* Similarly, several enzymes,
such as catalase, can also be incorporated into photosensitizers
to catalyze the production of oxygen with H,O, in tumor tissues
as substrate to relief tumor hypoxia.”®* Since the normal
structure and biochemical activity is important for these pro-
teins to function in nanocomposites, mild conditions are
required in the preparation of these photosensitizers.
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In summary, the application of nanomaterials, as carriers or as
photosensitizers, represents an important progress in the devel-
opment of PDT. Through the construction of multifunctional
nanocomposite photosensitizers with various strategies and com-
ponents, the drawbacks of traditional photosensitizers (poor
photo-stability, lack of tumor specificity, dark toxicity, imperfect
pharmacokinetics, etc.) can be effectively overcome. To further
improve the tumor inhibition of PDT, a promising strategy is to
modulate various critical proteins, signaling pathways, and the
microenvironment with co-delivered components, which will be
discussed in detail in the following sections. Nevertheless, further
investigation is still needed to confirm the biocompatibility of the
nanoparticles and their degradation products, and their long-term
impacts on human health.

4. Photosensitizers and excitation
strategies for deep PDT

The light sources for photosensitizer excitation are critical in
the clinical application of PDT. Due to light absorption by
biological molecules, such as proteins, lipids, DNA, and RNA,
light penetration into human tissues is relatively poor, except
for light with a wavelength in the first (650-950 nm) and second
NIR bio-windows (1000-1350 nm).?®* Phototherapy usually uses
light in this range to minimize the absorption of light by
tissues. However, traditional photosensitizers usually exhibit
an excellent photodynamic response to light with a relatively
short wavelength and a high photon energy. However, the short
wavelength results in the limited penetration depth of light
in tumor tissues during light-induced therapy. Photosensitizers
activated by light of long wavelengths, especially in two bio-
windows, are urgently needed to address this issue. Addition-
ally, novel PDT strategies with photon upconversion,?*¢>*
two-photon excitation,’®?°*>%* X-ray excitation,”*>**® or inter-
nal self-luminescence of photosensitizers have been
designed to treat tumors in deep tissues.’”

297-299

4.1. NIR light excitation

NIR light refers to the light of a shorter wavelength in the
infrared spectrum, especially between 700 and 2500 nm.>®°
Compared with UV or visible light, NIR light exhibits enhanced
tissue penetration and reduced damage to tissues and cells.
NIR light has been widely investigated to stimulate several
photosensitizers, including NIR-absorbing organic dyes and
inorganic nanoparticles.

NIR light has been applied in PDT to stimulate organic dyes,
including boron dipyrromethene (BODIPY) derivatives, cyanine
dyes, and phthalocyanine derivatives.**® BODIPY consists of a
group of organoboron compounds composed of dipyrro-
methene complexes with a disubstituted boron center. The
structural diversity, high fluorescence intensity, and low toxi-
city of BODIPY make it appealing for medical and biological
purposes. BODIPY with NIR light-stimulated ROS production
has been prepared for cancer PDT through the addition of a
substituent with appropriate oxidation potential.>** For
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Fig. 11 Fabrication of BODIPY nanoparticles for lysosomal PA imaging and pH-activatable PDT under NIR light. (a) Schematic illustration of the
preparation and function of the nanoparticles. (b) PA imaging of lysosomal and cytoplasmic fractions. (c) The absorbance of ADMA at 259 nm after
irradiation using a 730 nm laser for indicated times. ADMA, 2,2'-(anthracene-9,10-diylbis(methylene))dimalonic acid. Reproduced with permission.®®

Copyright, 2016, American Chemical Society.

example, Liu et al prepared BODIPY-based NIR light-
responsive micelles with a galactose-targeted amphiphilic copo-
lymer of a polypeptide as nanocarriers. Complete suppression
of hepatoma tumor cells expressing galactose receptors, follow-
ing the stimulation of NIR light with an extremely low energy
density, was achieved with these nanocomposites.**> Hu et al.
reported the fabrication of lysosome-targeting NIR-absorptive
BODIPY nanoparticles for acid-activated PDT of the tumor
(Fig. 11). Encapsulation of BODIPY with amphiphilic DSPE-
mPEG5000 gives rise to the formation of nanoparticles suitable
for tumor targeting photoacoustic imaging and PDT. Interest-
ingly, the modification of BODIPY with the acid-sensitive
dimethylaminophenyl group enabled the selective accumula-
tion of the nanoparticles in acidic lysosomes and provided acid-
activated PDT (Fig. 10b and c).*

Cyanine dyes are composed of two aromatic nitrogen-
containing heterocyclic structures connected with a poly-
methine linker. Cyanine dyes are widely used in fluorescence
labeling and analysis due to their high extinction coefficients
and spectral properties in the NIR region.’ However, low ROS
generation efficiency and weak fluorescence intensity are the
limitations in using NIR cyanine dyes for PDT. Lu et al
prepared a novel multifunctional nanoagent, AuNRs@SiO,-
IR795, to enhance the fluorescence emission and ROS produc-
tion of the cyanine dye IR795. Since the LSPR band of AuNRs

Chem. Soc. Rev.

overlaps with the absorption or fluorescence emission band of
the IR795 dye, both fluorescence intensity and ROS generation
of the nanocomposites were enhanced significantly. More
efficient inhibition of cancer cells was observed in response
to NIR irradiation-stimulated synergistic PDT/PTT. The
enhanced fluorescence intensity also enabled fluorescence
imaging in tumor cells.**

Several inorganic nanoparticles have also been used as NIR
light-responsive photosensitizers for PDT. Gold nanomaterials,
as one of the most studied nanomaterials, have been exten-
sively investigated for their promising potential in imaging and
biomedical applications. The optical properties of gold nano-
materials can be fine-tuned by modulating their morphology,
shapes, and structures to prepare nanoplatforms that are
responsive to NIR light stimulation. Following the exposure of
gold NRs to a very low light-emitting diode/laser dose of single-
photon NIR (915 nm, <130 mW cm~?) light, the production of
singlet oxygen was detected (Fig. 6b). Further investigations of
singlet oxygen production and cellular responses confirmed the
PDT-mediated cytotoxicity in response to NIR light excitation
(Fig. 6¢ and d). In a mouse model of B16F0 melanoma, efficient
PDT-mediated destruction of tumors was observed. It was
found that 915 nm light-sensitized gold NR-mediated PDT
exhibited better therapeutic effects on B16F0 melanoma than
doxorubicin or PTT (Fig. 6f).%" NIR light is also utilized in deep PDT
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with several other inorganic nanoparticles, such as carbon-based
nanomaterials,”® BP nanosheets,"*” and quantum dots."****

4.2. Upconversion luminescence

Photon upconversion is defined as a process in which two or
more low-energy photons are absorbed sequentially, resulting
in the emission of photons with a relatively high energy.’*>~°”
The absorption generally occurs in the infrared spectrum, while
the emission occurs in the visible or UV spectrum, ideal for
various exciting photosensitizers in deep sites.”* Materials with
such photon upconversion properties are usually composed of
host lattices of ceramic materials doped with lanthanide or
actinide ions, such as Yb*", Er*", and Tm*".>* Upconversion
luminescence from these nanoparticles is widely used in bio-
imaging and bio-sensing of deep tissues.?”**°%:30°

When applied in PDT, UCNPs might function both as
photosensitizer carriers and as agents that convert NIR light
to higher-energy light for efficient activation of photosensiti-
zers. The application of upconversion luminescence as a light
source in PDT enables the efficient excitation of photosensiti-
zers in deep-seated tumors. For example, the biological photo-
sensitizer KillerRed should be activated by visible light, which
largely limits its application in PDT. However, with the covalent
conjugation of KillerRed with UCNPs, NIR light-stimulated ROS
production was achieved from this nanocomposite. Approxi-
mately 70% PDT efficacy was observed at 1 cm tissue depth with
this strategy, significantly enhancing the PDT-mediated tumor-
killing effect of KillerRed.*"°

With the proper design of the nanocomposite to overcome
the drawbacks of traditional PDT strategies, the anti-tumor
efficiency of upconversion luminescence-stimulated PDT can
be further improved. For example, the hypoxic microenviron-
ment of tumor tissues hampers the production of ROS in a type
II photodynamic reaction. Gu et al. synthesized mesoporous
silica nanospheres with fine CaF,:Yb,Er upconversion nano-
crystals embedded in their pores through a thermal decom-
position method to solve this problem. A thin MnO, layer was
then coated onto the nanospheres (Fig. 12a). Finally, the
photosensitizer Ce6 was loaded into the nanospheres
(Fig. 12b). With NIR light stimulation, red light was produced
through the upconversion process to activate Ce6 via resonance
energy transfer. Meanwhile, the hypoxic tumor microenviron-
ment was resolved by the in situ generation of O, from endo-
genous H,0, by catalyzing MnO, (Fig. 12c and d). Efficient PDT-
mediated cytotoxicity was observed even in hypoxic conditions
with the application of this nanocomposite (Fig. 12e and f). The
hypoxic microenvironment of deep tumor tissues was effec-
tively resolved following the administration of these nano-
spheres (Fig. 12g). The enhanced tissue penetration depth
and in situ O, production ensured the therapeutic effects of
PDT (Fig. 12h).*"" In another similar work, Ding et al. prepared
photosensitizer-loaded and PEG-modified MnFe,0,-decorated
large-pore mesoporous silica-coated UCNPs for NIR light-
induced and O, self-sufficient PDT. The UCNPs convert the
light into higher-energy light for the activation of the photo-
sensitizer to generate ROS following stimulation with NIR light.
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Meanwhile, the sub-10 nm MnFe,O, nanoparticles act as a
Fenton catalyst to generate O, in situ to overcome tumor
hypoxia. Overall, better anti-tumor effects were achieved with
this nanocomposite.*!?

4.3. Two-photon absorption

Two-photon absorption refers to the nonlinear absorption of
two relatively low-energy photons, followed by the emission of
relatively high-energy photons.?***'* Two-photon excitation is
also an attractive strategy to improve the tissue penetration
depth for bio-imaging and phototherapy because of the high
tissue-penetration ability of low-energy photons.****'® The use
of a relatively low-energy light source in PDT also reduced the
photo-bleaching capacity of photosensitizers. Interestingly, the
nonlinearity of photon absorption in two-photon excitation
enables precise spatial control of ROS production in tissues,
leading to enhanced therapeutic effects and reduced damage to
surrounding tissues. Nanomaterials are widely used in two-
photon excitation-based PDT. Generally, nanomaterials might
be used as two-photon absorption materials to activate the co-
delivered photosensitizers through high-energy photon emis-
sion. Meanwhile, nanomaterials might also function as carriers
for the delivery and tumor-specific targeting of two-photon
absorption dyes and photosensitizers.”®

For example, two-photon absorption of several semiconduc-
tor quantum dots was successfully implemented in the PDT of
deep-seated tumors. The high-emission quantum yield, broad-
absorption spectra, excellent photostability, and highly adjus-
table optical properties make semiconductor quantum dots
ideal candidates for two-photon emission-mediated PDT for
cancer as a group of nanomaterials widely investigated in
tumor theranostics.>'”*'® Semiconductor quantum dots might
be directly used as photosensitizers for ROS production. How-
ever, investigations with CdSe quantum dots showed a very low
'0, quantum yield. Therefore, it is more promising to use
quantum dots to transfer energy to co-delivered photosensiti-
zers for the efficient production of ROS.>'® Dayal and Burda
covalently modified CdSe quantum dots with the photosensiti-
zer silicon phthalocyanine. In this nanocomposite, the max-
imum emission of the CdSe quantum dots was achieved to
match the absorption of silicon phthalocyanine for more
efficient energy transfer. Upon stimulation with a low-energy
1100 nm laser, two-photon absorption of the CdSe quantum
dots and the following fluorescence resonance energy transfer
to silicon phthalocyanine were observed, resulting in the effi-
cient production of ROS.*'” Skripka et al reported highly
efficient energy transfer between two-photon excited quantum
dots and non-covalently loaded photosensitizers. The photo-
sensitizer Ce6 was loaded onto lipid-coated CdSe/ZnS quantum
dots through hydrophobic interactions. When stimulated with
a 1030 nm laser beam, the quantum dots were activated
through two-photon absorption. The energy was then trans-
ferred to Ce6 with an efficiency of about 80%, indicating high
potential for use in two-photon absorption-mediated PDT.>"°

Given the potentially toxic effects of heavy metal ions from
the quantum dots mentioned above, quantum dots with better
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Fig. 12 UCNPs for enhanced NIR-triggered PDT. (a) Schematic illustration of the synthesis of the UCNPs. (b) Surface modification and Ce6 loading
procedures. (c) Singlet oxygen generation under 980 nm laser irradiation. (d) Singlet oxygen generation in the absence or presence of H,O,. (e) In vitro
PDT treatment of breast cancer cells in the normoxic atmosphere. (f) In vitro PDT treatment of breast cancer cells in the hypoxic atmosphere. (g)
Hypoxia-staining immunofluorescence images of tumor tissues. (h) Tumor growth curves following indicated treatments. Reproduced with
permission.*"* Copyright, 2018, American Chemical Society.
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biocompatibility were also investigated as two-photon absorp-
tion materials for PDT. Fowley et al. reported the two-photon
absorption of carbon quantum dots for deep PDT. Singlet
oxygen was produced through energy transfer following expo-
sure to an 800 nm laser with the conjugation of the photo-
sensitizer PpIX to carbon quantum dots. Efficient cancer
inhibition was achieved with this conjugate in vitro and
in vivo.**® Nitrogen-doped graphene quantum dots are also
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suitable for deep two-photon absorption-stimulated PDT when
coupled with suitable photosensitizers.***

Noble metal-based nanomaterials are also ideal candidates
for the construction of nanocomposites for two-photon
absorption-stimulated PDT due to their unique optical proper-
ties. Li et al fabricated nano-sized photosensitizers with
improved two-photon PDT efficacy by combining conjugated
polymers and gold NRs (Fig. 13). The photosensitizer

Fig. 13 Two-photon excitation-induced PDT with conjugated polymers and gold NRs. (a) Schematic illustration of the preparation of conjugated
polymers and silica-coated gold NRs. (b) Singlet oxygen generation of the nanoparticles under two-photon excitation evaluated by photo-induced
oxidation of ABDA. (c) Impact of SiO, thickness on the singlet oxygen production of the nanoparticles. (d) Two-photon images of Hela cells treated as

indicated. (e) The viability of Hela cells treated as indicated, followed by irradiation using a femtosecond laser. Reproduced with permission.

Copyright, 2019, The Royal Society of Chemistry.
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tetraphenylporphyrin was encapsulated into the conjugated
polymers, which were then covalently linked to silica-coated
gold NRs (Fig. 13a). The two-photon optical property of tetra-
phenylporphyrin was enhanced by both the conjugated poly-
mers and the gold NRs. Two-photon-induced singlet oxygen
production of tetraphenylporphyrin was thus significantly
enhanced up to 792-fold, enabling dramatically enhanced
cytotoxicity to cancer cells (Fig. 13b-e).***

4.4. X-Rays

X-Rays have a much better tissue penetration depth compared
with most other light sources.’***** Several nanomaterial-
based X-ray-activated photosensitizers have been developed
for the PDT of deep-seated tumors by making use of this
property.>*>*?% Lan et al. reported X-ray-activated PDT with
metal-organic layer-based materials for cancer treatment. The
heavy Hf atoms absorb the energy of X-rays in the materials and
then transfer it to Ir[bpy(ppy).]” or [Ru(bpy)s]*" moieties for
ROS generation and tumor inhibition.**® The excellent tissue
penetration ability of X-rays largely improved the range of PDT
application in cancer treatment.**° Besides, X-ray-induced PDT
(X-PDT) exhibited stronger tumor cell killing efficacy than
radiotherapy alone through the combination of PDT and radio-
therapy (Fig. 14). PDT mainly damages the cell membrane to
induce necrosis, while radiotherapy mainly targets DNA to
induce apoptosis (Fig. 14d and e). As a result, both the short-
term viability and long-term clonogenicity of cancer cells were
inhibited by X-PDT. This is a promising strategy to kill radio-
resistant cancer cells even in deep tissues (Fig. 14f).**'
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4.5. Self-luminescence

Traditionally, an external light source is necessary to stimulate
the production of ROS in PDT. Therefore, the tissue penetration
ability of the light used is usually a limitation of the therapeutic
effect. However, the application of self-illuminating materials
effectively overcomes this limitation. The photosensitizers, with
proper formulation, can be activated in situ by the self-
luminescence of co-delivered self-illuminating materials with
the emission of chemoluminescence, bioluminescence or Cer-
enkov luminescence, resulting in the efficient production of
ROS for PDT in deep tissue sites.’*>?97332

4.5.1. Luminol-based self-luminescence. Luminol is a
widely used chemoluminescent donor with self-luminescence
emission at around 425 nm. Both H,O, and horseradish
peroxidase (HRP) are required for this reaction.>***** Luminol
induces intracellular chemoluminescence, suitable for the exci-
tation of photosensitizers. Laptev et al designed a self-
luminescent PDT system by combining luminol and bio-
conjugates composed of transferrin and haematoporphyrin to
inhibit erythroleukemic cells.*®> Zhang et al fabricated a
tumor-specific self-illuminating PDT system by integrating
luminol, HRP, and the photosensitizer m-THPC onto semicon-
ducting polymer dots. Folic acid was used to target these
nanomaterials to tumor cells. HRP catalyzed the chemolumi-
nescence of luminol with the consumption of highly enriched
H,0, in tumors. m-THPC was then activated by chemolumi-
nescence, leading to ROS production and the killing of tumor
cells. On-site imaging of tumor cells was also carried out with
these nanocomposites.**® The chemoluminescence of luminol

Fig. 14 X-PDT for cancer treatment. (a) TEM images of SAO:Eu@mSiO, nanoparticles. (b) Singlet oxygen generation following X-ray irradiation. (c) Cell
viability after X-PDT treatment. (d) Apoptosis and necrosis of cancer cells after X-PDT. (e) Impact of X-PDT on DNA and membrane lipids indicated by the
western blot of marker proteins. (f) Tumor growth curves after X-PDT over thick tissues. Reproduced with permission.®*! Copyright, 2016, Ivyspring
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Fig. 15 Luminol-based self-luminescent nanoparticles for PDT. (a) Schematic illustration of the synthesis of Hb-NP liposomes. (b) Schematic illustration
of the self-luminescing and oxygen-supplying nanocomposites for PDT. (c) Size distribution and TEM image of Hb-NP liposomes. (d) Oxygen dissociation
of the oxygen-carrying nanoparticles. (e) ROS yield of the self-luminescent nanoparticles. (f) Nanoparticle uptake by Hela cells. The cell membrane is
stained with DiD. (g) Viability of HeLa cells treated with self-luminescent nanoparticles. Reproduced with permission.>° Copyright, 2019, Wiley-VCH.

was also used to activate meso-tetraphenyl porphyrin or Ce6 for
in vivo imaging and PDT.**”**® Jiang et al fabricated a self-
luminescent and oxygen-supplying nano-platform with luminol
to enhance the therapeutic efficacy in hypoxic tumors (Fig. 15).
Upon cellular uptake, luminol was activated by hemoglobin;
chemoluminescence was then absorbed by conjugated polymer
MEH-PPV nanoparticles through chemoluminescence reso-
nance energy transfer (Fig. 15a and b). Finally, ROS was
produced with oxygen supplied by hemoglobin (Fig. 15d and e).

This journal is © The Royal Society of Chemistry 2021

Effective cytotoxicity was observed when these nanoparticles were
taken up by HeLa cancer cells (Fig. 15g).>*°

4.5.2. Luciferase-based self-luminescence. Biolumines-
cence is defined as light emission from enzyme-catalyzed
reactions, widely applied in bio-imaging and analysis.?**>*
Luciferase from Renilla reniformis is widely used as a light
source for bioluminescence-mediated PDT. Coelenterazine is
a substrate for Renilla luciferase. Hsu et al. immobilized Renilla
luciferase with quantum dots-655 for use in bioluminescence
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resonance energy transfer (BRET)-mediated PDT. The incor-
poration of coelenterazine resulted in self-illumination at
655 nm by the conjugate, leading to the activation of the co-
delivered photosensitizer. Efficient cancer cell killing was
observed with this nanocomposite.**’

Luciferase from a firefly was also used in bioluminescence-
mediated PDT (Fig. 16). When conjugated with PLGA nano-
particles carrying the photosensitizer RB, firefly luciferase
effectively catalyzed the bioluminescence reaction with luci-
ferin as the substrate (Fig. 16a and b). RB was then activated by
BRET, leading to the efficient production of ROS and the killing
of cancer cells (Fig. 16d-f).**°

In summary, various light sources with better tissue penetr-
ability have been developed to overcome the limitation to PDT
efficiency by tissue depth. Among these light sources, drama-
tically improved tissue penetrability may be achieved by using
X-ray or self-luminescence excited photosensitizers. These stra-
tegies may pave the way for the clinical application of PDT in
the treatment of deep-seated tumors. However, the quantum
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yields of several strategies, especially photon up-conversion,
may still be a limitation to clinical applications. Meanwhile,
when self-luminescence is used as the light source, strategies
are still needed to reduce the risk of non-specificity to normal
tissues and organs.

5. Nanocomposites for the modulation
of PDT induced anti-tumor effects

Several pathways are involved in PDT-induced anti-tumor effects
(Table 3). Tumor cells might be directly killed through ROS-
induced cell death pathways, such as apoptosis, necrosis, or
autophagy-mediated cell death.**” Meanwhile, ROS-induced
damage to the vascular system is also involved in the anti-tumor
effects of PDT.>**>° More interestingly, there are strong relation-
ships between PDT and the immune system. PDT-induced anti-
tumor immune response might function in the inhibition of
circulating tumor cells and metastatic tumors (Fig. 17).*>'>>*

Fig. 16 Luciferase-based self-luminescent nanoparticles for PDT. (a) Schematic illustration of the fabrication of self-luminescent PLGA-RB nanocom-
posites for PDT. (b) Photon emission reaction catalyzed by firefly luciferase. (c) TEM image of the nanoparticles. (d) The bioluminescence spectra without
and with BRET. (e) Viability of MCF-7 cells after BRET-PDT treatment. (f) Tumor growth curves after BRET-PDT treatment. Reproduced with

permission.>*¢ Copyright, 2017, American Chemical Society.
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Table 3 Mechanisms of PDT mediated tumor inhibition
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Process Characteristics Key regulators Impacts Ref.

Apoptosis Cell blebbing, shrinkage, Mitochondria, cytochrome C, Main process for PDT-induced 28, 29, 360, 361,
nuclear fragmentation, chro- Bcl-2, Bel-xL, Bid cancer cell death 373 and 375
matin condensation, chromo-
somal DNA fragmentation,
and global mRNA decay

Necrosis Cytoplasmic granulation, TNF, RIPK1, PARP-1 Main process for PDT-induced 371-375
organelle and/or cellular swel- cancer cell death and induction of
ling and breakdown, and inflammatory reaction, important
release of cellular contents for long-term anti-tumor effects
and pro-inflammatory
molecules

Autophagy Accumulation of PI3K, AKT, mTOR, LC3 Induction of cancer cell death and 29, 374, 378 and
autophagosomes suppression of tumor formation, 379

Vascular damage

Immune response

Damage to vascular endothe-
lial cells, destruction of tight
junctions, exposure of base-
ment membranes, aggregation
of platelets, leukocyte adhe-
sion, and vascular leakage or
shutdown

Activated by PDT, highly rela-
ted to the mode of cancer cell
death

VEGF, VEGFR, HIF-10

Damage-associated molecular
patterns (DAMPs), innate
immune cells, cytokines,
dendritic cells, and

T lymphocytes

possibly promoting tumor cell
survival in PDT
Persistent shortage of nutrients

and oxygen in tumor tissues and
inhibition of tumor growth, pos-

sibly promoting resistance to
therapy

Long-term inhibition of tumor
growth, recurrence, and
metastasis

26 and 27

44, 351, 354, 508
and 509

Fig. 17 Targets for the modulation of PDT induced anti-tumor effects with nanocomposites. During exposure to light, the photosensitizers absorb the
energy to catalyze ROS formation in tumor tissues. ROS might kill tumor cells directly by inducing apoptosis, necrosis, or autophagy-mediated cell death.
Meanwhile, damage and shutdown of microvessels also contribute to the anti-tumor effect of PDT. Furthermore, the acute inflammatory response
recruits leukocytes, including dendritic cells and neutrophils, to stimulate the host immune system, resulting in the long-term inhibition of tumor
metastasis and recurrence. Potential targets for the modulation of these processes are listed [RIPK1: receptor-interacting protein kinase 1, PARP-1:
poly(ADP-ribose) polymerase-1; mTOR: mammalian target of rapamycin; LC3: microtubule-associated protein 1A/1B-light chain 3; VEGF: vascular
endothelial growth factor; HIFla: hypoxia-induced factor 1al.

Recently, various novel nanocomposites and combined ther-
apy platforms have been designed to modulate these processes to
promote the tumor inhibition of PDT. Most of these nanocompo-
sites are fabricated through the combination of photosensitizers
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with bioactive reagents, such as agonists, antagonists, SiRNA,
proteins, and immunomodulators. It is critical to maintain the
activity of these reagents during the fabrication of the nanocom-
posite photosensitizers and the therapy processes.
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5.1. Nanocomposites for the modulation of apoptosis

Apoptosis is defined as the programmed cell death tightly regu-
lated by a series of signaling pathways.>>**” It is characterized by
several morphological changes, including cell blebbing, shrink-
age, nuclear fragmentation, chromatin condensation, chromoso-
mal DNA fragmentation, and global mRNA decay.>*® Two
subtypes of apoptosis have been defined: extrinsic apoptosis
and intrinsic apoptosis. Extrinsic apoptosis is regulated by
membrane receptors, including death receptors and tumor necro-
sis factor (TNF) receptors, while intrinsic apoptosis is mainly
triggered by mitochondrial outer membrane permeabilization
and the release of mitochondrial proteins, especially cytochrome
C.*° Apoptosis is induced by different stresses, including ROS-
mediated oxidative stress in PDT.?#%9*¢%3%2 1 normal conditions,
the cellular antioxidant system maintained a balance between
ROS production and consumption. When challenged by over-
whelming ROS produced by photodynamic reactions, oxidative
damage of cellular components is induced. As mentioned above,
the peroxidation of membrane lipids and damage to proteins and
DNA are induced by excessive ROS. These events result in
structural and functional damage to cancer cells, finally leading to
apoptosis.®*

PDT-induced apoptosis of cancer cells was first investigated
in mouse lymphoma L5178Y cells sensitized with the photo-
sensitizer chloroaluminum phthalocyanine. DNA fragmenta-
tion and chromatin condensation of cancer cells were
detected in response to the therapy. The PDT-induced apopto-
sis of L5178Y cells was rapid, which occurred along with
DNA degradation as early as 30 minutes after therapy.*®®
PDT-induced apoptosis was also observed in mouse MS-2
fibrosarcoma with liposome-administered ZnPc as a photosen-
sitizer. Following light exposure, dramatic ultra-structural
changes characteristic of apoptosis were observed under an
electron microscope, including the early occurrence of chro-
matin condensation and margination, the disappearance of
nuclear pores, karyopyknosis, karyorrhexis, cell surface protu-
berance formation, and cell fragmentation.***

Complex molecular mechanisms are involved in the apop-
tosis induced by PDT. Several pathways might be involved in
this process, depending on the type and subcellular localization
of the photosensitizers, the genetic background of the cancer
cells, the dosage of light exposure, and the involvement of other
stimulations. Critical proteins and processes in these pathways
are important targets for the modulation of PDT induced
cancer cell apoptosis with nanocomposite photosensitizers.
For example, mitochondrial cytochrome C plays a crucial role
in the regulation of cell apoptosis. When the mitochondria
of cancer cells were damaged by ROS during PDT, the immedi-
ate loss of mitochondrial membrane potential and the release
of cytochrome C into the cytosol occurred.**® The leakage of
cytochrome C into the cytosol resulted in the inhibition of
cellular respiration.>®> Caspase-3 like proteases were then
rapidly activated, resulting in the apoptosis of cancer cells.**°

The anti-apoptotic protein Bel-2 is also a target for PDT
to induce cell apoptosis. Bcl-2 protein was cleaved or photochemi-
cally cross-linked following PDT with the mitochondrial and
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ER-localized photosensitizer Pc4.”* In further research, it was
revealed that caspase-mediated cleavage is not required for PDT-
induced photodamage of Bcl-2. The photodamage of Bcl-2 protein
was a direct result of the photodynamic action without the
involvement of protease or other enzymatic activity. The deletion
of the N-terminus of Bcl-2 protein does not affect the PDT-induced
photodamage to the protein. The C-terminus transmembrane
domain, required for the membrane localization of Bcl-2 protein,
is needed for PDT-induced photodamage. Besides, the alpha-
helices 5 and 6 are very crucial for photodamage of the protein.
It is speculated that the cross-linking of Bcl-2 protein is mediated
by the interaction of these two helices with other protein domains.
This process is vital for the induction of apoptosis by PDT.?*

BclxL, a protein with size, sequence, sub-cellular localiza-
tion, and physiological function similar to Bcl-2, is also
damaged by PDT. It is probably involved in the regulation of
PDT-induced cell apoptosis. Interestingly, Bel-xL protein loca-
lized in the mitochondria is more sensitive to PDT-induced
photodamage than Bcl-xL in the cytosol.®”

Lysosome-localized photosensitizers apoptosis
through an alternative pathway. Lysosomes were damaged,
resulting in the release of lysosomal proteases following ROS
production in PDT. The Bid protein in the cytosol was cleaved
by proteases to form a pro-apoptotic fragment referred to as
tBid, which interacted with the mitochondria to initiate cell
apoptosis.®®® This pathway is required for the apoptosis
induced by lysosome-localized photosensitizers, but not for
the apoptosis induced by mitochondria or ER-localized
photosensitizers.>°

PDT also causes rapid activation of phospholipase C and
phospholipase A2, leading to downstream events, such as the
breakdown of membrane phosphoinositides and the release of
Ca>" from the intracellular pools. These processes also partici-
pate in the initiation of PDT-induced apoptosis of cancer
cells.*®

Considering the involvement of these proteins and pathways
in PDT induced cancer cell apoptosis, modulation of their
activity may maximize the tumor inhibition efficiency of the
therapy. For example, Liu et al. designed a mitochondria-
targeting nanocomposite photosensitizer with a UCNP core
and a silica shell for photosensitizer incorporation.
Mitochondria-targeting of this nanocomposite was achieved
through  modification with  (3-carboxypropyl)triphenyl-
phosphonium bromide (TPP). Following NIR irradiation,
in situ production of ROS led to serious damage to the mito-
chondria, resulting in the release of cytochrome C and the
apoptosis of tumor cells.?”°

induce

5.2. Nanocomposites for the modulation of necrosis

Necrosis is defined as cell injury that leads to the premature
death of cells by autolysis.*”**”> Morphologically, necrosis is
characterized by cytoplasmic granulation and organelle and/or
cellular swelling and breakdown, followed by the release of
cellular contents and pro-inflammatory molecules.>”?">
Inflammatory reactions are induced by these processes. Recent
research revealed multiple signaling pathways in the regulation
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of necrosis though it was initially considered as accidental cell
death following exposure to physicochemical stimulations.*”>
TNF is a classical extracellular inducer of necrosis through the
activation of RIPK1. Meanwhile, intracellular oxidative stress
also induces necrosis through the activation of PARP-1 and
RIPK1.%°

PDT also induces necrosis. Following the exposure of cancer
cells to an increased PDT dose, a dramatic increase in the ROS
level results in immediate damage to cellular metabolism,
leading to a shift from apoptotic cell death to necrotic cell
death. Subcellular localization of the photosensitizer is a key
determinant of the type of death of cancer cells exposed to
PDT.*’® Targeted delivery of photosensitizers to the plasma
membrane usually leads to more dramatic necrosis following
the therapy, probably due to the rapid destruction of plasma
membrane integrity, failure in the maintenance of ion fluxes,
and depletion of ATP in the cytosol.>" Oxygen levels might also
affect the choice of cell death pathways following PDT with the
same photosensitizer, probably due to the different efficiencies
and types of ROS produced in normoxic and hypoxic
conditions.?”” It is also suggested that the ROS damage essen-
tial enzymes and other components of the apoptosis pathway,
resulting in the failure of apoptosis induction and transition to
necrosis.””®

Therefore, modulation of PDT induced necrosis may also be
an effective strategy to promote tumor inhibition. This can be
achieved through membrane targeting of photosensitizers,
activation of the necrosis pathway, or inhibition of the apopto-
sis pathway. Nanocomposite photosensitizers loaded with
corresponding functional components (target ligands, small
molecule drugs, siRNA, etc.) may be used to investigate this
issue. Considering the difference of necrosis and apoptosis in
the induction of immune responses, the impacts of this com-
bined strategy to PDT induced anti-tumor immunity may also
be attractive.

5.3. Nanocomposites for the modulation of autophagy-
mediated cancer cell death

Autophagy involves a self-digesting process of cells, character-
ized by the accumulation of autophagosomes. Autophagy is
mainly regulated by the PI3K-Akt-mTOR pathway.’”®7% It
maintains cellular homeostasis through the degradation of
unnecessary or dysfunctional proteins and organelles.*®" The
role of autophagy is complex in cancer cells. Autophagy might
have a role in suppressing tumor formation through the
inhibition of necrosis and inflammation-induced genetic
instability. However, autophagy-mediated recycling of nutrients
and energy might also promote tumor cell survival under
stressed conditions.***3%% Autophagy is activated in response
to several stress conditions, including anti-cancer therapies.
Therefore, it is speculated that autophagy might have a role in
resistance to cancer therapeutics, such as radiotherapy, che-
motherapy, and immunotherapy.*®**** Interestingly, autop-
hagy is also involved in the maintenance of cancer stem cells;
however, its exact function is still controversial.*®*® Targeting
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autophagy is a potential strategy to tackle drug resistance and
promote the effects of cancer therapy.**”3%8

Autophagy is also induced in cancer cells following PDT.**
Several stress sensors in cancer cells are activated to initiate the
autophagy process to collect and digest damaged proteins and
organelles to recycle nutrients and energy. Superoxide is the
major ROS regulating autophagy after exposure to ROS pro-
duced in PDT.*® The oxidative stress induced by PDT pro-
moted the formation of ubiquitin aggregates, which were
recognized and degraded by autophagy. Inhibition of this
process led to increased photo-oxidative stress and cell
death.*® PpIX-mediated PDT induced autophagy in colorectal
cancer stem-like cells. Suppression of PDT-induced autophagy
gave rise to increased apoptosis and decreased colonosphere
formation and tumorigenicity, indicating the potential to sen-
sitize cancer stem cells to PDT through autophagy
inhibition.*** In the human osteosarcoma cell line MG-63, aloe
emodin-mediated PDT induced autophagy through the ROS-c-
Jun amino-terminal kinase (JNK) signaling pathway. The inhi-
bition of autophagy with 3-methyladenine or chloroquine also
resulted in enhanced apoptosis.**> Inhibition of autophagy
sensitized the tumor cells to Photofrin-mediated PDT.>%

Autophagy might also function as a pro-death pathway.
Inhibition of apoptosis induces autophagic cell death through
the activation of receptor-interacting protein and JNK.****%* In
methyl pyropheophenylchlorin-mediated PDT, the protein
kinase R-like ER kinase signaling-mediated ER stress pathway
induced autophagy to kill breast cancer cells.**® In GQD-
mediated PDT, the cytotoxic effect on U251 human glioma cells
was also mediated by cell death through both apoptosis and
autophagy. Autophagy inhibition through the knock-down of
LC3B reduced the cytotoxicity of GQD, indicating the pro-death
effect of autophagy in GQD-mediated PDT.**” Generally, the
autophagy induced by moderate PDT mainly protects cells,
while the autophagy induced by prolonged or over-primed
PDT promotes cell death.

Modulation of PDT induced autophagy in tumor cells with
nanocomposites is also applied in enhancing the therapeutic
efficiency. For example, Wang et al. loaded the photosensitizer
phthalocyanine and the autophagy promoter rapamycin
together into self-assembled dendrimer nanoparticles for the
modulation of PDT induced autophagy. When these nano-
particles were taken up by tumor cells, rapamycin was released
after light irradiation to stimulate autophagy. Efficient tumor
inhibition was achieved with this strategy.*** Recently, Deng
et al integrated 3-bromopyruvate into Ce6-loaded nano-
particles to modulate PDT induced autophagy. Stimulation of
PDT induced autophagy with this nanocomposite promoted the
apoptosis of cancer cells, contributing to tumor inhibition of
the therapy.**®

5.4. Nanocomposites for the modulation of vascular damage

The highly proliferative nature of tumor cells requires a mas-
sive supply of nutrients and oxygen, making angiogenesis a
critical step for the progression of solid tumors.>**~*°* The low
oxygen concentration in tumor tissues induces the expression
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of several growth factors through HIF-1, leading to tumor
angiogenesis. However, this pathological angiogenesis usually
leads to the formation of tortuous and disorganized leaky
vascular structures, allowing nanoparticles to penetrate and
accumulate in tumor tissues.*®*

Cells of both the tumor vasculature and parenchyma can be
the targets of ROS produced in PDT. The preference is deter-
mined by photosensitizer distribution, which is affected by the
pharmacokinetic properties of the photosensitizers and the
interval between photosensitizer administration and light
illumination.”®*” Tumor vasculature is the main target of
photo-induced damage with shorter photosensitizer-light
intervals. In contrast, longer photosensitizer-light intervals
give rise to photodamage mainly in tumor cells.

In addition to the passive targeting mechanism, tumor
vasculature can also be actively targeted when using surface
markers of tumor endothelial cells. For example, the ED-B
domain of fibronectin, VEGFR-2, and neuropilin-1 are ideal
tumor endothelial markers for active targeting of photosensiti-
zers to tumor vessels.’”® Photodynamic reaction-induced
damage to vascular endothelial cells destroys tight junctions
and exposes the basement membranes,**® resulting in platelet
aggregation, leukocyte adhesion, vascular leakage, and finally
vascular shutdown. Tumor growth will be primarily restricted
by a persistent shortage of nutrients and oxygen.

With the combination of vascular targeting and tumor cell-
targeting PDT reactions, more effective tumor growth inhibi-
tion can be achieved. For instance, Bechet et al. reported a
tumor vasculature targeting PDT strategy for the treatment of
brain tumors. Both photosensitizer and magnetic resonance
imaging (MRI) contrast agents were used to prepare multi-
functional nanocomposites. Vasculature targeting of the nano-
composites was achieved through surface modification with a
neuropilin-1 peptide.*®* An efficient interstitial PDT was
observed using this nanoplatform for brain tumors guided by
real-time MRI. Jang et al. designed an anti-angiogenic PDT
strategy for tumor treatment. The photosensitizer Ce6 was
loaded into microbubbles for ultrasound-triggered local deliv-
ery. Meanwhile, an anti-angiogenic siRNA was delivered with
nanoparticles protected by two biocompatible polymers to
inhibit angiogenesis. The tumor inhibition efficiency of PDT
was improved with this strategy.**> Wei et al. prepared carrier-
free nanocomposites through the combination of the photo-
sensitizer Ce6 and the anti-angiogenic drug sorafenib for the
PDT/PTT of cancer. Upon light stimulation, sorafenib was
released to inhibit angiogenesis and cut off the supply of
oxygen and nutrients, contributing to tumor inhibition of the
therapy.*®®

5.5. Nanocomposites for the modulation of immune
responses

The immune system is essential for the body to fight against
and clear external (such as viruses, bacteria, fungi, parasites,
and other foreign substances) and internal (such as mutant
cells, dead cells, and cell debris) threats to maintain the healthy
structure and normal function of the body. Evasion from the
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recognition and killing of the immune system is the first step
for spontaneously malignant cells to become cancerous.**” %
In patients with tumors, the immune system is largely dysfunc-
tional. Normalization or stimulation of the immune system is a
promising strategy for cancer treatment.”'®*'" Traditional
tumor therapy usually suppresses the immune system, which
is harmful to the long-term survival of patients. Interestingly,
PDT has a much more different impact on the immune system.
Apart from the destruction of tumor cells and vasculature, PDT
can modulate the immune system and initiate immune
responses against tumor cells, providing long-term protection
for the patients from recurrence and metastasis of tumors.*’

The cell death mode in the therapy is closely related to the
extent of PDT-induced anti-tumor immunity. As mentioned
previously, PDT-induced cell death might involve apoptosis,
necrosis, and autophagy-mediated modes. This is unique in
current tumor therapies. Research in other systems has shown
that distinctive immune gene expression patterns in viable and
dying cells are detected in apoptosis or necrosis induced by
different agents, eliciting different host immune responses.>*
Some investigations have indicated that apoptotic tumor cells
are better immune stimulators than necrotic tumor cells.*'?
However, several other reports have shown that tumor therapy
mainly inducing necrosis of cancer cells is more efficient in
stimulating the host immune system than those that mainly
lead to apoptotic cell death.*'**** During PDT-induced necro-
sis, the damage to the plasma membrane leads to the exposure
of cytosolic constituents to extracellular spaces, resulting in a
strong inflammatory response. The host leukocytes are
attracted to the tumor by these constituents. Meanwhile,
increased tumor-specific antigen presentation also contributes
to enhanced immune responses.**

PDT can stimulate innate immune responses against patho-
genic substances with phagocytes, complement cascade, and
natural Kkiller cells. PDT induces an acute inflammatory
response, leading to the release of cytokines, activation of
complement, and recruitment and activation of innate immune
cells.*">*'® pDT-induced destruction of tumor cells gives rise to
the presentation of DAMPs on the cell surface or in the
extracellular matrix.*"” These signals are recognized and neu-
tralized by the innate immune phagocytes, leading to the
elimination of tumor cellular debris.*'®

PDT might also activate adaptive immune responses. Den-
dritic cells are activated following PDT-induced cancer cell
death. Dendritic cells recognize DAMPs and differentiate into
mature cells as potent antigen-presenting cells. After migration
into the lymph nodes, the mature dendritic cells present tumor-
associated antigens to naive T cells, which differentiate to
become cytotoxic tumor-specific T lymphocytes to attack and
destroy the remaining tumor cells.**®*?

Moreover, apoptotic and necrotic tumor cells in PDT might
also function as tumor vaccines to provide long-term protection
for the host.”*° Interestingly, different protection effects
between apoptotic and necrotic cells have been identified. In
several tumor models (colon carcinoma cells CT26 and CT26-
HA, renal cortical adenocarcinoma [RENCA], and melanoma
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cell B16), apoptotic cancer cells prevented tumor outgrowth
efficiently for more than 30 days, while necrotic cancer cells
exhibited very weak or no protection. In terms of the mecha-
nism, injection of apoptotic cells induced a strong CD4" and
CD8" T-cell response accompanied by the presence of dendritic
cells, while the injection of necrotic cells stimulated a strong
local macrophage response.*’> The use of PDT-based tumor
vaccine to protect hosts from several types of tumors has
been thoroughly investigated with different photosensitizers.
In a report of the PDT-based tumor vaccine, 5-5-(4-N,N-
diacetoxylphenyl-10,15,20-tetraphenylporphyrin) was applied
as a photosensitizer to induce cell death of LA795 murine lung
cells. The tumor cell lysates and cell surface antigens obtained
from acid-eluted adherent cells were used as a tumor vaccine to
study the mechanisms involved. Injection of the tumor vaccine
gave rise to increased CD4'/CD8" ratios, NK cell percentages,
serum IFN-y and IL-2 levels, and lymphocyte aggregation at the
edge of tumors. More importantly, significant inhibition of
lung tumor growth was achieved with this tumor vaccine.**!
ROS-induced ER stress leads to the dysregulation of “eat me”
and “don’t eat me” signals during the PDT-based tumor
vaccine preparation. It is suggested that this dysregulation
promotes the uptake of PDT-killed tumor cells by dendritic
cells, enhancing the phenotypic maturation and functional
stimulation of dendritic cells.***

Considering the extensive interplay between PDT and the
immune system, various combined PDT/immunotherapy stra-
tegies have been investigated for tumor treatment.*® Modula-
tion of PDT induced anti-tumor immunity has been
investigated with nanocomposites based on various nanoma-
terials, including 2D materials, metal-based nanoparticles,
and organic nanoparticles.”>*™**> The tumor inhibition effi-
ciency of PDT may be enhanced through the relief of
the immunosuppressive environment in tumor tissues with
these strategies.**®*>” For example, Li et al. prepared pro-
nanostimulants with SPNs for cancer immunotherapy. An
immunostimulant was conjugated with SPNs through a singlet
oxygen cleavable linker. Following NIR laser irradiation, singlet
oxygen is generated to kill tumor cells and produce tumor-
associated antigens. At the same time, the immunostimulant
was released from the nanoparticles to trigger a synergistic
antitumor immune response.**® Yang et al. reported a com-
bined PDT strategy with pH-responsive nanovesicles to induce
immunogenic cell death. The indoleamine 2,3-dioxygenase
inhibitor indoximod (IND) was also co-delivered to promote
the development of CD8" T cells. The tumor inhibition effi-
ciency of PDT was thus improved.**® Zeng et al. designed
activatable nanoenzymes with SPNs to modulate tumor immu-
nometabolism. To achieve this goal, kynureninase was conju-
gated with SPNs through a singlet oxygen cleavable linker.
When irradiated by NIR light, singlet oxygen was generated
for PDT mediated immunogenic cell death of cancer. Mean-
while, kynureninase was released to catalyze the degradation of
the immunosuppressive kynurenine, contributing to systemic
antitumor T cell immunity. Both primary and distant tumors
were inhibited by this strategy.” Yu et al prepared a
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nanocomposite with pheophorbide A as the photosensitizer
for PDT. An anti-PD-L1 peptide was co-delivered to relieve the
immunosuppressive environment. After PDT, immunogenic
cell death was induced, followed by enhanced activation of
cytotoxic T cells and secretion of cytokines. Inhibition of both
tumor growth and metastasis was achieved with this
strategy.**°

In summary, an investigation of the mechanisms involved in
PDT mediated tumor inhibition provides a series of targets for
the modulation of these processes to enhance the therapeutic
efficiency. Small molecule drugs and siRNA targeting critical
proteins involved in these pathways are ideal candidates for the
preparation of nanocomposites to regulate these processes.
More efficient induction of tumor cell death can be achieved
with these strategies. Moreover, PDT induced immune
responses may also be altered by these strategies. Recent
developments have revealed the extraordinary potential of
PDT associated anti-tumor immunity in long-term inhibition
of tumor growth and metastasis. It is promising to further
investigate the application of these combined therapy strategies
in the treatment of various solid tumors, especially those with
poor responsiveness to traditional immunotherapy.

6. Nanocomposites for the relief of
tumor resistance to PDT

Although PDT induces several anti-tumor pathways, tumors
might also trigger multiple mechanisms to antagonize the
effect of PDT (Fig. 18 and Table 4), leading to tumor recurrence
after therapy.*>**'**? Investigations into the mechanisms
involved in tumor resistance to PDT will shed light on the
design of combined therapeutic strategies to achieve better
tumor inhibition effects. Recently, a variety of nanocomposite
photosensitizers have been designed to relieve tumor resistance
to PDT.

6.1. Inhibition of photosensitizer excretion

PDT mainly induces cancer cell death locally due to the very
short diffusion range of ROS.” Therefore, intracellular accumu-
lation of photosensitizers is critical to ensure cytotoxic effects
on tumor cells. However, photosensitizer excretion hampered
the retention of photosensitizers in tumor cells, leading to
resistance to PDT.

Some proteins might function as transporters to transport
conventional photosensitizers out of tumor cells. Notably,
several proteins critical for multidrug resistance of tumor cells,
such as P-gp and ABCG2, are involved in resistance to PDT
through the excretion of photosensitizers.*" For example,
both P-gp and ABCG2 are involved in the efflux of the photo-
sensitizer benzoporphyrin derivative (BPD) in breast cancer
cells. Overexpression of P-gp and ABCG2 inhibited the accu-
mulation of BPD in tumor cells and enhanced resistance to
PDT. Covalent conjugation of BPD with a phospholipid inhib-
ited the efflux of BPD by these two proteins. The nanoliposomal
formulation of phospholipid-conjugated BPD maintained the
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Fig. 18 Summary of combined therapy strategies to relieve tumor resistance to PDT.

BPD concentration in breast cancer cells for 24 hours and
ensured effective PDT.*** The photosensitizer pheophorbide a
has also been shown to be a substrate for ABCG2. ABCG2 can
transport several other photosensitizers with a structure similar
to pheophorbide a, resulting in reduced intracellular accumu-
lation of these photosensitizers in ABCG2-overexpressing
tumor cells. Stronger resistance to PDT was found to be
mediated by these photosensitizers in ABCG2-overexpressing
cells through this process.”” ABCG2 can be inhibited by tyr-
osine kinase inhibitors, such as imatinib mesylate (Gleevec),
which might thus be used in combination with PDT to promote
the accumulation of pheophorbide a in tumor cells to promote
tumor inhibition.?”* In another similar research, ABCG2 was
also shown to be involved in the efflux of HPPH in cancer cells
(Fig. 19). Several modulators of ABCG2 promoted the accumu-
lation of HPPH in both cell culture and the tumor model
(Fig. 19c and d). Pretreatment with the ABCG2 modulator
imatinib mesylate led to an increased PDT effect of HPPH both
in vitro and in vivo.>”°

The therapeutic efficacy of nanomedicine might also be
affected by the excretion of nanoparticles. Upon endocytosis,
nanoparticles are encapsulated by early endosomes. Some
nanoparticles might be recycled back to the plasma membrane.
The others might be delivered to late endosomes and then
lysosomes.*** Exocytosis of some lysosomes might also lead to
the excretion of undigested nanoparticles.**®* Among a series of
excretion processes, lysosomal exocytosis is considered the
most important one for the excretion of nanoparticles.**” The
rate of exocytosis is affected by cell type, subcellular localiza-
tion, surface modification, particle size, and concentration of
nanoparticles. The inhibition of excretion promotes the cellular
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retention of nanoparticles and enhances the therapeutic efficacy
of PDT. For example, Zhang et al. prepared a photosensitizer-
loaded supramolecular nanogel for PDT. The pH-sensitive nano-
gel aggregated in acidic endosomes/lysosomes after endocytosis
to disturb the exocytosis of tumor cells. The tumor retention of the
photosensitizers was significantly improved, resulting in
enhanced tumor inhibition following PDT.** Nevertheless, the
mechanisms of nanoparticle excretion are yet to be fully revealed.
Much effort is needed to investigate the impact of nanoparticle
excretion on PDT and to modulate this process to promote the
accumulation of photosensitizers in tumor cells.

6.2. Relief of hypoxia

The hypoxic tumor microenvironment results in resistance to type
II PDT. PDT-induced oxygen consumption and damage to tumor
microvasculature further increase this problem.**® Several strate-
gies have been designed to promote the tumor inhibition efficacy
of PDT in hypoxic conditions. Generally, an increase of oxygen
supply, utilization of oxygen-independent PDT reaction, and a
combination of PDT with hypoxia-activated or oxygen-
independent therapies are the main strategies for the optimiza-
tion of PDT in the hypoxic tumor microenvironment.*®***

6.2.1. Replenishment of oxygen. Oxygen replenishment is
an effective strategy to enhance PDT effects in hypoxic tumor
tissues. O, carriers, such as hemoglobin or perfluorocarbons,
are widely used in combination with photosensitizers to treat
hypoxic tumors. Hemoglobin carries O, in red blood cells. Four
0O, molecules can be delivered by each hemoglobin molecule
into tumor tissues to meet the need of PDT reactions through
proper incorporation of hemoglobin into photosensitizer
formulations.*®* Perfluorocarbons are a group of chemicals
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Table 4 Combined therapy strategies to overcome cancer resistance to PDT

Photosensitizer Carrier Cargo/inhibitor Mechanism Cancer Ref.
BPD Nanoliposomes Phospholipid-conjugated Evading P-glycoprotein and ABCG2 Breast cancer 434
BPD mediated efflux
HPPH — Imatinib mesylate Inhibition of the photosensitizer trans-  Fibrosarcoma 270

porter ABCG2
TPPS Nanogel — Aggregation in acidic endosomes/ Lung cancer 43
lysosomes for retardation of exocytosis
IR780 Perfluorocarbon — Replenishment of oxygen with Colon cancer 441
nanoparticles perfluorocarbon
RB Bis(pyrene) Hemoglobin Replenishment of oxygen with Breast cancer 510
nanoaggregates hemoglobin
Ceb6 PEG shelled liposomes DiR Increase of intra-tumor blood flow and  Breast cancer 442
relief of tumor hypoxia through mild
photothermal heating
BP quantum dots MOFs Catalase Generation of oxygen catalyzed by Cervical cancer 446
catalase with consumption of H,0, in
tumor tissues
Ce6 HAS-MnO,-Ce6 MnO, Generation of oxygen catalyzed by MnO, Bladder cancer 274
nanoparticles with consumption of H,O, in tumor
tissues
Ce6 3-D dendritic mesoporous Pt nanoparticles Generation of oxygen catalyzed by Pt Lung cancer 276

silica nanospheres

TBP Titanium-based MOFs —
Hypericin — 2-Methoxyestradiol
Ce6b MnO, nanosheets —
Porphyrin Cu*"-metalated nano-MOF ~ —
Ce6 a-Cyclodextrin-Ce6-NO —
nanoparticles
Porphyrin Porphyrin-based 17AAG
telodendrimer
Ce6 MSN siRNA targeting MTH1
ZnPc UCNPs ABT737
SPNs — Kynureninase

with extraordinarily high O, solubility. This unique character-
istic of perfluorocarbons can be used for O, replenishment
combined with several kinds of photosensitizers to improve
tumor therapy outcomes.”*® In transitional cell carcinoma
spheroids, perfluorodecalin was used in combination with the
photosensitizer hypericin for PDT. A dramatic enhancement of
ROS-induced tumor cell apoptosis was observed with enhanced
oxygenation of the spheroids by perfluorodecalin.**® Perfluor-
ocarbon nanodroplets were also used to load photosensitizers
to produce an oxygen self-enriching PDT system. Significantly
enhanced cytotoxicity and tumor-inhibition efficacy were
achieved with a single-dose intravenous injection of these
nanodroplets due to the high oxygen capacity and long singlet
oxygen lifetime in perfluorocarbon.***

An improvement in blood flow is also useful for increasing
O, concentrations in hypoxic tumors. Pretreatment of the
tumor with mild photothermal-mediated heating is widely
used to increase the blood flow of tumors. A mild increase
in the local temperature is sufficient to increase the tumor
blood flow and O, concentration within the tumor. Following mild
photothermal-mediated tumor heating, enhanced photodynamic
inhibition of hypoxic tumors and reduced photo-toxicity to the skin
were achieved.**

This journal is © The Royal Society of Chemistry 2021

nanoparticles with consumption of H,0,
in tumor tissues

Type 1 PDT

Inhibition of SOD-2

Decrease in intracellular GSH by MnO,
Direct adsorption of GSH by Cu®'-
metalated nano-MOF

Depletion of GSH by both the
nanoparticle and NO, relief of

hypoxia through NO triggered blood
vessel relaxation

Inhibition of HSP90

Colon cancer 448
Breast cancer 34

Breast cancer 455
Breast cancer 456

Breast cancer 457

Prostate cancer 459

Downregulation of MTH1 Colon cancer 38

Inhibition of the anti-apoptotic Lung cancer 39
protein Bcl-2
Degradation of the immunosuppressive =~ Melanoma 5

kynurenine

Oxygen might also be generated in tumors with H,0, as a
substrate. A high level of H,0, exists in tumor tissues due to the
altered metabolism processes of tumor cells. An increased
H,0, concentration is related to altered DNA integrity, cell
proliferation, apoptosis resistance, and cancer metastasis. A
decrease in the H,0, level reduces the malignancy of tumors.**?
Meanwhile, H,0, can be transformed into O, and H,0O with
catalase enzyme as a catalyst. By incorporating a catalase into
photosensitizer formulations, in situ O, generation is achieved
for a photodynamic reaction with the consumption of H,0,. An
enhanced PDT effect and decreased malignancy of tumors give
rise to a better tumor therapeutic effect.?#**4%%5 A delicate
design of the formulation is required to maintain the activity of
catalase during the whole process. Nanoparticles are ideal
carriers for catalase. Recently, Liu et al prepared a hybrid
nano-platform with MOFs for the PDT of hypoxic tumors
(Fig. 20). BP quantum dots were loaded into the inner layer of
MOFs with a stepwise in situ growth method to function as a
photosensitizer, while catalase was encapsulated into the outer
layer of MOFs to increase the O, concentration in the hypoxic
region of the tumor by converting H,O, into O, (Fig. 20a and b).
In vitro experiments have confirmed the dramatically enhanced
singlet oxygen production in hypoxic conditions in the
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Fig. 19 Inhibition of the photosensitizer transporter ABCG2 enhances the tumor inhibition effect of PDT. (a) ABCG2 protein expression in cells. (b)
Temperature-dependent efflux of the photosensitizer. In each cell, the left column indicates the uptake of the photosensitizer HPPH. The central column
indicates intracellular HPPH after efflux in the HPPH-free medium at 4 °C, while the right column indicates intracellular HPPH after efflux at 37 °C. (c)
Modulators promote the accumulation of the photosensitizer in cells. (d) Treatment with imatinib mesylate increases HPPH levels in tumors. (e)

Modulators of ABCG2 enhance the PDT cytotoxicity. (f) Imatinib mesylate enhances the PDT efficiency of HPPH. Reproduced with permission.

Copyright, 2007, American Association for Cancer Research.

presence of H,0, (Fig. 20c). The hypoxic microenvironment of
tumor tissues was mostly resolved by this nanocomposite
(Fig. 20d). The PDT-mediated tumor cell killing efficacy was
8.7-fold higher than that without catalase, leading to proper
inhibition of tumor in vivo (Fig. 20e).**®

Similar to catalase, a series of nanomaterials (MnO, nano-
particles, platinum nanozymes, and gold nanoclusters) have
also been successfully used to generate O, in situ for efficient
PDT in hypoxic tumors.”’*?’7 As inorganic substances, the
preparation and preservation of these nanomaterials are more
convenient than catalase, facilitating their incorporation into
nanocomposite photosensitizers.

6.2.2. Type I PDT. A type I PDT reaction is O,-independent,
which is different from the widely used type II PDT reaction. In a
type I PDT reaction, electron transfer from photosensitizers to
surrounding molecules leads to the production of superoxide
anions, hydrogen peroxide, and hydroxyl radicals (Fig. 1).>** The
implementation of a type I photodynamic reaction for the treat-
ment of hypoxic tumors has been carefully investigated.*”**° In a
recent report, a nanoscale MOF composed of Ti-oxo chain second-
ary building units and photosensitizing 5,10,15,20-tetra(p-
benzoato)porphyrin (TBP) ligands was prepared for the PDT of
hypoxic tumors. Both type II and type I photodynamic reactions
were induced with light stimulation, resulting in the generation of
singlet oxygen, superoxide, hydrogen peroxide, and hydroxyl radi-
cals. A much more enhanced anti-tumor effect was achieved with
the efficient production of the above four distinct cytotoxic ROS.***

6.3. Inhibition of antioxidant systems

The anti-tumor effects of PDT depend on the production of ROS
by photosensitizers in response to light stimulation. ROS is also

Chem. Soc. Rev.
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produced in biochemical reactions in cells under normal con-
ditions. Normal cells fight against metabolic ROS mainly
through the antioxidant system, which is composed of enzy-
matic and non-enzymatic components.*>°~*%>

The antioxidant enzymes include SOD, catalase, GPX, and
GST.*? SODs catalyze the dismutation of superoxide anion in
different subcellular compartments, depending on the subcel-
lular localization of the enzyme isoforms. SOD1 functions in
the cytoplasm and nucleus, while SOD2 and SOD3 function in
the mitochondria and extracellular space, respectively. Catalase
converts H,O, into water and oxygen in peroxisomes. GPX is
involved in the catalysis of lipid hydroperoxide and H,O, in the
mitochondria, cytoplasm, and nucleus. Selenium is required
for the enzyme activity of GPXs. GST catalyzes the conjugation
of reduced GSH to xenobiotic electrophilic substrates.*>**

The non-enzymatic antioxidants include GSH, metal-
binding proteins, bilirubin, melatonin, and polyamines.**?
GSH is the most important among them. It might interact with
ROS or electrophiles directly. Meanwhile, GSH is also an
essential cofactor for enzymes like GPX to maintain their
normal antioxidant activity.>*® The antioxidant system is
involved in the detoxification of endogenous and exogenous
ROS to maintain the survival of normal cells.*>"**?

However, tumor cells can also implement these mechanisms to
antagonize the oxidative stress induced by ROS produced in PDT.
High levels of intracellular and pericellular ROS are often observed
in cancer cells.*®*>* Accordingly, an enhanced detoxification sys-
tem of ROS is also evolved in cancer cells, which might also be
involved in resistance to PDT.*** Inhibition of critical antioxidant
enzymes and non-enzyme antioxidants promotes ROS accumula-
tion, enhancing the therapeutic efficacy of PDT.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0cs01370f

Published on 05 July 2021. Downloaded by Shenzhen University on 7/5/2021 3:27:47 PM.

Chem Soc Rev

View Article Online

Review Article

Fig. 20 Replenishment of oxygen with catalase for enhanced PDT efficacy in hypoxic tumors. (a) Schematic illustration of the incorporation of BPQD
and catalase in MOF layers for achieving an enhanced therapeutic effect against hypoxic tumor cells. (b) TEM image of the nanocomposite. Inset: TEM
image of BPQD. (c) Production of singlet oxygen in the presence or absence of H,O,. (d) HIF-1a in tumor tissues following the indicated treatment. (e)
Tumor growth curves following therapy. Reproduced with permission.**® Copyright, 2019, Wiley-VCH.

For example, it is well established that PDT induces the
expression of SOD-2 in breast cancer cells, resulting in a
decrease in intracellular ROS levels. Inhibition of the SOD-2
activity with 2-methoxyestradiol enhances the cytotoxicity of
PDT to breast cancer cells.** A combination of the photosensi-
tizer with the SOD inhibitor also sensitized lung adenocarci-
noma cells to PDT.*® Besides, inhibition of catalase also
effectively enhanced the tumor inhibitory effect of PDT.>”?

GSH is also enriched in cancer cells and participates in
resistance to PDT through the consumption of ROS. Fan et al.
prepared a Ce6-MnO, nanosystem to enhance PDT efficiency.

This journal is © The Royal Society of Chemistry 2021

When taken up by cancer cells, the reduction of MnO,
nanosheets by GSH resulted in a decrease in intracellular
GSH levels and the release of Ce6 to produce ROS. Enhanced
tumor inhibition was achieved with this nanosystem.*>> Zhang
et al. prepared a Cu®*"-metalated nano-MOF to overcome GSH-
mediated PDT resistance. When taken up by breast cancer cells,
direct adsorption of GSH by this MOF-2 effectively decreased
GSH levels in cells, resulting in increased ROS levels and cancer
cell apoptosis following light stimulation.*>® Deng et al. pre-
pared a GSH-sensitive nitric oxide (NO) nanogenerator through
the conjugation of S-nitrosothiol, a-cyclodextrin, Ce6, and PEG
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for efficient PDT. The reaction of GSH with this nanoagent led
to the depletion of intracellular GSH and NO production. Blood
vessel relaxation by NO resolved hypoxia of tumor tissues.
Furthermore, the reaction between NO and ROS resulted
in the production of reactive nitrogen species, which was
more efficient in the induction of tumor cell death. Enhanced
tumor inhibition was observed with these multifunctional
nanoagents.*>’

6.4. Inhibition of damage repair

As mentioned earlier, the cytotoxic effect of PDT relies on ROS-
mediated damage to proteins, nucleic acids, and phospholipids
in cancer cells.**” However, cancer cells might also repair the
damage caused by ROS through various mechanisms, leading
to resistance to PDT. The inhibition of these processes might
also enhance the therapeutic efficacy of PDT.

For example, heat shock protein family members (including
Hsp27, Hsp70, and Hsp90) are deeply involved in cellular
protein homeostasis. Therefore, they also play critical roles in
PDT-induced cellular events.*®*”**® ROS-induced damage to
protein conformation and function is an integral part of
cytotoxicity. As molecular chaperones, heat shock proteins
promote the conformation recovery of proteins and remove
misfolded proteins. Also, heat shock proteins antagonize the
cytotoxicity of PDT to cancer cells through the regulation of
anti-apoptotic pathways, autophagy, angiogenesis, and
immune responses. Accordingly, the inhibition of the heat
shock protein activity enhances the anti-tumor efficacy of
PDT.?®37458:459 [in et al. prepared a porphyrin-based nano-
platform for the tumor-specific delivery of the Hsp90 inhibitor
17AAG. When irradiated with NIR light, both heat and ROS
could be generated for dual-modal PTT/PDT. Meanwhile, the
inhibition of Hsp90 by 17AAG sensitized the tumor cells to the
therapy, resulting in enhanced therapeutic efficacy.**®

ROS produced in PDT also damages nucleic acids through
oxidation, resulting in mispairing and mutation of DNA and
apoptosis of cells.”*”” However, enzymes, such as MTH1, are
used by cancer cells to repair this damage. MTH1 is involved in
the hydrolyzation of oxidized nucleotides, contributing to
resistance to ROS-induced damage in PDT. Fan et al. prepared
a nanosystem for enhanced PDT efficacy through the down-
regulation of MTH1. In this nanosystem, both Ce6 and siRNA-
targeting MTH1 were loaded onto mesoporous silica nano-
particles. When irradiated with light, ROS was produced by
Ce6 for PDT. Meanwhile, the expression of MTH1 was effec-
tively down-regulated by siRNA released from the nano-
particles. The sensitivity of cancer cells to ROS increased,
leading to enhanced tumor inhibition.>®

6.5. Inhibition of pro-survival signaling pathways

PDT inhibits tumors through the induction of apoptosis,
necrosis, or autophagic cell death. However, pro-survival
signaling pathways, such as HIF-1, nuclear factor E2-related
factor 2 (NRF2), and nuclear factor kB (NF-kB), might also be
activated to help cancer cells adjust their internal physiological
activities for the survival of cancer cells.”*® Inhibition of these
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pro-survival signaling pathways can effectively promote the
therapeutic efficacy of PDT.

For instance, Bcl-2 is a pro-survival protein activated by
several signaling pathways to inhibit the apoptosis induced
by various stimuli. The overexpression of Bcl-2 protein in
various tumors contributes to tumor cell survival and resistance
to tumor therapies, including PDT.**" Liu et al. prepared a
novel pH-sensitive upconversion nano-photosensitizer contain-
ing ZnPc and the Bcl-2 inhibitor ABT737 to overcome tumor
resistance to PDT through Bcl-2. When this nanosystem was
taken up by tumor cells and bonded to lysosomes, the acidic
conditions triggered the release of ABT737. Inhibition of the
Bcl-2-mediated pro-survival pathway sensitized tumor cells to
ROS-induced apoptosis, resulting in enhanced therapeutic
efficacy both in vitro and in vivo.>

In summary, several physiological processes participate in
tumor resistance to PDT. The tumor inhibition efficiency of
PDT can be effectively improved through the modulation of
these processes. Considering the diverse mechanisms involved
in tumor resistance to PDT, it will be important to determine
which process contributes the most to PDT resistance of a
certain type of tumor. It will be beneficial to examine the gene
expression profile (expression of transporters, antioxidant
enzymes, pro-survival proteins, heat shock proteins, etc.) and
microenvironment (oxygen and GSH levels, blood supply, sta-
tus of immune cells, etc.) of the tumor before designing
photosensitizer formulation and therapeutic strategy. There-
fore, the combination of PDT with precision medicine will be
promising in the future.

7. Photosensitizers and strategies to
reduce PDT induced severe pain

A relatively less concerned but essential question in PDT
research is pain management during the therapy. Treatment-
associated pain limits the widespread application of PDT as a
clinically approved therapy for superficial malignancies. Clin-
ical trials indicate that PDT is significantly more likely to result
in severe pain than surgery.>® The pain experienced by patients
sometimes is severe and unbearable during PDT treatment,
which causes the interruption or termination of the PDT
process.”>> Several strategies have been implemented to
reduce PDT-associated severe pain, such as nerve block, cold
analgesia, and subcutaneous infiltration anesthesia (Fig. 21).>"

Meanwhile, it has been reported that the choice of photo-
sensitizers and light sources might determine the pain scores
of PDT."®* For example, ALA, as a precursor of porphyrin
approved for the treatment of actinic keratosis and basal cell
carcinoma, leads to more pain than methyl aminolevulinate.*®*
PDT with sunlight leads to less pain than traditional light
sources.’® A TiO,-nanoparticle-gold-nanocluster-graphene
heterogeneous nanocomposite was prepared to improve
the sunlight efficacy in PDT. The efficient use of simulated
sunlight was achieved with this nanocomposite. The produc-
tion of intracellular ROS, depletion of GSH, dysfunction of
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Fig. 21 Strategies to reduce PDT induced severe pain.

mitochondria, and efficient cancer cell killing were observed in
melanoma cells. Both intravenous and intra-tumoral adminis-
tration of the nanocomposite led to the proper inhibition of
tumor growth following PDT with simulated sunlight.*®® Low-
irradiance PDT using a portable inorganic light-emitting diode
also resulted in less pain with comparative 1-year clearance
rates for treating non-melanoma skin cancer compared with
conventional PDT in clinical trials.**®

Therapeutic procedure optimization is also useful in reliev-
ing PDT-associated pain. A two-step irradiation scheme was
investigated in patients with superficial basal cell carcinomas
for the effect of PDT with ALA as the photosensitizer. The
tumors were first irradiated with low irradiation until 90% of
the PpIX was photo-bleached and then with high-intensity
irradiation until the prescribed fluence was delivered. No severe
pain was reported with this procedure. More importantly, a
similar therapeutic effect was achieved compared with tradi-
tional continuous treatment.*®” Further research confirmed the
effect of this PDT protocol in minimizing pain and maintaining
excellent clinical outcomes in superficial lesions.*®® Reduced
side effects were also observed in low fluence rate PDT of
bladder tumor without hampering the therapeutic efficacy.*®®

Nevertheless, further investigations for pain management in
PDT are still required, especially for nanomaterial-based thera-
peutic strategies. In fact, more detailed investigations of PDT
associated pain management are carried out with traditional
photosensitizers. However, the physicochemical properties, ROS
generation, in vivo distribution, and pharmacokinetics of nano-
photosensitizers are quite different from those of traditional
photosensitizers. Therefore, it is probable that different pain
management strategies are required for PDT with nanophotosen-
sitizers. Meanwhile, PDT with high fluence rates promote the
necrosis of cancer cells, while low fluence rates induce apoptotic
cell death.”® It is essential to clarify whether and how PDT-
induced anti-tumor immunity is affected by pain management
strategies, considering the impact of cancer cell death pathways
on PDT-induced long-term anti-tumor immunity.
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8. Discussion and perspectives

In summary, various strategies have been developed to over-
come the barriers in the clinical application of PDT in tumor
treatment. Most of the aforementioned strategies are based on
nanomaterials. Recent developments in nanomaterial-based
PDT platforms largely broaden the choice of photosensitizers
and strategies for precise targeting and theranostics of tumors.
Nanomaterials are ideal carriers for efficient loading and
targeted delivery of traditional photosensitizers. Some nano-
materials can also function as photosensitizers to catalyze the
production of ROS following light stimulation. Significantly,
nanomaterials are ideal building blocks for the construction of
multifunctional nanocomposites through conjugation with var-
ious polymers, targeting ligands, small molecule drugs, other
nanoparticles, siRNA, proteins, etc. The physical, chemical, and
biochemical properties of the resulting nanocomposite photo-
sensitizers are therefore highly programmable, making it pos-
sible to modulate physiological processes both in tumors and
in the human body to optimize PDT efficiency. Various barriers
in the clinical application of PDT can be overcome using these
novel photosensitizers and therapy strategies. For example,
the application of photosensitizers and corresponding light
sources with better tissue penetrability effectively overcomes
the limitations caused by tissue depth. Inspired by the mechan-
isms involved in PDT induced anti-tumor pathways, nanocom-
posite photosensitizers have been designed to modulate these
processes to maximize the tumor inhibition efficiency of PDT.
Meanwhile, various processes participate in tumor resistance to
PDT. Knowledge about these events inspires the design of novel
nanocomposites to relieve tumor resistance to PDT to enhance
tumor control efficacy. Development of novel photosensitizers
and optimization of the therapy procedures may also reduce
the severe pain induced by PDT. All these efforts will pave the
way for the clinical application of PDT. Nevertheless, several
aspects should be further investigated in future research to
promote the clinical application of these photosensitizers and
therapeutic strategies in PDT.

Targeted delivery of nanomaterials into tumor tissues is
critical for achieving more favorable therapeutic outcomes with
lower side effects. Both passive and active targeting strategies
have been applied for tumor-specific delivery of nanomaterials
in PDT. Passive tumor targeting of nanomaterials relies on the
EPR effect, which has been widely applied in nanomedicine
research in rodent tumor models.*”® However, several recent
investigations argue that the EPR effect might not work well in
humans.®®*”* Therefore, it is vitally important to develop more
reliable and efficient tumor targeting strategies for clinical
research into nanomaterial-based PDT. A series of active tumor
targeting strategies have been developed.*”?> Tumor cell-specific
surface markers are widely used for precise targeting of nano-
materials into tumor tissues. Moieties recognizing tumor
cell-specific surface markers enable precise tumor targeting
and treatment.*”" Antibodies are also excellent for surface
modification of nanomaterials to enhance tumor-targeting
efficacy.”®>**"*”> The recent development of single-domain
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antibodies, which have a smaller size and higher specificity,
provides new tools for the tumor-specific delivery of
nanomaterials.*”* Aptamers, oligonucleotides specifically bind-
ing to certain target molecules, are also widely investigated for
functionalization and tumor-specific targeting of nanomater-
ials for PDT. Targeted delivery of various nanomaterials, such
as gold NRs,””” fullerenes,””® MoS, nanoplates,”’” silica
nanocomposites,*’® NMOF,*”® and UCNPs*** with tumor-
specific aptamers, has been successfully applied in the PDT
of several types of cancer. With extremely high diversity, anti-
bodies and aptamers render it possible to target numerous cell
surface markers simultaneously, making the discovery and
validation of novel markers more urgent for different cancer
types and cancer cell subtypes. Development of models that can
more effectively simulate the gene expression profile, micro-
environment and anatomical structure of tumors in patients is
also desired for investigation of the tumor targeting efficiency
of these photosensitizers.

The tumor microenvironment has significant impacts on
the efficacy of tumor therapeutic strategies, including PDT.
First, it provides a powerful tool for targeted delivery and
controlled release of nanomaterials, photosensitizers, imaging
agents, and drugs into tumors. Compared to normal tissues,
lower levels of pH and oxygen and higher levels of GSH, H,0,,
and metabolites are found in tumor tissues.’®*® Nanocompo-
sites responsive to acids,*®'™® H,0,,"®° hypoxia,*®*™*%¢ and
GSH*®"*%° have been designed to enhance the tumor-
targeting ability and therapeutic efficiency of PDT using these
characteristics. Imaging agents accumulated in tumors in
response to the tumor microenvironment also enable more
effective tumor theranostics combined with PDT.***? Second,
modulation of the tumor microenvironment might enhance the
cytotoxicity of PDT to cancer cells. For example, the conversion
of H,0, into oxygen and water with certain catalysts relieves
hypoxia-mediated inhibition to ROS production in type II
PDT."** Depletion of GSH can also protect the ROS produced
in PDT for more efficient tumor inhibition.*** Third, the
modulation of the tumor microenvironment also relieves
the resistance of the tumor to chemotherapy and
immunotherapy.*®® For example, the hypoxic microenviron-
ment is essential for drug resistance and immune-
suppression of tumors. Replenishment of oxygen in tumor
tissues down-regulated the expression of HIF-lo. and P-gp
and sensitized the tumor to DOX-mediated chemotherapy,
enabling efficient combined PDT/chemotherapy.*®® Therefore,
the development of novel strategies to construct tumor
microenvironment-responsive nanocomposites for imaging-
guided PDT and combined therapy will mostly promote the
specificity, efficiency, and safety of the tumor treatment.

Another critical issue that should be considered is the
retention of nanomaterials by normal tissues and organs,
especially the liver. This process primarily affects the circula-
tion of nanoparticles in the bloodstream and diminishes the
accumulation of nanomaterials and co-delivered photosensiti-
zers in the tumor. It might also result in increased toxicity
and side effects to normal tissues. However, the details of this
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process are yet to be fully elucidated. Recently, Jiang et al.
investigated the GSH-mediated biotransformation of nanoma-
terials in the liver using a well-designed thiol-activatable ICG-
GS-Au25 fluorescent nanoprobe. The results indicated that the
high local concentrations of GSH and cysteine in the liver
sinusoids transformed the surface chemistry of nanoparticles,
resulting in decreased affinity to serum proteins, and dramati-
cally changed blood retention, tumor targeting, and renal
excretion.”” The mononuclear phagocyte system is also crucial
for the processing of nanoparticles in vivo.**”**® Further inves-
tigation of the mechanisms involved in the uptake and proces-
sing of nanomaterials by normal tissues and tumors might also
inspire the design of nanocomposites for enhanced tumor
targeting efficacy and reduced side effects.

The biocompatibility of nanomaterials is also extremely
important for their clinical application. However, current
research on the biocompatibility of nanomaterials is mostly
incomplete. The absence of standardized procedures for the
study of in vivo bio-distribution, pharmacokinetics, and short-
term and long-term impacts on the body of nanomaterials is
considered the major bottleneck for the clinical translation of
these agents.>® Generally, organic nanomaterials, such as lipo-
somes, micelles, and dendrimers, are more biocompatible and
easily degraded or eliminated from the body. Noble metal-
based nanomaterials, such as gold and silver nanoparticles,
also exhibit favorable biocompatibility in cell culture.**
However, their excellent stability in vitro and in vivo gives rise
to long-term impacts on cells and the human body.
Concentration-dependent cytotoxicity and induction of apopto-
sis of gold nanoparticles were also observed.>*® Besides, gold
nanoparticles entered the nucleus of cells upon exposure for 24
h.>*! Meanwhile, silver nanoparticles have been shown to affect
the embryonic development of zebrafish embryos in long-term
treatment.’> Therefore, the effects of long-term treatment of
highly stable nanomaterials, such as noble metal nano-
particles, on DNA replication, cell division, and embryonic
development should be investigated further. Besides, several
nanomaterials used in PDT contain heavy metal ions, the
dosage and potential side effects of which should also be
noticed. Although generally considered biocompatible,
carbon-based nanoparticles were also found to cause complex
impacts on cells and embryos in certain conditions.>** It is
quite important to achieve a balance between the therapeutic
efficacy and the potential risks for each case in the clinical
practice. Therefore, more information about the uptake, circu-
lation, retention, degradation, and elimination of nanomater-
ials, both in vitro and in vivo, is required to promote the clinical
application of nanomaterial-based PDT in cancer treatment.

It is now widely recognized that a combination of PDT with
other therapies is a favorable cancer treatment strategy con-
sidering the unique advantages and apparent limitations of
PDT. Several critical drawbacks of PDT, such as limited pene-
tration depth and dependence of oxygen, can be partially or
largely overcome through combined therapy. As mentioned
above, a combination of PDT with ionizing radiation signifi-
cantly improves the tissue penetration of PDT.>*® Mild PTT was
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also used to improve O, supply in hypoxic tumor tissues for
enhanced PDT efficacy.***> More interestingly, PDT-induced
anti-tumor immunity makes it promising to combine PDT with
tumor immunotherapy for long-term control of tumors in situ
and metastasis.”’® Knowledge about the anti-tumor mechan-
isms of PDT and the responses of normal and tumor tissues to
PDT is essential for the design of novel combined therapy
strategies. Therefore, further investigations of these processes,
especially the complicated interaction between PDT and the
immune system, are still desired.
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