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ABSTRACT: Photosensitizer-based photodynamic therapy
(PDT) has been considered as a promising modality for fighting
diverse types of cancers. PDT directly inhibits local tumors by a
minimally invasive strategy, but it seems to be incapable of
achieving complete eradication and fails to prevent metastasis and
recurrence. Recently, increasing events proved that PDT was
associated with immunotherapy by triggering immunogenic cell
death (ICD). Upon a specific wavelength of light irradiation, the
photosensitizers will turn the surrounding oxygen molecules into
cytotoxic reactive oxygen species (ROS) for killing the cancer cells.
Simultaneously, the dying tumor cells release tumor-associated
antigens, which could improve immunogenicity to activate
immune cells. However, the progressively enhanced immunity is
typically limited by the intrinsic immunosuppressive tumor microenvironment (TME). To overcome this obstacle, immuno-
photodynamic therapy (IPDT) has come to be one of the most beneficial strategies, which takes advantage of PDT to stimulate the
immune response and unite immunotherapy for inducing immune-OFF tumors to immune-ON ones, to achieve systemic immune
response and prevent cancer recurrence. In this Perspective, we provide a review of recent advances in organic photosensitizer-based
IPDT. The general process of immune responses triggered by photosensitizers (PSs) and how to enhance the antitumor immune
pathway by modifying the chemical structure or conjugating with a targeting component was discussed. In addition, future
perspectives and challenges associated with IPDT strategies are also discussed. We hope this Perspective could inspire more
innovative ideas and provide executable strategies for future developments in the war against cancer.
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1. INTRODUCTION
Cancer is one of the major threats to human life and health.1,2

The research to efficiently cure cancer has always been the
focus of attention. In recent years, with a deeper understanding
of cancer immunology, cancer immunotherapy has emerged as
a promising modality for cancer treatment.3−5 It is
accomplished by stimulating or regulating inherent auto-
immune systems to identify, attack, eliminate tumor cells, and
eventually contribute to the long-term control of the disease.6,7

Current immunotherapeutic strategies mainly include immune
checkpoint blockade (ICB) therapy,8 chimeric antigen
receptor T cells (CAR-T) therapy,9 and cancer vaccines,10,11

all intended to imitate the body’s natural antitumor immune
defenses to fight against tumors and the prolong life of
patients.12,13 However, immunotherapy cannot work on all
patients due to the inadequate immunogenicity of solid tumors
and low clinical objective response rates.14 Hence, developing
a strategy to promote the immunogenicity and improve
antitumor efficacy could be significant for efficient cancer
immunotherapy.

To overcome these defects of mono-immunotherapy,
combinational therapy such as immuno-photodynamic therapy
(IPDT) has become a revolutionary approach,15 due to the
increasing number of studies which have confirmed that PDT
could initiate an antitumor immune response by the
immunogenic cell death (ICD) mechanism.16 This approach
is expected to offset the shortfalls of each mode of therapy and
elicit an intact immune system for cancer treatment, which can
not only bring strong immunogenicity for immunotherapy but
also inhibit the growth of remaining tumor cells in the body
left behind after PDT.17 During IPDT, the photosensitizers
were excited by light in the presence of oxygen to generate
reactive oxygen species (ROS) which could lead to apoptosis,
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necroptosis, pyroptosis, and microvascular damage, and then
the dying cells induced ICD by releasing the damaged-
associated molecular patterns (DAMPs), tumor-specific
antigens, and proinflammatory cytokines, which could lead to
more immunogen exposure and activation of the immune
system.18−20 These biological events, similar to in situ “tumor
vaccine”, enhance the tumor infiltration of immune cells and
amplify the antitumor immune responses against solid
tumors.21,22

Given the fact that photosensitizers (PSs) play such vital role
in the success of IPDT, it is hardly surprising that considerable
effort has gone into the development of better PSs.23 In order
to meet the actual demand, excellent PSs should have the
following characteristics: (1) Minimal dark toxicity, little
allergic reactions, ideal biocompatibility, high tumor selectivity.
(2) Rapid clearance from the normal tissue, avoiding
photosensitivity damage and metabolic burden. (3) Strong
absorption in the therapeutic-window region (650−1350 nm)
but weak absorption in the range of strong emission from the
sun (400−600 nm), avoiding phototoxic side effects. (4) High
yield of ROS under physiological conditions ensuring effective
IPDT. (5) Pure substances, easily prepared and stable enough
under the storage condition. To date, some PSs have showed
superior advantages in clinical applications or research
experiments for IPDT, including porphyrin, chlorin, or
phthalocyanine derivatives, with macrocycle tetrapyrrole
structures, all of which absorb light efficiently and generate
ROS.24,25 Additionally, methylene blue, cyanine dyes, rose
bengal, and hypericin with photodynamic properties conducive
to oncological applications have been utilized in clinical
applications or trials.26,27

In recent years, researchers have focused on exploring new
IPDT pathways with effective PSs.28,29 Due to the fast
development and widespread coverage of the topic, we

summarize the mechanism of organic PSs for more sensitive
IPDT. We believe that this discussion of the new IPDT
concepts and design strategies underscores the rational basis
for further development of PS-mediated fluorescence imaging,
cancer therapy, and other related biological applications.30,31

Moreover, current challenges and future outlooks are also
discussed at the end of this Perspective.

2. GENERAL PROCESS AND MECHANISMS OF
ACTION FOR IPDT

IPDT is a synergistic therapy process that has been found to
achieve satisfactory results in the treatment of in situ and
metastatic cancer by a systemic immunostimulatory re-
sponse.32 As shown in Figure 1, PDT provides the first line
of defense against the tumor.33 Upon light irradiation, the PSs
is activated from the ground singlet state (S0) to the excited
singlet state (S1) and followed by intersystem crossing (ISC)
to reach triplet state (T1). According to the photochemical and
photophysical mechanisms, the PDT mainly goes through two
pathways. The first is the Type-I mechanism, where the PSs in
T1 experience hydrogen abstraction or an electron transfer
process with the biological substrate to generate free radicals,
such as superoxide anions (O2−•). And then one electron
reduction or dismutation of O2−• generates more ROS
including hydrogen peroxide (H2O2) and hydroxyl radicals (·
OH). For Type-II mechanism, the photoinduced energy
transfers from PSs in T1 to ground-state oxygen (3O2) directly,
for generating cytotoxic singlet oxygen (1O2).

34 By interacting
with endogenous biomolecules, ROS leads to an avalanche of
damage to cancerous lesions.35 In addition, if the PSs are
localized in several cellular structures (the cell nucleus,
mitochondria, lysosomes, endoplasmic reticulum, cytomem-
brane, etc.), the photochemical reaction will drive more

Figure 1. Schematic illustration of general procedure and mechanisms of action for IPDT and summary of three major strategies to induce ICD for
IPDT.
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effective oxidative stress, causing irreversible damage in tumor
cells.36

Meanwhile, the ideal IPDT could not only kill tumor cells
directly but also deliver endogenous danger signals during
cancer cell death by the process of ICD,37 could activate the
immune system by a series of mechanisms including recruiting
immune cells, promoting the antigen presentation by antigen-
presenting cells, increasing the release of antitumor cytokines,
and further stimulating antigen-specific immune responses
against a broad spectrum of solid tumors.38−40 Specifically,
IPDT-dominated ICD release of the danger-associated
molecular patterns (DAMPs) is considered to be a golden
rule in the immunogenicity of tumor cells, the well-known
DAMPs related to include the translocation of calreticulin
(CRT) onto the surface,41 the release of high mobility group
box 1 (HMGB1) from the nucleus,42 and the secretion of
adenosine triphosphate (ATP).43 This upregulation of
proinflammatory cytokines results in the promotion of antigen
presentation for dendritic cells (DCs) maturation, and then
DCs migrate to the lymph nodes, where cross-presentation of
the antigens triggers native T cells differentiation into cytotoxic
CD8+ T cells for recognizing and attacking tumor cells.44

Meanwhile, these effects usually synergize with the immuno-
therapies that either consistently provide the immunogenicity
of the tumor or reduce immunosuppression in the tumor
microenvironment (TME).45 In addition, certain cytokines like
interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and
various interleukins including IL-2, IL-12, and IL-6 were also
reported to increase, contributing to immune response.46−49

Therefore, IPDT-induced antitumor immune responses have
the potential to effectively eradicate the target tumor as well as
any metastatic or heterogeneous tumor cells, which could also
trigger systemic immunity and provide the possibility of
preventing tumor recurrence permanently.50−53

2.1. Immunogenic Cell Death Induced by IPDT

From the point of view of immunity, the dying cancer cells are
the source of tumor immunogenicity, which could provide the
antigens for stimulating tumor-specific immunological re-
sponses.54,55 As a type of regulated cell death, ICD is
considered as an alternative approach for activating an adaptive
immune response in homologous hosts with normal immune
function.56 Legrand et al. defined ICD as a successful dialogue
between the dying tumor cells and an appropriately disposed
immune system.57 Thus, it bridges the gap between PDT and
immunotherapy, providing a rejuvenated immune system for
the patients via IPDT. Increasing evidence has shown that
upon PDT the dying cells actively upregulate immune
responses.58−62 However, the induction of cell death usually
determines the level of immunogenicity and its downstream
molecular pathways. Thus, investigation of the mechanisms of
IPDT-induced ICD in cell levels is of great importance to
understand how the immune system is activated and,
ultimately, to make IPDT more realistic.63−66 In this section,
we discuss several kinds of cell death modes (apoptosis,
necroptosis, and pyroptosis); they are commonly described to
induce ICD.
2.1.1. Apoptosis. Apoptosis is a caspase-dependent

process of programmed cell death, which controls the
development, homeostasis, and immunity in multicellular
organisms.67,68 Facilitating apoptosis is one of the most active
regulatory pathways to induce ICD. Due to the cancer cells
being more sensitive to ROS than normal cells, apoptosis

induced by IPDT would be more effective and avoid
overtreatment.69 The main characteristics of IPDT evoked
apoptosis are chromatin condensation, cellular fragmentation,
and protease activation. Fortunately, effective anticancer
therapy relies on just that. In tumor cells, the apoptosis-
initiated ICD is commonly related to the localization of PSs,
such as the mitochondria-mediated pathway, oxidative stress
promoted DNA damage, and endoplasmic reticulum (ER)
stress.70 Among them, mitochondrial-localized PSs are the
most widely studied in inducing apoptosis. When exposed to
irritant signals such as ROS, the mitochondrial outer
membrane becomes more permeable to release hemeprotein
cytochrome C for activating caspase proteases that carry out
the apoptosis process.71 Another classic signal transduction
pathway is endoplasmic reticulum (ER) stress causing
apoptosis. The ER is the largest membranous intracellular
organelle, and it borders the nucleus and connects with the cell
membrane.72 Functionally, the ER participates in the process
of protein synthesis and maturation, and it also maintains
intracellular Ca2+ balance. During the ROS generation process,
the ER suffers from toxic attack and environmental changes. If
the cells cannot regulate the ER stress to a tolerable level in
time, it may lead to ER stress directly or indirectly, ultimately
resulting in cell apoptosis. Meanwhile, apoptosis-related
proteins such as caspase-3, caspase-7, GRP78, and CHOP
have been identified as the key mediators of cell apoptosis;
they are important for various of reactions, from cell migration,
differentiation, and eventually provoking ICD.73

2.1.2. Necroptosis. Necroptosis is a type of lytic regulated
cell death, featuring the cytoplasmic swelling, disintegration of
the plasma membrane, and leakage of intracellular contents
induced by specific stress.74 As it accompanies the disintegra-
tion of intact cytosolic components, which triggers a range of
inflammatory responses, necroptosis is considered an inher-
ently immunogenic form of cell death.75 Usually, necroptosis-
induced ICD occurs in the cell membrane targeting PSs, with
the photoreaction mediating the kinases RIPK1 and RIPK3
assembly into the necrosome, which causes the rapid loss of
membrane integrity and then release of immunogenic DAMPs
that robustly activate the innate and adaptive immune
systems.76 In addition, death receptors such as tumor necrosis
factor alpha (TNF-α), interferon-gamma (IFN-γ), and TLR4
detecting bacterial liposolysaccharide (LPS) are activated
constantly, which is positively correlated with the immunoge-
nicity of tumor cells. In contrast to apoptosis, the remarkable
thing is that necroptosis is found more efficiently in the process
of IPDT-induced ICD, which can boost antitumor immunity
because the tumor-specific antigens are directly released
without exposure to further oxidation and proteolysis by
organelles. This contributes to antigen uptake by tumor-
associated macrophages and induces DCs maturation leading
to efficient CD8+ T cell cross-priming, and then antigen-
specific native CD8+ T cells are activated, differentiated into
cytotoxic T lymphocytes, and involved in antitumor immunity.
Thus, targeted stimulation of dying tumor cells into
necroptosis represents a feasible treatment approach in cancer
therapy, especially for apoptosis-resistant tumors.77

2.1.3. Pyroptosis. Since it was first reported in 2001,
pyroptosis has become the center of attention in a variety of
physiological and pathological studies. Recently, an increasing
number of reports introduced a new prospect of pyroptosis
inducing ICD for IPDT tumor ablation.78 Comparing with cell
apoptosis and necroptosis, pyroptosis is more likely to trigger
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extremely inflammatory consequences through intracellular
proinflammatory mediators including interleukin-1β (IL-1β),
interleukin-18 (IL-18), and lactate dehydrogenase (LDH).
During the photochemical reaction, the PSs induce the
generation of a cytosolic complex called “inflammasomes” in
tumor cells, which activates caspase-1 to cleave gasdermin-D
(GSDMD) and release gasdermin-N domains (N-GSDMD),
following the N-GSDMD move into the cell membrane where
it forms membrane pores, driving cell swelling, membrane
rupture, and cell death.79 In addition, a capase-1-independent
pyroptosis pathway with GSDME-triggered pyroptosis via
caspase-3 also followed. Significantly, GSDME expression in
cancer cells is not the only direction for ICD, but it prevents
tumor growth by enhancing the phagocytosis of tumor cells
and the activation of tumor-infiltrating natural killer (NK) and
CD8+ T cells, facilitating the application of PS-induced
pyroptosis in cancer therapy.80 Overall, pyroptosis-caused
ICD is able to cure cancer through participation in two key
processes: providing immunogenicity and restoring the activity
of T cells, largely promoting the therapeutic effect. Therefore,

PSs inducing pyroptosis is considered as the most potential
IPDT pathway.
The pathway of IPDT inducing ICD on a cellular level is

complex, but there are still some regular events that can be
observed to allow us to carry out the treatment strategy better.
(1) The primary position of ROS generation directly affects
the efficacy of IPDT. Thus, the organelle-targeted PSs
generally show better ICD inducibility than that randomly
distributed in tumor tissue. (2) Influenced by cellular signaling
factors, multiple mechanisms of cell damage may coexist to
induce ICD. (3) When operating with high doses of IPDT,
necroptosis is the dominant form of cell death. More
importantly, all of the above could facilitate antigen
presentation and recruit immune cells, increasing the release
of cytokines and further stimulating adaptive immune
responses.
2.2. Research Progress and Clinical Application

As a treatment mode of stimulus response, IPDT can provide
very precise nonphysical and noninvasive external stimulation
to induce systematic therapeutic effects. In particular, nearly all
strategies of IPDT aim to establish an immunogenic tumor

Figure 2. (A) Chemical structures of the Ru complexes ML18H01 and its IPDT mechanism in vitro and in vivo. (B) Schematic diagram of the CA-
Re inducing pyroptosis for IPDT. (C) Morphological features of normal and dying MDA-MB-231 cells revealed by SEM (D) GSDMD-N fragment,
cleaved caspase-1 and GPX4 expression were observed by Western blot assay. (E) CLSM examination of CRT and HMGB1 in MDA-MB-231 cells.
Reproduced from ref 94. Copyright 2022 Wiley-VCH. (F) Schematic illustration of the preparation procedure of UCNP@IrYCF127 and its
working principle in anticancer pattern. Reproduced from ref 95. Copyright 2020 American Chemical Society.
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microenvironment, which significantly improves the efficiency
of cancer immunotherapy. To date, there have been two main
strategies used in IPDT: (1) Increasing tumor immunoge-
nicity, after PDT induced ICD, immunotherapy provided
sustained immunogenicity to evoke strong and enduring
immune responses combating metastatic tumors. (2) Relieving
immunoregulatory suppression, when antitumor immunity
triggered by PDT-induced ICD, abundant immunosuppressive
factors and cells were also aroused, so the efficacy of IPDT was
not strong enough to eradicate tumor residuals.
As a prevalent modality appearing over the past few decades,

PDT has already been approved for clinical use in tumors.
Currently, IPDT has been used to treat cancer in the per-clinic
or clinical research. In 2015, Kleinovink et al. reported the
combination of Bremachlorin-based PDT with immunity
therapeutic peptide vaccination in a per-clinic study.81 The
results showed that PDT ablated established tumors and led to
a significant CD8+ T cell response against the tumors.
Importantly, the combination treatment led to subsequent
eradication of the remaining or unrecognizable tumors to the
naked eye and offered protection from repeated tumor
occurrence. Therefore, this successful application of IPDT,
resulting in a strong antitumor response and immunologic
memory, suggests a novel treatment strategy for advanced
cancer. Subsequently, the case of IPDT in human head and
neck cancer was illustrated by Santos et al. in 2018. Redaporfin,
a kind of PS approved by the U. S. Food and Drug
Administration (FDA), was used for multiple treatments in
order to achieve maximal destruction to tumors. Combined
with immunotherapy, it successfully treated head and neck
cancer, improving outcomes and prolonging survival.82 Be-
sides, the first IPDT drug (a complex of PSs “IR700” and
artificial antibodies “Akalux”) developed for the treatment of
malignant tumors of the head and neck was approved in 2020.
It could play a role in treatment accompanied by local
irradiation and show satisfactory results.83 We believe in
technological advances to broaden indications of IPDT and
increase its the safety and efficacy.
Meanwhile, the development of various photodynamic

systems in clinical treatments enhance the accuracy for
IPDT. For example, the ordinary diffuser fiber is designed in
the shape of a balloon or diffused to deliver light to the lesion
area, including tracheal or esophageal tissues.84 Injectable
optical devices can be implanted into deep tissue which
activates the photosensitizers and induces large and deep-
situated tumor damage.85 Moreover, the burgeoning pulsed
laser technology offers greater specificity for the diagnosis and
treatment of diverse diseases, which inspires extensive
photodynamic materials as well as novel strategies.86

3. ORGANIC PHOTOSENSITIZERS USED FOR IPDT
Cancer immunotherapy has emerged as a novel anticancer
strategy. However, a tumor is generally immunosuppressive
and it is usually challenging to stimulate a sufficient immune
response to evoke immunotherapy.87,88 Fortunately, PDT can
offset the “cool” immunosuppressive environment of tumors
into a “hot” immune-active spot. Based on the excellent IPDT
performance of organic PSs, which can be used as inducers for
ICD or the macrophage polarization process for stimulating
the immune system, they can be considered as a feasible way to
achieve satisfactory anticancer efficacy.89 Until now, some
available organic dyes include phthalocyanine (Pc) derivatives,
boron dipyrromethene (BODIPY) derivatives, cyanine dyes,

and so on. They are introduced in this section and play a
pivotal role in this field.90

3.1. Transition Metal Complex

Transition metal complexes (Ru, Ir, and Re) are of increasing
interest as PSs by virtue of their tunable photophysicochemical
characteristics and structure flexibility to the realm of
biosensing, bioimaging, and cancer therapy.91 To date, a
large number of these ICD inducers are transition metal-based
complexes, which give rise to an immune response against
tumor cells.92 Meanwhile, the advances have also been made in
terms of exploiting combinatorial IPDT strategies.
With great potential in anticancer therapeutics, Ru-based

PSs are undergoing clinical trials. Meanwhile, the potential of
Ru compounds as ICD inducer was also verified by
researchers. The first report on the Ru-based PS for IPDT
was published by Konda et al. in 2020, following activation by
NIR light the PSs witnessed potent cytotoxicity and induced
ICD in melanoma cells, which could establish protective
antitumor immunity for cancer therapeutic (Figure 2A).93 In
order to improve the efficiency of combination therapy, the
optimal combination of ligands on Ru was identified in this
work, achieving NIR-absorbing singlet states and lowest energy
triplet states for generating ROS as much as feasible.
The optimal anticancer strategy should take note of both

destroying primary tumors and improving the immunogenicity
of the TME to achieve a gratifying antitumor immune effect.
Based on such an objective, a carbonic anhydrase IX (CAIX)-
anchored Re(I) photosensitizer CA-Re was designed by Mao
et al. (Figure 2B), which not only performs both type-I and
type-II PDT with high efficiency phototoxicity under hypoxia,
but also evokes gasdermin D (GSDMD)-mediated pyroptosis
to effectively stimulate tumor immunogenicity (Figures 2C and
D).94 As the first metal complex-based pyroptosis inducer, CA-
Re enhanced the maturation and antigen-presenting ability of
DCs by proinflammatory cytokines-induced ICD (Figure 2E),
and fully activated T cells dependent anittumor immune
response in vivo, eventually eliminating destroyed primary and
distant tumors simultaneously.
Ir-based PSs have been recently considered as potential PSs

for application in PDT, since Ir has a strong spin−orbit
coupling constant, which leads Ir-based PSs easily to reach
triplet excited states and more suitable for tumor ablation.
Thus, Gou’s group reported a smart therapy method for
effectively IPDT in the hypoxic environment (Figure 2F).95

First, a long-lived Ir PSs was developed by attaching 4[(4′-
aminobutyl) amino]-1,8-naphthalimide to Ir complex, then
combination with HIF-1α inhibitor (YC-1) via oleic acid-
capping UCNPs. It not only enhanced the ability of light
capture converts of Ir-based PSs, but converted PDT-induced
tumor hypoxia into an advantage for therapy, opening up ideas
to overcome the hypoxia in IPDT.
3.2. D−π−A Structure PSs

Organic PSs with the D−π−A structure were introduced by
Tang and co-workers in 2001. During the two decades of
development, the rapid progress of D−π−A structure PS
research in tumor treatment was witnessed.96,97 Owing to
intrinsic photophysical signatures, they show the advantages of
high emission efficiency and photosensitivity in the aggregation
state, making them excellent candidates for biological studies.
Especially, therapeutic strategies that combine D−π−A
structure PSs with immunotherapy are intended to suppress
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the side effects of traditional treatments and improve the
cancer therapy effect.98

The cell membrane is composed of phospholipids,
glycoproteins, glycolipids, and proteins. It protects the cells
just like a “city wall” and maintains the intracellular
metabolism of the cells. Once the cell membrane is damaged,
the abundant cellular content and inflammatory cytokines are
activated in the immunogenic reaction. Thus, Liu et al.
designed a series of cell membranes with the labeling ability of
AIE PSs of TBD-1C, TBD-2C, and TBD-3C, which could
generate locally high concentrations of ROS and ablate various
cancer tumors by the pyroptosis mechanism under light
irradiation (Figure 3A).99 The authors proposed that, with the
increasing numbers of cationic chains, these PSs exhibit better
membrane-anchoring capability (Figure 3B). Pyroptosis
promoted the immunostimulatory release of cell contents
and inflammatory cytokines, which had great potential to
activate antitumor immune responses. It was confirmed for the
first time that the pyroptosis pathway could induce D−π−A

structure PSs and play an important role in cancer cell ablation.
Another cell membrane anchoring D−π−A structure PS,
TBMPEI, was reported by Wang and co-workers (Figure 3C).
With the capability of ablating cancer cells by the necroptosis
pathway, TBMPEI enabled cell membrane rupture and DNA
degradation, which endowed it with impressive performance
both in vitro and in vivo.100

ICD provides significant theoretical principles for IPDT.
Aiming for the development of a PS-based ICD inducer, Ding
et al. designed a D−π−A structure PS (TPE-DPA-TCyP)
(Figure 4A), with a twisted molecular structure. The HOMO
of TPE-DPA-TCyP is almost entirely localized in the TPE
amino group, while the LUMO is mainly distributed in its
cyanostyrylthiophene core and pyridinium unit (Figure 4B).101

The effective separation of HOMO−LUMO distribution can
reduce ΔEST and thus improve the ISC, which gives the
specific ability for effectively causing focused mitochondrial
oxidative stress and generating ecto-CRT (Figure 4C). This PS
as a super ICD inducer as demonstrated using a prophylactic
tumor vaccination model; meanwhile, the underlying anti-
tumor mechanism of the TPE-DPA-TCyP was verified by
immune cells analyses.
During immuno-photodynamic treatment, it is one of the

most critical steps that stimulates and proliferates T cells for
anticancer responses, which depends on the efficient
presentation of tumor antigens and the delivery of
costimulatory signals by DCs. Thus, Tang et al. proposed
lipid droplet-targeted AIE PSs with a D−π−A structure,
coating dendritic cell membranes (DC@AIEdots) to improve
antigen-presenting and hitchhiking abilities for killing the
tumor cells and stimulating the immune system (Figure 4D).
Notably, with the action of DC membranes, the tumor delivery
efficiency of the PSs was increased from 25.12% to 39.77%.
The combined effect of PDT and artificially presented antigens
on T cells can effectively reduce the in situ tumor size, which
also activates the immune system to inhibit the growth of both
primary and distant tumors while having long-lasting effects.102

3.3. Porphyrins and Their Derivatives

Porphyrins and their derivatives are the most ubiquitously PSs
used in cancer treatment, due to the long-lived triplet excited
state, visible range of absorption spectrum, and efficient
phototoxicity toward cancer cell porphyrins, and are popular in
clinical practice. As early as the 1950s, they were used in
disease diagnosis and were shown to accumulate in tumor
tissues.103 Modern science introduces them into immunother-
apy, giving new hope for IPDT.104,105

Chlorin e6 (Ce6) is a common porphyrin PS. It can rapidly
generate cytotoxic ROS under red-light irradiation, thus
enhancing immunogenicity, which promotes the maturation
(DCs) and tumor infiltration of T cells, which helps improve
the effect of tumor immunotherapy. Encouraged by this
advantage, Peng et al. reported a multifunctional nanomedicine
(SPM-P/C) by incorporating a plasmid DNA encoding
catalase gene (pDNA-cat) and Ce6 (Figure 5A). SPM-P/C
could elicit robust immunity such as DC maturation and
antitumor T cell infiltration via hypoxia-relieving PDT (Figure
5B).106

Also based on Ce6, Zheng and co-workers provided an ideal
cancer therapeutic strategy to ablate primary tumors and
prevent distant metastases or relapse. This research structured
an oxygen self-sufficient nanocarrier by hybridizing human
serum albumin with hemoglobin and then encapsulating Ce6

Figure 3. (A) Chemical structures of the PS TBD-R and illustration
of its pyroptosis pathway. (B) CLSM and TEM imagines for
evaluation of cell membrane localization and arousing pyroptosis.
Reproduced from ref 99. Copyright 2021 Wiley-VCH. (C) Molecular
design on a cell membrane targeting D−π−A structure photo-
sensitizer for IPDT. Reproduced with permission from ref 100.
Copyright 2022 [Benzhong Tang et al.], some rights reserved;
exclusive licensee Royal Society of Chemistry. Distributed under a
Creative Commons Attribution License 3.0 (CC BY) https://
creativecommons.org/licenses/by/3.0/.
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(C@HPOC) for IPDT (Figure 6A).107 Specifically, in the
hypoxia TME, C@HPOC realized the tumor-targeted
codelivery of PSs and oxygen, raising the blood oxygen level
and improving the tumor hypoxic conditions. Additionally, the
increased oxygen in the tumor not only improves the efficacy
of PDT but also increases the infiltration of cytotoxic T
lymphocytes and natural killer (NK) cells (Figure 6B);
meanwhile, C@HPOC-mediated IPDT could elicit effective
antimetastatic and abscopal effects in a 4T1 mTNBC murine
model achieving enhanced antitumor immunity.
As described earlier, the ER plays an essential role in

maintaining the signaling function of cells. Therefore, exploring
the ER targeting porphyrin agent is an optimal scheme to
effectively induce IPDT. For example, Deng et al. developed an
intelligent ER-targeted porphyrin and loaded it in a reduction-
sensitive polymer. Under NIR light irradiation, Ds-sP NPs
could induce ER stress, evoke ICD, and promote the release of
DMAPs (Figure 6C).108 Additionally, the secretion of
cytokines and the infiltration of CD8+ T cells in the tumor
site also increased, suggesting that the combination PDT
strategy can activate immune cells and improve the efficiency
of immunotherapy.
In addition, as another kind of porphyrin-based compound,

phthalocyanines exhibit superior photoproperties that assist
them to become a very attractive class of PSs for PDT. BAM-
SiPc, a silicon(IV) phthalocyanine was verified could induce
immunogenic necroptosis in the tumor cells from Fong and co-
workers (Figure 6D).109 Later, Yoon’s group published a
report on the self-assembly of morpholine-substituted silicon
phthalocyanine with albumin for fluorescence imaging and
IPDT (Figure 6E). Depending on the acid-induced abolition of
the photoinduced electron transfer effect and breakup of the
nanostructure, the NanoPcM showed a fluorescent turn-on
which realized a high signal-to-noise ratio and tumor-targeted
imaging. With a superior immunogenic PDT NanoPcM that

works effectively against solid tumors, the combination of
NanoPcM-based PDT with αPD-1-induced immunotherapy
can efficiently inhibit tumor growth, reduce spontaneous lung
metastasis, and trigger abscopal effects. This study provides a
perspective for the choice of PSs in the design of nanomaterials
as promising phototheranostics for cancer imaging and
IPDT.110

3.4. Phenothiazinium Dyes

Phenothiazine dyes are a class of cationic compounds
composed of a tricyclic skeleton including Nile blue analogues
and methylene blue derivatives.111,112 All of them possess
favorable water solubility and display intensive absorption
between 600 and 800 nm, which are increasingly utilized in
cancer treatment.113

The combination of Nile blue analogues and immunother-
apy using IPDT activator NBS-1MT was demonstrated by our
group. NBS-1MT synthesized through a ROS sensitive linker
united PSs and IDO pathway inhibitor 1MT. Upon 660 nm
red laser irradiation, NBS-IMT activated caspase-1 and then
removed gasdermin D (GSDMD), leading to pyroptosis to
trigger ICD and further improve immunogenicity and
stimulate DC maturation (Figure 7A).114 The PDT-produced
ROS cut the linker releasing the 1-MT into the tumor
microenvironment, which participates in the IDO pathway,
reducing the accumulation of kynurenine (Kyn) to limit the
activity of regulatory T cells (Tregs) and recover the antitumor
function of cytotoxic T lymphocytes (CTLs). NBS-1MT
achieved a pyroptosis-mediated immune reaction, which led to
a significant reduction in the level of Kyn and population of
Tregs in 4T1 tumor-bearing BALB/c mice (Figure 7B). Using
primary and distant tumors to explore systemic antitumor
immune responses, NBS-1MT could effectively inhibit tumor
growth by increasing the CTLs, playing an important role in
immunomodulation. Another work based on Nile blue was

Figure 4. (A) Chemical structures of the PSs TPE-DPA-TCyP and illustration of its ICD progress. (B) HOMO−LUMO distributions by DFT
calculations of TPE-DPA-TCyP. (C) Ecto-CRT expression as shown by CLSM images. Reproduced from ref 101. Copyright 2019 Wiley-VCH.
(D) Preparation and assembly of D−π−A structure photosensitizers with dendritic cell membrane coating. Reproduced from ref 102. Copyright
2021 Wiley-VCH.
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reported,115 in order to improve the selectivity of PSs for
tumors, avoiding the side effects to nearby normal tissues.
Antibodies as the active targeting ligand were developed for
more precise IPDT. Conjugating Nile blue analogues to anti-
EGFR nanobody 7D12 led to 7D12-NBS (Figure 7C), which
displayed satisfactory active targeting ability and possessed
potent phototoxicity both in normoxia and hypoxia, offering
significant advantages in IPDT (Figure 7D).
In 2022, an engineered stem cell-based IPDT platform

(MB/IL12-MSCs) incorporating immune gene plasmid IL12
(pIL12) and PS methylene blue (MB) was developed by
Yang’s group to realize cancer treatment (Figure 8A). First,
pIL12 and MB were loaded in magnetic mesoporous silica
nanoparticles and then internalized into mesenchymal stem
cells (MSCs) via magnetic targeting eventually to acquire MB/
IL12-MSCs.116 The IPDT platform allowed a more sensible

expression and distribution of IL12 at the tumor site, eliciting
sufficient anticancer immunity. In the in vitro experiment,
treatment exhibited moderate cell death when given laser
irradiation, while negligible cytotoxicity was found when laser
irradiation was absent. Subsequently, the in vivo therapeutic
effect was further investigated and PDT efficiently induced
apoptosis in the tumor tissues. Besides, tumor-localized
elevation of IL12 secretion stimulated the production of
IFN-γ and TNF-α, promoting the maturation of DCs and
facilitating the proliferation of CD4+ and CD8+ T cells, which
contribute to reversing the tumor immunosuppression and
restoring the immunological function. This work offers an
alternative and complementary strategy to overcome the
tumor-induced immunosuppression and provide a reinforced
synergistic therapy. In another example, Sun et al. developed
MB-based nanomaterials which could realize self-destruction

Figure 5. (A) Therapeutic mechanism of the nanomedicine SPM-P/C PSs. (B) Quantitative analysis of DC maturation and CD8+ T in mice
model. Reproduced from ref 106. Copyright 2022 Elsevier Ltd.
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by introducing ROS-cleavable diselenide bonds for synergistic
IPDT.117 Upon red-light irradiation, the ROS produced by
MB-triggered matrix degradation and boosted ICD (Figure
8B). It not only cleaned the carrier materials but also elicited
long-term systemic antitumor immunity. In addition, remark-
able inhibition effects of abscopal tumor and lung metastasis
with the help of the programmed cell death-1 (PD-1)
checkpoint blockade proved that this strategy promoted
photodynamic effects and reinforced immune responses.
3.5. BODIPY

BODIPY-based PSs proved useful in tumor treatment due to
their excellent photostability and outstanding PDT efficacy.
Meanwhile, some photochemical properties such as excitation
wavelength, molar extinction coefficient, and 1O2 quantum
yield can be adjusted in a very straightforward manner for the
development of more ideal PSs to meet practical needs.118−120

Recently, researchers have confirmed that BODIPY can also
be used in IPDT. Zhao et al. developed metal/heavy atom-free
BODIPY helicene PSs (helical-BDP) which handle both
efficient triplet state quantum yield and long triplet excited

state lifetime, thereby prolonging the reaction duration of
oxygen and PSs, benefiting concomitant 1O2 generation
(Figure 9A).121 This modification strategy overcomes the
challenge of hypoxic TME to PDT and amplifies antitumor
immunity in a record low dose (0.25 μg kg−1) with an ultralow
light dose (6 J cm−2). By the joint actions of anti PD-L1, the
helical-BDP mediated IPDT was verified on CT26 tumors in
BALB/c mice. Except for the obvious inhibition in tumor
volume, the IPDT group effectively prevented tumor meta-
stasis with the increase of tumor-infiltrating T-cells (CD4+
CD8+) and IFN-γ. We believe that this study brings new
thinking to PS molecular structural modification, promoting
the progress of cancer treatment.
Another well-known BODIPY-based PS, aza-BODIPY-type

PS (ADPM06), was disclosed by O’Shea and co-workers and
achieved a complete cure without recurrence during 8 weeks of
observations.122,123 However, poor aqueous solubility required
the use of an emulsifier for effective antitumor activity, which
limited its further applications in the clinic. Thus, a series of
amino-acid-modified aza-BODIPY PSs to enhance the aqueous
solubility were synthesized and evaluated by Zhu et al. for the

Figure 6. (A) Schematic depiction of oxygen-augmented IPDT via C@HPOC. (B) Flow cytometric analysis of CD8, CD4, and NK cells in tumors.
Reproduced from ref 107. Copyright 2018 American Chemical Society. (C) Schematic diagram of ER-targeting PS TCPP-TER amplifying ICD and
its chemical structure. Reproduced from ref 108. Copyright 2020 American Chemical Society. (D) Chemical structure of BAM-SiPc. (E) Schematic
illustration of the structure of PS PcM, the mechanism of its tumor-targeted fluorescence imaging, and the synergistic antitumor effect. Reproduced
from ref 110. Copyright 2022 American Chemical Society.
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treatment of melanoma (Figure 9B).124 The 1O2 generation
efficiency and photodark toxicity ratio were also improved after
conjugation of the amino acid in PS aza-BODIPT 1a, which
were favorable for inducing ICD. This approach received
extensive attention owing to the outstanding antitumor
efficacies by enhancement aqueous solubility.
At present, another limitation for PSs-based IPDT is light

penetration into deep tissues. The long wavelength PSs (NIR-
II, 1000−1700 nm) offer high spatial resolution at tissue
depths, solving technical barriers. Wang and co-workers
developed a NIR-II PS based on the BODIPY parent structure;
it exhibits high intensity fluorescence in the NIR-II therapy
window and high 1O2 quantum yield, through self-assembly
with the PD-L1 monoclonal antibody. It eliminated MC38
tumors in mice, with no tumor recurrence within a period of
40 days (Figure 9C).125

3.6. Cyanine Dyes

Cyanines dyes are the most active studied PSs for developing
phototherapy because of their favorable optical properties
including large absorption coefficients at 600−800 nm, while

there is almost absorption in the visible light range, avoiding
phototoxic side effects.126

Among the currently reported cyanine-based IPDT agents,
indocyanine green (ICG) is of particular interest due to its
favorable biocompatibility and its approval by the FDA for
clinical applications. In 2019, Gao and co-workers constructed
promising oxygen generation to overcome tumor hypoxia and
break the immune inhibition of tumor cells (Figure 10A). This
work utilizes the photophysical process of ICG, driving the
catalysis of hydrogen peroxide in the TME by gold nanoshells,
which promote the polarization of tumor-associated macro-
phages from M2 to M1 type, removing the immune inhibition
(Figure 10B).127 The multifunctional oxygen nanogenerator
solved a vital issue for the limitation of M2 resulting from
hypoxia. It heightened the efficacy of cancer treatment and
provided a whole new perspective on IPDT.
Based on the superior properties of ICG, Luo et al. reported

ER-targeting Par-ICG-Lipo, loading ICG into a virus-like
nonvirus nanocarrier (Par-Lipo) by a microfluidic technique
with a high encapsulation efficiency for IPDT. Par-ICG-Lipo
could target ER via moving along the cytoskeleton and

Figure 7. (A) Schematic depiction of NBS-1MT inducing pyroptosis and its chemical structure. (B) Immune cell fluorescence imaging in tumors.
Reproduced from ref 114. Copyright 2021 Elsevier Ltd. (C) Proposed mechanism of 7D12-NBS for IPDT. (D) PS biodistribution in vivo.
Reproduced from ref 115. Copyright 2021 Wiley-VCH.
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following caveolin-mediated endocytosis, which provided a
powerful treatment for triggering ER oxidative stress and
inducing ICD under laser irradiation (Figure 10C).128 And
then, in order to increase intratumoral DCs to maintain
durable immunogenicity, immature DCs were injected into the
proximal tumor as the “DC vaccines” after irradiation. As a
result, the number of mature DCs was significantly increased
due to the injection of DC vaccines in the Par-PDT+DC
group, indicating that this approach could improve the
immune cell infiltration. Meanwhile, the antigen-presenting
capacity of DCs in lymph nodes also improved obviously,
which was beneficial for the activation of the immune system,
inhibited the growth of distant tumors significantly, and
supported the validation of a tumor rechallenge experiment. It
suggested that ER-targeting IPDT could provide a memorable
systemic immune response.
Encouraged by the idea that ER stress was responsible for

efficient ICD, Peng et al. were devoted to seek ER-localizable
PSs for IPDT. The thio-pentamethine cyanine dye (TCy5) as
a classic imaging chromophore was favorable among PSs
because of its good water solubility and versatile chemical
structure. When the polyfluorophenyl was modified on the
meso-position of TCy5, it not only targets PSs to ER, but takes
an electron-withdrawing group to enhance the ROS generation
ability (Figure 10D). To induce cell death mode, the ICD
could be divided into two categories: Type I, which involves
non-ER target cell damage; Type II, which acts directly on the
ER and triggers associated immunogenicity via ER stress.
Under mild NIR irradiation, the PS TCy5-Ph-3 evoked ER
stress, which could give rise to mature DCs and further recruit
CTLs to accomplish IPDT. These results confer practical
applicability in IPDT and provide a guideline for inducing

Figure 8. (A) Schematic diagram of the MB/IL-12-MSC for
enhanced IPDT. Reproduced from ref 116. Copyright 2022 Wiley-
VCH. (B) Schematic of the red-light-triggered self-destructive
nanoparticles for immune cells activation and IPDT. Reproduced
from ref 117. Copyright 2022 Elsevier Ltd.

Figure 9. (A) Chemical structure and side view of the RHF-optimized ground structure of helical-BDP and schematic diagram of the proposed
mechanism with anti-PD-L1 to combat a tumor. Reproduced from ref 121. Copyright 2020 Wiley-VCH. (B) Chemical structure of BDP-I-N and
its tumor suppressor effect in the B16-F-10 mouse model via IPDT. Reproduced from ref 124. Copyright 2022 American Chemical Society. (C)
Chemical structure of the BDP-I-N and its immune efficacy for tumor cells. Reproduced from ref 125. Copyright 2021 American Chemical Society.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00591
JACS Au 2023, 3, 682−699

692

https://pubs.acs.org/doi/10.1021/jacsau.2c00591?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00591?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00591?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00591?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00591?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00591?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00591?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00591?fig=fig9&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ICD, which also enables the expansion of organic molecule
applications for cancer immunotherapy.129

As a subclass of cyanine dyes, hemicyanine dyes preserve the
excellent photophysical properties of cyanines while enhancing
the light stability via the rigid conjugate structure.130−132 Yuan
and co-workers synthesized a NIR hemicyanine PS (CyNH2)
that selectively induced cancer cells pyrolysis for boosting
antitumor immunity by recognition of the quinone oxidor-
eductase isozyme 1 (NQO1) (Figure 10E). The PS was also
loaded in PEG-b-PLGA, forming NCyNP for systemic and
real-time administration (Figure 10F). Finally, the NCyNPs
were synergized with αPD1 to further enhance the antitumor
effect.133

3.7. Organic Semiconducting Photosensitizers

Efficient PSs are highly desirable in photoactivated disease
diagnosis and treatment, which is beneficial not only to
generate ROS effectively killing cancer cells but also to induce
more sufficient ICD to accelerate the development of

antitumor immunotherapy.134 As we know, the 1O2 yield is
considered as one of the most crucial indicators in the process
of photosensitization, which can be controlled by adjusting the
ISC for better performance in cancer treatment.135 Organic
semiconducting polymers have been found to have an
advantage in promoting the ISC process, which exhibits a
higher 1O2 generation efficiency and stronger light-harvesting
ability than small-molecular analogues do. In this section,
several cases of organic semiconducting polymers were
exemplified owing to their splendid cancer treatment ability.
In 2018, Tang’s group put forward two efficient strategies to

enhance the photosensitization efficiency: (1) polymerization-
facilitated photosensitization; (2) the D−A even−odd
effect.136 Based on this, Ding et al. constructed a new kind
of semiconducting polymer (SPSS NPs) which worked along
double lines, enhanced the photosensitization by organic
semiconducting polymer SP3, and activated cytotoxic T
lymphocytes to amplify immunotherapy by β-sheet protein

Figure 10. (A) Schematic diagram of the ICG nanoparticles. Reproduced from ref 127. Copyright 2019 Elsevier Ltd. (B) Macrophage infiltration
and polarization within tumors. (C) Hematic illustration of antitumor immune responses induced by Par-ICG-Lipo. Reproduced from ref 128.
Copyright 2022 American Chemical Society. (D) Chemical structure of the ER-targeting Cy5 and the ER localizer mediating ICD for IPDT.
Reproduced from ref 129. Copyright 2022 American Chemical Society. (E) Chemical structure of the NCyNH2 and its IPDT pathway. (F)
Intracellular localization of CyNH2 in 4T1 cells. Reproduced from ref 133. Copyright 2021 Wiley-VCH.
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degrading PD-L1 (Figure 11A).137 Unlike traditional ICB
therapy, this brand-new approach avoiding some potential
problems such as high cost, difficulty for storage, high risk of
immunogenicity, and short half-life in biological systems
further guarantees its application in IPDT. The experimental
results indicated that SPSS NPs can not only produce high-
level ROS but also elicit strong ICD to release DAMPs, which
could evoke long-term immunological memory against tumor
rechallenge. This work offers a new idea by combining well-
designed photosensitizer-based ICD induction and proteins,
rendering great promise for cancer immunotherapy.
In addition, a different IPDT modality “immunometabolic

photodynamic therapy” triggered by organic semiconducting
polymers was proposed by Pu and co-workers. This approach
aims to modulate the cancer metabolic pathway by releasing
immunotherapeutic drugs that bond with specific targets to
promote the proliferation of effector T cells and suppress
immune escape, which could minimize side effects like
immune-related adverse events (Figure 11B).138 Thus, a
KYNase-conjugated semiconducting polymer nanozyme
(SPNK) was designed for IPDT. SPNK consisted of a NIR
absorbing semiconducting polymer and hydrophilic PEG
conjugated with KYNase via a singlet oxygen cleavable linkage.
Upon 808 nm laser irradiation, SPNK could generate 1O2 to
cleave the linkage between KYNase and PEG, releasing
KYNase which could further degrade Kyn and improving the
proliferation of effector T cells.

4. CONCLUSION AND PERSPECTIVE
Cancer immunotherapy has great potential for the develop-
ment of tumor therapy. However, problems such as low
response rates and immune-related adverse effects limit its
clinical application. One popular method is PDT, which has
emerged as an excellent tool to complement immunotherapies
for a more efficacious cancer treatment. In this Perspective, we
have provided insights on the close links between PDT and
immunotherapy while focusing on the character of organic PSs
and their cascade reaction in TME. We always believe that the
structure and function of PSs occupied the main position in
IPDT, which not only affects the degree of tumor ablation but
also stimulates the body’s immune response. In recent years,
several ideal IPDT means have been developed by targeting
the immunogenic organelles or reprogramming the TME, such
as PDT cooperation with an immunologic adjuvant, immune
checkpoint blockade, and development of DC vaccine. Despite
many systematic investigations and promising outcomes, the
development of IPDT is still in its nascent and proof of
concept stages. When it advances into the clinic, there will still
be some challenges need to be resolved. First, the penetration
depth of light is so limited that IPDT cannot play a full role for
tumors located in situi. Thus, potential operating procedures
and optical delivery systems include but are not limited to laser
optical devices, flexible and deformable optical devices,
injectable optical devices, pulsed lasers, and so on. They are
expected to be developed for clinical application scopes of

Figure 11. (A) Schematic illustration of SPSS NPs for self-synergistic cancer immunotherapy and its chemical structure. Reproduced from ref 137.
Copyright 2022 Wiley-VCH. (B) Chemical structure of PCPDTBT and the potential IPDT process of SPNK. Reproduced from ref 138. Copyright
2021 Wiley-VCH.
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IPDT from skin carcinoma to organ cancer. Second,
insufficient resistance to photobleaching discounts the PDT
effects while the structure and cytotoxicity of the photolysis
products may decide its clinical effect. Therefore, improving
the photoconversion performance of proven PSs is still an
inevitable requirement for perfecting IPDT. Meanwhile, mass
production and safe application of diverse PSs are still great
challenges. Third, the in vivo biocompatibility, biodistribution,
and long-term toxicity of these IPDT drugs also need to be
systemically assessed before their clinical translation. The detail
mechanism of combination therapy is also not completely
clear, and the interaction of multiple components is difficult to
fully explain in a temporal and spatial sequence. Finally,
preclinical tumor models are urgently needed to evaluate the
therapeutic index of deep PDT. Current research is mostly
based on mouse models which is not enough to provide clear
guidelines for clinical treatment. Further patient derived
xenograft experimental models should be established, and
this will gradually drive IPDT from the laboratory to the clinic.
In the future, more work is needed to understand the tracer
dynamic immune response pathway contribution to the
specific impact of each component in the TME, to achieve
the goal of providing an accurate approach for patients.
The IPDT stimulateed immune response against tumors is

usually an extremely complicated process, which needs the full
cooperation of multiple pathways. The absence of any step will
weaken the antitumor effect. Therefore, we propose several
possible directions for its future developments. (1) Organic
NIR PSs with advanced functions will become an active area
for thorough eradication of tumors, such as specific targeting,
improved tissue penetration, or less oxygen-dependent proper-
ties. Future research should look more forward to shift research
modes from molecular screening to PS intelligent manage-
ment. It requires extending the pool of PSs to control and use
the high-quality PSs, which could open up innovative and
exciting possibilities. (2) The induction of ICD and timing of
immunotherapies should be investigated in more detail which
will have a profound impact on the therapeutic efficacy. There
is still a need for suitable ICD induction strategies for general
and practical clinical use in the future. (3) For combined
treatment, immune-related adverse events caused by immune
drug abuse should be prevented. A new idea is breaking the
growth balance of tumors by adjusting the homeostasis of
TME (oxygen, pH, capillaries, and interstitial pressure) for
suppressing tumors. The systematic study of the collaborative
effects between PDT and immunological therapy is crucial for
further optimizing therapeutic efficiency. This may be
instructive for the reasonable use of the tumor immune
pathway, rather than randomly combining some treatment
strategies. (4) One should highlight the single agent efficacy
and explore multifunctional PSs to realize tumor ablation and
immunotherapy integration. Comparing with nanoparticles,
the single molecule agent is more beneficial to realize the mass
production. (5) Cell and gene therapy modulates other types
of immune cells, such as NK cells and B cells, which provides
additional channels with more targets and longer-lasting
efficacy for cancer immunotherapy.
In general, the PSs as the core of IPDT show great promise

for precise tumor treatment for future clinic practices. This
Perspective provides the substantial progress made in this field
in recent years as well as the opportunities and challenges
faced. Additionally, some efforts may be made to explore their
feasibility for treatments of other diseases such as Alzheimer’s

disease, thromboembolism, and atherosclerotic plaque. We
believe that there will be great progress in organic PS-based
precise IPDT in curing tumors through the joint efforts of
scientific researchers and clinicians.
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