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a b s t r a c t 

Photodynamic therapy (PDT) is applied as a robust therapeutic option for tumor, which 

exhibits some advantages of unique selectivity and irreversible damage to tumor cells. 

Among which, photosensitizer (PS), appropriate laser irradiation and oxygen (O 2 ) are three 

essential components for PDT, but the hypoxic tumor microenvironment (TME) restricts the 

O 2 supply in tumor tissues. Even worse, tumor metastasis and drug resistance frequently 

happen under hypoxic condition, which further deteriorate the antitumor effect of PDT. 

To enhance the PDT efficiency, critical attention has been received by relieving tumor 

hypoxia, and innovative strategies on this topic continue to emerge. Traditionally, the O 2 

supplement strategy is considered as a direct and effective strategy to relieve TME, whereas 

it is confronted with great challenges for continuous O 2 supply. Recently, O 2 -independent 

PDT provides a brand new strategy to enhance the antitumor efficiency, which can avoid 

the influence of TME. In addition, PDT can synergize with other antitumor strategies, such 

as chemotherapy, immunotherapy, photothermal therapy (PTT) and starvation therapy, to 

remedy the inadequate PDT effect under hypoxia conditions. In this paper, we summarized 

the latest progresses in the development of innovative strategies to improve PDT efficacy 

against hypoxic tumor, which were classified into O 2 -dependent PDT, O 2 -independent PDT 

and synergistic therapy. Furthermore, the advantages and deficiencies of various strategies 

were also discussed to envisage the prospects and challenges in future study. 
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. Introduction 

elivery of oxygenated blood is severely hampered owing to 
he uncontrolled proliferation of tumor cells and unorganized 

rowth of vasculature. Such oxygen diffusion limitation leads 
o the hypoxic tumor microenvironment (TME). Almost all 
olid tumors are featured by hypoxia, whose oxygen partial 
ressure is below 10 mm Hg [1 ,2] . Numerous studies supported 

hat the hypoxia-induced invasive potential of tumor cells 
layed a crucial role in metastasis [3] . Additionally, the 
ctivity of hypoxia-inducible factor (HIF-1) is increased under 
ypoxic condition, which contributes to drug resistance in 

umor therapy [4] . The TME is slightly acidic under hypoxia.
eanwhile, glucose transporters and glycolysis-related genes 

re both up-regulated when mediated by HIF-1, leading 
o an enhanced anaerobic glycolysis in cancer cells and 

urther aggravating the acidic environment [5] . Moreover,
he tumor genetic phenotype is altered under the hypoxic 
ondition, which affects the protein expression in tumor cells,
nabling the tumors to exhibit higher hypoxia adaptability for 
nhanced tumor aggressiveness [6] . In short, TME is closely 
elated to rapid malignancy progression and poor clinical 
rognosis, which is regarded as a significant target for clinical 
ancer treatment [7] . 

PDT has received increasing attention as an effective 
pproach to cancer treatment for its high selectivity, absence 
f cumulative toxicity, lack of acquired or intrinsic resistance 
echanisms, and its non-invasive nature [8] . There are two 
ain mechanisms of PDT, i.e. type I and type II PDT, which 

re both composed of the PS, light with a specific wavelength,
nd oxygen dissolved in the cells [9] . Currently, most cases 
f cancer treatments are based on the type II mechanism.
fter PS is activated by an appropriate wavelength of light, the 
nergy would be transferred directly from PS to the oxygen 

olecule, resulting in the generation of reactive oxygen 

pecies (ROS) [10] . Vascular destruction, cell apoptosis and 

mmune response induced by ROS are proved critical in cancer 
reatment [11] . Previous studies have indicated that PDT is 
n O 2 consumption process, and the rapid O 2 consumption 

ill exacerbate the tumor hypoxia to reduce the PDT efficacy.
oreover, tumor hypoxia can also promote drug resistance 

nd lead to tumor recurrence [12] . PDT has been widely used 

or the treatment of superficial tumors, such as superficial 
asal cell carcinoma (BCC) and Bowen’s disease (BD), which 

re less affected by the hypoxia condition. However, most of 
he PSs have the maximal absorptions ranging from visible 
o near-infrared (NIR) wavelength, resulting in a limited 

enetration depth (less than 1 cm) [13] . Additionally, the 
xciting light of PSs will be absorbed or scattered by body 
issues [14] , which will further hinder the application of 
DT in deep tumors. In recent years, PDT has gradually 
een used in bladder cancer, cholangiocarcinoma and breast 
ancer in clinic. [15 ,16] . Several studies have confirmed that 
umor hypoxia is happened at the early stage of tumor 
ccurrence and development. Alleviating tumor hypoxia and 

educing O 2 consumption might provide promising strategies 
o improve the PDT efficacy. Therefore, it is necessary to give 
 comprehensive and in-depth summary of the whole scene 
f recent strategies to boost PDT efficiency on hypoxic tumor.
he main contents of this review are divided into the following 
hree parts, i.e. oxygen-dependent PDT, oxygen-independent 
DT and synergistic therapy. 

. Oxygen-dependent PDT 

.1. Hyperbaric oxygen therapy 

yperbaric O 2 therapy (HBOT) is a treatment method based 

n the elevated O 2 partial pressure. With the increased 

tmospheric pressure and inhaled O 2 concentration, the 
lveolar partial pressure elevates in proportion. The amount 
f dissolved O 2 (DO) in the plasma is subsequently amplified 

17] , thereby increasing O 2 tissue delivery to enhance PDT.
n addition, HBOT is beneficial to strengthen antimicrobial 
ctivity and attenuate HIF-mediated effects to alleviate tumor 
ypoxia. Notably, it can also significantly lessen the formation 

f oxidative stress, thus increasing the body’s healing 
apacity. Inflammation is reduced through vasoconstriction 

nd angiogenesis [18] . Based on the above advantages, HBOT 

s widely used in clinical practice, but obvious deficiencies 
re still observed during HBOT. For example, O 2 poisoning 
s the most typical adverse effect. Besides, the strategy may 
lso enhance the side effects of drugs and cause middle ear 
arotrauma, which needs further optimization [19] . 

Hyperbaric oxygen (HBO) can assist PDT to strengthen 

he decomposition of collagen in the tumor extracellular 
atrix (ECM). Based on this property, Yang et al. proposed 

 synergistic strategy of upconversion nano-photosensitizer 
UNPSs) in combination with HBO. HBO could promote the 
iffusion of O 2 and UNPSs into the deep tumors to enhance 
he PDT efficacy in vivo [20] . Surprisingly, the synergistic 
ffect also significantly improved the therapeutic effect at 
 low laser power density, which also exhibited a good 

iological safety. In addition, the researchers also proposed 

 method to co-administer DOX-loaded liposomes (Doxil) 
ith HBO [21] . Among which, HBO could not only reduce the 

ollagen deposition at the tumor ECM to improve the tumor 
enetration of Doxil, but also promote the sensitivity of tumor 
ells to enhance the antitumor efficacy. 

Moreover, HBO is able to regulate the abnormal mechanical 
ME and enhance oxygen diffusion in the chaotic blood 

essels of solid tumors. Therefore, researchers synthesized 

BO-PD-1 Ab with the programmed cell death-1 antibody 
PD-1 Ab) for enhanced penetration and retention (EPR) 
ffect of tumor tissue [22] . Notably, HBO could significantly 
isrupt hypoxia-mediated immunosuppression. It helped PD- 
 Ab to trigger potent cytotoxic T lymphocytes and long- 
asting immune memory, acting to inhibit tumor recurrence.
urthermore, it was also demonstrated that HBO therapy 
ould directly eliminate the formation of cancer stem cell-like 
ells (CSCs) and cancer metastasis. HBO therapy promoted the 
ommercialized nanomedicine delivery in stroma-rich solid 

umors [19] , showing a promise to cure stroma-rich solid 

umors in the clinic. 
In addition, Yang et al. also deeply investigated the 

ntitumor effect of the combination of HBO, gemcitabine 
GEM) with Abraxane on mice with pancreatic ductal 
denocarcinoma tumors, in order to further explore the 
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mechanisms of HBO to dysregulate tumor. Then a useful
conclusion has been made that HBO therapy could selectively
attenuate hypoxia and directly inhibit cancer-related
fibroblasts (CAFs) and ECM [23] . Nonetheless, the detailed
molecular mechanism of HBO-induced CAFs inhibition has
not yet been concluded. 

2.2. Vascular normalization 

TME is characterized by hypoxia. Distorted blood vessels
and abnormally proliferated tumor cells lead to hypoxia in
the tumor, which is further aggravated by a large amount
of O 2 consumption during PDT [24] . Vascular endothelial
growth factor (VEGF) is one of the most important O 2

regulatory cytokines in tumors. As the expression of VEGF
increases, tumors promote angiogenesis, inducing tumor
growth and metastasis [25] . At the same time, VEGF increases
the immunosuppression in TME as an immunosuppressive
factor. It reduces the infiltration of immune cells, while
increases the difficulty of tumor treatment [26] . In addition,
VEGF promotes VE-cadherin endocytosis on cell membrane
through phosphorylation, thus promoting tumor metastasis
[27] . As a result, many well-designed nanoplatforms improve
the hypoxia state of tumors through vascular normalization,
and reverse the immunosuppressive microenvironment to
promote cancer treatment. However, vascular normalization
strategy is short of uniform evaluation criteria, which
greatly impacts the widespread clinical application. Specific
molecular mechanisms are needed to be further studied for
cancer treatment [28 ,29] . 

Aiming to effectively improve PDT and enhance
therapeutic immunity, Luan et al. designed a CAM NP
nanoplatform, which integrated chlorine e6 (Ce6), axitinib
(AXT) and dextro-1-methyl tryptophan (1MT) [4] . Among
which, AXT could inhibit VEGF to improve abnormal tumor
blood vessels and increase blood perfusion thereby improving
local hypoxia. Meanwhile, 1MT exerted a strong antitumor
effect by inhibiting the activity of indoleamine 2,3-dioxy-
genase (IDO) to reduce the immunosuppression of the tumor.

In addition, Tang et al. prepared tumor-derived
exosome/AEGEN mixed nanocapsules (DES), which
significantly inhibited tumor growth through effective
tumor penetration and PDT [30] . First, AIEs generated
ROS to kill tumor cells. Tumor-derived exosomes could
simultaneously enhance the tumor targeting ability of
AIE PS. Besides, the PDT effect of DES could be effectively
improved by dexamethasone-induced normalization of
tumor vascular function and hypoxic remission. At the same
time, Xu et al. prepared a novel nanoplatform SPMI/3 by
modifying polydopamine (PDA) nanoparticles (NPs) with
sialic acid (SA)-polyethylene glycol (PEG), and loading the PSs
polysaccharide cyanine (ICG) and 3PO [27] . Among which,
3PO inhibited the production of VEGF and reduced the
endocytosis of ve-cadherin. Simultaneously, SA increased
the tumor targeting ability of SPMI/3. The combination
of PDT and PTT under the laser irradiation could well
suppress the tumor growth and metastasis, providing a new
direction for TME regulation in the treatment of hypoxic
tumors. 
 

2.3. H 2 O 2 decomposition 

The H 2 O 2 level is elevated in tumors compared with normal
tissues due to cell proliferation and angiogenesis. Catalase
(CAT) catalyzes the decomposition of H 2 O 2 into oxygen
and water utilizing the increased H 2 O 2 level in tumors,
which improves the PDT efficiency by generating oxygen
[31] . Besides, nanoenzymes also exhibit excellent biocatalytic
performances to decompose H 2 O 2 , which are composed of
metal or metal oxide nanomaterials, such as Ir, Pt, MnO 2 , and
CeO 2 [32] . Based on the previous studies, MnO 2 nanosystems
had been confirmed to not only generate O 2 by triggering
tumor H 2 O 2 decomposition, but also served as a class of
markedly T1- magnetic resonance imaging (MRI) agent, which
benefited PDT enhancement with high safety [33] . 

CAT is an effective material to improve hypoxia in tumors
[34] , and fluoride can promote the transmembrane ability of
CAT to avoid degradation. Based on the above principles, Shen
et al. designed a fluorinated chitosan drug for oral cancer to
achieve catalase transmission, which assembled fluoroalkyl
and Ce6 onto branched chitosan (CS) and encapsulated CAT to
construct CAT-FC-Ce6 NPs [35] . The nanocomplex possessed
strong transmembrane ability, which could be effectively
taken up by tumor cells, and decomposed H 2 O 2 in cells to
generate O 2 to improve the hypoxia TME as well as the
curative effect of PDT. Both In vivo and in vitro experiments
demonstrated that the nanosystem had good targeting ability
and biological safety, suggesting that it was a brand new
and effective nanodrug for cancer therapy. Although CAT has
a wide range of sources and a high activity, its stability in
physiological environment is poor as a biological enzyme.
How to improve the stability of CAT through safe and effective
methods will become a major problem that must be solved in
the clinical transformation [36 ,37] . 

Hollow polydopamine (HPDA) NPs with unique structure
and feature are not only an excellent drug carrier system,
but also can control drug release by assembling various shell
structures. Ma et al. designed a therapeutic nanoplatform
(HPDA@MnO 2 @Ce6/DOX@PEG-RGD, herein called HPMRCD)
by coating HPDA with MnO 2 to form HPDA@MnO 2 , then
functioning with the modified PEG to load Ce6, doxorubicin
(DOX) and PDA, which exhibited great performance on
PDT improvement and TME responded-tumor MRI. Notably,
HPMRCD had the capacity to precisely target the tumor site
because of the acidity and abundant H 2 O 2 in TME. Ce6, DOX,
as well as sufficient O 2 supplement were sped up to release as
the depolymerization of HPMRCD, hence possessing a potency
for tumor inhibition through the synergy of chemotherapy
and PDT [33] . Additionally, Tang et al. also devised and
created an intelligent glutathione (GSH) depletion and NIR
regulation nanoplatform (MUM NPs) employing aggregation-
induced emission (AIE) PSs with ROS production capability
[38] , which consisted of free AIE-active radioactive PSs, MnO 2 ,
and upconversion nanoparticles (UCNPs). Notably, owing to
the introduction of UCNPs, AIE PSs were able to be activated
to generate OH · under NIR irritation. In addition to the O 2 -
producing function, MnO 2 also presented great potency in
reducing the GSH level and further turning the generated
Mn 

+ into OH · through a Fenton-like reaction, thereby
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imultaneously achieving the relief of hypoxia and ROS 
epletion. Furthermore, the bimodal-MRI imaging function 

lso provided accurate guidance for deep tumor treatment,
nd significantly boosted the efficiency of PDT in tumor 
reatment. 

Ceria nanoparticles (CNPs) possess powerful enzyme- 
ike activities, which can catalyze the decomposition of 
umor endogenous H 2 O 2 and effectively improve the tumor 
xidation level. Inspired by this, Zhou et al. synthesized 

-hydrate (Ce) and ethylene glycol (EG) in a nitric acid 

olution [39] , and then modified it with bioderived ATP and 

S loading to obtain the hollow ceria nanozymes (ATP- 
CNPs@Ce6) with a sufficient hollow layer and uniform 

hape. According to the oxygen production experiments,
CNPs showed great O 2 releasing ability under a weakly 
cidic lysosomal TME at pH 5 owing to the ATP modification,
hich could be exploited to achieve precise manipulation 

f tumor hypoxia. In addition, the inflammatory infiltration 

nd death regions of the tumor were found larger after 
ig. 1 – Schematic illustration of photodynamic therapy (PDT) on 

ypoxia at tumor site. (B) Overview of strategies to enhance PDT
reatment with ATP-HCNPs@Ce6. In summary, this synthetic 
ethod not only retained the enzyme mimic activity of CNPs,

ut also gained great drug delivery potential to overcome 
ypoxia in PDT. Nevertheless, issues were put forward that 
NPs were seldom clinically converted for loading therapeutic 
rugs, so further studies were necessary to optimize this 
pproach. 

Pt not only acts as a kind of chemotherapeutic agent, but 
lso plays a significant role in CAT-mimicry to facilitate PDT.
ang et al. developed nano-Pt/VP@MLip, which utilized both 

AT-like activity and chemotherapeutic efficacy of Pt [40] .
he nano-Pt was encapsulated in the liposomes by reversed- 
hase evaporation technology, and the PS verteporfin (VP) was 
urther added to obtain nano-Pt/VP@Lipo. The complex was 
ubsequently hybridized to cell membrane (CM) of RAW264.7 
acrophage (M ϕ) fabricating nano-Pt/VP@MLipo, aiming to 

ain extra biomimetic and targeting characteristics. Nano- 
t catalyzed the decomposition of H 2 O 2 in tumor cells to 
rovide O 2 and enhanced the chemotherapy effect of VP. At 
tumor. (A) Mechanism of PDT enhancement without 
 on hypoxic tumor. 
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the same time, the singlet oxygen ( 1 O 2 ) generated from the
PDT process could cause damage to the liposome membrane,
which accelerated the release of ultra-small and nano-Pt to
enhance chemotherapy. After nano-Pt/VP@MLipo treatment,
more ROS could be detected in 4T1 cells and tumor spheres,
presenting a good cytotoxic effect. More importantly, the
system possessed good biocompatibility and no obvious
toxicity, hence performing a multifunctional antineoplastic
effect to overcome hypoxic tumors. Nevertheless, nano-
Pt itself also has a dose-dependent cytotoxicity like other
platinum drugs. It still needs further data support to achieve
clinical transformation. 

2.4. Water splitting 

Water splitting material is receiving extensive attention as
an environmental protection and energy-saving method in
PDT applications. Water provides a limitless supply of raw
materials for water splitting reactions as the most abundant
molecule in living organisms, thus elevating the level of O 2 in
vivo therapy [41] . 

CaO 2 had been previously applied as an O 2 generator to
relieve oxygen deficiency in the hypoxic tumor. Its oxygen
production mechanism was as Eq. 1 [42] . 

CaO 2 + H 2 O → 0.5O 2 + Ca(OH) 2 (1)

However, due to the limitation of acidic TME, the actual O 2

production of CaO 2 was restricted and CaO 2 practically had a
tendency to produce H 2 O 2 Eq. 2 rather than O 2 [43] . 

CaO 2 + 2H 2 O → H 2 O 2 + Ca(OH) 2 (2)

CaO 2 can produce O 2 and H 2 O 2 from H 2 O, and H 2 O 2 can
further produce O 2 under the catalysis of the catalase while
CAT is unstable in the TME. However, its capacity to produce
O 2 is constrained due to the instability of CAT in tumors.
Fig. 1 and Tables 1–3 . 

A CaO 2 -based nanostructure for enhanced self-
administered oxygen had been reported by Zhang et al.
aiming to achieve tumor hypoxia relief ( Fig. 2 A) [44] . PCN-
224-CaO 2 -HA was obtained by combining porphyrin-based
metal-organic cytoskeleton (PCN-224) with hyaluronate (HA)-
modified CaO 2 , which generated sufficient O 2 to address
the PDT limitation via the reaction between CaO 2 and H 2 O.
Furthermore, except for the protection of CaO 2 , HA could
also target the CD44 receptors, hence achieving precise
treatment on 4T1 and MCF-7 cells. Although this pathway has
a relatively slow rate of O 2 release, its good biocompatibility
promises clinical translation [45 ,46] . 

C 3 N 4 can be activated by blue light ( ∼420 nm) and then
transfers energy to water, triggering the water splitting
reaction [47] . C 3 N 4 has the advantage of both small and
adjustable band gap among various types of water splitting
materials. Furthermore, it had been widely accepted to be
a biocompatible material due to its metal-free element [48] .
Zhang et al. had the idea of exploiting the vast quantity of
H 2 O components in the human body and employing C 3 N 4

as a water-splitting material to generate O 2 to ameliorate
tumor hypoxia ( Fig. 2 B) [49] . To expand the infrared light
absorption range of C 3 N 4 , Zhang et al. added carbon dots
to C 3 N 4 nanocomposite (CCN) to improve the water splitting
efficiency. After that, a porphyrin-containing photosensitizer
(PpIx) and Arg-Gly-Asp (RGD) were combined with the CCN
to create a multifunctional nanocomposite (PCCN). Results
showed that under the irritation of the 630 nm laser, both
the DO concentration and the generated ROS level were
increased instantaneously in anoxic PBS with dispersed PCCN.
Moreover, the group treated with PCCN was monitored to
have less liver and lung metastasis compared with the other
groups based on the animal experiment, indicating that
this nanocomposite tended to display excellent antitumor
efficiency for wide applicability with biocompatibility. The
results are very promising. But given the high requirements
for light irradiation power and the low split efficiency of C 3 N 4 ,
there is still much work to be done in this field [47 ,50] . 

Ultraviolet (UV) light can be absorbed by TiO 2

nanomaterials to convert O 2 and H 2 O into 

1 O 2 and OH ·,
thus harming tumor tissues. Nevertheless, the activation of
TiO 2 is limited due to the relatively low penetration of UV
light. UCNPs can effectively tackle this problem by converting
NIR to UV light. In actual operation, TiO 2 is activated under
the 980 nm NIR laser in tumor tissues and highly cytotoxic
ROS is generated to inhibit the tumor growth. Its mechanism
was as Eq. 3 [51] . 

H 2 O+ O 2 
Ti O 2 −−−→ 

1 O 2 + O 

−
2 +OH · + H 

+ . (3)

To overcome the hypoxic TME, a new type of nanostructure
(FA −TiOPs) based on TiO −porphyrin was engineered by Cai
et al. ( Fig. 2 C) [52] . Aiming at improving the biocompatibility
and solubility capacity of the system, liposome-loaded
TiO −porphyrin (TiOP) was subsequently modified with folic
acid (FA). Furthermore, the drug had the potential for
accumulating in the tumor through FA-mediated targeting
in vivo . Additionally, TiOP could decompose the water into
OH ·, O 2 

−· and H 2 O 2 under photocatalysis, which could be
converted to 1 O 2 via further excitation of TiOP. The generated
OH · and 

1 O 2 in turn induced tumor cell apoptosis by regulating
predictive markers (Caspase-3 and PARP protein) to achieve
tumor therapy. It must be noted that UV excitation does not
provide an optimal penetration depth when comparing to NIR
light. It causes tissue overheating and toxicity, hindering the
preclinical research and clinical application of TiO 2 [47 ,53] . 

Recently, a special focus on tungsten nitride (WN) was
made to resolve hypoxia. For instance, Zhang et al. explored
a WN-based O 2 self-sufficient nanoplatform (FWC NPs)
by coupling chimeric peptides Ce6- poly (ethylene glycol)-
cysteine (Ce6-PEG-Cys) and folic acid-poly (ethylene glycol)-
thiol (FA-PEG-SH) on the surface of WNNPs to relieve the
hypoxia state at tumor sites ( Fig. 2 D) [54] , which would
seriously comprise the PDT efficiency. Moreover, FA with
recognition feature endowed the nanomedicine to selectively
aggregate in tumors. On the one hand, Ce6 produced ROS to
eliminate the tumor upon being excited. On the other hand,
WN supplied O 2 through water cleavage to compromise the
O 2 consumption during the PDT process, which proved to be
an appealing approach for PDT-induced tumor inhibition with
low systemic toxicity. 
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Table 1 – Summary of the advantages and disadvantages of oxygen-dependent phototherapy. 

Strategies Advantages Disadvantages Ref. 

Hyperbaric 
oxygen therapy 

Hostile TME regulation 
Nanomedicine delivery promotion in solid 
tumors 
Increased O 2 supply to cancerous tissue 

Enhanced side effects of drugs 
Middle ear barotrauma 
Possibility of causing oxygen toxicity 

[17 ,19] 

Vascular 
normalization 

Improvement of blood perfusion at tumor sites 
Tumor metastasis inhibition 
Promotion of drug transport 

Lack of uniform evaluation criteria 
Lack of widespread clinical application 

[28 ,29] 

H 2 O 2 

decomposition 
Catalase H 2 O 2 decomposition in suit to amplify PDT 

Wide biological source 
High activity 

Limited stability within environmental changes 
and proteases 

[36 ,37] 

Nanoenzymes Easy to store 
Utilization of MnO 2 for MRI-guided PDT 

Inherent toxicity 
Incompatibility with cellular enzyme networks 
Single therapeutic mechanism 

[149 ,150] 

Water splitting CaO 2 
Ability to induce calcium overload for enhanced 
tumor therapy 
Good biocompatibility 
Unlimited supply of the raw material 
Simple preparation and low price 

Relatively slow O 2 release rate 
Deep-seated tumor treatment 
enhancement 
Toxic released ionic products 

[45 ,46] 

C 3 N 4 
Adjustable band gap 
Environmental- friendly design 
Fantastic photochemical, and electrocatalytic 
properties 

Low split efficiency 
High requirements for light irradiation power 

[50 ,47] 

TiO 2 
Wide application in various areas with low cost 
and toxicity 
Toxicity modification via the combination of PSs 
Multiple modification manners 

Limited PDT efficacy due to harmful UV 

radiation and tissue overheating 
[47 ,53] 

Hb-based oxygen 
carriers 

Normal metabolic avenue of Hb 
Intrinsic and stable O 2 -carrying ability 

Nephrotoxicity 
High oncotic pressure 
Short circulation time 
potential toxicity owing to autoxidation 

[151 ,152] 

PFCs-based 
oxygen carriers 

Reliable biosafety 
Stable O 2 loading capacity without being 
influenced by temperature and pH 

longer 1 O 2 lifetime 

Self-aggregation 
Prematurely release in the circulation process [153 ,154] 

Microbubble/ 
nanobubble- 
based oxygen 
carriers 

Clinical used contrast agent for ultrasound 
imaging 
Ultrasound-targeted microbubble destruction 
property 
Sonoporation effect 
Therapeutic penetration depth through the 
mechanical cavitation 

Safety concerns arisen from metal ions 
Repetitive administration- induced biological 
toxicity 
Relatively short half-lives 

[74 ,155] 

MOFs-based 
oxygen carriers 

High specific surface area 
Easy-modulated structure 
Porous network for ROS diffusion 
Served as a contrast agent 

Poor water stability 
Low repeatability 
Clearance by immune response 
Damage to normal tissue due to long circulation 
half-lives 
Lacking specific targeting 

[156 ,157] 

( continued on next page ) 
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Table 1 ( continued ) 

Strategies Advantages Disadvantages Ref. 

Biomimetic 
photosynthesis 

Continuous in situ O 2 generation capacity 
Abundant O 2 generating materials 
High biosafety 

Limitation in deep-seated tumors treatment 
Unstable activity 

[46 ,87] 

OXPHOS 
inhibition 

O 2 -economization 
via ETC blocking 

Non-specific distribution OXPHOS inhibitors 
Short blood retention time 
Poor bioavailability 

[90] 

Table 2 – Summary of the advantages and disadvantages of oxygen-independent phototherapy. 

Strategies Advantages Disadvantages Ref. 

Superoxide 
anions therapy 

Highly cellular cytotoxic OH · generation via catalytic 
cascade 
O 2 recyclable used in catalytic cascades 
Irreversibly damage to cancers 

Scarce relevant PSs 
Strict excitation conditions 
Inevitable damage to superficial tissue 

[95 ,158] 

Type I PDT Fluorescence or NIR absorption property of type I 
PSs 
Remarkable free radicals 
generation efficiency 

Lacking strategies for quantitative evaluation of the 
ROS yield 
Poor biocompatibility or photostability 

[95 ,99] 

Self- 
decomposition 

Precise O 2 releasing Limited design due to biosafety factor [159] 

Table 3 – Summary of the advantages and disadvantages of photodynamic-derived multimodal synergistic therapy. 

Strategies Advantages Disadvantages Ref. 

Synergistic 
PDT/chemotherapy 

Effective application of hypoxia-activated 
cytotoxic drugs 
Utilization of PSs with both photothermal 
conversion and 1 O 2 generation capacity 
Tumor recurrence reduction 

Potential damage to normal tissue 

[160 ,161] 

Synergistic 
PDT/immunotherapy 

Amplification antitumor immune response 
owing to PDT-triggered tumor antigen 
presentation 
Long time circulation period 
Immunogenic cell death for immunotherapy 
enhancement 

Low drug release efficiency 
Hypoxic reactive immunosuppression 
Immune response triggered by accidental 
drug release 

[162 ,163] 

Synergistic PDT/ 
PTT 

PSs delivery promotion through blood flow 

improvement 
Fewer adverse effect 
PSs delivery promotion through blood flow 

improvement 
Tumor oxygen levels elevation 

Different spectra for irradiation 
Toxicity to body [161 ,164] 

Synergistic PDT/ 
starvation 
therapy 

High H 2 O 2 yield to support PDT 
PDT- induced cellular components disruption 
to assist starvation therapy 

Adaptation of cancer cells to low energy 
supply [142 ,143] 

Synergistic PDT/ 
radiotherapy 

Better penetration depths into tumor 
Low dose radiation 
Tumor recurrence prevention 

Limited Energy accumulation at tumor sites 
Radiation therapy resistance 
Toxicity and side effects on normal tissues 

[165 ,166] 
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Fig. 2 – Representative method of O 2 production by light-driven water splitting. (A) The PCN-224-CaO 2 –HA NPs were tail vein 

injected, HA maintained the stability and targeted tumor cells, while CaO 2 reacted with H 2 O to generate O 2 for tumor 
hypoxia relief. Reproduced from [44] with permission from Royal Society of Chemistry. (B) PCCN accumulated at tumor sites 
tumor cells and C 3 N 4 participated in water splitting to produce enough O 2 to promote PDT. And carbon point modification 

could enhance red light absorption. Reproduced from [49] with permission from American Chemical Society. (C) Under light 
treatment, FA targeted and accumulated in tumor cells, while TiOP splitting H 2 O to generate abundant O 2 and H 2 O 2 , 
relieving tumor hypoxia and further generating ROS to induce tumor cell apoptosis. Reproduced from [52] with permission 

from American Chemical Society. (D) FWC NPs possessed great EPR effect. Water splitting was catalyzed by WN to elevate 
the ROS level, thereby optimizing PDT efficacy. Reproduced from [54] with permission from WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 
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.5. Oxygen delivery pathway 

o boost PDT efficiency, certain oxygen donors are utilized 

o deliver oxygen to tumor areas, such as hemoglobin (Hb),
erfluorocarbon (PFC), or photosynthetic microorganism. 

.5.1. Hemoglobin-based oxygen carriers 
b can bind four oxygen molecules in a reversible manner 

o transport O 2 into tissue in the form of HbO 2 [55] . As an
ndogenous protein in erythrocytes, its unique biosafe feature 
akes it considered as an excellent oxygen carrier for hypoxic 

umors. Nonetheless, cell-free Hb is limited in biomedical 
pplications owing to its poor stability, short circulation 

ime and nephrotoxicity [56] . Notably, the above issues can 

e addressed by utilizing Hb-based carriers with chemically 
odified or microencapsulated, enabling its widespread use 

n O 2 -enhanced PDT. 
When man-made materials enter the body, their properties 

uffer since their non-homology stimulated the immune 
esponse [57] . Concurrently, an aggressive mmRBC (AmmRBC) 
as developed by Zhang et al. to address the toxicity of 
emoglobin in circulation due to its oxidability [58] . Inspired 

y the oxidation resistance of polydopamine (PDA), the 
omplex formed by PDA, PDA-adsorbed PS, and Hb were 
ncapsulated into the RBC membrane (RBCM) comprised 

iovesicles, which were developed through biomembrane 
ecombination technology. The CAT and superoxide 
ismutase (SOD)-like functions of PDA helped AmmBRC 

isplay excellent tumor accumulation ability according to the 
btained results. And the fantastic in situ oxygen production 

apacity of AmmBRC indicated that it could be served as an 

ffective oxygen carrier to boost PDT efficiency. 
Hb-linked conjugated polymer nanoparticles (CPNs) 

ossess amplified light harvesting ability and fantastic 
hotostability [59] . Drawing support from these properties,
ang et al. engineered a novel nanoplaform based on 

PNs (Hb-NPs@liposome) for enhanced PDT [60] . Hb-NPs 
ere firstly synthesized by covalently conjugating with Hb 
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and NPs, and were subsequently encapsulated inside the
fusogenic liposomes, which prevented oxidation during
circulation. Chemiluminescence emitted by luminol could
be absorbed by Hb-NPs under the extraneous addition of
H 2 O 2 and luminol, thereby generating cytotoxic ROS via
chemiluminescence resonance energy transfer (CRET). Hb-
NPs@liposome exhibited great self-luminescent and supply
oxygen capacity, indicating a novel pathway for efficiency
PDT. 

Human serum albumin (HSA) in the human body is
widely applied for its various advantages, including low
immunogenicity and stimuli-responsive [61] . HSA was
employed to hybrid with Hb, synthesizing a hybrid protein
oxygen carrier (HPOC) by Cai et al., which exhibited great
performance on O 2 supplement and tumor targetin [62] .
Additionally, DOX and Ce6 were loaded in HPOC to fabricate
DC-HPOCs. The cellular uptake of DOX and Ce6 was improved
due to the active targeting function of DC-HPOCs, and
the expression levels of HIF-1 α, MDR1, and P-gp were
subsequently down-regulated, thus restraining DOX efflux.
Consequently, this nanoplaform based on HPOC served
as a promising avenue to achieve enhanced PDT and
chemotherapy simultaneously. Nonetheless, the tumor-
targeting function of DC-HPOCs was needed to monitor in the
practical application, owing to the saturation of HSA-binding
proteins. 

2.5.2. Perfluorocarbon-based oxygen carriers 
Numerous studies had revealed that PFCs show great oxygen
solubility and high safety in humans, enabling oxygen
transport by being encapsulated in various nanocarrier
species to improve the oxygen levels in tumors [63] . Compared
with Hb, the weak van der Waals interactions between PFC
chains contribute to a higher gas solubility in the fluorous
phase, helping alleviate the hypoxia situation in vivo more
extensively [64] . It is noted that PFCs present excellent
biocompatibility, helping alleviate the oxygen deficit situation
[65] . However, the hypoxic TME can only be partially treated
owing to the low loading capability of PFCs, thus showing
limited potency to alleviate PDT [66] . 

PFC was exploited to covalently immobilize with
acetylated-hyaluronic acid (Ac-HA) to form Ac-HA-PFC owing
to the tumor-targeting function and good biocompatibility of
hyaluronic acid (HA). Then Ac-HA-PFC was conjugated with
Pyropheophorbide a (Ppa), thereby forming the conjugates
(Ac-HA-PFC-Ppa) by Zhou et al. ( Fig. 3 A) [67] . This O 2 -
supplying system based on fluorinated hyaluronic PS showed
great potency in dissolving PS and 

1 O 2 generating capacity,
thus providing a practical and convenient strategy for PDT
enhancement in clinical application. 

PFH and IR 780 were encapsulated inside a PLAG shell to
construct a novel imaging-guided O 2 delivering system by
Niu et al. utilizing the ultrasound (US) contrast enhancement
performance of liquid PFC and imaging characteristic of IR
780 ( Fig. 3 B) [68] . The system possessed great efficiency on
ROS production benefiting from the exceptionally great O 2 

loading capacity of PFH and the preferentially mitochondrial-
accumulating function of IR 780, thereby significantly
enhancing PDT efficacy. Furthermore, IR 780 facilitated the
PTT efficiency by serving as a class of remarkable fluorescent
agents, thus achieving the combination of PDT and PTT in
tumor treatment. 

In addition, Dai et al. engineered a novel nanoplatform
based on perfluorooctylbromide (PFOB) liquid (O 2 @PFOB@PGL
NPs) for oxygen self-supplement ( Fig. 3 C) [63] . PFOB liquid
was ultrasonically dispersed into porphyrin grafted lipid
(PGL) NPs, resulting in a high 

1 O 2 generation level and
decreased porphyrins fluorescence loss owing to the ordered
arrangement of the complexes. Moreover, O 2 @PFOB@PGL
NPs possessed great potency on precise PDT to achieve O 2

replenishment via the guidance of fluorescence/CT imaging.
Besides, both HIF-1 α and COX-2 expressions were found
down-regulated in the experimental results, implying that
O 2 @PFOB@PGL NPs served as a prominent system in cancer
metastasis. 

As Cancer cell membranes (CCm) display fantastic
performance on tumor targeting and immune evasion
[69] , CCm were utilized as coats of the nanomedicine by
Lan et al. ( Fig. 3 D) [70] . Perfluorotributylamine (PFTBA) was
combined with ICG as a kind of PFC derivative with high
O 2 solubility and was subsequently encapsulated inside
HSA to form a biomimetic O 2 self-supplemented system
(CCm–HAS-ICG-PFTBA). The hypoxia condition was found
significantly alleviated in vivo based on the F-FMISO PET/CT
imaging results, thereby exhibiting great potency on oxygen
self-supplemented and PDT enhancement. 

2.5.3. Microbubble/ nanobubble-based oxygen carriers 
The core of nanobubbles or microbubbles is composed of
medical gas, and the exterior is prepared by various shells,
such as phospholipids, polymers, protein and surfactants. Its
gas-bearing characteristics make it possess a photoacoustic
image feature. It ameliorates tumor hypoxia mainly in two
ways: one was intravenous injection of MNBs, which burst
the bubble by using high-intensity ultrasound to release
its internal gas [71] . The second method is to utilize the
principle of gas diffusion along the concentration gradient to
release the gas independently through the environmental gas
concentration difference [72] . 

Zhang et al. designed a pH-responsive nanobubble shelled
by acetylated dextran (AC-DEX) to deliver oxygen to tumor
tissue more efficiently [73] . To be specific, a DCM solution
containing AC-DEX and decane was emulsified in a lipid
solution consisting of DPPC, DPPG, and DSPE-PEG to produce
a nanoemulsion. The O 2 nanobubbles were synthesized after
a series of phase separation, freeze-drying, and O 2 delivery.
Acid-catalyzed hydrolysis of AC DEX to water-soluble dextran
in an acidic environment led to the release of O 2 from
nanobubbles, which addressed the limitation of hypoxic
tumor PDT. The intratumoral oxygen level provided by AC-DEX
oxygen nanobubbles was found to increase approximately
six-fold compared with the oxygen level initially based on the
in vivo experiments. 

However, nanobubbles suffer from the disadvantage of
poor stability, which leads to a shortened half-life and limited
application. In response to this problem, Sun et al. developed
biogenic gas vesicles (GVs), a gas-filled compartment whose
surfaces were decorated with a layer of liposomes [74] . The
hypoxic state of cells could be reversed based on the in vitro
results, and lipid-GVs (O 2 ) exhibited a long circulation time
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Fig. 3 – Representative nanostructures based on PFCs pathway for O 2 carrying. (A) PFCs and Ppa were anchored to the 
polymer chain of HA to prepare Ac-HA-PFC-Ppa. Amphiphilic conjugates could self-assemble into micelles to perform 

intracellular tracking of cancer cells and elicit PDT efficacy. Reproduced from [67] with permission from Elsevier Ltd.. (B) PFC 

NPs for imaging-guided tumor PDT/PTT and therapeutic effect of intracellular tracking on cancer cells. Reproduced from 

[68] with permission from Chen et al.. (C) By ultrasonic dispersion of PFOB liquid into PGL NPs, an O 2 self-supplemented 

PDT nanosystem of O 2 @PFOB@PGL NPs was fabricated to effectively treat liver metastasis of colon cancer. Reproduced from 

[63] with permission from American Chemical Society. (D) Bionic nanoparticles CCm-HSA-ICG-PFTBA delivered O 2 and 

showed great potency on O 2 self-supplement and PDT improvement. Reproduced from [70] with permission from The 
Author(s). 
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ccording to the in vivo experiments. More importantly, this 
ovel strategy possessed potency in long-term storage and 

o obvious toxicity, suggesting it was an efficient O 2 delivery 
athway to overcome the bottleneck of PDT in the hypoxic 
umor. 

.5.4. Metal −organic frameworks (MOFs)-based oxygen 

arriers 
anoscale metal-organic frameworks (nMOFs) are porous 
aterials with a high surface area and excellent flexibility 

75] . Growing studies had reported that nMOFs such as 
IF series and MIL series, had been widely used in drug 
elivery, luminescence and multiphase catalysis [76] . The 
ncapsulated PS in the micropores of MOF nanomaterials 
inimized the aggregation of small molecule PSs due to the 

rdered crystal structure of MOFs, facilitating the generation 
f reactive 1 O 2 . Besides, the porous structure of nMOFs can 

romote the diffusion of ROS, which effectively alleviates the 
ypoxia of tumor tissues and enhances the PDT efficiency [77] .

n addition, nanoenzymes with high stability and catalase-like 
ctivity can be decorated on the photosensitivities integrated 

OF, which cause severe damage to hypoxic tumors through 

 higher level of 1 O 2 [78] . 
MOFs are regarded as prominent nanomaterials due 

o their significant gas storage capacity in the porous 
tructure [79] . For example, Li et al. developed a MOFs- 
ased nanoplatform for O 2 -evolutionary PDT (O 2 @UiO- 
6@ICG@RBC) ( Fig. 4 A) [80] . UiO-66 was coordinated with ICG 

onjugate utilizing its good biocompatibility and excellent 
oading capacity as an O 2 carrier. And the complex was 
hen encapsulated in the RBC membrane, which avoided 

eing eliminated by the adaptive immune system. 1 O 2 was 
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Fig. 4 – Representative nanostructured delivery system based on MOFs. (A) The RBC membranes coating protected 

biomimetic O 2 @UiO-66@ICG@RBC from attacking by the immune systems, enhancing the EPR effect. Under laser irradiation, 
the RBC membrane was degraded to release ICG and UiO-66, and ICG promoted O 2 release from UiO-66 thus enhancing PDT. 
Reproduced from [80] with permission from Elsevier Ltd.. (B) MEM@Catalast@gox@PCN-224 escaped from the immune 
recognition and targeted tumor cells through CCm. CAT catalyzed endogenous H 2 O 2 to generate O 2 , while GOx decomposed 

glucose in tumor tissues, facilitating the synergistic therapeutic effects of starvation therapy and PDT. Reproduced from 

[81] with permission from American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

generated by ICG to degrade the erythrocyte membrane
under laser irradiation at 808 nm. More importantly, the
photothermal property of ICG enabled O 2 release promotion
from UiO-66, significantly improving PDT effectiveness on
hypoxic tumors and offering a brand biomimetic strategy for
O 2 -evolving PDT. 

More nutrition and energy are needed by abnormally
proliferated cancer cells via the up-regulation of the aerobic
glycolysis according to the Warburg effect. Therefore,
effectively cutting off the nutritional supply and metabolic
pathways of tumor cells are regarded as a promising
approach to treating cancer [75] . Zhang et al. prepared a
cascade bioreactor for cancer-targeted starvation and PDT
treatment (mCGP, MEM@Catalast@gox@PCN-224). The Zr-MOF
of PCN-224 was utilized as a nanoPSs to exert PDT efficacy
( Fig. 4 B) [81] . Meanwhile, glucose oxidase (GOx) and CAT
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ere encapsulated inside the porphyrin-based Zr-MOF of 
CN-224, and the complex was then coated with the cancer 
ell membrane to form the bioreactor. Consequently, mCGP 
xhibited fantastically performance both on O 2 production 

nd O 2 consumption benefiting from the H 2 O 2 decomposition 

atalyzing capacity as well as glucose metabolism blocking 
bility based on the cascade reactions. 

.5.5. Biomimetic photosynthesis 
ince PDT is highly dependent on O 2 and most of the 
alignant tumors are often in the hypoxic condition, the 

DT application is seriously limited in hypoxic tumors.
n this regard, photosynthetic microorganisms (chlorella,
yanobacteria, etc.) are introduced to produce O 2 through 

hotosynthesis under light conditions, thus reversing the 
ypoxia state in hypoxic tumor cells [82] . In addition,
he process of bio-oxygen production by photosynthetic 

icroorganisms under light conditions are also characterized 

y controllability and continuity. As a natural PS, chlorophyll 
eleased from algae can further enhance PDT by producing 
OS that killed cancer cells [83] . For instance, as a kind of algae,
yanobacteria improves the hypoxic TME by utilizing water as 
n electron donor and releasing O 2 via absorbing sunlight for 
hotosynthesis [84] . 

Li et al. designed a novel bioreactor for cyanobacteria 
ermed as Cyan@BPNSs inspired by the ideal oxygen- 
upplying function of cyanobacteria [85] , which were 
odified with inorganic two-dimensional black phosphorus 

anosheets (BPNSs). Substantial O 2 was generated in situ 
ontinuously owing to the photosynthesis of cyanobacteria,
nd O 2 was further turned into cytotoxicity 1 O 2 by the 
ctivation of BPNSs. The enhanced effect of this innovative 
ioreactor on PDT was demonstrated through in vivo and 

n vitro experiments on 4T1 tumor cells and corresponding 
enograft models. This hybridization of microorganisms 
ith inorganic nano PS expanded the scope of microbial 
anomedicines and provided a promising avenue for PDT of 
ypoxic tumors. 

Similarly, the mechanism of microbial photosynthesis to 
roduce oxygen for tumor hypoxia combat was employed 

y Wu et al. [86] . But the difference was that they used 

FC to collect oxygen, which further increased the oxygen 

oncentration in the hypoxic TME. It was worth mentioning 
hat Chlorella was an immune stimulant for PDT-induced 

ntitumor immunity enhancement owing to the high level 
f 70 β-glucan and ARS-2 in it, which exerted a highly 
ntineoplastic effect via activating NF- κB pathway and TLR2.
 90% inhibitory efficiency on tumors was observed based 

n the in vitro experimental result, indicating that it was 
n appealing approach through the combination of PDT and 

mmunity activation for patient at the advanced stages. 
However, there are some challenges in the currently 

eveloped O 2 delivery pathways. For instance, it is difficult 
o get satisfactory treatment effect when Hb-based oxygen 

arriers possess short blood circulation. Meanwhile, the 
DT efficiency would be hindered owing to the premature 
elease of PFCs-based oxygen carriers in vivo . While MOFs- 
ased oxygen carriers tend to cause damage to normal 
issues due to long circulation half-lives. Furthermore,

icrobubble/nanobubble-based oxygen carriers are short 
f safety, which will cause biotoxicity after repeated 

dministration. Biomimetic photosynthesis is safe but 
nstable, which has great defects in deep-seated tumor 
reatment [46 ,87] . 

.6. Oxidative phosphorylation (OXPHOS) inhibition 

he energy needed for tumor cell growth can be continuously 
upplied through aerobic respiration (Mito-AR) or glycolysis.
mong them, Mito-AR produces adenosine triphosphate 

ATP) through OXPHOS and electron transport chains 
hile consuming oxygen at the same time [88] . Therefore,
yperactive Mito-AR in tumors exacerbates the O 2 

onsumption, which hinderes the efficacy of PDT. Inhibition 

f OXPHOS can reduce oxygen consumption, and effectively 
ncrease the partial pressure of O 2 in tumor cells, hence 
mproving the hypoxic environment and further enhancing 
he effect of PDT. PSs such as porphyrins and Ce6, significantly 
lock the respiratory chain and inhibit the OXPHOS of cells 
y targeting cytochrome c oxidase and F0F1ATP synthase in 

he mitochondrial inner membrane, thereby inhibiting the 
roliferation of tumor cells and enhancing their sensitivity to 
ntitumor drugs [84] . 

In recent years, carrier-free drug systems have received 

mmense attention for safety reasons [89] . For instance,
 carrier-free nanoplatform (ACSN) was designed and 

ngineered by Li et al. ( Fig. 5 A) [90] . Self-assembling OXPHOS
nhibitor ATO with Ce6 via π - π stacking and hydrophobic 
nteraction, ACSN was constructed to display excellent 
DT enhanced efficacy in hypoxic TME.ACSN was firstly 
ccumulated in the tumor tissue taking advantage of the 
erformed EPR effect and subsequently infiltrated into the 
umor cells to target mitochondria. The physiological function 

f electron transfer chain (ETC) was seriously interfered with 

he mitochondrial complex III inhibition in OXPHOS, thus 
ausing diminished O 2 consumption and hypoxia relief for 
DT improvement. Apart from the great O 2 replenished 

dvantage, this carrier-free ACSN was proved to possess 
otency on high drug loading as well as low systemic toxicity,
ffering a prominent strategy for cancer treatment. 

Fan et al. established a dual-drug nano-system based 

n ATO ( Fig. 5 B) in order to penetrate deep into the
olid tumor and further relieve the hypoxic TME [91] . The 
anomedicine with the size of less than 50 nm was fabricated 

y encapsulating ATOs-VER self-assembled complex inside 
he poly (lactide-co-glycolide)-block-poly (ethylene glycol) 

ethyl ether (PLGA-PEG). As a homolog of coenzyme Q in 

itochondria, ATO was proved to not only act on complex III to 
nhibit mitochondrial respiration but also impair cellar repair 
bility by affecting dihydroorotate dehydrogenase (DHODH) 
nd pyrimidine function, hence leading to PDT enhancement.
dditionally, it was noted that VER possessed tumor targeting 
apacity and fluorescence imaging property in the human 

ody, providing an efficient eradication manner in tumor 
herapy. 

Some scholars have recently proposed an integration 

trategy of simultaneously reducing O 2 consumption and 

ncreasing O 2 supply in the tumor site. For example, Yuan 

t al. developed a novel multilayer nanosystem (UNMM-Ce6- 
TO-PEG), which consisted of manganese dioxide (MnO 2 ) 
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Fig. 5 – Representative nanocomplexes based on mitochondrial oxidative phosphorylation inhibitor ATO. (A) ATO and Ce6 
self-assembled ACSN by beta-action, which was self-delivered to the tumor site. ATO inhibited mitochondrial respiration by 

inhibiting mitochondrial enzyme III, thus reducing O 2 consumption and enhancing the PDT effect. Reproduced from 

[90] with permission from American Chemical Society. (B) ATO and VER were encapsulated in PLGA-PEG vectors by 

self-assembly, which released the ATO and VER through the lysosomes after being engulfed by the cells. The ATO hindered 

mitochondrial respiration, thereby enhancing the oxygen content and the ability of the VER to produce ROS. Reproduced 

from [91] with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) UNMM-Ce6-ATO-PEG blocked OXPHOS 

and utilized MnO 2 to increase O 2 level, boosting PDT efficacy with MRI and CT assistance capacity. Reproduced from 

[92] with permission from Elsevier Ltd. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in the outermost layer, Ce6 and ATO-loaded mesoporous
silicon nanoshell (MSN) in the intermediate layer, and the
UCNPs in the inner core portion ( Fig. 5 C) [92] . The O 2 level
was verified to be elevated via O 2 supplement from MnO 2

degradation and O 2 economizing from the OXPHOS blocking
ability of ATO, thereby boosting PDT efficiency in hypoxic
tumors. Furthermore, UCNPs-MSN-MnO 2 nanocomposites
(UNMM) were able to serve as a class of contrast agent
to assist magnetic resonance imaging (MRI) and computed
tomography (CT) owing to the NIR light conversion capacity
of UCNPs. 

Nevertheless, cancer cells will enhance aerobic glycolysis
to compensate for the energy production disorder and affect
the effect of antitumor drugs, which is a process known
as the Warburg effect. Therefore, cutting off the energy
supply pathways of OXPHOS and glycolysis at the same
time is the most direct strategy for cancer treatment [93] .
Of note, OXPHOS inhibitors exhibit short blood retention
time and poor bioavailability. Thus, the hypoxia alleviation
effect should be optimized by adjusting the drug dosage
and matching the irradiation time [90 ,94] . Moreover, more
sophisticated mechanisms of the clinical available drugs
are waited to be uncovered to remodel the tumor hypoxia
microenvironment, which may also promote the clinical
translation for hypoxic tumor treatment. 

3. Oxygen-independent PDT 

3.1. Superoxide anions therapy 

PDT-induced ROS achieves an excellent killing effect on tumor
cells, including 1 O 2 , hydroxyl radical (OH ·), hydrogen peroxide
(H 2 O 2 ) and superoxide anions (O 2 

−·). Increasing evidences
suggest that O 2 

−· therapy can generate molecular oxygen
in electron-transfer photoreactions via the one-electron
reduction form, which is expected to be an effective scheme
to overcome hypoxic TME and enhance PDT efficacy [95] .
Since type I PDT is independent of the presence of oxygen,
O 2 

−· can solve the hypoxic problem by avoiding direct and
rapid oxygen depletion in type II PDT. Recent studies have
shown that O 2 

−· bound to proteins, DNA or liposomes, would
lead to disordered cellular metabolism and the intracellular
components damage. Besides, partial O 2 

−· is transformed
into high toxic OH · through SOD-mediated cascade reactions



14 Asian Journal of Pharmaceutical Sciences 18 (2023) 100775 

t
O
t
o
c
r
o
d
i
P

a
e
d
v
B  

T
e  

t
f
b
O
l  

M
t
l
e

(
(
i
P
w
t
t
w
g
O
t
b
c
a
t
e
u  

E
i
o
d
i

3

T
c
t
w
[
s
o

1
 

l
t
t
d
I  

T
i
o
p
d
h
o
(  

s
a
t

s  

i
n
o  

w
a
I
(
i  

P
c
e
a
m
a
r

m
a
m
p
s
t
p
(  

O
t  

F
d
a
i
n
G

t
w
c
b
a  

W
t
n

o enhance the therapeutic effect of PDT [96] . The generated 

 2 
−· can further participate in superoxide dismutase- 

riggered catalytic cascades to reduce the PDT demand 

f O 2 in an oxygen recyclable manner. Furthermore, O 2 
−·

an participate in the Harper-Weiss reaction or the Fenton 

eaction to realize the recycling production and utilization 

f molecular oxygen, thus compensating for oxygen 

epletion during treatment [97] . Therefore, O 2 
−· therapy 

s considered as a great way to improve hypoxic-tumor 
DT. 

In addition to hypoxia in TME, tumor metastasis occurring 
fter PDT treatment is also a major factor affecting the 
fficacy of PDT in clinical application [98] . Boron difluoride 
ipyrromethene (BODIPY) was employed to combine with the 
ascular disrupting agent (VDA) by Dong et al. to fabricate 
DPVDA utilizing the type I PDT triggered characteristics.
hen BDPVDA was subsequently encapsulated inside 
lectron-rich amphiphilic polymers (MPEG-PPDA) [99] ,
hereby obtaining an innovative nanostructure (PBV NPs) 
or dual-pattern cancer therapy, i.e. O 2 

−· photogenerator- 
ased PDT and vascular destroying avenue. Herein, abundant 
 2 
−· was generated via core-shell electron transfer upon 

ight irritation, which effectively led to tumor cell apoptosis.
oreover, VDA was released from the PBV NPs owing 

o the TME acidity and the ester bond destruction by 
ysosomes, which achieved great metastasis suppression 

fficiency. 
Peng et al. devised and synthesized a promising system 

SORgenTAM) based on the antiestrogenic drug tamoxifen 

TAM) for both O 2 
−· generation and mitochondrial respiration 

nhibition, aiming to further tackle the hypoxia issue in 

DT application [100] . Cellular O 2 consumption rate (OCR) 
as monitored to be significantly slowed down by affecting 

he complex I in the mitochondrial ETC, thus alleviating 
he hypoxic status-induced PDT limitation [101] . Besides, it 
as worth mentioning that substantial cytotoxic O 2 

−· was 
enerated via O 2 -independent type I PDT, which avoided 

 2 consumption in PDT treatment. Additionally, part of 
he produced O 2 

−· was converted into OH · through a 
iological cascade, which enhanced photodamage to tumor 
ells and achieve O 2 recycling. More importantly, SORgenTAM 

chieved both tumor boundary recognition and accurate 
issue diagnosis in mouse models without obvious side 
ffects during the whole therapeutic course, providing an 

nprecedented effective PDT-mediated anticancer approach.
ven so, the development of superoxide anion based PDT 

s restricted by the scarce PSs. Moreover, unwanted damage 
n normal tissue is frequently happened during PDT. The 
evelopment of a safe and effective strategy for precise PDT 

s urgently needed. 

.2. Type I PDT 

he selective accumulation of PS in tumors induce the 
reation of cytotoxic chemicals and the devastation of tumor 
issues upon being exposed to visible light of a particular 
avelength and the presence of molecular oxygen in cells 

102] . PS can briefly change from the ground state to the singlet 
tate ( 1 PS ∗) after absorbing photons from light, which lasts 
nly for a limited period (calculated in nanoseconds). Then 
 PS ∗ converts to an excited triplet state ( 3 PS ∗) with a long
ifetime and reacts with the surrounding molecular molecules 
o transfer energy to molecular O 2 in two ways, namely 
ype I PDT and type II PDT. Molecular O 2 receives energy 
irectly from the PSs in the excited triplet state during type 

I reaction, resulting in the formation of highly active 1 O 2 [9] .
herefore, type II PDT leads to a progressive decline of oxygen 

n tumors and hypoxia weakens the photodynamic efficacy 
f PS, thereby preventing PDT from exerting its therapeutic 
otential [9] . However, 3 PS ∗ reacts with organic molecules 
irectly and forms radical substances through the transfer of 
ydrogen or electrons during the type I reaction, thus avoiding 
xygen restriction. ROS including O 2 

−·, hydroperoxide radical 
HOO ·), H 2 O 2 , and OH · are reaction products of free radical
ubstances and cellular oxygen, which cause tumor cell 
poptosis and trigger immune responses to further attack 
umor cells [103] . 

Increasing numbers of type I PSs have been developed 

ince the type I PDT was first proposed in 1991 [104] . For
nstance, Li et al. designed and synthesized a multifunctional 
anostructure (NanoPcAF) for overcoming hypoxic tumors 
n the basis of the modified phthalocyanine ( Fig. 6 A) [105] ,
hich was fabricated by the self-assembly of PcAF in 

queous solutions. PcAF contributed to transferring type 
I PDT to type I PDT as a class of versatile silicon 

IV) phthalocyanine derivatives, thereby offering an O 2 - 
ndependent pathway to clinical cancer therapy. Furthermore,
cAF also exhibited fancy performance on photothermal 
onversion efficiency, facilitating hypoxic tumor destruction 

fficacy via both PDT and PTT. It was worth noting that 
 substantially high level of NanoPcAF accumulation was 
onitored in the tumor site with no significant toxicity 

fter systemic administration according to the experimental 
esults. 

Cascade Reactions achieve the synergistic effect of 
ultiple reactive species and significantly boost the 

ntitumor effect of PDT. Recently, Wang et al. reported a 
olecular system (DANO) developed by coupling a NO ·

hotogenerator to a π-conjugated donor −acceptor (D −A) 
tructure ( Fig. 6 B) [106] . DANO targeted mitochondria with 

he coactivation of GSH and light, achieving excellent 
erformance on the tumor treatment through dual type PDT 

type I and II PDT). Of special note, the peroxynitrite (ONOO −),
 2 
−·, and hydroperoxyl radical (HO 2 ·) yield were verified 

o facilitate PDT efficacy via tandem cascade reactions.
urthermore, DANO exhibited excellent potency on low-light 
ose activated-PDT due to its fluorescence characteristic 
nd the broad two-photon absorption cross section under 
rritation. This novel system was expected to present low 

onspecific phototoxicity owing to the high expression of 
SH in tumor sites. 

Unlike type II process, ROS are generated by the direct 
ransfer of electrons or hydrogen atoms when PS interacts 
ith the substrate in type I process. Substantial oxygen 

onsumption is not involved in the process so the type I PDT 

reaks through the hypoxic limitation during type II process 
nd proceeds even more efficiently under hypoxic conditions.
hereas, the mechanism of transformation from type II to 

ype I pathway is still immature and further investigation is 
eeded [107] . 
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Fig. 6 – Typical oxygen-independent type I PDT strategies. (A) NanoPcAF was obtained in aqueous solutions through a 
spontaneous assembly process, realizing the transition from type II PDT to type I PDT, with excellent photothermal 
conversion efficiency for enhancing PDT. Reproduced from [105] with permission from American Chemical Society. (B) DANO 

targeted mitochondria and achieved anti-hypoxia PDT through dual type (both type I and type II reactions) and tandem 

cascade reactions. Reproduced from [106] with permission from American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Self-decomposition 

PDT is popular for several advantages, such as minimal
invasiveness high and spatiotemporal controllability, etc.
But oxygen dependence limits its application owing to
the relatively low oxygen concentration in the tumor site.
Surprisingly, self-decomposition compounds possess the
ability to release oxygen in hypoxic tumors, which can
alleviate the hypoxic microenvironment caused by PDT.
Nevertheless, high biosafety and precise O 2 release are
essential requirements for them [108] . At present, the main
used self-decomposition compounds are calcium peroxide
(CaO 2 ) and platinum (IV) -azide complex, etc. 

Halogenated aza-BODIPY (B1) was exploited to assemble
with CaO 2 NPs and NH 4 HCO 3 by Zhao et al. considering that
it was a class of ideal PS and organic photothermal agent
( Fig. 7 A) [109] . Then the complex was loaded into polyethylene
glycol (PEG) shelled liposome to synthesize CaO 2 /B1/NH 4 HCO 3

lipo, which performed EPR effect in tumor tissue and
good biocompatibility. Of special note, the decomposition
of NH 4 HCO 3 and CO 2 bubbles generation was induced by
the generated heat from B1 upon light irritation, thereby
subsequently triggering the reaction between CO 2 and CaO 2

to achieve O 2 supplement for PDT enhancement without
accompanying harmful by-products. 

Zhang et al. designed and synthesized an appealing
platinum(IV) complex-based system (polyPPM) for synergistic
PDT and chemotherapy improvement with the Pt(II) species
generation capacity upon light activated, ( Fig. 7 B) [110] .
Notably, platinum (IV) diazide complex not only exhibited
fantastic potency on Pt (II) species production as a type
of effective chemotherapeutics but was also proved to
display excellent performance on self-generated ROS without
endogenous O 2 consumption. As 2-methacryloyloxyethyl
phosphorylcholine (MPC) monomer possessed the ability to
increase drug solubility and blood circulation time, it was
employed to copolymerize with the platinum(IV) complex-
based prodrug monomer (PPM) to obtain the nanoscale
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Fig. 7 – Representative oxygen generators via self-decomposition for achieving oxygen self-sufficiency. (A) 
CaO 2 /B1/NH 4 HCO 3 lipo absorbed NIR to decompose NH 4 HCO 3 to produce CO 2 under irradiation, which further induced O 2 

release from CaO 2 NPs and enhanced 

1 O 2 generation. Reproduced from [109] with permission from Royal Society of 
Chemistry. (B) PolyPPM absorbed long-wavelength light and converted it into short-wavelength light, which promoted the 
rapid decomposition of Pt (IV) to release O 2 and Pt (II). O 2 could further generate ROS, while Pt (II) could be used for 
chemotherapy to realize synergistic PDT chemotherapy, and significantly enhanced the anti-cancer efficacy. Reproduced 

from [110] with permission from The Author(s). (C) UCPP produced ROS in an O 2 -independent manner through light 
response, and generated Pt (II) for chemotherapy, showing excellent chemo-photodynamic therapy efficacy. Reproduced 

from [111] with permission from Royal Society of Chemistry. 
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ydrogel-like polyPPM, which enhanced drug cellular 
ccumulation via increasing uptake and drug resistance 
uppressing. Whereas, the efficiency was restricted by 
hallow penetration owing to the relatively short wavelength 

f light irritation. An optimized manner was called for to 
ackle this issue and achieve satisfying results. 
The obstacle related to light wavelength was resolved in 

he study of Yan et al. [111] . Similarly, the complex cis , trans,
is-[Pt(N 3 ) 2 (OH) 2 (NH 3 ) 2 ] (Pt(IV)) was utilized as a prominent 
nticancer drug to assembled with Ce6 and PEG drawing 
upport from its O 2 self-producing feature. The complex 
as subsequently combined with UCNPs to obtain UCNPs- 
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embedded NPs (UCPP) ( Fig. 7 C) [112] . UCPP decomposition was
triggered to generate O 2 upon a 980 nm laser-excited,
hence overcoming tumor hypoxia for O 2 -independent
PDT enhancement with the combination of chemotherapy
effect. 

4. Photodynamic-derived multimodal 
synergistic therapy 

PDT produces cytotoxic reactive oxygen substances by
combining nontoxic PS, light and oxygen to kill cancer cells
through apoptosis and necrosis [113] . A series of events can
lead to direct tumor cell death, microvascular injury and
induction of local inflammatory responses in the presence
of O 2 . However, PDT is an oxygen-consuming process and its
photochemical reaction may only occur in the initial stage.
The treatment efficiency of PDT is greatly reduced to a certain
extent with the O 2 reduction [114] . To address the above
problems, the synergy of PDT with other treatments, such
as chemotherapy, immunotherapy, and PTT have been put
forward and receive wide attention for multiple advantages
in overcoming tumor hypoxia and improving therapeutic
effectiveness. 

4.1. Synergistic photodynamic and chemotherapy 

In recent years, chemical-photodynamic collaborative cancer
therapy has been extensively studied as a prominent
strategy for cancer therapy. Researchers have proposed that
a hypoxic microenvironment can be created to activate
the hypoxia-responsive anticancer drugs owing to the low
oxygen level in tumor tissue and PDT-induced oxygen
consumption. In general, chemotherapy prodrug with low-
toxicity is converted to a free radical through one-electron
reduction. When O 2 is present, the unpaired electron can
be transformed from the free radical to O 2 molecule,
reproducing prodrug in a reverse reaction [115] . On the
contrary, the free radical continuously undergoes further
reduction and ultimate toxic species are synthesized. Five
classes of bioreductive compounds have been developed to
serve as hypoxia-activated prodrugs, i.e. nitro(hetero)cyclic
compounds, aromatic N-oxides, aliphatic N-oxides, quinones,
and metal complexes. Typical examples of these prodrugs and
their mechanisms of action are illustrated below ( Table 4 )
[116 ,117] . However, this combination therapy will cause cell
damage in normal tissues in some ways. In this regard,
the combination of chemotherapy and PDT using polymer
nanocarriers has been proposed by researchers to boost the
efficiency of anticancer therapy. The synergistic therapy can
not only further reduce the side effects of chemotherapy drugs
but also improve the biocompatibility of PSs [118 ,119] . 

Additionally, chemotherapeutic agents such as taxanes,
gemcitabine, and cisplatin are used to modify the disordered
structure of tumor microvasculature, which is promising to
achieve elevated blood perfusion and oxygen level in tumors.
Studies have also pointed out that chemotherapeutic drugs
can also increase oxygen levels in addition to destroying
tumor tissue cells, resulting in improving the effectiveness of
PDT [120] . Since this synergistic strategy possesses a relatively
weak ability to deliver drugs accurately to tumor cells, it is
of significance to integrate various delivery modes targeting
a single internal or external signal aiming at lessening side
effects in the course of treatment [119] . 

Hypoxic-activated precursors alone generally provide
unsatisfactory antineoplastic effects because they are
ineffective against tumor cells that are near the vasculature
with an adequate oxygen supply. Liu et al. designed a
multifunctional therapeutic system to tackle this problem
( Fig. 8 A) [120] , implying that on the one hand, the hypoxic
environment could hamper PDT efficiency. While on the
other hand, it could enhance the antineoplastic efficacy
of chemotherapy via the activation of hypoxia-selective
prodrugs. A liposome-based nanostructure (AQ4N-hCe6-
liposome) was formed by simultaneously encapsulating the
hydrophilic AQ4N molecule as a hypoxia-activated prodrug
and the hCe6 as a photosensitizer into PEGylated liposomes,
which achieved PDT-induced hypoxia-activated therapy. The
Ce6-mediated PDT process exacerbated the local hypoxic
TME upon 660 nm laser irradiation and resulted in the
conversion of the hypoxia-activated prodrug AQ4N to AQ4,
thus achieving high cytotoxicity. Furthermore, mice receiving
intravenous AQ4N-hCe6-liposomes were monitored to show
more potent antitumor effects than the control group owing
to the cascade of hypoxia-activated chemotherapy and PDT.
Additionally, AQ4N-hCe6-liposomes also served as a kind of
multifunctional probe for multimodal imaging with excellent
EPR effects, indicating that it was a great potential synergistic
cancer treatment strategy in clinical practice for in vivo
tracking. Nonetheless, the strategy still had a large room
to improve because the combination of hypoxia-responsive
anticancer drugs with PDT had the likelihood to cause cell
damage in normal tissue during the treatment. 

Hypoxic regions are frequently found in triple-negative
breast cancer (TNBC) compared with other types of breast
cancer, hence making it more difficult to treat. To effectively
treat TNBC, Ho et al. devised a new strategy to combine PDT
with bioredox therapy, exploiting adverse hypoxia conditions
to increase the effects of bioreductive precursors drugs
( Fig. 8 B) [121] . As protoporphyrin IX (PpIX) possessed the
O 2 consumption and ROS generation feature, PpIX and the
bioreactive precursor tirapazamine (TPZ) were utilized to
integrate with hollow mesoporous silica NPs (HMSN MMT-
2) carrier. The complex was then modified with the DNA
aptamer LXL-1 to design an innovative drug delivery system
(TPZ@LXL-1-PpIX-MMT-2) with the remarkable function of
selectively targeting MDA-MB-231 in human breast cancer
cells. Of special note, the low microenvironmental oxygen
levels contributed to the activation of the TPZ and the
generation of toxic free radicals, which not only eradicated
the hypoxic tumor cells, but also promoted the therapeutic
effect of PDT. The study confirmed that TPZ@LXL-1-PpIX-
MMT-2 had the ability to target tumor cells both in vitro
and in vivo , facilitating the selective accumulation at tumor
sites and displaying a satisfying tumor-killing effect within
both normoxic and hypoxic areas. This nanotherapy not
only enhanced the retention of chemotherapeutic agents in
tumors, but also reduced drug accumulation in other non-
target organs, further suggesting that it was a promising
therapeutic strategy for TNBC. 
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Table 4 – Representative samples of hypoxia responsive prodrug. 

Type Agent Reduction Mechanism of action 

Nitro(hetero)cyclic 
compounds 

Evofosfmide (TH-302) 1e − DNA alkylation 
PR-104 1e −/2e − DNA interstrand cross-links 
Etanidazole 1e − DNA alkylation 
Misonidazole 1e − DNA alkylation 

Quinones Apaziquone (EO9) 1e −/2e − DNA alkylation 
quinone mitomycin C (MMC) 1e −/2e − DNA interstrand cross-links 
Porfiromycin 1e − DNA interstrand cross-links 
Indolequinone 1e − DNA alkylation 

Aromatic 
N-oxides 

Tirapazamine (TPZ) 1e − Topoisomerase ll 
poisoning and 
DNA doublestrand breaks 

SN30000 1e − Complex DNA damage 
QdNOs 2e − Reduce hypoxic gene expression 

Aliphatic 
N-oxides 

Banoxantrone (AQ4N) 2e − DNA binding and Topoisomerase II inhibition 
OCT 1002 2e − DNA binding and Topoisomerase II inhibition 

Transition 
metals 
complexes 

Pt(IV) 2e − DNA binding 
Au(I) 2e − ROS generation 
Cu(II) 2e − ROS generation 
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Improving the PDT efficacy by elevating O 2 through 

hemotherapy was also considered as a promising approach 

xcept for enhancing the chemotherapy efficacy through 

DT-induced oxygen deprivation. Chemical therapeutic drugs 
re exploited to eliminate tumor tissue and simultaneously 
egulate the chaotic structure of tumor microvasculature.
onsequently, efficient perfusion of blood at tumor sites is 
levated and PDT efficacy is improved due to the less O 2 

onsumption of the dying tumor tissue. 
Covalent-organic polymers (COPs) were fabricated by 

ross-linking the chemotherapy-promoting cis-Pt(IV)SA with 

he PS meso-tetra(p-hydroxyphenyl) porphine (THPP). COPs 
ere further combined with PEG to obtain THPP-Pt-PEG 

OPs, which could exist as a stable NP in an aqueous 
olution ( Fig. 8 C) [122] . Since THPP-Pt-PEG COPs had a longer 
lood circulation time, the nanomedicine showed effective 
umor accumulation after intravenous injection to mice.
lternatively, THPP-Pt-PEG COPs were essentially a class 
f biodegradable polymer that could be effectively cleared 

y kidneys to minimize its long-term toxicity owing to 
ts decomposable characteristic. Whereas, issues had been 

ut forward that chemotherapeutic drugs were not precise 
nough to be delivered to tumor cells by merely synergistic 
hotodynamic and chemotherapy. As a consequence, it was 
f great necessity to apply external or internal stimuli to an 

ntelligent delivery system, which could further minimize the 
ide effects during the treatment. 

.2. Synergistic photodynamic and immunotherapy 

ecently, immunotherapy has emerged as a powerful clinical 
anner for treating cancer owing to its capability of 

ctivating the immune system to eliminate tumors. PDT 

an simultaneously elicit immunogenic cell death (ICD) 
nd induce cytotoxic lymphocyte (CTL) mediated antitumor 
mmunities apart from direct cytotoxic effects on cancer 
ells [123] . These immunologic effects propose an appealing 
linical treatment strategy to combine immunotherapy and 

DT to bring synergistic effects on the hypoxic tumor.
nfortunately, hypoxia leads to immunosuppression via 
ultiple mechanisms as with PDT inhibition [124] . 
Multiple mechanisms are involved in the development 

f tumor hypoxia. Among which, the severely aberrant 
umor blood artery is just one of many factors. Blood flow 

esistance is caused by the disorganized and dysfunctional 
umor vasculature, which limits perfusion and drug delivery.
urthermore, blood vessels can form further from the cells,
ffecting the oxygen supply of the cells in the periphery 
125] . In addition, the abnormal blood vessels will trigger 
n immunosuppressive microenvironment thus hindering 
ancer immunotherapy. It is also worth mentioning that 
he vascular shutdown induced by PDT would further 
ggravate hypoxia and in turn limits immunotherapy and 

DT efficiency. Therefore, strategies that normalization of 
he aberrant vasculature may improve hypoxia and facilitate 
ntitumor therapy. Immune checkpoint blockade (ICB) is the 
ost thoroughly studied type of immunotherapy to date.
ntibodies are used to disrupt harmful immune regulatory 
athways and exert their anticancer impact by targeting 

mmune suppressive signals and resuscitating the host 
mmune system [126] . Recent studies have suggested that ICB 

ould alter the TME by restoring normalcy to the aberrant 
umor vasculature. There is a strong evidence that targeting 
umor vasculature with a low-dose antiangiogenic VEGFR2 
ntibody could induce tumor vascular normalization and 

eprogram the TME, which can alleviate hypoxia. ICB can also 
nduce tumor-vascular normalization and decrease hypoxia 
hrough the engagement of TH1 cells [127] . These studies 
oints to the combination of PDT with immunotherapy as a 
orkable new cancer treatment approach. 

PDT can simultaneously elicit ICD and induce CTL- 
ediated antitumor immunities besides direct cytotoxic 

ffects on cancer cells [123] . These immunologic effects 
ropose an attractive clinical treatment option to combine the 
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Fig. 8 – Representative nanomedicines for photodynamic synergistic chemotherapy. (A) The AQ4N-hCe6-liposomes 
gradually accumulated at the tumor site, inducing severe tumor hypoxia and showing hypoxia-dependent cytotoxicity to 

kill cancer cells. Reproduced from [120] with permission from American Chemical Society. (B) DNA aptamer LXL-1 targeted 

tumor cells to deliver the NPs to the tumor site after intravenous administration of TPZ@LXL-1-PpIX-MMT-2. PDT was 
initiated by the PpIX, aggravating tumor hypoxia and enhancing the antitumor activity of TPZ to achieve the synergistic 
effect of PDT and chemotherapy. Reproduced from [121] with permission from The Author(s). (C) The THPP-Pt-PEG COP 

showed efficient tumor-site accumulation via the EPR effect. cis-Pt (IV) SA dissociated the NPs to rapidly release the drug. 
And THPP induced PDT process to produce ROS under light irradiation, realizing the combination of PDT-chemotherapy. 
Reproduced from [122] with permission from Tsinghua University Press and Springer-Verlag GmbH Germany. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

immunotherapy and PDT for synergistic effects on hypoxic
tumors. Liu et al. designed and developed an in situ gelation
system by modifying CAT with Ce6, and then mixed it
with a biodegradable polymer (poly (ethylene glycol) double
acrylate (PEGDA) as well as the immune adjuvant R837
( Fig. 9 A) [128] , thereby fabricating R837-loaded PLGA NPs
(RPNPs). The polymerization of PEGDA was able to form in
situ hydrogels after the intratumor injection of precursor
solution, thus retaining efficient activity in tumor sites for a
long period. This tumor-resident in-situ hydrogel alleviated
the hypoxic environment of tumors by decomposing H 2 O 2

to O 2 via Ce6-CAT. And this continuous tumor hypoxia
relief ability was confirmed by in vitro experiments with
quantitative measurements using PAI. Notably, R837-loaded
PLGA NPs under repeated laser stimulation could lead to
multiple rounds of PDT with continuous cytotoxic ROS
generation and significantly enhance the immune response
via the PDT-mediated ICD. More importantly, multi-round PDT
combined with α-CTLA4 checkpoint blockade significantly
suppressed the activation of regulatory T cells (Treg),
causing long-term immune memory to protect from tumor
rechallenge. 

Neutrophils play an increasingly important role in cancer
treatment as the major immune cell in human body. Deng
et al. developed a strategy to target the activation of
the peripheral blood neutrophils (PBN) for realizing the
accumulation of the antitumor agent ibrutinib (IBR) at the
tumor sites, which explored the potential of neutrophils for
PDT enhancement ( Fig. 9 B) [129] . First, liposomes loaded with
PS DIR (DiR-lipos) were injected into the tail vein of tumor-
bearing mice. Then DiR-lipos were irradiated with NIR light
to generate ROS by performing PDT/PTT treatment to induce
acute inflammation, so that the PBNs were rapidly activated
and infiltrated at the tumor site. Afterward, the nanocomplex
(SA-2@NCs) that targeted activated PBN was constructed by
encapsulating IBR with targeted sialic acid (SA) derivative.
The accumulation of the IBR in the tumors was achieved
upon internalization by the activated neutrophils. The results
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Fig. 9 – Representative nanocomposites for photodynamic synergistic immunotherapy. (A) RPNPs alleviated the hypoxic 
TME and triggered multiple rounds of PDT under repeated laser stimulation, simultaneously enhancing the immune 
response via the PDT-mediated ICD. Reproduced from [128] with permission from WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. (B) SA-2@NCs generated ROS to induce acute inflammation and rapidly activated neutrophils to infiltrate tumors. 
The activated neutrophils subsequently internalized SA-coated IBR and carried it to the tumor site. Reproduced from 

[129] with permission from Elsevier Ltd.. (C) iPS-MnO 2 @Ce6 performed great tumor homing ability and accumulated at 
tumor sites, mediating PDT and enhancing antitumor immunity. Reproduced from [130] with permission from Elsevier Ltd.. 
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ndicated that DiR-mediated PDT/PTT therapy combined with 

A-2@NCs-would mediate antitumor immunity therapy to 
romote T cell infiltration and inhibit tumor growth as well as 
etastasis, thus exerting potent effects in cancer treatment. 
As induced pluripotent stem cells (iPSs) share nearly 

dentical antigens with tumor cells and overcame ethical 
onstraints, they possess great potential in tumor 
mmunotherapy. Cui et al. engineered an iPS platform for 
he precise delivery of nanoprobes by attaching Ce6 to MnO 2 

Ps (MnO 2 @Ce6) due to the tumor homing ability of iPS 
ells ( Fig. 9 C) [130] . MnO 2 @Ce6 was subsequently loaded into 

itomycin-treated iPS to synthesize iPS-MnO 2 @Ce6, which 

ctively targeted the tumor in vivo . A large amount of O 2 was 
roduced by consuming H 

+ in the acidic TME to alleviate the 
umor hypoxia since MnO 2 was highly reactive to H 2 O 2 . The 
reated mouse models exhibited significant tumor growth 

nhibition and lower mortality compared with the control 
roup. It was worth noting that iPS not only promoted the 
ggregation of the NPs at the tumor site, but could also 
e cleaved by the ROS generated in the PDT process. The 
ynergy between PDT and immunotherapy was achieved 

y releasing the tumor antigens to produce an effective 
ntitumor immune response. 
.3. Synergistic photodynamic and photothermal therapy 

he PS is ingested by tumor tissue in PDT. The PS is activated 

o deliver energy to intratumoral O 2 under the irradiation 

f specific wavelength light, generating highly active 1 O 2 

nd producing the cytotoxic effect. Therefore, the treatment 
ffect highly depends on the intratumoral O 2 concentration 

nd PS concentration. While the fundamental principle of 
hotothermal treatment is that light energy is transformed 

nto heat to destroy tumor cells under the exposure of 
 certain wavelength of light when tumor tissues absorb 
hotothermal conversion materials. The application of novel 
aterials show that PTT has an enhanced effect on PDT 

n tumors, thereby eliciting obvious synergistic effects. The 
hotothermal effect can enhance the transport of PSs inside 
umor cells and increase the distribution of PSs in tumors.
esides, the photothermal effect also enhances the blood flow 

f local tumors, which increases the oxygen concentration 

n tumor tissue. The simultaneous elevation of PS and O 2 

oncentration greatly improves the therapeutic efficiency of 
DT. Concurrently, PDT also has a synergistic effect on PTT.
he 1 O 2 generated in the PTT process can destroy heat shock 
rotein C, thereby weakening the protective effect of protein 
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C against tumors in the PTT process [131] . Nevertheless, there
is still a certain shortage in the synergistic effect between
PDT and PTT. The irradiation spectral areas of PDT and PTT
are not the same, therefore it is often necessary for practical
operations to adjust different spectra for irradiation and
prolong the treatment time. Single laser-activated therapies
that are synergistic for PDT and PTT have been developed so
far in response to this problem, but are still under continuous
investigation. In addition, the toxicity to the body from the
reagents used under the synergistic therapy is also a problem
that needed to be improved [132] . 

Transferrin-receptor (TfR) is proved to overexpress in
multiple cancers [133] . Wang et al. prepared Tf-IR780 NPs with
transferrin-loaded IR-780 [134] , which solved the problem
of PTT/PDT synergistic therapy requiring two different
wavelengths. Tf-IR780 NPs realized the targeted imaging
and cancer treatment under single NIR (808 nm) irradiation
benefiting from the tumor targeting function of transferrin. Tf-
IR780 NPs compensated for the disadvantages of IR780 such as
poor solubility and targeting deficiency, implying that it was
a promising manner for image-guided cancer phototherapy.
Tf-IR780 NPs had good tumor suppressive ability and a high
cellular uptake rate compared with the PBS-injected group
according to the mouse experiments. 

From another perspective, Ren et al. explored a new
material (BSA/SAs-NMOFs) by modifying iron-porphyrin
MOFs with bovine serum albumin (BSA) and sulfonamides
(SAs), which could realize guided synergistic PTT/PDT under
imaging [135] . BSA/SAs-NMOFs possessed the ability to
display T1-T2 dual mode MRI as iron ion-based nMOFs
were potential MRI contrast candidates with magnetic
capacity and nontoxic property, which offered reliable and
more precise for cancer treatment. Additionally, BSA/SAs-
NMOFs exhibited excellent simultaneously PDT and PTT
effectiveness accompanied by multiple advantages such as
good biocompatibility and long circulation time in the blood
benefiting from the targeting ability of Carbonic anhydrases
(CA) IX at tumor sites and the satisfying half time of BSA. It
was worth mentioning that BSA/SAs-NMOFs performed well
even under hypoxic conditions via remarkable ROS generation
with a great photothermal conversion efficiency of 40.53%. 

Different from the above two perspectives, professor Lu
et al. sought solutions for better PTT/PDT enhancement from
the field of mitochondria. Lu et al. developed a mitochondria-
targeted nanoplatfrom (PTPF-MitP) [136] , which possessed an
excellent performance in activating the apoptosis pathway
in cancer treatment under hypoxic TME through the release
of apoptotic factor cytochrome C. Moreover, PTPF-MitP also
had the ability to trigger H 2 O 2 decomposition serving as
a nanoenzyme, thus further tackling the issue of hypoxia-
induced PDT limitation. Cell viability was observed to
significantly decrease in groups treated with PTPF-MitP
compared with the PTPF group, implying the high cytotoxicity
of MitP served as a mitochondrial targeting unit. In addition,
the tumor temperature was monitored to rise to 45 °C in
mice after being injected with PTPF-MitP, which offered a
suitable condition for PTT to exert its better effect. It was
surprising to find that the tumor volume was significantly
controlled in PTPF-MitP when compared with the control
group, indicating the remarkable cancer therapeutical efficacy
of the combination of PDT and PTT under the hypoxic
condition. 

4.4. Synergistic photodynamic and starvation therapy 

It is well known that vigorous nutrition consumption is a
major property of malignancies that needed strong nutrient
intake. Starvation therapy is anticipated to become an
important strategy for cancer treatment via cutting off
nutrient supply [137] . There are two major ways to cut off
the nutrient supply of cancer cells: blocking their access to
blood by intervening in tumor angiogenesis and inhibiting
the metabolism of cancer cells to induce starvation status .
In recent years, the combination therapy based on starvation
therapy has been continuously proposed for maximizing the
therapeutic efficiency [138] . Among which, PDT synergistic
starvation therapy has drawn rising interest. 

As both starvation therapy and PDT are affected by a
tumor hypoxia environment [139] , it is important to develop
a nanoplatform that provided sufficient O 2 to enhance the
efficacy of PDT synergistic starvation therapy. He et al.
co-polymerized porphyrin and Arg-Gly-Asp (RGD) on the
surface of GOx and CAT to design an enzyme nanogel
(rGCP nanogel) ( Fig. 10 A) [139] , realizing the sufficient supply
of O 2 and H 2 O 2 via endogenous circulation and greatly
improving the PDT efficiency. RGCP nanogels targeted tumor
cells in the action of Arg-Gly-Asp (RGD) after intravenous
injection. GOx deprived the O 2 and glucose in cancer cells to
produce H 2 O 2 , thereby hindering the energy supply of tumors.
Meanwhile, CAT decomposed H 2 O 2 to provide sufficient O 2

due to the sufficient supplementation of H 2 O 2 , which not
only ameliorated hypoxia and boosted PDT efficacy, but also
promoted the glucose catabolism of GOx to enhance the effect
of starvation therapy. It was worth noting that the rapid
catalysis of cytotoxic H 2 O 2 by CAT would further prevent the
damage to normal cells in addition to the targeting effect of
RGD, thus achieving low-toxic synergistic cancer therapy. 

Mesoporous polydopamine (MPDA) NP is not only an ideal
drug carrier, but also an ideal photothermal agent due to
its unique structure and feature [140] . Therefore, Shi et al.
designed a multifunctional nanoamplifier (MPDA@MnO 2 -MB-
GOx) ( Fig. 10 B) [141] . First, MPDA@MnO 2 was synthesized using
MPDA coated with MnO 2 nanosheets. Then, MPDA@MnO 2 -MB
was synthesized by electrostatic adsorption and methylene
blue (MB) loading. Finally, glucose oxidase (GOx) was
encapsulated to obtain MPDA@MnO 2 -MB-GOx, which
was utilized to synergistically enhance photothermal,
photodynamic, and starvation therapy in the hypoxic
tumor. The system exhibited great potential for starvation
therapy through tumor growth inhibition benefiting from the
glucose metabolism blocking feature of GOx. Notably, MnO 2

nanosheets in MPDA@MnO 2 -MB-GOx nanomaterials could
not only react with the endogenous substrate H 2 O 2 in the
TME to produce an oxygen-enhanced treatment of PDT, but
also cooperated with the GOx catalytic reaction, which further
improved the therapeutic effect of PDT and the catalytic effect
of GOx. Recent studies have indicated that starvation therapy
is characterized with high safety and good tumor inhibition
effect. Synergistic PDT/starvation therapy is expected to be
applied in clinic. However, it is important to note that cancer



22 Asian Journal of Pharmaceutical Sciences 18 (2023) 100775 

Fig. 10 – Typical nanostructures for photodynamic synergistic starvation therapy. (A) Co-polymerization of the porphyrin and 

RGD to the GOX and CAT surfaces finally yielded the rGCP nanogels, which produced H 2 O 2 at the tumor site. CAT broke down 

H 2 O 2 to produce O 2 , ultimately enhancing 1 O 2 production and realizing PDT and starvation synergistic therapy. Reproduced 

from [139] with permission from Acta Materialia Inc. Published by Elsevier Ltd. (B) MB and GOx were encapsulated to the 
MDPA for the MPDA@MnO 2 −MB-GOx synthesis. MnO 2 catalyzed O 2 production of H 2 O 2 to alleviate tumor hypoxia. While 
GOx catalyzed glucose generation of H 2 O 2 to further enhance O 2 production, eventually achieving enhancement of PTT, PDT, 
and starvation therapies with O 2 self-supplement. Reproduced from [141] with permission from Elsevier B.V.. 
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ells may generate adaptations in a low-energy environment 
aused by prolonged starvation, leading to the poor efficacy 
f long-term treatment. Consequently, it is of significance to 
xplore how to optimize the therapeutic effect in combination 

ith PDT and starvation therapy [142 ,143] . 

.5. Synergistic photodynamic and radiotherapy 

adiotherapy is a common clinical therapeutic approach for 
olid tumors, which employ rays and proton beams to kill 
umor cells and reduce the risk of tumor recurrence [144] .
owever, the effect of radiotherapy is limited due to the radio- 

esistance of some tumors. The X-ray dose needs serious 
ontrol according to the radiation dose tolerance in normal 
issues. Surprisingly, the X-ray dose could be effectively 
educed through the synergy of PDT and radiotherapy, thus 
iminishing the side effects of radiation therapy. Meanwhile,
he defect of low radiation wavelength penetration in PDT 

an be improved by X-ray with high penetration ability,
howing great potency to deep tumors [145 ,146] . There are two 
ain mechanisms in the PDT synergistic radiotherapy. To be 

pecific, PDT can be activated through radiotherapy pathway.
n addition, therapeutic efficacy can reach a higher level via 
he mutual promotion between radiotherapy and PDT. 

Won et al. prepared PEG-BR/CWO NPs with PEGylated 

ilirubin packaging CaWO 4 . CaWO 4 emitted UV-A and visible 
ight when X-ray irradiation stimulated the radioluminescent 
aWO 4 inside the particles [147] . Its rearrangement eventually 
aused PEG-BR cleavage, and the formed BR produced ROS 
nder UV-A and visible light to kill tumor cells. This combined 

ffect of PDT and chemotherapy took advantage of the 
enetration of X-ray to deep tissues. Furthermore, PDT could 

e also activated indirectly upon the irradiation of X-ray.
herefore, it overcame the disadvantage of low penetration 

n PDT and realized the treatment of deep tissues, which 

xhibited better therapeutic effect against head and neck 
ancer compared with radiotherapy alone. 

Moreover, Ju et al. synthesized the Gd 2 O 3 @BSA-BSA- 
e6 (BGBC) variable-size nanoprobes using the crosslinking 
ethod [148] . Such probes could be substantially enriched 

t the tumor site based on the EPR effect of solid tumors.
fter this, Ce6 catalyzed the production of ROS under 

rradiation (660 nm), splitting the probes into small particles 
f Gd 2 O 3 @BSA and BSA-Ce6. The small Gd 2 O 3 @BSA and BSA-
e6 particles had the ability to penetrate into the deep tumor.
nder the strong penetrating X-ray irradiation, Gd 2 O 3 @BSA 

irectly destroyed the DNA or catalytically generated ROS 
o indirectly destroy the cells, eventually leading to the 
eath of the tumor cells. In this process, the ROS generated 

uring PDT promoted the entry of radiotherapy drugs into the 
eep tumor tissues, enabling the tissue-penetrating X-ray to 
chieve enhanced treatment. 

. Conclusion and perspective 

ypoxic TME is well known as one of the main limiting factors 
f PDT. And PDT is an oxygen-consuming process, which 

ay exacerbate tumor hypoxia and lead to drug resistance.
herefore, it is highly warranted to develop strategies for 

umor hypoxia alleviation or break the limitation of hypoxia 
o promote PDT efficiency. In recent years, an increasing 
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number of studies have found that nanomedicine delivery
systems can regulate hypoxic TME via different routes to
enhance PDT. In this review, effective strategies as well as
their advantages and disadvantages for improving PDT were
summarized systematically. 

In this review, the oxygen-dependent PDT strategies
were divided into three categories: (1) Oxygen generator:
catalase-mediated PDT realized the PDT amplification via
H 2 O 2 decomposition with wide biological sources and high
activity; nanoenzymes-mediated PDT was easily stored; water
splitting route was simple to prepare with low price and an
unlimited supply of raw material. (2) Oxygen carriers: Hb-
based oxygen carriers possessed normal metabolic avenue
of Hb; PFCs-based oxygen carriers allowed stable O 2 loading
without being influenced by temperature and pH with
reliable biosafety; microbubble/nanobubble-based oxygen
carriers improved the deep tumor penetration through
mechanical cavitation; MOFs-based oxygen carriers had high
specific surface area and porous network for ROS diffusion.
Ultimately, the biomimetic photosynthesis pathway had the
ability to continuously generate O 2 with high biosafety,
which could significantly enhance the treatment of PDT. (3)
Oxygen consumption reduction: OXPHOS inhibition strategy
economized O 2 via ETC blocking. Furthermore, oxygen-
independent PDT was also one of the major avenues to
solving the tumor hypoxia dilemma. For instance, superoxide
anions therapy achieved cyclic O 2 utilization via cascade
reaction, causing irreversible damage to tumor cells. Type I
PDT could trigger PDT by the fluorescence or NIR absorption
without O 2 participation, and efficiently generated ROS. Self-
decomposition strategies could achieve precise O 2 release at
hypoxic sites, thus relieving the restriction from the hypoxic
TME. Photodynamic-derived multimodal synergistic therapies
were also summarized to enhance PDT including synergistic
PDT with chemotherapy, immunotherapy, PTT and starvation
therapy. 

Nevertheless, currently developed nanodelivery platforms
still have some drawbacks, such as poor biocompatibility,
inherent toxicity, low efficiency, unstable activity, and
complex preparation process, etc. For example, the pathway
based on CAT and MOFs was limited in clinical transformation
due to its instability. Furthermore, repeated administration
of nano-bubble based oxygen carrier would cause toxic
reaction. In addition, synergistic immunotherapy had
potential immune activation response, leading to hemolysis.
Additionally, challenges remained including the inhibition
effect of hypoxia alleviation to tumor metastasis, as well as
the simultaneous oxygen supply and PS activation to achieve
amplified PDT efficiency. Overcoming the shortcomings and
improving the techniques should be the focus of the next
research step. In addition, although numerous innovative
nanoparticle delivery systems had been proposed and
developed, and validated in animal models in regulating
tumor hypoxia to improve PDT, most of these protocols
had not been approved for clinical application yet. Existing
studies support that some pathways to alleviate tumor
hypoxia have the promise of clinical transformation. For
example, HBO therapy has received FDA approval as an
effective oxygenation method and has been routinely used
for decades in clinics. Although most current strategies to
alleviate tumor hypoxia through HBO therapy are still in
the laboratory stage, they can quickly translate into clinical
trials targeting patients with hypoxic tumors. Moreover,
O 2 leakage and the inability to deliver to the deep tumor
region are also significant problems in O 2 delivery. To this
end, light-triggered cluster polymer vesicles were proposed
for light-induced hypoxic tumor ablation. The vesicles
were able to penetrate into the deep tumor and provide O 2

supply under light irradiation to enhance the PDT efficacy
on hypoxic tumor. Combination therapy strategies exhibit
great potential for clinical translation. Especially, clinical
available drugs, which can alleviate tumor hypoxia, will be
appealing to synergize with PDT and to treat hypoxic tumors.
However, the synergistic mechanism and the drug pairs
for chemotherapy alleviated tumor hypoxia are waited to
be uncovered. Moreover, small molecular drugs are fast to
be excreted, and the hypoxia alleviation effect should be
improved by adjusting the irradiation time or drug dosage.
Therefore, the clinical PDT treatment of cancer still remains
an ongoing challenge. The next step should focus on the
leap from preclinical animal models to clinical trials and O 2

supply quantification, realizing the clinical transformation of
PDT drugs. Besides, although PDT in combination with other
treatment modalities have made good progress in clinical
trials, further exploration is still needed to optimize the
controllability and stability of continuous oxygen supply, thus
significantly improving the problems of tumor metastasis and
invasion to some extent. Only when these deficiencies are
solved one by one, the therapeutic effect of PDT in hypoxic
tumors will be significantly enhanced and more widely used
in other clinical aspects. 
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