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Emerging photodynamic/sonodynamic 
therapies for urological cancers: progress 
and challenges
Xiao Hu1,2†, Yu‑Sen Zhang1,2†, Yi‑Chao Liu1, Na Wang1, Xian‑Tao Zeng1,2* and Ling‑Ling Zhang1* 

Abstract 

Photodynamic therapy (PDT), and sonodynamic therapy (SDT) that developed from PDT, have been studied for 
decades to treat solid tumors. Compared with other deep tumors, the accessibility of urological tumors (e.g., bladder 
tumor and prostate tumor) makes them more suitable for PDT/SDT that requires exogenous stimulation. Due to the 
introduction of nanobiotechnology, emerging photo/sonosensitizers modified with different functional components 
and improved physicochemical properties have many outstanding advantages in cancer treatment compared with 
traditional photo/sonosensitizers, such as alleviating hypoxia to improve quantum yield, passive/active tumor target‑
ing to increase drug accumulation, and combination with other therapeutic modalities (e.g., chemotherapy, immu‑
notherapy and targeted therapy) to achieve synergistic therapy. As WST11 (TOOKAD® soluble) is currently clinically 
approved for the treatment of prostate cancer, emerging photo/sonosensitizers have great potential for clinical trans‑
lation, which requires multidisciplinary participation and extensive clinical trials. Herein, the latest research advances 
of newly developed photo/sonosensitizers for the treatment of urological cancers, and the efficacy, as well as poten‑
tial biological effects, are highlighted. In addition, the clinical status of PDT/SDT for urological cancers is presented, 
and the optimization of the photo/sonosensitizer development procedure for clinical translation is discussed.
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Background
Recently, dynamic therapies are becoming 1 of the 
attractive therapeutic modalities for cancer treatment 
because of their higher disease specificity than tradi-
tional chemotherapy, which are based on the triggering 
of either exogenous activators (e.g., light, ultrasound 
(US), magnetic field, electricity and ionizing irradia-
tion) or endogenous chemicals such as hydrogen perox-
ide (H2O2) to generate numerous reactive species such 

as reactive oxygen species (ROS) [1]. The mechanism of 
action can be understood as the induction of cell apop-
tosis or necrosis by destroying cellular components (such 
as proteins, lipids or nucleic acids) [1]. Photodynamic 
therapy (PDT) and PDT-derived sonodynamic therapy 
(SDT) are two typical and most promising dynamic 
therapies that have been well-studied. PDT uses light as 
a spatial–temporal controlled external trigger to acti-
vate photosensitizers (PSs) to generate ROS and subse-
quently induce the death of abnormal cells [2]. In 1903, 
Von Tappeiner used a combination of topical eosin and 
white light to treat skin tumors for the first time [3]. Fol-
lowing that little research on the clinical therapeutic 
applications of PDT was performed until 1972, Diamond 
et al. published a landmark study that first proposed the 
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combination of tumor-targeting and phototoxicity of 
porphyrins to effectively treat tumors [4]. The ROS gen-
eration mechanism in PDT has been clearly revealed. 
Following the absorption of light (photons), the sensitizer 
is transformed from its ground state (singlet state) into 
a relatively long-lived electronically excited state (triplet 
state) via a short-lived excited singlet state. The excited 
triplet can react with oxygen to generate ROS [5]. How-
ever, traditional photodynamic therapies face critical and 
insurmountable limitations such as the low tissue-pene-
trating depth of light and potential skin phototoxicity of 
PSs.  In particular, most clinically approved PSs respond 
only to ultraviolet/visible (UV/vis) light, so several strate-
gies have been proposed for accomplishing near infrared 
(NIR)-activated PDT with improved tissue penetrations 
[6–8]. but the achieved efficacy is still much lower for 
deep-seated tumors. In terms of urological cancers, 
WST11 (TOOKAD® soluble), a palladium-coordinated 
bacteriochlorophyll derivative, is currently approved 
in the European Union (EU), Israel and Mexico for the 
treatment of low-risk prostate cancer (PCa), and several 
potential PSs are in clinical trials.

On this basis, alternative external physical activators 
have been recently explored to overcome the shortcom-
ings of traditional PDT for better disease treatment, 
such as SDT. SDT is a new kind of dynamic therapy 
that exploits ultrasound (US) instead of light to gener-
ate ROS by triggering sonosensitizers. Compared with 
other external stimuli, US is a mechanical wave with a 
high penetration depth in soft tissues, which can medi-
ate the deposition of energy to induce various biological 
effects, so it has been widely explored in clinical diag-
nosis and treatment, such as US imaging, high-intensity 
focused ultrasound (HIFU) and extracorporeal shock 
wave lithotripsy (ESWL) [9–12]. SDT effect was first dis-
covered in 1989 by Yumita et al., who observed the cyto-
toxic effects of hematoporphyrin triggered by US [13]. 
The next year, SDT effect of hematoporphyrin in  vivo 
was demonstrated by the same group [14]. Inspired by 
these phenomena, researches on possible mechanisms, 
novel sonosensitizers and clinical applications of SDT 
continuously emerged [15–18]. Different from PDT, the 
ROS generation mechanism in SDT has not been well 
documented so far. Several reliable mechanisms such as 
ultrasonic cavitation effect, sonoluminescence and pyrol-
ysis are known [18]. Compared with PDT, SDT has the 
advantages of high safety, deep penetration and low cost, 
making it a favorable non-invasive treatment for various 
deep-seated tumors [19]. However, most of the current 
sonosensitizers are derived from PSs such as porphyrin 
derivatives, sonosensitizers with higher ROS genera-
tion efficiency remain to be developed in the future. As 
we all know, it is a long process from bench to bedside. 

Compared with SDT, so far, more effort has been devoted 
to the study of PDT and a large number of clinical tri-
als have been carried out. Therefore, although SDT is 
derived from PDT and has a wider range of application 
scenarios, it cannot completely replace PDT at present 
and more comprehensive evidence is needed.

Urological system organs, such as kidney, bladder and 
prostate, play an important role in excretion, regulation 
of acid–base balance and maintenance of body homeosta-
sis. Unfortunately, urological cancers are a serious threat 
to the health and life of human beings [20]. According 
to the latest statistical data, the incidence rate of uro-
logical cancers, including kidney cancer, bladder cancer 
(BC) and prostate cancer (PCa), accounted for more than 
12.5% of 36 cancers in 2020. In particular, the incidence 
rate of prostate cancer has risen to the third highest, infe-
rior to that of female breast cancer and lung cancer [21]. 
Traditional therapeutic modalities of urological cancers 
include surgery, chemotherapy and radiotherapy. Dur-
ing the past decades, various novel therapeutic modali-
ties have been discovered and implemented clinically to 
provide patients with improved therapeutic outcomes, 
including androgen deprivation therapy, immunother-
apy, targeted therapy, etc. [22–26]. However, there are 
still some limitations of these novel therapies, including 
the complex nature of the molecular targets, severe side 
effects and high prices [27, 28]. The accessibility of uro-
logical organs makes them more suitable for therapeu-
tic modalities like PDT/SDT, which require exogenous 
stimulation. Although most urological tumors (such as 
prostate tumor and bladder tumor) can currently be min-
imally invasive operated through the urethra, PDT can be 
performed through a similar approach with less damage 
than surgery. As for SDT, it can be performed externally 
by US, which is non-invasive. Compared with the sys-
temic adverse reactions or complications caused by other 
drug treatments and radiotherapy, the high spatial–tem-
poral controllability of PDT/SDT makes it an alternative 
to these commonly used clinical treatments. An increas-
ing number of researches on nanobiotechnology-assisted 
PDT/SDT have been reported, aiming to make it a prom-
ising therapeutic modality that can complement the cur-
rent therapeutic procedures for urological cancers.

Due to the complexity and heterogeneity of the tumor 
microenvironment (TME), the delivery of sensitizers 
and their responses in tumor areas remains challenging. 
Considering that nanomedicine has made many techno-
logical breakthroughs [29], it has been applied to PDT/
SDT in order to improve the efficacy from the follow-
ing aspects. First, the pharmaceutical properties of the 
drug (e.g., stability, solubility, circulating half-life) can be 
improved to improve bioavailability. Second, nanoparti-
cles with active targeting properties can be designed to 
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increase the accumulation of sensitizers in tumor areas. 
Third, the nanoparticles can be designed with controlla-
ble switches to preserve the photochemical/sonochemi-
cal property of the sensitizer before the reaction. Fourth, 
nanoparticles can enhance energy transfer and improve 
ROS generation efficiency. Fifth, nanoparticles can be 
utilized to combine PDT/SDT with other proven thera-
peutic modalities (e.g., chemotherapy, immunotherapy, 
targeted therapy and so on). Last but not least, nanopar-
ticles can remain highly biocompatible to ensure further 
clinical translation [1, 30, 31].

In this review, we illustrate the design principles and 
therapeutic potential of novel PDT/SDT for urological 
cancers in preclinical models by introducing representa-
tive paradigms of the past 10 years (Fig. 1), and then ana-
lyze the clinical trials that have been conducted to date to 
gain insight into its challenges and prospects in clinical 
translation.

The latest advances in preclinical researches 
of PDT/SDT for urological cancers
Preclinical cancer research is carried out on appropri-
ate tumor models (such as cell lines and animal models) 
that simulate the human in  vivo environment to evalu-
ate the efficacy and safety of the treatment before clini-
cal trial (experiment on human beings). To advance PDT/
SDT for urological cancers from bench to bedside, more 
high-quality preclinical researches are required. Herein, 
the last decade of preclinical studies of PDT/SDT with 

proven efficacy both in  vitro (cells) and in  vivo (experi-
mental animals) are presented.

PDT for urological cancers
As mentioned above, PDT is a non-invasive therapeu-
tic modality that works through the combined reaction 
of light, PSs and oxygen molecules in tumor tissues. 
Early PDT researches were mostly based on the first-
generation PSs (e.g., hematoporphyrin derivatives) or 
second-generation PSs (e.g., 5-aminolevulinic acid, chlo-
rin, hematoporphyrin monomethyl ether), which suf-
fer from poor bioavailability, poor selectivity, and low 
efficiency [32]. Owing to the revolutionary progress of 
nanotechnology in recent years [33, 34], the arsenal of 
PSs is expanding rapidly. Herein, these novel technolo-
gies were introduced into PDT with the aim to satisfy the 
following three ideal conditions. First, PSs can preferen-
tially accumulate in tumor tissues at a specific time and 
have a high quantum yield of ROS. Second, a light source 
that matches the characteristic absorption of PSs can be 
timely directed to irradiate PSs in tumor tissues. Last but 
not least, there is sufficient oxygen in TME to react with 
activated PSs to generate ROS.

PDT for bladder cancer
BC is the 10th most commonly diagnosed cancer world-
wide in 2020 statistics, with approximately 573,000 new 
cases and 213,000 deaths. The global incidence and mor-
tality rates for men are 9.5 and 3.3 per 100,000 respec-
tively, which are approximately 4 times higher than for 
women. Thus the disease ranks higher among men, for 
whom it is the 6th most common cancer and the 9th 
leading cause of cancer death [21]. According to the 
depth of invasion, BC is divided into non-muscle-inva-
sive bladder cancer (NMIBC) (75% of new cases) and 
muscle-invasive bladder cancer (MIBC) or metastatic 
cancer (25% of new cases). NMIBC is mainly treated by 
transurethral resection of bladder tumor (TURBT), fol-
lowed by intravesical chemotherapy or immunotherapy 
to prevent disease recurrence and progression. Conven-
tional treatment for MIBC is radical cystectomy and uri-
nary diversion, with or without adjuvant therapy [23, 24]. 
Despite evolving treatment strategies, the overall prog-
nosis of BC has not improved significantly over the past 
four decades. NMIBC has a reported recurrence rate of 
50%-90% within five years, which means new techniques 
are urgently needed to improve the therapeutic efficacy 
of BC [35]. BC is well-suited for PDT because bladder is 
an easily accessible and hollow organ for both intravesi-
cal instillation and illumination. In 1975, J.F. Kelly et  al. 
first reported the application of PDT in the treatment 
of BC, who observed the destruction of tumors by light 
irradiation to the bladder after systemic administration 

Fig. 1  Newly developed strategies of enhanced PDT/SDT for 
urological cancers
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of hematoporphyrin derivative (HPD) [36]. The follow-
ing year, Kelly and Snell initiated the first human trial of 
PDT for BC. A patient with recurrent BC who had failed 
transurethral resection, radiotherapy, and chemotherapy 
was treated with PDT. In this case, HPD slowed tumor 
growth and tumor necrosis happened in the area receiv-
ing PDT [37]. These groundbreaking researches brought 
a new strategy to the treatment in BC. Emerging strate-
gies of nanobiotechnology-enhanced PDT for BC over 
the past 10 years are summarized in Table 1.

Enhanced PDT in  combination with  clinically approved 
drugs  Boosting the efficacy of PDT by taking clinically 
approved drugs may be a simple and easy strategy. Pho-
todiagnosis (PD) and photodynamic therapy (PDT) medi-
ated by 5-aminolevulinic acid (ALA) have been investi-
gated for decades [55]. It has been reported that ALA can 
induce the tumor-selective accumulation of the photo-
sensitizer protoporphyrin IX (PpIX) in BC cells [56, 57]. 
Inoue et al. found that deferoxamine (DFX), a ferroche-
latase inhibitor, could inhibit the metabolism of PpIX to 
heme in BC cells in a time- and concentration-dependent 
manner, thereby increasing the accumulation of PpIX and 
ultimately enhancing ALA-PDT-induced cell apoptosis 
[38].

Hypoxia alleviation  The rapid tumor progression 
increases the demand for blood in the tumor tissue, 
which causes vascular disorder and insufficient blood 
supply inside the tumor and ultimately makes the tumor 
cells hypoxia [58]. Several researchers have described the 
TME of BC is hypoxic [59–61], which limits the antitu-
mor effect of PDT because the generation of ROS requires 
sufficient oxygen molecules to participate in the reaction. 
Furthermore, the continuous depletion of oxygen during 
PDT aggravates tumor hypoxia again. Therefore, allevi-
ating tumor hypoxia is 1 of the key methods to improve 
the efficacy of PDT. There are three main strategies to 
design nanoparticles to overcome tumor hypoxia, such as 
exogenous oxygen delivery, in situ oxygen generation and 
reduction of oxygen consumption [62].

In situ oxygen generation
Hypoxia-induced metabolic shift in BC cells also pro-
duces higher amounts of H2O2 and leads to acidosis [63, 
64]. Catalase (CAT) can catalyze the decomposition of 
endogenous H2O2 overexpressed in tumor tissues to gen-
erate oxygen. In addition, many metal-based nanozymes 
including Pt [65], Mn [39], prussian blue (PB) [66] and 
Fe [67] based nanozymes possess CAT-like properties. 
MnO2 can catalyze the decomposition of H2O2 to gener-
ate oxygen and itself also decomposes under acidic con-
ditions to release Mn2+ ions that serve as a good contrast 

reagent for magnetic resonance imaging (MRI) [68, 69]. 
Lin et al. fabricated HSA-MnO2-Ce6 NPs by self-assem-
bly, consisting of MnO2, Ce6 (chlorin e6, a NIR-activated 
second-generation PS with high quantum yield) and HSA 
(human serum albumin, a famous drug carrier protein 
with good biocompatibility) (Fig.  2a) [39]. In  vivo study 
on an orthotopic BC mouse model (Fig.  2b), which can 
more closely simulate the natural TME and presence of 
supporting cells, a large amount of oxygen was in  situ 
generated in tumor tissues after systemic intravenous 
injection of HSA-MnO2-Ce6 NPs (Fig.  2c), and more 
complete tumor ablation and longer lifespan in mice than 
controls was observed after PDT.

Reduction of oxygen consumption
Intravesical instillation therapy has been an indispensable 
approach for the treatment of BC to avoid systemic toxic 
side effects of intravenous administration [70]. There-
fore, intravesical PDT for BC has potential to improve 
local PSs concentrations and alleviate skin phototoxic-
ity. Wu and coworkers previously reported that fluori-
nated chitosan (FCS) could be utilized for intravesical 
instillation to efficiently transmucosal transport proteins 
by reversibly modulating the tight junctions of the blad-
der epithelium [71]. Therefore, they developed a 2-step 
self-assembly approach to form a kind of transmucosal 
nanophotosensitizers named HSA-Ce6/NTZ/FCS NPs 
(HSA for human serum albumin, NTZ for nitazoxanide) 
by simply mixing HSA-Ce6 with NTZ and FCS sequen-
tially (Fig.  2d) [40]. Herein, HSA was used to improve 
biocompatibility, and NTZ, an FDA-approved anti-hel-
minth drug that has been shown to be an effective regu-
lator for mitochondrial respiration and crucial metabolic 
signaling [72, 73], was used to alleviate tumor hypoxia for 
enhanced PDT. Prominently improved PDT efficacy was 
achieved after intravesical instillation of HSA-Ce6/NTZ/
FCS NPs in an orthotopic bladder tumor mouse model, 
providing a promising strategy for clinical intravesical 
PDT.

Several kinds of PSs have been approved for clinical 
use [5]. Unfortunately, they have poor tumor selectivity, 
which may cause unwanted side effects and damage to 
healthy tissues [74]. However, traditional PSs can be skill-
fully modified to enable passive or active tumor targeting.

Improvement of  targeted tumor cellular internaliza‑
tion  Targeted drug delivery to tumor tissue has long 
been a critical issue in medicine [75], which consists of two 
parts, one is to increase drug accumulation in tumors and 
the other is to reduce non-specific distribution of drugs. 
Modification of PSs (or sonosensitizers) with targeting 
peptides to target proteins overexpressed on the surface 
of tumor cells is one of the most straightforward strate-
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gies [41–44]. In addition, nanoparticles endowed with 
the ability to release drugs in response to endogenous or 
exogenous stimulus through nanobiotechnology have also 
been employed to increase drug accumulation in tumor 

tissue [76–80]. Recently, imparting a biomimetic coating 
to the surface of nanoparticles has gradually proven to be 
a promising approach to achieve targeted drug delivery 
[81, 82].

Fig. 2  a-c Schematic illustrations of the synthesis of HSA-MnO2-Ce6 NPs (a) and NPs-mediated enhanced PDT for orthotopic BC (b) by alleviating 
hypoxia (c). Reprinted with permission [39]. Distributed under a Creative Commons Attribution (CC BY-NC 4.0) license. d Schematic illustration of 
the synthesis of HSA-Ce6/NTZ/FCS NPs and enhanced intravesical PDT for orthotopic BC by transmucosal NPs delivery. Reprinted with permission 
[40]. Copyright 2021, American Chemical Society
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Cell surface protein‑targeted delivery
Galectin-1 protein is known to be overexpressed in many 
tumor tissues (e.g., bladder tumors) [83, 84]. Based on the 
understanding of that, Pereira et al. developed a targeted 
porphyrin, PorGal8, conjugated with dendritic units of 
galactose that has a high affinity to galectin-1 proteins 
[41]. They demonstrated the ability of PorGal8 to prefer-
entially accumulate in tumor tissues in a xenograft blad-
der tumor model, which includes mice with UM-UC-3 
cells (containing high levels of galectin-1) (Fig. 3a). They 
also reported another new third-generation PS, a chlorin 
conjugated with galactodendritic units namely ChlGal8, 
with better photochemical and photophysical proper-
ties than PorGal8. Owing to the ability to accumulate in 
the mitochondria, via facilitative glucose transporter 1 
(GLUT1), in the period between single and repeated irra-
diation, ChlGal8 can efficiently enhance the phototoxic-
ity in PDT-resistant HT-1376 cells after repeated PDT 
(Fig. 3b) [42].

αVβ3  integrins are composed of dimeric non-cova-
lently bound transmembrane alpha-v and beta-3 (αVβ3) 
sub-units [85], functioning as receptors for extracellular 
matrix proteins to regulate the migration and survival of 
normal and tumor cells [86]. Known that αVβ3  integrins 
are generally low expressed on epithelial cells and mature 
endothelial cells in normal tissues, but highly expressed 
on the surface of neovascular endothelial cells in bladder 
tumors [87], they have become promising targets for the 
treatment of BC. Lin et  al. performed a high-through-
put one-bead one-compound combinatorial chemistry 
approach to identify a cyclic peptide named PLZ4 (amino 
acid sequence: cQDGRMGFc) that could selectively bind 
to the αVβ3 integrin on BC cells [88, 89]. They modified 
this BC-specific ligand onto the surface of micelles loaded 

with the chemotherapeutic drug paclitaxel, demonstrat-
ing that targeted micelles showed superior antitumor effi-
cacy in comparison to non-targeted drug-loaded micelles 
and free drug both in  vitro and in  vivo [90]. Therefore, 
they designed a BC-targeted nanoparticle platform called 
PLZ4-nanoporphyrin (PNP) for PDT, which consists of 
a newly introduced porphyrin-cholic acid (CA)-polyeth-
ylene glycol (PEG) conjugate (PEG5k-Por4-CA4, provid-
ing photodynamic diagnosis/therapy) and an original 
targeted ligand-cholic acid-polyethylene glycol conju-
gate (PLZ4-PEG5k-CA8, providing molecular targeting) 
(Fig. 3c) [43]. After loading with doxorubicin (DOX), this 
novel PNP-DOX platform exhibited excellent antitumor 
efficacy in an orthotopic patient-derived xenograft (PDX) 
BC mouse model due to the integration of 3 therapeu-
tic modalities, namely photodynamic/photothermal/
chemotherapy.

It is known that PDX models are valuable tools for pre-
clinical drug testing. In PDX models, cancer specimens 
that were surgically removed from patients are trans-
planted in mice to better mimic tumor heterogeneity and 
architecture [91]. Therefore, researches on a PDX model 
have greater potential for clinical translation.

Three αVβ3-integrin-specific peptides, R1 (amino acid 
sequence: cQDGRMGFc), R2 (cGRLKEKKc), and R3 
(RrRKcGRLKEKKc), were obtained by a combinato-
rial chemistry approach. Conjugated with these three 
peptides, respectively, lanthanide-porphyrinato com-
plexes can selectively bind to receptors on the mem-
brane of BC cells with no invasion to normal cells [92]. 
The relatively hydrophobic R2 was conjugated with a 
hydrophilic peptide RrRK, resulting in an amphiphi-
lic R3 with an improved cell membrane permeability. 
Based on this earlier report, Xie et  al. synthesized a 

Fig.3  a Schematic illustration of the phototoxicity of PorGal8 in vitro and in vivo biological models containing high levels of galectin-1 protein. 
Reprinted with permission [41]. Copyright 2016, Elsevier. b Schematic illustration of the design of ChlGal8 and the ability to accumulate in the 
mitochondria by facilitative GLUT1 after repeated PDT. Reprinted with permission [42]. Copyright 2016, American Chemical Society. c Schematic 
illustration of self-assembly of PLZ4-nanoporphyrins and their functional components. Reprinted with permission [43]. Copyright 2016, Elsevier
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porphyrinato-gadolinium complex Gd-PEG-R3, intro-
ducing PEG linker for better biocompatibility [44]. The 
Gd-PEG-R3 complex, showed high efficiency of PDT to 
selectively kill BC cells at the cellular level and inhibit 
bladder tumors in xenograft-bearing nude mice, and 
enhanced the in  vivo “off–on” MRI signal for its low 
initial T1 relaxivity increasing over 17 times upon αVβ3 
binding. Moreover, multifunctional nanoplatforms can 
be well-designed to combine PDT with other therapeutic 
modalities for synergistic therapy.

Combination therapy  As good drug carriers, multi-
functional nanoparticles can rationally combine PDT 
(or SDT) with other therapeutic modalities to improve 
efficacy. Ghosh et  al. synthesized a kind of nanoparti-
cles with hydrophobicity-dependent DNA release and 
photodynamic antitumor activity through non-covalent 
assembly of meso-tetra-4-pyridyl porphine (MTP) with 
single-stranded DNA (ssDNA) [45]. These porphyrin-
DNA nanoparticles (PDN) are stable in aqueous solution 
under physiological conditions and can dissociate upon 
cellular internalization because of the hydrophobic envi-
ronment of cell membrane, which is important for the 
delivery of photosensitizers and DNA-based therapeutic 
payloads. Both light-dependent cytotoxicity in vitro and 
antitumor activity towards BC xenografts in vivo of PDN 
were demonstrated.

It is noted that the most feasible combination thera-
pies are based on combining PDT (or SDT) with clini-
cally mature drugs (such as chemotherapy drugs [46–49], 
inhibitors of specific targets [50–54]). In addition, since 
photothermal therapy (PTT) also employs light as an 
activator, it has also been combined with PDT in some 
studies [93].

Combination with chemotherapy
Neoadjuvant combination chemotherapy (NAC) with 
cisplatin-based combinations is the standard of care for 
patients with resectable invasive BC. However, only cispl-
atin-fit patients are candidates [23]. PI3K inhibition could 
sensitize drug-resistant BC cells to cisplatin and gemcit-
abine treatment in vitro and in vivo. But the development 
of secondary resistance toward the PI3K inhibitor ulti-
mately led to treatment failure like all other targeted ther-
apy [94]. Therefore, it’s urgent to develop a therapeutic 
strategy to overcome the resistance to both chemother-
apy and targeted therapy. PDT has been used in combi-
nation with chemotherapy, anti-angiogenesis therapy, 
and targeted therapy because it is capable of alleviating 
the co-activation and compensation of drug-resistance-
related molecular signaling pathways [95–97]. Huang 
et al. validated the feasibility of combination therapy by 
combining zinc phthalocyanine (ZnPC)-based PDT with 

DOX-based chemotherapy in an in situ-formed thermal-
responsive nanoparticle (TNP) that can co-encapsulate 
ZnPC and DOX, namely TNP/DOX/ZnPC [46]. The cer-
tain synergistic effect of DOX and ZnPC in hydrogel was 
demonstrated both in vitro at cellular level and in vivo on 
a 5637 cells xenograft mouse model, indicating that PDT 
combined with chemotherapeutic drugs is a promising 
combination therapy for BC.

Ding et  al. combined cisplatin, which is widely used 
in BC, with PDT and PTT through self-assembled NPs 
[47]. Aggregation-induced emission luminogens (AIE-
gens) have been widely studied as  PSs  for tumor treat-
ment [98]. BITT is a kind of AIEgens, which could not 
only overcome the aggregation-induced quenching effect 
of traditional PSs, but also provide the function of near-
infrared fluorescence imaging (NIRFI). To reduce the 
side effect of cisplatin, they employed Pt-2COOH (DSP), 
a cisplatin(IV) prodrug that can be reduced to cisplatin 
(II) by a large amount of reducing agents such as GSH 
in cancer cells [99]. Biocompatible and biodegradable 
bovine serum albumin (BSA) was applied as a nanocar-
rier, loaded with BITT and DSP, to construct a NIRFI-
guided photo-enhanced BC treatment (Fig.  4a, b). The 
in  vitro and in  vivo experimental results demonstrated 
that the multifunctional BITT@BSA-DSP NPs can pro-
mote efficient visualization of tumor regions and signifi-
cantly inhibit bladder tumor growth.

In terms of overcoming drug resistance, a novel mul-
tifunctional nanoparticle, Pheophorbide a (Ppa)-hydra-
zone-DOX (PhD) NPs, was developed by self-assembly 
of dimers formed by DOX conjugated to Ppa through a 
hydrazone bond, with PEGylation cross-linkage intro-
duced onto the surface of NPs [48]. The PhD NPs exhib-
ited a pH-responsive feature because the hydrazone bond 
is relatively stable under physiological pH conditions and 
can be cleaved to release DOX in an acidic (pH 5.0–6.0) 
TME (Fig. 4c). Furthermore, Ppa could mediate PDT and 
PTT upon laser activation to overcome the drug resist-
ance. Based on a previous research, the BL269 xenografts 
BC model with a PI3K mutation that was initially sen-
sitive to a PI3K inhibitor (GDC-0941) later developed 
resistance to the PI3K inhibitor due to the upregulation of 
extracellular signal-regulated kinase (Erk) pathway [94]. 
Herein, it was confirmed in chemo- and GDC-resistant 
PDX BC models that PhD NPs-mediated-photochemo-
therapy suppressed both Erk and protein kinase B (Akt) 
pathways to overcome drug resistance and resulted in BC 
eradication (Fig. 4c) [48].

Moreover, in order to facilitate the effect of drug on the 
tumor, Tan et al. designed an enzyme-responsive multi-
functional nanoparticle, poly (OEGMA)-PTX prodrug@
Ce6 (NPs@Ce6), composed of a  photosensitizer  chlorin 
e6 (Ce6) and a cathepsin B-responsive polymer-paclitaxel 
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(PTX) prodrug by self-assembly (Fig.  4d) [49]. The pol-
ymer prodrug poly (OEGMA)-PTX can be cleaved to 
specifically release PTX by cathepsin B that is relatively 
overexpressed in BC cells. Ce6 could mediate both pho-
tochemical internalization (PCI) induced by short-term 
irradiation and PDT induced by long-term irradiation. 
The PCI effect contributed to cellular uptake and tis-
sue penetration of NPs@Ce6, and thus the chemo-PDT 
enhanced by two-stage irradiation showed synergistic 
tumor inhibition in PDX BC models and induced cell 
death by blocking cell mitosis, promoting cell apoptosis 
and damaging DNA (Fig. 4e).

Combination with targeted therapy
Heat shock protein 90 (HSP90) functions as molecular 
chaperones, guiding the folding, intracellular disposi-
tion, and proteolytic turnover of many key regulators of 
cell growth, differentiation, and survival. HSP90 is con-
stitutively overexpressed in tumor cells and is considered 
critical for tumor cell growth and survival, which has 
been evaluated as an important target for cancer therapy 
[100, 101]. Studies have shown that the combination of 
an HSP90 inhibitor 17-allylamino-17-demethoxygeldan-
amycin (17-AAG) with PDT can improve the antitumor 
effect of PDT, because PDT can induce the expression 

Fig. 4  a Schematic illustration of the synthesis of BITT@BSA-DSP NPs and cisplatin release. b Strategy used for NIRFI-guided photo-enhanced 
chemotherapy for bladder cancer. Reprinted with permission [47]. Copyright 2022, American Chemical Society. c Schematic illustration of 
two-stage degradation of PhD NPs to release DOX and PhD NPs-mediated photochemotherapy blocked both Akt and Erk pathways to overcome 
the resistance of chemotherapy and PI3K inhibitor (GDC-0941). Reprinted with permission [48]. Copyright 2020, John Wiley and Sons. d Schematic 
illustration of the construction of a bladder cancer PDX model, degradation of the poly (OEGMA)-based polymer prodrug in response to cathepsin 
B to release PTX and self-assembly of NPs@Ce6. e NPs@Ce6-mediated PCI and PDT under short- and long-term irradiation, respectively, have a 
synergistic anti-tumor effect with PTX-mediated chemotherapy and induce cell death by blocking cell mitosis, promoting cell apoptosis and 
damaging DNA. Reprinted with permission [49]. Copyright 2021, Elsevier
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of various pro-survival and angiogenic signaling path-
way proteins, such as Akt, hypoxia-inducible factor 1α 
(HIF-1α) and vascular endothelial growth factor (VEGF) 
in tumor tissues, which are HSP90-dependent client pro-
tein [101–103]. Li and his coworkers designed a novel 
17-AAG-loaded nanoporphyrin platform (NP-AAG), 
improving the treatment outcome of PCa by integrating 
PDT, PTT and targeted therapy in a nanoparticle [103]. 
Inspired by its efficacy in PCa, they continued to inves-
tigate the synergistic effect of NP-AAG against BC cell 
lines, and further demonstrated its excellent efficacy on 
a PDX BC mouse model [50]. The improved efficacy is 
attributed to the targeted delivery of 17-AAG to tumor 
tissues, which not only inhibited the PDT/PTT-induced 
HIF-1α, but also down-regulated several cancer-promot-
ing signaling molecules, such as Akt, Src and Erk in BC 
(Fig. 5a).

One of the potential therapeutic targets of BC is epi-
dermal growth factor receptor (EGFR), which is up to 
74% overexpressed in BC tissue specimens but lower in 
normal urothelium [104, 105]. Overexpression of EGFR 
in BC has been shown to be associated with poor clini-
cal prognosis [106]. EGFR is located in the basal layer 
of urothelial cells in normal urothelium, but is present 
in both the luminal and basal layers of urothelial cells in 
BC [107], making targeted intravesical therapy a poten-
tial option for BC treatment. Two main types of EGFR 
inhibitors have been reported, including monoclonal 
antibodies [108], and tyrosine kinase inhibitors [109]. 
Railkar et al. reported a molecular targeted PDT named 
photoimmunotherapy (PIT) targeting EGFR-expressing 
BC cells via conjugating the anti-EGFR humanized anti-
body panitumumab with a PS, IRDye700Dx (IR700) [51]. 
IR700 is different from traditional PSs and itself has no 

Fig. 5  a Schematic illustration of self-assembly of nanoporphyrin loaded with 17-AAG and it-mediated trimodal therapy (PDT, PTT and targeted 
therapy) blocked HIF-1α, Akt, Src and Erk pathways. Reprinted with permission [50]. Copyright 2018, Elsevier. b Schematic illustration of the structure 
of erlotinib-photosensitizer conjugates and conjugates-mediated PET imaging and fluorescence-guided PDT for tumor eradication. Reprinted with 
permission [52]. Copyright 2019, American Chemical Society
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therapeutic effect for its hydrophilic property prevent-
ing it from freely entering cells, thereby avoiding gener-
alized phototoxicity when activated by NIR light. At the 
same time, panitumumab-IR700 conjugates can selec-
tively bind to EGFR-expressing cells and induce cell death 
upon NIR activation. They demonstrated the panitu-
mumab-IR700-induced PIT leads to cell death in EGFR-
expressing cells and the cytotoxic effect depends on the 
amount of EGFR expressing in cells. Cheruku et al. fab-
ricated an EGFR-targeted multifunctional PS, showing 
EGFR target specificity by being conjugated with an erlo-
tinib moiety [52]. Erlotinib is a tyrosine kinase inhibi-
tor that has been clinically approved. The erlotinib-PS 
conjugates showed excellent long-term tumor cure in 
combination with positron emission tomography (PET) 
imaging ability in severe combined immunodeficient 
(SCID) mice bearing UM-UC-3 (EGFR-positive) tumors 
(Fig. 5b).

It has been reported that BC is one of the most molec-
ularly heterogeneous cancers with a high mutation rate 
[110]. Therefore, PIT with combined targets may have a 
stronger therapeutic effect on BC than PIT with a sin-
gle target. HER2 is another potential target for PIT and 
is mainly overexpressed in the luminal subtypes of BC, 
while the basal/squamous subtypes of BC show enrich-
ment in EGFR [111]. A combination of EGFR- and HER2-
targeted PIT was proposed to target a broader range of 
bladder tumors with IR700-conjugated panitumumab 
(pan) and trastuzumab (tra), respectively [53]. Combina-
tion of pan-IR700 and tra-IR700 showed the strongest 
antitumor effects than either agent alone both in  vitro 
and in vivo.

Expression of EGFR was only detected in BC with squa-
mous differentiation and pure squamous cell carcinomas 
of bladder [112, 113], while CD47 was found expressed 
in all human bladder tumors examined in characteriza-
tion of bladder tumor-initiating cells [114], with absence 
from luminal normal urothelium [115], making it a more 
broadly applicable BC target for PIT. CD47 is a “don’t eat 
me” marker on the surface of all human solid tumor cells 
and functions as a ligand for signal regulatory protein-α 
(SIRPα), a protein expressed on macrophages and den-
dritic cells [116, 117]. Monoclonal antibodies (mAbs) 
that block the interaction between CD47 and SIRPα ena-
bled the phagocytosis of human solid tumor cells in vitro 
and inhibited both growth and metastasis of tumors 
in  vivo [118]. Anti-CD47-IR700, a mouse anti-human 
CD47 mAb-IR700 conjugate, mediated CD47-targeted 
NIR-PIT, that induced light-dose-dependent cytotoxicity 
in CD47-expressing human BC cell lines and primary BC 
cells from fresh surgical specimens, and showed promi-
nent in vivo tumor inhibition and resulted in significantly 

longer survival compared with the control animals after 
five rounds of PIT [54].

PDT for prostate cancer
PCa was estimated to account for almost 1.4 million new 
cases and 375,000 deaths worldwide, and has become the 
second most common cancer and the fifth leading cause 
of cancer death among men in 2020 [21]. Prostate is a 
small, peanut-like encapsulated organ that helps achieve 
high local drug concentration and prevent unwanted 
side effects and toxicity from the extracapsular tissues 
[119]. It can be accessed by relatively non-invasive pro-
cedures, such as transurethral route, transrectal route 
and transperineal route [120]. The blood perfusion rate 
to the prostate is relatively slow (i.e., 16 mL per minute 
per 100 g) [121], compared with other major organs like 
liver and kidney [122]. These anatomical and physiologi-
cal features of the prostate make it a potential candidate 
for localized PDT utilizing nanobiotechnology. Emerging 
strategies of nanobiotechnology-enhanced PDT for PCa 
over the past 10 years are summarized in Table 2.

Improvement of  targeted tumor cellular internaliza‑
tion  Cell surface protein‑targeted delivery
Prostate-specific membrane antigen (PSMA), overex-
pressed on the membrane surface of most PCa cells 
instead of normal tissue cells, is a sort of type II trans-
membrane glycoprotein receptor possessing sequence 
and structural homology with transferrin receptors [135]. 
Given the specificity of its distribution, numerous ligands 
or antibodies have been developed to be applied to vari-
ous cancer imaging and treatment methods for increasing 
targeting and efficacy [136]. Tadanobu et al. synthesized 
IR700-conjugated anti-PSMA as a novel mAb-photo-
absorber conjugate (APC) by combining hydrophilic sil-
ica-phthalocyanine dye-IR700 with anti-human PSMA 
[123]. The innovative APC demonstrates considerable 
tumor cell killing and fluorescence imaging in vitro and 
vivo models. Lutje et  al. conjugated the anti-PSMA 
mAb D2B labeled with 111In with the photosensitizer 
IRDye700DX (called 111In-DTPA-D2B-IRDye700DX) 
for both pre- and intra-operative tumor localization and 
eradication of (residual) tumor tissue [124]. The dual 
imaging capability of radionuclide and NIR fluorescence 
imaging and photodynamic efficacy were validated in the 
mouse xenograft model (Fig. 6a, b).

Movement of small-Molecule PSMA inhibitors is 
another therapeutic strategy to target PSMA. Com-
pared with antibodies, small-molecule PSMA ligands 
hold advantages of easy synthesis and low cost. Most 
structures of small-molecule PSMA ligands are based 
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on glutamate–urea–lysine dimers and phosphonami-
dothionate derivatives of glutamic acid [137]. Several 
researches combine photosensitizers with PSMA-specific 
ligands to enhance the distribution of photosensitizers 
at tumor sites. Wang et  al. formed two sorts of PSMA-
targeting PDT conjugates named PSMA-1-Pc413 and 
PSMA-1-IR700 by connecting Pc413 (a kind of phthalo-
cyanine analogs) and IR700 with a peptide-based nega-
tively charged PSMA ligand (PSMA-1, which the amino 
acid sequence is Glu-CO-Glu’-Amc-Ahx-Glu-Glu-Glu-
Lys-NH2) [125]. Derks et  al. synthesized 13 novel mul-
timodal glutamate-urea-lysine-base PSMA-targeting 
ligands using solid-phase chemistry, and the ligands were 
coupled to IRDye700DX and labeled with 111In [126]. 
They demonstrated that the best ligands—N064, N140 
and N142 showed excellent radionuclide and fluores-
cence imaging performance in PSMA-positive tumors 
and great photodynamic efficacy. In their another study, 
the glutamic acid of PSMA-617, PSMA-1007 (the cur-
rent PSMA targeting tracers) was replaced with a lysine 
residue for enhancing molecular tumor targeting [127]. 
Linker modification significantly improved tumor accu-
mulation compared to previously developed PSMA-
N064 ligand. In view of the high extinction coefficients 
in the NIR region, bacteriochlorophyll (BChI) derivatives 
are more applicable for imaging and photodynamic ther-
apy than many photosensitizers for tumors located at a 

distance from the skin [138]. Overchuk et al. developed 
a BChI-based PSMA-targeted photosensitizer (BPP) 
[128]. BBP was consisting of three building blocks: (1) 
a PSMA-affinity ligand, (2) a peptide linker to prolong 
plasma circulation time, and (3) a BChI photosensitizer 
(Qy absorption maximum at 750  nm) (Fig.  6c). The 9 
D-peptide linker prolonged the plasma circulation time 
(12.65 h) of BPP and increased the accumulation of pho-
tosensitizers at tumor sites. In a subcutaneous prostate 
adenocarcinoma mouse model, BPP demonstrated pre-
cise image-guided photodynamic treatment. Chen et  al. 
synthesized a low-molecular-weight theranostic pho-
tosensitizer called YC-9 by conjugating IRDye700DX 
N-hydroxysuccinimide (NHS) ester with a PSMA tar-
geting Lys-Glu urea through a lysine-suberate linker in 
suitable yield [129]. Significant tumor growth delay and 
extended median survival of the PSMA+ PC-3-PIP tumor 
mice were observed by PDT with YC-9.

Integrins are heterodimeric proteins with α and β 
chains, anchored on the cell surface and involved in 
intercellular adhesion and signal transduction. Numer-
ous studies have shown that integrin αVβ3 is overex-
pressed in solid tumors and on neovascular endothelium 
and is activated by thyroid hormones to activate down-
stream Erk1/2 [139, 140]. The integrin αVβ3 signaling 
network promotes the proliferation and metastasis of 
various tumor cells [21, 141]. In light of the differential 

Fig. 6  a NIRF (top) and µSPECT/CT (bottom) in mice (different mice per time point were used) with s.c. LS174T-PSMA tumors at 24, 48, 72, and 
168 h after injection of 30 µg of 111In-DTPA-D2B-IRDye700DX. b Comparison of tumor growth in mice irradiated with the highest NIR light dose 
(3 × 150 J/cm2) only (control group) and mice treated with a single administration of the conjugate followed by NIR light exposure of 3 × 150 J/
cm2. Reprinted with permission [124]. Distributed under a Creative Commons Attribution (CC BY-NC 4.0) license. c Chemical structure of 
BChl-peptide-PSMA (BPP). Reprinted with permission [128]. Copyright 2019, John Wiley and Sons. d Schematic illustration of the preparation of 
PGL-MB and its transformation from microbubbles to nanoparticles under exposure to low-frequency ultrasound (LFUS). e Schematic illustration 
of in vivo PDT under the guidance of contrast enhance ultrasound (CEUS) imaging, followed by US-controlled accumulation. Reprinted with 
permission [76]. Distributed under a Creative Commons Attribution (CC BY-NC 4.0) license
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expression of integrin αVβ3 between tumor and normal 
tissue, Li et  al. combined pyropheophorbide-a (Pyro) 
with a cyclic cRGDfk (cRGD) peptide, an integrin-bind-
ing sequence, to improve the targeting ability of Pyro 
[130]. A highly hydrophilic PEG chain and an extra 
strongly hydrophilic carboxylic acid group were used as 
the linker to optimize the pharmacokinetics of the com-
pound in blood. A magnificent tumor enrichment prop-
erty and tumors tumor elimination after only one dose of 
PDT have been observed in the xenograft murine tumor 
model.

ALA-based photodynamic technology has been proven 
to have broad clinical value in PDT and PD. Intracy-
toplasmic ATP-binding cassette (ABC) subfamily B 
member 6 (ABCB6) transports exogenous ALA to mito-
chondria to produce PpIX. In tumor cells, activation of 
the ALA influx transporter of peptide transporter 1 
(PEPT1) and inactivation of ABC superfamily G member 
2 (ABCG2), which excretes PpIX, further exacerbates the 
accumulation of PpIX in tumor cells. PpIX is photoac-
tive and produces red fluorescence in tumor cells [142]. 
Fidanzi-Dugas et  al. conjugated PpIX with polyamines 
(PAs) to synthesize a novel photosensitizer PpIX-PA 
because PAs were actively transported into cancer cells 
through the up-regulated polyamine transport system 
(PTS) expressed on the cell surface [131]. The experi-
mental results showed that PpIX-PA could induce the 
intrinsic pathway of apoptosis in vitro and inhibit tumor 
growth in a nude mouse xenograft model.

Endogenous stimulus‑responsiveness
As a member of the serine protease family, the urokinase 
plasminogen activation (uPA) has been confirmed by sev-
eral researchers to play a role in promoting the invasion 
of PCa [143–145]. uPA is activated by binding to uPA 
receptors (uPAR) and converts the inactive enzyme plas-
minogen into the active serine protease plasmin, which 
engages in the degradation of extracellular matrix (ECM) 
and promotes cancer invasion and metastasis [146]. A 
high abundance of uPA in PCa site can act as an activator 
of photosensitizer prodrugs. Zuluaga et  al. synthesized 
innovative uPA-responsive photosensitizer prodrugs 
named uPA-PPP by conjugating pheophorbide a with 
peptide linkers that can be cleaved by uPA [77]. Differ-
ent side chain modifications (mPEG 20 kDa, mPEO4 and 
mPEO8) were used to improve the water-solubility and 
bioavailability of uPA-PPP. In their another research, they 
evaluated the in vitro phototoxicity of uPA-PPP in PC-3 
cells and luciferase-transfected PC-3 M-luc-C6 cells and 
in a PCa xenograft model [78]. Prodrugs alone (8 μmol/L) 
had no effect on the viability of PC-3 cells. In vivo experi-
ments showed that the systemic use of the prodrugs 

resulted in a strong fluorescent signal at the tumor site, 
indicating the localization and selective activation of the 
prodrugs in tumor site. High Performance Liquid Chro-
matography (HPLC) analysis of tissue extracts verified 
that the most photoactive Pba-GSGR fragment after 
enzymatic cleavage was present in the tumor site and the 
content in skin or muscle is very low.

Exogenous stimulus‑responsiveness
Conventional ultrasound imaging is difficult to accurately 
identify PCa lesions or detect and evaluate treatment 
effects [147]. Due to the presence of the gas core in the 
structure of microbubbles (MBs), they are widely used 
as contrast agents for ultrasound imaging to improve 
the visualization of tumor lesions [148]. Second, the 
use of low-frequency ultrasound (LFUS) to induce cavi-
tation in MBs can facilitate drug delivery by forming 
transient pores on the cell surface [149]. In view of the 
above advantages, You et al. developed a new strategy to 
combine MBs with PDT—using porphyrin-grafted lipid 
(PGL) mixed with inert fluorocarbon gas to fabricate 
MBs (PGL-MBs) (Fig.  6d) [76]. Under LFUS, PGL-MBs 
showed excellent contrast enhancement for US imag-
ing and were converted into PGL-NPs, avoiding the 
quenching of porphyrin fluorescence. In addition, the 
ultrasound-induced sonoporation effect made PGL-NPs 
further accumulate in the tumor tissue to optimize the 
PDT effect, which resulted in significant tumor suppres-
sion in vitro and in vivo (Fig. 6e).

Combination therapy  Combination with chemotherapy
Gold nanoparticles (GNs) are widely used in cancer 
diagnosis and treatment due to their superior physi-
cal properties [150]. In brief, GNs have the advantages 
of easy surface modification, controllable particle size, 
high drug loading, high biocompatibility and so on, 
which endows GNs with an upsurge of researches in the 
fields of photothermal, photodynamic, chemotherapy 
and immunotherapy for solid tumors [151, 152]. Wang 
et  al. encapsulated the chemotherapeutic agent pacli-
taxel (PTX) in copolymer Pluronic-polyethylenimine 
(Pluronic-PEI) and the system was covered by a gold 
cage (Fig.  7a) [132]. The synthesized PTX-PP@Au NPs 
possessed 4 functions to realize the combination of 
PTT/PDT/chemotherapy: 1) the Pluoronic-PEI assem-
bling into micelles was used as an encapsulator for drugs 
and provided reduction sites for the gold cage to weaken 
toxicity; 2) gold cages with surface plasmon resonance 
peak at NIR region in a broad window qualifying the 
PTT/PDT potentiality; 3) chemotherapy of PTX; 4) the 
expression of transient receptor potential cation chan-
nel subfamily V member 6 (TRPV6) was inhibited for 
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revising androgen resistance. Moreover, Tan et al. loaded 
IR820 and docetaxel (DTX, a specific cell cycle chemo-
therapeutic agent) on gold nanostars (GNS) coated with 
PEG and functionalized with CD133 antibody to obtain 
GNS@IR820/DTX-CD133 (Fig.  7b) [133]. CD133 is a 
membrane glycoprotein expressed on the surface of PCa 
stem cells (PCSCs), which have been linked to the occur-
rence of castration resistant prostate cancer (CRPC) 
[153]. The PEG modified on the nanoplatform enhanced 
its drug loading efficiency and acted as the attachment 
site of CD133 antibody for improving the tumor site 
targeting ability. The synthetic nanoplatform integrat-
ing the PTT/PDT/chemotherapy strategies with NIR 
fluorescence and photoacoustic imaging (PAI) achieves 
excellent antitumor effects of CRPC (Fig. 7c, d).

Lian et al. encapsulated IR780 iodide and DTX in HSA 
to form HSA@IR780@DTX for combining PTT and 
PDT with chemotherapy and fluorescence imaging [134]. 
The hydrophobic drug DTX and IR780 induced the self-
assembly of HSA through the hydrophobic interaction 
with the hydrophobic domain of HSA. The xenografted 
prostate tumors on mice treated with HSA@IR780@DTX 
under NIR laser irradiation were eliminated completely 
compared to those treated with chemotherapy alone 
(HSA@DTX and HSA@IR780@DTX without laser) or 
PTT/PDT alone (HSA@IR780 with laser).

PDT for kidney cancer
Combination therapy  There were an estimated 431,000 
new cases and 179,000 deaths of kidney cancer worldwide 
in 2020 [21], and renal cell carcinoma (RCC), a malignant 
tumor originating from the tubular epithelium of the renal 
parenchyma, accounted for more than 90% of such malig-
nancies [154]. As the most lethal of the common uro-
logical cancers, RCC is mainly treated by surgery because 
overall response rates and durable complete responses to 
immunotherapy and targeted therapy remain rare for this 
chemoresistant cancer [155]. There is a large demand for 
new treatments for RCC. A facilely prepared core–shell 
structured TiO2@red phosphorus nanorods (TiO2@RP 
NRs) that can effectively mediate the combined PDT 
and PTT for clear cell RCC (ccRCC) was reported [93]. 
Red phosphorus (RP), a new class of biophotocatalysts, 
displaying great absorption of NIR [156], was deposited 
onto the TiO2 NR surface to extend the absorption range 
of TiO2@RP NRs to NIR. Owing to the synergistic effect 
of PDT and PTT, TiO2@RP NRs could kill both in vitro 
ccRCC cells and in vivo deep ccRCC tumors.

SDT for urological cancers
Unlike PDT, the therapeutic effect of SDT relies on the 
low intensity focused ultrasound-mediated sonosensi-
tizer activation, which further catalyzes the generation 

Fig. 7  a Schematic illustration of gold-caged copolymer nanoparticles as the synergistic PTT/PDT/chemotherapy platform and their potential 
therapeutic mechanism against androgen-resistant prostate cancer cells. Reprinted with permission [132]. Copyright 2019, Elsevier. b Schematic 
illustration of the preparation of GNS@IR820/DTX-CD133 and its synergistic combination therapy (PTT/PDT/chemotherapy) for CRPC under the 
monitoring of multimodal imaging. c The tumor volume in various groups with NIR-light irradiation. d Survival curves of tumor-bearing nude mice 
in various groups after NIR-light irradiation treatment. Reprinted with permission [133]. Copyright 2020, Elsevier
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of ROS [157]. At present, the exact mechanism of ultra-
sonic-mediated ROS generation has not been determined 
yet. There are several possible mechanisms such as sono-
luminescence, pyrolysis, cavitation, and ROS-independ-
ent cytotoxicity [158]. Although many mysteries remain 
to be solved, SDT still attracts the attention of research-
ers as it can subtly circumvent two thorny issues that 
hinder the clinical application of PDT: 1) the weak tissue 
penetration of light, 2) phototoxic side effects when pho-
tosensitizers trapped in the skin are exposed to sunlight. 
In addition, in the treatment of urological tumors (such 
as PCa), unlike PDT requiring the insertion of an opti-
cal fiber from the urethra [159], SDT only needs to place 
the ultrasound probe on the body surface, which will 
undoubtedly reduce the pain of the patient during treat-
ment and enhance the treatment adherence. However, 
the quantum yield of ROS in SDT is relatively lower than 
PDT, which means there is still much room for the devel-
opment of sonosensitizers.

Various types of sonosensitizers, including organic 
molecules, inorganic nanomaterials, hybrid materials 
and metal-based particles, have been extensively investi-
gated in the past few decades, but finding or synthesiz-
ing sonosensitizers with high ROS conversion efficiency 
is still a research hotspot [18, 160]. In addition to using 
SDT alone, researchers also hope to achieve a synergistic 
treatment effect on tumors by combining other therapies, 

such as PDT, PTT, and chemotherapy [80, 161, 162]. 
Unfortunately, there is not a consensus on the standardi-
zation of ultrasound parameters and experimental set-
ups for performing SDT in vitro or in vivo so far [163]. 
Emerging strategies of nanobiotechnology-enhanced 
SDT for BC and PCa over the past 10 years are summa-
rized in Table 3.

SDT for bladder cancer
Improvement of  targeted tumor cellular internaliza‑
tion  NPs with biomimetic surfaces
AIEgens have higher fluorescence quantum yields in 
aggregated and solid states than in isolated states, which 
can be designed to exhibit excellent photosensitization, 
photothermal conversion efficiency and sonodynamic per-
formance [165]. To overcome the hydrophobicity and poor 
tumor-targeting ability of AIEgens, Duo et al. prepared a 
patient-derived microvesicles (MVs)/AIEgens hybrid sys-
tem (AMVs) using DCPy [(E)-4-(2-(7-(diphenylamino)-
9-ethyl-9H-carbazol-2-yl) vinyl)-1-methylpyridin-1-ium 
hexafluorophosphate, AIEgens used in the experiment] as 
a sonosensitizer in SDT (Fig. 8a) [81]. In vitro experiments 
show that AMVs have great performance to induce ROS 
in T24 cells. MVs prepared from patient-derived BC cells 
enhanced the biocompatibility and tumor-targeting ability 
of AIEgens, exhibiting tumor regression in PDX models.

Table 3  Emerging strategies of enhanced SDT for BC and PCa

AIE Aggregation-induced emission; MVs Microvesicles; SDT Sonodynamic therapy; PDX Patient-derived xenograft; CAT​ Catalase; TCPP Meso-tetra(4-carboxyphenyl) 
porphine; FCS Fluorinated chitosan; MB Microbubble; LFUS Low-frequency ultrasound; PAI Photoacoustic imaging; FI Fluorescence imaging; MRI Magnetic resonance 
imaging; PDT Photodynamic therapy; PTT Photothermal therapy; CS Chondroitin sulfate; PSCA Prostate stem cell antigen; US Ultrasound; DOX Doxycycline; FA Folic 
acid

Sonosensitizers Biological model Strategy Result Refs.

AMVs Subcutaneous patient-derived bladder 
tumor tissue sample in nude mice

Combination of AIE-active sonosensi‑
tizer and patient-derived MVs

The superior tumor targeting ability 
and efficient personalized SDT therapy 
on PDX models

[81]

CAT-TCPP/FCS NPs Orthotopic MB49 in C57BL/6 mice CAT loading to alleviate tumor hypoxia; 
FCS as an effective transmucosal deliv‑
ery carrier

Orthotopic bladder tumors under US 
without systemic toxicity

[71]

MVSN-IR825 Subcutaneous and orthotopic PC-3 in 
nude mice

Combination of virus‐mimic surface 
topology and MB‐assisted LFUS; Combi‑
nation of PAI, FI, and MRI; combination 
with PDT and PTT

A successful combined anticancer 
effect with trimodal imaging to deter‑
mine the optimal therapeutic timing

[82]

CS-ss-IR806 (CSR) Subcutaneous PC-3 in nude mice Redox- and hyaluronidase-responsive 
drug delivery; combination with PDT 
and PTT

Superior trimodal anticancer efficacy 
after dual-irradiation compared with 
either monoirradiation strategy

[80]

HPNPs Subcutaneous LNCaP in nude mice pH- and cathepsin B- responsive drug 
delivery

SDT-mediated tumor elimination with 
no adverse effects

[79]

HHSN-C/P-mAb Subcutaneous PC-3 in nude mice PSCA monoclonal antibody conjuga‑
tion; pH-responsiveness; combination 
of US imaging and MRI; combination 
with chemotherapy

High-effective synergistic therapy [164]

TiO2: Gd@DOX/FA Subcutaneous LNCaP in nude mice pH-responsive drug delivery; MRI; com‑
bination with chemotherapy

Smaller tumor sizes of all the nanomed‑
icine groups than free dox (v:v0 = 4.2)

[162]
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Hypoxia alleviation  In addition to the fact that TME 
itself is hypoxic as mentioned above, the process of SDT, 
like PDT, will continue to consume oxygen and aggravate 
hypoxia, and generate negative feedback to limit the effi-
cacy of SDT.

In situ oxygen generation
Due to the penetrating power of ultrasound, sonody-
namic therapy can replace photodynamic therapy that 
requires the use of an endoscope to enter the blad-
der. However, the hypoxic microenvironment of the 
tumor reduces the effect of SDT, which becomes one of 
the problems to be overcome by sonodynamic therapy 
[166]. In order to solve this problem, Li et al. developed 
a transmucosal oxygen-self-production SDT nanoplat-
form, namely CAT-TCPP/FCS NPs, using fluorinated 
chitosan (FCS) to encapsulate sonosensitizer meso-
tetra(4-carboxyphenyl)porphine (TCPP)-conjugated 
CAT by self-assembly (Fig.  8b) [71]. The fluorination of 
the NPs can reversibly modulate the transepithelial elec-
trical resistance (TEER) and open the tight junctions of 
the bladder epithelium, which improves the penetrating 
function of NPs in the bladder mucosa and tumor pen-
etration. The loaded CAT enhances in situ O2 production 
and improves the efficiency of SDT to generate ROS and 
inhibit tumors in orthotopic bladder tumors modal.

SDT for prostate cancer
Improvement of  targeted tumor cellular internaliza‑
tion  NPs with biomimetic surfaces
The development of tumor treatment regimens based on 
viral structures has attracted extensive attention from 
researchers. By simulating the surface roughness, charge 

distribution, and glycosylation modification of the virus 
structure, the cellular internalization and immune eva-
sion capabilities of the nanoparticles were significantly 
improved [167]. In view of the advantages above, Wang 
et  al. synthesized virus-like mesoporous silica nanopar-
ticles with a spiky tubular rough surface via a novel sin-
gle-micelle epitaxial growth approach [168]. The surface 
topology of the NPs enhanced intracellular uptake capac-
ity. Microbubble‐assisted ultrasound (MAUS) can instan-
taneously enhance cell membrane permeability and 
improve intracellular uptake of drugs or nanoparticles 
utilizing ultrasonic cavitation [169]. Meng et  al. devel-
oped a novel “intrinsic plus extrinsic superiority” strategy 
by combining virus‐mimic surface topology and MAUS 
that can significantly improve the intratumor accumula-
tion of NPs (Fig. 9a) [82]. The commercial dye molecule 
IR825 was conjugated with the magnetic virus‐mimic 
surface topological mesoporous silica Fe3O4@vSiO2 
(abbreviated as MVSN‐IR825). The Fe3O4 is used as a 
T2 contrast agent of MRI and also can mediate the Fen-
ton reaction to generate ROS. It was demonstrated that 
MVSN-IR825 exhibited the best timing of trimodal PTT/
PDT/SDT, and provided an excellent cancer treatment 
effect in  vitro experiment on subcutaneous and ortho-
topic PC‐3 xenograft tumor models (Fig. 9a).

Endogenous stimulus‑responsiveness
Focal therapy has the advantage of low invasiveness and is 
suitable for the treatment of patients with early-stage PCa 
[170]. In order to enhance the efficacy of focal therapy, 
Hu et al. reported a prodrug nanoplatform with enhanced 
endocytosis, mitochondria-targeted and redox/enzyme-
responsive behavior, where the cyanine dye IR806 was 

Fig. 8  a Schematic illustration of patient-derived microvesicles/AIE Luminogen hybrid system for personalized sonodynamic cancer treatment 
in patient-derived xenograft (PDX) models. Reprinted with permission [81]. Copyright 2021, Elsevier. b Schematic illustration of the preparation 
of CAT-TCPP/FCS NPs and their abilities to enhance transmucosal delivery and improve oxygen generation in SDT for orthotopic bladder tumors. 
Reprinted with permission [71]. Copyright 2020, American Chemical Society
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covalently conjugated to chondroitin sulfate (CS) via the 
redox-sensitive disulfide linkages to prepare an amphi-
philic CS-ss-IR806 (CSR) conjugate (Fig.  9b) [80]. IR806 
is the carboxyl derivative of IR780. It was reported that 
IR780 possesses excellent sonodynamic activity and mito-
chondrial-targeted capability [171]. CS, a natural biode-
gradable polysaccharide, can recognize the glycoprotein 
CD44 receptors overexpressed on tumor cells and can be 
decomposed by hyaluronidase-1 (Hyal-1). In vitro experi-
ment and xenograft human PCa model, timing of trimodal 
PTT/PDT/SDT was observed with laser and ultrasound 
irradiation. The results suggested that CSR NPs were the 
most effective in suppressing tumor growth and killing 
tumor cells while achieving the trimodal synergism.

Cathepsin B, a lysosomal cysteine cathepsin, has been 
found to be hyper-secreted in the tumor environment of 
various solid tumors [172]. Hadi et al. synthesized a novel 
pH- and cathepsin B-responsive nanoparticle (HPNP) by 
self-assembly of poly(L-glutamic acid-L-tyrosine) co-poly-
mer (PGA) with hematoporphyrin (Fig. 9c) [79]. Porphyrin 
analogs can respond to low-intensity ultrasound and gener-
ate ROS to inhibit tumor growth [18]. Low pH in the TME 
stimulates the secretion of cathepsin B from cancer cells, 
which mediated the breakdown of PGA and promoted 
the accumulation of nanoparticles in tumors. In in  vitro 
experiments, the experimental group using HPNPs pos-
sessed higher cytotoxicity and more ROS yield on PCa cells 
(LNCaP and PC-3) than other groups. In xenograft LNCaP 

Fig. 9  a Schematic illustration of the marriage of intrinsic virus-mimic surface topology and extrinsic microbubble‐assisted ultrasound for 
enhanced intratumor accumulation of MVSN-IR825 and it-mediated anticancer treatment by trimodal PTT/PDT/SDT. Reprinted with permission 
[82]. Distributed under a Creative Commons Attribution (CC BY 4.0) license. b Schematic illustration of construction and self-assembly of CSR NPs 
and the functions of as-synthesized CSR NPs under dual sono/photoactivation for trimodal SDT/PDT/PTT against localized PCa. Reprinted with 
permission [80]. Copyright 2021, John Wiley and Sons. c Schematic illustration of the suggested mechanism of the cytotoxic effect induced by 
HPNPs under US irradiation, cathepsin B-responsiveness of HPNPs for improved tumor cellular uptake, and self-assembly of the co-polymer with 
hematoporphyrin for the formation of HPNPs. Reprinted with permission [79]. Distributed under a Creative Commons Attribution (CC BY 4.0) license. 
d Schematic illustration of the preparation of TPZ@HHSN-C/P-mAb and its application for MRI and US imaging and combined SDT&TPZ for tumors. 
Reprinted with permission [164]. Copyright 2018, John Wiley and Sons
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immunodeficient mice model, tumor volume decreased by 
36% after 24 h of ultrasound treatment with HPNPs.

Combination therapy  Combination with chemotherapy
Synthesis of nanoparticles with imaging and therapeutic 
functions to realize the integration of diagnosis and treat-
ment is a popular direction in the field of nanomedicine. 
Nanoparticles synthesized based on Ho3+, due to their 
properties of short electronic relaxation time (10 ~ 13 s) 
and large magnetic moment (≈10.0 µB), have been devel-
oped for MRI at ultrahigh fields [173]. For combining 
diagnosis and treatment in PCa, Wang et  al. developed 
a kind of holmium-doped hollow silica nanospheres 
(HHSN), which was sequentially modified with chlorin 
e6, carboxyl poly(ethylene glycol) silane, and prostate 
stem cell antigen (PSCA) monoclonal antibody (Fig. 9d) 
[164]. The novel nanoparticles, HHSN-C/P-mAb, could 
target PCa cells due to the surface modification of PSCA 
monoclonal antibody. Inner cavity structure and Ho3+ 
doping of hollow silica endowed NPs with dual imaging 
capabilities of US imaging and MRI. Tirapazamine (TPZ), 
an important bioreductive hypoxia-selective cytotoxin, 
can be activated by intracellular reductases to generate 
cytotoxic ROS, leading to DNA fragmentation and cell 
killing in hypoxic environment [174]. While loading TPZ 
in the HHSN-C/P-mAb, the hollow silica spheres could 
be degraded in the acidic tumor environment, thereby 
triggering the release of TPZ at the tumor site. In addi-
tion, the oxygen-consuming SDT exacerbates tumor 
hypoxia and triggers the cytotoxicity of TPZ. What’s 
more, in PC-3 tumor-bearing nude mouse model, HHSN-
C/P-mAb also showed excellent tumor targeting ability, 
US imaging and MRI ability (Fig.  9d). The synergistic 
therapy combining SDT and TPZ greatly demonstrated 
tumor elimination ability of TPZ@HHSN-C/P-mAb.

Non-photobleached, low-toxic and low-cost TiO2 
nanoparticles have been reported to provide ultrasound-
induced ROS generation efficiency [175]. Yuan et  al. 
developed the MRI-guided PCa therapy based on the 
targeted drug nanosystem TiO2:Gd@DOX/FA activated 
by ultrasound [162]. Rare earth Gd were loaded with 
TiO2 for 2 main aims: (1) improving the ROS quantum 
yield of TiO2, and (2) endowing nanoparticles with the 
T1-weighted MRI ability. Folic acid (FA)-modified DOX 
were linked with TiO2:Gd via the hydrazone bond to 
improve the targeted uptake by tumor cells [176]. Due 
to the pH sensitivity of the hydrazone bond, DOX could 
achieve targeted release in acidic TME. The synthetic 
TiO2: Gd@DOX/FA NPs demonstrated high ROS yield, 
pH-dependent drug release sensitivity, T1-MRI contrast 
performance and excellent biocompatibility. Tumor cell 
elimination ability was observed in both vitro and in vivo 
experiments.

Summary of strategies of enhanced PDT/SDT 
for urological cancers
As mentioned above, there are three main strategies 
for enhancing PDT/SDT for urological cancers through 
nanobiotechnology: (1) hypoxia alleviation; (2) improve-
ment of targeted tumor cellular internalization; (3) com-
bination therapy. Due to the hypoxia of TME and the 
oxygen-consuming nature of PDT/SDT, endowing nano-
particles with hypoxia-alleviating ability to improve effi-
cacy is a general strategy applicable to all solid tumors 
and is not tumor-specific. In terms of improvement of 
targeted tumor cellular internalization, attaching target-
ing peptides to nanoparticles to target cell surface protein 
or enabling nanoparticles to release drugs in response 
to endogenous or exogenous stimulus can increase drug 
accumulation in lesions to a certain extent. Although 
these bioconjugated nanoparticles can achieve specific 
binding at the cellular level, they are still recognized by 
the immune system and cleared by the mononuclear 
phagocytic system in the human body [177]. With the 
further development of nanobiotechnology, imparting 
biomimetic coatings to nanoparticles has recently been 
used to overcome this limitation. Unique surface com-
ponents of mammalian cells (e.g., erythrocytes, platelets 
and macrophages) or pathogens (e.g., viruses and bacte-
ria) are most often used to impart biomimetic coatings 
to nanoparticles [178]. In combination therapy, combin-
ing PDT/SDT with clinically mature drugs is promising 
to help overcome resistance to these drugs or to induce 
expression of drug targets [48, 50].

It should be pointed out that this review only provides 
a preliminary classification of each paradigm by a single 
strategy, but in fact most of the paradigms we illustrated 
are a reasonable combination of multiple strategies, pre-
cisely because nanobiotechnology has unique advantages 
in integrating multiple functional components into a 
nanoplatform. PDT/SDT was not developed for specific 
cancer rather than pan-cancer until the further devel-
opment of nanobiotechnology, which endowed nano-
platform-based PDT/SDT with targeting tumor-specific 
surface proteins, characteristic TME-responsiveness and 
integration of specific drugs.

Current status and prospect of clinical translation
At present, the programs of PDT for urological cancers are 
emerging, and several relevant clinical trials have been car-
ried out. The clinical trials of SDT for urological cancers 
have not yet been carried out and a large number of high-
quality preclinical studies are still needed to be developed as 
a foundation. Herein, we mainly discuss the clinical transla-
tion status of PDT for urological cancers. Detailed informa-
tion of PDT for urological cancers is shown in Table 4.
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Porfimer sodium (Photofrin®) is known as first-gen-
eration PS and was approved in Canada for the treat-
ment of BC with PDT as early as 1993 [179]. However, 
shallow tissue penetration depth and prolonged skin 
phototoxicity limited its clinical application and thus 
drove the development of second- and third-generation 
PSs. Higher-purity second-generation PSs designed 
to reduce total drug dose to avoid adverse side effects 
when administered systemically are currently used in 
clinical trials for the treatment of urological cancers. 
5-aminolaevulinic acid (ALA), a precursor of PS PpIX, 
accumulates preferentially in tumor tissues because it 
could induce up to tenfold in vivo PpIX fluorescence in 
malignant than in normal urothelium [180]. Recently, 
ALA-mediated PD had been approved in Japan for the 
management of NMIBC, and has been generally carried 
out to assist TURBT [181]. In a multicenter prospective 
trial in Russia, intraoperative ALA-PDT after TURBT 
reduced 1-year recurrence rate of NMIBC to 22%, supe-
rior to TURBT with traditional adjuvant therapy, such 
as chemotherapy and BCG [182], indicating ALA-PDT 

could be recommended for the treatment of patients 
with NMIBC. Moreover, several other PSs, such as Hex-
aminolevulinate (HAL, Hexvix®, Cysview®) [183], meta-
tetra(hydroxyphenyl)chlorin (m-THPC, Foscan®) [184], 
and motexafin lutetium (Lu-Tex, Lutrin®) [185], were 
investigated in clinical trials for the treatment of BC 
(NCT01303991) or PCa (NCT00005067), but none of 
them have been clinically approved for photodynamic 
urological cancers therapy.

Encouragingly, WST11 (TOOKAD® soluble), a water-
soluble derivative of WST09 (Padeliporfin, TOOKAD®), 
has been approved in Mexico, Israel and 31 countries of 
the EU for the treatment of low-risk PCa [186]. Vascular-
targeted photodynamic therapy (VTP) using WST11 is 
a minimally invasive technique targeting tumor vessels 
rather than its parenchyma. Optical fibers within thin 
hollow needles are positioned in the prostate under ultra-
sound image guidance, and these fibers deliver 753  nm 
laser light that activates intravenously injected WST11 
to generate thrombosis-causing ROS in blood vessels. 
The deprivation of oxygen and nutrients after vascular 

Table 4  Clinical trials of PDT for urological cancers

Data obtained from clinicaltrials.gov (Accessed on April 13, 2022)

NA Not available; C Completed; R: Recruiting; T Terminated; ANR active, not recruiting; W Withdrawn; U Unknown; NMIBC Non-muscle invasive bladder cancer; BC 
Bladder cancer; PCa Prostate cancer

Photosensitizers Conditions Locations Status NCT number

TLD1433 NMIBC refractory to BCG Canada Phase 1 (C) NCT03053635

NMIBC refractory to BCG United States; Canada Phase 2 (R) NCT03945162

Photofrin® Superficial BC United States Phase 1/2 (C) NCT00322699

Hexvix® Intermediate or high-risk BC NA Phase 1 (C) NCT01303991

Motexafin Lutetium Adenocarcinoma of the prostate; recurrent PCa; 
stage I PCa; stage IIA PCa; stage IIB PCa

United States Phase 1 (T) NCT00005067

WST09 PCa Canada Phase 2 (C) NCT00305929

Recurrent or persistent localized carcinoma of 
the prostate following radiation therapy failure

Canada Phase 2 (C) NCT00308919

PCa Canada Phase 2/3 (T) NCT00312442

WST11 PCa Canada; France; United Kingdom Phase 2 (C) NCT00707356

PCa United States Phase 1/2 (C) NCT00946881

PCa France; Netherlands; United Kingdom Phase 2 (C) NCT00975429

PCa Belgium; Finland; France; Germany; Italy; Neth‑
erlands; Spain; Sweden; Switzerland; United 
Kingdom

Phase 3 (C) NCT01310894

PCa Mexico; Panama; Peru Phase 3 (C) NCT01875393

Localized PCa United States Phase 2 (ANR) NCT03315754

Low Risk PCa France Phase 4 (T) NCT03849365

Localized PCa United States Phase 3 (W) NCT04225299

Upper tract urothelial carcinoma United States Phase 1 (ANR) NCT03617003

Renal cancer United Kingdom Phase 1/2 (T) NCT01573156

Transitional cell cancer of renal pelvis and 
ureter

United States; France Phase 3 (R) NCT04620239

Verteporfin Recurrent PCa United States; Canada; United Kingdom Phase 1 (U) NCT03067051
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occlusion leads to cell death and tumor eradication [187]. 
A phase III trial done in 47 European university centers 
and community hospitals (NCT01310894) showed that 
a smaller proportion of patients with low-risk PCa in 
the VTP group had disease progression compared with 
patients in the active surveillance (one of the manage-
ment strategies in men with low-risk PCa) group, and a 
higher proportion had negative prostate biopsy results at 
24 months post treatment [188]. In addition, a phase III, 
single arm trial of WST11 in the treatment of upper tract 
urothelial carcinoma (UTUC) in the USA and France is 
enrolling patients (NCT04620239). TLD1433, a ruthe-
nium polypyridine complex, has currently entered into a 
phase II trial for treating NMIBC with PDT in the USA 
and Canada (NCT03945162). The photophysical features 
of the ruthenium center extend the excited state lifetime 
of the transition metal complex and enable it to func-
tion through oxygen-independent type I reaction [189]. 
The development and translation process of TLD1433, 
which took 6 years from the bench to a clinical trial, has 
many highlights to reference for the scientists, clinicians, 
industrial partners and investors who are working on 
advancing PDT/SDT to clinical translation [190].

The inherent limitations of PDT/SDT for urological 
cancers can be summarized as: (1) drug resistance due to 
hypoxic TME; (2) low penetration depth of light into tis-
sues; (3) low accumulation of photosensitizers/sonosen-
sitizers in tumor areas; (4) poor understanding of SDT 
mechanisms; (5) inability to simultaneously treat meta-
static tumors. It is a good idea to overcome these limi-
tations via nanobiotechnology. As previously described, 
targeted third-generation photosensitizers or even mul-
tifunctional photosensitizers/sonosensitizers developed 
by nanobiotechnology have been reported in numerous 
preclinical studies, however, none of them have yet been 
investigated in clinical trials for the treatment of urologi-
cal cancers. There are many reasons why translation from 
bench to bedside is so difficult for nanobiotechnology-
assisted PDT/SDT. First, researchers focus on bottom-up 
synthesis of new compounds or nanoparticles, and then 
apply them to pan-cancer treatment study without a spe-
cific clinical indication. Second, there is no standardized 
parameter for the PDT/SDT process between different 
laboratories, and biological samples are inherently com-
plex and uncontrollable, so the reproducibility of bio-
logical results in such studies is often problematic. Third, 
due to the separation of laboratory research and clinical 
needs, most studies did not evaluate newly developed 
photosensitizers/sonosensitizers together with clinically 
approved drugs. Fourth, most of the current clinical trials 
of PSs use PDT as adjuvant therapy, and the inclusion of 
patients with relapse or resistance to the original treat-
ment led to sample selection bias.

Therefore, researchers should fully communicate with 
clinicians to clarify clinical needs, and then focus on spe-
cific cancer types and subtypes to synthesize and screen 
drugs. At the same time, standardization of in  vitro 
assays is a prerequisite for ensuring the reproducibility of 
biological results. At least a standardized process should 
be used within a laboratory to quantitatively compare 
newly developed photosensitizers/sonosensitizers with 
clinically approved compounds. The key is to leverage the 
strengths of a multidisciplinary team and commercializa-
tion investments for developing a comprehensive suite 
of compounds/nanoparticles, medical devices and PDT/
SDT protocols for target clinical indications. Research-
ers developing these compounds/nanoparticles cannot 
ignore the big picture, they should realize that without 
collaboration with clinicians, oncology biologists, manu-
facturers and investors, the value of these compounds 
will remain in concept but will not actually help patients.

Conclusion
It has been nearly 50 years since PDT was firstly reported 
for the treatment of BC, and its efficacy in the treatment 
of tumors has been proven. WST11 has been approved 
in the EU, Mexico and Israel for the treatment of PCa. 
At the same time, there are several photosensitizers in 
the clinical trials for the treatment of urological cancers. 
However, PDT is not currently available as an alterna-
tive to traditional therapeutic modalities, such as surgery, 
radiotherapy and chemotherapy. SDT is a novel therapeu-
tic modality with a similar working mode to PDT, which 
can overcome the defects of PDT (e.g., skin phototoxic-
ity and shallow penetration depth), but its mechanism is 
still under investigation. There are currently no clinical 
trials of SDT approved for the treatment of urological 
cancers. Thanks to breakthroughs in nanobiotechnology, 
the arsenal of photo/sonosensitizers has expanded. Pre-
clinical studies of nanobiotechnology-assisted PDT/SDT 
for urological cancers have exploded in recent years, and 
it has been demonstrated that by leveraging nanobio-
technology, the inherent limitations of PDT/SDT can be 
overcome and other therapeutic modalities can be com-
bined with PDT/SDT. However, compared with the fiery 
preclinical researches of emerging photo/sonosensitiz-
ers, their clinical translation in the treatment of urologi-
cal cancers is relatively slow, which means that scientists 
in academia should improve this photo/sonosensitizer-
centric approach and collaborate with scientists in other 
fields, clinicians and investors. With the joint efforts of a 
multidisciplinary team, there is a bright future for nano-
biotechnology-assisted PDT/SDT for urological cancer 
patients.



Page 22 of 26Hu et al. Journal of Nanobiotechnology          (2022) 20:437 

Abbreviations
PDT: Photodynamic therapy; SDT: Sonodynamic therapy; ROS: Reactive oxy‑
gen species; PSs: Photosensitizers; UV/vis: Ultraviolet/visible; NIR: Near infrared; 
EU: European union; PCa: Prostate cancer; US: Ultrasound; HIFU: High-intensity 
focused ultrasound; ESWL: Extracorporeal shock wave lithotripsy; BC: Bladder 
cancer; TME: Tumor microenvironment; NMIBC: Non-muscle-invasive bladder 
cancer; MIBC: Muscle-invasive bladder cancer; TURBT: Transurethral resection 
of bladder tumor; HPD: Hematoporphyrin derivative; PD: Photodiagnosis; 
ALA: 5-Aminolevulinic acid; PpIX: Protoporphyrin IX; DFX: Deferoxamine; H2O2: 
Hydrogen peroxide; MRI: Magnetic resonance imaging; HSA: Human serum 
albumin; FCS: Fluorinated chitosan; MTP: Meso-tetra-4-pyridyl porphine; 
ssDNA: Single-stranded DNA; PDN: Porphyrin-DNA nanoparticles; GLUT1: 
Facilitative glucose transporter 1; PNP: PLZ4-nanoporphyrin; CA: Cholic acid; 
PEG: Polyethylene glycol; DOX: Doxorubicin; PDX: Patient-derived xenograft; 
NAC: Neoadjuvant combination chemotherapy; ZnPC: Zinc phthalocyanine; 
TNP: Thermal-responsive nanoparticle; PTT: Photothermal therapy; AIE: Aggre‑
gation-induced emission; AIEgens: Aggregation-induced emission lumino‑
gens; NIRFI: Near-infrared fluorescence imaging; DSP: Pt-2COOH; BSA: Bovine 
serum albumin; Ppa: Pheophorbide a; Erk: Extracellular signal-regulated kinase; 
Ce6: Chlorin e6; PTX: Paclitaxel; PCI: Photochemical internalization; HSP90: 
Heat shock protein 90; 17-AAG​: 17-Allylamino-17-demethoxygeldanamycin; 
HIF-1α: Hypoxia-inducible factor 1α; VEGF: Vascular endothelial growth factor; 
EGFR: Epidermal growth factor receptor; PIT: Photoimmunotherapy; IR700: 
IRDye700Dx; PET: Positron emission tomography; SCID: Severe combined 
immunodeficient; SIRPα: Signal regulatory protein-α; mAbs: Monoclonal anti‑
bodies; PSMA: Prostate-specific membrane antigen; BChI: Bacteriochlorophyll; 
NHS: N-hydroxysuccinimide; Pyro: Pyropheophorbide-a; cRGD: Cyclic cRGDfk; 
ABC: ATP-binding cassette; ABCB6: ATP-binding cassette subfamily B member 
6; PEPT1: Peptide transporter 1; ABCG2: ATP-binding cassette superfamily G 
member 2; PA: Polyamine; PTS: Polyamine transport system; uPA: Urokinase 
plasminogen activation; uPAR: Urokinase plasminogen activation receptors; 
ECM: Extracellular matrix; HPLC: High performance liquid chromatography; 
MBs: Microbubbles; LFUS: Low-frequency ultrasound; PGL: Porphyrin-grafted 
lipid; GNs: Gold nanoparticles; PTX: Paclitaxel; TRPV6: Transient receptor 
potential cation channel subfamily V member 6; DTX: Docetaxel; GNS: Gold 
nanostars; PCSCs: Prostate cancer stem cells; CRPC: Castration resistant 
prostate cancer; PAI: Photoacoustic imaging; RCC​: Renal cell carcinoma; ccRCC​
: Clear cell renal cell carcinoma; RP: Red phosphorus; MVs: Microvesicles; DCPy: 
(E)-4-(2-(7-(diphenylamino)-9-ethyl-9H-carbazol-2-yl) vinyl)-1-methylpyridin-
1-ium hexafluorophosphate; FCS: Fluorinated chitosan; TCPP: Meso-tetra(4-
carboxyphenyl)porphine; CAT​: Catalase; TEER: Transepithelial electrical resist‑
ance; MAUS: Microbubble‐assisted ultrasound; CS: Chondroitin sulfate; Hyal-1: 
Hyaluronidase-1; PGA: Poly(L-glutamic acid-L-tyrosine) co-polymer; PSCA: Pros‑
tate stem cell antigen; TPZ: Tirapazamine; FA: Folic acid; VTP: Vascular-targeted 
photodynamic therapy; UTUC​: Upper tract urothelial carcinoma.

Acknowledgements
Not applicable.

Author contributions
XH and YZ drafted the manuscript, and prepared the tables and figures. 
YL, NW and LZ checked different sections of the manuscript. LZ and XZ 
edited and revised the manuscript. All authors read and approved the final 
manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(Grant No. 11905161), the Hubei Provincial Natural Science Foundation of 
China (Grant No. 2021CFB040), the Health Commission of Hubei Province sci‑
entific research project (Grant No. WJ2021Q041), and the Program of Excellent 
Doctoral (Postdoctoral) of Zhongnan Hospital of Wuhan University (Grant Nos. 
ZNYB2020026, ZNYB2019016).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Center for Evidence‑Based and Translational Medicine, Zhongnan Hospital 
of Wuhan University, Wuhan 430071, China. 2 Department of Urology, Zhong‑
nan Hosptial of Wuhan University, Wuhan 430071, China. 

Received: 19 May 2022   Accepted: 14 September 2022

References
	 1.	 Hu H, Feng W, Qian X, Yu L, Chen Y, Li Y. Emerging nanomedicine-ena‑

bled/enhanced nanodynamic therapies beyond traditional photody‑
namics. Adv Mater. 2021;33:2005062.

	 2.	 Celli JP, Spring BQ, Rizvi I, Evans CL, Samkoe KS, Verma S, et al. Imaging 
and photodynamic therapy: mechanisms, monitoring, and optimiza‑
tion. Chem Rev. 2010;110:2795–838.

	 3.	 Von Tappeiner H. Therapeutische versuche mit fluoreszierenden stoffen. 
Munch Med Wochenschr. 1903;1:2042–4.

	 4.	 Diamond I, Granelli SG, McDonagh AF, Nielsen S, Wilson CB, Jaenicke R. 
Photodynamic therapy of malignant tumours. Lancet. 1972;2:1175–7.

	 5.	 Dolmans DEJGJ, Fukumura D, Jain RK. Photodynamic therapy for cancer. 
Nat Rev Cancer. 2003;3:380–7.

	 6.	 Qian HS, Guo HC, Ho PC-L, Mahendran R, Zhang Y. Mesoporous-silica-
coated up-conversion fluorescent nanoparticles for photodynamic 
therapy. Small. 2009;5:2285–90.

	 7.	 Wang C, Tao H, Cheng L, Liu Z. Near-infrared light induced in vivo pho‑
todynamic therapy of cancer based on upconversion nanoparticles. 
Biomaterials. 2011;32:6145–54.

	 8.	 Vijayaraghavan P, Liu C-H, Vankayala R, Chiang C-S, Hwang KC. Design‑
ing multi-branched gold nanoechinus for nir light activated dual modal 
photodynamic and photothermal therapy in the second biological 
window. Adv Mater. 2014;26:6689–95.

	 9.	 Klibanov AL. Ligand-carrying gas-filled microbubbles: ultrasound 
contrast agents for targeted molecular imaging. Bioconjug Chem. 
2005;16:9–17.

	 10.	 Miller DL, Smith NB, Bailey MR, Czarnota GJ, Hynynen K, Makin IRS, et al. 
Overview of therapeutic ultrasound applications and safety considera‑
tions. J Ultrasound Med. 2012;31:623–34.

	 11.	 Huynh E, Leung BYC, Helfield BL, Shakiba M, Gandier J-A, Jin CS, et al. 
In situ conversion of porphyrin microbubbles to nanoparticles for 
multimodality imaging. Nat Nanotechnol. 2015;10:325–32.

	 12.	 Liberman A, Wang J, Lu N, Viveros RD, Allen CA, Mattrey RF, et al. 
Mechanically tunable hollow silica ultrathin nanoshells for ultrasound 
contrast agents. Adv Func Mater. 2015;25:4049–57.

	 13.	 Yumita N, Nishigaki R, Umemura K, Umemura S. Hematoporphyrin as 
a sensitizer of cell-damaging effect of ultrasound. Jpn J Cancer Res. 
1989;80:219–22.

	 14.	 Yumita N, Nishigaki R, Umemura K, Umemura S. Synergistic effect of 
ultrasound and hematoporphyrin on sarcoma 180. Jpn J Cancer Res. 
1990;81:304–8.

	 15.	 Umemura S, Yumita N, Nishigaki R. Enhancement of ultrasonically 
induced cell damage by a gallium-porphyrin complex, atx-70. Jpn J 
Cancer Res. 1993;84:582–8.

	 16.	 Wang X, Zhang W, Xu Z, Luo Y, Mitchell D, Moss RW. Sonodynamic and 
photodynamic therapy in advanced breast carcinoma: a report of 3 
cases. Integr Cancer Ther. 2009;8:283–7.

	 17.	 Inui T, Makita K, Miura H, Matsuda A, Kuchiike D, Kubo K, et al. Case 
report: a breast cancer patient treated with gcmaf, sonodynamic 
therapy and hormone therapy. Anticancer Res. 2014;34:4589–93.

	 18.	 Son S, Kim JH, Wang X, Zhang C, Yoon SA, Shin J, et al. Multifunctional 
sonosensitizers in sonodynamic cancer therapy. Chem Soc Rev. 
2020;49:3244–61.



Page 23 of 26Hu et al. Journal of Nanobiotechnology          (2022) 20:437 	

	 19.	 Qian X, Zheng Y, Chen Y. Micro/nanoparticle-augmented sonodynamic 
therapy (sdt): breaking the depth shallow of photoactivation. Adv 
Mater. 2016;28:8097–129.

	 20.	 Yang F, Li S, Jiao M, Wu D, Wang L, Cui Z, et al. Advances of light/ultra‑
sound/magnetic-responsive nanoprobes for visualized theranostics of 
urinary tumors. ACS Appl Bio Mater. 2022;5:438–50.

	 21.	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, 
et al. Global cancer statistics 2020: globocan estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA A Cancer J Clin. 
2021;71:209–49.

	 22.	 Ljungberg B, Albiges L, Abu-Ghanem Y, Bensalah K, Dabestani S, 
Fernández-Pello S, et al. European association of urology guidelines on 
renal cell carcinoma: The 2019 update. Eur Urol. 2019;75:799–810.

	 23.	 Babjuk M, Burger M, Capoun O, Cohen D, Compérat EM, Dominguez 
Escrig JL, et al. European association of urology guidelines on non-
muscle-invasive bladder cancer (ta, t1, and carcinoma in situ). Eur Urol. 
2022;81:75–94.

	 24.	 Witjes JA, Bruins HM, Cathomas R, Compérat EM, Cowan NC, Gakis G, 
et al. European association of urology guidelines on muscle-invasive 
and metastatic bladder cancer: summary of the 2020 guidelines. Eur 
Urol. 2021;79:82–104.

	 25.	 Cornford P, van den Bergh RCN, Briers E, Van den Broeck T, Cumber‑
batch MG, De Santis M, et al. Eau-eanm-estro-esur-siog guidelines 
on prostate cancer. Part ii–2020 update: Treatment of relapsing and 
metastatic prostate cancer. Eur Urol. 2021;79:263–82.

	 26.	 Mottet N, van den Bergh RCN, Briers E, Van den Broeck T, Cumberbatch 
MG, De Santis M, et al. Eau-eanm-estro-esur-siog guidelines on prostate 
cancer-2020 update. Part 1: Screening, diagnosis, and local treatment 
with curative intent. Eur Urol. 2021;79:243–62.

	 27.	 Nguyen C, Lairson DR, Swartz MD, Du XL. Risks of major long-term side 
effects associated with androgen-deprivation therapy in men with 
prostate cancer. Pharmacotherapy. 2018;38:999–1009.

	 28.	 Webster WS, Small EJ, Rini BI, Kwon ED. Prostate cancer immunology: 
Biology, therapeutics, and challenges. J Clin Oncol. 2005;23:8262–9.

	 29.	 Zhou J, Rao L, Yu G, Cook TR, Chen X, Huang F. Supramolecular cancer 
nanotheranostics. Chem Soc Rev. 2021;50:2839–91.

	 30.	 Shi J, Kantoff PW, Wooster R, Farokhzad OC. Cancer nanomedicine: 
progress, challenges and opportunities. Nat Rev Cancer. 2017;17:20–37.

	 31.	 Rosenblum D, Joshi N, Tao W, Karp JM, Peer D. Progress and challenges 
towards targeted delivery of cancer therapeutics. Nat Commun. 
2018;9:1410.

	 32.	 Han X, Zheng Y, Yang L. Advancement of photosensitizers for photody‑
namic therapy. J Shanghai Univ Nat Sci Ed. 2017;23:169–78.

	 33.	 Lin Y, Ren J, Qu X. Catalytically active nanomaterials: a promising candi‑
date for artificial enzymes. Acc Chem Res. 2014;47:1097–105.

	 34.	 Sun T, Zhang YS, Pang B, Hyun DC, Yang M, Xia Y. Engineered nano‑
particles for drug delivery in cancer therapy. Angew Chem Int Ed. 
2014;53:12320–64.

	 35.	 Xu Y, Luo C, Wang J, Chen L, Chen J, Chen T, et al. Application of 
nanotechnology in the diagnosis and treatment of bladder cancer. J 
Nanobiotechnol. 2021;19:393.

	 36.	 Kelly JF, Snell ME, Berenbaum MC. Photodynamic destruction of human 
bladder carcinoma. Br J Cancer. 1975;31:237–44.

	 37.	 Kelly JF, Snell ME. Hematoporphyrin derivative: A possible aid in 
the diagnosis and therapy of carcinoma of the bladder. J Urol. 
1976;115:150–1.

	 38.	 Inoue K, Fukuhara H, Kurabayashi A, Furihata M, Tsuda M, Nagakawa K, 
et al. Photodynamic therapy involves an antiangiogenic mechanism 
and is enhanced by ferrochelatase inhibitor in urothelial carcinoma. 
Cancer Sci. 2013;104:765–72.

	 39.	 Lin T, Zhao X, Zhao S, Yu H, Cao W, Chen W, et al. O-2-generating mno2 
nanoparticles for enhanced photodynamic therapy of bladder cancer 
by ameliorating hypoxia. Theranostics. 2018;8:990–1004.

	 40.	 Wang S, Jin S, Li G, Xu M, Deng D, Xiao Z, et al. Transmucosal delivery 
of self-assembling photosensitizer-nitazoxanide nanocomplexes with 
fluorinated chitosan for instillation-based photodynamic therapy of 
orthotopic bladder tumors. ACS Biomater Sci Eng. 2021;7:1485–95.

	 41.	 Pereira PMR, Silva S, Ramalho JS, Gomes CM, Girao H, Cavaleiro JAS, 
et al. The role of galectin-1 in in vitro and in vivo photodynamic therapy 
with a galactodendritic porphyrin. Eur J Cancer. 2016;68:60–9.

	 42.	 Pereira PMR, Silva S, Bispo M, Zuzarte M, Gomes C, Girao H, et al. 
Mitochondria-targeted photodynamic therapy with a galactodendritic 
chlorin to enhance cell death in resistant bladder cancer cells. Biocon‑
jug Chem. 2016;27:2762–9.

	 43.	 Lin T-Y, Li Y, Liu Q, Chen J-L, Zhang H, Lac D, et al. Novel theranostic 
nanoporphyrins for photodynamic diagnosis and trimodal therapy for 
bladder cancer. Biomaterials. 2016;104:339–51.

	 44.	 Xie C, Chau H-F, Zhang J-X, Tong S, Jiang L, Fok W-Y, et al. Bladder cancer 
photodynamic therapeutic agent with off-on magnetic resonance 
imaging enhancement. Adv Ther. 2019;2:1900068.

	 45.	 Ghosh S, Ucer KB, D’Agostino R Jr, Grant K, Sirintrapun J, Thomas MJ, 
et al. Non-covalent assembly of meso-tetra-4-pyridyl porphine with 
single-stranded DNA to form nano-sized complexes with hydropho‑
bicity-dependent DNA release and anti-tumor activity. Nanomed 
Nanotechnol Biol Med. 2014;10:451–61.

	 46.	 Huang Z, Xiao H, Lu X, Yan W, Ji Z. Enhanced photo/chemo combina‑
tion efficiency against bladder tumor by encapsulation of dox and znpc 
into in situ-formed thermosensitive polymer hydrogel. Int J Nanomed. 
2018;13:7623–31.

	 47.	 Ding K, Wang L, Zhu J, He D, Huang Y, Zhang W, et al. Photo-enhanced 
chemotherapy performance in bladder cancer treatment via albumin 
coated aie aggregates. ACS Nano. 2022. https://​doi.​org/​10.​1021/​acsna​
no.​1c107​70.

	 48.	 Yu W, Xue X, Ma A-H, Ruan Y, Zhang H, Cheng F, et al. Self-assembled 
nanoparticle-mediated chemophototherapy reverses the drug resist‑
ance of bladder cancers through dual akt/erk inhibition. Adv Ther. 
2020;3:2000032.

	 49.	 Tan P, Cai H, Wei Q, Tang X, Zhang Q, Kopytynski M, et al. Enhanced 
chemo-photodynamic therapy of an enzyme-responsive prodrug 
in bladder cancer patient-derived xenograft models. Biomaterials. 
2021;277:121061.

	 50.	 Long Q, Lin T-y, Huang Y, Li X, Ma A-h, Zhang H, et al. Image-guided 
photo-therapeutic nanoporphyrin synergized hsp90 inhibitor in 
patient-derived xenograft bladder cancer model. Nanomed Nanotech‑
nol Biol Med. 2018;14:789–99.

	 51.	 Railkar R, Krane LS, Li QQ, Sanford T, Siddiqui MR, Haines D, et al. Epider‑
mal growth factor receptor (egfr)-targeted photoimmunotherapy (pit) 
for the treatment of egfr-expressing bladder cancer. Mol Cancer Ther. 
2017;16:2201–14.

	 52.	 Cheruku RR, Cacaccio J, Durrani FA, Tabaczynski WA, Watson R, Marko A, 
et al. Epidermal growth factor receptor-targeted multifunctional pho‑
tosensitizers for bladder cancer imaging and photodynamic therapy. J 
Med Chem. 2019;62:2598–617.

	 53.	 Siddiqui MR, Railkar R, Sanford T, Crooks DR, Eckhaus MA, Haines D, et al. 
Targeting epidermal growth factor receptor (egfr) and human epider‑
mal growth factor receptor 2 (her2) expressing bladder cancer using 
combination photoimmunotherapy (pit). Sci Rep. 2019. https://​doi.​org/​
10.​1038/​s41598-​019-​38575-x.

	 54.	 Kiss B, van den Berg NS, Ertsey R, McKenna K, Mach KE, Zhang CA, et al. 
Cd47-targeted near-infrared photoimmunotherapy for human bladder 
cancer. Clin Cancer Res. 2019;25:3561–71.

	 55.	 Krammer B, Plaetzer K. Ala and its clinical impact, from bench to bed‑
side. Photochem Photobiol Sci. 2008;7:283–9.

	 56.	 Inoue K, Karashima T, Kamada M, Shuin T, Kurabayashi A, Furihata M, 
et al. Regulation of 5-aminolevulinic acid-mediated protoporphy‑
rin ix accumulation in human urothelial carcinomas. Pathobiology. 
2009;76:303–14.

	 57.	 Ogino T, Kobuchi H, Munetomo K, Fujita H, Yamamoto M, Utsumi T, 
et al. Serum-dependent export of protoporphyrin ix by atp-binding 
cassette transporter g2 in t24 cells. Mol Cell Biochem. 2011;358:297.

	 58.	 Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Can‑
cer. 2011;11:393–410.

	 59.	 Ioachim E, Michael M, Salmas M, Michael MM, Stavropoulos NE, 
Malamou-Mitsi V. Hypoxia-inducible factors hif-1α and hif-2α expres‑
sion in bladder cancer and their associations with other angiogenesis-
related proteins. Urol Int. 2006;77:255–63.

	 60.	 Chai C-Y, Chen W-T, Hung W-C, Kang W-Y, Huang Y-C, Su Y-C, et al. 
Hypoxia-inducible factor-1α expression correlates with focal mac‑
rophage infiltration, angiogenesis and unfavourable prognosis in 
urothelial carcinoma. J Clin Pathol. 2008;61:658–64.

https://doi.org/10.1021/acsnano.1c10770
https://doi.org/10.1021/acsnano.1c10770
https://doi.org/10.1038/s41598-019-38575-x
https://doi.org/10.1038/s41598-019-38575-x


Page 24 of 26Hu et al. Journal of Nanobiotechnology          (2022) 20:437 

	 61.	 Tickoo SK, Milowsky MI, Dhar N, Dudas ME, Gallagher DJ, Al-Ahmadie 
H, et al. Hypoxia-inducible factor and mammalian target of rapamycin 
pathway markers in urothelial carcinoma of the bladder: possible thera‑
peutic implications. BJU Int. 2011;107:844–9.

	 62.	 Wan Y, Fu L-H, Li C, Lin J, Huang P. Conquering the hypoxia limitation for 
photodynamic therapy. Adv Mater. 2021;33:2103978.

	 63.	 López-Lázaro M. Dual role of hydrogen peroxide in cancer: possible 
relevance to cancer chemoprevention and therapy. Cancer Lett. 
2007;252:1–8.

	 64.	 Chiche J, Brahimi-Horn MC, Pouysségur J. Tumour hypoxia induces a 
metabolic shift causing acidosis: a common feature in cancer. J Cell Mol 
Med. 2010;14:771–94.

	 65.	 Zhang Y, Wang F, Liu C, Wang Z, Kang L, Huang Y, et al. Nanozyme deco‑
rated metal–organic frameworks for enhanced photodynamic therapy. 
ACS Nano. 2018;12:651–61.

	 66.	 Yang ZL, Tian W, Wang Q, Zhao Y, Zhang YL, Tian Y, et al. Oxygen-
evolving mesoporous organosilica coated prussian blue nanoplat‑
form for highly efficient photodynamic therapy of tumors. Adv Sci. 
2018;5:1700847.

	 67.	 Lan G, Ni K, Xu Z, Veroneau SS, Song Y, Lin W. Nanoscale metal–organic 
framework overcomes hypoxia for photodynamic therapy primed 
cancer immunotherapy. J Am Chem Soc. 2018;140:5670–3.

	 68.	 Fan W, Bu W, Shen B, He Q, Cui Z, Liu Y, et al. Intelligent mno2 
nanosheets anchored with upconversion nanoprobes for concurrent 
ph-/h2o2-responsive ucl imaging and oxygen-elevated synergetic 
therapy. Adv Mater. 2015;27:4155–61.

	 69.	 Chu C, Lin H, Liu H, Wang X, Wang J, Zhang P, et al. Tumor microenviron‑
ment-triggered supramolecular system as an in situ nanotheranostic 
generator for cancer phototherapy. Adv Mater. 2017;29:1605928.

	 70.	 Shen Z, Shen T, Wientjes MG, O’Donnell MA, Au JLS. Intravesical treat‑
ments of bladder cancer: review. Pharm Res. 2008;25:1500–10.

	 71.	 Li G, Wang S, Deng D, Xiao Z, Dong Z, Wang Z, et al. Fluorinated chi‑
tosan to enhance transmucosal delivery of sonosensitizer-conjugated 
catalase for sonodynamic bladder cancer treatment post-intravesical 
instillation. ACS Nano. 2020;14:1586–99.

	 72.	 Amireddy N, Puttapaka SN, Vinnakota RL, Ravuri HG, Thonda S, 
Kalivendi SV. The unintended mitochondrial uncoupling effects of the 
fda-approved anti-helminth drug nitazoxanide mitigates experimental 
parkinsonism in mice. J Biol Chem. 2017;292:15731–43.

	 73.	 Ripani P, Delp J, Bode K, Delgado ME, Dietrich L, Betzler VM, et al. Thia‑
zolides promote g1 cell cycle arrest in colorectal cancer cells by target‑
ing the mitochondrial respiratory chain. Oncogene. 2020;39:2345–57.

	 74.	 Ris HB, Altermatt HJ, Inderbitzi R, Hess R, Nachbur B, Stewart JC, et al. 
Photodynamic therapy with chlorins for diffuse malignant mesothe‑
lioma: initial clinical results. Br J Cancer. 1991;64:1116–20.

	 75.	 Bae YH, Park K. Targeted drug delivery to tumors: myths, reality and pos‑
sibility. J Control Release. 2011;153:198–205.

	 76.	 You Y, Liang X, Yin T, Chen M, Qiu C, Gao C, et al. Porphyrin-grafted lipid 
microbubbles for the enhanced efficacy of photodynamic therapy in 
prostate cancer through ultrasound-controlled in situ accumulation. 
Theranostics. 2018;8:1665–77.

	 77.	 Zuluaga M-F, Gabriel D, Lange N. Enhanced prostate cancer targeting 
by modified protease sensitive photosensitizer prodrugs. Mol Pharm. 
2012;9:1570–9.

	 78.	 Zuluaga M-F, Sekkat N, Gabriel D, van den Bergh H, Lange N. 
Selective photodetection and photodynamic therapy for prostate 
cancer through targeting of proteolytic activity. Mol Cancer Ther. 
2013;12:306–13.

	 79.	 Hadi MM, Nesbitt H, Masood H, Sciscione F, Patel S, Ramesh BS, et al. 
Investigating the performance of a novel ph and cathepsin b sensitive, 
stimulus-responsive nanoparticle for optimised sonodynamic therapy 
in prostate cancer. J Control Release. 2021;329:76–86.

	 80.	 Hu D, Pan M, Yang Y, Sun A, Chen Y, Yuan L, et al. Trimodal sono/
photoinduced focal therapy for localized prostate cancer: single-
drug-based nanosensitizer under dual-activation. Adv Funct Mater. 
2021;31:2104473.

	 81.	 Duo Y, Zhu D, Sun X, Suo M, Zheng Z, Jiang W, et al. Patient-derived 
microvesicles/aie luminogen hybrid system for personalized sonody‑
namic cancer therapy in patient-derived xenograft models. Biomateri‑
als. 2021;272:120755.

	 82.	 Meng Z, Zhang Y, Shen E, Li W, Wang Y, Sathiyamoorthy K, et al. Mar‑
riage of virus-mimic surface topology and microbubble-assisted ultra‑
sound for enhanced intratumor accumulation and improved cancer 
theranostics. Adv Sci. 2021;8:2004670.

	 83.	 Cindolo L, Benvenuto G, Salvatore P, Pero R, Salvatore G, Mirone V, et al. 
Galectin-1 and galectin-3 expression in human bladder transitional-cell 
carcinomas. Int J Cancer. 1999;84:39–43.

	 84.	 Camby I, Le Mercier M, Lefranc F, Kiss R. Galectin-1: a small protein with 
major functions. Glycobiology. 2006;16:137r-r157.

	 85.	 Mas-Moruno C, Beck JG, Doedens L, Frank AO, Marinelli L, Cosconati S, 
et al. Increasing αvβ3 selectivity of the anti-angiogenic drug cilengitide 
by n-methylation. Angew Chem Int Ed. 2011;50:9496–500.

	 86.	 Jin H, Varner J. Integrins: roles in cancer development and as treatment 
targets. Br J Cancer. 2004;90:561–5.

	 87.	 Liu S, Robinson SP, Edwards DS. Radiolabeled integrin αvβ3 antago‑
nists as radiopharmaceuticals for tumor radiotherapy. In: Krause W, 
editor. Contrast agents iii: Radiopharmaceuticals—from diagnostics to 
therapeutics. Berlin Heidelberg: Springer, Berlin Heidelberg; 2005. p. 
193–216.

	 88.	 Lin T-Y, Zhang H, Wang S, Xie L, Li B, Rodriguez CO, et al. Targeting 
canine bladder transitional cell carcinoma with a human bladder 
cancer-specific ligand. Mol Cancer. 2011;10:9.

	 89.	 Zhang H, Aina OH, Lam KS, de Vere WR, Evans C, Henderson P, et al. 
Identification of a bladder cancer-specific ligand using a combinatorial 
chemistry approach. Urol Oncol Semin Origin Investig. 2012;30:635–45.

	 90.	 Lin T-Y, Li Y-P, Zhang H, Luo J, Goodwin N, Gao T, et al. Tumor-targeting 
multifunctional micelles for imaging and chemotherapy of advanced 
bladder cancer. Nanomedicine. 2013;8:1239–51.

	 91.	 Zhang X, Claerhout S, Prat A, Dobrolecki LE, Petrovic I, Lai Q, et al. A 
renewable tissue resource of phenotypically stable, biologically and 
ethnically diverse, patient-derived human breast cancer xenograft 
models. Cancer Res. 2013;73:4885–97.

	 92.	 Zhou Y, Chan C-F, Kwong DWJ, Law G-L, Cobb S, Wong W-K, et al. Αvβ3-
isoform specific erbium complexes highly specific for bladder cancer 
imaging and photodynamic therapy. Chem Commun. 2017;53:557–60.

	 93.	 Yang C, Zhu Y, Li D, Liu Y, Guan C, Man X, et al. Red phosphorus 
decorated tio2 nanorod mediated photodynamic and photothermal 
therapy for renal cell carcinoma. Small. 2021;17:2101837.

	 94.	 Zeng S-X, Zhu Y, Ma A-H, Yu W, Zhang H, Lin T-Y, et al. The phosphati‑
dylinositol 3-kinase pathway as a potential therapeutic target in blad‑
der cancer. Clin Cancer Res. 2017;23:6580–91.

	 95.	 Spring BQ, Rizvi I, Xu N, Hasan T. The role of photodynamic therapy 
in overcoming cancer drug resistance. Photochem Photobiol Sci. 
2015;14:1476–91.

	 96.	 Yuan Y, Cai T, Xia X, Zhang R, Chiba P, Cai Y. Nanoparticle delivery of 
anticancer drugs overcomes multidrug resistance in breast cancer. 
Drug Deliv. 2016;23:3350–7.

	 97.	 Mao C, Li F, Zhao Y, Debinski W, Ming X. P-glycoprotein-targeted 
photodynamic therapy boosts cancer nanomedicine by priming tumor 
microenvironment. Theranostics. 2018;8:6274–90.

	 98.	 Zhu D, Zhang T, Li Y, Huang C, Suo M, Xia L, et al. Tumor-derived 
exosomes co-delivering aggregation-induced emission lumino‑
gens and proton pump inhibitors for tumor glutamine starvation 
therapy and enhanced type-i photodynamic therapy. Biomaterials. 
2022;283:121462.

	 99.	 Dai Y, Kang X, Yang D, Li X, Zhang X, Li C, et al. Platinum (iv) pro-drug 
conjugated nayf4:Yb3+/er3+ nanoparticles for targeted drug delivery 
and up-conversion cell imaging. Adv Healthcare Mater. 2013;2:562–7.

	100.	 Bagatell R, Whitesell L. Altered hsp90 function in cancer: a unique thera‑
peutic opportunity. Mol Cancer Ther. 2004;3:1021–30.

	101.	 Chaudhury S, Welch TR, Blagg BSJ. Hsp90 as a target for drug develop‑
ment. ChemMedChem. 2006;1:1331–40.

	102.	 Ferrario A, Gomer CJ. Targeting the 90kda heat shock protein improves 
photodynamic therapy. Cancer Lett. 2010;289:188–94.

	103.	 Lin T-Y, Guo W, Long Q, Ma A, Liu Q, Zhang H, et al. Hsp90 inhibitor 
encapsulated photo-theranostic nanoparticles for synergistic combina‑
tion cancer therapy. Theranostics. 2016;6:1324–35.

	104.	 Røtterud R, Nesland JM, Berner A, Fosså SD. Expression of the epidermal 
growth factor receptor family in normal and malignant urothelium. BJU 
Int. 2005;95:1344–50.



Page 25 of 26Hu et al. Journal of Nanobiotechnology          (2022) 20:437 	

	105.	 Chaux A, Cohen JS, Schultz L, Albadine R, Jadallah S, Murphy KM, et al. 
High epidermal growth factor receptor immunohistochemical expres‑
sion in urothelial carcinoma of the bladder is not associated with egfr 
mutations in exons 19 and 21: a study using formalin-fixed, paraffin-
embedded archival tissues. Hum Pathol. 2012;43:1590–5.

	106.	 Nicholson RI, Gee JMW, Harper ME. Egfr and cancer prognosis. Eur J 
Cancer. 2001;37:9–15.

	107.	 Messing EM. Clinical implications of the expression of epidermal 
growth factor receptors in human transitional cell carcinoma. Cancer 
Res. 1990;50:2530–7.

	108.	 Bianco R, Daniele G, Ciardiello F, Tortora G. Monoclonal antibodies 
targeting the epidermal growth factor receptor. Curr Drug Targets. 
2005;6:275–87.

	109.	 Janmaat ML, Giaccone G. Small-molecule epidermal growth factor 
receptor tyrosine kinase inhibitors. Oncologist. 2003;8:576–86.

	110.	 Weinstein JN, Akbani R, Broom BM, Wang W, Verhaak RGW, McConkey 
D, et al. Comprehensive molecular characterization of urothelial blad‑
der carcinoma. Nature. 2014;507:315–22.

	111.	 Dadhania V, Zhang M, Zhang L, Bondaruk J, Majewski T, Siefker-Radtke 
A, et al. Meta-analysis of the luminal and basal subtypes of bladder can‑
cer and the identification of signature immunohistochemical markers 
for clinical use. EBioMedicine. 2016;12:105–17.

	112.	 Guo CC, Gomez E, Tamboli P, Bondaruk JE, Kamat A, Bassett R, et al. 
Squamous cell carcinoma of the urinary bladder: a clinicopatho‑
logic and immunohistochemical study of 16 cases. Hum Pathol. 
2009;40:1448–52.

	113.	 Hayashi T, Sentani K, Oue N, Anami K, Sakamoto N, Ohara S, et al. 
Desmocollin 2 is a new immunohistochemical marker indicative of 
squamous differentiation in urothelial carcinoma. Histopathology. 
2011;59:710–21.

	114.	 Chan KS, Espinosa I, Chao M, Wong D, Ailles L, Diehn M, et al. Identifica‑
tion, molecular characterization, clinical prognosis, and therapeutic 
targeting of human bladder tumor-initiating cells. Proc Natl Acad Sci. 
2009;106:14016–21.

	115.	 Pan Y, Volkmer J-P, Mach KE, Rouse RV, Liu J-J, Sahoo D, et al. Endoscopic 
molecular imaging of human bladder cancer using a cd47 antibody. Sci 
Transl Med. 2014;6:260ra148-260ra148.

	116.	 Jiang P, Lagenaur CF, Narayanan V. Integrin-associated protein 
is a ligand for the p84 neural adhesion molecule*. J Biol Chem. 
1999;274:559–62.

	117.	 Brown EJ, Frazier WA. Integrin-associated protein (cd47) and its ligands. 
Trends Cell Biol. 2001;11:130–5.

	118.	 Willingham SB, Volkmer J-P, Gentles AJ, Sahoo D, Dalerba P, Mitra 
SS, et al. The cd47-signal regulatory protein alpha (sirpa) interaction 
is a therapeutic target for human solid tumors. Proc Natl Acad Sci. 
2012;109:6662–7.

	119.	 Gupta S, Gupta PK, Dharanivasan G, Verma RS. Current prospects and 
challenges of nanomedicine delivery in prostate cancer therapy. Nano‑
medicine. 2017;12:2675–92.

	120.	 Wientjes MG, Zheng JH, Hu L, Gan Y, Au JL-S. Intraprostatic chemo‑
therapy: distribution and transport mechanisms. Clin Cancer Res. 
2005;11:4204–11.

	121.	 Inaba T. Quantitative measurements of prostatic blood flow and blood 
volume by positron emission tomography. J Urol. 1992;148:1457–60.

	122.	 Davies B, Morris T. Physiological parameters in laboratory animals and 
humans. Pharm Res. 1993;10:1093–5.

	123.	 Nagaya T, Nakamura Y, Okuyama S, Ogata F, Maruoka Y, Choyke PL, et al. 
Near-infrared photoimmunotherapy targeting prostate cancer with 
prostate-specific membrane antigen (psma) antibody. Mol Cancer Res. 
2017;15:1153–62.

	124.	 Lutje S, Heskamp S, Franssen GM, Frielink C, Kip A, Hekman M, et al. 
Development and characterization of a theranostic multimodal anti-
psma targeting agent for imaging, surgical guidance, and targeted 
photodynamic therapy of psma-expressing tumors. Theranostics. 
2019;9:2924–38.

	125.	 Wang X, Tsui B, Ramamurthy G, Zhang P, Meyers J, Kenney ME, et al. 
Theranostic agents for photodynamic therapy of prostate cancer 
by targeting prostate-specific membrane antigen. Mol Cancer Ther. 
2016;15:1834–44.

	126.	 Derks YHW, Rijpkema M, Amatdjais-Groenen HIV, Kip A, Franssen GM, 
Sedelaar JPM, et al. Photosensitizer-based multimodal psma-targeting 

ligands for intraoperative detection of prostate cancer. Theranostics. 
2021;11:1527–41.

	127.	 Derks YHW, van Lith SAM, Amatdjais-Groenen HIV, Wouters LWM, 
Kip A, Franssen GM, et al. Theranostic psma ligands with optimized 
backbones for intraoperative multimodal imaging and photodynamic 
therapy of prostate cancer. Eur J Nucl Med Mol Imaging. 2022. https://​
doi.​org/​10.​1007/​s00259-​022-​05685-0.

	128.	 Overchuk M, Damen MPF, Harmatys KM, Pomper MG, Chen J, Zheng 
G. Long-circulating prostate-specific membrane antigen-targeted nir 
phototheranostic agent. Photochem Photobiol. 2020;96:718–24.

	129.	 Chen Y, Chatterjee S, Lisok A, Minn I, Pullambhatla M, Wharram B, et al. 
A psma-targeted theranostic agent for photodynamic therapy. J Photo‑
chem Photobiol B Biol. 2017;167:111–6.

	130.	 Li W, Tan S, Xing Y, Liu Q, Li S, Chen Q, et al. Crgd peptide-conjugated 
pyropheophorbide-a photosensitizers for tumor targeting in photody‑
namic therapy. Mol Pharm. 2018;15:1505–14.

	131.	 Fidanzi-Dugas C, Liagre B, Chemin G, Perraud A, Carrion C, Couquet 
C-Y, et al. Analysis of the in vitro and in vivo effects of photodynamic 
therapy on prostate cancer by using new photosensitizers, protopor‑
phyrin ix-polyamine derivatives. BBA-Gen Subj. 2017;1861:1676–90.

	132.	 Wang Q, Zhang X, Sun Y, Wang L, Ding L, Zhu W-H, et al. Gold-caged 
copolymer nanoparticles as multimodal synergistic photodynamic/
photothermal/chemotherapy platform against lethality androgen-
resistant prostate cancer. Biomaterials. 2019;212:73–86.

	133.	 Tan H, Hou N, Liu Y, Liu B, Cao W, Zheng D, et al. Cd133 antibody 
targeted delivery of gold nanostars loading 18820 and docetaxel for 
multimodal imaging and near-infrared photodynamic/photothermal/
chemotherapy against castration resistant prostate cancer. Nanomed 
Nanotechnol Biol Med. 2020;27:102192.

	134.	 Lian H, Wu J, Hu Y, Guo H. Self-assembled albumin nanoparti‑
cles for combination therapy in prostate cancer. Int J Nanomed. 
2017;12:7777–87.

	135.	 O’Keefe DS, Bacich DJ, Huang SS, Heston WDW. A perspective on the 
evolving story of psma biology, psma-based imaging, and endoradio‑
therapeutic strategies. J Nucl Med. 2018;59:1007–13.

	136.	 Zhang H, Koumna S, Pouliot F, Beauregard JM, Kolinsky M. Psma thera‑
nostics: current landscape and future outlook. Cancers. 2021;13:4023.

	137.	 Rahbar K, Afshar-Oromieh A, Jadvar H, Ahmadzadehfar H. Psma 
theranostics: current status and future directions. Mol Imaging. 
2018;17:1536012118776068.

	138.	 Trachtenberg J, Bogaards A, Weersink RA, Haider MA, Evans A, 
McCluskey SA, et al. Vascular targeted photodynamic therapy with 
palladium-bacteriopheophorbide photosensitizer for recurrent prostate 
cancer following definitive radiation therapy: assessment of safety and 
treatment response. J Urol. 2007;178:1974–9.

	139.	 Cheng TM, Chang WJ, Chu HY, De Luca R, Pedersen JZ, Incerpi S, et al. 
Nano-strategies targeting the integrin αvβ3 network for cancer therapy. 
Cells. 2021;10:1684.

	140.	 Davis PJ, Mousa SA, Schechter GP, Lin HY. Platelet atp, thyroid hormone 
receptor on integrin αvβ3 and cancer metastasis. Horm Cancer. 
2020;11:13–6.

	141.	 Ciardiello C, Leone A, Lanuti P, Roca MS, Moccia T, Minciacchi VR, et al. 
Large oncosomes overexpressing integrin alpha-v promote prostate 
cancer adhesion and invasion via akt activation. J Exp Clin Cancer Res. 
2019;38:317.

	142.	 Inoue K, Fukuhara H, Yamamoto S, Karashima T, Kurabayashi A, Furihata 
M, et al. Current status of photodynamic technology for urothelial 
cancer. Cancer Sci. 2022;113:392–8.

	143.	 Shariat SF, Roehrborn CG, McConnell JD, Park S, Alam N, Wheeler TM, 
et al. Association of the circulating levels of the urokinase system of 
plasminogen activation with the presence of prostate cancer and inva‑
sion, progression, and metastasis. J Clin Oncol. 2007;25:349–55.

	144.	 Dong Z, Saliganan AD, Meng H, Nabha SM, Sabbota AL, Sheng S, et al. 
Prostate cancer cell-derived urokinase-type plasminogen activator con‑
tributes to intraosseous tumor growth and bone turnover. Neoplasia. 
2008;10:439–49.

	145.	 Zou Z, Zeng F, Xu W, Wang C, Ke Z, Wang QJ, et al. Pkd2 and pkd3 
promote prostate cancer cell invasion by modulating nf-κb- and 
hdac1-mediated expression and activation of upa. J Cell Sci. 
2012;125:4800–11.

https://doi.org/10.1007/s00259-022-05685-0
https://doi.org/10.1007/s00259-022-05685-0


Page 26 of 26Hu et al. Journal of Nanobiotechnology          (2022) 20:437 

	146.	 Cozzi PJ, Wang J, Delprado W, Madigan MC, Fairy S, Russell PJ, et al. 
Evaluation of urokinase plasminogen activator and its receptor in differ‑
ent grades of human prostate cancer. Hum Pathol. 2006;37:1442–51.

	147.	 Bouchelouche K, Turkbey B, Choyke PL. Advances in imaging modalities 
in prostate cancer. Curr Opin Oncol. 2015;27:224–31.

	148.	 Wang Y, Cong H, Wang S, Yu B, Shen Y. Development and applica‑
tion of ultrasound contrast agents in biomedicine. J Mater Chem B. 
2021;9:7633–61.

	149.	 Lentacker I, De Cock I, Deckers R, De Smedt SC, Moonen CT. Under‑
standing ultrasound induced sonoporation: definitions and underlying 
mechanisms. Adv Drug Deliv Rev. 2014;72:49–64.

	150.	 Biomedicine WK. The new gold standard. Nature. 2013;495:S14–6.
	151.	 Yang D, Deng F, Liu D, He B, He B, Tang X, et al. The appliances and pros‑

pects of aurum nanomaterials in biodiagnostics, imaging, drug delivery 
and combination therapy. Asian J Pharm Sci. 2019;14:349–64.

	152.	 D’Acunto M, Cioni P, Gabellieri E, Presciuttini G. Exploiting gold 
nanoparticles for diagnosis and cancer treatments. Nanotechnology. 
2021;32: 192001.

	153.	 Vander Griend DJ, Karthaus WL, Dalrymple S, Meeker A, DeMarzo AM, 
Isaacs JT. The role of cd133 in normal human prostate stem cells and 
malignant cancer-initiating cells. Cancer Res. 2008;68:9703–11.

	154.	 Hsieh JJ, Purdue MP, Signoretti S, Swanton C, Albiges L, Schmidinger M, 
et al. Renal cell carcinoma. Nat Rev Dis Primers. 2017;3:17009.

	155.	 Bhatt JR, Finelli A. Landmarks in the diagnosis and treatment of renal 
cell carcinoma. Nat Rev Urol. 2014;11:517–25.

	156.	 Zhang Q, Liu X, Tan L, Cui Z, Yang X, Li Z, et al. A near infrared-activated 
photocatalyst based on elemental phosphorus by chemical vapor 
deposition. Appl Catal B. 2019;258: 117980.

	157.	 Nowak KM, Schwartz MR, Breza VR, Price RJ. Sonodynamic therapy: 
rapid progress and new opportunities for non-invasive tumor cell kill‑
ing with sound. Cancer Lett. 2022;532: 215592.

	158.	 Canavese G, Ancona A, Racca L, Canta M, Dumontel B, Barbaresco F, 
et al. Nanoparticle-assisted ultrasound: a special focus on sonodynamic 
therapy against cancer. Chem Eng J. 2018;340:155–72.

	159.	 Azzouzi AR, Vincendeau S, Barret E, Cicco A, Kleinclauss F, van der Poel 
HG, et al. Padeliporfin vascular-targeted photodynamic therapy versus 
active surveillance in men with low-risk prostate cancer (clin1001 
pcm301): an open-label, phase 3, randomised controlled trial. Lancet 
Oncol. 2017;18:181–91.

	160.	 Wang X, Zhong X, Gong F, Chao Y, Cheng L. Newly developed strategies 
for improving sonodynamic therapy. Mater Horiz. 2020;7:2028–46.

	161.	 Aksel M, Bozkurt-Girit O, Bilgin MD. Pheophorbide a-mediated sono‑
dynamic, photodynamic and sonophotodynamic therapies against 
prostate cancer. Photodiagn Photodyn Ther. 2020;31:101909.

	162.	 Yuan P, Song D. Mri tracing non-invasive tio2-based nanoparticles acti‑
vated by ultrasound for multi-mechanism therapy of prostatic cancer. 
Nanotechnology. 2018;29:125101.

	163.	 Araújo Martins Y, Zeferino Pavan T, Lopez FVR. Sonodynamic therapy: 
ultrasound parameters and in vitro experimental configurations. Int J 
Pharm. 2021;610:121243.

	164.	 Wang Y, Liu Y, Wu H, Zhang J, Tian Q, Yang S. Functionalized holmium-
doped hollow silica nanospheres for combined sonodynamic and 
hypoxia-activated therapy. Adv Funct Mater. 2019;29:1805764.

	165.	 He W, Zhang T, Bai H, Kwok RTK, Lam JWY, Tang BZ. Recent advances 
in aggregation-induced emission materials and their biomedical and 
healthcare applications. Adv Healthc Mater. 2021;10: e2101055.

	166.	 Sundaram A, Peng L, Chai L, Xie Z, Ponraj JS, Wang X, et al. Advanced 
nanomaterials for hypoxia tumor therapy: challenges and solutions. 
Nanoscale. 2020;12:21497–518.

	167.	 Ma XY, Hill BD, Hoang T, Wen F. Virus-inspired strategies for cancer 
therapy. Semin Cancer Biol. 2021. https://​doi.​org/​10.​1016/j.​semca​ncer.​
2021.​06.​021.

	168.	 Wang W, Wang P, Tang X, Elzatahry AA, Wang S, Al-Dahyan D, et al. Facile 
synthesis of uniform virus-like mesoporous silica nanoparticles for 
enhanced cellular internalization. ACS Cent Sci. 2017;3:839–46.

	169.	 Hernot S, Klibanov AL. Microbubbles in ultrasound-triggered drug and 
gene delivery. Adv Drug Deliv Rev. 2008;60:1153–66.

	170.	 Azzouzi AR, Barret E, Bennet J, Moore C, Taneja S, Muir G, et al. Tookad® 
soluble focal therapy: pooled analysis of three phase ii studies assessing 
the minimally invasive ablation of localized prostate cancer. World J 
Urol. 2015;33:945–53.

	171.	 Zhang L, Wang D, Yang K, Sheng D, Tan B, Wang Z, et al. Mitochondria-
targeted artificial “nano-rbcs” for amplified synergistic cancer photo‑
therapy by a single nir irradiation. Adv Sci. 2018;5:1800049.

	172.	 Aggarwal N, Sloane BF. Cathepsin b: multiple roles in cancer. Proteom‑
ics Clin Appl. 2014;8:427–37.

	173.	 Norek M, Peters JA. Mri contrast agents based on dysprosium or hol‑
mium. Prog Nucl Magn Reson Spectrosc. 2011;59:64–82.

	174.	 Masunaga S, Ono K, Hori H, Suzuki M, Kinashi Y, Takagaki M, et al. 
Change in oxygenation status in intratumour total and quiescent cells 
following gamma-ray irradiation, tirapazamine administration, cisplatin 
injection and bleomycin treatment. Br J Radiol. 2000;73:978–86.

	175.	 Aksel M, Kesmez Ö, Yavaş A, Bilgin MD. Titaniumdioxide mediated sono‑
photodynamic therapy against prostate cancer. J Photochem Photobiol 
B. 2021;225: 112333.

	176.	 Martín-Sabroso C, Torres-Suárez AI, Alonso-González M, Fernández-
Carballido A, Fraguas-Sánchez AI. Active targeted nanoformulations via 
folate receptors: State of the art and future perspectives. Pharmaceu‑
tics. 2021;14:14.

	177.	 Valcourt DM, Harris J, Riley RS, Dang M, Wang J, Day ES. Advances in 
targeted nanotherapeutics: from bioconjugation to biomimicry. Nano 
Res. 2018;11:4999–5016.

	178.	 Xu X, Li T, Jin K. Bioinspired and biomimetic nanomedicines for targeted 
cancer therapy. Pharmaceutics. 2022;14:1109.

	179.	 Usuda J, Kato H, Okunaka T, Furukawa K, Tsutsui H, Yamada K, et al. 
Photodynamic therapy (pdt) for lung cancers. J Thorac Oncol. 
2006;1:489–93.

	180.	 Datta SN, Loh CS, MacRobert AJ, Whatley SD, Matthews PN. Quan‑
titative studies of the kinetics of 5-aminolaevulinic acid-induced 
fluorescence in bladder transitional cell carcinoma. Br J Cancer. 
1998;78:1113–8.

	181.	 Yamamoto S, Fukuhara H, Karashima T, Inoue K. Real-world experience 
with 5-aminolevulinic acid for the photodynamic diagnosis of bladder 
cancer: diagnostic accuracy and safety. Photodiagn Photodyn Ther. 
2020;32:101999.

	182.	 Filonenko EV, Kaprin AD, Alekseev BYA, Apolikhin OI, Slovokhodov EK, 
Ivanova-Radkevich VI, et al. 5-aminolevulinic acid in intraoperative 
photodynamic therapy of bladder cancer (results of multicenter trial). 
Photodiagn Photodyn Ther. 2016;16:106–9.

	183.	 Bader MJ, Stepp H, Beyer W, Pongratz T, Sroka R, Kriegmair M, et al. 
Photodynamic therapy of bladder cancer—a phase i study using hex‑
aminolevulinate (hal). Urol Oncol Semin Orig Investig. 2013;31:1178–83.

	184.	 Moore CM, Nathan TR, Lees WR, Mosse CA, Freeman A, Emberton M, 
et al. Photodynamic therapy using meso tetra hydroxy phenyl chlorin 
(mthpc) in early prostate cancer. Lasers Surg Med. 2006;38:356–63.

	185.	 Patel H, Mick R, Finlay J, Zhu TC, Rickter E, Cengel KA, et al. Motex‑
afin lutetium-photodynamic therapy of prostate cancer: short- and 
long-term effects on prostate-specific antigen. Clin Cancer Res. 
2008;14:4869–76.

	186.	 Karges J. Clinical development of metal complexes as photosensitiz‑
ers for photodynamic therapy of cancer. Angew Chem Int Ed. 2022;61: 
e202112236.

	187.	 Eggener SE, Coleman JA. Focal treatment of prostate cancer with 
vascular-targeted photodynamic therapy. Sci World J. 2008;8: 172368.

	188.	 Azzouzi A-R, Vincendeau S, Barret E, Cicco A, Kleinclauss F, van der Poel 
HG, et al. Padeliporfi n vascular-targeted photodynamic therapy versus 
active surveillance in men with low-risk prostate cancer (clin1001 
pcm301): an open-label, phase 3, randomised controlled trial. Lancet 
Oncol. 2017;18:181–91.

	189.	 Shi G, Monro S, Hennigar R, Colpitts J, Fong J, Kasimova K, et al. Ru(ii) 
dyads derived from α-oligothiophenes: a new class of potent and ver‑
satile photosensitizers for pdt. Coord Chem Rev. 2015;282–283:127–38.

	190.	 Monro S, Colón KL, Yin H, Roque J, Konda P, Gujar S, et al. Transition 
metal complexes and photodynamic therapy from a tumor-centered 
approach: Challenges, opportunities, and highlights from the develop‑
ment of tld1433. Chem Rev. 2019;119:797–828.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/j.semcancer.2021.06.021
https://doi.org/10.1016/j.semcancer.2021.06.021

	Emerging photodynamicsonodynamic therapies for urological cancers: progress and challenges
	Abstract 
	Background
	The latest advances in preclinical researches of PDTSDT for urological cancers
	PDT for urological cancers
	PDT for bladder cancer
	Enhanced PDT in combination with clinically approved drugs 
	Hypoxia alleviation 
	In situ oxygen generation
	Reduction of oxygen consumption

	Improvement of targeted tumor cellular internalization 
	Cell surface protein-targeted delivery

	Combination therapy 
	Combination with chemotherapy
	Combination with targeted therapy


	PDT for prostate cancer
	Improvement of targeted tumor cellular internalization 
	Cell surface protein-targeted delivery
	Endogenous stimulus-responsiveness
	Exogenous stimulus-responsiveness

	Combination therapy 
	Combination with chemotherapy


	PDT for kidney cancer
	Combination therapy 


	SDT for urological cancers
	SDT for bladder cancer
	Improvement of targeted tumor cellular internalization 
	NPs with biomimetic surfaces

	Hypoxia alleviation 
	In situ oxygen generation


	SDT for prostate cancer
	Improvement of targeted tumor cellular internalization 
	NPs with biomimetic surfaces
	Endogenous stimulus-responsiveness

	Combination therapy 
	Combination with chemotherapy




	Summary of strategies of enhanced PDTSDT for urological cancers
	Current status and prospect of clinical translation
	Conclusion
	Acknowledgements
	References




