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Beyond Apoptosis: Platinum Phototherapeutics Overcome 
Resistance by Triggering Diverse Cell Death Pathways
Shu Chen,ab Zhigang Wang,*c and Guangyu Zhu*ab

Platinum(Pt)-based drugs remain the cornerstone of malignant tumor treatment, but are severely constrained by 
drug resistance. Conventional Pt agents primarily induce apoptosis, yet resistant cancer cells can bypass this 
pathway, leading to treatment failure. In contrast, phototherapeutic Pt complexes, leveraging photodynamic 
therapy and photoactivated chemotherapy, represent a novel approach to overcoming resistance by either 
enhancing apoptosis or activating alternative programmed cell death (PCD) pathways. This review provides a 
comprehensive overview of Pt-based photosensitizers and photoactivated agents that trigger diverse PCD 
pathways, including apoptosis, autophagy, ferroptosis, pyroptosis, and immunogenic cell death, to combat 
resistance. We elucidate the unique features and mechanistic underpinnings of each pathway, providing in-depth 
analyses of representative complexes to illustrate their PCD induction strategies and effectiveness in reducing 
resistance. Finally, we present critical insights and forward-looking perspectives on the development of next-
generation Pt phototherapeutics that leverage diverse PCD pathways. Overall, this review highlights the 
significance of multimodal PCD induction, proposing that targeting these pathways offers a novel strategic 
opportunity for Pt-based anticancer agents to overcome drug resistance. 

1. Introduction
Platinum(Pt)-based chemotherapeutic agents, including cisplatin, 
carboplatin, and oxaliplatin (Fig. 1a), play a pivotal role in modern 
oncology. They are integral to nearly 50% of chemotherapy regimens 
and significantly enhance survival rates across various cancer types.1-

3 Driven by this established therapeutic success, extensive research 
has focused on understanding their molecular mechanisms and 
developing innovative Pt-based complexes to further augment 
anticancer efficacy.4-6 It is widely acknowledged that Pt-based 
anticancer drugs enter cells primarily through passive diffusion or 
active transport via specific transporters, notably the copper 
transporter 1 (Ctr1) for cisplatin and organic cation transporters 
(OCTs) for oxaliplatin.7-9 Once inside the cell, these drugs undergo 
aquation (Fig. 1b), forming intrastrand and interstrand cross-links 
with purine bases in nuclear DNA.9, 10 These Pt-DNA adducts distort 
the DNA double helix, hindering vital processes such as replication 
and transcription. This disruption triggers cellular stress responses, 
often culminating in apoptosis.11-13

Fig. 1. (a) The chemical structures of the FDA-approved Pt(II) 
drugs. (b) The mechanism of cisplatin and related Pt-based 
anticancer drugs involves a four-step process: cellular uptake, 
activation/aquation, DNA binding, and the cellular processing of 
the resulting DNA damage that ultimately triggers apoptosis.14

Pt complexes hold a central position among metal-based anticancer 
agents, underscored by three key advantages that remain unmatched 
by other metals at a similar scale.15 First, Pt drugs have an unparalleled 
record of regulatory approval and clinical use.16 Since the discovery 
of cisplatin’s antitumor activity in the late 1960s, three generations of 
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Pt drugs have received FDA approval and become first-line therapies 
for multiple solid tumors.1 Second, Pt’s therapeutic efficacy stems 
from distinctive ligand-exchange kinetics paired with a well-defined 
mechanism of action. Pt(II) complexes display moderate ligand-
exchange rates that balance stability in the extracellular, chloride-rich 
environment with sufficient reactivity for intracellular activation and 
formation of durable DNA adducts, which finally induce cell-cycle 
arrest and apoptosis.12, 17 Comparable kinetics are rarely achieved by 
other metals, as decades of structure-activity relationship studies have 
delivered limited clinical success for non-Pt alternatives.18-20 Third, 
no non-Pt metal-based drug has yet gained FDA approval specifically 
for cancer therapy (Fig. 2). Most remain in preclinical or early-phase 
clinical development because of shortcomings compared to Pt drugs. 
For instance, Pd(II) analogs—despite structural similarity to Pt(II)—
undergo ligand substitution 104–105 times faster, rendering them 
prone to thiol-mediated deactivation before reaching nuclear DNA 
and consequently resulting in poor antitumor efficacy.21, 22 Likewise, 
Au(III) complexes explored as cisplatin alternatives have proven 
relatively unstable, readily reducing to metallic gold under 
physiological conditions.23-25 Although ruthenium compounds are the 
most promising non-Pt candidates, with lower toxicity and selective 
anticancer activity, they still lack large Phase III trials and the decades 
of clinical validation that underpin Pt drugs.26 Overall, while non-Pt 
metals may offer benefits such as reduced toxicity or novel 
mechanisms, none match the proven efficacy, clinical versatility, and 
global therapeutic impact of Pt complexes in oncology so far.

Fig. 2. The metal-based drugs that have entered clinical trials.23, 

27 

Despite its success, the efficacy of Pt-based chemotherapy is often 
severely compromised by intrinsic or acquired drug resistance, which 
contributes to treatment failure in over 90% of cases.28-31 Resistance 
mechanisms are diverse and include reduced drug uptake, enhanced 
efflux, increased intracellular detoxification, augmented DNA 
damage repair capacity, and the downregulation or blockade of 
apoptosis.1, 32-35 Among these, defective apoptosis is particularly 
consequential, as it operates downstream of Pt-DNA adduct formation 
and directly counteracts cytotoxicity.32 In resistant cancers, apoptotic 

dysfunction commonly involves the overexpression of anti-
apoptotic proteins (e.g., Bcl-2 and Bcl-xL), loss or inactivation 
of pro-apoptotic proteins (e.g., BAX), alterations in the p53 
pathway, and activation of pro-survival signaling (e.g., 
PI3K/Akt).36-38 Accordingly, restoring apoptotic signaling by 
targeting these mechanisms represents a critical strategy for 
overcoming Pt resistance.

Beyond restoring apoptosis, engaging alternative cell-death 
programs offers a complementary route to overcome drug resistance. 
According to the Nomenclature Committee on Cell Death (NCCD), 
cell death is broadly classified into accidental cell death (ACD) and 
regulated cell death (RCD).39-41 ACD is an uncontrolled biological 
process triggered by overwhelming physical or chemical insults, 
whereas RCD, also known as programmed cell death (PCD), involves 
a highly orchestrated, genetically encoded cascade of molecular 
events.42 PCD encompasses apoptosis, autophagy, pyroptosis, 
ferroptosis, and immunogenic cell death (ICD), among others, and 
plays critical roles in cancer progression and therapeutic response.42 
These non-apoptotic pathways provide novel therapeutic targets and 
offer significant opportunities to enhance cancer treatments and 
mitigate drug resistance.43

Overcoming Pt resistance requires complexes that either 
amplify suppressed apoptotic signaling or activate alternative 
PCD pathways that remain effective in resistant cells. 
Photoactivatable Pt complexes offer a means to achieve both goals 
while addressing key drawbacks of traditional Pt(II) 
chemotherapeutics, including systemic toxicity, severe side effects, 
and intrinsic or acquired resistance. The core concept is light-
controlled drug action via photoactivatable platforms that offer high 
spatiotemporal precision, on-demand activation, and minimal 
invasiveness. These complexes are primarily developed based on two 
strategies: photoactivated chemotherapy (PACT) and photodynamic 
therapy (PDT). In PACT, inert Pt complexes remain non-toxic in the 
dark but are selectively activated within light-irradiated tumor tissues 
to release cytotoxic Pt(II) species, often accompanied by the 
generation of reactive oxygen species (ROS). The localized, on-
demand activation confines therapeutic effects to the tumor site, 
thereby drastically reducing off-target toxicity relative to traditional 
Pt regimens.44-46 In PDT, Pt complexes act as photosensitizers (PSs) 
that, upon light irradiation, form a triplet excited state which generates 
cytotoxic ROS via two primary pathways: Type I photoreaction, 
involving electron transfer to produce radical species such as 
superoxide (O2•⁻) and hydroxyl (•OH) radicals, and Type II 
photoreaction, involving energy transfer to molecular oxygen to 
generate singlet oxygen (1O2).47-51 This ability to generate high levels 
of ROS independently of DNA binding provides a powerful, 
orthogonal mechanism to overcome classical Pt resistance.

PACT and PDT leverage precise spatiotemporal control to 
synergize Pt-based cytotoxicity with photoactivated species, 
amplifying apoptotic signaling. More importantly, they can directly 
trigger non-apoptotic PCD pathways, which bypass established 
resistance mechanisms. Specifically, intrinsic apoptotic signaling 
can be enhanced by generating a lethal flux of ROS that 
overwhelms mitochondrial defenses. Furthermore, 
photochemical disruption of lysosomal membranes can initiate 
autophagic cell death, a non-apoptotic pathway that effectively 
circumvents common resistance mechanisms. Beyond 
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autophagy, the localized and intense ROS burst generated during 
the photodynamic process can cause catastrophic oxidative 
damage to lipids, thereby triggering ferroptosis—an iron-
dependent cell death pathway that is impervious to classic 
apoptotic resistance factors. In parallel, photoactivation can 
promote ROS generation and activate caspase-1, leading to 
gasdermin D (GSDMD)-mediated pyroptosis. This highly 
inflammatory and lytic cell death mode results in plasma 
membrane rupture and the release of inflammatory contents, 
thereby effectively compensating for apoptotic defects. 
Moreover, the cytotoxic species generated during PDT or PACT 
can induce ICD, characterized by calreticulin (CRT) exposure 
and the release of damage-associated molecular patterns 
(DAMPs) such as adenosine triphosphate (ATP) and high-
mobility group box 1 (HMGB1). These DAMPs stimulate a 
robust antitumor immune response, promoting the clearance of 
cells that would otherwise be resistant.

Fig. 3. Illustration of Pt phototherapeutics overcoming resistance 
by either intensifying apoptotic signals or triggering diverse cell 
death pathways.

This review systematically explores the burgeoning field of Pt-
based photoactivated agents and PSs engineered to initiate diverse 
PCD pathways—including apoptosis, autophagy, ferroptosis, 
pyroptosis, and ICD—as a targeted strategy to surmount drug 
resistance (Fig. 3). Following a detailed examination of the distinct 
characteristics and mechanisms governing each PCD pathway, we 
provide in-depth analyses of representative photoactivated Pt 
complexes to illustrate their specific mechanisms of PCD induction 
and their potential to circumvent resistance. Finally, we offer a critical 
summary and a forward-looking perspective on the trajectory for 
developing next-generation Pt phototherapeutics that leverage novel 
PCD paradigms to overcome drug resistance. To maintain a focused 
discussion, Pt-based nanoparticle systems loaded with Pt agents are 
deliberately excluded, with the focus on small-molecule complexes. 
This review highlights the induction of diverse cell death modalities 
as a key therapeutic strategy for circumventing resistance.

2. Pt phototherapeutics that induce apoptosis

Fig. 4. Apoptotic cell death pathway. Apoptosis can be triggered 
through several distinct mechanisms: the formation of the death-
inducing signaling complex (DISC), mitochondrial damage, or the 
activation of PARP.

Apoptosis, the first described form of PCD, is characterized by 
distinct morphological changes, including cell shrinkage, membrane 
blebbing, chromatin condensation, and fragmentation into apoptotic 
bodies.52, 53 It is classified into caspase-dependent and caspase-
independent pathways (Fig. 4).54 Caspase-dependent apoptosis 
proceeds through two main pathways: the extrinsic pathway, activated 
by extracellular stimuli, and the intrinsic pathway, triggered by 
intracellular stress.55 The extrinsic pathway is initiated when tumor 
necrosis factor superfamily (TNFSF) ligands bind to death receptors, 
forming the death-inducing signaling complex (DISC).56-58 Within the 
DISC, procaspase-8 undergoes autoproteolytic cleavage, activating 
caspase-8, which then activates downstream executioner caspases, 
primarily caspase-3/7, culminating in extrinsic apoptosis.59 The 
intrinsic apoptotic pathway, activated by stressors such as DNA 
damage and oxidative stress, triggers the activation of pro-apoptotic 
BCL-2 family proteins (BAX and BAK), which subsequently mediate 
mitochondrial outer membrane permeabilization (MOMP). This 
process releases apoptogenic factors such as cytochrome c and 
apoptosis-inducing factor (AIF). Cytochrome c binds apoptotic 
protease-activating factor-1 (APAF-1), inducing its oligomerization 
and recruiting procaspase-9 to form the apoptosome.60, 61 Within the 
apoptosome, procaspase-9 undergoes autocatalytic activation, which 
in turn activates executioner, primarily caspases-3/7, to complete the 
intrinsic apoptotic pathway.59 Concurrently, AIF translocates to the 
nucleus, causing DNA condensation and fragmentation, indicative of 
caspase-independent apoptosis.62 Pt-based anticancer drugs primarily 
activate the intrinsic pathway by inducing DNA crosslinks and 
mitochondrial dysfunction, leading to PCD. Furthermore, 
photoactivatable Pt complexes offer a promising strategy to overcome 
resistance by generating ROS capable of engaging both intrinsic and 
extrinsic apoptotic mechanisms.
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Fig. 5. The structure of complex 1 and its mechanism of action. 
Its antitumor effect is driven by near-infrared light-induced ROS 
production, which triggers apoptotic cell death in the tumor cells.

Pt-based PSs show promise for PDT, but their application is 
hindered by challenges such as drug resistance and the hypoxic tumor 
microenvironment.63, 64 To address these limitations, Wang et al. 
developed a naphthalimide-modified cyclometalated Pt(II) complex, 
PtPAN (complex 1, Fig. 5).65 In cisplatin-resistant A549cisR lung 
cancer cells, complex 1 exhibited only moderate dark toxicity under 
both normoxia (half-maximum inhibitory concentration IC50: 9.43 ± 
0.43 μM) and hypoxia (IC50: 7.92 ± 2.23 μM). Upon near-infrared 
two-photon (TP) irradiation, however, photocytotoxicity increased 
significantly, with IC50 values of 1.25 ± 0.39 μM (normoxia) and 0.18 
± 0.08 μM (hypoxia). Notably, the phototherapeutic index (PI, defined 
as IC50 in the dark/IC50 under irradiation) reached 44 under hypoxia—
approximately six times higher than under normoxia (PI = 7.54)—
demonstrating its efficacy in overcoming limited oxygen availability. 
Furthermore, complex 1 effectively reduced Pt resistance, as 
evidenced by low resistance factors (RFs, defined as IC50 in resistant 
cells/IC50 in sensitive cells) under irradiation: 0.03 in hypoxia (IC50: 
5.92 ± 0.57 µM in A549, 0.18 ± 0.08 µM in A549cisR) and 0.54 in 
normoxia (IC50: 2.18 ±  1.21 µM in A549, 1.25 ±  0.39 µM in 
A549cisR). Mechanistically, complex 1 exhibits negligible covalent 
interaction with calf thymus DNA (CT-DNA) in the dark, but 
efficiently unwinds the DNA superhelix via photoinduced production 
of ROS through a combination of both Type I and Type II 
photodynamic reactions. This ROS‑mediated damage is associated 
with mitochondrial membrane depolarization and a substantial 
increase in apoptosis, as evidenced by strong Annexin V‑FITC (green) 
and propidium iodide (PI; red) signals in irradiated cells and 
negligible signals in dark controls. Flow cytometry confirmed this 
shift, with the percentage of apoptotic cells rising to 34.0% 
post‑irradiation compared to 4.70% in the dark. In vivo studies further 
underscore the potential of complex 1 as a two-photon-activated PS, 
demonstrating near-complete tumor eradication with minimal 
systemic toxicity. These findings position complex 1 as a Pt-based 
phototherapeutic that surmounts both hypoxic limitations and 
cisplatin resistance through ROS-driven cell death induced by Type I 
and Type II photodynamic pathways, thereby bypassing the primary 
resistance pathways associated with conventional Pt 
chemotherapeutics.

Fig. 6. The chemical structure of a Pt(IV)-Ru(II) conjugate 2 and 
its mechanism of action. Upon cellular entry, the Pt(IV) prodrug 
is reduced to active cisplatin, releasing axial phenylbutyrate and 
a Ru(II) photosensitizer. Phenylbutyrate inhibits histone 
deacetylase (HDAC) and chromatin decondensation, enhancing 
cisplatin-DNA binding. The Ru(II) complex localizes in the 
Golgi apparatus and, upon irradiation at 595 nm, catalytically 
generates singlet oxygen. This multi-targeting strategy, inducing 
cell death via concurrent apoptosis and paraptosis, results in 
potent photocytotoxicity in 2D monolayers and 3D spheroids, 
demonstrating synergistic action and the ability to overcome 
drug resistance.

The clinical success of Pt(II)-based chemotherapeutics has spurred 
the development of Pt(IV) prodrugs, which are designed to reduce 
adverse effects and improve pharmacological performance by 
undergoing reduction specifically within cancer cells.66-69 
Concurrently, Ru(II) polypyridyl complexes have emerged as 
promising PSs for PDT due to their superior tunability and 
photochemical properties.70-72 Heterobimetallic complexes 
incorporating Pt with a second metal represent a significant 
advancement in anticancer metallodrug design, as they integrate Pt’s 
core cytotoxic mechanism with complementary actions from the 
secondary metal to broaden the therapeutic profile and overcome 
platinum resistance.73 Building on these advances, Gasser, Gibson, 
and colleagues have developed a novel Pt(IV)–Ru(II) conjugate (2, 
Fig. 6) to combine cancer-activated chemotherapy with PDT.74 
Complex 2 entered cells primarily via energy-dependent endocytosis. 
Following internalization and reduction of the Pt(IV) center, the 
constituent metals exhibited distinct subcellular localization: Pt 
accumulated primarily in the nucleus, while Ru localized 
predominantly to the Golgi apparatus. Upon irradiation, the Golgi-
localized Ru species generated singlet oxygen, thereby exerting PDT 
effects. This combined action conferred potent photo-induced 
cytotoxicity in ovarian carcinoma A2780 cells and their resistant 
variants—A2780cisR (cisplatin-resistant) and A2780ADR 
(doxorubicin-resistant)—with IC50 values of 0.08–0.10 µM (480 nm) 
and 0.16–0.19 µM (595 nm). Notably, it significantly overcame 
resistance, showing RFs of 1.25 (480 nm) and 1.19 (595 nm) in 
A2780cisR/A2780, and 1.12 (480 nm) and 1.06 (595 nm) in 
A2780ADR/A2780. In contrast, cisplatin yielded substantially higher 
RF values of 4.30 and 1.98, respectively. Mechanistic studies revealed 
that apoptosis induced by cisplatin and complex 2 in the dark likely 
proceeded via the ERK/p53/PUMA pathway, as evidenced by the 
unaffected caspase-3/7 activity. In contrast, irradiated complex 2 
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significantly increased caspase-3/7 activity, suggesting a shift to a 
different photoactivated apoptotic mechanism. This shift may account 
for the potent ability of irradiated complex 2 to overcome resistance. 
Moreover, the marked rescue of cell viability by both apoptotic and 
paraptotic inhibitors upon irradiation implicates concurrent activation 
of these two death pathways. Complex 2 effectively penetrated 
multicellular tumor spheroids (MCTS), retaining dark cytotoxicity 
(IC50 = 7.32 µM) and achieving nanomolar phototoxicity (IC50 = 
0.49–0.68 µM). This dual-action conjugate represents a promising 
strategy for overcoming resistance in cancer therapy and warrants 
further development.

Fig. 7. The chemical structure of complex 3 and its mechanism 
of action. Complex 3 demonstrates high dark stability and 
undergoes photoactivation upon irradiation of green or blue light, 
yielding azidyl radicals. This distinct mechanism triggers 
photoinduced apoptosis and overcomes cisplatin resistance.

The prevailing approach for enhancing the anticancer activity of  
Pt(IV) complexes focuses on axial functionalization; however, the 
photocytotoxic efficacy of diazido Pt(IV) systems is profoundly 
affected by the choice of equatorial ligands, which govern their 
photoactivation dynamics.75-77 Nitroimidazole antibiotics, 
traditionally used to treat anaerobic infections, have recently gained 
recognition for their anticancer potential.78-80 In this context, Sadler, 
Shi, and Clarkson developed a diazido Pt(IV) prodrug (complex 3, Fig. 
7) featuring two equatorial 1-methyl-5-nitroimidazole ligands.81 
Complex 3 demonstrated potent and oxygen-independent 
photocytotoxicity under blue-light irradiation (IC50 < 5 μM) against 
bladder cancer cells, while exhibiting low dark toxicity and high 
selectivity over normal bladder cells (with IC50 values 3–20 times 
higher). Critically, it displayed a pronounced ability to circumvent 
cisplatin resistance, maintaining efficacy across varied oxygen 
concentrations. Its cytotoxicity upon blue light irradiation (465 nm) 
remained consistent across A2780 (IC50: 2.9 ± 0.9 μM under normoxia; 
1.7 ± 0.6 μM under hypoxia) and cisplatin-resistant A2780cisR cells 
(IC50: 0.84 ± 0.06 μM under normoxia; 1.7 ± 0.3 μM under hypoxia), 
resulting in RFs of 0.29 and 1.0 in normoxia and hypoxia, respectively. 
By contrast, cisplatin showed an approximately 10-fold decrease in 
potency against A2780cisR cells, underscoring complex 3’s superior 
resistance-bypassing profile. Mechanistically, photoactivated 
complex 3 generated significant ROS and subsequently induced 
apoptosis in SW780 bladder cancer cells under normoxic conditions, 

with early apoptosis increasing from 1.49% to 8.11% and late 
apoptosis from 6.67% to 45.82% relative to dark controls. This 
pronounced apoptotic response may account for the observed reversal 
of drug resistance under normoxia. In contrast, under hypoxia, 
complex 3 did not primarily induce apoptosis but instead promoted 
nuclear Pt accumulation and exacerbated mitochondrial membrane 
depolarization. These alternative mechanisms collectively contribute 
to overcoming both cisplatin and hypoxia-mediated resistance. In 
addition to its cellular effects, complex 3 exhibited high liver 
microsomal stability and photo-enhanced Pt accumulation in rat 
bladder tissue, underscoring its potential for clinical translation as a 
phototherapeutic agent for bladder cancer. These findings establish 
equatorial nitroimidazole ligands as a viable strategy to enhance the 
photocytotoxicity of diazido Pt(IV) complexes, thereby overcoming 
dual resistance mechanisms and advancing the development of 
phototherapeutic Pt drug candidates.

3. Pt phototherapeutics that induce autophagy

Fig. 8. Schematic of the autophagic pathway. The process is 
characterized by four key stages: initiation and nucleation of the 
phagophore, its elongation to engulf cytoplasmic cargo, closure 
to form a double-membraned autophagosome, and finally, fusion 
with a lysosome to form an autolysosome for component 
degradation and recycling.

Autophagy is a conserved catabolic process vital for cellular 
homeostasis, acting as a double-edged sword: it promotes cell survival 
under stress but induces cell death when dysregulated.82, 83 Autophagy 
is triggered by stimuli such as nutrient or growth factor deprivation, 
infection, and organelle damage, and it regulates cell development, 
differentiation, and tissue remodelling.84 Among its various forms, 
macroautophagy (hereafter referred to as autophagy) is the most 
prevalent and involves the formation of double-membraned 
autophagosomes that engulf cytoplasmic cargo for lysosomal 
degradation.54 The process proceeds through initiation, nucleation, 
elongation, autophagosome closure, and autolysosome formation (Fig. 
8).85, 86 Initiation is mediated by the ULK1 complex, followed by 
nucleation, which requires the BECN1/Vps34 lipid-kinase complex. 
Phagophore elongation employs ATG12 and light chain 3 (LC3) 
conjugation systems, in which LC3-I is lipidated to LC3-II—a 
canonical autophagosomal marker. The adaptor p62 binds 
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ubiquitinated cargo and LC3-II,87 delivering substrates for 
degradation; accordingly, p62 accumulation signifies impaired 
autophagic flux.88 After lysosomal fusion, degraded materials are 
recycled to sustain metabolism and stress adaptation.89 Conversely, 
dysregulated flux disrupts proteostasis and homeostasis, promoting 
cell death.90 This functional duality underpins the therapeutic 
relevance of autophagy in cancer. Specifically, the induction of 
autophagy represents a promising avenue for countering Pt resistance 
in oncology. This mechanism can overcome resistance either by 
activating alternative, non-apoptotic cell death pathways or by 
selectively degrading pro-survival proteins that contribute to 
chemoresistance. Therefore, the rational design of novel Pt complexes 
that potently induce autophagy offers a strategic approach to re-
sensitizing tumors to conventional chemotherapy and thereby 
improving chemotherapeutic efficacy against resistant cancers.

Fig. 9. Design, structure-activity relationship, and mechanism of 
action of Ru(II)-Pt(II) complexes 4 and 5. The complexes act as 
potent photosensitizers, demonstrating light-activated 
cytotoxicity (λ = 405 nm) in MCF-7 cells through the induction 
of autophagy, while remaining non-toxic in the dark.

The therapeutic potential of heterobimetallic complexes in PDT 
stems from their tunable photophysical properties.73, 91 By leveraging 
synergistic intermetallic interactions, achieved through deliberate 
metal selection and ligand design, these complexes offer a superior 
alternative to conventional monometallic metallodrugs.92-94 A notable 
example is the work by Kumbhar et al., who developed 
heterobimetallic Ru(II)-Pt(II) polypyridyl complexes 
[Ru(bpy)2(BPIMBp)PtCl2]2 (4, Fig. 9) and 
[Ru(phen)2(BPIMBp)PtCl2]2 (5, Fig. 8).95 Cell-based studies revealed 
potent photocytotoxicity in MCF-7 cells (IC50 < 20 µM) upon 
irradiation at 450 nm, while maintaining low dark toxicity (IC50 > 300 
µM). Because Pt‑resistant cancers frequently exploit basal autophagy 
for survival,96 pharmacological modulation of autophagy–either by 
inhibiting cytoprotective flux or by inducing lethal autophagy–has 
emerged as a strategy to overcome chemoresistance.97 Motivated by 
this rationale, the authors investigated whether complexes 4 and 5 act 
as autophagy-modulating chemosensitizers to trigger autophagic cell 
death and thereby potentially overcome drug resistance. To monitor 
autophagy induction, the authors quantified microtubule-associated 
protein 1A/1B-LC3 fluorescence, using GFP-LC3 puncta formation 
as a marker. Treatment with complex 4 induced approximately a 3-
fold increase in GFP-LC3 fluorescence in MCF-7 cells, while 

complex 5 induced approximately a 2-fold increase, both significantly 
exceeding the cisplatin-induced autophagy. These results suggest that 
the Ru-polypyridyl PS component of complexes 4 and 5 may partially 
overcome cisplatin resistance by inducing autophagy in cancer cells, 
although further detailed investigation is needed to confirm this.

Fig. 10. The chemical structure of complex 6 and its mechanism 
of action. UVA irradiation activates complex 6, inducing 
cytotoxic autophagy in HL-60 cells, as evidenced by increased 
LC3B-II and decreased p62 protein levels. This photoinduced 
mechanism is distinct from that of cisplatin, highlighting the 
potential for novel, light-activated pathways to overcome drug 
resistance.

Pt(IV) diazido complexes, designed for photoactivation, exhibit 
distinctive photobiological properties.98 As reported by Bednarski, 
Sadler et al., trans,trans,trans-[Pt(N3)2(OH)2(py)(NH3)] (complex 6, 
Fig. 10) is a highly effective photoactivated anticancer agent, 
displaying significant cytotoxicity against a panel of human cancer 
cells when exposed to UVA irradiation, while remaining non-toxic in 
the dark.99 The mechanism underlying the light-induced cytotoxicity 
for complex 6 is distinct from that of cisplatin. First, complex 6 
exhibited no cross-resistance in three cell lines resistant to oxoplatin 
(cis,trans,cis-[PtCl2(OH)2(NH3)2], a Pt(IV) prodrug derived from 
cisplatin), with RFs ranging from 0.88 to 1.20. In contrast, cisplatin 
exhibited complete cross-resistance in the same cell lines, with RFs of 
2.07–2.89. Second, morphological changes in HL-60 cells treated 
with complex 6 differed significantly from those induced by cisplatin 
or etoposide,100, 101 a topoisomerase II inhibitor used as a positive 
control for apoptosis. While cisplatin and etoposide induced 
characteristic apoptotic features, such as cell shrinkage, membrane 
blebbing, and caspase-3 activation, complex 6-treated cells exhibited 
slight swelling without apoptotic markers. Annexin V/propidium 
iodide assays further confirmed the absence of apoptosis in cells 
treated with complex 6 following UVA irradiation. Moreover, at IC90 
concentrations, cisplatin and etoposide induced S–G2 and G2–M cell 
cycle arrests, respectively, whereas complex 6 exerted minimal 
impact on cell cycle distribution. Notably, autophagy appeared to play 
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a central role in the cytotoxicity of UVA-activated complex 6. HL-60 
cells exposed to the activated complex for 6 hours showed a marked 
increase in LC3B-II levels and a corresponding decrease in p62 levels, 
consistent with autophagic activation. These findings provide novel 
insights, demonstrating that the photoinduced cytotoxicity of trans-
diazido Pt(IV) complexes proceeds via an autophagy-mediated 
pathway distinct from cisplatin’s mechanism, thereby presenting a 
promising strategy to circumvent Pt resistance.

4. Pt phototherapeutics that induce ferroptosis

Fig. 11. The ferroptosis cell death pathway. Ferroptosis is 
characterized by iron-dependent, oxidative cell death triggered 
by the accumulation of lipid peroxides. Key initiators include 
inhibition of the cystine/glutamate antiporter (system Xc⁻) or the 
antioxidant enzyme GPX4. The execution phase requires free 
iron and the peroxidation of polyunsaturated fatty acids (PUFAs). 
Additionally, the mevalonate pathway contributes to regulation 
by synthesizing cofactors that suppress ferroptosis.

Ferroptosis is an iron-dependent form of regulated cell death driven 
by lethal accumulation of lipid peroxides (Fig. 11).102 Its core 
mechanism is intrinsically tied to cellular iron metabolism: 
extracellular Fe3+ bound to transferrin is imported via transferrin 
receptor 1 (TFR1), reduced to Fe2+ by STEAP3 in endosomes, and 
released into the labile iron pool by divalent metal transporter 1 
(DMT1).103 The availability of this redox-active iron can be further 
modulated by phosphorylase kinase catalytic subunit gamma 2 
(PHKG2).104 Excess Fe2+ promotes lipid peroxidation (LPO) through 
Fenton and Fenton-like chemistry, while enzymatic peroxidation of 
polyunsaturated fatty acids (PUFAs) by lipoxygenases (LOXs) also 
contributes.105 A primary defense against ferroptosis is mediated by 
glutathione peroxidase GPX4, which utilizes reduced glutathione 
(GSH) to reduce lipid hydroperoxides (LOOHs) to non-toxic lipid 
alcohols.106, 107 GPX4 activity requires adequate GSH, whose 
synthesis depends on cysteine, primarily imported as cystine via the 
system Xc⁻ antiporter.108, 109 Inhibition of system Xc⁻ (e.g., by erastin) 
or direct GPX4 inactivation (e.g., by RAS-selective lethal 3) causes 
lethal LOOH accumulation. GSH levels are further modulated by 
glutamine uptake through SLC1A5 and its conversion to glutamate by 
glutaminase (GLS).110 Beyond GPX4, ferroptosis suppressor protein 
1 (FSP1) provides an independent protective axis:110 myristoylated 

FSP1 regenerates the radical-trapping antioxidant ubiquinol from 
ubiquinone using NAD(P)H, thereby suppressing LPO 
propagation.111 This underscores the protective roles of metabolites 
such as ubiquinol, squalene, and coenzyme Q10 (CoQ10), which are 
produced via the mevalonate pathway.112, 113 Therapeutically, 
ferroptosis induction represents a promising strategy to mitigate Pt 
resistance. This iron-dependent form of cell death can bypass classical 
apoptotic defects by leveraging lipid peroxidation to eradicate 
resistant cancer cells. Consequently, the development of Pt-based 
agents designed to trigger ferroptosis provides a viable alternative to 
overcome intrinsic and acquired chemoresistance, thereby expanding 
the therapeutic utility of Pt-based chemotherapeutics.

Fig. 12. Chemical structure and mechanism of action of complex 
7, an AIE-active monofunctional Pt(II) photodynamic agent. It 
enters HeLa cells via endocytosis and localizes in lysosomes. 
Upon light irradiation, it induces downregulation of FSP1 and 
accumulation of lipid peroxides, triggering synergistic 
ferroptosis and necroptosis. This mechanism effectively inhibits 
tumor growth with negligible dark toxicity and overcomes 
apoptosis resistance.

The rapid proliferation and resistance to apoptosis in cancer cells 
drive them into a state of heightened lipid and iron metabolism. This 
creates a metabolic vulnerability, paradoxically setting the stage for 
effective tumor eradication via ferroptosis.114 Therefore, PSs capable 
of inducing ferroptosis are of great interest for combating apoptosis-
resistant tumors.115-117 Guo, He, Chen et al. developed TTC-Pt 
(complex 7, Fig. 12), a monofunctional Pt(II) complex exhibiting 
aggregation-induced emission (AIE) activity. The incorporation of 
Pt(II) into the TTC framework enhanced intersystem crossing (ISC), 
substantially boosting singlet oxygen production upon 
photoactivation.118 TTC-Pt exhibited potent photoinduced growth 
inhibition against HeLa cells, with an IC50 of 0.34 ± 0.05 μM, 
significantly surpassing its precursor TTC (IC50 > 64.00 μM) and 
cisplatin (IC50 = 25.28 ± 1.32 μM), and showed negligible dark 
toxicity. Mechanistic investigations using specific inhibitors revealed 
that TTC-Pt-mediated PDT primarily induced ferroptosis and 
necroptosis, as evidenced by the inhibition of ferroptosis with 
ferrostatin-1 and the inhibition of necroptosis with necrostatin-1, 
rather than apoptosis or autophagy. Localized to lysosomes, TTC-Pt 
triggered ferroptosis via lipid peroxide accumulation and selectively 
downregulated FSP1 expression after irradiation, without altering 
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GPX4 levels. This mechanism delineates a non-canonical pathway for 
ferroptosis induction driven by FSP1 suppression rather than GPX4 
inhibition, likely resulting from TTC-Pt-induced disruption of cellular 
redox homeostasis. The concurrent induction of ferroptosis and 
necroptosis establishes a dual-mechanism strategy to effectively 
eliminate apoptosis-resistant tumor cells, offering a promising 
approach to circumventing chemotherapeutic resistance.

Fig. 13. Chemical structures of Pt(II) complexes 8 and 9, and the 
proposed mechanism of ferroptosis induced by complex 9. The 
complex demonstrates high affinity for cellular 
biomacromolecules, whose constrained environment potentiates 
the production of cytotoxic ROS. The resulting oxidative stress 
cascade specifically induces ferroptosis, a mechanism 
responsible for the observed eradication of tumor cells in both 
cellular and animal models.

The aggregation of PSs often quenches ROS generation, thereby 
limiting their efficacy in PDT.119-121 To overcome this challenge and 
advance PDT applications, particularly in combating drug resistance, 
high-performance PSs operable under physiological conditions are 
essential. Yuan, Hu et al. developed two Pt-based PSs, complexes 8 
and 9 (Fig. 13), which bind to biomacromolecules to mitigate 
aggregation-caused quenching and enhance photosensitizing efficacy 
in biologically relevant environments.122 Incorporating abundant 
heteroatoms into the Pt framework conferred these complexes a strong 
binding affinity for biological macromolecules. Upon confinement 
within bovine serum albumin (BSA), the molecular motion of the 
complexes became restricted, thereby promoting the involvement of 
the central metal in excited-state charge transfer. This significantly 
boosted ROS generation, yielding a 2–3-fold increase in ROS 
production for BSA-bound complexes compared to free agents. The 
complexes exhibited dark cytotoxicity (IC50 = 6 μM), likely due to 
biomacromolecule binding. Upon white light irradiation, cytotoxicity 
was markedly enhanced (IC50: complex 8 = 2.72 μM, complex 9 = 
0.88 μM). This enhancement correlated with light-dependent BSA 
degradation (remaining percentages: 58.38% for complex 8 and 45.48% 
for complex 9) and elevated intracellular ROS and oxidative stress. 
Cell death pathway analysis using specific inhibitors—ferrostatin-1 

(Fer-1) for ferroptosis, Z-VAD-FMK for apoptosis, and VX-765 for 
pyroptosis—revealed that ferroptosis inhibition substantially 
abrogated cytotoxicity, identifying ferroptosis as the primary PDT 
pathway. The induction of ferroptosis may circumvent conventional 
apoptotic signaling and its associated resistance mechanisms. This 
feature renders ferroptosis a promising therapeutic strategy for 
combating drug-resistant malignancies, though further investigation 
is warranted. Notably, complex 9 demonstrated superior 
biocompatibility and tumor eradication efficacy in vivo, achieving 
significant tumor growth inhibition post-irradiation compared to 
controls. This work establishes the approach of leveraging Pt(II)-
biomacromolecule interactions to develop potent PSs for ferroptosis-
mediated PDT, which shows considerable potential in overcoming 
chemoresistance limitations.

Fig. 14. Chemical structure and mechanism of action of complex 
10. Upon irradiation with blue or green light, complex 10 
generates a high yield of ROS, which induce ferroptosis and 
thereby contribute to the execution of cell death.

Ferrocene, initially explored in conjugates with tamoxifen and 
chloroquine, has become a valuable moiety in drug design.123, 124 
Building on this concept, Sadler, Sicilia, and colleagues developed a 
ferrocene-conjugated Pt(IV) complex, Pt-Fe (complex 10, Fig. 14), by 
appending the photoactive trans,trans,trans-[Pt(N3)2(OH)2(py)2] to a 
ferrocene unit.125 The ferrocene antenna red-shifts the absorption 
profile, enabling Fe→Pt charge transfer and photoactivation at longer 
wavelengths. Upon 465 nm irradiation, complex 10 exhibited potent 
photocytotoxicity in A2780 ovarian cancer cells under both normoxia 
(IC50 = 0.8 ± 0.2 μM) and hypoxia (IC50 = 1.3 ± 0.3 μM), with 
comparable activity in cisplatin-resistant A2780cisR cells (normoxia: 
1.4 ± 0.5 μM; hypoxia: 1.0 ± 0.1 μM), yielding RFs of 1.8 (normoxia) 
and 0.8 (hypoxia). In contrast, cisplatin under identical conditions 
showed only modest activity in A2780 cells (normoxia: 0.9 ± 0.5 μM; 
hypoxia: 8.8 ± 1 μM) and markedly reduced efficacy in A2780cisR 
cells (normoxia: 7.67 ± 0.04 μM; hypoxia: 16.2 ± 1.0 μM), with RFs 
of 8.5 (normoxia) and 1.8 (hypoxia), underscoring complex 10’s 
ability to overcome resistance to both cisplatin and hypoxia. 
Mechanistically, photoactivated complex 10 markedly elevated ROS 
levels via ferrocene-mediated Fenton-type catalysis and induced lipid 
peroxidation, along with approximately 50% GSH depletion and 
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approximately 60% suppression of GPX4. These hallmarks indicate 
ferroptosis as the primary cell death pathway, distinguishing complex 
10 from conventional Pt(II) drugs and typical PSs. Collectively, the 
intermetallic charge-transfer design, robust photocytotoxicity, 
resilience to resistance, and ferroptosis induction position complex 10 
as a promising photochemotherapeutic prodrug and a blueprint for the 
next-generation phototherapeutic agents.

5. Pt phototherapeutics that induce pyroptosis

Fig. 15. Canonical and non-canonical pyroptosis pathways. 
Pyroptosis is an inflammatory form of lytic cell death. The canonical 
pathway is initiated by inflammasomes, which activate caspase-1 to 
cleave pro-interleukins into their mature forms and cleave gasdermin 
D (GSDMD). The N-terminal fragment of GSDMD oligomerizes to 
form plasma membrane pores, leading to cytokine release and cell 
lysis. In the non-canonical pathway, cytosolic lipopolysaccharide 
(LPS) directly activates human caspase-4/5 or murine caspase-11, 
which then cleave GSDMD to induce pore formation and pyroptosis 
independently of inflammasomes.

Pyroptosis is an immunogenic form of lytic, programmed cell death 
characterized by hallmark morphological alterations, such as cell 
swelling, plasma membrane pore formation, membrane rupture, and 
chromatin fragmentation.126, 127 This process has garnered significant 
attention due to its critical role in immunity and its potential 
applications in cancer therapy. Pyroptosis is primarily executed 
through canonical and non-canonical pathways, both of which 
converge on GSDMD cleavage (Fig. 15).128-130 The canonical 
pathway is initiated by inflammasomes, which are multiprotein 
complexes (comprising pattern recognition receptors and adaptors 
such as ASC) that assemble in response to stimuli, such as pathogens, 
hypoxia, and damage-associated molecular patterns (DAMPs). Upon 
activation, inflammasomes catalyze the maturation of procaspase-1 
into caspase-1; the latter subsequently cleaves both pro-interleukin-1β 
(pro-IL-1β) and pro-IL-18 into their bioactive forms while also 

cleaving GSDMD. The liberated GSDMD N-terminal domain 
oligomerizes in the plasma membrane, forming pores that induce lytic 
cell death and facilitate the extracellular release of potent 
inflammatory cytokines, particularly IL-1β and IL-18. This cytokine 
release can effectively reprogram the tumor microenvironment (TME), 
mitigating immunosuppression to convert immunologically “cold” 
tumors into “hot” phenotypes, thereby enhancing antitumor 
immunity.131, 132 The non-canonical pathway is primarily activated by 
Gram-negative bacterial lipopolysaccharide (LPS), which directly 
activates caspase-4/5 in humans (or caspase-11 in mice) to cleave 
GSDMD, initiating pyroptosis independently of inflammasomes. 
However, the non-canonical pathway lacks the capacity to process 
pro-IL-1β and pro-IL-18. Notably, pyroptosis can propagate through 
a mechanism in which extracellular vesicles containing GSDMD 
pore-forming structures, released from pyroptotic donor cells, 
integrate into the membrane of bystander cells, thereby triggering a 
cascade of pyroptosis.133 This domino-like amplification of 
inflammatory signaling and immune activation holds significant 
therapeutic potential and could overcome limitations of traditional 
treatments, such as apoptosis-driven immune evasion and apoptosis-
related drug resistance. Therefore, the development of Pt-based agents 
designed to elicit pyroptosis provides a viable therapeutic approach to 
overcoming chemoresistance and enhancing treatment efficacy in 
refractory malignancies.

Fig. 16. Chemical structures and mechanism of action for 
complexes 11 and 12. Upon photoactivation, these agents cause 
damage to DNA and the nuclear envelope, inducing pyroptotic 
cell death and activating the cGAS-STING pathway (cyclic 
GMP-AMP synthase-stimulator of interferon genes), which 
collectively stimulates an anticancer immune response in vitro 
and in vivo.

The activation of the cGAS-STING pathway, a promising 
anticancer immunotherapeutic strategy, can be effectively achieved 
through photo-induced pyroptosis.131, 134-136 Building on their 
previous work on the biological applications of triphenylamine 
derivatives, Mao, Tan, and colleagues developed two novel small-
molecule photoactivators, complexes 11 and 12 (Fig. 16), to target the 
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cGAS-STING pathway and induce pyroptosis.137, 138 These Pt(II) 
complexes are structural analogues of cisplatin and transplatin, 
respectively, and incorporate an alkylated triphenylamine ligand.139 
Complexes 11 and 12 exhibited negligible dark cytotoxicity (IC50 > 
200 μM) across multiple cancer cell lines (HeLa, MDA-MB-231, 
A549, and U14). However, under 425 nm light irradiation, both 
complexes demonstrated significant photocytotoxicity, with PI 
ranging from 17 to 106. Complex 11 displayed higher 
photocytotoxicity overall, with HeLa and U14 cells being particularly 
sensitive, as demonstrated by PIs of 79 and 106, respectively. In 
contrast, neither cisplatin nor transplatin showed any 
photocytotoxicity under identical conditions. PDT mediated by 
complexes 11 and 12 elicited pyroptosis, which was thoroughly 
confirmed through multiple lines of evidence. Transmission electron 
microscopy (TEM) of irradiated HeLa cells treated with complexes 
11 or 12 revealed characteristic pyroptotic morphology: cell 
membrane rupture, abundant vesicle formation, intracellular content 
release, and distorted nuclear membranes—observations further 
corroborated by confocal microscopy. In contrast, unirradiated 
controls displayed no such alterations. Inhibitor studies reinforced 
these findings; cell death was reduced by necrostatin-1 (a necroptosis 
inhibitor) and more significantly suppressed by necrosulfonamide 
(NSA; a necroptosis/pyroptosis inhibitor). Conversely, inhibitors of 
autophagy (3-methyladenine, chloroquine) or pan-caspase activity (Z-
VAD-FMK) had minimal effects. Furthermore, western blotting 
detected a significant increase in GSDMD-N expression, the 
pyroptosis executioner protein responsible for plasma membrane pore 
formation, following photoactivation of the complexes. Thus, 
integrated morphological assessment, pharmacological inhibition, and 
biochemical detection unequivocally demonstrated that these 
complexes induce pyroptotic cell death. Moreover, light activation of 
these complexes sequentially caused damage to mitochondrial DNA 
(mtDNA), the nuclear envelope, and nuclear DNA—including G-
quadruplex structures and double-stranded DNA. This cascade of 
genomic stress activated the cGAS-STING pathway. Along with the 
concomitant induction of pyroptosis, this dual activation elicited 
potent antitumor immune responses. Beyond their potent cellular 
effects, photoactivated complexes 11 and 12 significantly inhibited 
tumor growth in animal models. This was accompanied by the release 
of the 2’,3’-cyclic GMPAMP (cGAMP) and cytokines, enhanced 
infiltration of CD8⁺/CD4⁺ T cells, and promotion of dendritic cell 
maturation. This study thereby pioneers small-molecule STING 
photoactivators and demonstrates that coupling their targeted 
activation with pyroptosis induction offers a strategic, dual‑pronged 
approach to developing novel immunotherapeutics capable of 
overcoming resistance.

Photoactivated Pt(IV) prodrugs derived from clinical Pt(II) agents 
have drawn significant interest and typically employ O-donor axial 
ligands as the photosensitive components.140 In contrast, N-donor 
ligands, especially N-heteroaromatics, offer a compelling alternative 
by promoting ligand-to-metal charge transfer (LMCT) and thereby 
enhancing Pt(IV) photoreactivity.141, 142 Very recently, our group 
developed two green-light-activatable carboplatin-based Pt(IV) 
prodrugs, flavoplatins 13 and 14 (Fig. 17), which incorporate flavonol 
derivatives as axial N-donor ligands.143 These prodrugs undergo rapid 
photoreduction to release the active Pt(II) species together with the 
axial ligands. Upon green-light irradiation, flavoplatin 13 exhibited 

IC50 values of 18.3 ± 4.8 μM and 14.2 ± 4.2 μM in A2780 and 
A2780cisR cells, respectively, with an RF of 0.8, while flavoplatin 14 
achieved IC50 values of 15.1 ± 0.7 μM and 15.6 ± 4.5 μM in the same 
cell lines, corresponding to an RF of 1.0. By comparison, 
carboplatin’s photocytotoxicity in both cell lines exceeded 500 μM, 
indicating at least a 27-fold potency advantage for both flavoplatins. 
Mechanistically, both complexes preferentially accumulated in the 
ER and promptly induced pyroptosis via the NLRP3/caspase-
1/GSDMD pathway. This was evidenced by elevated NLRP3 
expression, reduced pro-caspase-1 levels (by 39% for 13 and 28% for 
14), and a >3-fold increase in GSDMD N-terminal fragment, 
accompanied by a 26% decrease in full-length GSDMD for 13 in 
treated A2780cisR cells. These results confirm that light-activated 
flavoplatins can trigger pyroptosis in A2780cisR cells, a mechanism 
distinct from the apoptosis typically induced by conventional Pt(II) 
drugs, thereby offering a potential strategy to circumvent platinum 
resistance. Collectively, these findings highlight the therapeutic 
potential of Pt(IV) prodrugs bearing axial N-donor ligands, 
particularly their ability to engage non-apoptotic cell death pathways 
to mitigate drug resistance.

Fig. 17. Chemical structures and mechanism of action for 
complexes 13 and 14. Upon irradiation with green light, 
complexes 13 and 14 localize to the endoplasmic reticulum (ER) 
and promptly elicit the NLRP3/caspase‑1/GSDMD pyroptotic 
cell death.

6. Pt phototherapeutics that induce ICD
ICD, a form of PCD defined by the NCCD as capable of eliciting 
adaptive immunity in immunocompetent hosts, was first identified in 
2005 by Kroemer et al. based on their observation that anthracycline-
treated tumor cells can provoke adjuvant-free immune responses.41, 144 
This stress-induced process stimulates inflammatory responses that 
activate cytotoxic T lymphocyte (CTL)-mediated adaptive immunity 
and establishes long-lasting immunological memory, thereby gaining 
significant research interest in recent years.53, 145, 146 The induction of 
ICD is characterized by several biochemical hallmarks (Fig. 18): (i) 
During early apoptosis, endoplasmic reticulum (ER)-resident 
calreticulin (endo-CRT) translocates to the plasma membrane (ecto-
CRT), where it functions as an “eat me” signal by binding to the CD91 
receptor on immature dendritic cells (DCs) and macrophages, thereby 
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promoting phagocytosis; (ii) Dying cells actively secrete ATP, which 
serves as a “find me” signal to attract antigen-presenting cells via 
P2RX7 receptor binding; (iii) During late apoptosis, membrane 
damage facilitates the release of the nuclear protein HMGB1 into the 
extracellular space, further enhancing immunogenicity.147-149 
Crucially, the simultaneous occurrence of CRT exposure, ATP 
secretion, and HMGB1 release is essential for ICD efficacy. The 
absence or neutralization of any single hallmark abrogates 
immunogenicity, compromising the effectiveness of 
immunochemotherapy.150, 151 ER stress is a pivotal trigger for ICD, 
with ICD inducers classified as Type I (e.g., mitoxantrone, 
doxorubicin, and oxaliplatin) or Type II (e.g., coxsackievirus B3, 
hypericin, and oncolytic viruses) according to their ER targeting 
specificity.149, 152, 153 Type I inducers act on diverse cellular 
compartments and indirectly provoke ER stress and DAMP release 
through secondary effects. In contrast, Type II inducers primarily 
localize within the ER, directly disrupting its homeostasis via 
oxidative stress, an action that facilitates ICD.154 Type II inducers are 
thought to elicit a stronger ICD immune response due to their capacity 
for generating higher DAMP levels.147 The immunogenicity of ICD 
ultimately arises from the release of DAMPs, which signal through 
pattern recognition receptors (PRRs) on antigen-presenting cells 
(APCs). This interaction orchestrates the uptake and presentation of 
tumor antigens, culminating in APC activation and the priming of 
tumor-specific T cells. These effector T cells subsequently infiltrate 
and eliminate malignant cells. The strategic development of Pt-based 
ICD inducers exemplifies a promising approach to overcoming 
conventional drug resistance. Unlike cisplatin, which induces 
immunologically silent apoptosis, ICD inducers emit a suite of danger 
signals that activate dendritic cells and prime a cytotoxic T cell 
response. This mechanism effectively recruits the host’s immune 
system to eradicate both primary and metastatic cancer cells, thus 
bypassing intrinsic resistance mechanisms and potentially conferring 
durable, systemic protection against relapse.

Fig. 18. Mechanism of ICD and subsequent activation of the 
immune response. ICD inducers trigger endoplasmic reticulum 
(ER) stress in cancer cells through direct (Type II) or indirect 
(Type I) pathways, culminating in ICD. Dying cells release 
damage-associated molecular patterns (DAMPs), including 
surface-exposed calreticulin (ecto-CRT), which acts as an “eat 
me” signal for phagocytosis; secreted adenosine triphosphate 

(ATP) and released high mobility group box 1 (HMGB1), which 
serve as “find me” signals. DAMPs attract immune cells to the 
ICD site and engage with specific receptors on antigen-
presenting cells (APCs), enhancing antigen uptake and 
processing. Subsequently, mature APCs present tumor antigens 
to T cells, leading to the priming of tumor-specific CD8⁺ T cells 
that secrete interferon-gamma (IFN-γ), which promotes tumor 
cell elimination.

Fig. 19. Structure and mechanism of photoactivatable Pt(IV) 
prodrug 15. Visible light irradiation decomposes 15, releasing 
cytotoxic Pt(II) species and generating reactive oxygen/nitrogen 
species (ROS and RNS). This dual action induces ICD, 
evidenced by CRT exposure, HMGB1 release, ATP secretion, 
and subsequent phagocytosis. This ICD mechanism 
differentiates 15 from conventional Pt agents and offers a 
potential strategy to circumvent Pt resistance.

Photoactivatable Pt(IV) complexes represent compelling 
candidates for overcoming Pt resistance through a mechanism of 
action distinct from that of cisplatin. A prime example is 
trans,trans,trans-[Pt(N3)2(OH)2(py)2] (complex 15, Fig. 19), a 
stable and non-toxic prodrug in the dark that becomes highly 
cytotoxic upon UVA/visible light irradiation.155 Upon 
photoactivation, complex 15 generates reactive Pt(II) species 
that target DNA, while simultaneously releasing ROS and 
reactive nitrogen species (RNS). These species collectively 
elevate intracellular oxidative stress and promote the induction 
of ICD. Photoactivated complex 15 (at 1 or 5 µM), unlike 
cisplatin (at 20 µM), induced significant ecto-CRT exposure in 
A2780 ovarian cancer cells upon irradiation, as confirmed by 
flow cytometry and confocal microscopy. This response was 
comparable to that of established ICD inducers such as 
doxorubicin (at 20 µM) and oxaliplatin (at 100 µM). 
Furthermore, photoactivated complex 15, together with 
doxorubicin and oxaliplatin, stimulated the release of the key 
ICD biomarkers HMGB1 and ATP from A2780 cells in a 
concentration-dependent manner. In contrast, untreated cells, 
cisplatin, or complex 15 in the dark failed to elicit these 
biomarkers. Crucially, photoactivated complex 15 uniquely 
promoted efficient phagocytosis of murine CT26 carcinoma cells 
by J774-A1 macrophages (35.1 ± 5.6%), significantly 
outperforming both complex 15 in the dark (2.8 ± 0.4%) and 
untreated controls (2.4 ± 0.2%). Remarkably, oxaliplatin (100 
µM), despite inducing ecto-CRT and ICD biomarkers, did not 
elicit comparable phagocytosis, and cisplatin (20 µM) showed 

Page 11 of 18 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

0/
20

26
 4

:2
8:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6CC00284F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cc00284f


ARTICLE Journal Name

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

negligible activity. This dual ability to induce ICD biomarkers 
and potent phagocytosis reveals a new mechanism of action for 
complex 15, highlighting its potential to circumvent Pt resistance 
by eliciting robust antitumor immunity.

Fig. 20. Chemical structure and mechanism of action for 
complex 16. Upon cellular accumulation in the nucleolus and 
subsequent photoactivation, complex 16 initiates immunogenic 
cell death and activates T cells, providing a mechanism to 
overcome conventional Pt drug resistance.

Light-triggered ICD inducers remain rare, positioning 
photoactivatable Pt complexes as compelling candidates. 
Rationally designed photocaged Pt(IV) prodrugs enable 
spatiotemporally controlled activation, minimizing off-target 
effects while potentially eliciting ICD-mediated antitumor 
immunity. Motivated by this potential, our group developed 
coumaplatin (complex 16, Fig. 20), an oxaliplatin-derived 
prodrug functionalized with a photocaging coumarin moiety and 
a nuclear localization sequence (R8K) for nucleolus targeting.156 
Coumaplatin exhibited exceptional stability in the dark and rapid 
photoactivation within cells. Upon irradiation, it significantly 
outperformed oxaliplatin, demonstrating a more than 2-fold 
increase in DNA binding efficiency and up to 96-fold enhanced 
phototoxicity. Additionally, coumaplatin exhibited a superior 
ability to circumvent Pt resistance. In Pt-resistant A2780cisR and 
A549cisR cells, oxaliplatin displayed RFs of 5.1 and 2.8, 
respectively, while photoactivated coumaplatin markedly 
reduced these RFs to 1.3 and 0.6. Critically, photoactivated 
coumaplatin—unlike oxaliplatin or its inactive form of 
coumaplatin—induced ICD-associated DAMPs in resistant cells. 
Specifically, it significantly induced CRT exposure on A549cisR 
cell membranes, as confirmed by both microscopy and flow 
cytometry. Furthermore, photoactivated coumaplatin triggered 
HMGB1 translocation from the nucleus to the cytoplasm and 
significantly increased extracellular ATP secretion (56.7 nM 
versus 35.9 nM with oxaliplatin). Notably, low-dose 
photoactivated coumaplatin elicited ICD and robust T cell 
activation in resistant cells, effects that are unattainable even 
with high-dose oxaliplatin. By leveraging nucleolus-targeted 
photoactivation, coumaplatin uniquely induced potent ICD and 
profoundly overcame Pt resistance, heralding a paradigm shift 
for light-triggered antitumor immunity.

Fig. 21. Chemical structure and mechanism of action for 
complex 17. Complex 17 as a PS in PDT generates ROS that 
disrupt cellular homeostasis and elicits two immunomodulatory 
effects: (i) upregulation of major histocompatibility complex class 
I (MHC-I) to enhance T cell recognition and activation, and (ii) 
induction of ICD, promoting dendritic cell–mediated antigen 
presentation and amplified antitumor immunity.

Cancer immunotherapy, while transformative, is often 
undermined by tumor immune evasion via downregulation of 
major histocompatibility complex class I (MHC-I).157, 158 To 
address this challenge, Guo, Mao, and colleagues rationally 
designed a trinuclear Ru-Pt complex, TriRuPt (complex 17, Fig. 
21), which leverages the photophysical properties of transition 
metals to modulate MHC-I expression.159 Complex 17 
demonstrated superior light-triggered cytotoxicity compared to 
cisplatin, effectively overcoming drug resistance, as 
demonstrated by IC50 values of 0.144 μM in human lung 
adenocarcinoma A549 cells and 0.245 μM in cisplatin-resistant 
A549cisR cells, yielding a PI exceeding 100 and an RF of 1.7. In 
contrast, cisplatin exhibited IC50 values of 2.74 μM (A549) and 
12.0 μM (A549cisR), with an RF of 4.4. Mechanistically, 
complex 17 functions as a PS to generate ROS, initiating a dual 
immunomodulatory cascade: 1) light-driven upregulation of 
MHC-I, which promotes T cell recognition and activation; and 
2) induction of ICD, characterized by release of DAMPs such as 
HMGB1, cell-membrane exposure of CRT, and elevated ATP 
secretion, thereby enhancing dendritic cell-mediated antigen 
presentation and amplifying T cell responses. Through this dual 
mechanism, complex 17 converts immune-“cold” tumors to 
immune-“hot” phenotypes and acts synergistically with immune 
checkpoint inhibitors (ICIs) in vivo, resulting in suppressed 
tumor growth, reprogramming of the tumor microenvironment, 
and enhanced adaptive immunity. Overall, this metal-mediated 
PDT approach simultaneously elevates MHC-I levels and 
triggers ICD to enhance ICI therapy, uncovering a novel 
immunoregulatory function of transition metal complexes and 
paving the way for metal-based strategies to circumvent tumor 
immune evasion and resistance via integrated 
immunomodulation.

7. Conclusion and future perspectives
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Fig. 22. Expanding the cell death repertoire: A schematic of the 
biochemical features of diverse programmed cell death pathways 
induced by photoactivated Pt complexes to circumvent drug 
resistance.

Conventional Pt-based chemotherapeutics induce cytotoxicity 
primarily by inhibiting proliferation and triggering apoptosis. 
However, their efficacy is often compromised by intrinsic or 
acquired resistance, frequently resulting from defects within 
apoptotic signaling cascades. In contrast, photoactivatable Pt 
complexes represent a transformative strategy, leveraging the 
light-triggered generation of reactive Pt species and/or radicals 
that target cellular components independently of classical Pt-
DNA adduct formation, thereby effectively bypassing canonical 
resistance mechanisms. By either potentiating apoptosis or 
engaging alternative PCD modalities, including autophagy, 
ferroptosis, pyroptosis, and ICD (Fig. 22), these agents dismantle 
tumor defenses through the combined actions of photoinduced 
species. For example, autophagy can proceed despite defects in 
apoptosis, providing an alternative degradation route. 
Ferroptosis, driven by iron-dependent lipid peroxidation or 
inhibition of ferroptosis suppressor protein 1, eliminates cells 
refractory to apoptosis. Pyroptosis, initiated via inflammasome 
activation and subsequent gasdermin-mediated pore formation, 
induces direct lytic death while provoking robust inflammatory 
responses that synergize with immunotherapy. ICD converts 
immunologically “cold” tumors into “hot” ones by promoting 
dendritic cell maturation and cytotoxic T lymphocyte infiltration. 
Collectively, photoactivatable Pt complexes that trigger diverse 
cell death pathways provide a versatile, spatiotemporally precise 
approach to re-sensitizing resistant tumors and improving 
therapeutic outcomes (Table 1).

Table 1. Summary of the representative Pt complexes: mechanisms, key markers, and resistance-bypassing advantages.

PCD Representative 
Pt complex

Mechanism Key marker Resistance-bypassing 
advantage

Ref.

Apoptosis Complex 2 
(irradiated at 
480/595 nm)

Photoactivated shift to 
caspase-mediated 
apoptosis

Increased caspase 3/7 
activity under irradiation

Overcomes resistance; low 
RFsa (1.06–1.25 in 
A2780cisR/A2780 and 
A2780ADR/A2780) vs. 
cisplatin (RFs: 1.98–4.30)

74

Autophagy Complex 6 
(UVA-
activated)

UVA-activated 
autophagic flux

Increased LC3B-II; 
decreased p62

Overcome resistance; low 
RFs (0.88–1.20) vs. cisplatin 
(RFs: 2.07–2.89) in resistant 
cell lines

99

Ferroptosis Complex 10 
(465 nm-
irradiated)

Photoactivated ROS 
elevation via Fenton 
catalysis, leading to 
lipid peroxidation and 
antioxidant depletion

Elevated ROS; lipid 
peroxidation; ~50% GSH 
depletion; ~60% GPX4 
reduction

Bypasses cisplatin and 
hypoxia resistance; RFs 0.8–
1.8 (normoxia/hypoxia) in 
A2780cisR/A2780 vs. 
cisplatin 1.8–8.5

125

Pyroptosis Flavoplatin 13 
(green light-
activated)

ER-targeted activation 
of NLRP3/caspase-
1/GSDMD pathway

Elevated NLRP3; reduced 
pro-caspase-1; >3-fold 
increased GSDMD-NT; 
26% decreased full-length 
GSDMD

Circumvents cisplatin 
resistance with RF of 0.8 in 
in A2780cisR/A2780 cells; 
≥27-fold more 
photocytotoxic than 
carboplatin

143

Immunogeni
c Cell Death 
(ICD)

Complex 16 
(visible light 
450 nm-
irradiated)

Photoactivated DAMP 
exposure triggering 
immune response

CRT membrane exposure; 
HMGB1 nuclear-to-
cytoplasmic translocation; 
extracellular ATP 
secretion

Circumvents Pt resistance; 
RFs 0.6–1.3 in 
A2780cisR/A549cisR vs. 
oxaliplatin 2.8–5.1

156

aRF (Resistance factor) = IC50 (platinum-resistant cell line)/IC50 (platinum-sensitive cell line).
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Future advancements in phototherapeutic Pt complexes 
necessitate a strategic shift from primarily inducing apoptosis 
toward the deliberate engagement of non-apoptotic PCD 
pathways, particularly ICD and pyroptosis, which uniquely 
leverage antitumor immunity to counteract immunosuppressive 
microenvironments. A major bottleneck remains the lack of 
predictive design principles; the activation of these pathways in 
current photoactivatable Pt complexes is largely discovered 
through serendipity. Emerging studies have begun to identify 
actionable targets that trigger non-apoptotic PCD, such as mTOR 
inhibition for autophagy-dependent cell death, GPX4 inhibition 
for ferroptosis, ER stress for ICD, and GSDMD cleavage for 
pyroptosis, pointing to opportunities for rational design. Beyond 
these, additional forms of cell death—such as disulfidptosis, 
oncosis, paraptosis, necroptosis, necrosis, and parthanatos—
represent further frontiers. The rational design of Pt 
phototherapeutics to modulate these targets may open new 
avenues to overcome resistance. Moreover, the strategic 
induction of multi-pathway cell death, potentially via 
combinatorial approaches, offers a powerful means to 
circumvent single-agent resistance and improve therapeutic 
outcomes. In parallel, deep learning (DL) can help predict 
multifaceted cytotoxic profiles in cases where structure–activity 
relationships (SARs) are unclear, but its success depends on 
large-scale, high-quality datasets; therefore, high-throughput 
synthesis, screening, and evaluation of photoactivatable Pt 
complexes will be essential to generate robust training data.

Equally critical is the transition to physiologically relevant 
preclinical models. Many resistance studies still rely on 
monolayer cultures that do not adequately recapitulate tumor 
architecture, hypoxia gradients, and stromal interactions. 
Patient-derived organoids and tumoroids preserve native 3D 
organization, genetic heterogeneity, and microenvironmental 
fidelity, providing more predictive platforms to evaluate whether 
phototherapeutic Pt agents can overcome clinically relevant 
resistance mechanisms. In addition, tissue penetration by light is 
strongly wavelength-dependent, with near-infrared (NIR, 700–
900 nm) light achieving substantially deeper penetration and 
reduced off-target phototoxicity, thereby enhancing clinical 
translatability. Accordingly, future efforts should prioritize the 
rational design and development of NIR-activatable Pt 
complexes.

In summary, photoactivatable Pt complexes represent a 
transformative leap forward in overcoming Pt resistance by 
redirecting cytotoxicity from conventional DNA damage-driven 
apoptosis toward multimodal, immunity-engaging regulated cell 
death modalities. By orchestrating diverse PCD pathways with 
spatiotemporal control, phototherapeutic Pt agents offer robust 
solutions to chemoresistance and lay the groundwork for next-
generation precision oncology therapeutics.
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