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Photodynamic therapy (PDT) usually shows limited

efficacy in solid tumors since traditional PDT is O2-

dependent while solid tumors are inherently hypoxic.

In addition, hypoxic tumor cells possess antiapoptotic

pathways that resist PDT-induced apoptosis. There-

fore, developing photosensitizers (PSs) that show low

O2-dependency and can induce nonapoptotic cell

death pathways is critically needed. Herein, a series of

Ru(II) polypyridine complex-based PSs, RuNMe, RuH,

and RuCN, were synthesized, and their applications

against hypoxic tumor cells through PDT were investi-

gated. All three complexes show the ability to generate

the superoxide anion radical (·O2
−), which is the type I

photoreaction and less O2-dependent. RuNMe shows

the best PDT performance against MCF-7 cells and

three-dimensional multicellular spheroids, due to its

higher cellular uptake and more reactive oxygen spe-

cies generation. More importantly, RuNMe-incubated

MCF-7 cells show photoinduced ferroptosis as evi-

denced by glutathione peroxidase 4 downregulation

and lipid peroxide accumulation. This work not only

develops a novel ferroptosis-inducing Ru(II) complex

with the type I PDT process but also offers an effective

strategy to solve tumor hypoxia in PDT.

Keywords: ferroptosis, photodynamic therapy, O2-

independent, type I photoreaction, superoxide an-

ion radical (·O2−)

Introduction
In the past few decades, photodynamic therapy (PDT)

has become a promising method for the treatment of

various diseases, especially tumors, due to its low

systemic toxicity and minimal invasiveness.1,2 Generally,

photosensitizers (PSs) are injected and accumulated in

tumor tissues. Light irradiation on the tumor site then

produces cytotoxic reactive oxygen species (ROS), lead-

ing to suppression of the malignant tumors while
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preserving the surrounding normal tissues.3–5 PDT ismain-

ly divided into type I (production of superoxide anion

radicals, hydroxyl radicals, and hydrogen peroxide) and

type II (production of 1O2) photoreactions.
6–8 Most of the

current reports on the PDT process are based on the type

II photoreaction, which is highly dependent on the O2

concentration.7–9 However, hypoxia is a typical feature of

the solid tumor microenvironment.10–12 PDT-mediated O2

consumption further exacerbates tumor hypoxia and ul-

timately leads to unsatisfactory therapeutic effects.13,14 In

this regard, type I PSs aremore favorable since they show

less O2 dependence.15,16 On the other hand, PDT triggers

various cellular responses and induces cell death through

necrosis and/or apoptosis.17,18 However, hypoxia will in-

duce cellular adaptations,19 and one of these adaptations

is the expression of multidrug resistance proteins (ABC

transporters) that make cells resistant to apoptosis.20

Therefore, there is an urgent need to develop PSs that

showminimumO2-dependence and induce nonapoptotic

cell death pathways to improve the therapeutic effect

against hypoxic tumor cells.

Ferroptosis is an iron-dependent, nonapoptotic form

of cell death characterized by cytological changes, such

as decreased or vanished mitochondria cristae,21–23 and it

has been recognized as a novel strategy for anticancer

therapy.24,25 ROS generated by PSs will cause rapid glu-

tathione (GSH) consumption, resulting in suppression of

glutathione peroxidase 4 (GPX4) activity and accumula-

tion of lipid peroxides (LPOs), finally leading to ferrop-

tosis.26 Metal complex-based PSs have shown their

potential to induce ferroptosis to effectively deplete

hypoxic tumor cells. Guo et al. reported a series of Ir(III)

compounds as PSs that can generate superoxide anion

radicals (·O2
−) and hydroxyl radicals (·OH) to overcome

tumor hypoxia and induce ferroptosis in cells.27 Ru(II)

polypyridine complexes have also been widely used in

PDT due to their excellent chemical and photophysical

properties such as high-water solubility, high ROS gen-

eration, chemical stability, and photostability.28–39 The

ruthenium polypyridine complex TLD-1433 has entered

a phase II clinical trial for the treatment of nonmuscle

invasive bladder cancer.40,41 However, most of the Ru(II)

complexes cause apoptosis via photochemical process-

es. Ru(II)-based PSs with ferroptosis-inducing ability

have not been reported.

In this study, three Ru(II) polypyridine complexes

(RuNMe, RuH, and RuCN) were successfully synthesized

as novel PSs for PDT against hypoxic tumor cells

(Figure 1a). All the Ru(II) complexes showed a high quan-

tum yield of singlet oxygen and superoxide anion radical

(·O2
−) upon light irradiation, suggesting the coexistence

of both type I and type II PDT processes. Among them,

RuNMe showed the best tumor cell inhibition effect due

to its higher cell uptake compared to that of RuH and

RuCN. Upon light irradiation, MCF-7 cells cultured with

RuNMe showed distinct mitochondrial atrophy, GSH con-

sumption, GPX4 downregulation, and LPO accumulation

that can be reversed by cotreatment of ferrostatin-1

(Fer-1, a ferroptosis inhibitor), suggesting typical ferrop-

tosis in a GPX4-dependent manner (Figure 1b). This work

demonstrates that Ru(II) complex-based PSs can induce

ferroptosis, providing a new and reliable method for

effective PDT to overcome tumor hypoxia.

Experimental Methods
Details of the materials and instruments utilized are pro-

vided in the Supporting Information.

Preparation of Ru complexes

The synthetic routes of Ru(II) compounds are shown in

Supporting Information Scheme S1. Intermediate com-

pounds were synthesized according to the reported pro-

cedures,28 and the Ru(II) compounds RuNMe, RuH, and
RuCN (Figure 1a) have been successfully characterized

by nuclear magnetic resonance (NMR) spectroscopy and

high-resolution mass spectrometry (HRMS) (Supporting

Information Figures S1–S10).

Cell culture

MCF-7 cells were cultured in RPMI-1640 media. 1640

media were supplemented with fetal bovine serum

Figure 1 | (a) Chemical structures of Ru(II) complexes.

(b) The schematic illustration of the photoinduced ferrop-

tosis mechanism by RuNMe upon irradiation.
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(10%, v/v), penicillin (100 units/mL), and streptomycin

(50 units/mL) at 37 °C in a CO2 incubator (5% CO2). The

experiment was divided into the following four groups:

1. Dark + Normoxia group. The cells were incubated

with Ru(II) complex in the dark.

2. Dark + Hypoxia group. The cells were sealed in an

anaerobic airbag for 1 h after 3 h of incubation with

Ru(II) complex in the dark. Cells were taken out of

the anaerobic airbag and put back in the normal

incubator after 1 h. Oxygen concentrationwas below

0.1% during irradiation.

3. Light + Normoxia group. The cells were exposed to

photoirradiation (white light 30min) after 4 h of dark

incubation with Ru(II) complex and then taken back

into the incubator. Oxygen concentration was 21%.

4. Light + Hypoxia group. The cells were sealed in an

anaerobic airbag 1 h before irradiation (white light

30 min) to create a hypoxic condition after 3 h

of incubation with Ru(II) complex in the dark, and

the irradiation was carried out in the anaerobic

airbag. Cells were taken out of the anaerobic airbag

and put back into a normal incubator after irradia-

tion. Oxygen concentration was below 0.1% during

irradiation.

Results and Discussion
Photophysical properties

The photophysical properties of RuNMe, RuH, and RuCN

were investigated as shown in Supporting Information

Figures S11 and S12 and Table S1. There is no significant

difference in the maximum absorption wavelength with

different solvents (Supporting Information Figure S11).

The absorption at 400–500 nm in the visible light region

is attributed to the characteristic absorption of metal-

to-ligand charge transfer (MLCT) of the Ru(II) complex,

which is the transition of dπ-π* (Ru(II) toN,N ligand). The

broad and strong absorption at 450 nm and the shoulder

peak that appeared at 420 nm can be attributed to

the superposition of the absorption of the charge

transfer state (MLCT) between metal Ru and different

ligands, namely the dπ (Ru)-π*(bpy) (2, 2′-bipyridine)

and dπ (Ru)-π* (phenanthroline ligand) superposition.

The absorption band of the complex at 330 nm was the

absorption peak of the o-phenanthroline ligand. The

broad emission band centered at 602 nm was MLCT

emission. As can be seen from the emission spectra of

three complexes in different solvents, the fluorescence

intensity increased with increasing solvent polarity

(Supporting Information Figure S12). Additionally, due

to the strong electron-donating properties of N,N-di-

methyl, the complex RuNMe exhibited the photoinduced

electron transfer effect, which caused its fluorescence

to be significantly quenched (Supporting Information

Figure S12).

The singlet oxygen (1O2) quantum yield is one of the

decisive factors for the PDT effect. Consequently, the
1O2 quantum yields of the Ru(II) compounds were in-

vestigated with Ru(bpy)3 as the standard sample. As

shown in Supporting Information Figure S13 and Table

S1, compounds RuH and RuNMe had high singlet oxygen

quantum yields (0.55 for RuNMe, 0.65 for RuH, and 0.32

for RuCN, respectively), indicating good potential for

effective PDT.

Photoinduced anticancer activity of Ru(II)
complexes

Then the photocytotoxicities of RuNMe, RuH, and RuCN

against MCF-7 cells were determined (Table 1). The IC50

values of RuH determined under normoxia and hypoxia

upon light irradiation were 2.3 ± 0.5 and 11.1 ± 2.3 μM
while the IC50 values for incubation under dark condi-

tions were 168.0 ± 5.6 and 146.2 ± 10.3 μM, respectively.

The photocytotoxicity index (PI) values of RuH were

determined to be 73 and 13 under normoxia and hypoxia

by calculating the ratio of (IC50)Dark/(IC50)Light. For

RuCN, the (IC50)Light values were 4.4 ± 0.6 and

14.9 ± 0.9 μM under normoxia and hypoxia, respectively.

The PI values were 42 and 12 under normoxia and hyp-

oxia, respectively (Table 1). The (IC50)Light values of

RuNMe under normoxia and hypoxia (0.4 ± 0.1 and

1.5 ± 0.3 μM, respectively) were much lower than that

of RuH and RuCN, concomitant with PIs of 244 and 58

under normoxia and hypoxia. The above data show that

the PDT effect of RuNMe was much more efficient than

that of RuH and RuCN. Meanwhile, the PIs of RuNMe

under normoxia and hypoxia were about 3–5 times

higher than those of RuH and RuCN.

Table 1 | IC50 (μM) of Ru(II) Complexes against MCF-7 Cell Line (24 h)

Complexes

Dark Light

Normoxia Hypoxia Normoxia (PI) Hypoxia (PI)

RuNMe 97.4 ± 9.6 87.7 ± 7.9 0.4 ± 0.1 (244) 1.5 ± 0.3 (58)

RuH 168.0 ± 5.6 146.2 ± 10.3 2.3 ± 0.5 (73) 11.1 ± 2.3 (13)

RuCN 185.4 ± 19.4 183.9 ± 11.7 4.4 ± 0.6 (42) 14.9 ± 0.9 (12)

Note: PI: photocytotoxicity index, the ratio of (IC50)Dark/(IC50)Light.
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The cellular uptake of RuNMe, RuH, and RuCN was

determined by quantification of Ru concentration in

MCF-7 cells via inductively coupled plasma mass spec-

trometry (ICP-MS; Supporting Information Figure S14).

The results showed that the content of Ru in the cells

incubated with RuNMe was higher than that in the cells

incubated with RuH and RuCN, both under normoxia and

hypoxia. Therefore, the different cytotoxicities of differ-

ent complexes may be related to the different uptake of

the three compounds by the cells. The octanol/water

partition coefficients (logP) of RuNMe, RuH, and RuCN

are−0.24, −1.30, and −1.50 (Supporting Information Table

S1), respectively. This data demonstrate that the lipophi-

licity of RuNMe was higher than that of RuH and RuCN,

resulting in higher cellular uptake. The flow cytometric

annexin V-FITC assay is a typical method to monitor the

destruction of cell membrane integrity.42,43 RuNMe, RuH,

and RuCN were incubated for 4 h in the dark, then

irradiated (white light, 30 min) and further incubated for

different times (1, 2, and 4 h). The FITC fluorescence of the

RuH- and RuCN-incubated cells remained at a low level

during the incubation while that of RuNMe-incubated

cells increased gradually with time at a higher level

(Supporting Information Figure S15). The above results

indicated that the production of ROS after irradiation

destroyed the cell membrane43–45 and increased the cell

uptake ofRuNMewhile themembrane ofRuH- andRuCN-

incubated cells had no obvious changes. This may also

contribute to the differences in cellular uptake and cyto-

toxic activity.

Photoinduced reactive oxygen species
generation in MCF-7 cells

Photoinduced intracellular ROS generation by Ru(II)

complexes was investigated in MCF-7 cells. First, the
1O2 generation was carefully examined with singlet oxy-

gen sensor green (SOSG) as the probe. A significant

increase in fluorescence under normoxia was observed

after photoirradiation of RuNMe, RuH, and RuCN-

incubated MCF-7 cells by confocal imaging, indicating

the formation of 1O2 (Figure 2a). The fluorescence inside

the cell was negligible under hypoxic conditions, suggest-

ing a typical O2-dependent manner of 1O2 generation.

Then, the probe DHR123 was used to investigate the

intracellular ·O2
− generation of the three Ru(II) complexes

after irradiation. The distinct intracellular ·O2
− generation

ability of RuNMe was observed, which was significantly

stronger than that ofRuH andRuCN under both normoxia

and hypoxia (Figure 2b). A similar phenomenon was

observed when DHR123 was used as a ·O2
− indicator in

phosphate-buffered saline (PBS) buffer (Supporting

Information Figure S16). The above data reveal that

RuNMe enabled the type I photochemical process to form

·O2
− in MCF-7 cells under hypoxia. Consequently, RuNMe

can function well as a PDT agent against hypoxic tumor

cells.

Figure 2 | Confocal imaging of photoinduced ROS in MCF-7 cells incubated with RuNMe, RuH, and RuCN (3 μM, 4 h,

37 °C in the dark) under normoxia (O2 = 21%) and hypoxia (O2 <0.1%) using (a) SOSG as fluorescence indicators for 1O2,

(b) DHR123 as fluorescence indicators for ·O2
−. Photoirradiation was imposed withwhite light (8.0 J/cm2, 30min) after

4 h of Ru complex incubation. Scale bar: 20 μm.
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Cell death mechanism study

RuNMe was chosen for the following assay since it

showed the highest phototoxicity among the three com-

plexes. The photoinduced cell death mechanism of

RuNMe-incubated MCF-7 cells was investigated via coin-

cubation of RuNMe with different cell death inhibitors

(Figure 3a). The cell viabilities showed no distinct differ-

ence when MCF-7 cells were treated with inhibitors of

apoptosis (z-VAD-fmk), autophagy (3-methyladenine, 3-

MA), and necrosis (necrostatin-1, Nec-1), compared with

the control cells without cell death inhibitor treatment.

Only the ferroptosis inhibitor (Fer-1) significantly inhib-

ited cell death, and the cell survival rate was about 88%

under normoxia. A similar phenomenon was also ob-

served under hypoxia. The ferroptosis inhibitor effective-

ly increased the cell survival rate to 78%, suggesting that

ferroptosis is the main cell death pathway by RuNMe in

normoxia and hypoxia upon being photoinduced. The

mortality of photoinduced cells is detected by coincubat-

ing MCF-7 cells with deferoxamine (DFO, an iron chela-

tor) or holo-transferrin (an iron transporter) and RuNMe
(Supporting Information Figure S17). The results show

that the death rate of MCF-7 cells coincubated with DFO

and RuNMe was reduced. Similar results were observed

under hypoxia, indicating that ferroptosis was sup-

pressed when intracellular iron concentration was

decreased. Moreover, the photoinduced mitochondrial

morphology change by RuNMe in MCF-7 cells was exam-

ined using transmission electronmicroscopy (TEM). After

irradiation, the mitochondria of control cells remained

almost unchanged, while the mitochondria of RuNMe-

treated cells showed multilamellar globules, and the cris-

tae in the inner membrane exhibited onion-like circles in

both normoxia and hypoxia, indicating that mitochondria

were severely damaged (Figure 3b). The structural aber-

rations of the mitochondria, including disrupted cristae

and compromised membrane integrity, are typical hall-

marks of ferroptosis.46 The above results demonstrate

that ferroptosis was the main cell death mode upon PDT

treatment using RuNMe as the PS.

To verify the ferroptosis mechanism, other character-

istics of ferroptosis were investigated (Figure 4). Tumor

cells exhibited relatively high GSH levels up to 10 mM to

maintain redox balance.47–49 GSH is a cofactor of GPX4,

and rapid GSH consumption can inhibit the activity of

GPX4 as a cofactor.50,51 The cell viability of MCF-7 cells

with GSH and RuNMe coincubation was significantly in-

creased under both normoxia and hypoxia (Figure 4a),

indicating that GSH played an important role in the cell

death pathway during RuNMe-mediated PDT. Then, the

changes in intracellular GSH levels were investigated with

RuNMe-incubate MCF-7 cells after irradiation. The GSH

Figure 3 | (a) Cell viabilities of MCF-7 cells upon coincubation (24 h) with RuNMe (3 μM) and different cell-death

inhibitors: z-VAD-fmk (50 μM), 3-MA (100 μM), Fer-1 (50 μM), and Nec-1 (50 μM). (b) TEM images of the mitochondrial

morphology changes in MCF-7 cells with RuNMe incubation upon light irradiation.
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level in RuNMe-incubated MCF-7 cells after irradiation

was significantly lower than that in untreated cells under

normoxia and hypoxia (Figure 4b). These results suggest

that RuNMe efficiently reduces GSH levels and disturbs

the redox balance in tumor cells.

GSH consumption of cells can inhibit the expression of

GPX4 protein, thereby reducing the activity of GPX4.

Upon light irradiation, distinctly decreased expression

and activity of GPX4 protein in RuNMe-incubated MCF-

7 cells were observed under both normoxia and hypoxia

(Figure 4c,d). Generally, to reduce cytotoxicity, LPOs will

be converted into nontoxic lipid alcohols (LOHs). How-

ever, the deactivation of GPX4 will inhibit the conversion

of LPOs so the accumulation of LPOs can be regarded as

an important hallmark of ferroptosis.23,52,53 LPOs levels

were monitored using the lipid peroxidation probe C11-

BODIPY581/591. Confocal imaging disclosed that RuNMe
enhanced the probe fluorescence remarkably upon light

irradiation, implying the obvious LPOaccumulation under

both normoxia and hypoxia (Figure 4e). These results

confirm that RuNMe can induce ferroptosis via a GPX4-

dependent pathway upon PDT.

PDT activity in three-dimensional
multicellular spheroids

The above results have demonstrated that RuNMe can

undergo the type I PDT process and induce ferroptosis,

which can be very attractive as a potent PS for combating

hypoxic tumor cells. Three-dimensional (3D) multicellular

spheroids (MCSs) are often used to simulate the micro-

environment of tumor tissues.11,54 3D MCSs possess a

diffusion limit of approximately 150–200 μm for many

molecules, which makes them an excellent model for

hypoxia. Therefore, 3D MCSs with diameters of about

500 μm were used to simulate the hypoxic environment

of tumor tissue (Figure 5). In the control group without

Ru(II) complexes, the volume of the 3D MCSs increased

distinctly after 4 days of incubation with and without

irradiation. The growth of Ru(II) complexes incubated

3D MCSs was inhibited slightly under dark incubation

while the growth of Ru(II) complexes treated MCSs were

distinctly inhibited after irradiation. The above results

show that the three Ru(II) complexes can be used as

excellent type I PDT agents to overcome tumor hypoxia

Figure 4 | (a) The viability of MCF-7 cells treated with RuNMe (3 μM) and GSH (5 mM) with light irradiation. (b) GSH

and oxidized glutathione disulfide (GSSG) levels in MCF-7 cells incubated with RuNMe (3 μM) with light irradiation.

(c) Western blotting results of GPX4 expression in MCF-7 cells after treatment with RuNMe (3 μM). (d) The activity

of GPX4 in MCF-7 cells upon incubation with RuNMe (3 μM) after irradiation. (e) LPOs assay of MCF-7 cells using

C11-BODIPY581/591 after coincubation with RuNMe (3 μM).
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and have the potential to effectively inhibit the growth of

solid tumors. Irradiation of RuNMe-treated 3D MCSs

caused the almost complete collapse of the 3D structures

of theMCSs, showing a superior PDT effect to that ofRuH

and RuCN.

Conclusion
Three Ru(II) complexes, RuNMe, RuH, and RuCN, were

successfully synthesized and used as PSs to overcome

tumor hypoxia during the PDT process. RuNMe displayed

enhanced cellular uptake, higher ·O2
− generation and ex-

cellent PDT efficiency toward MCF-7 cells compared with

RuH andRuCN. Meanwhile,RuNMe-incubatedMCF-7 cells

showed evident GPX4-dependent ferroptosis upon light

irradiation under both normoxia and hypoxia. The identi-

fication of ferroptosis and its signal transduction mecha-

nism may help to develop new therapeutic approaches

that efficiently suppress the growth of hypoxic tumor

cells.

Supporting Information
Supporting Information is available and includes (1) syn-

thesis routes and methods, (2) experimental methods,

(3) 1H and 13C NMR spectra, (4) HRMS spectra, (5) UV

and FL spectra, (6) ICP-MS, (7) flow cytometric Annexin

V-FITC assay, (8) photoinduced ·O2
− generation ability in

PBS buffer, and (9) cell viability with different treatment.
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