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A bimetallic Ru(II)–Ru(II) complex as an effective
non-small cell lung cancer photosensitizer with
potential ferroptosis photoinduction

Kelun Cui,a Yuqing Wei,a Sufen Si,b Qiuyun Chen, a Gaoji Wang, a

Songlin Xue, a Yue Wang, *a Chunyin Zhu *a and Feng Chen *a

Three polypyridyl bimetallic photosensitizers of Ru–Ru, Os–Os, and Ru–Os with the general formula of

[(DIP)4M2(L-1)](PF6)4, where DIP is 4,7-diphenyl-1,10-phenanthroline and L-1 is the bridging ligand, were

developed and fully characterized. Electronic property study by DFT and TD-DFT calculations indicated a

polarized electron distribution tendency and an intra-molecular charge transfer effect. The complex Ru–Ru

generated high amounts of reactive oxygen species (1O2 and O2
•−), and the 1O2 generation efficiency of Ru–

Ru was approx. 24 fold (in acetonitrile) and 6.6 fold (in PBS/DMSO (95/5, v/v)) higher than that of [Ru(bpy)3]

Cl2 under low-power blue light exposure. These complexes exhibited moderate to great photocytotoxicity

against A549 and MGC-803 cancer cell lines under blue LED light irradiation, and the IC50 values of Ru–Ru

were as low as 2.33 μM (phototherapeutic index (PI) > 21) and 3.10 μM (PI > 16), respectively; while it was rela-

tively less cytotoxic against HaCaT normal cells (Ru–Ru, IC50 value of 6.10 μM) and almost noncytotoxic in

the dark. The cellular singlet oxygen detection in A549 cancer cells was in a concentration-dependent

manner. Ru–Ru can also induce potent photo-oxidation of NADH (turnover frequency of 462 h−1 in PBS)

and glutathione in PBS/DMSO (95/5, v/v), interfere with the balance of NADH (41%) and GSH (66%) in A549

cells, and cause accumulated lipid peroxidation, which indicated that such a complex can be a candidate

catalytic type I and type II photosensitizer and potentially induce ferroptosis in cancer cells.

1. Introduction

Transition metal complexes with d6 low-spin metals, in particu-
lar of Ru(II) and Os(II), have been intensively studied with
regard to their outstanding photophysical, electrochemical,
and photo-redox properties.1,2 In recent decades, considerable
efforts have been devoted to developing new polypyridine tran-
sition metal complexes as photosensitizers (PSs), concerning
the efficiency boost of photon to electron or energy transfer via
metal–ligand-charge-transfer (MLCT) within the complex.3

Thus, by fully taking advantage of the photo-quality of the poly-
pyridine complexes, d6-metal complex based photodynamic
therapy has been developed as a prominent complementary
strategy to platinum-associated chemotherapy for the treatment
of cancers or pathogenic infections,4 via the generation of reac-
tive oxygen species (O2

•− and •OH, type I) or singlet oxygen
(1O2, type II). Among those, TLD-1433 represents one of the
most successful Ru(II) PSs which is under phase-II clinical trial

for non-muscle invasive bladder cancer treatment.5–7 The
potential clinical application has inspired the pertinent design
of more functionalized PSs;8,9 for instance, benefiting from the
significant heavy atom effect, Gasser et al. reported a series of
osmium(II) polypyridyl complexes that showed promising
phototoxicity against multicellular tumor spheroids upon near-
infrared irradiation at 740 nm.10 Recently, they have released a
new Ru(II) polypyridyl complex ligated with COUPY coumarins
that targets hypoxic solid tumors.11

Complexes with multitopic-metal centers may exhibit out-
standing photo-physical/-chemical properties, e.g. photoinduced
electron and energy transfer processes, in comparison with the
mononuclear analogues.12–14 Metal centers connected by brid-
ging ligands will display effective electron transfer or an energy
coupling effect between each chromophore under light exposure,
and any modification of bridging ligands or metals center can
promote the electron transfer, leading to unexpected photo-
physical performance.15,16 Gou et al. developed a self-assembly-
induced vibronic decoupling strategy for enhanced 1O2 gene-
ration by a homoleptic Ir(III) complex under NIR excitation, while
only a trivial amount of 1O2 was produced in the monomeric
state.17 A binuclear Os(II) polypyridyl complex reported by Gao
et al. showed solely a photothermal (PTT) effect under 808 nm

aSchool of Chemistry and Chemical Engineering, Jiangsu University, Zhenjiang,

China. E-mail: yue.wang@ujs.edu.cn, zhucycn@gmail.com, fengjchen@ujs.edu.cn
bNorthern Light Quality Inspection Technical Service Co., Ltd, Nanjing 210033,

China

16372 | Dalton Trans., 2025, 54, 16372–16379 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 2
0 

O
ct

ob
er

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 4

:4
5:

01
 A

M
. 

View Article Online
View Journal  | View Issue

http://rsc.li/dalton
http://orcid.org/0000-0002-0437-8663
http://orcid.org/0000-0001-9183-3195
http://orcid.org/0000-0002-6197-1885
http://orcid.org/0000-0003-2816-3234
http://orcid.org/0000-0001-5759-8232
http://orcid.org/0000-0001-9946-4080
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt01430a&domain=pdf&date_stamp=2025-11-06
https://doi.org/10.1039/d5dt01430a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054044


irradiation with rare 1O2 generation, while modification of the
metal center from homoleptic Os(II)–Os(II) to heterogenous Ru
(II)–Os(II) significantly enhanced the 1O2 generation capacity and
the PTT effect (Scheme 1).18,19 Recently, Huang et al. have
explored a new polypyridyl Ru(II) complex with strong NIR
absorption properties, which could induce a notable redox
imbalance and energy metabolism perturbation under 700 nm
irradiation (Scheme 1).20 Capitalizing on these compelling
investigations, our group have endeavoured to study the photo-
physical, photo-chemical and biological properties of multi-
nuclear transition metal complexes; in previous research, we
have reported a homogeneous dinuclear Os(II) complex based on
a symmetrical ligand of tBu-DQPP, showing antiproliferative
activity towards gastric cancer cells (Scheme 1).13 In the current
work, we have synthesized three bimetallic complexes, Ru–Ru,
Ru–Os, and Os–Os, and photo-excited reactive oxygen species
generation by these complexes was studied using spectroscopic
methods; their antiproliferative activity and the relative catalytic
mechanism of action were also studied.

2. Results and discussion
2.1 Synthesis and characterization

Three bimetallic complexes were synthesized in two pathways
(Scheme 1); in pathway 1, Ru-1 was obtained by a reaction of

4-formyl-4′-methyl-2,2′-bipyridine (1 equiv.) and [Ru(DIP)2]Cl2
(1 equiv.) in DMF;21 Ru-2 was constructed via a Debus–
Radziszewski imidazole synthesis route by reaction of Ru-1 (1
equiv.) with 1,10-phenanthroline-5,6-dione (1 equiv.) in AcOH
under reflux; next, the hetero-bimetallic complex Ru–Os was
obtained by coordination of Ru-2 with [Os(DIP)2]Cl2; in
pathway 2, the homoleptic complexes Ru–Ru and Os–Os were
synthesized according to the literature.13,21 All complexes were
fully characterized by 1H/13C NMR, HRMS and elemental ana-
lysis (Fig. S1–S19). The octanol/water partition coefficients
(log PO/W) were also determined, giving the log P values of 1.39
(Ru–Ru), 1.33 (Ru–Os), and 1.28 (Os–Os).

2.2 Spectroscopic study

UV-vis spectra of the three bimetallic complexes were deter-
mined in acetonitrile; as shown in Fig. 1a and Table 1, sharp
peaks between 300 nm and 350 nm can be assigned to the IL
ππ* transitions of the DIP ligand; two adjacent broad peaks at
ca. 450 and 500 nm of Os–Os are attributable to the metal to
ligand charge transfer (MLCT) of Os(dπ) toward the chelated
ligand L1(π*), and the weak broad band in the range of
600–750 nm, as the elongated tail, is assignable to the spin-for-
bidden transition of MLCT singlet–triplet transitions for Os(II)
PSs, which is typically found in many Os(II) complexes;12 The
broad absorption at around 460 nm for Ru–Ru represents the
MLCT of Ru(dπ) → DIP and Ru(dπ) → L1 transitions.22,23 The

Scheme 1 Previously reported bimetallic complexes and illustrated synthesis routes for the ligand and all complexes.13,18–20
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adjacent two broad peaks for Ru–Os at ca. 458 nm and 512 nm
showed a bathochromic shift in comparison with those of Os–
Os, and the broadband tail for Ru–Os was assignable to the
spin forbidden singlet to triplet transition of Os(dπ) → ligand
MLCT transitions.24

Emission spectra of bimetallic complexes were recorded in
acetonitrile at room temperature. As shown in Fig. 1b, Ru–Ru
displayed intense emission at ca. 670 nm, corresponding well
with the Ru(dπ) to DIP (π*) 3MLCT excited state emission,
while the 3MLCT emissions for Ru–Os and Os–Os were signifi-
cantly quenched by the Os(II) moiety of the complex, and were
too weak to be detected in acetonitrile;22 the emission lifetime
of the bimetallic complexes in acetonitrile was decreased in
the order of Ru–Ru (257 ns) > Ru–Os (2.1 ns) > Os–Os (1.7 ns)
(Fig. 1b and Fig. S20), and the photoluminescence decay of
Ru–Ru was far longer than that of Ru–Os and Os–Os ((Table 1).

2.3 DFT and TD-DFT calculations

Electronic properties of Ru–Ru, Ru–Os, and Os–Os were inves-
tigated by DFT calculations according to an established
method.25–28 The electronic gaps between the highest occupied
molecule orbital (HOMO) and the lowest unoccupied molecule

orbital (LUMO) were 2.932 eV (Ru–Ru), 2.810 eV (Ru–Os), and
2.817 eV (Os–Os). As shown in Fig. 1c, all complexes displayed
a polarized tendency for electron distribution for the HOMO
and LUMO; HOMO electrons of Ru–Ru reside almost exclu-
sively on the imidazole-section Ru(II) chromophore, while
LUMO electrons reside on the other side; this was in contrast
to the HOMO/LUMO distributions of Os–Os. The HOMO for
Ru–Os distributes mainly on the Ru(II) chromophore, and the
LUMO resides solely on the Os(II) side. The polarized distri-
bution may predict a light-driven intramolecular charge trans-
fer (ICT) for these complexes.

Next, TD-DFT calculations were also performed to investi-
gate the electron properties (Fig. S21 and S22). The strongest
absorption bands observed in all three complexes originate
from the S0 → S5 electronic transition. Charge density differ-
ence (CDD) analysis reveals that these transitions exhibit pro-
nounced metal-to-ligand charge transfer (MLCT) character,
with both constituent metals contributing significantly to the
charge transfer process. However, Ru–Os additionally displays
ligand-to-ligand charge transfer (LLCT) features. In this
complex, electron transfer primarily occurs from the ruthe-
nium-containing moiety (involving both the ligand and the Ru

Fig. 1 (a) Absorption spectra of Ru–Ru, Ru–Os, and Os–Os in acetonitrile at room temperature. (b) Emission spectrum of Ru–Ru in acetonitrile,
inset: photo-luminescence decay of Ru–Ru. (c) HOMO and LUMO orbitals of Ru–Ru, Ru–Os, and Os–Os.

Table 1 UV-vis absorption, luminescence, lifetime data, electronic gaps and turnover frequencies of NADH-oxidation of three complexes

Compound Absorptiona, λmax[nm] (105 ε/M−1 cm−1) Ema [nm] τa [ns] EG [eV] TOFb [h−1]

Ru–Ru 302(1.31) 451(0.54) 373(0.31) 670 257 2.932 462
Ru–Os 295(2.0) 455(0.54) 515(0.42) 377 2.1 2.810 27.9
Os–Os 306(2.0) 458(0.52) 503(0.53) 372(0.30) 390 1.7 2.817 30.6

aData acquired in acetonitrile. bData determined in PBS/DMSO (95/5, v/v).
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center) to the osmium-containing moiety. The lowest-energy
absorption bands in all complexes arise from the S0 → S1 exci-
tation and retain the MLCT character. In contrast to the S0 →
S5 excitation, the MLCT transitions in both homo- and hetero-
nuclear complexes involve charge transfer contributions predo-
minantly from only one metal center.

2.4 ROS generation

2.4.1 Singlet oxygen – 1O2. The ability of singlet oxygen
generation by bimetallic complexes Ru–Ru, Ru–Os, and Os–Os
was investigated using an indirect method with ABDA as a
trapping probe; [Ru(bpy)3]Cl2 was used as the positive control,
and complexes with ABDA in the dark were set as negative
control. Initially, 1O2 generation in acetonitrile was determined
under blue LED light irradiation (465 nm, Fig. S23) with a
molar ratio of bimetallic complex to ABDA of 1 : 6, and Ru–Ru
exhibited a high reaction rate that can consume ABDA in
10 min, and the bimetallic complexes showed a decrease order
of Ru–Ru > Ru–Os > Os–Os; in a shorter period of time
(1 min), as shown in Fig. 2a and b, Ru–Ru retained the 1O2

generation potency under blue LED light irradiation and can
fully oxidize ADBA in 1 min, and the 1O2 production rate of
Ru–Ru was approx. 24-fold higher than that of [Ru(bpy)3]Cl2

10

(Fig. S24). Next, the 1O2 generation under increased molar
ratios of Ru–Ru to ABDA, i.e., 1 : 30, 1 : 60, and 1 : 150, was
determined under blue LED light irradiation; as shown in
Fig. S25, ABDA can be fully oxidized at the ratios of 1 : 30 and
1 : 60, and gratifyingly, ca. 80% of ABDA was oxidized at a ratio
as high as 1 : 150 in 10 min, indicating the potent 1O2 gene-
ration capacity of Ru–Ru. Aqueous solutions may result in a
lower 1O2 generation efficiency due to the quenching effect.8

The 1O2 generation ability of bimetallic complexes in DMSO/
PBS (5/95, v/v) was investigated under blue LED light
irradiation (465 nm). Addition of aqueous species reduced the
1O2 generation rate for both Ru–Os and Os–Os; while it was
unexpected to observe that Ru–Ru retained the efficiency and
entirely oxidized ABDA within 10 min (Fig. S26). In shorter
times, with a ratio of complex to ABDA of 1 : 30, ADBA was
totally oxidized in ca. 6 min (Fig. 2c and d), and the rate for
Ru–Ru was about 6.6 times higher than that for [Ru(bpy)3]Cl2
(Fig. S27). When increasing the Ru–Ru/ABDA ratio to 1 : 60 and
1 : 150, Ru–Ru still induced ABDA oxidation up to 70% and
52%, respectively, in 10 min (Fig. S28). Ru–Ru exhibited a
highly powerful 1O2 generation ability in both acetonitrile and
aqueous solutions, which was much stronger than that of
most reported Ru(II) photosensitizers so far.10,29–31

Furthermore, the 1O2 generation was also determined
under red LED light irradiation (640 nm) using DPBF as a trap-
ping agent. As exhibited in Fig. S29, Os–Os and Ru–Os dis-
played a similar tendency and can decompose DPBF in ca.
10 min; while encouragingly, Ru–Ru also showed a significant
efficiency and can totally consume DPBF in ca. 20 min, which
was much higher than that of [Ru(bpy)3]Cl2, for which almost
no decomposition of DPBF was observed in 20 min.

2.4.2 Superoxide radical (O2
•−) generation. The non-fluo-

rescent dihydrorhodamine 123 (DHR 123) can be oxidized to

rhodamine 123 (Rh123+, strong green fluorescence) by ROS,
and thus has been used as a trapping probe. Initially, the ROS
production by Ru–Ru, Ru–Os and Os–Os was investigated
using DHR 123 as the probe under blue LED light irradiation
(465 nm, Fig. 2e and Fig. S30); the fluorescence signals at ca.
526 nm enhanced significantly with blue LED light irradiation;
among the complexes, Ru–Ru possessed the highest reaction
rate and DHR 123 was fully oxidized in ca. 5 min, indicating
the potency of Ru–Ru in the generation of ROS; while a lower-
energy light source (red LED light, 640 nm) greatly weakened
the generation efficiency for these complexes, where Ru–Ru
oxidized ca. 30% of DHR 123 in 40 min, and less than 10% oxi-
dation was observed for Ru–Os and Os–Os (Fig. S31).
Furthermore, to confirm the O2

•− generation, electron spin
resonance (ESR) measurements were performed using 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as the trapping agent. All
signal peaks, as shown in Fig. 2f and Fig. S32, in the range of
3480–3540 G were highly assignable to that of DMPO-OOH,
indicating the formation of O2

•−.16,32

All of the above data indicated that Ru–Ru is a highly
powerful type-I and type-II photosensitizer.

Fig. 2 (a) Absorption spectra of ABDA (60 μM) with Ru–Ru (10 μM) in
acetonitrile under blue light irradiation (13 mW cm−2 for 1 min). (b)
Absorbance change at 398 nm of Ru–Ru and [Ru(bpy)3]Cl2. (c)
Absorption spectra of ABDA (60 μM) with Ru–Ru (2 μM) in PBS/DMSO
(95/5, v/v) under blue light irradiation (13 mW cm−2 for 10 min). (d)
Absorbance change at 398 nm of Ru–Ru and [Ru(bpy)3]Cl2. (e) The
change in emission spectra of DHR 123 upon O2

•− generation by Ru–Ru
(blue, 13 mW cm−2 for 40 min, λex = 488 nm). (f ) The ESR signal of O2

•−

trapped by DMPO after blue light irradiation and in the dark.
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2.5 In vitro antiproliferative activity

Next, the antiproliferative activity of three bimetallic complexes
against A549 human non-small cell lung cancer cells,
MGC-803 human gastric cancer cells, and HaCaT human
normal cells was determined with CCK-8 assay under blue
(465 nm) and red (640 nm) LED light irradiation, where 5-ALA
was used as positive control (Table S1) and the complex-admi-
nistered cells without irradiation were set as negative control.
As shown in Fig. 3a, 3b and Fig. S33, S34, no cytotoxicity for
Ru–Ru, Ru–Os and Os–Os was observed in the dark. Under
blue LED light irradiation, Ru–Ru induced a significant photo-
cytotoxicity against both A549 and MGC-803 cancer cells, with
IC50 values as low as ca. 2.33 µM and 3.10 µM, respectively,
and the phototherapeutic indexes for Ru–Ru were >21 and >16
against A549 and MGC-803 cells, respectively. Ru–Os and Os–
Os only showed moderate photo-cytotoxicity against A549 and
MGC-803 cancer cell lines. Gratifyingly, Ru–Ru displayed lower
photocytotoxicity against HaCaT human normal cells, giving
an IC50 value of 6.10 µM, and the selectivity index values were
ca. 2.62 and 1.96, indicating a good selectivity of photocyto-
toxicity between cancer cells and normal cells. However, under
blue LED light irradiation, no apparent photocytotoxicity was
observed for these complexes against all cell lines (Fig. S35).

2.6 In-cell 1O2 generation, co-localization and cellular uptake

Intracellular 1O2 generation by Ru–Ru under blue light
irradiation in A549 cancer cells was determined with complex
concentrations of 0.2 and 2 μM, using singlet oxygen sensor
green (SOSG) as the green fluorescent sensor, and A549 cells
with SOSG only were studied as negative control. As evidenced
in Fig. 3c, the fluorescence signals of SOSG were observed to
be concentration-dependent, and the intensity was signifi-
cantly improved when co-administered with 2.5 μM and 5 μM
Ru–Ru under blue LED irradiation, while only weak fluo-
rescence signals were seen in the dark. Furthermore, the

potential localization of Ru–Ru in cancer cells was investigated
by confocal microscopy to study the potential subcellular local-
ization of Ru–Ru in A549 cancer cells. MitoTracker Green
(MTG, mitochondrial) and DAPI (nucleus) were used as the
tracking dyes, and the luminescence of complex Ru–Ru
appeared as an apparent red signal in A549 cells after 4 h of
incubation; however, the red fluorescence signal of Ru–Ru
showed weak signal overlap with that of MTG (Fig. 3d–g) or
DAPI (Fig. S36), suggesting a low tendency of these bimetallic
complexes to target mitochondria and the nucleus in cells.
The cellular uptake of Ru–Ru and Os–Os in A549 and
MGC-803 cells was studied by inductively coupled plasma
mass spectrometry (ICP-MS). Ru contents were found to be ca.
180 ng per 106 cells in A549 cells and approx. 115.6 ng per 106

cells in MGC-803 cells after coincubation, while Os contents in
both cells were about 295.4 ng per 106 cells(A549) and 271.6
ng per 106 cells (MGC-803), and this might indicate a low
association with the anticancer activity (Fig. S37).

2.7 NADH oxidation

Nicotinamide adenine dinucleotide (NAD+) and the reduced
form (NADH) play a vital role in biological systems as redox
coenzymes, and disrupting the balance of NAD+/NADH may
break off the electron supply in many intracellular redox reac-
tions, thus leading to cell death.14,33 Initially, the photo-oxi-
dation of NADH by Ru–Ru, Ru–Os, and Os–Os was studied in
PBS/DMSO (95/5, v/v) with blue LED light irradiation, and [Ru
(bpy)3]Cl2 was used as a positive control. At a complex/NADH
ratio of 1 : 50, Ru–Ru showed the highest efficiency in the oxi-
dation reaction and can fully oxidize NADH in 10 min
(Fig. S38), and Ru–Os and Os–Os can oxidize over 90% of
NADH in 60 min, and such an NADH oxidation rate was analo-
gous to that of [Ru(bpy)3]Cl2. Next, the recording time of
NADH photo-oxidation by Ru–Ru was shortened to 3 min, and
gratifyingly, Ru–Ru can fully oxidize NADH in 180 s, with a

Fig. 3 Cell viability of A549 (a) and MGC-803 (b) cells with various concentrations of Ru–Ru under blue light exposure (13 mW cm−2 for 1 h) and in
the dark. (c) Cellular 1O2 detection by Ru–Ru under different conditions in A549 cancer cells with SOSG as the green fluorescent probe. (d)
Luminescence of Ru–Ru in A549 cells. (e) Mitochondrial localization of MitoTracker Green dye (ex: 488 nm, em: 513–550 nm). (f ) Bright field. (g)
Merged image.
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turnover frequency (TOF) number as high as 462 h−1, which
was about 13.6 times higher than that of [Ru(bpy)3]Cl2
(Fig. 4a). Notably, during the photocatalytic NADH oxidation,
the generation of hydrogen peroxide (H2O2) was also observed
using peroxide detection strips; while no significant H2O2 pro-
duction was observed in the dark (Fig. 4a). Next, the intracellu-
lar photo-oxidation of NADH by Ru–Ru was investigated in
A549 cancer cells, and as shown in Fig. 4b, Ru–Ru can induce
ca. 41% of NADH oxidation under blue light irradiation, indi-
cating a potential NADH oxidation mechanism of action
intracellularly.

2.8 Glutathione oxidation and ferroptosis photo-induction

Glutathione (GSH), as an essential tripeptide that can prevent
cell damage from ROS, exists ubiquitously in all eukaryotic
cells.34,35 Some of the cell death modes, e.g. ferroptosis, are
highly GSH dependent.36 Given the powerful ROS generation
by these bimetallic complexes, the photo-activated oxidation of
GSH was studied; first, photo-oxidation of GSH by bimetallic
complexes with blue LED light exposure was investigated
under physical conditions (PBS/DMSO, 95/5, v/v) and was com-
pared with that of [Ru(bpy)3]Cl2; all complexes can oxidize
GSH to GSSG under light exposure, of which Ru–Ru displayed
a notably higher reaction rate and can induce full photo-oxi-

dation in 5 min (Fig. 4c), which was remarkably higher in com-
parison with that of [Ru(bpy)3]Cl2 (ca. 40 min, Fig. S39). Ru–Os
and Os–Os showed similar oxidation efficiency and can oxidize
GSH to GSSG within 40 min. In a further experiment, intra-
cellular GSH perturbation by Ru–Ru under blue LED light
irradiation was determined in A549 cancer cells. As shown in
Fig. 4d, Ru–Ru induced an apparent GSH photo-oxidation that
can lower the GSH level by ca. 66%, and such a notable
reduction of GSH suggests that Ru–Ru is capable of disturbing
the GSH/GSSG balance in cell.

Ferroptosis is a new mode of non-apoptotic cell death, with
a main feature of inactivation of cellular antioxidant capacity
due to the dysfunction of glutathione peroxidase 4 (GPX4,
which functions in a GSH-dependent manner).37,38 Targeting
ferroptosis can lead to the peroxidation of accumulated phos-
pholipids containing polyunsaturated fatty acids on the
membrane,32,39 and consumption of GSH may indirectly
inhibit the GPX 4 activity, further inducing ferroptosis. Based
on the observations above, the potential ferroptosis pathway of
Ru–Ru was investigated in A549 cancer cells with BODIPY-11
as the trapping dye. As shown in Fig. 4e, the fluorescence of
C11-BODIPY in A549 cells treated with Ru–Ru was apparently
enhanced after blue light exposure, indicating a significant
lipid peroxide accumulation; co-administration with the fer-
roptosis inhibitor ferrostatin-1 (Fer-1) effectively inhibited the
fluorescence intensity, which confirmed the ferroptosis photo-
induction.

3. Conclusions

In summary, three bimetallic complexes of Ru–Ru, Ru–Os, and
Os–Os have been synthesized and fully characterized. The
polarized HOMO and LUMO electron distribution indicates
the ICT effect for these complexes. Photo-driven 1O2 gene-
ration by Ru–Ru showed a high reaction rate, which was ca.
24-fold (in ACN) and 6.6-fold (in aqueous solution) higher
than that of [Ru(bpy)3]Cl2, and Ru–Ru showed potent anti-
cancer activity against A549 and MGC-803 cancer cells under
low-power blue light exposure with IC50 values as low as
2.33 µM and 3.10 µM, while no cytotoxicity was observed in
the dark. Perturbation of NADH and GSH levels both under
physical and biological conditions and the photo-induced
lipid peroxide accumulation indicate that Ru–Ru can be used
as a potent type I and II photosensitizer for cancer treatment,
with NADH modulation and a potential ferroptosis
mechanism.

Author contributions

K. C., C. Z., Q. C., and F. C. designed the project. K. C. and
Y.-Q. W. carried out the synthesis and characterisation of
ligands and complexes, and determined ROS generation, UV-
vis spectra and NADH/GSH photo-oxidation. S. S. and
G. W. carried out the antiproliferative cell studies and related

Fig. 4 (a) Photo-oxidation of NADH (100 µM) by Ru–Ru (2 µM) in PBS/
DMSO (95/5, v/v) with blue light exposure (13 mW cm−2 for 5 min),
inset: detection of H2O2 in the dark (①) and after irradiation (②). (b)
Change of NADH levels in A549 cells with different treatments. (c)
Photo-oxidation of GSH (100 µM) by Ru–Ru (10 µM) in PBS/DMSO (95/
5, v/v) with blue light exposure (13 mW cm−2 for 5 min). (d) Change of
GSH levels in A549 cells with different treatments. (e) The fluorescence
of lipid peroxides in A549 cells with different treatments using C11-
BODIPY as a trapping probe, ex: 488 nm, em: 520 nm.
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