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a b s t r a c t

Photodynamic therapy (PDT) has received much attention in recent years. However, traditional photo-

sensitizers (PSs) applied in PDT usually suffer from aggregation-caused quenching (ACQ) effect in H2O,

single and inefficient photochemical mechanism of action (MoA), poor cancer targeting ability, etc. In this

work, two novel Ru(II)-based aggregation-induced emission (AIE) agents (Ru1 and Ru2) were developed.

Both complexes exhibited long triplet excited lifetimes and nearly 100% singlet oxygen quantum yields

in H2O. In addition, Ru1 and Ru2 displayed potent photo-catalytic reduced nicotinamide adenine dinu-

cleotide (NADH) oxidation activity with turnover frequency (TOF) values of about 1779 and 2000 h−1,

respectively. Therefore, both Ru1 and Ru2 showed efficient PDT activity towards a series of cancer cells.

Moreover, Ru2 was further loaded in bovine serum albumin (BSA) to enhance the tumor targeting ability

in vivo, and the obtained Ru2@BSA could selectively accumulate in tumor tissues and effectively inhibit

tumor growth on a 4T1 tumor-bearing mouse model. So far as we know, this work represents the first

report about Ru(II) AIE agents that possess high singlet oxygen quantum yields and also potent photo-

catalytic NADH oxidation activity, and may provide new ideas for rational design of novel PSs with effi-

cient PDT activity.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer has long been a global health problem [1]. The sub-

optimal efficacy and undesired side-effects of conventional can-

cer treatments (such as surgery, radiotherapy, chemotherapy) high-

lights the urgency to develop alternative strategies [2–4]. Photo-

dynamic therapy (PDT) which relies on the combination of pho-

tosensitizers (PSs), oxygen, and light to generate reactive oxygen

species (ROS) to kill cancer cells, has received much attention in

the past decades due to its unique advantages, including non-

invasiveness, precise spatiotemporal control, and low systemic tox-

icity [5–7]. Upon irradiation, the excited PSs can generally pro-

duce singlet oxygen (1O2) through energy transfer with surround-

ing molecular oxygen (type-II mechanism), or participate in a cas-

cade of electron transfer processes to create radical intermediates,

such as superoxide anion radicals (O2
•−), hydroxyl radicals (•OH),

and peroxides (O2
2−) (type-I mechanism). PSs play a crucial role in
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PDT, and most PSs for clinical application are tetrapyrrolic deriva-

tives, including porphyrins, phthalocyanines and chlorins [8–11].

Despite their widespread use, these compounds still have some in-

herent drawbacks such as low water solubility, aggregation-caused

quenching (ACQ) effect, single and inefficient photochemical mech-

anism of action (MoA), poor cancer-targeting ability, etc. Therefore,

novel PSs that can address these issues are highly desirable.

In addition to organic PSs, transition metal complexes, espe-

cially Ru(II) compounds have also garnered significant attention

for PDT due to their desirable photophysical, photochemical and

electrochemical properties [12–14]. Noteworthy, a Ru(II)-based

PS, namely TLD1433, has been in phase II clinical trials against

non-muscle invasive bladder cancer [15], fully demonstrating

the potential of Ru(II)-based PSs for PDT application. Gener-

ally, Ru(II)-based PSs have long-lived and efficiently populated

triplet metal-to-ligand charge transfer (3MLCT) states by virtue

of the heavy atom effect, which is favorable for ROS production

through the classic type-I/II mechanisms. Besides, recently the

photoredox catalysis capability of metal complexes was also ex-

plored for oxidizing intracellular important biomolecules, such
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Scheme 1. (A) Schematic illustration of fabrication and properties of Ru2@BSA, and

(B) its application for PDT in vivo.

as reduced nicotinamide adenine dinucleotide (NADH) [16,17].

NADH plays pivotal roles in maintaining intracellular redox bal-

ance, energy production, biomolecules synthesis, etc. [18,19].

Consequently, perturbations in the NADH/oxidized nicotinamide

adenine dinucleotide (NAD+) balance caused by photoredox catal-

ysis have the potential to induce cell death, thus contributing

to a photo-catalytic antitumor mechanism of action that differs

from classic type I/II processes [20–22]. Our work demonstrated

Ru(II)-based PSs were good candidates for photo-catalytic NADH

oxidation [23–27]. For example, a turnover frequency (TOF)

value of about 700 h−1 was obtained for [Ru(phen)2(PIP–

OCH3)](PF6)2 (phen=1,10-phenanthroline, PIP–OCH3 =2-(4-

methoxyphenyl)-1H-imidazo[4,5-f][1,10]phenanthroline) and a

Ru(II)-nitro-anthraquinone supramolecule upon 470nm light ir-

radiation (22.5mW/cm2) [24,27]. After examining a series of

well-known organic PSs, such as boron dipyrromethene (BODIPY),

phenoselenazinium, Rose Bengal, phthalocyanine, porphyrin and

derivatives, Sessler, Peng, Kim and co-authors have disclosed that

such photoredox catalysis may be a general mechanism in PDT

[28]. Nevertheless, PSs with highly efficient photo-catalytic NADH

oxidation activity are still rare.

Aggregation-induced emission (AIE) which was coined by Tang’s

group in 2001 [29], has received much attention in the past

decades. AIE based PSs exhibit weak or no emission in the di-

lute solutions, but switch to highly emissive in the aggregated

or solid state. AIE holds significant promise in overcoming the

notorious ACQ effect observed in common PSs, which is favor-

able to increase PDT efficacy [30–33]. A lot of organic AIE agents

have been developed for PDT application in the last ten years,

while metal complexes based AIE PSs are relatively rare [34–36].

The presence of metal atoms will facilitate intersystem crossing

(ISC), which can enhance the population efficiency of long-lived

triplet excited states and consequent ROS generation. Moreover,

through carefully tailoring the chemical structures of AIE groups

to strengthen the binding affinity between PSs and NADH, the

photo-catalytic NADH oxidation activity may be simultaneously

improved. Based on these considerations, herein we have success-

fully designed and synthesized two novel Ru(II) AIE agents (Ru1

and Ru2, Scheme 1 and Fig. 1A), in which a triphenylamine (TPA)

group functionalized with pyridine cations was integrated onto the

PIP (PIP=2-phenylimidazo[4,5-f][1,10]phenanthroline) ligand. Ru1

and Ru2 possess long triplet 3MLCT lifetimes (about 1 μs) and

nearly 100% singlet oxygen quantum yields in aqueous solutions.

Fig. 1. (A) Chemical structures of Ru1 and Ru2. (B) Emission spectra of Ru2 in

mixed CH3OH/H2O solvents with different water fractions. (C) Emission decay of

Ru2 in H2O under an argon atmosphere. (D) 1O2 generation of Ru2 in H2O upon

470nm light irradiation (22.5mW/cm2), using 9,10-ADPA (50 μmol/L) as a chemical

trap. (E) Photo-catalytic oxidation of NADH (200 μmol/L) by Ru2 (2 μmol/L) in water

upon 470nm light irradiation. Inset is the result of H2O2 test paper. (F) Optimized

conformation between Ru2 and NADH based on DFT calculations. (G) Stern–Volmer

luminescence quenching plot of Ru2 by NADH. F0 and F are the emission inten-

sities in the absence and presence of NADH, respectively. (H) ESR spectra of the

mixed solutions containing Ru2 (10 μmol/L) and NADH (200 μmol/L) using DMPO

(20mmol/L) as the O2
•− trapping agent with or without light irradiation (470nm,

22.5mW/cm2). (I) ESR spectra of NAD• radical obtained upon irradiation (470nm,

22.5mW/cm2) of Ru2 (2mmol/L) in methanol/PBS (1:1) solution in the presence of

NADH (20mmol/L) and CYPMPO (2mmol/L).

Moreover, upon 470nm light irradiation (22.5mW/cm2), both Ru1

and Ru2 exhibited potent photo-catalytic NADH oxidation activ-

ity, achieving high TOF values of about 1779 and 2000 h−1, re-

spectively. This enhanced performance is likely attributed to the

strengthened affinity between Ru1/Ru2 and NADH. To enhance the

tumor targeting ability, Ru2 was further encapsulated in bovine

serum albumin (BSA) with high binding affinity towards glycopro-

tein 60 (gp60) overexpressed on the membranes of many cancer

cells [23,37–40], and the resultant Ru2@BSA exhibited targeted and

efficient PDT activity both in vitro and in vivo.

The synthetic routes for Ru1 and Ru2 were shown in Scheme

S1 (Supporting information). The TPA group was introduced as the

typical AIE responsive unit, and pyridine cations were further mod-

ified on TPA to enhance the binding affinity with anionic NADH

through electrostatic interaction. Both complexes were fully char-

acterized by 1H nuclear magnetic resonance (NMR), 13C NMR, elec-

trospray ionization mass spectrometry (ESI-MS) and high perfor-

mance liquid chromatography (HPLC) (Figs. S1–S7 in Supporting

information).

As displayed in Fig. S8 (Supporting information), Ru1 and Ru2

show typical 1MLCT absorption in the visible region in H2O,

with peaks at 427 and 428nm, respectively. The emission peaks

of Ru1 and Ru2 in H2O are separately situated at 609nm and

604nm. Typical AIE behavior was observed for both Ru1 and Ru2

(Fig. 1B and Fig. S9 in Supporting information). In the good sol-

vent CH3OH, the emission intensity of these compounds is rela-

tively weak. However, as the proportions of the poor solvent H2O

increase, the emission intensity gradually intensifies, exhibiting the

characteristic AIE effect. The emission lifetimes in H2O were mea-

sured to be 1.03 and 1.18 μs for Ru1 and Ru2 (Fig. 1C and Fig. S10

in Supporting information), respectively, which are much longer

than that (0.55 μs) of the prototype compound [Ru(bpy)3]
2+ (Ru0,

bpy=2,2′-bipyridine). The emission lifetime values of Ru1 and

Ru2 align closely with the excited lifetimes obtained by nanosec-
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ond transient absorption spectroscopy (Fig. S10), confirming their
3MLCT emission nature.

The long 3MLCT lifetimes of Ru1 and Ru2 in H2O are favor-

able for 1O2 generation through energy transfer, therefore their
1O2 quantum yields were firstly measured using 3,3′-(anthracene-
9,10-diyl) dipropanoic acid (9,10-ADPA) as the chemical trapping

agent and Ru0 as the reference (Φ =0.41 in H2O) [41]. As shown in

Fig. 1D and Fig. S11 (Supporting information), Ru1 and Ru2 could

quickly bleach the absorption of 9,10-ADPA upon 470nm light ir-

radiation, indicative of efficient 1O2 generation ability. The 1O2

quantum yields were determined as 0.90 and 0.97 for Ru1 and

Ru2, respectively, much higher than that of Ru0. In sharp con-

trast, in the good solvent acetonitrile, the 1O2 quantum yields of

Ru1 (Φ =0.38) and Ru2 (Φ =0.40) are much lower, which indi-

cates that the AIE character of Ru1 and Ru2 is essential for 1O2

generation in aqueous solutions (Fig. S12 in Supporting informa-

tion). This is totally different from that of common PSs such as por-

phyrin, phthalocyanine, which usually have low ROS generation in

H2O due to the ACQ effect. Besides, electron spin resonance (ESR)

spectroscopy with 2,2,6,6-tetramethyl-4-piperidone (TEMP) as the

spin-trapping agent was further utilized to identify 1O2 production.

As shown in Fig. S13 (Supporting information), a three-line signal

with equal intensity was detected for the mixture of Ru1/Ru2 and

TEMP upon light-irradiation, which can be ascribed to TEMPO (the

adduct of TEMP and 1O2).

Ru(II) complexes have been reported as effective photo-catalysts

for NADH oxidation [16,17,23,24,27,42,43]. Therefore, the perfor-

mances of Ru1 and Ru2 were thoroughly examined. NADH has a

characteristic absorption peak at ∼338nm and an emission peak

at ∼450nm, which will disappear after oxidation into NAD+ [26].

As shown in Fig. 1E, Figs. S14 and S15 (Supporting information),

the absorbance and emission of NADH (200 μmol/L) quickly de-

creased in the presence of Ru1/Ru2 (2 μmol/L) and light irradiation

(470nm, 22.5mW/cm2), indicating efficient photo-catalytic NADH

oxidation. Accompanied by NADH oxidation, H2O2 production was

detected using H2O2 test paper (insets of Fig. 1E and Fig. S14A),

consistent with previous reports. Control experiments showed that

Ru1/Ru2 and light are both necessary (Fig. S16 in Supporting infor-

mation), aligning with the photo-catalytic mechanism. After irradi-

ation for 180 s, the TOF values for Ru1 and Ru2 were calculated

to be 1779 and 2000 h−1, respectively, which are much higher

than that of Ru0 (225 h−1, Fig. S17 in Supporting information) and

other reported Ru(II) complexes (about 700 h−1) under 470nm ir-

radiation with the same light intensity [24,27]. In the context of

photo-catalytic NADH oxidation, the single electron transfer (SET)

between NADH and the excited PSs has been identified as the

rate-limiting step [44]. The relatively long 3MLCT lifetimes of Ru1

and Ru2 are favorable for photo-induced intermolecular electron

transfer. The efficiency of Ru2 photo-catalytic oxidation of NADH

is slightly superior to that of Ru1, primarily due to the marginally

longer triplet lifetime exhibited by Ru2 compared to Ru1. In ad-

dition, the AIE group in Ru1 and Ru2 may enhance the binding

affinity with NADH via π-π stacking and electrostatic interactions,

therefore improving the photo-catalytic activity. Taking Ru2 as an

example, density functional theory (DFT) calculations demonstrate

formation of a relatively stable “clamped” complex between NADH

and Ru2 (Fig. 1F). Besides, upon titration with NADH, the NMR

peak of Ru2, with a chemical shift at 7.42ppm, which can be as-

cribed to protons based on the triphenylamine moiety, gradually

shifted to 7.25ppm (Fig. S18 in Supporting information), indicating

the occurrence of a static interaction [24,43]. Under the same con-

ditions, no obvious changes were observed for the NMR spectra of

Ru0 (Fig. S19 in Supporting information), indicating the important

role of the AIE groups in Ru1/Ru2.

The photo-catalytic NADH oxidation was further examined by
1H NMR spectra, taking Ru2 as an example. As shown in Fig. S20

(Supporting information), NAD+ based new peaks at 8.85, 9.21, and

9.38ppm, appeared for the mixed solution of Ru2 and NADH af-

ter irradiation, confirming that Ru2 can photo-catalytically oxidize

NADH into NAD+. A Stern-Volmer titration was conducted to gain

insights into the mechanism of photo-catalytic NADH oxidation. As

the concentration of NADH was increased, a gradual decrease in

the luminescence intensity of Ru1 and Ru2 (2 μmol/L) was ob-

served (Figs. S21A and B in Supporting information), suggesting a

reduction quenching process. In the presence of 200 μmol/L NADH,

the emission of Ru1 and Ru2 were significantly quenched by 56%

and 82%, respectively. The fitted quenching rate constants (K) were

determined to be 1.05×104 L/mol for Ru1 and 2.16×104 L/mol for

Ru2 (Fig. 1G and Fig. S21C in Supporting information). Under iden-

tical conditions, the luminescence intensity of Ru0 only exhibited

a slight decrease, yielding a K value of 3.39×102 L/mol (Fig. S22 in

Supporting information). A larger K value means a more efficient

electron transfer from NADH to the PS. Among these complexes,

Ru2 possesses the largest K value, which is in line with its most

efficient photo-catalytic NADH oxidation activity.

According to the previous reports [20], O2
•− and NAD• rad-

icals were formed in the process of photo-catalytic NADH oxi-

dation. To verify this, ESR spectroscopy was further used to de-

tect these radical intermediates. The generation of O2
•− was cap-

tured by using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin

trapping agent. As depicted in Fig. 1H, a photo-induced strong

signal of DMPO–O2
•− adduct was observed for the mixed solu-

tion containing Ru2 and NADH, indicating effective photo-induced

electron transfer from NADH to Ru2, followed by further electron

transfer to O2 to produce O2
•−. In addition, 5-(2,2-dimethyl-1,3-

propoxycyclophosphoryl)-5-methyl-1-pyrroline-N-oxide (CYPMPO)

was used as a trapping agent for NAD•. Upon light irradiation, a

carbon-centered NAD• radical was detected (Fig. 1I). Similar results

were obtained for Ru1 (Fig. S23 in Supporting information). Based

on the results above, a possible mechanism for photo-catalytic

NADH oxidation was depicted in Fig. S24 (Supporting information).

The ROS production and NADH depletion activities of

Ru1 and Ru2 were further investigated within cells. 2′,7′-
Dichlorodihydrofluorescein diacetate (DCFH-DA) was used as a

ROS probe to visualize intracellular ROS levels by confocal laser

scanning microscopy (CLSM). DCFH-DA is non-emissive but can be

transformed into 2′,7′-dichlorofluorescein (DCF) with strong green

fluorescence by intracellular ROS. HeLa (human cervix cancer)

cells treated with light-irradiated phosphate buffer solution (PBS).

and Ru1/Ru2 in the dark exhibited negligible green fluorescence

(Fig. 2A and Fig. S25 in Supporting information). However, strong

green fluorescence was observed for cells treated with Ru1/Ru2

and light irradiation, indicating their efficient photo-induced

ROS generation within cells. Next, we delved into photo-induced

intracellular NADH depletion using commercial NADH detection

kits. The NADH levels within A549 (human lung cancer) cells re-

mained unaltered upon treatment with Ru2 in darkness (Fig. 2B).

However, upon light irradiation (470nm, 22.5mW/cm2) for 30min,

a profound decrease in NADH levels could be observed. Specifi-

cally, 2 μmol/L of Ru2 upon light irradiation could lead to an 80%

reduction of intracellular NADH content.

The efficient intracellular ROS generation and NADH depletion

can cause cancer cell death. Therefore, the cytotoxicity of Ru1

and Ru2 against a series of cancer cell lines, including A549 cells,

A549/DDP (cisplatin-resistant A549) cells, and HeLa cells were as-

sessed employing the MTT assay. Ru1 and Ru2 demonstrated mini-

mal dark cytotoxicity, with half maximal inhibitory concentration

(IC50) values exceeding 120 μmol/L (Table S1 and Figs. S26–S28

in Supporting information). However, upon exposure to light ir-

radiation (470nm, 22.5mW/cm2) for 30min, a significant reduc-

tion in cancer cell viability was observed for both Ru1 and Ru2

(Fig. 2C). Specifically, Ru1 demonstrated IC50 values of approx-
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Fig. 2. (A) CLSM images of ROS levels in HeLa cells using DCFH-DA as the probe.

Scale bar: 200μm. (B) NADH levels of A549 cells treated with varied concentrations

of Ru2 with or without irradiation. (C) Photo-cytotoxicity of Ru2 against a series

of cancer cell lines. (D) CLSM images of HeLa cells upon different treatments and

stained with calcein-AM/PI. Scale bar: 200μm. (E) CLSM images of HeLa cells co-

stained by Ru2 and MTG. Scale bar: 50 μm. “D” and “L” denote “dark” and “light”,

respectively. Data are presented as mean ± standard deviation (SD) (n=3).

imately 0.4 μmol/L against HeLa cells and 0.6 μmol/L against

A549 cells, whereas Ru2 exhibited IC50 values of about 0.2 and

0.4 μmol/L against these two cell lines, respectively. Compared

with Ru1, the higher singlet oxygen quantum yield and photo-

catalytic NADH oxidation activity of Ru2 should mainly account

for its slightly increased photo-cytotoxicity. Remarkably, Ru1 and

Ru2 also exhibited similar photo-cytotoxicity against cisplatin-

resistant A549/DDP cells, yielding IC50 values of about 0.4 and

0.2 μmol/L, respectively. However, the typical chemotherapeutic

anticancer agent, cisplatin, displayed much lower anticancer activ-

ity, especially towards A549/DDP cells with an IC50 value exceeding

100 μmol/L (Table S1 and Fig. S29 in Supporting information).

To further visualize the anticancer activity, calcein-

AM/propidium iodide (PI) co-staining assays were employed [45].

Live cells can be stained by calcein-AM with green fluorescence,

while apoptotic cells will be stained by PI with red fluorescence.

As shown in Fig. 2D, HeLa cells treated with PBS+ L or Ru2+D

exhibited strong green emission of calcein-AM, indicating most of

the cells were alive. In contrast, almost only red fluorescence of

PI was observed for cells treated with Ru2 and light irradiation,

consistent with its high photo-cytotoxicity.

In addition to the photophysical and photochemical proper-

ties, the subcellular distribution of PSs also plays an important

role in their anticancer activity. It has been reported that many

Ru(II) complexes are prone to accumulate in mitochondria [25,46].

Mitochondria are rich in NADH, and have key roles in energy

production and apoptosis [20,47], thus are ideal intracellular tar-

gets for drug design. Taking Ru2 as an example, its subcellu-

lar localization was further investigated by co-staining with mi-

tochondria specific fluorescent probe Mito-Tracker Green (MTG).

The co-localization CLSM imaging results revealed a remarkable

overlap between the red luminescence of Ru2 and green emis-

sion of MTG (P=0.74), indicating that it is mainly distributed

in mitochondria (Fig. 2E). Considering the efficient photo-catalytic

Fig. 3. (A) TEM image of Ru2@BSA. (B) Particle size distribution of Ru2@BSA mea-

sured by DLS. (C) Absorption (solid line) and emission (dashed line) spectra of Ru2,

BSA and Ru2@BSA. (D) CLSM images of HeLa, A549 and L-O2 cells after incubation

with Ru2@BSA. Scale bar: 100μm. (E) Cytotoxicity of Ru2@BSA towards HeLa and (F)

L-O2 cells in the dark or upon 470nm light irradiation for 30min (22.5mW/cm2).

Data are presented as mean ± SD (n=3).

NADH oxidation and 1O2 generation, it is anticipated that Ru2 can

cause effective damage to mitochondria. Mitochondria damage can

be monitored by detecting the changes of mitochondrial mem-

brane potentials (�Ψm). 5,5′,6,6′-Tetrachloro-1,1′−3,3′-tetraethyl-
benzimidazolylcarbo-cyanineiodide (JC-1) [48,49], a mitochondria

selective dye is often used to probe �Ψm. JC-1 emits red fluores-

cence in the form of “J-aggregates” when �Ψm is high, but green

fluorescence in the form of “J-monomer” when �Ψm is compro-

mised due to damage. As shown in Fig. S30 (Supporting informa-

tion), almost only green fluorescence of “J-monomer” was observed

for HeLa cells treated with Ru2 and irradiation, indicating severe

mitochondria damage.

To enhance the tumor targeting ability in vivo, Ru2 was further

loaded in BSA to take full advantage of the high binding affin-

ity of BSA towards gp60 receptors overexpressed on the mem-

branes of many cancer cells. The obtained Ru2@BSA nanoparticles

were characterized by transmission electron microscopy (TEM), dy-

namic light scattering (DLS), as well as absorption and emission

spectra. As shown in Fig. 3A, the TEM image displays Ru2@BSA

has a nearly spherical morphology with an average diameter of

60±5nm. Scanning transmission electron microscopy (STEM) and

energy-dispersive X-ray spectroscopy (EDS) elemental mapping im-

ages demonstrate the presence of Ru-based signals along with that

of N, O, and S elements (Fig. S31 in Supporting information), in-

dicating successful encapsulation of Ru2 within the BSA matrix.

Ru2@BSA can be well dispersed in water with a DLS diameter of

∼100nm (Fig. 3B), which is slightly larger than the TEM result

probably due to the water layer outside the particles. The absorp-

tion and emission spectra of Ru2@BSA clearly show Ru2-based ab-

sorption and emission, confirming the successful loading of Ru2

(Fig. 3C).

Thanks to the emissive character of Ru2@BSA, its tumor tar-

geting ability can be readily investigated by CLSM imaging. As

shown in Fig. 3D, obvious red luminescence of Ru2 could be ob-

served in HeLa and A549 cancer cells, while very faint signals ap-

peared in normal L-O2 (hepatocyte cell) cells under the same con-

ditions. The specific interaction of BSA with gp60 receptors overex-

pressed on the membranes of tumor cells will facilitate cell uptake.

Such an active targeting ability in combination with the selec-

4



Y. Xu, X. Da, L. Wang et al. Chinese Chemical Letters 36 (2025) 110168

tive light irradiation will greatly minimize the possible side effects

of Ru2@BSA.

The cytotoxicity of Ru2@BSA was evaluated against A549, HeLa,

4T1 (murine breast cancer cells) cancer cells, and L-O2 normal

cells using the MTT assay. As shown in Fig. 3E and Fig. S32 (Sup-

porting information), Ru2@BSA exhibited minimal dark-cytotoxicity

against A549, HeLa, and 4T1 cancer cells, but remarkable photo-

cytotoxicity with IC50 values of approximately 0.4–0.6 μmol/L

upon 470nm light irradiation (22.5mW/cm2) for 30min. Notably,

Ru2@BSA displayed significantly reduced photo-cytotoxicity to-

wards normal L-O2 cells under the same conditions (Fig. 3F),

which can be ascribed to the much lower uptake level as ob-

served in Fig. 3D. Furthermore, the intracellular ROS generation of

Ru2@BSA was also investigated using DCFH-DA as the probe. Upon

irradiation, the strong green fluorescence of DCF was observed only

in A549 and HeLa cancer cells but not in L-O2 normal cells (Fig.

S33 in Supporting information), which is consistent with results

above.

The cell death mechanism caused by Ru2@BSA was further in-

vestigated by the Annexin V-fluorescein isothiocyanate (FITC)/PI

co-staining assay, the results of which were quantitatively analyzed

by flow cytometry. As shown in Fig. S34 (Supporting information),

compared with the control groups, the population in the top right

quadrant (corresponding to late apoptotic cells) significantly in-

creased for A549 cells treated with Ru2@BSA and light irradiation,

indicating a late apoptosis mechanism.

Motivated by the efficient and targeted anticancer activity in

vitro, the performances of Ru2@BSA in vivo were further assessed

on a 4T1 tumor-bearing mouse model (Fig. 4A). All animal experi-

ments were carried out with the permission of the Ethics Commit-

tee of Technical Institute of Physics and Chemistry, CAS (IACUC-

IPC-22066). Firstly, to investigate the tumor targeting capability,

Cy5.5-labeled Ru2@BSA was intravenous via the tail vein. As dis-

played in Fig. 4B, the fluorescence signal within the tumor region

gradually intensified over time and reached its peak approximately

6h post-injection. Two main factors should account for the effec-

tive tumor targeting of Ru2@BSA. Beyond the well-established en-

hanced permeability and retention (EPR) effects of nanoparticles

[50], the active targeting capability of BSA also plays an important

role for the selective accumulation within tumor tissues.

Finally, the anticancer activity of Ru2@BSA in 4T1 tumor-

bearing mice was studied. When the tumors grew up to

about 50mm3, all the mice were randomly divided into three

groups with each group consisting of five mice: (Ⅰ) PBS+ L, (Ⅱ)
Ru2@BSA+D, and (Ⅲ) Ru2@BSA+ L (D and L denote dark and

light, respectively). Ru2@BSA with a dosage of 50mg/kg (about

0.5mg/kg in Ru2) was injected via the tail vein. The light groups

underwent exposure to a 520nm laser (100mW/cm2 for 10min)

6h after intravenous injection. This treatment protocol was re-

peated continuously for three days. Throughout the 16-day treat-

ment period, tumor sizes and body weights of mice were recorded

every other day. As displayed in Figs. 4C and D, the tumor vol-

umes in the PBS+ L and Ru2@BSA+D groups increased by about

20 times after 16 days. In sharp contrast, Ru2@BSA+ L could sig-

nificantly inhibit tumor growth, indicating its efficient photother-

apeutic efficacy in vivo. In addition, the mean tumor weight of

Ru2@BSA+ L group was only about 14% of that of other two groups

(Fig. 4E). No significant change in body weight was observed

throughout the entire treatment period, indicating the good bio-

compatibility of Ru2@BSA (Fig. 4F). After 16 days, the tumor tissues

and main organs (including heart, liver, spleen, lung, and kidney)

of mice were collected for staining analysis. Hematoxylin and eosin

(H&E) and terminal deoxynucleotidyl transferase dUTP nick end la-

beling (TUNEL) staining results displayed that only Ru2@BSA+ L

could cause significant damage to the tumor tissues (Fig. 4G). No

obvious tissue damage/abnormality was observed for the main or-

Fig. 4. (A) Timeline for in vivo experiments. (B) In vivo fluorescence images of a

tumor-bearing mouse after intravenous injection of Cy5.5-labeled Ru2@BSA. The tu-

mor is marked by a black box. (C) Photos of the tumors harvested at day 16 after

different treatments. (D) Tumor volume measurement for different groups. (E) Mean

tumor weights after different treatments. (F) Body weight changes of the mice un-

der different treatments. (G) H&E and TUNEL staining of the tumor tissues. Scale

bar: 100μm. Data were presented as mean ± SD (n=5). ∗∗∗∗P<0.0001, two-tailed

Student’s t-test.

gans (Fig. S35 in Supporting information), consistent with the good

biocompatibility of Ru2@BSA.

In summary, two novel Ru(II) AIE agents with efficient PDT

activity were reported in this work. Ru1 and Ru2 possess long
3MLCT lifetimes (about 1 μs) and high singlet oxygen quantum

yields (0.90 for Ru1 and 0.97 for Ru2) in H2O. Noteworthy, Ru1

and Ru2 also exhibited potent photo-catalytic NADH oxidation with

TOF values of about 1779 and 2000 h−1, which are much higher

than those of previously reported Ru(II) complexes under the same

conditions. Ru1 and Ru2 could efficiently produce ROS and deplete

NADH within cancer cells, therefore displaying good PDT activity in

vitro. To enhance the tumor targeting ability in vivo, Ru2 was fur-

ther loaded in BSA, and the resultant Ru2@BSA nanoparticles could

selectively accumulate in tumor tissues and effectively inhibit tu-

mor growth upon light irradiation. To the best of our knowledge,

this is the first report of Ru(II) AIE agents with both high singlet

oxygen quantum yield and potent photo-catalytic NADH oxidation

activity. These findings can provide new insights for the develop-

ment of efficient PDT agents with multiple anticancer mechanisms.
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