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a b s t r a c t

Intracellular bacteria (ICB), cloaked by the protective barriers of host cells, pose a formidable challenge

to selective and efficient eradication. The employment of activatable photosensitizers based antibacterial

photodynamic therapy (aPDT) holds significant potential for selective imaging and photo-inactivation of

ICB while minimizing side effects on normal cells. Drawing inspiration from the elevated hypochlorous

acid (HClO) levels in ICB infected phagocytes, herein we firstly designed and synthesized a series of HClO-

responsive dinuclear Ru(II) complexes (Ru1-Ru3) to achieve such a goal. Initially, the luminescence, 1O2

generation and aPDT activity of these Ru(II) complexes were suppressed due to the quenching effect of

the azo group, but were recovered after reaction with HClO in solutions or within ICB infected phago-

cytes. The detailed results revealed that Ru1 and Ru3 could not only selectively visualize ICB, but also

demonstrated remarkable aPDT activity against ICB, surpassing vancomycin both in vitro and in vivo.

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

Medica, Chinese Academy of Medical Sciences.

Staphylococcus aureus (S. aureus) affects approximately one-third

of the world’s population and can cause severe and life-threatening

infections such as abscesses, endocarditis, pneumonia, toxic shock

syndrome and sepsis [1]. The situation is getting worse due to

the escalating prevalence of antibiotic resistance. For example,

methicillin-resistant S. aureus (MRSA), has developed resistance to

almost all clinically approved antibiotics so far [2-4]. Moreover, S.

aureus is capable of invading and surviving inside host cells (in-

cluding phagocytes cells) to form intracellular bacteria (ICB) [5],

which protects them from damages by antibiotics and immune

system [6-8]. Despite the availability of numerous effective antibi-

otics against extracellular bacteria, the options for treating ICB in-

fections remain highly limited due to the poor membrane perme-

ability [9,10]. To address this issue, various drug delivery systems

are explored for ICB treatment, such as antibody–antibiotic conju-

gates [11], cell-mediated drug delivery carriers [12,13], and drug-

loaded nanosystems [14,15]. While the aforementioned platforms

exhibit promising potential, they still face several limitations, in-
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cluding complex synthesis procedures, the absence of diagnostic

functionality, and ineffectiveness against drug-resistant ICB strains.

Antibacterial photodynamic therapy (aPDT) has attracted much

attention in recent years [16-20]. The three main components of

aPDT are light, photosensitizer (PS), and oxygen, which work to-

gether to produce highly toxic reactive oxygen species (ROS). ROS

can cause damage to multiple bacterial targets, such as cell mem-

brane, proteins, and DNA, among others [21], thus posing a signif-

icant challenge for bacteria to develop resistance to aPDT. How-

ever, the “always on” characteristics of common PSs and highly

toxic ROS can also cause damages towards normal tissues by either

treatment light or daylight. Therefore, design of stimuli-responsive

aPDT agents is more promising for selective imaging and photo-

inactivation of ICB. Recently, some aPDT agents have been reported

to fulfill this function [22-26]. For example, Liu et al. reported a d-

alanine modified aggregation induced emission (AIE) probe (TPEPy-

d-Ala), which could metabolically incorporate into bacterial pepti-

doglycan and realize fluorescence turn-on imaging and photody-

namic ablation of ICB [23]. They also synthesized AIE PSs that can

respond to caspase-1 overexpressed in infected phagocytes, realiz-

ing selective imaging and photodynamic ablation of ICB [24]. Ac-

cording to the overexpression of nitroreductase (NTR) in S. aureus,

our group has developed NTR responsive PSs for selective imaging

https://doi.org/10.1016/j.cclet.2024.110376
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Scheme 1. Schematic illustration of HClO responsive PSs for selective imaging and photo-inactivation of ICB. (A) The response mechanism of Ru1-Ru3 towards HClO. (B)

Photo-inactivation of intracellular S. aureus by Ru1-Ru3 in vitro.

and photo-inactivation of intracellular S. aureus [25]. Wang et al.

designed macrophage-instructed peptide–chlorophyll-based dimers

with active targeting property that can produce singlet oxygen to

kill intracellular S. aureus under irradiation [26]. These works have

demonstrated the superiority of stimuli-responsive aPDT agents for

selective photo-inactivation of ICB, yet such advancements remain

relatively rare.

A large number of studies have shown that endogenous

hypochlorous acid (HClO) level within phagocytes (including

macrophages and neutrophils) is significantly elevated due to bac-

terial invasion [27,28]. Endogenous HClO is produced by the oxi-

dation of chloride ions catalyzed by myeloperoxidase [29,30], and

holds a pivotal position in the immune system, particularly against

invading bacteria [31]. However, the specific secretion systems of

ICB enable them to evade the lethal effects of HClO and survive

within host phagocytic cells [32]. Even so, the elevated HClO level

can still be served as a specific biomarker for diagnosing ICB in-

fections. In recent years, a diverse array of probes has been de-

veloped for imaging intracellular HClO [33-37]. However, there has

been only one instance where such a probe could be utilized con-

currently for selective photo-inactivation of ICB [35].

In recent years, Ru(II) polypyridyl complexes have attracted sig-

nificant attention for biological applications, primarily due to their

exceptional photophysical and chemical properties [18,20,38,39]. In

this work, we have designed and synthesized, for the first time,

a series of HClO-responsive dinuclear Ru(II) complexes (Ru1-Ru3,

Scheme 1 and Scheme S1 in Supporting information) for selective

imaging and photo-inactivation of ICB. The o-amino azo group on

the bridge ligand serves as a recognition site for HClO and also a

quenching group of 3MLCT (metal-to-ligand charge transfer) state

[37], leading to weak luminescence and low 1O2 generation effi-

ciency of Ru1-Ru3. However, upon reacting with HClO, the o-amino

azo group is oxidatively cyclized and converted to benzotriazole,

and the resultant compounds (Ru1’-Ru3’) demonstrate pronounced

luminescence and high 1O2 quantum yields. Ru1 and Ru3 display

quite low dark- and photo-cytotoxicity towards normal mammalian

cells, but can selectively visualize and efficiently photo-inactivate

ICB both in vitro and in vivo.

As demonstrated in Scheme S1, the bridging ligand phen-azo

was facilely synthesized by a one-step reaction procedure. Then,

by maintaining the bridging ligand as the recognition site for HClO

while varying the auxiliary ligands attached to the Ru(II) center, it

is facile to adjust the lipophilicity of Ru(II) complexes without al-

tering their HClO responsiveness. Specifically, the hydrophilic 2,2′-
bipyridine (bpy) and hydrophobic 4,7-diphenyl-1,10-phenanthroline

(dip) were selected as auxiliary ligands, and three new complexes

Ru1-Ru3 were prepared. All compounds were characterized by 1H

nuclear magnetic resonance spectroscopy (NMR), 13C NMR, high-

resolution electrospray ionization mass spectrometry (HR ESI-MS)

and high performance liquid chromatography (HPLC) (Figs. S1–S15

in Supporting information). Among them, Ru3 is potentially a mix-

ture of two isomers, but cannot be purified by general column

chromatography probably due to the extremely similar polarity.

Ru1 coordinated with bpy exhibits excellent hydrophilicity

(LogP= −2.52), while Ru2 coordinated with dip demonstrates

strong lipophilicity (LogP=1.13). Ru3, which is coordinated with

both dip and bpy, falls somewhere between these two extremes

(LogP= −0.58). The variations in their lipophilicity may have a no-

table impact on their cellular uptake, distribution, metabolism, and

toxicity [40].

HClO response of Ru1-Ru3 was firstly investigated by emission

and absorption spectra. As shown in Figs. 1A–C, Ru1-Ru3 exhibited

quite weak luminescence in water. However, upon gradual addition

of HClO (ranging from 0 to 100 μmol/L), the luminescence intensity

was significantly enhanced for about 110, 20 and 21 times for Ru1-

Ru3, respectively. Meanwhile, the absorbance of Ru1-Ru3 among

400–550nm gradually decreased (Fig. S16 in Supporting informa-

tion). In addition, the luminescence intensity of Ru1-Ru3 at 625nm

showed a good linear relationship with the concentration of HClO

(Fig. S17 in Supporting information). Based on these data, the limit

of detection (LOD, 3σ /k) and limit of quantification (LOQ, 10σ /k)

values of Ru1, Ru2 and Ru3 were calculated to be 0.028 and 0.093

μmol/L, 1.26 and 4.21 μmol/L, 0.20 and 0.67 μmol/L, respectively

[41,42]. To further explore the specificity, the luminescence inten-

sity of Ru1-Ru3 at 625nm towards various substances, including

ROS (such as 1O2,
•OH), reductive species (such as vitamin C, l-

glutathione (GSH)), amino acids (such as l-Arg, l-Glu), metal ions

(such as Fe2+, Fe3+ and K+), and some anions (such as SO4
2−,

S2O3
2− and SCN−) was also investigated. As shown in Fig. 1D and

Fig. S18 (Supporting information), a significant enhancement in lu-

minescence is observed solely upon addition of HClO, indicating

the good selectivity of Ru1-Ru3 towards HClO.

To facilitate experimentation in subsequent studies, the crude

compounds Ru1’-Ru3’ were prepared by stirring Ru1-Ru3 with Na-

ClO (10 equiv.) in a CH3CN/H2O (1/1) solution. Excess NaClO was

then removed through water washing. After that, the ESI-MS spec-

tra clearly displayed Ru1’-Ru3’ based signals (Figs. S19–S21 in Sup-

porting information), and the 1H NMR spectra indicated the full

conversion of Ru1-Ru3 in the presence of NaClO (Figs. S22–S24

in Supporting information). Then, the emission quantum yields

of Ru1-Ru3 and Ru1’-Ru3’ were determined using [Ru(bpy)3]Cl2
as a reference (ϕ =0.042 in H2O) [43]. Ru1-Ru3 are almost non-
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Fig. 1. Emission spectra of Ru1 (A), Ru2 (B) and Ru3 (C) (10 μmol/L) upon treatment with HClO (0–100 μmol/L). (D) Emission intensity at 625nm of Ru1 (10 μmol/L)

incubated with various species (100 μmol/L) including blank (1), HClO (2), H2O2 (3), tBu-OOH (4), O2
−• (5), •OH (6), ONOO− (7), 1O2 (8), vitamin C (9), GSH (10), cysteine

(11), l-Arg (12), l-Glu (13), Fe2+ (14), Fe3+ (15), K+ (16), Na+ (17), Mg2+ (18), Zn2+ (19), Ca2+ (20), Cu2+ (21), Cu+ (22), SO4
2− (23), S2O3

2− (24), SCN− (25), NO2
− (26), HSO3

−

(27), and Cl− (28). (E) Irradiation (470nm, 22.5mW/cm2) induced absorbance (378nm) changes of 9,10-ADPA in the presence of Ru1-Ru3 and Ru1’-Ru3’. (F) EPR spectra of

Ru1 and Ru1’ in water with or without light irradiation (470nm LED, 22.5mW/cm2) using TEMP as the singlet oxygen trap. “L” denotes “light irradiation”.

emissive in water, with quantum yields of about 5.03×10−4,

2.55×10−4 and 2.17×10−3, respectively. In contrast, Ru1’-Ru3’ dis-

played much higher luminescent intensity with quantum yields of

0.063, 0.0046 and 0.061, respectively.

In addition, the 1O2 generation capacity of Ru1-Ru3 and Ru1’-

Ru3’ were determined using 3,3′-(anthracene-9,10-diyl)dipropanoic
acid (9,10-ADPA) as a probe. The absorbance at 378nm of 9,10-

ADPA will decrease after reacting with 1O2 [44]. As shown in

Fig. 1E, Ru1-Ru3 exhibited poor 1O2 generation ability, with

quantum yields of about 7%, 8% and 9%, respectively, using

[Ru(bpy)3]Cl2 as a reference (41% in H2O) [45]. In contrast, Ru1’-

Ru3’ displayed much more effective 1O2 production as they could

quickly bleach the absorbance of 9,10-ADPA upon irradiation. The
1O2 quantum yields of Ru1’-Ru3’ were estimated to be about 54%,

41% and 43%, respectively. Furthermore, 1O2 generation was char-

acterized by electron paramagnetic resonance (EPR) spectra, em-

ploying 2,2,6,6-tetramethyl-4-piperi-dinol (TEMP) as a spin trap-

ping agent. As shown in Fig. 1F and Fig. S25 (Supporting informa-

tion), neither irradiation alone nor the presence of the complexes

without irradiation led to a significant enhancement in the TEMPO

(product of the reaction between TEMP and 1O2) signal. A slight

enhancement in the TEMPO signal was observed when Ru1-Ru3

were irradiated, indicating their relatively limited 1O2 generation

capacity. However, a substantial increase in the TEMPO signal was

evident for Ru1’-Ru3’, which aligns with their much higher 1O2

quantum yields.

In order to better understand the photophysical properties of

Ru1-Ru3 before and after reaction with HClO, theoretical calcu-

lations were carried out taking Ru1 and Ru1’ as representatives.

The ground-state molecular geometries of Ru1 and Ru1’ (Fig. S26

in Supporting information) were optimized based on density func-

tional theory (DFT) calculations, and their representative frontier

molecular orbital distributions are shown in Figs. S27 and S28

(Supporting information). Time-dependent density functional the-

ory (TD-DFT) calculations were further employed to investigate the

excited properties. The low-lying singlet excited states of Ru1 are

mainly ML’’CT (L”: azo group of the bridging ligand) based (Ta-

ble S1 and Fig. S29 in Supporting information), and those for Ru1’

can be primarily classified as MLCT/ML’CT (L: Phen of the bridg-

ing ligand; L’: bpy) (Fig. S30 in Supporting information). The triplet

states of Ru1 and Ru1’ were also calculated (Table S2 and Figs. S31,

S32 in Supporting information). The first and second lowest lying

triplet excited states (T1 and T2) of Ru1 can be attributed to L’’-

centered (L”C) transitions (Fig. 2A), which sets it apart from typical

Fig. 2. Real space representation of hole and electron distributions of Ru1 (A) and

Ru1’ (B) at T1 state (isovalue=0.002, green and blue regions denote the electron

and hole distributions, respectively). The simplified diagram of excited state deacti-

vation of Ru1 (C) and Ru1’ (D).

Ru(II) polypyridine complexes where 3MLCT typically serves as the

lowest excited state. Additionally, the third and fourth lowest-lying

states (T3 and T4) are 3ML’’CT based,exhibiting an energy gap of

over 0.7 eV compared to T1. Therefore, thermodynamically allowed

energy transfer from 3ML”CT to L”C can be expected, resulting in

the radiationless deactivation of the 3ML”CT excited states of Ru1

(Fig. 2C). In contrast, the 3MLCT of Ru1’ occupies the lowest triplet

excited state (Fig. 2B), which enable it to not only produce 1O2

through energy transfer but also emit luminescence (Fig. 2D).

Since it has been confirmed that the 1O2 generation ability of

Ru1-Ru3 is significantly improved after reacting with HClO, thus

the different aPDT activity of Ru1-Ru3 and Ru1’-Ru3’ against ex-

tracellular S. aureus and MRSA was investigated. As expected, Ru1-

Ru3 exhibited low aPDT activity due to the poor 1O2 generation

ability, whereas Ru1’-Ru3’ showed high antibacterial efficacy under

irradiation conditions (470nm, 22.5mW/cm2) (Figs. S33 and S34

in Supporting information). 10 μmol/L of Ru1’-Ru3’ could lead to a

colony-forming unit (CFU) reduction of about 3–4 log units against

S. aureus and MRSA.

For aPDT agents, good biocompatibility is a prerequisite for clin-

ical application. Selective sterilization without causing damage to

normal cells is important. As a representative of mammalian cells,
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Fig. 3. (A) CLSM images of RAW 264.7 cells incubated with Ru1. (B) CLSM im-

ages of RAW 264.7 cells treated with Ru1 and subsequent addition of HClO. (C)

CLSM images of RAW 264.7 cells firstly treated with LPS and PMA, and sub-

sequently treated with Ru1. (D) Quantized red luminescence intensity of RAW

264.7 cells after different treatments. [Ru1]=10 μmol/L, [HClO]=100 μmol/L,

[LPS]=1μg/mL, [PMA]=10μg/mL. The red channel was excited at 488nm and

collected at 570–620nm. Data are presented as mean ± standard deviation (SD)

(n=3). ∗∗∗∗P<0.0001.

human normal liver cells (L-O2) were selected for cytotoxicity test

through MTT assay. As shown in Fig. S35 (Supporting information),

Ru1 and Ru3 exhibited negligible cytotoxicity with or without ir-

radiation, maintaining cell survival rates above 90% even at a con-

centration of 20 μmol/L. Conversely, Ru2 displayed significant cell

toxicity under identical conditions, potentially due to its exces-

sive lipophilicity and consequent much enhanced cell uptake. To

further assess the biocompatibility of Ru1 and Ru3, we measured

their hemolysis rates. As shown in Fig. S36 (Supporting informa-

tion), the hemolysis rates of Ru1 and Ru3 towards rabbit red blood

cells (RBCs) were only 1.9% and 2.4% even at 20 μmol/L. Given the

good biocompatibility of Ru1 and Ru3, they were selected for the

following investigations.

The HClO response of Ru1 and Ru3 within monocyte

macrophage (RAW 264.7) cells was studied by confocal laser scan-

ning microscope (CLSM). As shown in Fig. 3A and Fig. S37A (Sup-

porting information), after incubation with 10 μmol/L of Ru1 or

Ru3 for 2h, no significant luminescence was observed within RAW

264.7 cells. However, upon addition of HClO, intense red emis-

sion was observed in both Ru1 and Ru3 cultured cells, indicat-

ing their excellent response to intracellular HClO (Fig. 3B and Fig.

S37B in Supporting information). Furthermore, the response to-

wards endogenous HClO within cells was also examined. It has

been reported that lipopolysaccharide (LPS) and phorbol myristate

acetate (PMA) could effectively stimulate macrophages to generate

endogenous HClO [46]. Thus RAW 264.7 cells were consecutively

treated with LPS and PMA, subsequently were incubated with Ru1

and Ru3 for 2h. Notably, a substantial enhancement in red lumi-

nescence was observed (Fig. 3C and Fig. S37C in Supporting infor-

mation). Under the same treatment conditions, the luminescence

intensity of Ru3 is approximately twice that of Ru1 (Fig. 3D). Given

the similar emission quantum yields of Ru1’ and Ru3’ (ϕ =0.063

and 0.061), we tentatively attribute this difference to the higher

lipophilicity of Ru3, which leads to increased cellular uptake com-

pared to Ru1.

As a pivotal biomarker of ICB infection, the concentration of

HClO in phagocytic cells is known to increase significantly fol-

lowing bacterial invasion, suggesting the possibility that Ru1 and

Ru3 have potential for imaging ICB infections. To explore the fea-

sibility, RAW 264.7 cells were infected with fluorescein isothio-

cyanate (FITC)-labeled S. aureus to stimulate HClO generation. Sub-

sequently, the cells were treated with Ru1 or Ru3 (10 μmol/L) for

2h and then were investigated by CLSM. As shown in Fig. 4A,

green fluorescence of FITC is clearly visible in RAW 264.7 cells, in-

dicating successful formation of intracellular S. aureus infections.

In this case, obvious red luminescence of Ru1’ and Ru3’ formed in

situ was also observed. This suggests significant endogenous HClO

is produced due to ICB infections, which converts the almost non-

luminescent Ru1 and Ru3 into emissive Ru1’ and Ru3’. Addition-

ally, the line-scan profiles show that the red luminescence fits well

with the green fluorescence of S. aureus (Figs. 4B and C). Moreover,

the intensity scatter plots of the red channel and green channel

are well correlated with high overlap Pearson’s coefficients of 0.947

and 0.957 (Figs. 4D and E). These results indicate that Ru1 and Ru3

can well bind with intracellular S. aureus. Bacteria are generally

negatively charged [47,48], thus Ru1 and Ru3 with four positive

charges may bind with S. aureus through electrostatic interaction.

To confirm our inference, the impact of Ru1 and Ru3 on the zeta

potential of S. aureus was investigated, and [Ru(bpy)3]Cl2, the rep-

resentative of mononuclear Ru(II) polypyridyl complex with only

two positive charges, was also studied as a control. The measured

average zeta potential value of S. aureus is about −40.2±0.4mV, in

accordance with its negatively charged cell wall. Incubation with

Ru1 or Ru3 (10 μmol/L) resulted in a significant positive shift to

−38.1±0.5 and −37.4±0.8mV, respectively. In contrast, only a

slight shift to −39.8±0.7mV was obtained for S. aureus treated

with [Ru(bpy)3]Cl2. Given that [Ru(bpy)3]Cl2 demonstrates compa-

rable hydrophilicity (LogP= −2.72) to Ru1, the increased positive

charge of Ru1 and Ru3 should play an important role for the re-

markable bacterial binding capacity.

The remarkable response of Ru1 and Ru3 towards intracellular

HClO and efficient aPDT activity of Ru1’-Ru3’ against extracellular

bacteria stimulate us to investigate their performance to eliminate

intracellular S. aureus. Firstly, to investigate the intracellular ROS

generation for RAW 264.7 cells successively treated with S. aureus

and Ru1 or Ru3, DCFH-DA was used as a ROS indicator. DCFH-DA

is non-emissive but exhibits strong green fluorescence after reac-

tion with ROS [49]. As shown in Fig. 5A, the DNA of intracellular

S. aureus and RAW 264.7 cells were stained with Hoechst 33342,

and the red arrows indicated the presence of intracellular S. aureus.

After irradiation, intense green fluorescence was mainly observed

in proximity to the bacteria, which indicates efficient ROS produc-

tion within intracellular S. aureus and is consistent with the good

bacterial targeting ability of Ru1 and Ru3 observed in Fig. 4A. The

control experiments display that light irradiation, Ru1/Ru3 and S.

aureus are all necessary for ROS production (Fig. S38 in Supporting

information). The efficient ROS production of Ru1 and Ru3 within

ICB-infected cells indicates their potential for photo-elimination of

intracellular S. aureus. To quantify this effect, the bacterial colony

counting method was employed, and the widely used antibiotic

vancomycin (Van) was also used as a control. As shown in Fig. 5B,

Ru1 and Ru3 upon light irradiation (470nm, 22.5mW/cm2) exhibit

significantly better performance than Van, while Ru3 is slightly

better than Ru1. Specifically, at a concentration of 10 μmol/L, Ru1

and Ru3 reduced intracellular S. aureus by approximately 90% and

95%, respectively. In contrast, Van only achieved an about 80%

elimination rate. Interestingly, Ru1 and Ru3 also exhibited similar
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Fig. 4. (A) CLSM images of RAW 264.7 cells which were firstly infected with FITC-labeled S. aureus, then were incubated with Ru1 or Ru3 (10μmol/L). Line-scan profiles of

RAW 264.7 cells co-stained with green channels of FITC and red channels of Ru1 (B) or Ru3 (C). Intensity scatter plots of green and red channels of the cells treated with

Ru1 (D) or Ru3 (E).

Fig. 5. (A) CLSM images of ROS production within RAW 264.7 cells successively

treated with S. aureus and Ru3. DCFH-DA was used as the ROS probe and Hoechst

was applied to stain the bacterial and host cell DNA. The red arrows indicate the

presence of S. aureus. (B) Relative recovered intracellular S.aureus after different

treatments. Cytotoxicity of Ru1 (C) and Ru3 (D) towards RAW 264.7 cells. Irradi-

ation conditions: 470nm LED, 22.5mW/cm2, 20min. Data arepresented as mean ±
SD (n=3). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

activity towards intracellular MRSA (Fig. S39 in Supporting infor-

mation). Additionally, Ru1 and Ru3 also displayed negligible cyto-

toxicity towards RAW 264.7 cells with or without irradiation (Figs.

5C and D), consistent with their excellent biocompatibility.

Given the superior aPDT effect of Ru3 against intracellular S. au-

reus in vitro, we proceeded to investigate the performance in vivo.

All animal experiments were carried out with the permission of

the Ethics Committee of Technical Institute of Physics and Chem-

istry, CAS (LHDW-24003). S. aureus-infected RAW 264.7 cells were

injected into the upper right leg of female BALB/c nude mice, and

simultaneously an equal number of uninfected RAW 264.7 cells

were injected into the upper left leg as a control (Fig. 6A). Lu-

minescence imaging was performed 2h after the in situ injection

of Ru3. As shown in Figs. 6B and C, no significant luminescence

was observed in the left region (control), whereas a pronounced

emission was detected in the right region, approximately 3.5 times

stronger than that in the left. Furthermore, female BALB/c mice

subcutaneously injected with S. aureus-infected RAW 264.7 cells

were employed as an animal ICB infection model (Fig. 6A). Af-

ter 12h, the mice were randomly divided into four groups, with

five mice in each group. Then, 50 μL of Ru3 or Van (500 μmol/L),

or 50 μL of phosphate buffered saline (PBS), were subcutaneously

injected at the infection site. One hour after injection, the light

groups were exposed to a 520nm laser for 10 min (200mW/cm2).

After 24h, all mice were sacrificed, and the infected tissues were

collected for quantitative assessment of the aPDT effect. As shown

in Fig. 6D, Ru3 upon irradiation could kill about 87% of intracellular

S. aureus, much better than that (about 70%) of Van. As expected,

Fig. 6. (A) Schematic illustration of the procedure for imaging and aPDT treatment

of ICB infection in vivo. A luminescence image (B) and corresponding quantitative

analysis of relative luminescence intensity (C) of two regions treated with RAW

264.7 or S. aureus-infected RAW 264.7 cells followed by injection of Ru3, the re-

gions injected with RAW 264.7 cells or S. aureus infected RAW 264.7 cells were

labeled with red circles. (D) In vivo antibacterial activities against intracellular S.

aureus upon different treatments; (E) Representative images of H&E-stained heart,

liver, spleen, lung, and kidney of mice after different treatments. Irradiation condi-

tions: 520nm LED, 200mW/cm2, 10min. Data are presented as mean ± SD (n=5).
∗P<0.05, ∗∗∗∗P<0.0001.

Ru3 without light irradiation did not display significant antibacte-

rial effect. The hematoxylin and eosin (H&E) images of the main

organs did not show any abnormalities (Fig. 6E), consistent with

the good biocompatibility of Ru3. Overall, these results demon-

strate that Ru3 is able to selectively image and efficiently photo-

inactivate ICB in vivo.

In conclusion, a series of HClO-responsive dinuclear Ru(II) com-

plexes (Ru1-Ru3) have been designed and synthesized for selective
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imaging and efficient treatment of ICB infection. Ru1-Ru3 display

weak luminescence and poor singlet oxygen generation due to the

quenching effect of the azo group, therefore exhibit low dark- and

photo-cytotoxicity towards mammalian cells especially for Ru1 and

Ru3. However, the luminescence, singlet oxygen generation and

aPDT activity of Ru1-Ru3 were recovered after reaction with HClO

in solutions or within ICB-infected phagocytes. Therefore, Ru1 and

Ru3 could selectively visualize and efficiently photo-inactivate in-

tracellular S. aureus and MRSA both in vitro and in vivo, being

much more efficient than vancomycin. However, 520nm light is

relatively short for bio-application. Two-photon excitation or com-

bination with upconversion nano-materials are feasible methods to

extend the excitation light to near infrared region, which will be

investigated in the following work. Nevertheless, to the best of our

knowledge, this is the first report of HClO-responsive Ru(II) com-

plexes for innovative theranostic applications related to ICB infec-

tions, which may open new ideas for developing novel activatable

photosensitizers against intractable ICB.
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