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Bacteria infected cells acting as “Trojan horses” not only protect bacteria from antibiotic 

therapies and immune clearance, but also increase the dissemination of pathogens from the 

initial sites of infection. Antibiotics are hard and insufficient to treat such hidden intracellular 

bacteria, especially the multidrug-resistant (MDR) bacteria. Herein, aggregation-induced 

emission luminogens (AIEgens) such as TBPs showed potent broad-spectrum bactericidal 

activity against both extracellular and intracellular Gram-positive pathogens at low-dose levels. 

TBPs triggered reactive oxygen species (ROS)-mediated membrane damage to kill bacteria, 
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regardless of light irradiation. Additionally, such AIEgens activated mitochondria dependent 

autophagy to eliminate intracellular bacteria in host cells. Compared to the routinely used 

vancomycin in clinics, TBPs showed comparable efficacy against methicillin-resistant 

Staphylococcus aureus (MRSA) in vivo. Our studies demonstrate that AIEgens are promising 

new agents for the treatment of MDR bacteria associated infections. 

 

1. Introduction  

Pathogenic bacteria pose severe illness and significant mortality globally. The discovery of 

penicillin in 1928 and its subsequent introduction to clinic is a cornerstone of modern medical 

system. Since then, numerous classes of antibiotics have saved countless individuals from 

bacterial infections. However, such ability to cure has been dramatically impaired due to the 

emergence and dissemination of antibiotic resistance. [1] Infections associated with multidrug-

resistant (MDR) bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA) and 

vancomycin-resistant enterococci (VRE), are increasing to overwhelm nosocomial treatments 

worldwide, leading to high mortalities. [2-4] The Centers for Disease Control (CDC) and 

Prevention  estimate that more than two million people suffer from antibiotic resistant 

infections and at least 23 000 people die each year in the United States alone.[5] The rising rates 

of MDR bacterial pathogens constitute a serious threat to people health.[6] Additionally, 

infections with MDR bacteria are notorious to treat due to the invasion and survival of them in 

mammalian cells, exhibiting similar behaviors to typical intracellular bacteria. For example, S. 

aureus [7] and Klebsiella pneumoniae [8] are able to survive inside mammalian cells. Bacteria 

infected cells act as “Trojan horses”, which not only protect bacteria from antibiotic treatments 

and immune clearance, but also may increase the dissemination of bacteria from the initial 

infection sites. Conventional antibiotics are difficult to kill such intracellular bacteria. Therefore, 

it is urgent to develop alternative strategies and antibiotics, for the better treatment of MDR 

bacterial pathogens.  
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Antibacterial mechanisms of clinically available antibiotics are largely ascribed to targeting 

the imperative macromolecular biosynthetic processes, including cell-wall assembly, DNA 

replication and transcription, and protein biosynthesis.[9] The misuse and abuse of antibiotics 

have facilitated bacteria to evolve resistance against almost all the existing antibiotics.[10] The 

majority of antibiotics routinely used in clinics such as β-lactam antibiotics, tetracyclines and 

aminoglycosides, are natural products and their derivatives. Unlike such natural compounds, 

synthetic chemicals have the potential to circumvent the coevolved resistance to target bacteria 

with distinctive modes of action. Inspired by the paradigms of sulfonamide and quinolone 

antibiotics, there are great prospects to mine the unexplored source of abundant synthetic 

chemicals for antibacterial purposes.  

Although synthetic chemicals carrying unique scaffolds always endow them with the 

potential against MDR bacteria, it suffers from the lack of efficient methodologies to fish the 

leads, due to the low throughput of common screening assays, e.g. Waksman's platform. 

Multifunctional chemicals with antibacterial capabilities are potent candidates to advance 

antibiotic discovery. Recently, aggregation induced emission luminogens (AIEgens), which are 

weak fluorescent or non-fluorescent in solution but displaying strong fluorescence in 

aggregated states,[11] have made great progresses in biosensing, [12-13] imaging and antibacterial 

purposes. [14] Membrane targeting antibacterial agents always increase bacterial metabolic 

burden with high fitness cost for the development of resistance.[15] Therefore, we hypothesized 

that the versatile AIEgens are promising leading compounds for screening membrane-targeting 

antimicrobial agents.  

Our previous reports have shown that different AIEgen families are phenomenally active 

against bacteria, whereas the underlying mechanisms are still unclear. In the  present study, 

we chose TBP molecules (TBPs) as a model to explore their abilities to kill both extracellular 

and intracellular MDR bacteria. TBPs showed high efficacy against diverse Gram-positive 

bacteria through membrane disruption and eliminated invased pathogens via enhancing 
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autophagy in vitro (Scheme 1) and in an animal model. These findings shed light on the 

development of next generation of AIEgens to combat MDR bacterial pathogens-assiociated 

infections.  

2. Results 

2.1. TBPs effectively kill multidrug-resistant bacteria 

Reports indicated that quaternary ammonium (QA) compounds can effectively kill bacteria and 

are not easily able to develop resistance. [16] TBP-2 (Figure 1A) exhibited antibiotic activites 

against both antibiotics-susceptible and MDR Gram-positive bacteria including diverse MRSA 

and VRE, with the minimal inhibition concentrations (MICs) ranging from 0.25 µg mL-1 to 2 

µg mL-1 in darkness (Table S1, Supporting Information). However, we found much lower MICs 

of TBP-1 (Figure 1A) against the same bacteria (Table S1, Supporting Information) with the 

MICs ranging from 0.0625 µg mL-1 to 0.5 µg mL-1 in darkness (Table S1, Supporting 

Information). Interestingly, the MICs of such chemcicals decreased 2- to 4-fold under 4 

mW/cm2 light irradiation (Table S1, Supporting Information). Given the unmet and urgent need 

for treating MRSA-associated infections in clinic, [17] we chose either S. aureus or MRSA for 

the following mechanistic studies. Bactericidal activities of TBP-2 and TBP-1 were tested by 

the minimal bactericidal concentration (MBC) assay. [18] The values of MBC were the same or 

only 2 fold higher than their corresponding MICs (Figure 1B), which suggests that such 

chemicals have bactericidal activity. As expected, TBP-1 (10 MIC, 2.5 µg/mL) killed almost 

all S. aureus within 1 h in darkness based on time-kill kinetic analysis (Figure 1C) while TBP-

2 (10 MIC, 5.0 µg/mL) killed almost all S. aureus within 3 h (Figure S1, Supporting 

Information). Thus, the TBPs can effectively kill antibiotics-susceptible and MDR Gram-

positive bacteria, TBP-1 have shorter time and lower MIC and MBC than TBP-2. 
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Figure 1. Chemical structure and bactericidal properties of TBP-2 and TBP-1. A) Chemical 

structure of TBP-2 and TBP-1. B) Bactericidal activities of TBP-2 and TBP-1 with and without 

light irradiation (n = 3), bacterial growth in MHB medium. MBC is the minimal concentration 

at which less than five colonies grow after the subculture on the agar plate post MICs tests. C) 

Bactericidal activity of S. aureus treated with TBP-1 (10 MICs, 2.5 µg/mL) as a function of 

time in darkness (n = 3). 

 

2.2. TBPs trigger membrane damage in Gram-positive bacteria 

Aiming to understand the role of TBPs in killing bacteria. Being consistent with the fact that 

many antibiotics kill bacteria depending on the generation of ROS, we observed the 

accumulation of ROS in a dose dependent manner unpon the addtion of TBP-1 (Figure 2A). 

Increased levels of ROS can cause membrane damage, confirmed by the dissipation of 

membrane potential in S. aureus treated with TBP-1 (Figure 2B). However, TBP-2 showed low 

accumulation of intracellular ROS (Figure S2, Supporting Information). To get better 

understanding of AIEgen-mediated antibacterial activity, we observed that bacteria could be 

immediately stained by TBPs (Figure S3, Supporting Information). Subsequently, we used 

TBP-1 as a model to co-stain with commerical membrane (FMTM 4-64FX) and well (WGA 

Alexa Fluor 640) staining dye. Results showed that TBP-1 mainly bound to the cell membrane 

(Figure 2C) but not cell wall (Figure S4, Supporting Information) in S. aureus. Co-stainning 
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with the commerical dead cell staining dye propidium iodide (PI) results also showed that TBPs 

disrupted the membrane of S. aureus after incubation for 10 min (Figure S5, Supporting 

Information). Moreover, we employed the field emission scanning electron microscopy (FE-

SEM) to visualize the morphological changes of bacteria. S. aureus exhibited wrinkling, 

collasped and lysed structures after treated with TBPs in the darkness, while light irradiation 

aggravated the morphological changes of the bacteria (Figure 2D). Charge affects the efficiency 

of molecular entering through cell membrane, TBP-2 needs to overcome larger energy barrier 

to go through cell membrane and have lower permeability coefficient than TBP-1 (Figure S6, 

Supporting Information). [19] On the other hand, the hydrophobicity, which can be reflected by 

the calculated logP (n-octanol/water partition coefficient, ClogP) value, can also influence the 

behavior of the TBP molecules. The ClogP of TBP-2 and TBP-1 was  -0.7 and 3.5, repectively. 

The fact that TBP-2 had lower ClogP than TBP-1 revealed that TBP-2 have better water 

solubility and need high concentration in aggregate state to kill bacteria.[20] Taken together, 

these findings indicate that TBPs can target bacteria membrane and the destroy may induce 

ROS generation to lead to the death of bacteria. In addition, light irradiation can further enhance 

the accumualtion of ROS in Gram-positive bacteria in the presence of AIEgen, leading to 

aggravated membrane damage. 



  

7 

 

 
Figure 2. TBP-1 killed S. aureus by targeting S. aureus membrane. A) Plot of the intracellular 

ROS fluorescence intensity of S. aureus after incubation with TBP-1 (0.125, 0.25, 0.5 and 1 

μg/mL) as a function of time. B) Plot of membrane potential (ΔΨm) fluorescence intensity of S. 

aureus after incubation with TBP-1 (0, 0.125, 0.25, 0.5 and 1 μg/mL) with the time increased. 

C) Super-resolution SIM images of S. aureus incubation with TBP-1 (1μg/mL, red) and FMTM 

4-64FX (5 μg/mL, green) for 5 min. TBP-1: Ex = 488 nm, Em = 600-700 nm; FMTM 4-64FX: 

Ex = 640 nm, Em = 650-700 nm. D) Morphology of S. aureus incubation with TBP-1 (dark, 

0.25 μg/mL; light, 0.0625 μg/mL) with and without white light irradiation (4 mW cm−2). 

 

2.3. TBPs kill intracellular S. aureus through enhancing autophagy 

In view of the promising bactericidal activity of TBPs, we tested their antibacterial ability 

against intracellular bacteria. Compared to TBP-2, TBP-1 exhibited lower values of MIC and 

MBC against MRSA isolates under light irradiation (Table S2, Table S3, Supporting 
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Information). Also, TBP-1 has low toxicity with high therapeutic index (Table S4, Supporting 

Information). As expected, the selective killing of bacteria was demonstrated and the 

mammalian cell viability was essentially unaffected. To test whether TBP-1 can target 

intracellular bacteria, we infected IEC-6 cells with S. aureus at multiplicity of infection (MOI) 

of 1. Infection rate of intracellular bacteria increased in a time dependent manner (Figure S7A, 

Figure S7B, Supporting Information). The number of intracellular bacteria decreased sharply 

under the treatment of TBP-1, which was further enhanced under light irradiation (Figure 3A). 

Autophagy, an evolutionarily conserved process, plays an essential role in enabling eukaryotic 

organisms to clear bacterial invasion.[21] To determine whether autophagy contributes to TBPs-

mediated killing of intracellular bacteria, we evaluated the expression levels of autophagy-

related proteins, including LC3-II, LC3-I, and p62 in IEC-6 cells infected with S. aureus.[22]  

We found increased ratio of LC3-II/LC3-I and reduced level of p62 protein, with an increase 

of infection time (Figure S7C, Supporting Information). Activated autophagy was further 

supported by the test with chloroquine (CQ), a lysosome inhibitor to specifically block the 

autophagosome-lysosome fusion step (Figure S7D, Supporting Information). These findings 

indicate that autophagy is induced in IEC-6 cells infected with S. aureus, being consistent with 

previous reports. [23] It has been reported that some bacteria can persist in the cytoplasm of 

mammalian cells by hijacking autophagy.[24] We observed that the number of intracellular S. 

aureus increased with the co-culture of CQ, while autophagy activator rapamycin (Rapa) 

reduced the number of intracellular bacteria (Figure S7E, Supporting Information). In addition, 

S. aureus escaped from the degraded lysosomes, indicating the inhibition of lysosomal 

acidification (Figure S7F, Supporting Information). Together, these results suggest that S. 

aureus survival and replicate in IEC-6 cells through hijacking autophagy. To gain detailed 

understanding of TBP-1 killing intracellular S. aureus, we dissected the effect of TBP-1 on the 

process of autophagy in IEC-6 cells infected with S. aureus. TBP-1 treatment boosted 

autophagy by increasing the ratio of LC3-II/LC3-I and reducing the level of p62 protein (Figure 



  

9 

 

3B, Figure S8, Supporting Information). Compared to the treatment of CQ, we observed the 

decrease of the number of intracellular bacteria treated with TBP-1 (Figure 3C). Furthermore, 

we found that the co-localization of TBP-1 with lysosome and S. aureus of IEC-6 cells (Figure 

3D). It suggested that TBP-1 killed intracellular S. aureus mainly in lysosome. The western blot 

results showed that the ratio of LC3-II/LC3-I increased and the level of p62 protein reduced 

after TBP-2 treatment (Figure S9, Supporting Information). Taken together, these results 

suggest that TBPs clear and kill intracellular S. aureus through enhanced autophagy of 

mammalian cells. 

 

Figure 3. TBP-1 killed intracellular S. aureus through enhancing autophagy of IEC-6 cells. A) 

Bactericidal activity of intracellular S. aureus treated with different concentrations of TBP-1 

with and without light irradiation. B) Western blot analysis of Microtubule Light Chain 3 (LC3) 

and p62 expression in IEC-6 cells infected with or without S. aureus in the presence and absence 

of TBP-1 (1 μg/mL). All proteins were normalized to the level of β-actin. C) Fluorescent images 

and CFUs of intracellular S. aureus after IEC-6 cells incubated with S. aureus, S. aureus + TBP-

1 and a lysosome inhibitor chloroquine (CQ) + S. aureus + TBP-1. IEC-6 cells were stained 
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with LC3 (Ex = 552 nm, Em = 565 nm) and DAPI (Ex = 405 nm, Em = 454 nm). D) Fluorescent 

images of IEC-6 cells treated with TBP-1, S. aureus (green) + PBS, S. aureus + TBP-1, and 

then stained with lysotracker red (Ex = 552 nm, Em = 590 nm). Magnification images of the 

outlined area are shown on the right, the white arrows indicate the overlay of lysotracker, TBP-

1 and S. aureus. ns not significantly, *P < 0.05, **P < 0.001. 

 

2.4. ROS play a key role in TBPs-induced killing of intracellular S. aureus 

To further understand how TBP-1 enhanced autophagy, we hypothesized that mitochondrial 

perturbation contributes to the clearance of the invaded bacteria. We found that S. aureus 

slightly caused morphological damage to mitochondria, however, the addition of TBP-1 

targeted mitochondria and dramatically aggravated such damage (Figure 4A). Damaged 

mitochondria resulted in the accumulation of intracellular ROS (Figure 4B). Similarly, TBP-2 

incubation can increase the intracellular ROS levels (Figure S10, Supporting Information). To 

clarify the relative mechanisms, we further investigated the mitochondrial membrane potential 

(ΔΨm) in IEC-6 cells based on the cyanine dye 5,5‘,6,6’-tetrachloro-1,1‘,3,3’ 

tetraethylbenzimidazolyl- carbocyanine iodide (JC-1) staining assay.[25] We observed the 

increase of the formation of green fluorescent JC-1 monomers (Figure S11, Supporting 

Information) and increased ratio of green/red fluorescence under the treatment of TBP-1 

(Figure S11B, Supporting Information). These results suggest that TBP-1 paralyzed the 

homeostasis of mitochondria, which may increase the production of intracellular ROS. 

Exogenous addition of ROS scavenger N-acetyl cysteine (NAC) significantly blocked the 

clearance of intracellular S. aureus under TBP-1 treatment (Figure S12, Supporting 

Information). It indicates that ROS plays a critical role in TBP-1-mediated clearance of invaded 

S. aureus. Furthermore, we quantified the amount of TBP-1 in the cytosol of IEC-6 cells 

infected with S. aureus based on liquid chromatography-tandem mass (LC-MS/MS) analysis 

(Figure S13, Table S5, Supporting Information). The accumulated intracellular TBP-1 
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consisted about 6% of the total TBP-1 (Figure 4C), which can be easily enriched to high levels 

in the limited space in mammalian cells to clear bacteria.  

 
Figure 4. TBP-1 enhanced autophagy through inducing mitochondrial dysfunction. A) 

Morphology and structure changes of mitochondria after IEC-6 cells incubated with and 

without S. aureus (green), S. aureus + TBP-1 and TBP-1. The mitochondria stained by Mito-

tracker red (Ex = 552 nm, Em = 600 nm). The white rectangles indicate the magnified part of 

the bottom images. B) Fold changes of ROS in IEC-6 cells infected with or without S. aureus 

in the presence and absence of TBP-1 (**P < 0.001). C) Relative amount of TBP-1 in medium, 

IEC-6 cells, S. aureus and lost in in the process of experimental treatment. The quantified of 

TBP-1 was measured by LC-MS/MS.  

 

2.5. TBPs protect mice from MRSA associated infection    
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Given the promising antibacterial activity of TBPs in vitro, we evaluated its therapeutic effect 

on mouse peritonitis model. Mice were injected intraperitoneally with MRSA T144 with single 

dose that can lead to 90% lethality. TBPs were introduced intraperitoneally at one-hour post-

infection. The infected mice without treatment all died within 48 h, while the mice survived 

under the treatment of either TBP-1 (Figure 5A) or vancomycin (5 mg/kg) (Figure 5B). 

Meanwhile, bacterial counts in different organs decreased significantly in the presence of 2.5 

mg/kg TBP-1 (Figure 5A), which showed comparable survival rates of bacteria in different 

organs treated with vancomycin (10 mg/kg) (Figure 5B). Similarly, all mice survived in the 

presence of 5 mg/kg TBP-2 (Figure S14A, Supporting Information), with decreased bacterial 

counts in organs (Figure S14B, Supporting Information). Lastly, typical pathologic changes of 

the organs were alleviated in the treated groups as well (Figure 5C). However, the organs 

showed hemorrhage and congestion after T144 infection, especially the spleen and lung (Figure 

5C, Figure S14C, Supporting Information). Together, these results demonstrate that AIEgens 

such as TBP-1 are potent agents for the treatment of MRSA associated infections in vivo. 

3. Discussion 

Antibiotics that target bacterial membrane always increase metabolic burden, therefore it is not 

easy to develop antibiotic resistance due to high fitness cost.[26] However, membrane-targeting 

antibiotics have been rarely exploited. Similar to synthetic antibacterial compounds derived 

from sulfonamides and quinolones,[27] the versatile skeletons of AIEgens will provide 

tremendous sources for developing lead compounds to circumvent antibiotic resistance with 

distinctive mechanisms. Notably, the intrinsic fluorescent property of AIEgens offers great 

potentials to track and dissect their modes of action in bacteria and pharmacokinetics processes 

in hosts. We get insightful understandings of TBPs-mediated antibacterial activities, which 

directly disrupts bacterial membrane and indirectly potentiates host cells to clean invasive 

bacteria. 
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Figure 5. Efficacy of TBP-1 and vancomycin in the mouse peritonitis model. Survival rate and 

bacteria survival in different organs of mice after treatment with TBP-1 (A) and Vancomycin 

(B) in septicemia protection model using MRSA T144 (n = 5, ns not significantly; *P<0.05; 

**P<0.001). C) Histological hemotoxylin and eosin (HE) staining images of Heart, liver, spleen, 

lung and kidney tissue sections at day 2 after different treatments indicated. 
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The cell wall of Gram-positive bacteria is composed of cross-linked peptidoglycans and 

anionic teichoic acids. Cationic TBPs may bind to the negatively charged teichoic acids, 

facilitating the insertion into the porous structure of cell wall to further disrupt membrane 

integrity to cause bacterial death. Nevertheless, such electrostatic interaction can be impaired 

in Gram-negative bacteria, due to the presence of thick and highly hydrophobic layer of 

lipopolysaccharide. Compared to TBP-1, consistently, high concentrations of TBP-2, with more 

net positive charges, was effective against E. coli (Table S6, Supporting Information). This 

observation agrees with our previous findings that adequate modification of certain groups 

(hydrophilic amines,[28] naphthalimide triazole,[14] antimicrobial peptide [29]) in the AIEgen 

skeletons promote antibacterial activities against Gram-negative pathogens. Altogether, it 

suggests that the pyridine ring of TBP is a potential position to introduce functional groups to 

extend the antibacterial spectrum. 

Unlike antibiotics that directly target pathogens, host-directed antibacterial therapy is an 

alternative approach to potentiate hosts for further elimination of invading bacteria. [30] Notably, 

autophagy, as a ubiquitous response in host cells, plays a pivotal role in the defense against the 

invasion of bacterial pathogens.[31] In this study, TBPs not only trigger ROS mediated 

membrane damage to kill bacteria, but also activate mitochondria-dependent autophagy process 

to eliminate intracellular bacteria in host cells. In this scenario, versatile TBPs serve as a novel 

class of antibiotic adjuvants to boost mammalian cells for bacterial clearance. Future studies 

are urgently required to demonstrate that whether and how such capability of antibiotic adjuvant 

works in vivo under pathophysiological conditions, guiding the optimization of the structure-

activity relationship of AIEgen molecules for tracing and killing MDR bacterial pathogens 

4. Experimental Section  

Materials:  All bacterial strains used in this study are listed in Table S1(Supporting 

Information) and Table S6 (Supporting Information). Bacteria were grown in brain heart 

infusion (BHI) broth (Land Bridge Technology) or on BHI agar plates at 37 °C. IEC-6, A549, 
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HUVEC, and 3T3 cells (Table S7, Supporting Information) were grown in Dulbecco's Modified 

Eagle Medium (DMEM, Gibco) supplemented with 1% heat inactivated fetal bovine serum 

(FBS, Invitrogen), 1% (w/v) penicillin-streptomycin and 1% (w/v) sodium pyruvate (Sigma-

Aldrich). Vancomycin were obtained from China Institute of Veterinary Drug Control. 

Antimicrobial Assay: MICs of TBPs were determined by broth micro-dilution according to the 

Clinical and Laboratory Standards Institute (CLSI) 2015 guideline.[32] After 16-20 h incubation 

at 37 °C, MICs values were defined as the lowest concentrations of antibiotics with no visible 

growth of bacteria. The bacteria colonies grown on the agar plate were counted and MBC (less 

than five colonies) of each sample was obtained after MICs tests.[33]  

Time-dependent killing kinetic profiles were performed on the basis of a previous study.[18] 

Overnight culture of S. aureus ATCC 29213 was 10,000 folds diluted in 1 mL MHB medium 

and incubated at 37 °C with shaking at 200 rpm. Bacterial populations at exponential phase (4 

h) were challenged with TBPs at concentrations corresponding to the 10- fold MICs (2.5 µg/mL 

TBP-1, 5 µg/mL TBP-2). After incubation at 37 °C with shaking at 200 rpm, serially diluted 

suspensions at different time points were plated on S. aureus chromogenic agar plates (CHROM 

agar) and incubated at 37 °C for overnight. Colonies were counted and colony forming unit 

(CFU mL−1) were calculated. Experiments were performed with three replicates. 

ROS detection: Intracellular ROS were detected by ROS Assay Kit (Beyotime, China). The 2,7-

Dichlorodi-hydrofluorescein diacetate (DCFH-DA) turn to 2,7-Dichlorofluorescein (DCF) 

(green fluorescence) represented ROS release (Ex = 488 nm, Em = 525 nm). Intracellular ROS 

fluorescence intensity of S. aureus after incubation with TBP-1 (0, 0.125, 0.25, 0.5 and 1 

µg/mL), or TBP-2 (0, 0.25, 0.5, 1 and 2 µg/mL) from 0 to 180 min were measured on a 

microplate reader (Tecan, Infinite 200 Pro Microplate Reader, Switzerland). Intracellular ROS 

fluorescence intensity in IEC-6 cells infected with or without S. aureus in the presence and 

absence of TBP-1 (1 µg/mL) or TBP-2 (2 µg/mL) were also measured on a microplate reader.  
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Bacteria membrane potential Assay: Membrane permeability and dissipated membrane 

potential (ΔΨm) of S. aureus ATCC 29213 induced by TBP-1 (0.125, 0.25, 0.5, 1 µg/mL) were 

tested by the fluorescent dyes (10 nmol/L) 3, 3-dipropylthiadicarbocyanine iodide (DiSC3 (5)) 

(Aladdin) according to a previous report.[34] Experiments were performed with three replicates. 

Membrane permeability test: Membrane permeability of S. aureus ATCC 29213 induced by 

TBPs were tested by the fluorescent dye (10 nmol/L) propidium iodide (PI) (Aladdin) according 

to a previous report.[35] 

Cell viability assay: IEC-6, A549, HUVEC, and 3T3 cells were cultured in DMEM medium, 

which contained 1% FBS, 1% (w/v) penicillin-streptomycin and 1% (w/v) sodium pyruvate. 

Cells were seeded in 96-well plates (0.5 × 104 cells 200 µL−1) and incubated for 24 h. The 

medium was removed and TBPs was added at different concentrations and incubated in 

darkness for 30 min at 37 °C. The TBPs-treated cells were exposed to white light for 30 min, 

and the TBPs-treated cells in darkness were set as control. The cell medium was replaced by 

fresh medium and incubated for 24 h at 37 °C after irradiation. 100 µL of fresh medium 

containing 10 µL WST-1 (Roche, Germany) solution was added into each well after the removal 

of the cell medium, and the cells were incubated at 37 °C for 1 h. The absorption of the samples 

was measured on a microplate reader (Tecan, infinite M200, Switzerland) at 450 nm. Cell 

viability (IC50) was determined by the concentrations of analytes of target resulting in 50% 

inhibition of cell growth.  

Bacteria culturing, staining, and imaging: S. aureus ATCC 29213 were cultured in the BHI 

broth medium at 37 °C with a shaking speed of 200 rpm for 3 h. Bacteria were harvested by 

centrifuging at 8000 rpm for 3 min and washed twice with PBS. 1 mL of TBP-1 (1 µg/mL) or 

TBP-2 (1 µg/mL) solution in BHI broth medium containing 5 × 108 colony forming unit (CFU 

mL−1) of bacteria incubated at 37 °C with a shaking speed of 200 rpm for 5 min. To take 

fluorescence images, 2 µL of stained bacteria solution was transferred to a piece of glass slide 

and then covered by a coverslip. The images were collected using a Stimulated Emission of 
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Depletion (STED) microscopy (Leica SP8 STED 3X, Germany). TBP-1 (1µg/mL) and FM4-

64FX (5 µg/mL) containing 5 × 108 CFU mL−1 of bacteria incubated at 37 °C with a shaking 

speed of 200 rpm for 5 min.TBP-1 (1 µg/mL) and WGA Alexa Fluor 640 (5 µg/mL) containing 

5 × 108 CFU mL−1 of bacteria incubated at 37 °C with a shaking speed of 200 rpm for 10 min. 

To take fluorescence images, 2 µL of stained bacteria solution was transferred to a piece of 

glass slide and then covered by a coverslip. The images were collected using Super-Resolution 

SIM Microscopy (N-SIM/N-STORM010899, Nikon, Japan).  

FE-SEM analysis: Bacterial cultures of S. aureus ATCC 29213 at mid-log phase in BHI 

medium were collected and re-suspended into PBS at cell density of approx. 1010 CFU mL−1. 

After treatment of bacteria with TBP-1 (dark, 0.25 µg/mL; light, 0.0625 µg/mL) and TBP-2 

(dark, 1 µg/mL; light, 0. 25 µg/mL) with or without light irradiation for 30 min, bacteria were 

collected and fixed in 2.5% glutaraldehyde solution. After fixation, samples were washed with 

0.1 M phosphate buffered saline (PBS) and dehydrated by 30%, 50%, 70%, 80%, 90%, 95%, 

and 100% (v/v, in water) ethanol for analysis by field emission scanning electron microscopy 

(FE-SEM) (S4800, Hitachi, Japan). 

Mechanism of killing intracellular bacteria analysis: IEC-6 cells were pro-treated with 

chloroquine (CQ) for 3 h, then IEC-6 cells were infected with S. aureus at multiplicity of 

infection (MOI) of 1 for 4 h, S. aureus were removed, then cells were treated with 1 µg/mL 

TBP-1 for 2 h, last cells were then stained with LC3 (Ex = 552 nm, Em = 565 nm) and DAPI 

(Ex = 405 nm, Em = 454 nm), the number of intracellular S. aureus was counted by plate. IEC-

6 cells were pro-treated with N-acetyl cysteine (NAC) for 3 h, then IEC-6 cells were infected 

with S. aureus at MOI of 1 for 4 h, S. aureus were removed, then cells were treated with 1 

µg/mL TBP-1 for 2 h, last cells were then stained with DAPI (Ex = 405 nm, Em = 454 nm) and 

F-actin (Ex = 552 nm, Em = 565 nm), the number of intracellular S. aureus was counted by 

plate. For static images, fixed and stained intestinal or cellular samples were captured by a Leica 

SP8 confocal microscope (Leica, Gremany). 3D images were taken by capture all the X-, Y- 
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and Z-axis sections. For analyzing the location of intracellular bacteria, the Z-axis section was 

cut every 1 µm or 2 µm. Images were analyzed and merged by the LAS AF Lite software (Leica, 

Gremany). Cells were treated as same, and then were tracked by lysotracker red, and cells were 

observed through confocal microscope. IEC-6 cells were infected with S. aureus at MOI of 1 

for 4 h, S. aureus were removed, then cells were treated with 1 µg/mL TBP-1 for 2 h. The 

mitochondria of IEC-6 were tracked by Mito-tracker (Ex = 552 nm, Em = 600 nm). The 

morphological change was observed by confocal microscopy. The ROS of IEC-6 were tracked 

by ROS assay kit. ROS change was observed by microplate reader (Tecan, infinite M200, 

Switzerland) (Ex = 488 nm, Em = 525 nm).  

Western blot: IEC-6 cells were infected with S. aureus at MOI of 1 for 4 h, S. aureus were 

removed, then cells were treated with 1 µg/mL TBP-1 (1 µg/mL TBP-2) for 2 h, then the level 

of LC3 and p62 were tested by Western blot. CQ (50 µg/mL)/ Rapa (100 nM) was used to treat 

IEC-6 cells before S. aureus infected. All proteins were normalized to the level of β-actin. The 

primary antibodies included rabbit anti-LC3B, anti-p62 (Abcam, UK) and mouse anti-β-actin 

antibodies (Proteintech, USA), secondary antibodies were goat anti-rabbit and goat anti-mouse 

antibodies (Beyotime, China). Gray values of protein bands were quantified by Image J 

software. 

Mitochondrial membrane potential assay: The mitochondrial membrane potential (ΔΨm) in 

IEC-6 cells based on the cyanine dye JC-1 staining assay. JC-1 aggregates in the mitochondrial 

matrix to form a polymer, which emits a strong red fluorescence. Due to the decrease or loss of 

membrane potential in unhealthy mitochondria, JC-1 can only exist as a monomer in the 

cytoplasm, producing green fluorescence. IEC-6 cells were infected with S. aureus at MOI of 

1 for 4 h treated with or without TBP-1, IEC-6 cells treated with TBP-1 and IEC-6 cells were 

stained with JC-1, respectively. The imaging was captured by a Leica SP8 confocal microscope 

(Leica, Gremany), and Green and red fluorescence ratio of ICE-6 cells analyzed by Image J.     
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Distribution of TBP-1: The concentrations of extracellular TBP-1, intracellular TBP-1 in the 

cytosol of IEC-6 cells, TBP-1 in S. aureus and loss antibiotics were quantified by liquid  

chromatography-tandem mass (LC-MS/MS). 

Mouse sepsis protection model: 6-8 weeks old female BALB/c mice were purchased from the 

Vital River Laboratory Animal Technology Co. Ltd., (Beijing, China) and housed under 

specified pathogen-free conditions for one week. The in vivo bioavailability of TBP-1 and TBP-

2 was tested against a clinical isolate MRSA T144 in a mouse sepsis protection model according 

to a previous protocol.3 Briefly, seven groups of BALB/c female mice (n = 6) were infected 

intraperitoneally with 0.5 mL of bacterial suspension (7.5 × 108 CFU per mouse) and monitored 

daily for survival. After 1 h post-infection, mice in each group were treated with TBP-1 at single 

intraperitoneal doses of 1.25 and 2.5 mg/kg, while TBP-2 at dose of 2.5 and 5 mg/kg. 

Additionally, two groups were treated with vancomycin at doses of 2, 5 and 10 mg/kg as 

positive controls.[36] For determination of the bacterial burden, mice were sacrificed at 48 h. 

Heart, liver, spleen, lung and kidney were collected and homogenized in sterile PBS. Serial 

dilutions of each suspension were plated on S. aureus chromogenic agar plates (CHROM agar) 

for the enumeration of bacterial colonies.  

Hematoxylin-eosin (HE) staining: Samples of mouse organs were excised and fixed with 4% 

paraformaldehyde solution (Sigma). Histological images were taken using an inverted 

microscope (Olympus, IX71, Japan). Histopathological changes were analyzed by a traditional 

hematoxylin-eosin (HE) staining protocol.  

Ethics statement: Animal experiments were performed in strict accordance with the regulations 

for the Administration of Affairs Concerning Experimental Animals approved by the State 

Council of People’s Republic of China (11-14-1988). The animal study protocols were 

performed in accordance with the relevant guidelines and regulations (ID: SKLAB-B-2010-

003). The laboratory animal usage license number is SYXK-2016-0008, certified by Beijing 

Association for Science and Technology.  
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Statistical analysis:The values reported are expressed as mean standard deviation (SD). The 

Origin 8 software was used for graph plotting. A value of P < 0.05 was considered significant. 

Each experiment included at least three replicates. 
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