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Background: Drug-resistant microbes pose a global health concern, requiring the urgent development of effective antibacterial agents 
and strategies in clinical practice. Therefore, there is an urgent need to explore novel antibacterial materials to effectively eliminate 
bacteria. The synthesis of quaternary phosphonium salt in haloargentate systems, wherein the phosphorus atom is represented in 
a cationic form, is a possible strategy for the development of antibacterial materials.
Methods: Using (triphenyl)phosphonium-based quaternary phosphorus salts with different spacer lengths (n=2, 4, 6) as a template, 
we designed three kinds of quaternary phosphorus salts as effective antibacterial agents against drug-resistant bacteria.
Results: The synthesized quaternary phosphorus salt of (1,4-DBTPP)Br2 effectively prevented the formation of the bacterial biofilms, 
and degraded bacterial membranes and cell walls by promoting the production of reactive oxygen species, which exhibited effective 
therapeutic effects in a rat model of a superficial wound infected with methicillin-resistant Staphylococcus aureus.
Conclusion: The quaternary phosphorus salt (1,4-DBTPP)Br2 demonstrated hemocompatibility and low toxicity, revealing its 
potential in the treatment of clinical infections.
Keywords: quaternary phosphorus salts, reactive oxygen species, antibacterial, biocompatible, wound infection therapy

Introduction
The abuse of antibiotics has led to an increase in drug-resistant bacterial strains, posing significant international concern 
and accounting for more than 700,000 deaths yearly. This number is expected to increase to 10 million deaths by 2050, 
resulting in an economic loss of approximately 100 trillion USD.1 Unfortunately, the development of novel antibiotics is 
challenging owing to the rapid emergence of resistant microorganisms. In addition, the development of novel antibacter-
ial agents requires significant economic, time investments, as well as labor supply.2

Metal-based antibacterial therapeutics, such as gold nanoparticles,3 silver nanoparticles,4,5 copper-containing titanium 
alloy,6 ZnO nanoparticles,7 and iron oxide nanoparticles,8 have attracted increasing attention owing to their excellent 
antibacterial activities, no-resistance cases, transport convenience, and higher efficiency,9,10 However, the metabolism of 
metal ions in the body is extremely difficult, and the accumulation of metal ions has toxic side effects on the human body. 
Hence, the wide application of metal-containing antibacterial materials is limited.11 In addition, the photothermal and 
photocatalytic property confers several metal-organic frameworks of nanomaterials with bactericidal effects on the 
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therapy for bacteria-infected wound healing.12–15 Nevertheless, the antibacterial effects of these substances are consider-
ably limited without light exposure.

The ideal antibacterial material for medical applications should exhibit efficient antimicrobial property and high 
selectivity towards bacterial cells, and low toxicity over mammalian cells.16 Researchers have devoted considerable 
efforts to combat resistant bacterial infections, as shown by the continuous and extensive exploration of antibacterial 
peptides and cationic polymers.17,18 Yang et al reported that Gram-negative bacteria could be disintegrated by an 
antimicrobial peptide with cationic and amphiphilic structures, which can insert into their cell surfaces.19 Deber et al 
reported a novel cationic antimicrobial peptide with high selectivity for bacterial membranes and low toxicity towards 
mammalian membranes.20 Antibacterial peptides have a low propensity to develop resistance; however, antimicrobial 
peptides have also suffered from poor antibacterial activity and high hemolysis in vivo, salt instability, as well as high 
cost, which highly limit their clinical implementation.21 Moreover, quaternary ammonium and phosphonium salts have 
been designed and synthesized based on antibacterial peptides with cationic charge and amphiphilic structure. Cai et al 
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have developed amphiphilic quaternized β-chitin derivatives with biocompatible properties and antimicrobial activity for 
the treatment of wound healing.22 Qi et al offered a facile one-pot strategy to construct quaternary ammonium chitosan 
hydrogels for treating diabetic wounds.23,24 We have previously synthesized quaternary phosphorus/bromoargentate 
hybrids with good antibacterial properties, mediated by the inhibition of S. mutans and C. albicans growth. However, 
the antibacterial activity of these hybrids was limited by their poor solubility in neutral solutions.25 Furthermore, the 
metal Ag may induce cytotoxicity in mammalian cells. Hence, the exploration of biodegradable antibacterial agents with 
excellent biocompatibility, low toxicity, and good solubility is highly needed for clinical applications.

In this study, we designed and successfully synthesized two alkyl-bis-(triphenyl) phosphonium bromides (1,2- 
DBTPP)Br2, (1,4-DBTPP)Br2, and (1,6-DBTPP)Br2 in one step,26 and evaluated their antibacterial activities against 
four pathogens using the minimum inhibitory concentration procedure. The results revealed that (1,4-DBTPP)Br2 

exhibited good solubility, low toxicity, and low hemolytic activity. Moreover, we investigated the effects of (1,4- 
DBTPP)Br2 on the viability of bacteria, the formation of biofilm, and the recovery process of infected wounds in vivo 
(Scheme 1). Our results can help extend the biological applications of quaternary phosphonium salts.

Experimental Section
Preparation of Quaternary Phosphorus Salts
A facile one-step synthesis of triphenylphosphine with 1,2-dibromoethane was carried out to obtain two alkyl-bis-(triphenyl) 
phosphonium bromide (1, 2-DBTPP)Br2, (1, 4-DBTPP)Br2, and (1, 6-DBTPP)Br2 in dimethylformamide (DMF) according to 

Scheme 1 Process of the synthesis of two alkyl-bis-(triphenyl)phosphonium bromides and schematic of the antibacterial mechanism of (1,4-DBTPP)Br2.
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a previously reported method.27 Briefly, haloalkanes (10 mmoL) and Ph3P (30 mmoL) were dissolved in DMF (10 mL) and were 
reacted at 130 °C for 4 h. The mixtures were then cooled to room temperature, and the solvent was removed by rotation 
volatilization to extract the raw products, which were washed with n-hexane and dried in an oven.

Bacterial Culture
Bacterial strains stored at −80 °C were cultivated at 37 °C and maintained on blood agar plates for 24 h before use. MRSA cells 
were grown overnight on LB plates at 37 °C, harvested at the exponential growth phase via centrifugation, and then resuspended 
in a sterile 0.9% saline. MRSA cells were adjusted to a 0.5 McFarland standard (1.5 × 108 colony-forming unit [CFU] mL−1) and 
then diluted to a concentration of 1.0×106 CFU mL−1 by 1:150 in Mueller Hinton Broth (MHB).

Bacterial Growth Curve and Time-Kill Studies
The assay was performed according to our previously validated method with minor changes.27 Firstly, 180 µL of 
a MRSA cell suspension (1.0 × 106 CFU mL−1) in LB broth medium was seeded in a 96-well plate, and different 
concentrations of (1,4-DBTPP)Br2 (0−128 μg mL−1) were added to each well. The growth curves of the MRSA cells were 
evaluated using an Automated Microbiology Analysis System (Bioscreen C, Turku, Finland) at 37 °C with shaking at 
200 rpm. The optical density (OD 600) values were detected every 1 h for up to 30 h. Analysis of the time-kill curve was 
carried out by culturing MRSA strains in LB broth. Briefly, a 0.5 McFarland inoculum of MRSA was made in sterile 
saline solution (0.9% NaCl) from cultures grown on blood agar plates for 20 h at 35 °C. Three concentrations of (1,4- 
DBTPP)Br2 in doubling dilutions ranging from 1 × minimum inhibitory concentrations (MIC) to 4 × MIC in 96-well 
microtiter plates were assessed. Ten microliters of one of the antimicrobial concentrations were added to each well, 
including ninety microliters of pre-incubated bacteria. At 0, 1, 2, 3, 4, 5, and 6 h after exposure, 100 μL aliquots of each 
dilution (1:10) were spread on LB agar plates and incubated at 35 °C for 20 h. Finally, the viable colonies were counted, 
and the time-kill curves of MRSA strains were constructed by plotting the survival rate versus the incubation time.28

Determination of Live/Dead Ratio Using Fluorescence Microscopy Imaging
The mixture of MRSA suspension (1.0 × 106 CFU mL−1) and (1,4-DBTPP)Br2 was seeded in 96-microtiter plates. After 
24 h, the cells were washed with a sterile 0.9% saline by removing the planktonic suspension. The live and dead cells 
were visualized using a green-fluorescent membrane-permeant dye (SYTO 9) and a red-fluorescent damaged membrane- 
permeant dye (propidium iodide, PI), respectively, by fluorescence microscopy.

Observation of the Morphology and Bacterial Biofilm Using Scanning Electron 
Microscopy (SEM)
SEM was used to further observe bacterial morphology. Briefly, after incubation with 0 and 128 μg mL−1 of (1,4-DBTPP)Br2 for 
24 h, samples were washed thrice with sterile 0.9% saline, and the bacterial cells were harvested by centrifugation and fixed in 
glutaraldehyde (2.5%) for 2 h at 4 °C. Then, samples were washed using sterile 0.9% saline and dehydrated in a graded series of 
ethanol (30%, 50%, 70%, 80%, 85%, 90%, 95%, and 100%). The gold-sputter-coated specimens were observed using SEM 
(SU8020, Hitachi, Tokyo, Japan). To observe the bacterial biofilm, (1,4-DBTPP)Br2 (32 μg mL−1) and control samples were 
incubated with the MRSA solution (1.0 × 106 CFU mL−1) in a glass sheet (1.1×1.1 cm). After 24 h of incubation at 35 °C, the 
glass sheets were gently washed thrice with sterile 0.9% saline to remove the planktonic bacteria, then fixed, washed, dehydrated, 
and sputter-coated with gold before observation by SEM.

Protein Leakage Assay
To measure the leakage of proteins from bacterial cells, different volumes of LB medium, (1,4-DBTPP)Br2, and MRSA cells 
were added to 20 mL cultures at a final concentration of 2 × MIC of (1,4-DBTPP)Br2 and 1.0×109 CFU mL−1 of MRSA. Control 
groups were prepared without (1,4-DBTPP)Br2. The mixture was incubated at 35 °C with shaking at 150 rpm. After 24 h, the 
sample was centrifuged at 10,000 rpm and 4 °C for 10 min. The supernatant was immediately collected, and the protein 
concentration of each sample was detected using a Bradford Protein Assay Kit (Beyotime, Nantong, China).29
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Inhibition of Biofilm Formation
During the development of biofilms, MRSA cells were adjusted to McFarland Standard 0.5 (1.5 × 108 CFU mL−1), (1,4- 
DBTPP)Br2 was added (64 to 512 μg mL−1) to the LB broth in 96-well microtiter plates (final bacterial concentration: 1.0×106 

CFU mL−1), and cells were incubated for 20 h at 35 °C. After incubation, each well was gently washed thrice with sterile 0.9% 
saline by removing the culture supernatant, then the adherent biofilm was fixed and stained with methanol (15 min) and 0.1% (wt/ 
vol) crystal violet (5 min), respectively. Finally, the crystal violet was dissolved with the addition of 200 μL of ethanol (95%), and 
cell growth was assessed by measuring the value of OD 595, as previously reported.30 In addition, (1,4-DBTPP)Br2 was placed in 
polystyrene 24-well plates at graded concentrations (range 1/4–2 × MIC) in bacterial suspensions (1.0 × 106 CFU mL−1) in LB 
broth. After a 48 h incubation, wells were rinsed thrice with a sterile 0.9% saline, and 0.01% final concentration of resazurin was 
added, followed by an incubation in the dark for 60 min. A microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) was 
used to detect the optical density (OD 570 and OD 600) values. Sterile saline solution (0.9% NaCl) was set as a negative control.31

In vitro Biocompatibility Evaluation
Cell Cytotoxicity Analysis
The cytotoxicity of (1,4-DBTPP)Br2 against L929 cells was determined using a sensitive colorimetric assay of cell-counting kit-8 
(CCK8, Yeasen Biotechnology, Shanghai). L929 cells were seeded into a 96-well plate at a density of 1.0×104 cells/well and 
cultured for 24 h. Cells were then treated with (1,4-DBTPP)Br2 at various concentrations (0–128 µg mL−1) for an additional 24 
h. Then, 5 mg mL−1 of CCK-8 was added to each well, and the mixture was further incubated for 4 h at 37 °C and 5% CO2. 
Subsequently, a microplate reader was used to detect the absorbance at 450 nm. Cell viability was calculated according to the 
following formula: Cell viability = (A450 of the treated group − A450 of blank control) / (A450 of negative control − A450 of blank 
control) × 100%.32

Hemocompatibility Test
We used a previously reported hemolysis assay to further evaluate blood compatibility.33 The EDTA-stabilized blood 
from a female mouse was centrifuged at 1000 rpm for 10 min and washed thrice with phosphate-buffered saline (PBS) to 
remove the released hemoglobin. After removing the supernatant fraction, red blood cells (RBC) were resuspended (2% 
w/w) and placed in 5 mL centrifuge tubes, and RBC suspension (0.2 mL) was dispersed in (1,4-DBTPP)Br2 (0.8 mL) at 
final concentrations ranging between 16 and 2048 μg mL−1. PBS and 1% Triton were set as negative control (NC) and 
positive control (PC), respectively. Afterwards, each sample was incubated for 2 h at 37 °C, and centrifuged at 1000 rpm 
for 10 min, and then the supernatant (100 μL) was added into a 96-well plate and the value of OD 540 was measured using 
a microplate reader. The hemolytic ratio (%) was calculated using the following formula:

Hemolysis ratio (%) = (OD samples − OD NC)/ (OD PC − OD NC).

In vivo Antibacterial and Wound Healing
All animal experiments were performed according to the research ethics committee of Fujian Medical University (2022- 
NSFC-0263). Two groups (n = 6) of Sprague Dawley (SD) rats (male, 180–200 g) were anesthetized with 2% 
pentobarbital sodium, and circular wounds (15 mm in diameter) were made on the dorsum of the rats. Then, the rats 
were infected by adding 200 µL of an MRSA suspension (1.5 × 108 CFU mL−1) on the wounds. After a 24-h infection, 
200 µL PBS or (1,4-DBTPP)Br2 (640 µg mL−1) was added to the infected areas for 24 h. Subsequently, the images of 
infected wounds were obtained, and their sizes were measured by a digital caliper.

Histological Analysis
At the end of the wound-healing experimental assay, the tissues of infected wounds and major organs (heart, liver, spleen, 
lung, and kidney) of the rats were fixed for 24 h in 4% paraformaldehyde. The tissues were prepared for hematoxylin and 
eosin (H&E) staining and Masson’s trichrome (MT) staining, after desiccation with ethanol, embedding in paraffin, and 
cutting into slices (5 µm). The levels of tumor necrosis factor-α (TNF-α) and CD31 in the skin tissues of the wounded 
regions of mice were detected by immunohistochemical staining. CD68 expression was assessed by immunofluorescence 
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staining to determine the regulation of macrophage cells. The histochemical analysis results were further quantified by 
the ImageJ software. See Supporting Information for more details on methods.

Results and Discussion
Characterization of the Developed Quaternary Phosphorus Salts
Three different types of two alkyl-bis-(triphenyl)phosphonium bromides, (1,2-DBTPP)Br2, (1,4-DBTPP)Br2, and (1,6- 
DBTPP)Br2, were synthesized using the one-step alkylation of triphenylphosphine with 1.2-dibromoethane. The products 
were characterized by FT-IR, UV-Vis, XRD, and NMR spectroscopies. In the FTIR analysis, the observed peaks were consistent 
with the characteristic vibrations of the (1,2-DBTPP)2+, (1,4-DBTPP) 2+, and (1,6-DBTPP)2+ cations, For example, νC-H appear 
at around 3000 cm−1, and γC-H can be seen at round 680–870 cm−1, specially, the νC-P can be monitored at 1110 cm−1 (Figure 
S1A). In the UV-Vis analysis, intense adsorption in the ultraviolet zone (214 and 270 nm) was assigned to the n–π*/π–π* 
transitions of the phenyl groups in the phosphonium core (Figure S1B). 34 Moreover, the XRD patterns suggested a crystalline 
phase (Figure S1C). As shown in Figure S2, 1H NMR spectroscopy (500 MHz, Chloroform-d) for (1,4-DBTPP)Br2 revealed the 
following: δ 7.94–7.87 (m, 12H), 7.75–7.71 (m, 6H), 7.68 (ddd, J = 8.6, 6.6, 3.4 Hz, 12H), and 4.03 (t, J = 14.7 Hz, 4H).

Antibacterial Activity of (1,4-DBTPP)Br2
To measure the antibacterial activity of the quaternary phosphorus salts, four bacterial strains (S. aureus, MRSA, E. coli, and 
P. aeruginosa) were treated with the salts and their inhibition zone and MIC were evaluated. The agar diffusion assay showed that 
PA is insensitive to (1,2-DBTPP)Br2, (1,4-DBTPP)Br2, and (1,6-DBTPP)Br2; however, the presence of a clear zone surrounding 
the well appeared where these three materials were introduced (Figure S3). The MIC values of the two alkyl-bis-(triphenyl) 
phosphonium bromides are shown in Table 1; (1,4-DBTPP)Br2 showed better antimicrobial efficiency against MRSA than (1,2- 
DBTPP)Br2 and (1,6-DBTPP)Br2. Therefore, we focused on the antibacterial effect of only (1,4-DBTPP)Br2 against MRSA in 
subsequent experiments. As shown in Figure 1A, 8 µg mL−1 (1/8 × MIC) to 64 µg mL−1 (1 × MIC) of (1,4-DBTPP)Br2 

significantly inhibited bacterial growth. A growth delay of 10 h occurred for MRSA when incubated with 32 µg mL−1 (1/2 × 
MIC) of (1,4-DBTPP)Br2 at the onset of the logarithmic growth phase, termed the bacteriostatic effect.35 Figure 1B shows that 
MRSA cells treated with 1, 2, and 4 × MIC of (1,4-DBTPP)Br2 exhibited survival rates of 62.7%, 28.4%, and 8.4%, respectively, 
after 6 h of incubation. These results indicate that (1,4-DBTPP)Br2 induces bacterial cell death in a dose-dependent manner, 
which was further confirmed by the gradually decreasing number of colonies grown on the LB plates, termed the bactericidal 
effect (Figure S4); (1,4-DBTPP)Br2 induced nearly 90% cell death at high concentrations (4 × MIC). Collectively, these results 
indicate that (1,4-DBTPP)Br2 exhibits strong antibacterial activity against MRSA.

Figure 1 Antibacterial activity of (1,4-DBTPP)Br2. (A) Growth curve of Methicillin-resistant Staphylococcus aureus (MRSA) after incubation with various concentrations of 
(1,4-DBTPP)Br2 (1–5: 1, 1/2, 1/4, 1/8, and 0 × MIC). (B) Bacteria cell survival rate after incubation with various concentrations of (1,4-DBTPP)Br2 (1–3: 4, 2, and 1 × MIC). 
(C) Relative fluorescence intensity of intracellular reactive oxygen species production level in MRSA treated with various concentrations of (1,4-DBTPP)Br2 for 2 h. Data are 
means ± SD, n = 6, Student’s t-test; * p < 0.05 compared to the PBS-treated group.
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Reactive Oxygen Species (ROS) Production and Destruction of the Bacterial 
Membrane
Many antibacterial materials promote ROS production, ultimately killing bacterial cells.36 Wu et al reported the 
synergistic impacts of ROS and photothermal effects could kill bacteria rapidly and effectively.37 Therefore, we 
investigated whether the antibacterial efficacy of (1,4-DBTPP)Br2 was mediated by ROS production. As displayed in 
Figure 1C, the luminescence intensity of DCF was gradually enhanced (λex = 488 nm, λem = 522 nm) with the increase 
in (1,4-DBTPP)Br2 concentrations, suggesting that (1,4-DBTPP)Br2 promoted the production of intracellular ROS. This 
result indicates that at the early stage of exposure to (1,4-DBTPP)Br2, bacteria may be exposed to high levels of ROS. Li 
et al also demonstrated the greater bactericidal efficiency towards S. aureus can be ascribed to the effect of ROS.38

To further elucidate the mechanism underlying the antibacterial effect of (1, 4-DBTPP) Br2, we performed fluores-
cence imaging experiments using live/dead staining to investigate the integrity of the bacterial cell membrane.39 SYTO 9 
(green fluorescence) stains the nucleic acids of both live and dead bacteria whereas PI (red fluorescence) stains only dead 
bacteria with disrupted membranes. Fluorescent images of MRSA treated with PBS or (1,4-DBTPP)Br2 are shown in 
Figure 2. For the bacteria treated with PBS, few red spots were observed whereas for the bacteria treated with (1,4- 
DBTPP)Br2, a greater number of red spots was observed, further confirming the antibacterial effects of (1,4-DBTPP)Br2 

(Figure 2A and B). Moreover, we observed aggregates of dead bacteria in the fluorescent images of MRSA treated with 
(1,4-DBTPP)Br2, a phenomenon similar to that reported for other materials.40 Shen et al demonstrated that bacteria could 

Figure 2 Fluorescent images of Methicillin-resistant Staphylococcus aureus (MRSA) treated with (A) phosphate-buffered saline or (B) (1,4-DBTPP)Br2. Propidium iodide 
stains dead cells in red, and SYTO 9 stains both dead and living cells in green.

Table 1 Minimum Inhibitory Concentration (MIC) of (1,2-DBTPP)Br2, 
(1,4-DBTPP)Br2, and (1,6-DBTPP)Br2, Towards Different Bacteria on the 
Basis of Different C Atoms

Strain 2C MIC (μg mL−1) 4C MIC (μg mL−1) 6C MIC (μg mL−1)

MRSA ≤128 ≤64 ≤128

SA ≤64 ≤32 ≤64

Ec ≤8000 ≤8000 ≤8000

PA >64,000 >64,000 >64,000

Abbreviations: MRSA, Methicillin-resistant Staphylococcus aureus; SA, Staphylococcus aureus; 
Ec, Escherichia coli; PA, Pseudomonas aeruginosa.
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be captured and killed through effective interactions between nanomaterial and bacteria.41 Furthermore, SEM was also 
used to observe (1,4-DBTPP)Br2-induced morphological changes in the bacteria. As shown in Figure 3, PBS-treated 
MRSA cells were smooth and spherical whereas they exhibited loss of membrane integrity after the treatment of (1,4- 
DBTPP)Br2. These results suggest that (1,4-DBTPP)Br2 directly targets the cell wall or membrane of MRSA, causing 
cell damage and death by promoting the production of ROS.42

Wu et al developed a method for effective eliminating bacteria by destroying the bacterial outer membrane using 
microwaves.43 Damage to the bacterial structure also leads to cytoplasm leakage. Therefore, we performed a quantitative 
protein leakage assay to confirm the destruction of the integrity of the membrane of MRSA by (1,4-DBTPP)Br2. As 
shown in Figure 4A, the protein leakage in the (1,4-DBTPP)Br2 group was approximately 4.5 times higher than that in 
the negative control (1.74 mg mL−1 vs 0.39 mg mL−1). These results indicate that (1,4-DBTPP)Br2 induces damage to 
bacterial cell integrity.

Figure 3 Scanning electron microscopy (SEM) images of Methicillin-resistant Staphylococcus aureus treated with (A) phosphate-buffered saline or (B) (1,4-DBTPP)Br2 at 35 
°C for 24 h.

Figure 4 (A) Protein leakage from Methicillin-resistant Staphylococcus aureus (MRSA) suspensions treated with 2 × minimum inhibitory concentration (MIC) of (1,4- 
DBTPP)Br2 for 2.5 h. Quantification and images (inset) of (1,4-DBTPP)Br2 on MRSA biofilm formation after staining with (B) crystal violet and (C) resazurin (Excitation 
wavelength: 570 nm, Emission wavelength: 600 nm). Data are mean ± SD, n = 3, Student’s t-test; * p < 0.05 compared to the PBS-treated group.
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Biofilm Formation Inhibited by (1,4-DBTPP)Br2
Bacterial biofilms are a significant cause of disease and drug resistance. Three-dimensional structures of bacterial 
biofilms are formed by embedding microbial clusters in a matrix of self-produced extracellular polymeric 
substances.44,45 During the past years, various strategies have been designed to eliminate the formation of biofilms; 
however, the protection of these structures renders biofilms difficult to eradicate.46 ROS exhibits excellent activity 
towards biofilm components, resulting in the oxidation of proteins, nucleic acids, as well as polysaccharides.47 Hence, we 
explored the effects of (1,4-DBTPP)Br2 on the inhibition of MRSA biofilm formation using crystal violet staining to 
measure the mass of biofilm. As displayed in Figure 4B, after the incubation of various concentrations of (1,4- 
DBTPP)Br2 with the biofilm medium, the formation of MRSA biofilm was strongly inhibited with increasing amounts 
of (1,4-DBTPP)Br2. Resazurin viability assay was used to measure the presence of active biofilm bacteria, which showed 
that the structures formed by MRSA on the plates were sensitive to (1,4-DBTPP)Br2 (Figure 4C). Moreover, the 
metabolic activity of MRSA cells was significantly decreased by (1, 4-DBTPP)Br2 in pre-grown structures; compared 
to the control group, treatment with 1/4–1/2 × MIC of (1,4-DBTPP)Br2 caused a 30%–50% decrease in the metabolic 
activity of cultured MRSA whereas 1–2 × MIC of (1,4-DBTPP)Br2 resulted in an 80% reduction in metabolic activity. 
Moreover, the adhesion of the MRSA biofilm on the glass surface was further observed using SEM.48 As shown in 
Figure 5A, a considerable bacterial biofilm growth, which resulted in clusters with composite morphology, was 
visualized on the surface of the glass. In contrast, limited bacterial biofilm formation was observed on the surface of 
the (1,4-DBTPP)Br2 treatment group (Figure 5B). These results indicate that (1,4-DBTPP)Br2 can effectively prevent the 
formation of MRSA biofilms. In the future, further studies on the deeper understanding of antibacterial mechanisms 
should be evaluated.49

Cytotoxicity and Hemolysis Assay
To evaluate the potential toxicity of (1,4-DBTPP)Br2, we investigated its effect on the viability of L929 cells using 
a CCK-8 kit. At 24 h of incubation, (1,4-DBTPP)Br2 did not affect the cell viability (>90%) at concentrations ranging 
from 16 to 128 µg mL−1 (Figure 6A). Good biocompatibility of nanomaterial is necessary for applying in wound repair.50 

Figure 5 Scanning electron microscopy (SEM) images of biofilm formation of Methicillin-resistant Staphylococcus aureus (MRSA) treated with (A) phosphate-buffered saline 
or (B) (1,4-DBTPP)Br2 at 35 °C for 24 h.
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As hemolysis can hamper the application of (1,4-DBTPP)Br2 in vivo, we further evaluated its blood compatibility.51 

After incubation with fresh mouse blood, (1,4-DBTPP)Br2 at concentrations as high as 2048 μg mL−1 did not induce 
hemolysis (Figure 6B). These results demonstrate that (1,4-DBTPP)Br2 exhibits excellent biocompatibility.

Healing of Infected Skin Wounds in vivo
To investigate the effect of (1,4-DBTPP)Br2 on the healing of infected wounds in vivo, we randomly divided rats with MRSA- 
infected wounds into two groups. Figure 7A shows representative images of wound closure in rats treated with PBS or (1,4- 

Figure 6 (A) Viability of L929 cells cultured with various concentrations of (1,4-DBTPP)Br2 for 24 h. (B) Hemolysis activity of mouse blood treated with water and different 
concentrations of (1,4-DBTPP)Br2 (0, 16, 32 64, 128, 256, 512, 1024, and 2048 µg mL−1).

Figure 7 In vivo antibacterial activity of (1,4-DBTPP)Br2. (A) Photographs of infected wounds. (B) Corresponding sizes (relative area versus initial area) of Methicillin-resistant 
Staphylococcus aureus (MRSA)-infected wounds after treatment with PBS or (1,4-DBTPP)Br2, 1–2: control and (1,4-DBTPP)Br2. (C) Images on bacterial clones on d 0 and 10 after 
treatment in vivo. (D) The corresponding quantitative results of the living clones cultured on the blood agar medium. 1–2: control and (1,4-DBTPP)Br2. *p < 0.05.
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DBTPP)Br2 at different times (0, 3, 5, 7, 10, and 12 d). After treatment for 7 d, the area of infected wounds in the PBS and (1,4- 
DBTPP)Br2 groups decreased to 32.5% and 18.1%, respectively, indicating that (1,4-DBTPP)Br2 promoted wound healing 
(Figure 7B). To further investigate the antibacterial effect of (1,4-DBTPP)Br2 in vivo, we assessed microbial clones on the wound 
tissues on days 0 and 10. The number of MRSA colonies continued to decrease over time (Figure 7C); on the 10th day, (1,4- 
DBTPP)Br2-treated wounds produced drastically fewer bacterial colonies than the control group (Figure 7D). These results 
confirm the potent bactericidal activity of (1,4-DBTPP)Br2 in the wound area.

The process of accumulation and activation is significant for inflammatory cells to transit from an inflammatory state to 
a wound-healing state. Therefore, we analyzed the inflammatory state of the wounds of the two groups using H&E staining. The 
results revealed that the amounts of inflammatory cells present on the wounds after treatment with (1,4-DBTPP)Br2 was 
significantly lower than that present on the wounds treated with PBS (indicated by the orange arrow) (Figure 8A). Moreover, an 
intact epidermal layer (indicated by the black arrow) was found clearly in the (1,4-DBTPP)Br2 group. In the control group, the 
incomplete epidermal layer was accompanied by obvious tissue damage (blue arrow). The statistical analysis of the skin 
thickness is shown in Figure 8C, in which the new epidermal layer of the (1,4-DBTPP)Br2 group was thicker than that of the 
control group on day 12, indicating that (1,4-DBTPP)Br2 accelerated wound healing and restored the defense function of normal 
skin.52 Additionally, MT staining revealed that the (1,4-DBTPP)Br2-treated wounds had increased collagen deposition (~78%) in 
the regenerated tissues, which was higher than that in the control group (Figure 8B and D). Moreover, H&E-stained pathological 
sections of the main organs (heart, liver, spleen, lung, and kidney) of the rats indicated no significant difference between the 
control and (1,4-DBTPP)Br2-treated groups, suggesting that (1,4-DBTPP)Br2 would not induce pathological damage to the rats 
(Figure S5). These results indicate that (1,4-DBTPP)Br2 promotes wound healing.

Figure 8 (A) Hematoxylin-eosin (H&E) staining and (B) Masson’s trichrome (MT) staining images of infected wound tissue after various treatments for 12 d. (C) Thickness 
of newly formed epidermis (n = 3). (D) Collagen deposition on day 12 (n = 3), *p < 0.05.
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Histological Analysis
To assess wound angiogenesis after treatment with (1,4-DBTPP)Br2, we evaluated the level of the endothelial cell marker 
CD31.53 As shown in Figure 9A, the wounds of the (1,4-DBTPP)Br2 group had a large population of CD31+ cells 
compared to the control group. Furthermore, the newly formed blood vessels were counted based on CD31 staining, and 
the results showed that (1,4-DBTPP)Br2 had a high number of blood vessels on day 12, which was 2.3-fold higher than 
that of the control group (Figure 9C). The (1,4-DBTPP)Br2 group also had significantly decreased TNF-α expression, 
a marker of inflammation, compared to the control group (Figures 9B and D). These results indicate that (1,4-DBTPP)Br2 

exhibits excellent pro-angiogenic capabilities and anti-inflammatory properties during wound healing. Finally, immuno-
fluorescence staining was used to demonstrate that the number of CD68+ cells in the (1,4-DBTPP)Br2 group was greatly 
reduced on day 12 (Figure 9E and F), indicating a strong suppression of CD68 in MRSA infected wounds with (1,4- 
DBTPP)Br2 treatment. Taken together, our results demonstrate that this novel material can reduce inflammatory response, 
stimulate the formation of new vessels, and enhance the deposition of collagen in vivo, thereby drastically accelerating 
wound healing.

Conclusions
In summary, we developed a novel phosphonium-based quaternary phosphorus salt (1,4-DBTPP)Br2 with excellent 
antibacterial activity for the first time. This novel material exhibited potent antibacterial ability against MRSA cells and 
excellent hemocompatibility and nondetectable toxicity to mammalian cells. Moreover, (1,4-DBTPP)Br2 prevented the 
formation of bacterial biofilms and disintegrated bacterial membranes and cell walls by promoting ROS production. 
Treatment with (1,4-DBTPP)Br2 in vivo remarkably reduced abscesses in infected wounds, with no side effects on the 
major organs. Future studies on the optimal dosage of (1,4-DBTPP)Br2 should be evaluated to facilitate its practical 
application. We believe that (1,4-DBTPP)Br2 provides an effective platform for antimicrobial therapy.

Figure 9 Immunohistochemical staining of (A) CD31 and (B) tumor necrosis factor (TNF)-α. Quantification of (C) blood vessels and (D) inflammatory area based on CD31 
and TNF-α staining, respectively. Scale bar: 200 μm. (E) Immunofluorescence staining and (F) quantification percentage of CD68 cells on day 12. Scale bar: 50 μm. *p < 0.05.
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