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Introduction: The prevalence of diabetic foot ulcers (DFUs) is increasing, leading to a huge financial burden and human suffering. 
Furthermore, antibiotic resistance is an urgent problem in the realm of clinical practice. Antimicrobial peptides are an effective and 
feasible strategy for combating infections caused by drug-resistant bacteria. Therefore, we investigated the in vitro antimicrobial 
ability of the lipopeptide surfactin, either alone or in combination with conventional antibiotics, against the standard and clinical 
strains of Staphylococcus aureus, including methicillin-resistant S. aureus (MRSA), isolated from patients with DFUs.
Methods: The minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs) of surfactin on the 
selected strains were evaluated by a microbroth dilution technique. The growth curves of the selected strains with and without surfactin 
were measured, and transmission electron microscopy was used to observe the structure of surfactin-treated bacterial cells. The biofilm 
inhibitory abilities of surfactin were assessed by crystal violet staining. The antimicrobial interactions between surfactin and 
conventional antibiotics were established using a checkerboard assay, as well as determining the mutant prevention concentration. 
The inhibitory effect of surfactin on penicillinase was tested by iodometry.
Results: The MIC and MBC values of surfactin ranged from 512 to 1024 µg/mL and 1024 to 2048 µg/mL, respectively. Moreover, 
surfactin significantly prevented the S. aureus biofilm formation and displayed limited toxicity on human red blood cells. The 
synergies between surfactin and ampicillin, oxacillin, and tetracycline against S. aureus were revealed. In vitro resistance was not 
readily produced by surfactin. The action of surfactin may be by disrupting bacterial cell membranes and inhibiting penicillinase.
Conclusion: Surfactin appears to be a potential option for the treatment of DFUs infected with MRSA, as it is capable of improving 
antimicrobial activities and can be used alone or in combination with conventional antibiotics to prevent or postpone the emergence of 
resistance.
Keywords: surfactin, antimicrobial peptides, diabetic foot ulcers, methicillin-resistant Staphylococcus aureus, synergistic effect

Introduction
Diabetic foot infection (DFI) is a frequent and problematic complication of diabetes, and it is becoming an increasingly 
attractive option as the prevalence of diabetes rises. Previous studies have shown that approximately 15–20% of patients 
will develop a diabetic foot ulcer (DFU) during their lifetime. The prognosis for those suffering from DFI is generally 
unfavorable, with a high risk of recurrence, amputation, and even mortality.1 DFIs are usually caused by a variety of 
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microorganisms, but the most common pathogen worldwide is still Staphylococcus aureus.2–4 S. aureus is highly 
adaptable and can rapidly develop drug resistance by acquiring resistance genes from other bacteria of the same species 
or even from different genera.5 The prevalence of multidrug-resistant (MDR) strains and Methicillin-resistant S. aureus 
(MRSA) has complicated the treatment process and decreased the effectiveness of conventional antibiotic therapies. 
Notably, it has been found that the occurrence of MRSA in DFUs has risen to a range of 15–30%.6 Developing novel 
antibiotics and reducing existing resistance are thought to be two strategies for managing drug-resistant bacteria.

Antimicrobial peptides (AMPs), small proteins with multiple biological activities, are an important component of the 
multicellular organisms’ immune defense.7 Over the years, the two characteristics of broad-spectrum antimicrobial 
activity and less susceptibility to drug resistance make AMPs a promising alternative to antibiotics.8 Surfactin, 
a macrolide lipopeptide produced by Bacillus subtilis, is one of the most powerful biosurfactants known.9,10 To date, 
surfactin has proven applications in industry (enhanced oil recovery), agriculture (biological control and promotion of 
organic pesticide degradation), and animal husbandry.11–13 In recent years, the role of surfactin in the field of medicine 
has been widely noted. Surfactin has been shown to have potent antimicrobial, anti-inflammatory, antiviral, antimyco-
plasmal, and anticancer activities, while it also has anti-adhesive properties, inhibiting the production of biofilms and 
reducing the adhesion of bacteria to the site of infection.14,15 Based on these properties, surfactin has the potential to be 
loaded into a wound dressing as an antimicrobial substance to control biofilm formation and secondary infection in 
DFUs.

To our knowledge, there have been no studies to date on the antibacterial effects of surfactin against bacteria infected 
with DFUs. Therefore, we selected multiple strains of S. aureus (including non-MDR, MDR, and MRSA) isolated from 
clinical DFUs as well as ATCC 25923 to evaluate the antibacterial activity of surfactin alone or in combination with other 
conventional antibiotics against S. aureus in vitro and to explore the underlying mechanisms.

Materials and Methods
Bacterial Strains and Reagents
Clinical S. aureus strains were isolated from patients with DFUs admitted to the Affiliated Hospital of Southwest Medical 
University in Luzhou, China. S. aureus ATCC 25923 was purchased from the American Type Culture Collection. All 
strains were grown in Mueller-Hinton (MH) Broth Medium (Solarbio, China). Surfactin (99% purity) and clavulanate 
potassium were purchased from Shanghai yuanye Bio-Technology Co., Ltd. Oxacillin, ampicillin, gentamicin, tetracy-
cline, erythromycin, ciprofloxacin, levofloxacin, and penicillinase were purchased from Solarbio. Surfactin, ampicillin, 
oxacillin, erythromycin, ciprofloxacin, gentamicin, and tetracycline were prepared in sterilized distilled water and 
trypticase soy broth (TSB), respectively.

Identification and Antimicrobial Susceptibility Testing
All selected strains were identified by matrix-assisted laser desorption/ionization time-of-flight spectrometry (Bruker, 
Germany), and antimicrobial susceptibility testing for conventional antibiotics was performed using the MicroScan Walk- 
Away 96 Plus system (Beckman Coulter, USA). The results were interpreted according to the Clinical and Laboratory 
Standards Institute (CLSI) M100. The minimum inhibitory concentration (MIC) for surfactin was established through the 
microbroth dilution method, which is the lowest concentration of surfactin that inhibits visible bacterial growth.16 

Following MIC determination, 10 µL of bacterial culture was taken from wells with no bacterial growth and smeared 
on MH agar plates. The lowest concentration at which no bacterial colonies grew on the plate after 24 h of incubation at 
37 °C was defined as the minimum bactericidal concentration (MBC).16

Bacterial Growth Curves
ATCC 25923 and a clinical MRSA strain were diluted to 1×106 colony-forming units/mL (CFU/mL) in MH broth 
containing different concentrations of surfactin (0, 1/2×MIC, MIC, and 2×MIC), and MH broth only was set up as the 
negative control. All cultures were shaken for 24 h (200 rpm/min, 35 °C). 100 µL of culture was taken from each tube at 
different time points (0, 4, 8, 12, and 24 h) and the optical density (OD) was measured at 600 nm, respectively.
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Biofilm Inhibition Assay
The biofilm-forming ability of ATCC 25923 and a clinical MRSA strain, as well as the biofilm-inhibitory ability of surfactin 
against them, were assessed by the crystal violet staining method.17 Briefly, the overnight cultures of each strain were diluted 
with TSB containing serial dilutions of surfactin (1/64×MIC to 2×MIC) to obtain a final concentration of 1×106 CFU/mL, 
and then 200 µL of each culture were inoculated into a 96-well microtiter plate in triplicates. Then, planktonic cells were 
removed by washing with 1×phosphate-buffered saline (PBS) three times after incubation at 37°C for 24 h, and each well 
was stained with 0.5% crystal violet (Solarbio, China) for 20 min. After air-drying, the wells were solubilized with 200 μL of 
95% ethanol for 20 min at room temperature. The absorbance of each well was measured at OD570. Moreover, the strength of 
biofilm formation of the selected strains was classified according to the following criteria: OD ≤ cut-off OD (ODC), no 
biofilm formation; ODC < OD ≤ 2×ODC, weak biofilm formation; 2×ODC < OD ≤ 4×ODC, moderate biofilm formation; and 
OD > 4×ODC, strong biofilm formation.18 The ODc was defined as the mean OD of the negative control (TSB only).

Transmission Electron Microscopy (TEM)
ATCC 25923 culture at mid-log growth phase was diluted to 1×108 CFU/mL in MH broth in the presence of 5×MIC of 
surfactin with 1 h of shaking (180 rpm/min). ATCC 25923 treated with 0.05% DMSO was used as the control. Then, the 
bacterial culture was centrifuged at 4500×g for 10 min and the pellet was washed with PBS three times. 200 µL of 
fixative solution containing 2.5% glutaraldehyde and 0.01 M phosphate buffer was added to the washed pellet and left to 
fix for 2 h at 4 °C. 0.1 M phosphate buffer (pH 7.4) was rinsed three times for 15 min each, and 1% osmium acid/0.1 
M phosphate buffer was fixed for 2 h at room temperature. After three washes with 0.1 M phosphate buffer, the fixed 
cells were dehydrated using ethanol at gradient concentrations (50%, 70%, 80%, and 90%) and were infiltrated overnight 
with propylene oxide and Epon resin (2:1). Then, the bacterial cells were polymerized at 60 °C for 48 h and were cut 
using a ultramicrotome (Leica, Germany) followed by staining with lead citrate. Finally, prepared bacterial cells were 
observed using a TEM (Hitachi, Japan).

Human Red Blood Cells (RBCs) Hemolysis Assay
Whole blood was collected from healthy volunteers at the Hospital of Southwest Medical University. After centrifugation 
at 1000×g for 5 min, the RBCs were washed with PBS three times and re-suspended in PBS. The RBC suspension (100 
µL) and serial dilutions of surfactin (100 µL) were added to a 96-well microtiter plate. Then, 100 µL of the supernatant 
was taken from the wells and the absorbance at 570 nm was measured after 1 h of incubation at 37 °C. In addition, 0.1% 
DMSO was used as a negative control, and 0.1% Triton X-100 as a positive control.19 The hemolysis rate was calculated 
as: Hemolysis rate (%)= (Asample - A0.1% DMSO) / (A0.1% TritonX-100 - A0.1% DMSO) × 100%.

Checkerboard Assay
Antimicrobial interactions between surfactin and conventional antibiotics were determined using a checkerboard assay. 
50 µL of a serial dilution of surfactin (64 to 4096 µg/mL) and 50 µL of antibiotics (ampicillin, oxacillin, erythromycin, 
ciprofloxacin, gentamicin, and tetracycline) (0.125 to 128 µg/mL) were mixed in 96-well microtiter plates in the presence 
of 1×106 CFU/mL ATCC 25923 and clinical MRSA strain suspensions (100 µL) to establish a two-dimensional 
tessellation. The OD630 of each well was determined after incubation at 37 °C for 18 h. The fractional inhibitory 
concentration index (FICI) between surfactin and six conventional antibiotics was calculated as: FICI = MICA(combination) 

/ MICA(alone) + MICB(combination) / MICB(alone). A FICI ≤ 0.5 indicates synergy, 0.5 < FICI < 4 indicates no interaction, and 
FICI > 4 indicates antagonism.20,21

Penicillinase Inhibition Assay
The inhibitory effect of surfactin on penicillinase was assessed by iodometry. 10,000 U/mL of penicillinase was treated with 
different concentrations of surfactin (2048, 1024, 512, and 256 μg/mL) or clavulanate potassium (64, 32, 16, and 8 μg/mL) 
for 18 h at 35 °C. 2mL of penicillin K (10,000 U/mL) was added to 1 mL of the mixture and incubated at 37 °C for 1 h, then 
25 mL of 0.01 mol/L iodine standard titrant was added to the solution for 15 min. A 0.01 mol/L solution of sodium 
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thiosulfate (Na2S2O3) was used for the titration. Near the end of the titration, 1–2 drops of starch indicator were added, after 
which the Na2S2O3 was continued until the color of the solution became colorless. The amount of Na2S2O3 consumed after 
the action of the corresponding concentration was recorded, and the penicillinase activity was negatively correlated with the 
amount consumed.

Determination of Mutant Prevention Concentration (MPC)
The procedure of determining the MPC was described previously with slight modifications.22 ATCC 25923 and the 
clinical MRSA strain were cultured in MH broth and incubated for 24 h. Then, the bacterial suspensions were 
centrifuged (4000×g for 10 min) and resuspended in MH broth to reach a concentration of 1×1010 CFU/mL. MH 
plates with oxacillin, surfactin, and oxacillin + surfactin concentrations of MIC, 2×MIC, 4×MIC, 8×MIC, 
16×MIC, and 32×MIC were prepared, respectively. 100 μL of 1×1010 CFU/mL bacterial suspensions were 
inoculated onto each drug-containing MH agar plate and incubated for 72 h at 35 °C. The MPC was defined as 
the lowest drug concentration that prevented bacterial colony formation from a culture containing over 1×1010 

bacteria within 72 h.23 The ratio of MPC to MIC presents the width of the mutant selection window (MSW).24

Statistical Analysis
All experiments were performed in triplicate. Data were analyzed using Prism 9.0 (GraphPad Software, USA) and are 
presented as the mean ± standard deviation (SD). P-values were calculated using an unpaired Student’s t-test or a one- 
way ANOVA, and P < 0.05 was considered statistically significant.

Results
Identification of Clinical Strains
Based on our previous study,25 four strains of clinical S. aureus isolated from wound secretions of patients with DFUs, 
including one non-MDR strain (SA 095), one MDR strain (SA 366), and two MRSA strains (SA 326 and SA 452), were 
selected for a series of in vitro experiments. All clinical isolates and ATCC 25923 were identified and subjected to 
antimicrobial susceptibility testing (Table 1).

Surfactin Inhibits the Growth of MRSA
Surfactin showed an antibacterial effect against ATCC 25923 and clinical S. aureus strains isolated from patients with 
DFUs. The MICs of surfactin against ATCC 25923, SA 095, SA 366, SA 326, and SA 452 were 512, 512, 512, 1024, 
and 512 μg/mL, respectively. There was no significant difference in MICs between strains with different resistance 
patterns. The results showed that the MBC values were 1 to 2 times higher than the MIC values. As shown in 
Figure 1A and B, surfactin inhibited the growth of both ATCC 25923 and SA 452 in a dose-dependent manner during 
a 24-h exposure period. The growth of two strains was significantly reduced from 4 h when the surfactin concentration 
was half the MIC. When exposed to MIC and 2×MIC of surfactin, the growth of both strains was almost completely 
inhibited.

Surfactin Prevents Biofilm Formation of MRSA
Both ATCC 25923 and SA 452 can form strong biofilms, and SA 452 exhibited a higher biofilm-forming ability than 
ATCC 25923 (OD570 = 1.75 ± 0.24 vs. 1.17 ± 0.05). The concentration of surfactin started to reflect the inhibition of 
biofilm from 1/16×MIC for both strains, and the inhibition of biofilm was enhanced with an increasing concentration, 
suggesting that surfactin has a dose-dependent inhibitory effect on S. aureus biofilm formation. Surfactin at 
a concentration of 2×MIC prevented biofilm formation in more than 95% of SA 452, and 80% inhibition of biofilm 
formation was achieved for ATCC 25923 (Figure 1C and D).
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Surfactin Damages S. aureus Cell Structure without Erythrocytotoxicity
Compared to untreated S. aureus cells, cells treated with 5×MIC surfactin presented a damaged structure, leading to cell 
lysis and death (Figure 2). However, RBCs hemolysis experiment revealed that hemolytic activity of surfactin (hemolysis 
> 5%) occurred at 16×MIC, indicating that surfactin had extremely low cytotoxicity to RBCs.

Synergistic Antimicrobial Effects Between Surfactin and Conventional Antibiotics 
Against MRSA
Checkerboard assays indicated that surfactin showed significantly synergistic effects with ampicillin, oxacillin, gentamicin, 
and tetracycline against SA 452 with FICIs of 0.133, 0.156, 0.25, and 0.133, respectively. For ATCC 25923, surfactin 
combined with ampicillin, oxacillin, and tetracycline also exhibited synergistic effects with FICIs of 0.5, 0.25, and 0.188, 
respectively. Moreover, after combination with surfactin, the MICs of conventional antibiotics against SA 452 and ATCC 
25923 decreased 8- to 128-fold and 2- to 16-fold, respectively, except for erythromycin and ciprofloxacin. There was no 
antagonistic relationship between the tested antibiotics and the surfactin (Table 2). Further penicillinase inhibition experiment 
showed that surfactin directly inhibited penicillinase activity, but not as much as the clavulanate potassium (Figure 3). When 
10,000 U/mL of penicillinase is exposed to 2048, 1024, 512, and 256 μg/mL of surfactin, it requires 7.30, 6.50, 4.00, and 
2.25 mL of Na2S2O3 titration, respectively. In contrast, 19.5, 17.0, 14.0, and 11.0 mL of Na2S2O3 were required to titrate to the 
end point under different concentrations of clavulanate potassium (64, 32, 16, and 8 μg/mL). In addition, the positive control 
(penicillinase only, no surfactin or clavulanate potassium) required only 0.5 and 0.7 mL of Na2S2O3, respectively.

Combination of Surfactin and Oxacillin Narrows the MSW of MRSA
The MPCs of oxacillin alone and in combination with surfactin for ATCC 25923 and SA 452 are listed in Table 3. For 
ATCC 25923, the MPC of oxacillin used alone was 16 mg/L and the MPC/MIC ratio was 32, while the MPC and MPC/ 
MIC ratio of oxacillin could not be determined for SA 452. However, the MPCs of oxacillin were significantly reduced 

Table 1 Antimicrobial Susceptibility of Clinical S. aureus Strains Isolated from Patients 
with DFUs

Antimicrobial Agents SA 095 SA 326 SA 366 SA 452

Daptomycin S S R S

Clindamycin S R R R

Vancomycin S S S S
Cotrimoxazole S S S S

Levofloxacin S S R R

Ciprofloxacin S S S R
Moxifloxacin S S R S

Erythromycin S R R R
Gentamicin S S S R

Linezolid S S R S

Furadantin S S S S
Ceftriaxone S R S R

Amoxicillin/clavulanate potassium S R S R

Ampicillin R R R R
Ampicillin/sulbactam I R S R

Oxacillin S R S R

Penicillin R R S R
Quinupristin/dalfopristin S S S S

Rifampicin S S S S

Tetracycline R S S S
Cefoxitin S R S R

Abbreviations: S, susceptible; I, intermediate; R, resistant.
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Figure 1 Antimicrobial activity of surfactin against ATCC 25923 and a clinical MRSA isolated from a patient with DFUs. (A and B) Surfactin inhibited the growth of ATCC 
25923 and SA 452 in a dose-dependent manner during a 24-h exposure period. (C and D) Surfactin had a dose-dependent inhibitory effect on ATCC 25923 and SA 452 
biofilm formation. All data are presented as mean±SD; ***P < 0.001.

Figure 2 Transmission electron microscopy images of ATCC 25923. (A and B) ATCC 25923 treated with 5×MIC surfactin for 1 h. Green arrows indicate dead cells, and 
blue arrow indicates damaged cell structure. (C and D) Control, cells treated with 0.05% DMSO. Scale bars, 200 nm (left), 100 nm (right).
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when in combination with surfactin for both strains, suggesting that the enrichment of S. aureus resistant mutants was 
limited at a lower concentration. Upon combination with surfactin at 16 (1/32×MIC), 32 (1/16×MIC), and 64 μg/mL (1/ 
8×MIC), the MPCs of oxacillin are reduced to 1, 0.5, and 0.25 μg/mL, respectively. Furthermore, the MPC/MIC ratio of 

Table 2 Antimicrobial Activity of the Combination between Surfactin and Conventional 
Antibiotics Against ATCC 25923 and Clinical MRSA Isolated from Patients with DFUs

Antimicrobial 
Agents

Strains MICalone MICcombination Fold 
Change

FICI Outcomes*

Ampicillin ATCC 

25923

0.5 0.0625 8 0.5 Synergy

Surfactin 512 128 4
Ampicillin SA 452 64 0.5 128 0.133 Synergy

Surfactin 512 64 8

Oxacillin ATCC 
25923

0.5 0.0625 8 0.25 Synergy
Surfactin 512 64 8

Oxacillin SA 452 8 0.25 32 0.156 Synergy

Surfactin 512 64 8
Erythromycin ATCC 

25923

1 1 / 1.125 No 

interactionSurfactin 512 64 8
Erythromycin SA 452 256 256 / 2 No 

interactionSurfactin 512 512 /

Ciprofloxacin ATCC 
25923

64 2 32 0.551 No 
interactionSurfactin 512 256 2

Ciprofloxacin SA 452 8 8 / 2 No 

interactionSurfactin 512 512 /
Gentamicin ATCC 

25923

128 64 2 0.75 No 

interactionSurfactin 512 128 4

Gentamicin SA 452 256 32 8 0.25 Synergy
Surfactin 512 64 8

Tetracycline ATCC 

25923

2 0.125 16 0.188 Synergy

Surfactin 512 64 8
Tetracycline SA 452 16 0.125 128 0.133 Synergy

Surfactin 512 64 8

Note: *A FICI ≤ 0.5 indicates synergy, 0.5 < FICI < 4 indicates no interaction, and FICI > 4 indicates antagonism. 
Abbreviations: MIC, minimum inhibitory concentration; FICI, fractional inhibitory concentration index.

Figure 3 Penicillinase inhibitory activity of surfactin. (A) Inhibition of penicillinase by surfactin and (B) by clavulanate potassium.
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oxacillin is also reduced to 16, 8, and 4 in ATCC25923. Similarly, for SA 452, the MPCs of oxacillin decreased to 16, 8, 
and 4 μg/mL and the MPC/MIC ratio of oxacillin decreased to 64, 32, and 16 μg/mL, respectively.

Discussion
DFI indicates an inflammatory process occurring in any tissue below the ankles in patients with diabetes. Almost all DFIs 
occur in open wounds, and although most are relatively superficial at the presentation, the microorganisms can spread to 
subcutaneous tissues and even bones, eventually progressing to chronic osteomyelitis and gangrenous lower-extremity 
amputations.2,26 The etiology of DFI varies by geographic location, disease severity, and patient characteristics (eg, 
previous antibiotic regimen, recent hospitalization), but more than 65% of DFIs are polymicrobial.27 Appropriate 
infection control is essential for the treatment of DFUs.26 In this study, we conducted a series of in vitro experiments 
with the antimicrobial peptide surfactin against S. aureus isolated from clinical patients with DFUs, aiming to evaluate 
the antibacterial activity of this novel antimicrobial peptide against S. aureus and to explore its potential use for DFI 
control. Our results suggested that surfactin showed antibacterial and bactericidal activity against S. aureus strains, 
including non-MDR, MDR, MRSA, and ATCC 25923, in a dose-dependent relationship. This is in agreement with the 
studies of Liu et al,28 Zhou et al,29 and Gu et al30 MICs varied among studies, probably because surfactin was extracted 
from different sources and species of Bacillus spp., resulting in slight variations in its biological activities. The efficacy 
of surfactin in combating Gram-negative bacteria is less than that of Gram-positive bacteria (data not shown), which 
could be attributed to the distinction in their cellular structures and the action of surfactin.31 It has been found that the 
special inverted cone molecular structure of surfactin, and the cation it carries, can destabilize the phospholipid structure 
on the surface of bacterial cell membranes, eventually causing cell membrane disintegration or osmotic pressure 
imbalance; this is one of the main antibacterial mechanisms of surfactin.32,33 TEM scanning also confirmed that cells 
treated with 5×MIC surfactin had irregular and collapsed surfaces, content leakage, and cell death when compared to 
normal S. aureus cells. Moreover, no hemolysis was observed for any of the surfactin concentrations less than 16×MIC, 
indicating that surfactin has very low cytotoxicity to erythrocytes.

The formation of biofilms on ulcers is a major obstacle in the treatment of DFUs.34 Research has revealed that 
biofilms are present on more than half of infected DFUs, and that S. aureus is responsible for a quarter of them.35,36 It is 
widely known that the concentration of antibiotics used to remove biofilms can be 10 to 1,000 times higher than that used 
to eliminate phytoplankton cells, due to the physical barrier of the biofilm and the interaction between microbial 
communities.37,38 However, in this study, biofilm formation was significantly inhibited at a concentration of 1/ 
16×MIC, and MRSA biofilm formation was almost completely inhibited at 2×MIC. Liu et al’s study revealed that a one- 
quarter MIC concentration of surfactin can reduce the biofilm production of S. aureus by 60%, and a concentration of 
0.2% surfactin resulted in a biofilm removal rate of 80% after 4 h of treatment.28 One possible reason is that surfactin can 
inhibit the expression of the S. aureus biofilm-associated gene operon.39 Polysaccharide intercellular adhesin (PIA) is an 
important component of the S. aureus biofilm structure and is produced by enzymes encoded in the icaADBC locus. 
Englerová et al revealed that when the surfactin concentration reached 1.5 mg/mL, the expression of the icaA/D/B/C 
genes was downregulated 2.82-fold, 1.85-fold, 2.25-fold, and 2.37-fold, respectively.39 Meanwhile, Liu et al also 
demonstrated that a 2×MIC of the surfactin significantly reduced the expression of the icaA and icaD genes.28 

Table 3 MPCs of Surfactin and Oxacillin in Combinations with Different Proportions for ATCC 25923 and 
Clinical MRSA Isolated from Patients with DFUs

Strains Oxacillin Oxacillin 
+Surfactin  
(16 μg/mL)

Oxacillin 
+Surfactin  
(32 μg/mL)

Oxacillin 
+Surfactin  
(64 μg/mL)

MIC MPC MIC/MPC MPC MIC/MPC MPC MIC/MPC MPC MIC/MPC

ATCC 25923 0.5 16 32 1 16 0.5 8 0.25 4

SA 452 8 >256 >32 16 64 8 32 4 16

Abbreviations: MIC, minimum inhibitory concentration; MPC, mutant prevention concentration.
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Additionally, surfactin was also able to inhibit the expression of sortaseA, the gene encoding the surface adhesion protein 
anchoring enzyme, and fnbA and fnbB, the genes encoding fibronectin-binding proteins in S. aureus, resulting in impaired 
biofilm development and reduced biofilm production.40,41

Beta-lactams remain the most essential antibiotic for the treatment of S. aureus infections. Resistance to beta-lactams 
is primarily due to the bacterially produced beta-lactamases, which hydrolyze the beta-lactam ring, thereby inactivating 
the drug, and the horizontal acquisition of antimicrobial-resistant genes that weaken their affinity for the antibiotic. In 
addition, MRSA strains are resistant to methicillin through horizontal acquisition of the mecA gene encoding PBP2a, 
a transpeptidase with low affinity for most beta-lactam antibiotics and therefore resistant not only to methicillin but to all 
beta-lactam antibiotics.42 Many AMPs are compatible with being used in a synergistic combination, though the specific 
mechanism is still not clear. It is widely believed that the enhanced permeability of the bacterial membrane, which is the 
mechanism of action for most AMPs, facilitates the penetration of antibiotics into the bacterial cells.43,44 Furthermore, 
AMPs impede the functioning of the antimicrobial-inactivating enzymes, allowing the complementary drug to operate at 
its full capacity.42 In our study, the combination of surfactin with ampicillin, oxacillin, and tetracycline produced 
synergistic effects against ATCC 25923 and MRSA, and the addition of at least 64 μg/mL of surfactin converted them 
to sensitivity when all these antibiotics were resistant alone. A possible explanation is that surfactin can inhibit beta- 
lactamases and tetracycline destructase enzymes, thus reducing the destruction of the corresponding antibiotics by these 
enzymes and protecting their antibacterial activity. Notably, although the ability of surfactin to inhibit penicillinase 
activity was lower than that of clavulanate potassium in this study, it still significantly reduced penicillinase activity, 
which suggests that the inhibition of penicillinase activity by surfactin may be one of the mechanisms underlying the 
synergistic antibacterial effects of surfactin with oxacillin and ampicillin against ATCC 25923 and MRSA. Certainly, 
there are many more possibilities. Some authors have suggested that the synergy must be associated with interaction with 
specific molecular targets; this requires subsequent experiments to investigate.45,46 In addition, surfactin and oxacillin 
have distinct molecular structures, so their antibacterial mechanisms and action targets could be completely different. 
When the two drugs are combined, bacteria must undergo two or more simultaneous resistance mutations, resulting in 
resistance to both drugs in order to survive. Because of the limitation of their mutation frequency, the emergence of drug- 
resistant bacteria will be significantly reduced. For ATCC 25923, the MPC/MIC values decreased 8-fold after combina-
tion with 64 μg/mL of surfactin compared with oxacillin alone, and for MRSA, there was at least a 2-fold decrease, 
although exact values were not available. The combination of oxacillin and surfactin narrowed the MSW, suggesting that 
the combination of them in the clinical setting helps to reduce the production of drug-resistant S. aureus, which is of great 
importance in controlling the spread of drug resistance.

Conclusion
The natural antimicrobial peptide surfactin effectively inhibited the growth of S. aureus isolated from the wounds of 
patients with DFUs and ATCC 25923, as well as significantly reducing biofilm production. The combination of surfactin 
with conventional antibiotics not only presents a synergistic effect, but also converts MRSA to be sensitive to these 
antibiotics. Moreover, surfactin narrowed the MSW for oxacillin against MRSA, improving the efficiency and safety of 
antibiotic use. These findings demonstrate that surfactin is likely to be a promising therapeutic option for the control of 
DFUs caused by S. aureus.
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