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Abstract  25 

The rising prevalence of antimicrobial resistance (AMR) has become a major global health concern, 26 

therefore, demanding immediate attention. This current study brings forth an unprecedented 27 

approach to overcome the antimicrobial resistance of microbes by introducing novel lipopeptide 28 

biosurfactant LPA2 and LPA3 locally isolated from Bacillus stercosis NT5 and Bacillus subtilis 29 

NT5 respectively. Both LPA2 & LPA3 were tested for antimicrobial activity against 30 

AMR Staphylococcus aureus (MTCC3160) and Pseudomonas aeruginosa (MTCC424) through 31 

fluorescence-based viability assay and broth dilution assay. On evaluation, LPA2 showed the rfu 32 

and OD of 10232 and 0.861 respectively against S. aureus with MIC of 0.647mg/ml after 36 hours 33 

of incubation and LPA3 displayed rfu and OD of 5812 and 0.639 against P. aeruginosa 34 

respectively, with MIC of 0.323 mg/ml after 36 hours of incubation, which is significantly higher 35 

than reported one.  Microbial cell examined before and after LP treatment through SEM revealed 36 

that LP acts on plasma membrane of AMR bacteria and lyse it which is different from the mode of 37 

action of antibiotics in use. Therefore, this difference in mode of action of LP against AMR 38 

microbes, supports the high AMA of LPA 2&3, which may be a breakthrough for pharmaceutical 39 

industry. 40 

 41 

 42 

 43 

 44 

 45 

 46 
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1 Introduction  47 

The early 19th century marked the discovery of the first antibiotic Penicillin and from there 48 

the trail of antibiotic discoveries specifically an era between 1940-1960, uncovered new 49 

knowledge in therapeutic sector and saved human civilizations (Gaynes, 2017). These low 50 

molecular weight bioactive compounds brought about a revolution as it shifted the focus of health 51 

care providers from confining the spread of fatal infections to curing those infections (Antony et 52 

al, 2026). Their discovery even turned fatal diseases into a curable one giving hope to millions of 53 

people. However, excessive and repeated use of antibiotics led to revamping of the bacterial genes 54 

which in turn made them tolerant and resistant to the antibiotics (Muteeb et al, 2023). This led to 55 

prevalence of antibiotic-resistant bacteria, especially the ESKAPE pathogens (Enterococcus 56 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 57 

aeruginosa, and Enterobacter species), which have raised serious concerns about the efficacy of 58 

conventional antibiotics (Miller et al, 2024). Many first line and even second line medications are 59 

unsuccessful against these infections because they are notable for "escaping" the effects of widely 60 

used antibiotics (Varma et al, 2020). Consequently, mortality rates from infections that were 61 

previously treatable have gone up dramatically. Therefore, this testing time urgently calls for 62 

discovery of novel antimicrobial agents which can overcome the problem of antimicrobial 63 

resistance in bacteria and at the same time are safe for humans.  64 

Unconventional antimicrobials agents such as biosurfactants are becoming more popular 65 

as viable substitutes against AMR pathogens. Given the amphiphilic character of biosurfactants 66 

and ability to reduce the surface tension, they have become a possible substitute in the fight against 67 

microbes that are resistant to antibiotics (Puyol McKenna et al, 2024). However, conventional 68 

antibiotics tend to target the DNA/ RNA synthesis or enzyme to kill the bacteria (Yang et al., 69 

2014). Overtime the bacteria mutate and evolve to become resistant to these antibiotics but it 70 
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cannot change the amphipathic nature of its plasma membrane. Therefore, biosurfactants are being 71 

widely used and considered as a plausible substitute to the conventional antibiotics (Ceresa et al., 72 

2021). Compared to other biosurfactants, lipopeptide biosurfactants (LPBS) are known to 73 

demonstrate strong and broad-spectrum antimicrobial activity because of the presence of cyclic 74 

peptide residues which provides membrane specificity and interaction (Wiman et al., 2023). Fig. 75 

1 illustrates the mode of action of LPBS. 76 

     In gram positive bacteria, LPBS interact with the negatively charged phospholipids bilayer 77 

comprising of phosphatidylglycerol and cardiolipin via electrostatic attraction and cause cell lysis 78 

(Sreedharan et al., 2023). However, in gram-negative bacteria, LPBS competes with the divalent 79 

cations such as Ca²⁺ and Mg²⁺ ions to bind to negatively charged lipopolysaccharides thereby 80 

increasing membrane permeability. Without the divalent cations, lipopolysaccharide molecule starts 81 

repelling each other leading to destabilization of membrane and cell lysis (Gauba and Rahman, 82 

2023). The high selectivity of LPBS for bacteria arises due to the biochemical differences between 83 

bacterial and other membranes. Membranes such as mammalian plasma membranes majorly contain 84 

amphipathic phospholipids such as phosphatidylcholine and sphingomyelin along with cholesterol 85 

(Armas et al., 2018) whereas bacterial membranes contain anionic phospholipids, generating a net 86 

negative surface charge that promotes preferential electrostatic binding of LPBS. Furthermore, the 87 

microbe producing LPBS does not get affected by it due to the presence of modified membrane 88 

molecules such as amino acylated phospholipid and highly saturated fatty acids that prevent 89 

autotoxicity. In addition to it, presence of exporters on the membrane rapidly translocates surfactin 90 

and related LPBS across the cytoplasmic membrane, preventing intracellular accumulation 91 

(Reygaert, 2018).          92 

LPBS are reported to be majorly produced by genus Bacillus. Amongst this genus, Bacillus 93 

subtilis has been extensively researched for the production of surfactin, fengycin and iturin (Jha et 94 
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al., 2016). Giri et al. (2019) reported a MIC of 2mg/ml of LPBS against Staphylococcus 95 

aureus ATCC29523 and Bacillus cereus MTCC7190. Bacillus licheniformis was observed to be 96 

potent producer of lipopeptide lichenysin by Gomaa (2013). He investigated AMA of LPBS by disc 97 

diffusion method against 2 strains of gram-positive and 2 strains of gram-negative bacteria and 98 

found it to be most effective against S. aureus ATCC 25928 with MIC of 48µg/ml. Adhikary et 99 

al.,2025 critically reviewed iturin, a cyclic heptapeptide and reported it to have broad spectrum 100 

antimicrobial and antibiofilm properties. It’s MIC values ranged from 0.1 to 1.6 mg/ml and a biofilm 101 

inhibition concentration (BIC) of 0.8–1.6 mg/ml in 18 h old cells.  102 

This study reports a newly isolated species of Bacillus i.e. Bacillus stercosis NT5 and 103 

Bacillus subtilis NT5 which have been observed to produce lipopeptide biosurfactants i.e. LPA2 104 

and LPA3. To determine the antimicrobial activity of LPA2 and LPA3, this study conducted broth 105 

dilution assay, fluorescence-based viability assay and viable plate count assay. Further, the 106 

minimum inhibitory concentration (MIC) of the LPA2 and LPA3 was also calculated followed by 107 

carefully analyzing their antimicrobial effect on pathogenic microbes using scanning electron 108 

microscope.  109 

2 Material and methods 110 

2.1 Chemicals and reagent 111 

Propidium iodide (Sigma Aldrich), Surfactin (Merck), Luria Bertani broth (Himedia), Nutrient 112 

agar (Himedia), Petriplates (Himedia), 24 well plate (Thermo- Fischer) and 96 well plate (Bio-113 

Rad), Scanning Electron Microscope (ZEISS, Model: EVO MA 15).  114 

2.2 Microbial strains  115 
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Escherichia coli (MTCC6748), Paenibacillus thiaminolyticus (MTCC3088), representative of 116 

ESKAPE pathogens: Staphylococcus aureus (MTCC3160) and Pseudomonas aeruginosa 117 

(MTCC424) were procured from the BET lab under Prof. Sangeeta Negi, MNNIT Allahabad.  118 

2.3 Production of LPBS 119 

Solid state fermentation for production of lipopeptide biosurfactant (LPBS) was carried out in 500ml 120 

flask using cassava flour and mustard cake as solid substrate in 1:1 ratio. The czapekdox media, a 121 

minimal media was added onto the solid substrate. The solid substrate is a good source of carbon 122 

while the minimal media is a source of nitrogen and essential minerals required for the growth of 123 

microbes. The autoclaved flasks were then inoculated with Bacillus stercosis NT5, and Bacillus 124 

subtilis NT5 respectively and incubated for 7days at 37°C. 125 

2.4 Extraction of LPBS 126 

After 7 days of incubation, the lipopeptide biosurfactant (LPBS) was extracted by addition of 20ml 127 

of autoclaved distilled water into each flask, followed by incubation at 150rpm, 37°C for 2 hours in 128 

shaker incubator. After 2 hours, the slurry was filtered using muslin cloth and centrifuged at 129 

7000rpm for 20min. After centrifugation the pellet containing cell debris was discarded and the 130 

supernatant was used for further study. 131 

2.5 Partial purification of LPBS 132 

After extraction, the supernatant (containing LPBS) was further purified using ammonium 133 

sulphate precipitation. Using 80% ammonium sulphate precipitation, the supernatant was 134 

precipitated and kept overnight at 4°C. The extract was then centrifuged and the pellet containing 135 

the purified LPBS was dissolved in autoclaved distilled water. and then MIC was calculated. 136 

2.6 Confirmatory tests for LPBS  137 
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The purified LPBS was subsequently used to evaluate emulsification index, oil displacement 138 

assay, drop collapse assay and surface tension. Further, the quantity of LPBS was assessed using 139 

the CPC-BTB assay. Gradually, the antimicrobial activity against various pathogens was examined 140 

using three methods i.e. Broth dilution method, Fluorescence- based viability assay and Viable 141 

plate count assay. 142 

2.7 Antimicrobial activity of LPBS 143 

The antimicrobial activity of the partially purified LPBS was tested against gram positive bacteria 144 

such as Escherichia coli, Paenibacillus thiaminolyticus and Staphylococcus aureus and gram-145 

negative bacteria such as Pseudomonas aeruginosa. Three methods were used to evaluate the 146 

effect of LPBS treatment on pathogenic microbes. Broth dilution method was first used to detect 147 

the actual number of live cells. However, it gave an OD of live cells, dead cells and cell debris. 148 

Therefore, fluorescence-based viability assay was performed and the results of this assay were 149 

further checked using viable plate count method. The assays were performed in duplicates. This 150 

was followed by determining the minimum inhibitory concentration (MIC) of each of these 151 

isolates.  152 

2.7.1 Broth dilution assay 153 

The pathogenic culture of microbes such as Escherichia coli, Paenibacillus thiaminolyticus, 154 

Staphylococcus aureus, and Pseudomonas aeruginosa were inoculated in sterilized LB broth 155 

media and its OD600 was maintained at 0.5 (McFarland standard). Gradually, following reaction 156 

mixture was prepared in a 24-well microtiter plate: 800μL inoculated LB broth and 200μL LPBS 157 

(4mg/ml) and incubated for 15 hours at 34° C. Optical density was measured at 600nm. The 158 

negative control was prepared by mixing 800μL of fresh LB broth and 200μL of inoculum. The 159 

positive control comprised of 800μL of LB broth and 200μL of commercial surfactin (Vanegas et 160 

al., 2022).  161 
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2.7.2 Fluorescence-based viability assay 162 

Fluorescence-based viability assay was carried out by pelleting 1.5ml of inoculated LB broth 163 

(OD600≤ 0.5) upon centrifugation at 4000rpm for 15min. The supernatant was discarded and the cell 164 

pellet was treated with 200μL of LPBS (4mg/ml) and incubated for 15hours at 34° C. From the 165 

LPBS treated cells, 100μL of the aliquot was transferred to 96 well culture plate and 4ul of 166 

propidium iodide dye was added. The fluorescence intensity was thus measured at the excitation 167 

maxima of 535nm and the emission maxima of 617nm and results were obtained in form of relative 168 

fluorescence unit (rfu). The mode of action of PI dye is by entering the dead cells and intercalating 169 

itself with the DNA/RNA of the dead cells. As a result of this intercalation, it shows fluorescence. 170 

The higher the relative fluorescence unit (rfu) of the broth, the higher the number of dead cells in it. 171 

For negative control, pelleted cells were dissolved in 200μL of fresh LB broth and for positive 172 

control 200μL of commercial surfactin was used (Hossain, 2024). 173 

2.7.3 Viable plate count assay 174 

For viable plate count assay, known number of microbial cells were used to determine the anti-175 

microbial activity of LPBS. For negative control, Escherichia coli, Staphylococcus aureus, and 176 

Pseudomonas aeruginosa cells were first serially diluted till 10-5 dilutions and later each dilution 177 

was spread on LB agar plates and incubated for 15 hours at 34°C. The cells were then counted 178 

using colony counter. Using the following formula cfu/ml was calculated: 179 

𝐜ܔܕܝ܎ = (ܔܕ)܌܍ܜ܉ܔܘ ܍ܕܝܔܗ܄ܛ܍ܑܖܗܔܗ𝐜 ܎ܗ ܚ܍܊ܕܝۼ ∗  180  ܚܗܜ𝐜܉۴ ܖܗܑܜܝܔ۲ܑ 

The antimicrobial activity of LPBS was evaluated by pelleting 1ml of the culture upon 181 

centrifugation at 4000rpm for 15min. The supernatant was discarded and the cell pellet was treated 182 

with 200μL of LPBS and incubated for 6hours and 12hours. After the treatment, the cells were 183 
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plated onto the fresh LB agar plates and incubated at 34°C for 5hours. The colonies were then 184 

counted using colony counter. For negative control, the pelleted cells were dissolved in 200μL of 185 

fresh LB broth and for positive control pelleted cells were treated with 200μL of commercial 186 

surfactin (Fenton et al., 2013). 187 

2.8 Determination of minimum inhibitory concentration (MIC) 188 

To calculate the MIC of LPA2 and LPA3 against Escherichia coli (MTCC6748), Paenibacillus 189 

thiaminolyticus (MTCC3088), Staphylococcus aureus (MTCC3160) and Pseudomonas 190 

aeruginosa (MTCC424), 100 μL of each was inoculated in 50ml LB broth and incubated for 12 191 

hours at 37°C. The culture broth was centrifuged at 4000rpm for 15min and the supernatant was 192 

discarded. The pelleted cells were dissolved in PBS buffer (Phosphate Buffer Saline; pH 7.2) and 193 

were used for further experiments. In the 96-well plate, 100 μL of each culture (in PBS buffer) 194 

was treated with different concentrations of LPBS (5.18mg/ml, 2.5mg/ml, 1.29mg/ml, 0.647mg/ml 195 

and 0.323mg/ml) and incubated for 12, 24 and 36 hours at 34°C. The LPBS dilutions were prepared 196 

for both LPA2, and LPA3. Further, dead cells were stained using 4ul of PI dye and incubated for 197 

10min. The fluorescence intensity in the form of rfu was thus measured at the excitation maxima 198 

of 535nm and the emission maxima of 617nm. The experiments were performed in duplicates. For 199 

positive control, 100μL of cells (dissolved in PBS) were treated with 100μL of commercial 200 

surfactin (1mg/ml) and incubated for 12, 24 and 36 hours at 34°C. Gradually cells were stained 201 

with 4ul of PI dye and rfu was calculated (Kowalska-Krochmal and Dudek-Wicher, 2021). 202 

Minimum concentration of LPBS showing consistent increase in number of dead pathogenic cells 203 

(increase in rfu) at 12, 24 and 36 hours of incubation were selected as MIC of LPBS against a 204 

particular microbe.  205 

2.9 Thin Layer Chromatography (TLC) 206 
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The LPA2 and LPA3 produced from Bacillus stercosis NT5 and Bacillus subtilis NT5 respectively 207 

were analysed by thin layer chromatography (TLC). The stationary phase was TLC aluminum 208 

sheet and the mobile phase was Butanol: acetic acid: water (4:3:2 [v/v]). The glass capillary was 209 

used for spotting of the sample on TLC plate. The plate was sprayed with 0.2% ninhydrin reagent 210 

to detect the presence of free amino acid groups and later placed in closed iodine chamber to detect 211 

the presence of lipids in the sample. The plates were heated for 10min in hot air oven at 100°C 212 

until the corresponding bands appear and Rf value was calculated (Ghazi Faizal et al. 2022).  213 

2.10 Fourier-Transform Infrared Spectroscopy (FTIR) 214 

The FTIR spectra were obtained and recorded using Shimadzu IR Spirit FTIR spectrophotometer 215 

at the Department of Chemical Engineering, Motilal Nehru National Institute of Technology 216 

Allahabad, Prayagraj, India. The FTIR scans enabled the structural elucidation of LPA2 and LPA3 217 

respectively. The scans were performed at the wavelength range of 4000 to 400 cm−1 at a resolution 218 

of 4 cm−1 (Varadavenkatesan et al., 2013). 219 

2.11 Scanning electron microscopy 220 

To prepare the samples for scanning electron microscope, 100μL of aliquot from cell culture 221 

(dissolved in PBS) was centrifuged at 4000rpm for 15min. The supernatant was discarded and 222 

pellet was dissolved in 100μL of LPA2 (5.8 mg/ml) and LPA3 (1.29mg/ml) and incubated for 12 223 

hours at 34°C. After 12 hours, cells were pelleted upon centrifugation at 4000 rpm for 15 minutes. 224 

The cell pellet was washed twice with PBS. For primary fixation of the cells, the pellet was 225 

resuspended in 2.5% glutaraldehyde and incubated for 2 hours at 4°C. After 2 hours, the cells 226 

(suspended in glutaraldehyde) were centrifuged and the pellet was washed three times with PBS 227 

(10 minutes each) to remove excess fixative. The fixed cells were then dehydrated using a graded 228 

ethanol series: 30%, 50%, 70%, 90% for 10 minutes each, and 100% ethanol twice for 10 minutes 229 
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each. The pellet was then lyophilized overnight using lyophilizer (MAC freeze dryer, MSW-137). 230 

The dried pellet was then used to perform scanning electron microscopy (Golding et al., 2016).  231 

3 Results 232 

3.1 Characterization of LPBS using confirmatory assays 233 

The bacterial isolates i.e. i.e. Bacillus stercosis NT5 and Bacillus subtilis NT5 produced LPA2 and 234 

LPA3 respectively. On examining LPA2 and LPA3 quantitatively using CPC-BTB assay, 235 

10.41μg/ml and 57.42 μg/ml of LPBS was reported. Moreover, the LPA2 was reported to have 236 

60% emulsification index while LPA3 showed 58%. The oil displacement assay of LPA2 and 237 

LPA3 was 2.5cm and 2cm respectively. When placed on hydrophobic surface, the drops of LPA2 238 

and LPA3 collapsed in 45sec and 58sec respectively, and when checked for surface tension using 239 

breakaway method, 29 mN/m and 28 mN/m was observed (Thapliyal and Negi, 2026). 240 

3.2 AMR and lipopeptide biosurfactants 241 

The antimicrobial potential of LPA2 and LPA3 was evaluated using three assays i.e. broth dilution 242 

method, fluorescence-based viability assay, and viable plate count method. In broth dilution 243 

method, the optical density of the LB broth inoculated with bacteria (OD600 maintained at 0.5; Mc 244 

Farland method) detected live and dead cells along with the cell debris. This was evident because 245 

after LPA2 treatment, the reported OD600 for pathogens S. aureus, P. aeruginosa, E. coli and 246 

Paenibacillus was 0.561, 0.69, 0.634 and 0.953 which was more than 0.5. Similar results were 247 

reported for LPA3. Therefore, fluorescence-based viability assay was performed which reported 248 

the dead cells only with the help of fluorescent dye i.e. propidium iodide dye (PI). Further, using 249 

viable plate count method, the number of live cells were counted using colony counter.  250 
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3.2.1 Antimicrobial potential of LPA2  251 

The antimicrobial activity of LPA2, tested against Escherichia coli, Paenibacillus thiaminolyticus, 252 

Pseudomonas aeruginosa, and Staphylococcus aureus, was reported to be most effective against 253 

S. aureus. Broth dilution assay showed an OD600 of 0.561 for S. aureus whereas the florescence-254 

based viability assay showed a rfu of 10,232. The negative control in broth dilution assay and 255 

fluorescence-based viability assay showed an OD of 1.95 and rfu of 2125. A2 treated E. coli cells 256 

displayed an OD600 of 0.634 and a relative fluorescence unit of 6736. The negative control for it 257 

showed an OD600 of 1.5. and a rfu of 2000. On treating Pseudomonas aeruginosa cells with A2, 258 

an OD of 0.69 and rfu of 6076 was observed and its negative control displayed an OD of 1.906 259 

and rfu of 2085 respectively. However, Paenibacillus thiaminolyticus reported contrasting results 260 

with the OD of 0.953 and a rfu of 3066 (Fig.2 (a) and (b)). These results addressed the 261 

ineffectiveness of the LPA2 against the Paenibacillus thiaminolyticus as the cells were growing 262 

in number despite treatment with LPA2 and with no visible cell death. Fig. 3 (a) shows colony 263 

count of the negative control for S. aureus with 23,970cfu/ml cell population and Fig. 3 (b) display 264 

12 hours after treatment with LPA2 with a clear plate with no microbial growth. 265 

3.2.2 Antimicrobial potential of LPA3 266 

The LPA3 showed very high antimicrobial activity against the P. aeruginosa with optical density 267 

(using broth dilution method) of 0.439 and rfu (fluorescence-based viability assay) of 8812. The 268 

negative control’s OD was observed to be 1.906 and rfu of 2025 was observed. For E. coli, an OD 269 

of 0.858 and rfu of 6772 was observed and Staphylococcus aureus gave OD of 0.857 and rfu of 270 

6663 which showed that LPA3 was effective antimicrobial agent against them (Fig.2 (c) and (d)). 271 

However, LPA3 was found to be ineffective against Paenibacillus as the number of dead cells 272 

were very less when stained with propidium iodide (with 2770 rfu). Therefore, minimum inhibitory 273 

concentration (MIC) for Paenibacillus was not conducted. Viable plate count images in Fig 3 (c) 274 



 
13 

display colony count of negative control for P. aeruginosa with 24,720cfu/ml. However, Fig, 3 275 

(d) displays 12 Hours after treatment with LPA3 with no visible bacterial growth. 276 

3.3 Minimum Inhibitory Concentration 277 

3.3.1 MIC of LPA2 278 

The MIC of LPA2 against the pathogenic strains (performed using fluorescence- based viability 279 

assay) reported that LPA2 strongly and consistently inhibited the growth of S. aureus (even after 280 

36 hours of incubation) when compared with E. coli and P. aeruginosa. The MIC of LPA2 against 281 

S. aureus was reported to be 0.647mg/ml with rfu of 2761, 3396 and 3749 at 12, 24 and 36 hours 282 

of incubation respectively (Fig. 4a). At LPA2 concentration 5.18mg/ml, the number of dead S. 283 

aureus cells was found to be very significant and LPA2 was reported to have very strong 284 

antimicrobial activity against them. The rfu of 8306, 9505 and 11155 at 12, 24 and 36 hours of 285 

incubation respectively was observed at LPA2 concentration of 5.18mg/ml. On the contrary E. coli 286 

was observed to be temporarily susceptible to LPA2 at 0.323mg/ml as it produced a rfu of 6561 287 

but cells regained their growth (rfu=5501) after 36 hours of incubation (Fig. 4c) It was only after 288 

treatment of E. coli cells with 5.18mg/ml of LPA2, could we see stable decrease in E. coli cell 289 

number. However, the number of dead E. coli cells was not more than that of S. aureus (can been 290 

seen in rfu value), therefore we can say LPA2 showed strong antimicrobial activity against S. 291 

aureus. In context of P. aeruginosa, the MIC of A2 was observed to be 5.18 mg/ml with a rfu of 292 

7944 on the 36th hour (Fig. 4b). The LPA2 was observed to have temporary antimicrobial activity 293 

against P. aeruginosa cells at concentration below 0.323 mg/ml. This is because the number of 294 

dead P. aeruginosa cells increased till 24 hours of incubation but after 24 hours, the number of 295 

dead cells decreased. Since, the number of S. aureus cells killed by LPA2 was very close to those 296 

killed by commercial surfactin (rfu of cells killed by LPA2 was 11155 and that by commercial 297 

surfactin was 13534), it can be concluded that LPA2 showed maximum antimicrobial activity 298 
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against S. aureus followed by P. aeruginosa and then E. coli. The heat map shown in Fig.4 very 299 

evidently shows the antimicrobial activity of the LPA2 biosurfactant on the pathogenic cells with 300 

dark red color depicting the maximum number of dead cells and dark blue color showing the 301 

maximum number of living cells. 302 

3.3.2 MIC of LPA3 303 

Minimum inhibitory concentration of LPA3, in case of S. aureus cells was reported to be 5.8mg/ml 304 

as the number of cells were found to steadily decrease at LPA3 concentration of 5.18 mg/ml 305 

(Fig.5a). Below this concentration of LPA3, i.e. at 2.5mg/ml, the cells death was observed till 24 306 

hours of incubation. However, cells regained their number after completing 36 hours of incubation. 307 

Therefore, LPA3 displayed temporary antimicrobial activity against S. aureus cells at 2.5mg/ml 308 

concentration. The MIC of LPA3 was reported to be 0.323mg/ml against P. aeruginosa cells after 309 

36 hours of incubation (rfu of 5878). At LPA3 concentration above 0.323mg/ml, consistent decline 310 

in number of P. aeruginosa cells was observed. For instance, LPA3 concentration of 5.18 mg/ml, 311 

strong decline in number of cells with rfu 9869 at 12th hour, 9979 at 24th hour and 10838 at 36th 312 

hour was witnessed (Fig. 5b). In context of E. coli, the LPA3 was observed to have temporary 313 

antimicrobial activity at 2.5mg/ml as the number of dead cells increase after 24hours of incubation 314 

with rfu increasing from 5865 to 7278. However, the decline in rfu was observed after 36 hours of 315 

incubation with rfu of 7195. Similar pattern of antimicrobial activity was observed at 5.18mg/ml 316 

of LPA3 against E. coli cells. The heat map shown in Fig.5 clearly depicts the antimicrobial 317 

activity of the LPA3 biosurfactant on the pathogenic cells. 318 

3.4 Characterization of LPA2 and LPA3 319 

The partially purified extracts of LPA2 and LPA3 were characterized using TLC and their Rf value 320 

was recorded. The presence of lipid and amino acid was confirmed with the revelation of yellow 321 

and ruhemann’s purple-colored spots on the TLC plate. Their Rf values were 0.84 and 0.5 322 
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respectively (Fig. 6 (a)). Further, characterization of LPA2 and LPA3 was accomplished with FTIR 323 

spectral scans where the presence of C=O, N-H, C-H groups was observed. The LPA2 peak at 1728 324 

cm-1 and LPA3 peak at 1719 cm-1 denoted C=O stretching vibrations. The LPA2 and LPA3 peaks 325 

at 3396 and 3381 cm-1 indicated the presence of N-H stretching of amide bond. A small peak at 326 

2832 and 2838cm-1 showed the presence of C-H stretching vibrations which corresponds to the alkyl 327 

groups (CH2, CH3), mainly found in lipids and fatty acids. Hence, location of the peaks at their 328 

respective positions proved the presence of peptide CO-NH bond along with the presence of fatty 329 

acid chains and as a result we can say that the extracts LPA2 and LPA3 are lipopeptide biosurfactant. 330 

Fig. 6 (b) shows the FTIR peaks of LPA2 and LPA3 extracts. 331 

3.5 Visualization of impact of LPA2 and LPA3 using SEM 332 

To examine the morphological changes in the treated and untreated bacterial cells, scanning electron 333 

microscopy (ZEISS, Model: EVO MA 15) was used. SEM images of the LPA2 (5.18mg/ml) and 334 

LPA3 (5.18mg/ml) treated S. aureus and P. aeruginosa cells and their control images are shown in 335 

Fig.7. The negative control of S. aureus is shown in Fig 7(a) where intact coccus cells can be 336 

observed with no physical damage on the bacterial membrane. However, in Fig 7(b) LPA2 treated 337 

S. aureus can be seen with compromised plasma membrane which would have led to cell lysis. 338 

Whereas Fig 7(c) displays the negative control of P. aeruginosa control cells. In the image, P. 339 

aeruginosa can be seen to be surrounded by small circular shaped substance called extracellular 340 

polymeric substance (EPS). In Fig 7(d) cell lysis is visible in the cells which could be due to the 341 

treatment with LPA3.  342 

4 Discussion 343 

This study brings forth an unprecedented approach to overcome the antimicrobial resistance of 344 

microbes by introducing novel lipopeptide biosurfactant LPA2 extracted for the first time from 345 
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Bacillus stercosis NT5 and LPA3, extracted from Bacillus subtilis NT5. Although the antimicrobial 346 

properties of LPBS isolated from Bacillus spp. have been reported previously but LPBS extracted 347 

from Bacillus stercosis NT5 and Bacillus subtilis NT5 have not been studied. Also, there are very 348 

few studies where fluorescence-based viability, viable plate count and broth dilution assay were 349 

performed simultaneously which showed a very visible number of dead cells.  Therefore, to evaluate 350 

the AMA of LPA2 and LPA3, broth dilution method was first used to detect the actual number of 351 

live cells. However, it revealed an OD of not just live cells but also of dead cells and cell debris. 352 

Therefore, fluorescence-based viability assay was performed and the results of this assay were 353 

further checked using viable plate count method.  354 

The results revealed that LPBS, show stronger antimicrobial activity majorly through 355 

bacterial membrane disruption, owing to their amphipathic structure (Zakharova et al., 2025). The 356 

detailed mechanism behind this has been discussed in the introduction section. These lipopeptides 357 

molecules are synthesized by the bacterial cell as a defense mechanism to inhibit biofilm formation 358 

and also the growth of other neighboring bacteria. This is also done to have full access to nutrients 359 

and surrounding space for colonization (Kourmentza et al., 2021). Although LPBS has potent 360 

antimicrobial activity, however, these molecules do not backfire the producer cells because of 361 

inbuilt self-resistance mechanisms such as modifications in lipid composition of plasma membrane 362 

which narrows the chances of LPBS binding on the membrane (Moretta et al., 2021).  LPBS 363 

producing bacteria also have active efflux pumps which exports the LPBS out of the cell and 364 

regulates the continuous secretion LPBS out of cell to prevent accumulation inside the cell (Mulani 365 

et al., 2019). Broadly, these multiple mechanisms explain the wide-range of antimicrobial efficacy 366 

of bacterial LPBS and highlights their potential as favorable alternative to conventional antibiotics 367 

for combating antimicrobial-resistant pathogens. 368 
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When the antimicrobial activity of LPA2 was studied, it was reported to show maximum 369 

antimicrobial activity against S. aureus at 5.18mg/ml with a MIC of 0.647mg/ml. This observation 370 

was evident in the results of fluorescence-based viability assay as well. However, MIC was not 371 

performed using broth dilution method because after incubation period, OD600 of the LB broth 372 

(containing LPA2 treated S. aureus cells) shifted from 0.5 (Mc Farland standard) to 0.561 whereas, 373 

fluorescence-based viability method for the same sample reported a rfu of 10232 and its results 374 

were further supported by the results of viable plate count assay (Fig. 3b). This anomaly in broth 375 

dilution assay could be due to high chances of the dead cells and cell debris getting detected along 376 

with live cells.  377 

On evaluating the antimicrobial activity of LPA3, similar pattern was observed. In case of 378 

E. coli and S. aureus cells wherein an increase in OD600 from 0.5 to OD600 0.858 and 0.857 (broth 379 

dilution assay) indicate an increase in number of cells (Fig.2c). However, their rfu values of 6772 380 

and 6663 points towards the decline in cell number (Fig. 2d). On examining the AMA of these 381 

compounds using viable plate count method, fewer colonies were observed which testified the 382 

detection of dead cells and cell debris along with living cells in broth dilution method. In case of 383 

Paenibacillus thiaminolyticus, it was observed that both LPA2 and LPA3 were ineffective against 384 

these bacteria, as their optical density was found to be increasing and their rfu was reported to 385 

decrease. Therefore, Paenibacillus thiaminolyticus was not explicitly used for evaluating 386 

antimicrobial activity of LPBS.  387 

After understanding about the antimicrobial potential of LPA2 &LPA3 their minimum 388 

inhibitory concentration (MIC) was determined. It was reported that LPA2 strongly inhibited the 389 

growth of S. aureus at about 5.18mg/ after 36 hours of incubation and its MIC was reported 390 

(against S. aureus) as 0.647mg/ml with rfu of 2761, 3396 and 3749 at 12, 24 and 36 hours of 391 

incubation respectively. The antimicrobial activity of LPA3 was observed to be maximum on P. 392 
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aeruginosa. Its MIC was found to be 0.323mg/ml after 36 hours of incubation (rfu of 5878) 393 

(Fig.5b). The SEM images of LPA2 (5.18mg/ml) and LPA3 (5.18mg/ml) treated S. aureus and P. 394 

aeruginosa cells revealed the significant differences between the LPBS treated and untreated cells 395 

(Fig.6). The intactness of the outer plasma membrane in the control cells and the disintegration of 396 

the membrane in both S. aureus and P. aeruginosa bacteria clearly reveal high antimicrobial 397 

activity of the LPA2 and LPA3.  398 

It can be deduced from the results that LPA2 & LPA3 might be different at molecular level, 399 

because LPA2 showed high AMA against gram-positive Staphylococcus aureus, while LPA3 400 

deadly for gram-negative Pseudomonas aeruginosa, as a gram-negative and positive bacteria are 401 

different at their cell membrane chemical composition. The MIC values of LPA2 (0.647mg/ml) & 402 

LPA3 (0.323mg/ml) were found to be significantly better than MIC of 2mg/ml of LPBS (against 403 

Staphylococcus aureus ATCC29523 and Bacillus cereus MTCC7190, (Giri et al. (2019)) and very 404 

close to the MIC (0.1mg/ml) of Plantaricin NC8 αβ produced by Lactobacillus plantarum 405 

(Winman et al., 2023). However, MIC of conventional antibiotic such as streptomycin was 406 

reported to be 0.8mg/ml against S. aureus which is signifies that LPBS are better than these 407 

antibiotics (Field et al. 2016). Table 1 shows MIC values of existing lipopeptide biosurfactants.  408 

Hence, we can conclude that LPA2 has stronger antimicrobial activity against gram 409 

positive Staphylococcus aureus (MTCC3160) with MIC of 0.647mg/ml after 36 hours of 410 

incubation whereas LPA3 showed very strong inhibitory against the gram-negative P. aeruginosa 411 

with MIC of 0.323 mg/ml after 36 hours of incubation. MIC of both the lipopeptide makes them 412 

potential future antibiotics to combat AMR. 413 
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 585 

Fig.1 (I) Mode of action of LPBS (a) Insertion of Cyclic Lipopeptide (CLP) surfactant onto bacterial membrane 

in Calcium dependent manner (b) Release of Ca2+ ions (c) Oligomerization of CLP leading to formation of pores 

(d) Loss of membrane potential eventually leading to cell death (II) Mode of action of conventional antibiotics 
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Fig.2: Antimicrobial activity of LPA2 on pathogens via (a) broth dilution assay (b) fluorescence-based viability 

assay (c) Antimicrobial activity of LPA3 on pathogens via broth dilution assay (d) fluorescence-based viability 

assay 
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Fig. 3: Viable plate count assay (a) Negative control for S. aureus (b) After 12 hours of LPA2 treatment  

(c) Negative control for P. aeruginosa (d) Cells after 12 Hours treatment of LPA3 
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Fig. 4: MIC of LPA2 against (a) S. aureus (b) P. aeruginosa and (c) E. coli strains of bacteria (d) Positive control 
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Fig. 5: MIC of LPA3 against (a) S. aureus, (b) P. aeruginosa, (c) E. coli strains of bacteria (d) Positive control 
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Fig.6 (a): TLC analysis of LPA2 and LPA3 

 
 

Fig.6(b): FTIR peaks of LPA2 and LPA3  
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Fig.7: SEM images of control for S. aureus (a) and LPA2 treated S. aureus cells (b) and control image of P. 

aeruginosa (c) and LPA3 treated P. aeruginosa cells (d) 
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Table.1: MIC of different Lipopeptide biosurfactant 

Bacterial strains Lipopeptide 

produced 

Reported 

MIC 

Anti-microbial activity  References 

Lactiplantibacillus 

plantarum1625 

LPBS 0.1 mg/ml  S. aureus, E. coli and  

P. putida  

Thakur et al., 

2024 

Lactobacillus plantarum Plantaricin 

NC8 αβ 

0.1 mg/ml  S. aureus and E. coli Winman et al., 

2023 

Pseudomonas putida PCL1445 Putisolvin I 

and II 

0.064 mg/ml Biofilm-forming C. albicans Kuiper et al., 2004 

Burkholderia thailandensis 

E264 

Burkholdines 

1097 and 

1229 

2–8 µg/ml C. albicans, Cryptococcus 

neoformans 

Tawfik et al., 

2010 
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    𝐜 𝐟 𝐮  𝐦 𝐥 =   𝐍 𝐮 𝐦 𝐛 𝐞 𝐫   𝐨 𝐟   𝐜 𝐨 𝐥 𝐨 𝐧 𝐢 𝐞 𝐬  𝐕 𝐨 𝐥 𝐮 𝐦 𝐞   𝐩 𝐥 𝐚 𝐭 𝐞 𝐝 ( 𝐦 𝐥 ) ∗   𝐃 𝐢 𝐥 𝐮 𝐭 𝐢 𝐨 𝐧   𝐅 𝐚 𝐜 𝐭 𝐨 𝐫  

