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Abstract
The emergence of antimicrobial resistance is an alarming global health concern and has stimulated the development of novel functional nanomaterials to combat Multidrug resistant (MDR) bacteria. In this work, we demonstrate for the first time the synthesis and application of surfactin coated silver nanoparticles as an efficient antibacterial and antibiofilm agent against the drug resistant bacteria Pseudomonas aeruginosa for safe dermal applications. Our in vivo studies showed no significant superficial dermal irritation, edema and erythema whilst microscopic analysis revealed that surfactin coated silver nanoparticles caused no pathological alterations at the applied concentrations. These results support the potential use of surfactin coated silver nanoparticles against drug resistant bacterial, biofilm infections and in skin wound dressing applications. 
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INTRODUCTION
[bookmark: _Hlk112584462]The emergence of antimicrobial resistance (AMR) is a major healthcare challenge of the 21st century and one of the leading threats to public health worldwide. According to a recent report, it has been estimated that 4.95 million deaths in 2019 were associated to bacterial AMR. Antibiotic resistant Pseudomonas aeruginosa is classified as one of the resistant bacterial strains associated to these mortalities.1 Clinically, P. aeruginosa is one of the most important and drug resistant Gram-negative bacteria, found in different chronic wounds that causes lower respiratory and urinary tract infections (UTI). Its resistance to available drugs has been suggested to be due to different mechanisms including biofilm development or the presence of active efflux machinery to expel antibiotics from cells.2,3
To overcome the rapid emergence of AMR, there is a need to develop novel antimicrobial compounds/materials. The use of nanoparticles (NPs) has been suggested due to their facile synthesis, which allows the tuning of their antimicrobial properties, thus creating a growing interest for their application towards the killing of bacteria.4,5,6 The properties of NPs are dependent upon their size, morphology, chemical composition, as well as their surface chemistry, which when tuned with the appropriate biomolecules can lead to their increased stability within complex biological media as well as enhanced antimicrobial activity..  Naturally available antibacterial biomolecules that could be used for nanomaterials functionalization may be of plants, animal, or microbial origin. Most of the compounds reported as antibacterial agents are microbial secondary metabolites,7 phenolics, flavonoids and biopolymers.8
Apart from the ligand coating, the chemical composition of nanoparticles is also important. Silver nanoparticles (AgNPs) have been proposed as the most promising candidates to fight bacteria due to the high reactivity of silver.9  Citrate-capped-AgNPs and fungal mediated synthesis of AgNPs shows significant potential as bactericidal agent against both planktonic and sessile bacteria with low cytotoxic effect in cell line.10,11 Bano et al. reported actinomycetes’ secondary metabolites coated AgNPs against pathogenic bacteria (S. pneumoniae, H. influenzae, and N. meningitidis). Moreover, the synthesized nanoparticles also showed potential antibiofilm activity against all the tested bacterial strains. The antibacterial and antibiofilm activities of these nanoparticles might be due to the interaction of conjugated biomolecules with the bacterial cells and biofilm components.12 Moreover, silver ions may cause alteration in the permeability of the cell wall/membrane, and also interact with intracellular molecules such as DNA, enzymes, and proteins.13 
The interaction of nanoparticles with extracellular and intracellular components mainly depends upon the surface moiety/molecules present on their surfaces. The cellular and organ level toxicity of such nanomaterials is an important impediment to limit their use for real applications. However, it has been reported previously that functionalization or coating of AgNPs with biomolecules decrease their toxicity.14,15 Bhargava et al. reported the antibacterial activity of fructose functionalized AgNPs against P. aeruginosa and its anticolonization effect on a catheter.14 Moreover, biosurfactant,16 polydopamine,17 fucoidan and phytochemicals 18,19 coated NPs were demonstrated to be used as antibacterial, anti-adherent and antibiofilm agents against various pathogenic bacteria. 
Surfactin (a microbial metabolite) is a natural cyclic lipopeptide biosurfactant, produced by bacillus species and has a rich biological activity (e.g., antiviral, antitumor and antifungal etc.) due to its unique structure. Its amphiphilic properties allows surfactin to be used in both hydrophobic and hydrophilic environments and on phospholipid membranes.20 Based on its interactive properties with plasma membrane and other biomolecules,21 it was hypothesized that conjugation of surfactin to NPs could synergistically enhance their antimicrobial activity and facilitate the NPs delivery through the complex environment (e.g., cysts and biofilms etc.) developed by bacteria to escape antimicrobial agents. 
Herein, we report for the first time the synthesis and evaluation of surfactin conjugated silver nanoparticles (SUR-AgNPs) as antibacterial, anti-adherent and antibiofilm agents against the biofilm developing multidrug resistant bacterial strain, P. aeruginosa. The in vitro and in vivo cytotoxicity of SUR-AgNPs and the safety threshold for dermal application were evaluated with the aim of developing an alternative treatment towards this bacterial strain without the use of antibiotics. 
EXPERIMENTAL SECTION
Materials
All the chemicals and reagents used in the current study were of analytical grade and used without further purification. Chemicals used were silver nitrate (99%, ACROS), sodium hydroxide (97%, ACROS), sodium borohydride (TCI, Japan), ethanol analytical grade (Sigma-Aldric), PBS (pH, 7.4) Mueller Hinton agar (MHA) media (OXOID), tryptic soy broth (TSB) (OXOID), acridine orange dye (1%) and crystal violet dye (1%). Dulbecco’s modified Eagle’s medium (Thermo Scientific HyClone, Logan, UT, USA), Hi-fetal bovine serum (Invitrogen life technologies, Carlsbad, CA, USA), Pen-strep (100 IU/mL penicillin and 100 µg/mL streptomycin), L-glutamine, non-essential amino acids (NEAAs) (Invitrogen life technologies, Carlsbad, CA, USA), trypsin-EDTA solution (Gibco, Carlsbad, CA, USA), MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) from Sigma-Aldric and  dimethyl sulfoxide (DMSO) were used for cytotoxicity studies.
Synthesis of surfactin conjugated silver nanoparticles 
Surfactin conjugated silver nanoparticles were synthesized using a wet chemical method. Briefly, a surfactin stock solution (1.42 mL, 20 mg/mL methanol) was added to a sodium hydroxide solution (16.3 mL, 6.13 mM) and stirred for 60 min at room temperature. Subsequently, a silver nitrate solution (0.84 mL, 99.5 mM) was added dropwise to reach a 4.5 mM final salt concentration in the reaction mixture. After 45 min, the color of the solution changed from transparent to a turbid solution, indicating the formation of a complex between surfactin and silver ions. Finally, freshly prepared chilled solution of sodium borohydride (400 µL, 1 mg/mL) was added at once, resulting in a dark brown solution, which indicated the formation of SUR-AgNPs. The synthesized NPs were purified through centrifugation at 14,000 rpm for 15 min and washed 2-3 times with deionized water and absolute ethanol, respectively.
Characterization of nanoparticles
The morphology and size of the SUR-AgNPs was determined using high resolution FE-SEM (Field Emission Scanning Electron Microscope). A Zeta Sizer Nano Series instrument (Malvern) was used to determine their hydrodynamic diameter, polydispersity index and zeta potential. For an elemental composition analysis, the samples were analyzed utilizing Energy Dispersive X-Ray (EDX), while functional groups were analyzed using Fourier-transform infrared spectroscopy (FTIR). The optical properties of nanoparticles were investigated using a Nanodrop, Thermoscientific 2000C, operated in cuvette mode to obtain spectral scans in the rage of 200-900 nm.
Antibacterial activity of surfactin-conjugated silver nanoparticles
The antibacterial activity of SUR-AgNPs was evaluated using a standard agar well-diffusion method according to a previously reported protocol.22 The bacterial strain Pseudomonas aeruginosa was obtained from the culture collection of Enteric pathogens sub-group at Health Biotechnology Division (HBD), NIBGE. Bacteria were cultured in Tryptone Soya Broth (TSB) and incubated at 37 °C for 14-16 h till logarithmic phase. A standardized inoculum (1 × 108 CFU/mL) was uniformly spread on Mueller Hinton Agar (MHA) media plates, followed by the formation of wells (6 mm) using sterilized borer. A calculated volume of SUR-AgNPs from a stock solution (15 mg/mL) was added to the respective wells, to maintain specific concentrations (100, 75, 50 and 25 µg/well). To compare the synergistic effect, surfactin was used as a control. The treated MHA-plates were incubated at 37 °C for 24 hours, to investigate the bacterial growth inhibition. After 24 hours, the zone of inhibition by each concentration was recorded in millimeter (mm) for triplicate analysis.
Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were determined using a broth dilution method, while viable colonies were quantified by counting colony forming units per milliliter (CFU/mL). For this purpose, the actively dividing bacterial culture was transferred to TSB tubes, supplemented with different concentrations of SUR-AgNPs (0-100 µg/mL) and incubated at 37 °C for 24 h in a shaking incubator. Next day, a calculated amount (50 µL) of samples from each concentration was taken and mixed gently with autoclaved deionized water at a ratio of 1:9, respectively. From the diluted culture, 50 µL bacterial suspension was transpired and spread uniformly on MHA-plates in triplicate to calculate the viable bacterial cells. The prepared plates were incubated at 37 °C for 18-24 h and then viable colonies were counted using colony counter.
Anti-adherent assay and antibiofilm activities
[bookmark: _Hlk124112915]To evaluate the anti-adherent activity of synthesized nanoparticles, different concentrations (2.5, 5, 10, 20, 30, 40, 50, 100, 150, and 200 µg/mL) of SUR-AgNPs were prepared in 3 mL TSB in glass tubes and 100 µL P. aeruginosa inoculum was added to each tube. Tubes containing bacterial culture with and without free surfactin were used as control. All the tubes were incubated at 37 °C for 48-72 hours, to check cell growth and adhesion to the glass surface. Afterwards, the culture was discarded gently, and tubes were washed thrice with PBS (pH 7.4), to remove planktonic cells. Tubes were incubated with 1% crystal violet dye for 45 min in dark to stain the adherent bacterial cells.  Then, they were washed with deionized water several times, to remove the excess amount of dye. The remaining dye was dissolved using 30% citric acid solution and the absorbance was measured at 590 nm using a spectrophotometer, to determine the percentage of anti-adherent activity of SUR-AgNPs.
To evaluate the antibiofilm potential of SUR-AgNPs, P. aeruginosa was allowed to form a biofilm on sterile glass slides by transferring 50 µL of actively dividing seed culture to 3 mL TSB in tubes and incubating for 72 h at 37 °C. After the development of the biofilm, the culture was removed, and the surface was washed with freshly prepared autoclaved PBS buffer (pH 7.4) three times. Then, 3 mL freshly prepared TSB media (autoclaved, temperature 37 °C) were added, containing different concentrations (2.5, 5, 10, 20, 30, 40, 50, 100, 150, and 250 µg/mL) of SUR-AgNPs. Culture tubes without nanoparticles and surfactin (667 µg/mL) were considered as controls to evaluate the antibiofilm activity of SUR-AgNPs. All tubes containing either SUR-AgNPs, or free surfactin or no nanoparticles were further incubated for 24 h at 37 °C. Next day, the tubes were washed with PBS three times, and biofilms were stained with crystal violet (1%) in dark for 45 min. The excessive dye was washed, and the biofilm was dissolved in 30% glacial acetic acid solution. To determine the antibiofilm activity, the absorbance was measured at 590 nm. The following equation was used to calculate the percentage of antibiofilm inhibition in the presence of nanoparticles.23

Antibiofilm activity observed by light and confocal microscope imaging
To assess the antibiofilm activity of SUR-AgNPs, a biofilm was developed on the surface of sterilized glass slides. Briefly, microscopic glass slides were placed vertically in autoclaved TSB media containing glass tubes, so that the biofilms form in the center of each slide. A standardized inoculum (1 × 108 CFU/mL) of actively dividing P. aeruginosa was added to each tube and incubated for 72 hours at 37 °C in a shaking incubator for the biofilm development. The slides containing the biofilm were moved to freshly prepared TSB media glass tubes and supplemented with a different concentration (0, 10, 20, 30, 40 µg/mL) of SUR-AgNPs and inoculated further for 24 hours. For the microscopic examination, the slides were washed with PBS buffer (pH 7.4) three times, followed by crystal violate staining in dark for 45 min. The stained biofilm was washed with deionized water 3-4 times and covered with a coverslip. The slides were observed using an optical microscope and the images were captured using a 48 mega pixel digital camera.
For a confocal microscopy study, P. aeruginosa was grown on a sterile glass slide to form a biofilm as mentioned above.  After incubation with different concentrations (0, 10, 20, 30, 40 µg/mL) of SUR-AgNPs for 24 hours, the growth medium was discarded, and the slides were washed thoroughly with PBS buffer to remove any planktonic bacteria. The biofilms were stained with acridine orange (1%) for dead cells identification16. The samples were examined through confocal laser scanning microscope by exciting the acridine orange dye at 488 nm while the emission was recorded at 526 nm. The biofilm without the addition of nanoparticles was used as a control. 
Cytotoxicity study of surfactin conjugated silver nanoparticles
The standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to evaluate the cytotoxic activity of SUR-AgNPs. Huh7.0 cells at a density of 0.2 x106 cells/mL were seeded in 96 well plate and incubated for 24 hours. To add fresh media along with SUR-AgNPs, a calculated quantity of SUR-AgNPs was added in DMEM media and shifted to the respective wells. The cells incubated with SUR-AgNPs at a concentration of 1, 10, 25, 50, 100, 250, 500 and 1000 µg/mL for 72 hours were marked as treated groups, while untreated cells were considered as control. The morphological changes of cells were observed using an inverted phase contrast microscope (IMT-2; Olympus, Tokyo, Japan). Afterwards, the MTT (10 µL, 12 mM) reagent was added to the respective wells and incubated further for 4 hours.  The culture media was removed and 100 µL DMSO was added, to dissolve the end product i.e., formazan. A synergy H1 hybrid multi-mode microplate reader (BioTek Instruments Inc., Winooski, VT, USA) was operated to record the absorbance at 570 nm. The experiments were conducted in triplicates and the results were expressed as the mean cell survival percentage.
In vivo dermal irritation test
For a dermal irritation assay, an Organisation for Economic Co-operation and Development (OECD) test guideline 404 (OECD TG 404 2002) was followed. Prior to the experiment, rabbits were divided into three groups and acclimatized in a controlled environmental condition (Temp = 25 °C, Humidity 50% ± 5%). The dorsal portions of skin were shaved and next day each area was divided into four quadrants. Three concentrations (1000, 2000, and 3000 µg/mL) of nanoparticles along with positive sodium lauryl sulfate (SLS) and negative controls were applied on the respective area. The treated area was covered properly with non-irritant surgical patches for 4 hours. After removing the patches, the skin area was washed using deionized water and the data regarding any visual changes (erythema, edema) was collected after one hour. Further images were taken after 0, 24, 48 and 72 hours utilizing a digital camera and the data was recorded for each treatment. For histopathological analysis skin tissues (with SUR-AgNPs and SLS) were removed using a sterilized scalpel blade and preserved in 10% formalin buffer solution. The collected biopsy was then microscopically examined according to a previously reported protocol.24
Statistical analysis
For the statistical analysis and graphs designing, GraphPad prism 8 (i.e., Tukey's HSD test) and OriginPro 8.5 was used, while images were analyzed through ImageJ software (i.e., Particle size distribution). Illustration was done using Adobe Illustrator CC 2017.
Results and Discussion
Characterization of SUR-AgNPs
Surfactin is an important biomolecule consisting of different amino acids in its structural composition. It possesses both anionic (-COO-) and cationic (-NH+) groups, which enhances its interactions and binding capabilities with other biomolecules or with metal ions to form complexes. The synthesized SUR-AgNPs were initially optically characterized (Figure 1A). A Surface Plasmon Resonance (SPR) peak appears at 433 nm, which is a characteristic peak of AgNPs. To confirm the morphological aspects of the synthesized NPs, a sample was analyzed via FE-SEM. During microscopic analysis, it was observed that the synthesized SUR-AgNPs were homogeneous in shape (Figure 1B, and supporting information Figure S1).
The hydrodynamic diameter and surface zeta potential of the synthesized NPs was then assessed. The prepared SUR-AgNPs were found to have an average hydrodynamic radius of ~21.9 nm (Figure 1C). The zeta potential of SUR-AgNPs was measured to be -31.2 ± 5.75 mV (Figure 1D). The high negative surface potential was due to the overall negative charge of the surfactin ligands arising from the presence of the carboxylic groups. 25
Figure 1E shows the FT-IR spectra both for free surfactin (black line) and SUR-AgNPs (red line). For the free surfactin, the band appearing at 3300 cm-1 is a characteristic band of peptide compounds, representing the N-H stretching mode, typical in surfactin. The stretching peaks at 2930 cm-1 and 2854 cm-1 indicate the presence of C-H (2840-3000 cm-1) functional groups present in the aliphatic chains of surfactin (C13-C16).26 The strong peak observed at 1620–1660 cm-1 corresponds to the C=O stretching vibration of amide-1 region, and the stretching at 1520–1550 cm-1 from the deformation mode of the N–H bond combined with the C–N stretching mode. The peak at 1206 cm-1 is a characteristic for the vibration of C-O bonds in surfactin.27 
In the case of SUR-AgNPs, the broad intense band between 3000-3500 cm-1 indicates the presence of a large number of NH functional groups. The peaks at 2130, 1640 and 1540 cm-1 are characteristic of the presence of C-N, C=O and N-H functional groups, respectively. Moreover, the appearance of an extra band at 2130 cm-1 corresponds to C-N stretching in the SUR-AgNPs.28,29 The appearance of these functional groups indicates the successful coating of surfactin on the surface of silver nanoparticles.
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Figure 1. UV-Vis absorption spectrum of SUR-AgNPs (A), FE-SEM image (B), hydrodynamic particle size distribution obtained by DLS (PDI 0.281) (C), apparent zeta potential (D) and comparative FTIR analysis of SUR-AgNPs and surfactin (E).
Bactericidal activity of surfactin conjugated silver nanoparticles
[bookmark: _Hlk126062615][bookmark: _Hlk124239122][bookmark: _Hlk139809276]The antibacterial activity of SUR-AgNPs was evaluated through the well-diffusion method by exposing bacteria to different concentrations of NPs as shown in Figure 2A. The zone of inhibition (ZOI) for each concentration (0-100 µg/well) was carefully measured. The results showed that by increasing the concentration of NPs, the zone of inhibition was increased and a significant difference (p < 0.05) between the control (free surfactin) and treated samples was observed (Figure 2B). The maximum zone of inhibition i.e., ~22.3 ± 0.3mm (mean ± SD) was recorded at a concentration of 100 µg/well against the MDR-bacterial strain (Pseudomonas aeruginosa).  The surfactin (ligand) used in the current study, to synthesize AgNPs, is an amphipathic molecule and is known to interact with bacterial cell membrane components.30 Therefore, surfactin facilitates the penetration of NPs31 through the bacterial cell wall. To determine the minimum inhibitory and bactericidal concentrations, bacteria were exposed to a range (0, 25, 50, 75 & 100 µg) of SUR-AgNP. The MIC and MBC of SUR-AgNPs determined were 20 µg/mL and 45 µg/mL, respectively (Figure 2C). SUR-AgNPs showed enhanced bactericidal activity when compared to free surfactin. Then, the bactericidal activity of viable cell counts i.e., CFU/mL (colony forming unit/mL) in a dose dependent manner was performed. The results (Figure 2D-E) showed that by increasing nanoparticle concentration, the viable cells’ count decreased. A small number of CFU/mL (4x104) was counted at a concentration of 35 µg/mL, however none were observed at a higher SUR-AgNP concentration of 40 µg/mL. In comparison to plates treated with SUR-AgNPs, the control (free Surfactin, 667 µg/mL) developed a large number of CFU/mL. From the results it can be inferred that ~97% of cell death occurs at 35 µg/mL SUR-AgNPs concentration. It was further observed that the bacterial colonies decreased by ~3 folds upon every 10 µg/mL increment in SUR-AgNP concentration. Figure S2 shows the quantitative analysis of colonies on plates (Figure 2E1-E4) with varying nanoparticle concentrations. As the concentration of SUR-AgNPs decreases the bacterial growth increases, reaching a typical growth curve pattern at very low nanoparticle concentrations. The plate-counting (CFU/mL) results correlated with the well diffusion assay, as a similar pattern of bacterial growth inhibition was observed by increasing the nanoparticle concentration. In solid media, nanoparticle diffusion is slow, which limits NP interaction with bacterial cells, resulting in slightly low inhibitory effects. In liquid media, NPs are in a suspended form, which maximizes their interaction with bacterial cells.  Metals like copper, silver and iron etc. have the capability to generate reactive oxygen species.32 These reactive species are responsible for the induction of oxidative stress and hence show bactericidal activity.33 Therefore, it may be proposed that the enhanced antibacterial activity of SUR-AgNPs is a combined effect resulting from the surfactin ligand, which facilitates the penetration of nanoparticles in bacteria, the leaching of silver ions from the AgNPs, and the release of ROS due to the silver. 
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Figure 2. (A) Plate well diffusion assay illustrating zone of inhibition, (B) Zone of inhibition measured at different concentrations of SUR-AgNPs (0, 25, 50, 75 & 100 µg/well), showing significance difference  “****” at p < 0.0001 among the treated groups as well as compared to control (incubation with free surfactin, 100 µg/well), (C) MIC and MBC for the antibacterial activity of SUR-AgNPs , (D) Graph showing decrease in Colonies Forming Unit (CFU) count per mL at 35, 25 and 15 µg/mL concentrations of SUR-AgNPs. (E 1-7) photographs showing number of viable colonies on plates after treating with different concentration of SUR-AgNPs (40, 35,25, 15,10, 5, 2.5 µg/mL), (E 8) free surfactin, (E 9) Growth control containing only Pseudomonas aeruginosa.
Anti-adherent and Antibiofilm activities
[bookmark: _Hlk121442527][bookmark: OLE_LINK3]We then investigated the anti-adherent and antibiofilm activities of SUR-AgNPs. To check the anti-adherent activity, the P. aeruginosa culture was incubated for 72 hours with different concentrations (2.5, 5, 10, 20, 30, 40, 50, 100, 150, and 250 µg/mL) of SUR-AgNPs in 3 mL glass tubes. After treatment, the tubes were washed with PBS (pH 7.4) and the biofilm was stained using crystal violet dye (Figure 3A). The results showed that the formation of biofilm rings within the glass test tubes (at the point of liquid air interface) increased with decreasing concentrations of NPs. These results confirmed that SUR-AgNPs, significantly interfered with the adherence of bacterial cells to form biofilms in a concentration dependent manner.  It was observed that at 20 µg/mL, the anti-adherent activity of SUR-AgNPs was approximately 90%, while the free surfactin showed ~80% activity at a much higher concentration (667 µg/mL) (Figure 3B). The results suggested that the free surfactin can also be used as anti-adherent agent, however its effective concentration was significantly higher in comparison to the required concertation of SUR-AgNPs. The free surfactin showed >75% inhibitory effect at a concentration of 667 µg/mL which is 33-folds higher than that of SUR-AgNPs (20 µg/mL), thus limits its direct use as anti-adherent agent.
To further investigate the effect of SUR-AgNPs on pre-formed biofilms we first allowed P. aeruginosa bacteria to develop biofilm for 72 hours. After the biofilm development, the planktonic cells were removed, and the biofilm was washed three times with autoclaved PBS buffer (pH 7.4). Finally, 3mL fresh TSB media containing different concentrations (2.5-250 µg/mL) of SUR-AgNPs were added to the respective tubes with existing biofilms and incubated for 24h at 37 °C. A sample containing only TSB and samples containing only free surfactin (667 µg/mL) were also used as negative and positive controls, respectively. After treatment, the biofilm was washed with PBS and stained with crystal violet dye (1%). The samples were washed with deionized water to remove the extra dye. The samples with increasing concentrations of SUR-AgNPs showed increased activity against the biofilms (Figure 3C). Furthermore, the biofilm rings were dissolved in 30% acetic acid and the percent biofilm eradication activity was calculated from the absorbance data recorded at 590 nm (Figure 3D). The results revealed that at a NP concentration of 100 µg/mL an inhibition of NPs showed > 80% biofilm eradication while free surfactin showed ~55% inhibition at 667 µg/mL (Figure 3D). Interestingly nanoparticles showed enhanced antibiofilm activity (1.53-fold more than free surfactin) and at significantly lower concentrations (~6.67 fold less concentration of NPs than surfactin). The data reveals that 50% inhibition occurs at substantially lower concentration (10-20 µg/mL) of SUR-AgNPs compared to free surfactin. This is in agreement with the results previously reported for planktonic bacteria (Staphylococcus epidermidis) as well as its anti-adherent activity, where only free surfactin was used.34 The variation in the active dose depends upon different factors that are related to biofilm strength as well as the physicochemical nature of nanoparticles. Some bacterial strains develop coherent biofilms and protect themselves from environmental anoxia by adopting intracellular metabolism and gene expression strategies.35 Overall, these results demonstrate significant antibacterial, anti-adherent and antibiofilm potential of SUR-AgNPs.
The activity of NPs was also studied microscopically. Figure 3E shows biofilms that were treated with different concentrations (10, 20, 30 and 40 µg/mL) of nanoparticles. For the microscopic study the biofilms were stained with a dye (crystal violet). Light microscopy images shown in Figure 3E confirm that the biofilms are gradually decreasing in the presence of higher nanoparticle concentrations (Figure 3 E2-5) as compared to the control (with no SUR-AgNPs; Figure 3 E1). Confocal microscopy imaging (Figure 3F) demonstrated a similar pattern of biofilm eradication. Acridine orange was used to stain biofilms, which can penetrate into the cells resulting in a red florescence, reflecting living bacterial colonies.36 The image (Figure 3 F1) showing a red color indicated living biofilm, however SUR-AgNPs treated images (Figure 3 F2-5) showed a decrease pattern in red fluorescence as the concentration increased. A similar pattern was observed by Khalid et al., after treating the biofilm with Rhamnolipids (RL) coated AgNPs  to confirm their antibiofilm activity.16 Overall, biofilms treated with SUR-AgNPs presented a serious structural damage to the biofilm in a concentration dependent manner (Figure 3 F2-5). As previously reported, other types of silver nanoparticles such as, epigallocatechin gallate-coated silver nanoparticles can inhibit biofilms developed by Bacillus subtilis, in a concentration dependent manner.37 It is hypothesized that the antimicrobial activity of AgNPs is mainly due to the disruption in biofilm structure and interaction with bacterial cells components via different mechanisms. Nanoparticles initially penetrate the biofilms and migrate internally where they react with the biofilm components (such as lipids, proteins, nucleic acids, and polysaccharides). In particular, NPs damage the bacterial outer boundaries, which leads to the internal generation of reactive oxygen species (ROS). The generated ROS then interact with the intracellular molecules (proteins, enzymes, DNA and RNAs) resulting in their damage or alteration of their configuration and functions resulting in a change of the metabolic pathways and stress thus leading to bacterial death.8
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[bookmark: _Hlk132800773]Figure 3. (A) Digital photographs showing anti-adherent activity of SUR-AgNPs at different concentration (200-2.5 µg/mL, labeled as A 1-10) and surfactin (666.7 µg/mL, A 11), (B) Percent anti-adherent activity of SUR-AgNPs at 2.5-200 µg/mL and surfactin. Group labeled as (****) representing significant difference from the surfactin at p < 0.0001, while (ns) showing non-significant difference (C) Digital photographs of antibiofilm assay of SUR-AgNPs at different concentrations (2.5-250 µg/mL, marked as C 1-11) and surfactin (C12), (D) Graph showing percent biofilm eradication at 2.5-250 µg/mL along with control (surfactin). In comparison with control (free surfactin), groups marked as (****) represent significant difference while (ns) showing non-significant difference at p < 0.0001. (E) Light microscopic examination of non-treated biofilm (control, no NPs; E1) and eradicated biofilm at selected concentrations (10, 20, 30, 40 µg/mL) of SUR-AgNPs (E2-E5), respectively, (F) Representative confocal microscopy images of control (with no NPs; F1) and biofilms eradication at different concentrations (10, 20, 30, 40 µg/mL) of SUR-AgNPs (F2-F5), respectively.
Cytotoxicity Study
[bookmark: _Hlk140419506][bookmark: OLE_LINK2]The cytotoxicity evaluation on human cell lines is an important aspect concerning the biosafety of nanoparticles. Human hepatoma cell lines were exposed to surfactin and SUR-AgNPs at different concentrations (1-1000 µg/mL) for 72 hours, and an MTT assay was performed. Free surfactin showed no significant changes in cell morphology even at higher doses as compared to control (No surfactin) (Figure S 1a). On the other hand, SUR-AgNPs showed a dose dependent cell cytotoxic effect in comparison to the control (no SUR-AgNPs), as shown in Figure 4A. It can be further observed that for a 75 µg/mL concentration, the nanoparticles significantly decreased cell viability. However, for a lower concentration of 50 µg/mL, the cells grew normally, and percent cell viability increases as compared to higher SUR-AgNPs concentration.
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Figure 4. (A) Microscopic images showing cells morphology and the effect of surfactin on Huh 7.0 cell lines treated at a concentration of (1000-1 µg/mL) and control (without SUR-AgNPs). (B) Percent cell viability when exposed to SUR-AgNPs at different concentrations (1000-1 µg/mL) and control (without SUR-AgNPs). (****) representing significant difference from the control at p < 0.0001 (C) IC50 value calculated for SUR-AgNPs and (D) Comparative statistical analysis, showing significant difference at p < 0.0001 (****) among the tested samples (surfactin and SUR-AgNPs).
The percentage of cell viability determined for surfactin is > 88% at higher concentration (1000 µg/mL) and the IC50 is > 100 µg/mL (supplementary data; Figure S 1b-c). However, SUR-AgNPs showed gradual decrease in percentage of viable cells upon increasing the NPs concentration (Figure 4B). The IC50 values determined for SUR-AgNPs is > 50 µg/mL (Figure 4C). Statistically the IC50 value of SUR-AgNPs shows significant difference at p < 0.05 as compared to surfactin (Figure 4D). The IC50 value determined in the cell line study is 57.178 µg/mL, which is higher than the MIC and MBC measured in antibacterial assay. It is reported that nanoparticles showing greater IC50 value are considered as nontoxic. However, the toxicity of a nanoparticle depends upon its nature and type of cell lines.38,39 Based on our results, it might be concluded that the desired antibacterial activity can be obtained by applying nanoparticles in a concentration less than the IC50 value as determined in the cell line study.
[bookmark: _Hlk126061370]Acute Dermal Irritation Test
To conduct dermal irritation tests, we applied varying concentrations of SUR-AgNPs to the skin of healthy rabbits. As a positive control 4% SLS was used with no particles. Figure 5 shows digital photographs demonstrating that the application of SUR-AgNPs do not cause any irritation. According to the indexing values each concentration was scored as “0” DII (dermal irritation index), indicating the non-irritant nature of SUR-AgNPs (Figure S2A). On the other hand, the application of SLS (positive control) showed skin irritation symptoms (erythema and edema) after one hour of the removal of the patches. At longer times, the positive control showed a gradual increase in edema as well as in erythema (Figure S2B). After 48 h, no further increase was observed in edema while erythema remained persistent for 72 h (Figure 5A). The overall dermal irritation index was found to be 4.25, which can be considered as a moderate irritant. The severity of skin irritation and persistence depends upon the nature of irritant applied as well as on the time of exposure. For dermal application, biogenic ligands are mostly preferred due to their non-toxic, biocompatible, and non-irritant nature.40 Some studies have reported biosurfactant as skincare ingredients in cosmetics.41,42 The non-irritant nature even at higher doses (3 mg/mL) of SUR-AgNPs might be due to the presence of the surfactin coating. However, some materials may cause internal tissue injuries, so in that case tissue microscopic examination is highly recommended. No histopathological changes were observed in SUR-AgNPs treated samples (Figure 5B). The photographs of SUR-AgNPs samples showed no physiological changes (epidermis, intact keratin, dermis, and hair follicles etc).  On the other hand, the positive control samples showed pathological alteration; detached keratin (DK), subepithelial split (SES) and dermal edema (DE). Based on visual observation and microscopic analysis, it can be suggested that SUR-AgNPs are non-irritant and cause no skin irritation at the recommended doses.  The concentrations applied on rabbits’ skin are very high (1000, 2000 and 3000 µg/mL) as compared to the MIC (20 µg/mL) and MBC (40 µg/mL; determined for antibacterial assay) as well as IC50 (57.178 µg/mL) calculated in the in vitro cytotoxicity experiment. Therefore, it could be proposed as an antimicrobial agent in wound dressing materials against drug resistant P. aeruginosa that cause skin infections.
[image: ]
Figure 5. (A) Digital photographs of rabbit’ skin after 0, 24, 48 and 72 hours post exposure to different concentration of SUR-AgNPs and SLS (4%). Images (A1-A5) at 1 mg/mL, (A6-A10) at 2 mg/mL and (A11-A15) at 3 mg/mL concentration of SUR-AgNPs shows no irritation sign and symptoms after 72 hours. Positive control (A16-A20) shows irritation symptoms, and the severity increases with the passage of time. (B) The representative histological slides of the rabbit’s skin after the applications of SUR-NPs and SLS (4%). For microscopy Haematoxylin & Eosin stained, 5 µm thick section of rabbit skin, treated with 1, 2 and 3 mg/mL SUR-AgNPs and SLS (4%). Images (Bi-iii) showing normal skin architecture (E: Epidermis, HF: hair follicles) with no pathological changes.at all the tested concentrations of SUR-AgNPs. Slide (B-iv) is positive control (SLS) showing pathological changes (DK: detached keratin, DE: dermal edema, SES: subepidermal splits). Photomicrograph taken at 40X.
Conclusion
In summary, surfactin-coated silver nanoparticles are synthesized and assessed as antimicrobial and antibiofilm agents against the antibiotic resistant P. aeruginosa bacteria for the first time. The newly synthesized SUR-AgNPs had an average particle size of about 18 nm and a highly negative zeta potential that ensured their excellent colloidal stability. SUR-AgNPs showed enhanced antibacterial and anti-adherent activity and increased antibiofilm activity when compared to the free surfactin.  The IC50 value determined for Huh-7.0 cell lines was greater than the MIC and MBC, suggesting that they could be suitable as a treatment against P. aeruginosa bacteria. Due to its non-irritating skin nature and no pathological alteration, the SUR-AgNPs could potentially be exploited for external dermal applications against a broader range of skin infections.
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