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Introduction: Ointments are generally used as a therapeutic agent for topical 
medication or transdermal drug delivery, such as wound healing and skin lesions. 

Methods: In this study, Tridax procumbens plant extract (0.7 g/mL) was used to 
prepare herbal-infused oil as the oil phase and gelatin-stabilized silver nanoparticle 
(G-AgNPs) (0.3 g/mL) as the aqueous phase. To blend the oil and aqueous phases, 
rhamnolipid biosurfactant with a critical micelle concentration of 55 mg/L from 
strain Pseudomonas aeruginosa PP4 has been used for herb ointment preparation. 
The average size of the synthesized G-AgNPs was observed between 10–30 nm and 
confirmed as spherical-shaped particles by TEM analysis. Subsequently, GC–MS and 
FTIR characterization are used to confirm herb ointment’s chemical and functional 
characteristics. 

Results: Based on the antibacterial studies, the highest microbial growth inhibition 
was observed for herb ointment, about 19.5  mm for the pathogen Staphylococcus 
aureus at the concentration of 100  μg/mL, whereas 15.5  mm was obtained for 
Escherichia coli, respectively. In addition, the minimum inhibitory concentration 
(MIC) assay showed negligible bacterial growth at 100  μg/mL for S. aureus and 
E. coli, respectively. Moreover, the cell viability assay for herb ointment exhibited 
low cytotoxic activity at higher concentrations (100  μg/mL) in Vero cell lines. In 
this study, wound scratch assay showed a significant cell migration rate (90  ±  2%) 
in 3  days of incubation than the control (62  ±  2%).

Discussion: As a result, the biosurfactant-based nano-topical herb ointment revealed a 
low cytotoxic and higher cell migration capacity. Altogether, these findings highlighted 
the utility of this herb ointment in therapeutic applications such as wound healing.
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Introduction

The interruption of the cellular and anatomical continuity of the 
tissues that may result from physical, chemical, microbiological, and 
immunological harm is known as a wound (Rawat et al., 2012; Rajesh 
et al., 2020). Wound healing involves many biochemical events to 
repair and restore the damaged tissues through antioxidant defenses, 
epithelization, and remodeling phases (Cano Sanchez et al., 2018; 
Masson-Meyers et al., 2020). Several treatment options, including 
nonsteroidal, analgesics, commercial antibiotics, and anti-
inflammatory drugs, are available for wound healing, but many of 
these therapies lead to undesirable side effects (Shenoy et al., 2011; 
Artym and Zimecki, 2023).

Ointments are semisolid and externally applied for skin treatments 
like burning, wounds, etc. (Thalkari et al., 2020; Laurent et al., 2023). 
Many commercial antibiotic ointments are used for dry and moist 
epidermal wounds on the skin; however, they can delay the healing 
process due to forming excessive bacterial growth on the burned/
damaged skin layer (Kirsner and Eaglstein, 1993; Krysiak and 
Stachewicz, 2023). In addition, it may limit the usage of topical 
antibiotic ointments by causing an allergic reaction. Neomycin, 
Bacitracin, and Polymyxin are the topical antibiotic ointments used 
for wound healing treatments. Nevertheless, Neomycin and Bacitracin 
are the most severe allergic-causing antibiotic ointments identified by 
the North American Dermatitis researcher’s group (Prystowsky et al., 
1979; Jennifer Ragi et al., 2011). In general, ointments are greasy or 
oily in consist of water in oil (W/O) emulsion (Agrawal et al., 2010; 
Chauhan and Gupta, 2020).

Tridax procumbens is an herbal plant from the Asteraceae family 
(Dattaray, 2022). The chemical compounds in the T. procumbens are 
flavonoid procumbenetin, sterols, polysaccharides, pentacyclic 
triterpenes, alkyl esters, and fatty acids (Gubbiveeranna and Nagaraju, 
2016; Bhagat and Kondawar, 2019). The T. procumbens is also enriched 
with minerals such as sodium, zinc, copper, manganese, iron, and 
some other trace elements such as phosphorous, calcium, potassium, 
and magnesium (Oguntibeju, 2019). Several studies have reported that 
T. procumbens have been widely used in traditional medicine due to 
their antibacterial, antifungal, and anti-inflammatory activities. 
Besides, it has topical dermal wound healing properties against 
pathogens on the wound site (Kubendiran et  al., 2021; Baile and 
Parmar, 2023).

Gelatin-stabilized silver nanoparticles (G-AgNPs) were used in 
this study as an aqueous phase to prepare nano-based herbal 
ointment. G-AgNPs generally have better antimicrobial properties 
against clinical pathogens (Chen et al., 2021; Singh and Mijakovic, 
2022). Gelatin is one of the natural proteins which is used to prepare 
ointment and make cosmetics, capsules, and mainly for food 
processing (Abdullah et  al., 2018; Khanh et al., 2019). In the 
literature, several studies revealed that silver nanoparticle (AgNPs) 
harms human cells because of their small particle size and can easily 
penetrate human tissues (Bagal-Kestwal et al., 2019). To avoid these 
problems, AgNPs have been prepared using gelatin as a stabilization 
agent, which could prevent direct contact with human cells and 
reduce the cytotoxicity level. An emulsifier was used as an additional 
compound to mix the immiscible solutions of two phases. Many 
ointments are available commercially, such as alkylphenol 
ethoxylates, lignin sulfonates, synthetic surfactants like sodium 
dodecyl sulfate (SDS), and others; however, the ionic charge of the 

used chemical surfactants could induce the cytotoxicity level in 
human cells (Tortella et  al., 2020). To overcome these issues, 
biosurfactant was used as an emulsifier in this formulation. Generally, 
biosurfactants are low-toxic, eco-friendly, and readily biodegradable 
(Parthipan et al., 2021; Inès et al., 2023). Typically, biosurfactants are 
amphiphilic molecules with properties such as hydrophilic moiety, 
which comprises acids, peptides, and polysaccharides, whereas 
hydrophobic moiety includes saturated or unsaturated hydrocarbons 
and fatty acids. These structures give many functional properties to 
the biosurfactant, mainly capable of reducing the surface tension 
between liquid phases like water-in-oil or oil-in-water emulsion 
(Gautam and Tyagi, 2006; Jahan et al., 2020). Thus, A biosurfactant 
produced by P. aeruginosa was used as an efficient bio-emulsifier for 
the formulation of herb-oriented ointments.

Many traditional approaches deliver herb-oriented ointments, 
creams, gels, and lotions for several skin treatments (Chopra et al., 
2023). However, these herb preparations showed poor penetration and 
limited bioavailability due to low hydrophobic and hydrophilic 
capacity, restricting their effectiveness (Sogut et al., 2021). On the 
other hand, nano-based approaches show significant results in wound 
management by enhancing transdermal penetration over traditional 
techniques (Barroso et al., 2020; Litany and Praseetha, 2022). This 
study used T. procumbens plant and G-AgNPs to prepare nano-based 
herb ointment due to their higher antimicrobial and wound healing 
properties. The rhamnolipid biosurfactant was used as emulsifying 
agent due to their better surface tension activity. This study aimed to 
explore the effectiveness of prepared biosurfactant-based nano-herbal 
ointment for the wound healing process. For the preparation of herb 
ointment, the herb-infused oil was designed as the oil phase using 
plant extract from T. procumbens and G-AgNPs as the aqueous phase. 
Further, their cytotoxicity and antibacterial activity have been 
performed against pathogenic bacterial strains.

Materials and methods

Chemicals and cell lines

The chemicals such as silver nitrate, gelatin, and Bushnell Haas 
Broth were obtained from Hi-media (Mumbai, India) and used as 
received. Dichloromethane, ethyl acetate, MTT [3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide], fetal 
bovine serum (FBS), dulbecco’s modified eagle medium (DMEM), 
streptomycin, penicillin and dimethyl sulfoxide (DMSO) were 
purchased from Sigma Aldrich. Vero cell line (African green monkey 
kidney normal cell line) was obtained from National Center for Cell 
Sciences (NCCS), Pune, India. The crude oil sample was collected 
from India’s Oil and natural gas corporation (ONGC) in Karaikal, 
India (Parthipan et al., 2017).

Preparation of bacterial strain

The strain P. aeruginosa PP4 used in this study was isolated from 
oil-contaminated soil collected from the automobile industry at 
Sipcot, Vellore, Tamil Nadu, India. The NCBI number MZ855276 was 
received as the accession number for this strain. This strain was 
retrieved from glycerol stock stored at −20°C, and the purity of the 
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strain was checked using the LB agar plate and subcultured using LB 
broth for further studies.

Production and extraction of crude 
biosurfactant

The biosurfactant was produced from P. aeruginosa PP4, and the 
extraction procedure was followed as per our earlier publication 
(Muthukumar et al., 2022). In brief, the screening of biosurfactant 
production experiment was performed in a 500 mL Erlenmeyer flask 
containing 300 mL of sterile MSM (pH 7.0) supplement with filter 
sterilized crude oil (2%) as carbon and energy source. Further, 
bacterial culture (3%) was inoculated in the prepared growth medium 
and kept in a shaking incubator at 37°C for 7 days at 150 rpm under 
aerobic conditions. After 7 days of incubation, the medium was 
withdrawn from the flask and centrifuged at 10000 rpm to collect the 
cell-free supernatant and filtered using 0.2 μm filter paper to ensure 
the removal of complete bacterial cells. Then pH of the collected 
supernatant was adjusted to 2.0 using HCl (6 N) and kept at 4°C for 
overnight. The precipitated contents were centrifuged at 8000 rpm for 
10 min to collect the crude biosurfactant. An equal volume of ethyl 
acetate was added into the collected supernatant in a separating 
funnel, mixed vigorously, and placed for phase separation for about 
2 h without disruption. Subsequently, the biosurfactant was collected 
carefully from the organic layer, and extracted crude biosurfactant was 
dried using a vacuum oven. Then the obtained crude biosurfactant 
was further used as a bio-emulsifying agent for ointment preparation.

Characterization of crude biosurfactant

The collected crude biosurfactant was characterized by thin-layer 
chromatography (TLC), and the detailed procedure was followed, as 
mentioned earlier (Wittgens et  al., 2011; Parthipan et  al., 2018). 
Briefly, the obtained biosurfactant was dissolved with 10 μL ethanol 
and spotted on a silica gel aluminium plate using the solvent system 
chloroform: methanol: acetic acid (65,15:2). The commercially 
obtained rhamnolipid sample solution (Sigma-Aldrich, India) (1 mg/
mL) was used as standard. After this, the TLC plate was covered using 
60% of H2SO4 (8.2 mL) in 42 mL of distilled water and orcinol (0.15 g) 
for stained the developed zones.

The obtained biosurfactant was further characterized by GCMS 
analysis and identified different chemical compounds. To confirm the 
functional constituents, it was subjected to FTIR analysis. The detailed 
procedures of GCMS and FTIR were followed as described by 
Parthipan et al. (2017).

Collection and preparation of oil base from 
Tridax procumbens

The fresh T. procumbens plant leaves were collected from the 
Serkkadu village, Vellore, Tamil Nadu, India (13.02960° S, 79.21102° 
W). The collected leaves were washed with running tap water followed 
by double-deionized water to remove the dust particles and other 
waste debris. Then, the washed leaves were shade dried for three days, 
then in a hot air oven for 6 h at 50°C. After this, leaves were crushed 

as a powder using mortar and pestle. After that, obtained crude leaves 
extract of the powder (10 g) of T. procumbens was soaked with 100 mL 
of olive oil in a clean glass container and placed under sunlight for a 
week. The container was kept in a hot-air oven at 40°C at night to 
allow constant and gentle heat. After that, the oil was filtered with 
Whatman No.1 filter paper, and then the plant particles were removed 
using a 0.2 μm syringe filter (Kubendiran et al., 2021). Finally, obtained 
oil phase was used as herb-infused oil for herb ointment preparation. 
The obtained herb-infused oil (100 μL) was mixed with 2 mL of 
dichloromethane (DCM) for GCMS analysis. The prepared herb-
infused oil was subjected to FTIR analysis to confirm the functional 
groups in the oil phase.

Preparation of aqueous base

To prepare the aqueous phase, 0.01 g of gelatin was dissolved in 
double deionized water (10 mL) followed by 0.06 g of AgNO3 was 
added and mixed well; then, the solution was kept in the autoclave for 
30 min at 121°C under 15 psi pressure. The formation of a clear yellow 
color solution was confirmed by the formation of G-AgNPs (Lavanya 
et al., 2020; Kubendiran et al., 2021). Further, this solution was used 
as an aqueous phase for the preparation of herb ointment. The 
prepared G-AgNPs particle size was characterized by using a UV–
visible spectrophotometer (Model: Shimadzu UV-1800), and dynamic 
light scattering (DLS) was used for the confirmation of particle size 
using the Zeta Sizer-SZ 100 nano series, Horiba, Japan. Further, High-
Resolution Transmission Electron Microscopy (HRTEM) (JEOL, 
Japan, JEM-2100 plus) has been used to measure synthesized 
nanoparticles’ size, shape, and appearance. In addition, EDAX analysis 
was used to confirm the elements present in the G-AgNPs.

Preparation of ointment

To prepare the ointment, oil phase, aqueous phase, and 
biosurfactant as emulsifiers were used. Firstly, 30 and 70% of water in 
oil emulsion (W/O) was formulated as described by Kubendiran et al. 
(2021). In brief, 0.7 g/mL of herb-infused oil was heated at 80°C for 
5 min using a double boiler. The biosurfactant with a critical micelle 
concentration of 55 mg/L (with a surface tension of 42 ± 0.81 m/Nm) 
was added into the mild heated herb oil and stirred both solution 
mixtures slowly until dissolved. Simultaneously, 0.3 g/mL of colloidal 
silver (G-AgNPs) was heated at 80°C in a water bath. Then, the heated 
aqueous phase (G-AgNPs) was added to the oil phase and 
biosurfactant mixture. Then, the homogenous ointment mixture is 
obtained by constant stirring (Ferreira et  al., 2017). Finally, the 
ointment was sealed with a sterile, airtight glass container for further 
experiments. The functional groups of ointment were confirmed by 
using FTIR.

Antibacterial activity

The pure bacterial cultures namely, Escherichia coli (MTCC 1687) 
and Staphylococcus aureus (MTCC 737) were used for the antibacterial 
studies, which were obtained from the Institute of Microbial 
Technology (IMTECH), Chandigarh, India. Both bacterial strains 
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were maintained using nutrient broth at 37°C (pH 7.5), and 
antibacterial activity was carried out in the presence of prepared 
infused herb oil, G-AgNPs, and herb ointment. The freshly prepared 
bacterial cultures were uniformly spread on the solidified Muller 
Hinton agar plates. Then, the well was carefully cut utilizing the cork 
borer, and finally, different concentrations (20–100 μg/mL) of herb-
infused oil, G-AgNPs, and herb ointment were added. The plates were 
incubated for 24 h at 37°C for inhibition zone formation. Deionized 
water was monitored parallelly as a control. After 24 h of incubation, 
the zone formation was measured in mm (Hungund et al., 2015).

Minimum inhibitory concentration

MIC test was carried out in test tubes. The freshly prepared 
bacterial cultures (E. coli 6.74× 107 cell/mL and S. aureus – 6.98× 107 
cell/mL) were inoculated (10 μL) in each test tube containing 10 mL of 
nutrient broth and followed by the addition of different concentrations 
(20–100 μg/mL) of prepared ointment. A test tube containing nutrient 
broth without adding bacterial inoculum was maintained parallelly as 
a control. All the test tubes were incubated for 24 h at 37°C (250 rpm) 
in a shaking incubator. After 24 h of incubation, the least concentration 
of ointment showing no visible bacterial growth in the test tube was 
observed as MIC. The bacterial growth reduction was confirmed by a 
spectrophotometer at OD600nm using Shimadzu UV-1800 UV (Krishnan 
et al., 2015; Kubendiran et al., 2021).

Minimum bactericidal concentration

To observe the minimum bactericidal concentration (MBC) of 
two bacterial strains, the bacterial culture from each MIC test tube 
containing different concentrations (20–100 μg/mL) of ointment was 
streaked over the freshly prepared nutrient agar plates. Then all plates 
were incubated for 24 h at 37°C. After 24 h of incubation, no visible 
sign of growth was observed for the concentration was found to 
be MBC (Parvekar et al., 2020).

Cytotoxic activity

Cell culture maintenance

The obtained cells (Vero cell lines- African green monkey kidney 
normal cell line) were maintained by using Dulbecco’s modified eagle 
medium (DMEM) supplemented with 100 U/mL of penicillin, 100 μg/
mL of streptomycin and 10% (v/v) heat-inactivated fetal bovine serum 
(FBS) in the logarithmic growth phase. Further, the cells were carefully 
maintained in the air-humidified incubator with a 5% CO2 atmosphere 
at 37°C (Tanaka et al., 1981; Castañeda et al., 2012).

Cytotoxicity assay

The cytotoxicity test of the prepared herb ointment was examined 
against Vero cell lines by using MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 
5-diphenyltetrazolium bromide) assay as mentioned earlier (Mossman 
et al., 1983; Sumer et al., 2013; Srivastava et al., 2016). In brief, the cells 

were seeded carefully in the 96-well microplates (1 × 107 cells/well), 
incubated in a CO2 incubator (5% CO2 atmosphere) for 48 h at 37°C, 
and allowed to grow about 70–80% confluence. After that, cells were 
treated with different concentrations like 20, 40, 60, 80, and 100 μg/
mL of the sample and incubated for 24 h. After 24 h, the morphological 
changes were observed for both untreated (control) and treated cells 
using a digital inverted microscope (Magnus INVI, Noida) with 20X 
magnification and photographed the cells. Then the cells were washed 
using 20 μL of (MTT) solution (5 mg/mL in PBS) and phosphate-
buffer saline (PBS- pH 7.4) and added into each well. Finally, plates 
were placed in the dark for 2 h at 37°C. Then the formazan crystals 
were further dissolved by adding 100 μL of DMSO solution, and the 
absorbance range was read spectrometrically using a multimode 
reader (Tecan, Austria) at 570 nm. The cell viability percentage (%) 
was calculated using the formula.

Wound scratch assay

The wound healing assay was carried out as mentioned (Liang 
et al., 2007). This assay analyzed the prepared herb ointment against 
the Vero cell line. The 8 × 105 cells/well were seeded in the 6-well tissue 
culture plates, and the middle confluence reached about 90% in the 
culture conditions. Then, the wound scratch was made using P10 tips, 
and the cell debris was removed carefully by washing twice with a 
fresh medium. Then, the created wound was exposed to 100 μL of 
prepared herb ointment, and the untreated cell was used as positive 
control parallelly. After, the plates were incubated for 72 h at 37°C with 
5% of CO2 atmosphere. Then, the closure of the wound scratch and 
cell migration on the gap was observed using an inverted microscope 
(20X magnification), and the clear images were taken at 24 h intervals.

Statistical analysis

All the tests were performed in triplicate times, and standard 
deviation values were provided for all the applicable tables and figures 
as ± SD. The variance was determined using ANOVA to appraise the 
p value. Graphpad Prism software was used to perform the statistical 
analysis, and Dunnett’s test determined the significant difference, and 
the values were considered when p < 0.05.

Results and discussion

Production and characterization of crude 
biosurfactant

The strain P. aeruginosa PP4 was used for biosurfactant 
production. As detailed in our earlier report, various biosurfactant 
screening methods confirmed this strain’s biosurfactant production 
ability (Muthukumar et al., 2022). The term “rhamnolipid” often refers 
to a kind of glycolipid biosurfactant that is generated from the 
Pseudomonas species (Abdel-Mawgoud et al., 2010; Khademolhosseini 
et al., 2019). Due to their non-toxicity, eco-friendly, and excellent 
surface and biological activities, this was widely applied for many 
sectors like environmental clean-up, food processing, cosmetics, 
pharmaceutical, and biomedicines (Gayathiri et  al., 2022). Thus, 
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we have chosen P. aeruginosa strain for therapeutic applications such 
as wound healing.

About 4.7 mg/L of crude biosurfactant was extracted after seven 
days of incubation and used as active surface molecules for further 
experiments. According to previous studies, (Parthipan et al., 2017), 
glycolipid biosurfactant contains a hydrophilic group of carbohydrates 
like glucose, rhamnose, mannose, sophorose, galactose, and 
hydrophobic chain of the fatty acid tail. Especially, rhamnolipid 
biosurfactant is one of the efficient biomolecules against 
microorganisms like bacteria, fungi, viruses, and mycoplasma because 
it plays a potential role in molecular mechanisms such as destabilizing 
the biological membranes through the generation of pores and ion 
channels (Thakur et  al., 2020; Saikia et  al., 2021). Moreover, the 
rhamnolipid biosurfactant could activate/inhibit some biological 
processes by modulating the various enzymes (Orive-Milla et  al., 
2020; Thakur et al., 2021). Besides, rhamnolipid biosurfactants have a 
remarkable ability to clear the interfacial tension between the liquid/
liquid and solid/liquid phases and are applied in many biomedical 
applications like antitumor agents against human breast cancer cells, 
antimicrobial, antibiofilm activities and act as immunomodulators 
(Haeri et al., 2017; Mishra et al., 2021). As mentioned earlier, several 
studies have strongly determined that the biosurfactant produced by 
P. aeruginosa belongs to the rhamnolipids category, which contains a 
rhamnose-based head group and fatty acid tail group (Déziel 
et al., 1996).

The extracted crude biosurfactant was characterized by thin-layer 
chromatography (TLC), and the image is shown in 
Supplementary Figure S1 (Supplementary information). From this 
image, the developed spots of the produced biosurfactant from 
P. aeruginosa PP4 and the migration speed in lane 2 were almost 
similar with retention factor (Rf  - 0.78) when compared to used 
standard rhamnolipid in lane 1, which indicates that the biosurfactant 

produced from P. aeruginosa PP4 is rhamnolipid in nature. Similar 
results were reported by Schenk et al. (1995) and Parthipan et al. 
(2018) that the Rf values of used biosurfactant were observed at about 
0.74 and 0.73, respectively which confirmed the presence of 
rhamnolipid biosurfactant. Bhat et al. (2015) also reported that the 
retention factor (Rf) value of 0.73 was obtained and confirmed the 
presence of biosurfactant produced by the strain P. aeruginosa Pa24 
was rhamnolipid.

The FTIR spectra of extracted biosurfactant are shown in Figure 1. 
As shown in Figure  1, the peak around 3,439 cm−1 indicates the 
presence of a-OH bond (Hydroxyl group). Absorption around 2,925 
and 2,855 cm−1 confirmed the presence of the CH3 bond (methyl 
group) of aliphatic chains. The peaks around 1739 and 1,638 cm−1 
represent the presence of carbonyl groups (-C=O). The band region at 
1385 cm−1 corresponds to the COO- (antisymmetric stretching), and 
the C-H bending of-CH2 and CH3 groups was confirmed. The band 
around 1,079 cm−1 indicates the presence of carbohydrate compounds 
in the cyclic structure of the-COC- group. It reveals the presence of 
bonds between the carbon and hydroxyl groups in the chemical form 
of rhamnose rings. As reported by Bondarenko et  al. (2010) and 
Jadhav et al. (2011), the results of FTIR profiles strongly confirmed 
that P. aeruginosa derived biosurfactant is the rhamnolipid. As a result, 
FTIR analysis confirmed that the isolated P. aeruginosa PP4 produced 
a glycolipid family of rhamnolipid biosurfactants.

GCMS analysis was performed for extracted crude biosurfactants 
to identify the compounds in the biosurfactant. The GCMS 
chromatogram of the biosurfactant is shown in Figure  2. Various 
chemical compounds were identified that present in the produced 
biosurfactant at a different retention time of 13.51, 15.26, 16.84, 18.34, 
18.71, and 19.45 from the standard library components as dodecanoic 
acid, dibutyl phthalate, hexadecenoic acid, 3-hydroxypropyl palmitate, 
phthalic acid and androst-7-ene,6,17-dione, respectively. Rath et al. 

FIGURE 1

FTIR spectrum of extracted crude biosurfactant from Pseudomonas aeruginosa PP4.
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(2016) reported the presence of dodecanoic acid and hexadecenoic acid 
in the rhamnolipid biosurfactant produced by P. aeruginosa. According 
to Rath et al. (2016), a similar result was obtained in this study, indicating 
that biosurfactant derived from P. aeruginosa was rhamnolipid in nature.

Preparation and characterization of 
ointment

The synthesis of G-AgNPs and preparation of herb ointment was 
shown in Scheme 1A,B. For the preparation of ointment, a higher 
quantity of oil phase was prepared over the aqueous phase to attain a 
waterproof nature and greasy level on the wound. Generally, 
biosurfactants produced by Pseudomonas species are used as an 
effective emulsifier than other synthetic surfactants (Ferreira et al., 
2017; Kubendiran et al., 2021). Mostly used essential oil for clinical 
assays like wound healing, and the derived quantity of oil was less 
(Cimino et al., 2021). To overcome this issue and improve essential 
oil’s potential activity, herbal macerate procedures have been used to 
prepare the oil. In this study, T. procumbens plant leaves were soaked 
with olive oil for one week under sunlight. The extract of this plant 
leaves is effectively used for treating wound infections and showed 
efficient cytotoxic activity against tumor cells (Lavanya et al., 2020; 
Telange et al., 2022). According to previous studies, olive oil has higher 
emulsion activity, but soluble compounds like resins and essential oil 
can be dissolved when mild heat is applied (Wynn and Fougère, 2007).

The FTIR spectra analysis of herb-infused oil is shown in Figure 3. 
Five major peaks were obtained from this spectrum, revealing the 
presence of different compounds in the herb-infused oil. The 
absorption peak at 2920 cm−1 indicates the-CH3 methyl group present 
in the infused oil. The band region around 1757 cm−1 corresponds to 
(-C=O) carbonyl stretching. The band at 1458 cm−1 confirmed the 
-C-H bending of the methylene group in the sample. The absorption 

peak around 1,160 cm−1 represents the C-O group of aliphatic ether. 
The presence of methyl group was confirmed by the peak region 
obtained at 726 cm−1. As a result, FTIR analysis confirmed that herb-
infused oil contains different functional groups.

The UV–vis spectroscopy was used to confirm the absorbance 
level of the G-AgNPs. Figure 4 shows the optical absorbance of freshly 
prepared G-AgNPs solution. The formation of AgNPs is demonstrated 
by the appearance of absorption peaks between 420–450 nm. Similar 
absorption peaks were obtained for AgNPs near 430 nm reported by 
Aravinthan et al. (2015). Thus, this result confirmed the heating of the 
silver nitrate solution with gelatin at autoclaving temperature leading 
to the reduction of G-AgNPs at the nanoscale.

Transmission electron microscopy (TEM) indicates the size and 
morphology of the synthesized G-AgNPs, as shown in Figure  5. 
Different scales of magnifications were presented in Figures 5A,B. From 
these images, it was apparent that the nanomaterials were uniform in 
size and shape and obtained without agglomeration. Spherical-shaped 
nanoparticles with 10–30 nm in the ranges were obtained. Further, the 
clear lattice fringes were observed with the solid crystalline structure 
(Figure 5C). In the end, a selective area electron diffraction (SAED) 
pattern was observed, which was obtained according to the XRD 
diffraction pattern. The obtained nanoparticles were extremely 
nanoscale compared to previous reports (Aravinthan et al., 2015).

The size distribution and zeta potential of the G-AgNPs were 
determined by Dynamic Light Scattering Analysis (DLS), and obtained 
graphs were provided in Figure 6A,B. The particle size distribution 
indicates that G-AgNPs were monodispersed in nature, with an average 
diameter of ~120 nm. This range was not in accordance with the TEM 
results where particle size was observed between 20–30 nm, which 
might be due to the particle agglomeration effects in the solution phase. 
The mean polydispersity index (PdI) value of G-AgNPs was smaller 
than 0.4, indicating that G-AgNPs were distributed in monodisperse. 
The stability of G-AgNPs expressed through zeta potential with 

FIGURE 2

GCMS analysis of extracted crude biosurfactant from Pseudomonas aeruginosa PP4.
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−0.4 mV. The negative potential value supports the high dispersity, 
good colloidal nature, and long-term stability of G-AgNPs.

EDAX analysis has been recorded to confirm the presence of 
elements and to confirm the impurities during the synthesis process. 
The obtained spectrum is provided in Supplementary Figure S2 

(Supplementary information). Some elements identified in the 
G-AgNPs by EDAX are carbon, aluminum, and silver, with a weight 
percentage of 3.03, 2.54, and 94.43, respectively. The presence of 
aluminum in this nanoparticle was due to the prepared nanoparticles 
being coated over the aluminum foil to observe under the FESEM 
field. Hence this can be  excluded from the elemental list in the 
prepared nanoparticles. Apart from this, high purity of the G-AgNPs 
was obtained without any impurities.

Typically, AgNPs play a vital role in antimicrobial activities, and 
colloidal silver was applied as a preservative agent in cosmetics (Sim 
et al., 2018). Several studies reported that AgNPs have been used in 
various biomedical assays, especially for bacterial infections, due to their 
effective antibacterial potential (Ahmad et al., 2020; Faisal et al., 2023). 
Silver’s colloidal formation efficiently acts as a preservative agent to 
develop shelf-life products (Liao et al., 2019; He et al., 2021). According 
to Lavanya et al. (2020), the gelatin compound stabilizes and reduces 

FIGURE 4

UV–Vis spectra of synthesized Gelatin stabilized silver nanoparticle 
(G-AgNPs).

SCHEME 1

(A) Preparation of G-AgNPs; (B) Preparation of herb ointment using herb-infused oil from Tridax procumbens and biosurfactant.

FIGURE 3

FTIR spectrum of prepared herbal infused oil from Tridax 
procumbens.
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agents under temperature and pressure. In general, gelatin B polymer 
has a better surface negative charge coated with positive ions of AgNPs, 
and it becomes a better biocompatible agent in therapeutic applications 
(Van Vlierberghe et al., 2014). Thus, 4 mL of 0.2% colloidal G-AgNPs 
was used as an aqueous phase for the preparation of herb ointment.

In this study, the crude biosurfactant extracted from P. aeruginosa 
was used as an efficient emulsifier to reduce the blend between the oil 
and aqueous phases of the solution. Biosurfactants have better 
emulsifying capability depending on the value of Hydrophilic–
Lipophilic balance (HLB) (Vecino et al., 2015). In addition, extracted 
glycolipid biosurfactants have excellent emulsification; therefore, it 
mainly considered for biomedical applications like dermatology.

GCMS analysis of herb-infused oil

The GCMS analysis evaluated the different peaks to identify the 
various compounds in the herb-infused oil, as illustrated in Figure 7. 
According to Figure 7, the other chemical compounds were identified, 
such as Ethane fluoro, Crinamidine, Octadecanoic acid, and Uracil, at 
the retention time of 1.33, 3.19, 6.57, and 14.97, respectively. 
Octadecanoic acid is most copious and present in the essential oil of 
plants like Cynomorium songaricum (Moussa and Almaghrabi, 2016). 

In general, octadecanoic acid is a common fatty acid used in food 
processing and cosmetics (Chen et al., 2019).

Antimicrobial activity

The prepared herb-infused oil, G-AgNPs, and herb ointment were 
examined for antimicrobial activities against two test organisms, E. coli, 
and S. aureus, with different concentrations (20–100 μg/mL) using 
Muller Hinton agar. The maximum inhibition of zone diameter was 
measured after the overnight incubation period. All experiments of 
antimicrobial activity results are shown in Figures 8A,B. This image 
shows herb ointment has the highest antibacterial activity compared to 
herb-infused oil and G-AgNPs. It shows the highest zone formation of 
19.5 mm in the 100 μg/mL concentration against S. aureus, whereas 
15.5 mm against E. coli. This could be possible by the effectiveness of 
potential secondary metabolites and G-AgNPs in the prepared herb 
ointment. The rhamnolipid biosurfactant molecule in the herb ointment 
also plays a better role in the antibacterial mechanism. This rhamnolipid 
biosurfactant causes cell disruption between the cell’s outer membrane 
and cytoskeletal elements by inserting the shorter acyl tails, lifting the 
membrane from the cytoplasmic constituents. Finally, it prevents 
bacterial activities by allowing toxic compounds (Bharali et al., 2013).

FIGURE 5

HR-TEM images of silver nanoparticles: (A) and (B) G-AgNPs at different magnifications; (C) High-resolution image of silver nanoparticles with clear 
lattice fringes shows (111) crystallographic planes; (D) SAED pattern of G-AgNPs with crystalline structure.
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Similarly, infused oil shows the least inhibition of antibacterial 
activity at both pathogens compared to G-AgNPs and herb ointment 
at all concentrations. G-AgNPs showed better antibacterial activity 
over infused oil but could not achieve the level of herb ointment. The 
higher inhibition for G-AgNPs was 11 mm for S. aureus in 100 μg/mL 
(Figure 8A), whereas for E. coli found to be 9.5 mm (Figure 8B). Thus, 
the differentiation of antibacterial studies was observed clearly for 
infused oil, G-AgNPs, and herbal ointment against two clinical 
pathogens. The maximum zone inhibition area of prepared herb 
ointment from Mangifera indica extract was found to be  about 
11.8 mm for E. coli (El-Gied et al., 2015). As mentioned by Alalor et al. 

(2012), the ointment formulated using methanolic extracts of Cassia 
alata showed no growth reduction for E. coli. Similarly, Majumder and 
Majumder (2013) obtained a maximum inhibition of prepared herbal 
ointment from Peperomia pellucida extract was 12.5 mm for E. coli. 
Many studies reported that the extract of Tridax plant is a traditional 
plant with higher antibacterial properties due to saponins, tannins, 
alkaloids, and flavonoids (Thomas and McCubbin, 2003; Mundada and 
Shivhare, 2010). In a simple study, Christudas et al. (2012) reported 
that T. procumbens has significant antibacterial activity against 
bacterial strains Bacillus faecalis, Bacillus subtilis and E. coli in the 
range of 8–16 mm for the concentrations of 400–800 μg/mL. Similarly, 

FIGURE 6

(A) Dynamic light scattering analysis to determine the particle size and (B) zeta potential analysis of the synthesized G-AgNP.
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TABLE 1 Minimum Inhibitory Concentration (MIC) of herb ointment at 
Staphylococcus aureus and Escherichia coli.

Concentration 
(μg/mL)

Staphylococcus 
aureus

Escherichia 
coli

control – –

20 0.9 ± 0.04 0.8 ± 0.03

40 0.8 ± 0.02 0.6 ± 0.02

60 0.6 ± 0.03 0.5 ± 0.04

80 0.4 ± 0.02 0.3 ± 0.02

100 0.06 ± 0.01 0.02 ± 0.01

the antioxidant, antibacterial, and cytotoxicity activity of leaves extract 
of T. procumbens were confirmed by Syed et al. (2020). In a recent 
study, Sophiaa et al. (2022) combined T. procumbens and Acalypha 
indica and found antibacterial activity against E. coli with 500 μg/
mL. This mixed combination showed cytotoxicity activity against 
human breast cancer cells with the IC50 of 216.45 μg/mL. Compared to 
previously reported studies, our herbal ointment has better 
antibacterial activity against two test organisms, E. coli and S. aureus.

Determination of MIC and MBC

In determining MIC, comparative efficacy of various 
concentrations (20, 40, 60, 80, and 100 μg/mL) of herb ointment were 
used. The results of the MIC study are shown in Table  1. From 

Table 1, 100 μg/mL of herb ointment shows better inhibition of E. coli 
and S. aureus. This result proved no visible growth in this 
concentration in both clinical bacteria. Low concentrations (20 and 
40 μg/mL) of ointment results showed a higher turbidity solution in 
E. coli and S. aureus. Compared to this, only low turbidity solution 
was noted in the 60 and 80 μg/mL concentrations. These results 
revealed that the herb ointment has a better inhibition effect on 
E. coli and S. aureus growth. Several studies have reported that 
inhibition of the antibiotic Bacitracin with the preparation of topical 
ointment showed the MIC range at 256 μg/mL, and Mupirocin at 
256–512 μg/mL against the pathogen S. aureus (Bonomo et al., 2007). 
As mentioned earlier, the concentration was higher than our 
prepared herb ointment to inhibit bacterial growth. In this study, the 
results of MBC always correspond to the MIC value, which 
demonstrates that the concentration of 100 μg/mL of herbal ointment 
killed the growth of two bacterial strains, namely E. coli and S. aureus, 
and confirmed it as bactericidal. As a result, the prepared herbal 
nano-infused ointment showed the more significant activities of MIC 
and MBC against selected pathogens.

Cytotoxicity assay

The cytotoxic activity of herb ointment was tested against Vero 
normal cell line, and a significant difference was noted at different 
concentrations (20, 40, 60, 80, and 100 μg/mL), and the image was 

FIGURE 8

(A) Antibacterial activity of herb-infused oil, G-AgNPs, and herb ointment for Staphylococcus aureus. (B) Antibacterial activity for E. coli. The values are 
represented in ± SD Means (p < 0.05).

FIGURE 7

GCMS analysis of prepared herb-infused oil from Tridax procumbens.
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shown in Figure 9. The absorbance rate and cell viability percentage 
were shown in Table 2. From the table, the cell viability (%) of 
untreated cells (control) was 100%. Compared to untreated cells, a 
slight reduction was observed at different concentrations of herb 
ointment. The cell viability (%) of herb ointment at 20, 40, 60 80 
and 100 μg/mL concentrations were found to be  99 ± 0.4%, 
98 ± 0.5%, 95 ± 0.4%, 94 ± 0.7%, and 92 ± 0.6%, respectively. A slight 
cytotoxicity activity was noticed with increasing the concentration, 

but it was very less activity only. Machana et al. (2011) reported 
that the cytotoxic effect of the Cladogynos orientalis leaves extract 
was observed at about 38.7 ± 10.0 after 24 h treatment on Vero cell 
lines, whereas for Catimbium speciosum plant extract was observed 
at about 19.7 ± 2.5. This result shows that our nano-herb ointment 
has better cytotoxic activity on the Vero cell line. This result 
determined that the prepared herbal ointment could be applied in 
biomedical applications in the future.

FIGURE 9

Digital photographic view of the cytotoxic effect of herb ointment on Vero cell lines at different concentrations.
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FIGURE 10

Photographic images of cell migration rate of herb ointment on wound healing at different time intervals.

Wound scratch assay

The cell migration rate of the herb ointment on the Vero cell line was 
observed using a digital inverted microscope. The images of the wound 
scratch were monitored for control and treated cell line at 0, 24, 48, and 
72 h during the incubation period. The percentage of cell migration was 
calculated in terms of the herb ointment. As shown in Figure  10, 
untreated cells showed only 10 ± 3% of cell migration at 0 h, whereas, in 
a treated cell line, 13 ± 2% of cell migration was obtained. Then 
continuously monitored in the different periods, the percentage of cell 
migration level in untreated cell lines at 24, 48, and 72 h was found to 
be 36 ± 2%, 49 ± 1%, and 62 ± 2%, respectively. Whereas in treated cell 
lines, the percentage of cell migration was found to be 44 ± 3%, 64 ± 1%, 
and 90 ± 2%, respectively. This result demonstrated that the rate of cell 
migration toward the created wound scratch area was accelerated in the 
presence of herb ointment. Moreover, the disappearance of wound areas 
showed the rapid occurrence of cell migration within 72 h (Figure 10). 
This could be influenced by the easy penetration of herb ointment on 

the infected wound site and stimulated the mechanism of inflammation, 
proliferation, and remodeling of the wound healing process. In this 
process, fibroblasts are mainly responsible for synthesizing collagen 
proteins on the wound site and forming the new capillaries by 
granulation (Midwood et al., 2004). Following that, the myofibroblasts 
made the wound contraction, decreased the closure size, and covered 
the edges by contracting mechanism (Gantwerker and Hom, 2012). In 
the epithelization process, new epithelial cells were grown by 
proliferation, covering the wound closure by forming the (Kirsner and 
Eaglstein, 1993; Sperandio et al., 2010). This assay revealed that the 
restoration of the tissues occurred rapidly on the wound site by the 
enhancement of epithelization.

Typically, dodecanoic, hexadecenoic, and octadecanoic acids have 
higher antimicrobial properties (Nitbani et al., 2022). Pu et al. (2010) 
reported that Octadecanoic acid has higher antibacterial properties 
against S. aureus and E. coli pathogens. Thus, the presence of 
dodecanoic acid and hexadecenoic acid in the extracted glycolipid 
biosurfactant and octadecanoic acid, which are present in the 

TABLE 2 Absorbance rate and cell viability percentage of herb ointment.

Concentration (μg/mL) Absorbance Cell Viability %

Control 0.723 ± 0.003 100

20 0.718 ± 0.004 99 ± 0.4

40 0.712 ± 0.005 98 ± 0.5

60 0.694 ± 0.003 95 ± 0.4

80 0.684 ± 0.002 94 ± 0.7

100 0.665 ± 0.002 92 ± 0.6
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herb-infused oil, could play a vital to enhance the cell migration rate 
rapidly on the wound site by inhibiting the bacterial growth due to 
having higher antimicrobial properties. Many studies and clinical trials 
are tried to improve the wound-healing process. Nevertheless, in this 
study, prepared nano-based herbal ointment showed the complete 
re-epithelization of the wound area in 72 h incubation time. The results 
suggested that prepared ointment could be a potential biocompatible 
material and considered a more excellent wound healing agent.

Conclusion

In this study, Herb Ointment (Biosurfactant/Herb infused oil/G-
AgNPs) was prepared and characterized by FTIR and GCMS. GCMS 
results of the herbal-infused oil showed the presence of essential oil 
compounds. The FTIR spectra of biosurfactant showed the absorption 
peaks related to the hydroxyl group, aliphatic moieties, and 
carbohydrate compounds of rhamnose rings which correspond to the 
rhamnolipid biosurfactant. The MIC analysis shows better inhibition 
of E. coli and S. aureus, and the results confirmed the no visible growth 
in both bacteria at 100 μg/mL of herb ointment. Whereas, at low 
concentrations (20 and 40 μg/mL) ointment showed a higher turbid 
solution in both E. coli and S. aureus. Besides, the MBC results indicate 
that the 100 μg/mL concentration of herbal ointment killed both E. coli 
and S. aureus. The cytotoxic activity of herb ointment was studied 
using Vero normal cell line at different concentrations (20–100 μg/
mL). The cytotoxicity assay results suggested that the herb ointment 
could be biocompatible for treating wounds at 100 μg/mL due to its 
better antibacterial properties. This study aims to evaluate the 
effectiveness of prepared nano-based herbal ointment on wound 
healing. The wound scratch assay confirms the cell migration rate of 
about 90 ± 2% in a 72 h incubation period than the control 62 ± 2%. 
This result revealed the complete disappearance of the scratch area 
within three days by the rapid occurrence of cell migration due to the 
herb ointment, which may stimulate epithelization, proliferation, and 
collagen viability around the wound region.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Author contributions

MB: experimental work, field collection, and writing – original 
draft. PE: field collection and writing – review and editing. BM: data 
analysis, manuscript editing, and results and discussion. AS: 
experimental work and field collection. MA: resources, funding 
acquisition, and writing – review and editing. SD: validation, formal 
analysis, and results and discussion. PP: data analysis and analytical 
methods. AR: project administration, supervision, validation, and 
writing – review and editing. TM: validation and data analysis. MN: 
data analysis, manuscript editing, and results and discussion. All 
authors contributed to the article and approved the submitted version.

Acknowledgments

The authors are grateful to the Researchers Supporting Project 
Number (RSP-2021/398), King Saud University, Riyadh, Saudi Arabia.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

PP and AR are guest editors of the submitted research topic.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1225769/
full#supplementary-material

References
Abdel-Mawgoud, A. M., Lépine, F., and Déziel, E. (2010). Rhamnolipids: diversity of 

structures, microbial origins and roles. Appl. Microbiol. Biotechnol. 86, 1323–1336. doi: 
10.1007/s00253-010-2498-2

Abdullah, M. S. P., Noordin, M. I., Ismail, S. I. M., Mustapha, N. M., Jasamai, M., 
Danik, M. F., et al. (2018). Recent advances in the use of animal-sourced gelatine as 
natural polymers for food, cosmetics and pharmaceutical applications. Sains Malaysiana. 
47, 323–336.

Agrawal, S., Mohale, D., and Talele, G. S. (2010). Pharmacological activities of Tridax 
procumbens (Asteraceae). Medicinal Plants-Inter. J. Phytomedicines. Related Industries. 
2, 73–78. doi: 10.5958/j.0975-4261.2.2.012

Ahmad, S. A., Das, S. S., Khatoon, A., Ansari, M. T., Afzal, M., Hasnain, M. S., et al. 
(2020). Bactericidal activity of silver nanoparticles: a mechanistic review. Mater. Sci. 
Energy Technol. 3, 756–769.

Alalor, C. A., Igwilo, C. I., and Azubuike, C. P. (2012). Evaluation of the antibacterial 
activity of herbal ointments formulated with methanolic extract of Cassia alata. Asian 
J. Biomed. Pharm. Sci. 2, 15–19.

Aravinthan, A., Govarthanan, M., Selvam, K., Praburaman, L., Selvankumar, T., 
Balamurugan, R., et al. (2015). Sunroot mediated synthesis and characterization of silver 
nanoparticles and evaluation of its antibacterial and rat splenocyte cytotoxic effects. Int. 
J. Nanomedicine 10:1977. doi: 10.2147/IJN.S79106

Artym, J., and Zimecki, M. (2023). Colostrum and Lactoferrin protect against side 
effects of therapy with antibiotics, anti-inflammatory drugs and steroids, and 
psychophysical stress: a comprehensive review. Biomedicine 11:1015. doi: 10.3390/
biomedicines11041015

Bagal-Kestwal, D. R., Pan, M. H., and Chiang, B. H. (2019). Properties and applications 
of gelatin, pectin, and carrageenan gels. Bio monomers for green polymeric composite 
mater., 117–140.

Baile, S. B., and Parmar, G. R. (2023). A review: Pharmacognostic, phytochemical and 
pharma- cological study of Tridax Procumbens. J. Coastal Life Medicine. 11, 891–901.

Barroso, A., Mestre, H., Ascenso, A., Simões, S., and Reis, C. (2020). Nanomaterials 
in wound healing: from material sciences to wound healing applications. Nano. Select. 
1, 443–460. doi: 10.1002/nano.202000055

https://doi.org/10.3389/fmicb.2023.1225769
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1225769/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1225769/full#supplementary-material
https://doi.org/10.1007/s00253-010-2498-2
https://doi.org/10.5958/j.0975-4261.2.2.012
https://doi.org/10.2147/IJN.S79106
https://doi.org/10.3390/biomedicines11041015
https://doi.org/10.3390/biomedicines11041015
https://doi.org/10.1002/nano.202000055


Muthukumar et al. 10.3389/fmicb.2023.1225769

Frontiers in Microbiology 14 frontiersin.org

Bhagat, V. C., and Kondawar, M. S. (2019). A comprehensive review on phytochemistry 
and pharmacological use of Tridax procumbens Linn. J. Pharmacognosy and 
Phytochemistry. 8, 01–10.

Bharali, P., Saikia, J. P., Ray, A., and Konwar, B. K. (2013). Rhamnolipid (RL) from 
Pseudomonas aeruginosa OBP1: a novel chemotaxis and antibacterial agent. Colloids 
Surf. B: Biointerfaces 103, 502–509. doi: 10.1016/j.colsurfb.2012.10.064

Bhat, R., Dayamani, K. J., Hathwar, S., Hegde, R., and Kush, A. (2015). Exploration on 
production of rhamnolipid biosurfactants using native Pseudomonas aeruginosa strains. 
J. Bio. Sci. Biotechnol. 4, 157–166

Bondarenko, O., Rahman, P. K., Rahman, T. J., Kahru, A., and Ivask, A. (2010). Effects 
of rhamnolipids from Pseudomonas aeruginosa DS10-129 on luminescent bacteria: 
toxicity and modulation of cadmium bioavailability. Microbial. Eco. 59, 588–600. doi: 
10.1007/s00248-009-9626-5

Bonomo, R. A., Van Zile, P. S., Li, Q., Shermock, K. M., McCormick, W. G., and 
Kohut, B. (2007). Topical triple-antibiotic ointment as a novel therapeutic choice in 
wound management and infection prevention: a practical perspective. Expert Rev. Anti-
Infect. Ther. 5, 773–782.

Cano Sanchez, M., Lancel, S., Boulanger, E., and Neviere, R. (2018). Targeting 
oxidative stress and mitochondrial dysfunction in the treatment of impaired wound 
healing: a systematic review. Antioxidants. 7:98. doi: 10.3390/antiox7080098

Castañeda, D. M., Pombo, L. M., Urueña, C. P., Hernandez, J. F., and Fiorentino, S. 
(2012). A gallotannin-rich fraction from Caesalpinia spinosa (Molina) Kuntze displays 
cytotoxic activity and raises sensitivity to doxorubicin in a leukemia cell line. BMC 
complementary. Alternative. Medicine. 12, 1–10.

Chauhan, L., and Gupta, S. (2020). Creams: a review on classification, preparation 
methods, evaluation and its applications. J. Drug. Delivery. Therapeut. 10, 281–289. doi: 
10.22270/jddt.v10i5-s.4430

Chen, K. Y., Kim, I. H., Hou, C. T., Watanabe, Y., and Kim, H. R. (2019). 
Monoacylglycerol of 7, 10-dihydroxy-8 (E)-octadecenoic acid enhances antibacterial 
activities against food-borne bacteria. J. Agri. Food. Chem. 67, 8191–8196. doi: 10.1021/
acs.jafc.9b03063

Chen, X., Li, H., Qiao, X., Jiang, T., Fu, X., He, Y., et al. (2021). Agarose oligosaccharide-
silver nanoparticle-antimicrobial peptide-composite for wound dressing. Carbohydr. 
Polym. 269:118258. doi: 10.1016/j.carbpol.2021.118258

Chopra, H., Tsagkaris, C., Matthews, L., Gautam, R. K., and Kamal, M. A. (2023). 
Novel approaches for the application of herbs for skin care. Current. Pharm. Biotechnol. 
24, 164–187. doi: 10.2174/1389201023666220411110358

Christudas, S., Kulathivel, T. M., and Agastian, P. (2012). Phytochemical and 
antibacterial studies of leaves of Tridax procumbens L. Asian Pac. J. Trop. Biomed., S159–
S161. doi: 10.1016/S2221-1691(12)60149-X

Cimino, C., Maurel, O. M., Musumeci, T., Bonaccorso, A., Drago, F., Souto, E. M. B., 
et al. (2021). Essential oils: pharmaceutical applications and encapsulation strategies into 
lipid-based delivery systems. Pharmaceutics. 13:327. doi: 10.3390/
pharmaceutics13030327

Dattaray, D. (2022). Traditional uses and pharmacology of plant Tridax procumbens: 
a review. Sys. Rev. Pharm. 13, 511–517.

Déziel, É., Paquette, G., Villemur, R., Lepine, F., and Bisaillon, J. (1996). Biosurfactant 
production by a soil pseudomonas strain growing on polycyclic aromatic hydrocarbons. 
Appl. Environ. Microbiol. 62, 1908–1912. doi: 10.1128/aem.62.6.1908-1912.1996

El-Gied, A. A. A., Abdelkareem, A. M., and Hamedelniel, E. I. (2015). Investigation 
of cream and ointment on antimicrobial activity of Mangifera indica extract. J. Advan. 
Pharm. Technol. Research. 6:53. doi: 10.4103/2231-4040.154530

Faisal, S., Ullah, R., Alotaibi, A., Zafar, S., Rizwan, M., and Tariq, M. H. (2023). 
Biofabrication of silver nanoparticles employing biomolecules of Paraclostridium 
benzoelyticum strain: its characterization and their in-vitro antibacterial, anti-aging, anti-
cancer and other biomedical applications. Microsc. Res. Tech. doi: 10.1002/jemt.24362

Ferreira, A., Vecino, X., Ferreira, D., Cruz, J. M., Moldes, A. B., and Rodrigues, L. R. 
(2017). Novel cosmetic formulations containing a biosurfactant from Lactobacillus 
paracasei. Colloid. Surfaces B: Biointerfaces. 155, 522–529. doi: 10.1016/j.
colsurfb.2017.04.026

Gantwerker, E. A., and Hom, D. B. (2012). Skin: histology and physiology of wound 
healing. Clinics. Plastic. Surgery. 39, 85–97. doi: 10.1016/j.cps.2011.09.005

Gautam, K. K., and Tyagi, V. K. (2006). Microbial surfactants: a review. J. Oleo Sci. 55, 
155–166. doi: 10.5650/jos.55.155

Gayathiri, E., Prakash, P., Karmegam, N., Varjani, S., Awasthi, M. K., and 
Ravindran, B. (2022). Biosurfactants: potential and eco-friendly material for sustainable 
agriculture and environmental safety—a review. Agronomy 12:662. doi: 10.3390/
agronomy12030662

Gubbiveeranna, V., and Nagaraju, S. (2016). Ethnomedicinal, phytochemical 
constituents and pharmacological activities of Tridax procumbens: a review. Int J Pharm 
Pharm Sci 8, 1–7.

Haeri, S. A., Abbasi, S., and Sajjadifar, S. (2017). Bio-dispersive liquid liquid 
microextraction based on nano rhaminolipid aggregates combined with magnetic solid 
phase extraction using Fe3O4@ PPy magnetic nanoparticles for the determination of 
methamphetamine in human urine. J. Chromatography B. 1063, 101–106. doi: 10.1016/j.
jchromb.2017.08.031

He, C., Liu, X., Zhou, Z., Liu, N., Ning, X., Miao, Y., et al. (2021). Harnessing 
biocompatible nanofibers and silver nanoparticles for wound healing: Sandwich wound 
dressing versus commercial silver sulfadiazine dressing. Mater. Sci. Engineer. 128:112342. 
doi: 10.1016/j.msec.2021.112342

Hungund, B. S., Dhulappanavar, G. R., and Ayachit, N. H. (2015). Comparative 
evaluation of antibacterial activity of silver nanoparticles biosynthesized using fruit 
juices. J. Nanomed. Nanotechnol 6:1.

Inès, M., Mouna, B., Marwa, E., and Dhouha, G. (2023). Biosurfactants as emerging 
substitutes of their synthetic counterpart in detergent formula: efficiency and 
environmental friendly. J. Polymers. Environment, 1–13.

Jadhav, M., Kagalkar, A., Jadhav, S., and Govindwar, S. (2011). Isolation, 
characterization, and antifungal application of a biosurfactant produced by 
Enterobacter sp. MS16. European. J. Lipid. Sci. Technol. 113, 1347–1356. doi: 10.1002/
ejlt.201100023

Jahan, R., Bodratti, A. M., Tsianou, M., and Alexandridis, P. (2020). Biosurfactants, 
natural alternatives to synthetic surfactants: physicochemical properties and 
applications. Advances. Colloid. Interface Sci. 275:102061. doi: 10.1016/j.
cis.2019.102061

Jennifer Ragi, M. D., Amy Pappert, M. D., and Babar Rao, M. D. (2011). Oregano 
extract ointment for wound healing: a randomized, double-blind, petrolatum-controlled 
study evaluating efficacy. J. Drugs. Dermatology. 10, 1168–1172.

Khademolhosseini, R., Jafari, A., Mousavi, S. M., Hajfarajollah, H., Noghabi, K. A., 
and Manteghian, M. (2019). Physicochemical characterization and optimization of 
glycolipid biosurfactant production by a native strain of Pseudomonas aeruginosa 
HAK01 and its performance evaluation for the MEOR process. RSC Adv. 9, 7932–7947. 
doi: 10.1039/C8RA10087J

Khanh, L. L., Truc, N. T., Dat, N. T., Nghi, N. T. P., Van Toi, V., Hoai, N. T. T., et al. 
(2019). Gelatin-stabilized composites of silver nanoparticles and curcumin: 
characterization, antibacterial and antioxidant study. Sci. Technol. Advanced Mater. 
20:276. doi: 10.1080/14686996.2019.1585131

Kirsner, R. S., and Eaglstein, W. H. (1993). The wound healing process. Dermatol. Clin. 
11, 629–640. doi: 10.1016/S0733-8635(18)30216-X

Krishnan, R., Arumugam, V., and Vasaviah, S. K. (2015). The MIC and MBC of silver 
nanoparticles against Enterococcus faecalis-a facultative anaerobe. J. Nanomed 
Nanotechnol. 6:285.

Krysiak, Z. J., and Stachewicz, U. (2023). Electrospun fibers as carriers for topical drug 
delivery and release in skin bandages and patches for atopic dermatitis treatment. Wiley 
Interdisciplinary Reviews: Nanomedicine. Nanobiotechnol. 15:1829.

Kubendiran, L., Theerthagiri, S., Al-Dhabi, N. A., Palaninaicker, S., Subramanian, S. M., 
Srinivasan, V., et al. (2021). In vitro preparation of biosurfactant based herbal-nano 
topical ointment from Tridax procumbens infused oil using gelatin stabilized silver 
nanoparticle and its efficacy on fibroblastic cell lines. Applied. Nanosci., 1–16.

Laurent, A., Rey, M., Scaletta, C., Abdel-Sayed, P., Michetti, M., Flahaut, M., et al. 
(2023). Retrospectives on three decades of safe clinical experience with allogeneic 
dermal progenitor fibroblasts: high versatility in topical cytotherapeutic care. 
Pharmaceutics. 15:184. doi: 10.3390/pharmaceutics15010184

Lavanya, K., Kalaimurugan, D., Shivakumar, M. S., and Venkatesan, S. (2020). Gelatin 
stabilized silver nanoparticle provides higher antimicrobial efficiency as against chemically 
synthesized silver nanoparticle. J. Clust. Sci. 31, 265–275. doi: 10.1007/s10876-019-01644-2

Liang, C. C., Park, A. Y., and Guan, J. L. (2007). In vitro scratch assay: a convenient 
and inexpensive method for analysis of cell migration in vitro. Nat. Protoc. 2, 329–333. 
doi: 10.1038/nprot.2007.30

Liao, C., Li, Y., and Tjong, S. C. (2019). Bactericidal and cytotoxic properties of silver 
nanoparticles. Inter. J. Mol. Sci. 20:449. doi: 10.3390/ijms20020449

Litany, R. J., and Praseetha, P. K. (2022). Tiny tots for a big-league in wound repair: 
tools for tissue regeneration by nanotechniques of today. J. Control. Release 349, 
443–459. doi: 10.1016/j.jconrel.2022.07.005

Machana, S., Weerapreeyakul, N., Barusrux, S., Nonpunya, A., Sripanidkulchai, B., 
and Thitimetharoch, T. (2011). Cytotoxic and apoptotic effects of six herbal plants 
against the human hepatocarcinoma (HepG2) cell line. Chin. Med. 6, 1–8.

Majumder, P., and Majumder, S. (2013). Preparation and characterization of some 
herbal ointment formulations with evaluation of antimicrobial property. Ind. J. Research. 
Pharm. Biotechnol. 1:385.

Masson-Meyers, D. S., Andrade, T. A., Caetano, G. F., Guimaraes, F. R., Leite, M. N., 
Leite, S. N., et al. (2020). Experimental models and methods for cutaneous wound 
healing assessment. Inter. J. Experimental. pathology. 101, 21–37. doi: 10.1111/iep.12346

Midwood, K. S., Williams, L. V., and Schwarzbauer, J. E. (2004). Tissue repair and the 
dynamics of the extracellular matrix. Intern. J. Biochem. Cell Bio. 36, 1031–1037. doi: 
10.1016/j.biocel.2003.12.003

Mishra, N., Rana, K., Seelam, S. D., Kumar, R., Pandey, V., Salimath, B. P., et al. (2021). 
Characterization and cytotoxicity of pseudomonas mediated Rhamnolipids against 
breast cancer MDA-MB-231 cell line. Front. Bioengineer. Biotechnol. 9:761266. doi: 
10.3389/fbioe.2021.761266

Mossman, B., Light, W., and Wei, E. (1983). Asbestos: mechanisms of toxicity and 
carcinogenicity in the respiratory tract. Annual. Review. Pharmacol. Toxicol. 23, 595–615. 
doi: 10.1146/annurev.pa.23.040183.003115

https://doi.org/10.3389/fmicb.2023.1225769
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.colsurfb.2012.10.064
https://doi.org/10.1007/s00248-009-9626-5
https://doi.org/10.3390/antiox7080098
https://doi.org/10.22270/jddt.v10i5-s.4430
https://doi.org/10.1021/acs.jafc.9b03063
https://doi.org/10.1021/acs.jafc.9b03063
https://doi.org/10.1016/j.carbpol.2021.118258
https://doi.org/10.2174/1389201023666220411110358
https://doi.org/10.1016/S2221-1691(12)60149-X
https://doi.org/10.3390/pharmaceutics13030327
https://doi.org/10.3390/pharmaceutics13030327
https://doi.org/10.1128/aem.62.6.1908-1912.1996
https://doi.org/10.4103/2231-4040.154530
https://doi.org/10.1002/jemt.24362
https://doi.org/10.1016/j.colsurfb.2017.04.026
https://doi.org/10.1016/j.colsurfb.2017.04.026
https://doi.org/10.1016/j.cps.2011.09.005
https://doi.org/10.5650/jos.55.155
https://doi.org/10.3390/agronomy12030662
https://doi.org/10.3390/agronomy12030662
https://doi.org/10.1016/j.jchromb.2017.08.031
https://doi.org/10.1016/j.jchromb.2017.08.031
https://doi.org/10.1016/j.msec.2021.112342
https://doi.org/10.1002/ejlt.201100023
https://doi.org/10.1002/ejlt.201100023
https://doi.org/10.1016/j.cis.2019.102061
https://doi.org/10.1016/j.cis.2019.102061
https://doi.org/10.1039/C8RA10087J
https://doi.org/10.1080/14686996.2019.1585131
https://doi.org/10.1016/S0733-8635(18)30216-X
https://doi.org/10.3390/pharmaceutics15010184
https://doi.org/10.1007/s10876-019-01644-2
https://doi.org/10.1038/nprot.2007.30
https://doi.org/10.3390/ijms20020449
https://doi.org/10.1016/j.jconrel.2022.07.005
https://doi.org/10.1111/iep.12346
https://doi.org/10.1016/j.biocel.2003.12.003
https://doi.org/10.3389/fbioe.2021.761266
https://doi.org/10.1146/annurev.pa.23.040183.003115


Muthukumar et al. 10.3389/fmicb.2023.1225769

Frontiers in Microbiology 15 frontiersin.org

Moussa, T. A., and Almaghrabi, O. A. (2016). Fatty acid constituents of Peganum 
harmala plant using gas chromatography–mass spectroscopy. Saudi J. Biol. Sci. 23, 
397–403. doi: 10.1016/j.sjbs.2015.04.013

Mundada, S., and Shivhare, R. (2010). Pharmacology of Tridax procumbens a weed. 
Int J Pharm Tech Res. 2, 1391–1394.

Muthukumar, B., Parthipan, P., AlSalhi, M. S., Prabhu, N. S., Rao, T. N., Devanesan, S., 
et al. (2022). Characterization of bacterial community in oil-contaminated soil and its 
biodegradation efficiency of high molecular weight (&gt; C40) hydrocarbon. 
Chemosphere 289:133168. doi: 10.1016/j.chemosphere.2021.133168

Nitbani, F. O., Tjitda, P. J. P., Nitti, F., Jumina, J., and Detha, A. I. R. (2022). 
Antimicrobial properties of lauric acid and monolaurin in virgin coconut oil: a review. 
Chem. Bio. Eng Reviews. 9, 442–461.

Oguntibeju, O. O. (2019). Medicinal plants and their effects on diabetic wound 
healing. Veterinary. World. 12:653. doi: 10.14202/vetworld.2019.653-663

Orive-Milla, N., Delmulle, T., De Mey, M., Faijes, M., and Planas, A. (2020). Metabolic 
engineering for glycoglycerolipids production in E. coli: tuning phosphatidic acid and 
UDP-glucose pathways. Metabol. Engineer. 61, 106–119. doi: 10.1016/j.
ymben.2020.05.010

Parthipan, P., Cheng, L., Rajasekar, A., and Angaiah, S. (2021). Microbial surfactants 
are next-generation biomolecules for sustainable remediation of polyaromatic hydrocarbons 
Production. Applications. Environ. Biomedicine, 139–158.

Parthipan, P., Preetham, E., Machuca, L. L., Rahman, P. K., Murugan, K., and 
Rajasekar, A. (2017). Biosurfactant and degradative enzymes mediated crude oil 
degradation by bacterium Bacillus subtilis A1. Front. Microbial. 8:193.

Parthipan, P., Sabarinathan, D., Angaiah, S., and Rajasekar, A. (2018). Glycolipid 
biosurfactant as an eco-friendly microbial inhibitor for the corrosion of carbon steel in 
vulnerable corrosive bacterial strains. J. Molecular Liquids. 261, 473–479. doi: 10.1016/j.
molliq.2018.04.045

Parvekar, P., Palaskar, J., Metgud, S., Maria, R., and Dutta, S. (2020). The minimum 
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of 
silver nanoparticles against Staphylococcus aureus. Biomater. Invest. Dentistry. 7, 
105–109. doi: 10.1080/26415275.2020.1796674

Prystowsky, S. D., Allen, A. M., Smith, R. W., Nonomura, J. H., Odom, R. B., and 
Akers, W. A. (1979). Allergic contact hypersensitivity to nickel, neomycin, 
ethylenediamine, and benzocaine: relationships between age, sex, history of exposure, 
and reactivity to standard patch tests and use tests in a general population. Archives. 
Dermatol. 115, 959–962. doi: 10.1001/archderm.1979.04010080023015

Pu, Z. H., Zhang, Y. Q., Yin, Z. Q., Jiao, X. U., Jia, R. Y., Yang, L. U., et al. (2010). 
Antibacterial activity of 9-octadecanoic acid-hexadecanoic acid-tetrahydrofuran-3, 
4-diyl ester from neem oil. Agri. Sci. China. 9, 1236–1240. doi: 10.1016/
S1671-2927(09)60212-1

Rajesh, N. V., Ilavarasan, S., and Vijayalingam, T. A. (2020). Study on the wound 
healing activity of TANUVAS Nano-heal topical gel in clinical cases of cattle and Turkey. 
Int. J. Curr. Microbiol. App. Sci. 9, 2147–2153. doi: 10.20546/ijcmas.2020.907.250

Rath, K., Singh, A. B., Chandan, S., and Vatsala, R. S. (2016). Isolation and 
characterization of a biosurfactant producing strain Pseudomonas aeruginosa SMVIT 1 
from oil contaminated soil.

Rawat, S., Singh, R., Thakur, P., Kaur, S., and Semwal, A. (2012). Wound healing agents 
from medicinal plants: a review. Asian. Pacifi.C. J. Tropical. Biomedicine. 2, S1910–
S1917.

Saikia, R. R., Deka, S., and Sarma, H. (2021). Biosurfactants from bacteria and fungi: 
Perspectives on advanced biomedical applications. Extremophiles 24, 189–206. doi: 
10.1007/s00792-019-01151-2

Schenk, T., Schuphan, I., and Schmidt, B. (1995). High-performance liquid 
chromatographic determination of the rhamnolipids produced by Pseudomonas 
aeruginosa. J. Chromatogr. A 693, 7–13. doi: 10.1016/0021-9673(94)01127-Z

Shenoy, R. R., Sudheendra, A. T., Nayak, P. G., Paul, P., Kutty, N. G., and Rao, C. M. 
(2011). Normal and delayed wound healing is improved by sesamol, an active constituent 
of Sesamum indicum (L.) in albino rats. J. Ethnopharmacol. 133, 608–612. doi: 10.1016/j.
jep.2010.10.045

Sim, W., Barnard, R. T., Blaskovich, M. A. T., and Ziora, Z. M. (2018). Antimicrobial 
silver in medicinal and consumer applications: a patent review of the past decade 
(2007–2017). Antibiotics. 7:93. doi: 10.3390/antibiotics7040093

Singh, P., and Mijakovic, I. (2022). Strong antimicrobial activity of silver nanoparticles 
obtained by the green synthesis in Viridibacillus sp. extracts. Front. Microbiol. 13:820048. 
doi: 10.3389/fmicb.2022.820048

Sogut, O., Sezer, U. A., and Sezer, S. (2021). Liposomal delivery systems for herbal 
extracts. J. Drug. Delivery. Sci. Technol. 61:102147. doi: 10.1016/j.jddst.2020.102147

Sophiaa, A., Faiyazuddin, M., Alamd, P., Hussaine, M. T., and Shakeelf, F. (2022). 
GC–MS characterization and evaluation of antimicrobial, anticancer and wound healing 
efficiency of combined ethanolic extract of Tridax procumbens and Acalypha indica. J. 
Mol. Struct. 1250:131678. doi: 10.1016/j.molstruc.2021.131678

Sperandio, F. F., Simoes, A., Aranha, A. C. C., Corrêa, L., Machado, O., and de 
Sousa, S. C. (2010). Photodynamic therapy mediated by methylene blue dye in wound 
healing. Photomedicine. Laser. Surgery. 28, 581–587. doi: 10.1089/pho.2009.2601

Srivastava, A. N., Ahmad, R., and Khan, M. A. (2016). Evaluation and comparison of 
the in vitro cytotoxic activity of Withania somnifera Methanolic and ethanolic extracts 
against MDA-MB-231 and Vero cell lines. Sci. Pharmaceut. 84, 41–59. doi: 10.3797/
scipharm.1507-13

Sumer, Z., Yildirim, G., Sumer, H., and Yildirim, S. (2013). Cytotoxic and antibacterial 
activity of the mixture of olive oil and lime cream in  vitro conditions. African. J. 
Traditional. Complementary. Alternative. Med. 10, 137–143. doi: 10.4314/ajtcam.v10i4.22

Syed, A., Benit, N., Alyousef, A. A., Alqasim, A., and Arshad, M. (2020). In-vitro 
antibacterial, antioxidant potentials and cytotoxic activity of the leaves of Tridax 
procumbens. Saudi J. Biol Sci. 27, 757–761. doi: 10.1016/j.sjbs.2019.12.031

Tanaka, Y., Sugamura, K., and Hinuma, Y. (1981). T cell growth factor from human 
splenic cell cultures: conditions for its production, and its utilization for maintenance of 
cytotoxic T cell lines. Microbiol. Immunol. 25, 1077–1086. doi: 10.1111/j.1348-0421.1981.
tb00114.x

Telange, D. R., Ganorkar, S. B., and Shirkhedkar, A. A. (2022). Herbal bioactives for 
treating infectious skin diseases. Herbal Drugs. Manage. Infectious. Diseases., 263–289.

Thakur, P., Saini, N. K., Thakur, V. K., Gupta, V. K., Saini, R. V., and Saini, A. K. (2021). 
Rhamnolipid the glycolipid biosurfactant: emerging trends and promising strategies in 
the field of biotechnology and biomedicine. Microb. Cell Factories 20, 1–15.

Thakur, S., Singh, A., Sharma, R., Aurora, R., and Jain, S. K. (2020). Biosurfactants as 
a novel additive in pharmaceutical formulations: current trends and future implications. 
Current. Drug. Metabol. 21, 885–901. doi: 10.2174/1389200221666201008143238

Thalkari, A. B., Karwa, P. N., Shinde, P. S., Gawli, C. S., and Chopane, P. S. (2020). 
Pharmacological actions of Tridax procumbens L.: a scientific review. Research. J. 
Pharmacognosy. Phytochem. 12, 27–30.

Thomas, S., and McCubbin, P. (2003). A comparison of the antimicrobial effects of 
four silver-containing dressings on three organisms. J. Wound Care 12, 101–107. doi: 
10.12968/jowc.2003.12.3.26477

Tortella, G. R., Rubilar, O., Durán, N., Diez, M. C., Martínez, M., Parada, J., et al. 
(2020). Silver nanoparticles: toxicity in model organisms as an overview of its hazard for 
human health and the environment. J. Hazard. Mater. 390:121974. doi: 10.1016/j.
jhazmat.2019.121974

Van Vlierberghe, S., Graulus, G. J., Samal, S. K., Van Nieuwenhove, I., and Dubruel, P. 
(2014). Porous hydrogel biomedical foam scaffolds for tissue repair. Biomed. Foams. Tissue. 
Engineer. Application. 335–390. Woodhead publishing.

Vecino, X., Barbosa-Pereira, L., Devesa-Rey, R., Cruz, J. M., and Moldes, A. B. (2015). 
Optimization of extraction conditions and fatty acid characterization of Lactobacillus 
pentosus cell-bound biosurfactant/bioemulsifier. J. Sci. Food. Agri. 95, 313–320. doi: 
10.1002/jsfa.6720

Wittgens, A., Tiso, T., Arndt, T. T., Wenk, P., Hemmerich, J., Müller, C., et al. (2011). 
Growth independent rhamnolipid production from glucose using the non-pathogenic 
Pseudomonas putida KT2440. Microb. Cell Factories 10, 1–18.

Wynn, S. G., and Fougère, B. J. (2007). The roots of veterinary botanical medicine. 
Veterinary. Herbal. Med., 33–49.

https://doi.org/10.3389/fmicb.2023.1225769
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.sjbs.2015.04.013
https://doi.org/10.1016/j.chemosphere.2021.133168
https://doi.org/10.14202/vetworld.2019.653-663
https://doi.org/10.1016/j.ymben.2020.05.010
https://doi.org/10.1016/j.ymben.2020.05.010
https://doi.org/10.1016/j.molliq.2018.04.045
https://doi.org/10.1016/j.molliq.2018.04.045
https://doi.org/10.1080/26415275.2020.1796674
https://doi.org/10.1001/archderm.1979.04010080023015
https://doi.org/10.1016/S1671-2927(09)60212-1
https://doi.org/10.1016/S1671-2927(09)60212-1
https://doi.org/10.20546/ijcmas.2020.907.250
https://doi.org/10.1007/s00792-019-01151-2
https://doi.org/10.1016/0021-9673(94)01127-Z
https://doi.org/10.1016/j.jep.2010.10.045
https://doi.org/10.1016/j.jep.2010.10.045
https://doi.org/10.3390/antibiotics7040093
https://doi.org/10.3389/fmicb.2022.820048
https://doi.org/10.1016/j.jddst.2020.102147
https://doi.org/10.1016/j.molstruc.2021.131678
https://doi.org/10.1089/pho.2009.2601
https://doi.org/10.3797/scipharm.1507-13
https://doi.org/10.3797/scipharm.1507-13
https://doi.org/10.4314/ajtcam.v10i4.22
https://doi.org/10.1016/j.sjbs.2019.12.031
https://doi.org/10.1111/j.1348-0421.1981.tb00114.x
https://doi.org/10.1111/j.1348-0421.1981.tb00114.x
https://doi.org/10.2174/1389200221666201008143238
https://doi.org/10.12968/jowc.2003.12.3.26477
https://doi.org/10.1016/j.jhazmat.2019.121974
https://doi.org/10.1016/j.jhazmat.2019.121974
https://doi.org/10.1002/jsfa.6720

	Enhancement of cell migration and wound healing by nano-herb ointment formulated with biosurfactant, silver nanoparticles and Tridax procumbens
	Introduction
	Materials and methods
	Chemicals and cell lines
	Preparation of bacterial strain
	Production and extraction of crude biosurfactant
	Characterization of crude biosurfactant
	Collection and preparation of oil base from Tridax procumbens
	Preparation of aqueous base
	Preparation of ointment
	Antibacterial activity
	Minimum inhibitory concentration
	Minimum bactericidal concentration

	Cytotoxic activity
	Cell culture maintenance
	Cytotoxicity assay
	Wound scratch assay
	Statistical analysis

	Results and discussion
	Production and characterization of crude biosurfactant
	Preparation and characterization of ointment
	GCMS analysis of herb-infused oil
	Antimicrobial activity
	Determination of MIC and MBC
	Cytotoxicity assay
	Wound scratch assay

	Conclusion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

