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Abstract: Biosurfactants (BSs) are microbial compounds that have emerged as potential alternatives to
chemical surfactants due to their multifunctional properties, sustainability and biodegradability. Ow-
ing to their amphipathic nature and distinctive structural arrangement, biosurfactants exhibit a range
of physicochemical properties, including excellent surface activity, efficient critical micelle concentra-
tion, humectant properties, foaming and cleaning abilities and the capacity to form microemulsions.
Furthermore, numerous biosurfactants display additional biological characteristics, such as antibacte-
rial, antifungal and antiviral effects, and antioxidant, anticancer and immunomodulatory activities.
Over the past two decades, numerous studies have explored their potential applications, includ-
ing pharmaceuticals, cosmetics, antimicrobial and antibiofilm agents, wound healing, anticancer
treatments, immune system modulators and drug/gene carriers. These applications are particularly
important in addressing challenges such as antimicrobial resistance and biofilm formations in clinical,
hygiene and therapeutic settings. They can also serve as coating agents for surfaces, enabling anti-
adhesive, suppression, or eradication strategies. Not least importantly, biosurfactants have shown
compatibility with various drug formulations, including nanoparticles, liposomes, micro- and na-
noemulsions and hydrogels, improving drug solubility, stability and bioavailability, and enabling
a targeted and controlled drug release. These qualities make biosurfactants promising candidates
for the development of next-generation antimicrobial, antibiofilm, anticancer, wound-healing, im-
munomodulating, drug or gene delivery agents, as well as adjuvants to other antibiotics. Analysing
the most recent literature, this review aims to update the present understanding, highlight emerging
trends, and identify promising directions and advancements in the utilization of biosurfactants within
the pharmaceutical and biomedical fields.

Keywords: biosurfactants; antibacterial/antifungal/antiviral activity; antibiofilm agents; antiadhesive-
coatings; anticancer agents; immunomodulatory activity; wound-healing promoters; drug delivery
systems; marine producers; LAB

1. Introduction

The discovery of new bioactive molecules holds significant importance for combating
numerous diseases and infections. Among them, in recent years, research has been focused
particularly on the identification of molecules of natural origin [1–4]. Biosurfactants (BSs),
or tensio-active biomolecules, are the product of the biosynthesis of a great number of differ-
ent microorganisms, from bacteria (Acinetobacter, Bacillus and Pseudomonas) to filamentous
fungi (Aspergillus, Fusarium, Penicillium, Trichoderma, Ustilago) and yeast (Kluyveromyces,
Pseudozyma, Rhodotorula, Torulopsis, Saccharomyces, Candida), among others, in addition to
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some animals and plants [5–9]. They can be released extracellularly or be located on cellular
cell surfaces. The type and output of the produced biosurfactant are usually species-specific
and depend on the substrate used for the microbial growth and their environmental produc-
tion conditions [10]. They are produced primarily as secondary metabolites and can play
important roles in the localization, survival and growth of the producing microorganisms,
such as motility, metabolism, attachment/detachment to surfaces, defence from microbial
antagonists, biofilm production and backdown and resistance to toxic compounds [11,12].

These surface-active mixture molecules are composed structurally by a hydrophobic
tail (unsaturated or saturated fatty acid hydrocarbon chains) and a hydrophilic head
(peptide cations, anions or mono-, di-, or polysaccharides), and can form micelles (Figure 1).
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For this amphipathic nature and unique structural arrangement, biosurfactants display
various physicochemical properties such as excellent surface activity, effective critical
micelle concentration and the ability to form microemulsions, humectant, foaming and
cleaning activity (Figure 2) [13,14].
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In addition, several biosurfactants have other interesting biological properties such as
strong antibacterial, antifungal and antiviral activity as well as antioxidant, anticancer and
immunomodulatory activity [12,15,16].
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For these reasons, in the last two decades, microbial surfactants have been extensively
studied, industrially produced and, thanks to their various commercial attractions, applied
in many fields worldwide, ranging from paint to petroleum, detergents to water treatment,
and food to pharmaceutics, cosmetics and biomedicine [10,15,17,18].

Unfortunately, their large-scale production currently is disadvantageous and is mainly
constrained by the high costs related to their downstream processes (over 60–80% of the
total costs), such as a long and difficult separation and purification steps that are required
for some specific applications (e.g., pharmaceutical) [19–22]. However, it is believed that
the implementation of some alternative strategies such as the selection of new microbial
producers of BSs from renewable substrates, such as waste from agro-food processing
and the dairy industry, from vegetable oils and animal fat, together with an improvement
in fermentation, extraction and purification techniques, can increase their commercial
potential [22–24].

In 2022, the biosurfactant global market reached USD 1.2 billion. This is forecast to
have a compound annual growth rate (CAGR) of 11.2%, increasing to USD 1.9 billion by
2027 [25].

This increase reflects the general attitude worldwide in encouraging the use of non-
harmful and eco-friendly products. In fact, for their potential benefits, in recent years,
biosurfactants have boomed as an alternative for the chemically synthesised surfactant.
Compared to chemical surfactants, biosurfactants have several interesting features and ad-
vantages which include biodegradability, high specificity, low toxicity, tolerance to extreme
conditions, higher efficiency and an environmentally friendly nature [17,24,26]. In addition,
their chemical composition can be modified through genetic engineering manipulation as
well as metabolic end-product alterations of the produced strains using biotechnological
and biochemical techniques to tailor them to the specific functional requirements [27,28].

However, despite these positive attributes, biosurfactants can only truly be deemed
sustainable when the entire production chain, from the fermentation process to the extrac-
tion and recovery phase of biosurfactants, is carried out with sustainability in mind. The
disadvantages include elevated production expenses and the necessity for purification,
especially in specialized applications like pharmaceuticals [12]. The biotechnological proce-
dures employed in biosurfactant synthesis tend to be costly, and the purification of these
surfactants present some challenges. Multiple research teams are actively seeking ways
to lower the production costs of biosurfactants and increase their sustainability through
harnessing readily accessible and renewable bioresources and applying extraction processes
that minimize the use of water and organic solvents [12,19]. Another limitation arises from
using biosurfactants obtained from pathogenic or potentially pathogenic microorganisms,
leading to safety concerns due to the possibility of these microorganisms retaining harmful
traits or inducing adverse effects when introduced into some applications.

Biosurfactants are typically classified based on their microbial origin and chemical
structure (Figure 3) [29].

They are mainly categorised into two major classes: low-molecular-weight molecules,
which comprise lipopeptides, glycolipids, fatty acids and high-molecular-weight molecules,
which comprise polymers and particulate materials [10–12].

A list of the most prominent biosurfactants and their respective microorganism sources
are presented in Table 1. Among them, the low-molecular-weight biosurfactants lower
both surface and interfacial tensions at the surfaces, whereas the latter are typically highly
efficient in stabilising emulsions [14,30].

Lipopeptides and glycolipids represent the most promising types of biosurfactants for
pharmaceutical, therapeutic and biotechnological industries [31–33].

Numerous reviews and books have been dedicated to the production, characterization
and application of biosurfactants in diverse fields [34–37]. However, special attention
should be paid to the potential and real use of these molecules in the biomedical and
pharmaceutical fields.
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The main objective of this review is to present a comprehensive update on the latest
advancements, research findings and insights into how biosurfactants can be utilized in
the pharmaceutical and biomedical fields, building upon our previous review published in
2021 [12]. By examining the recent literature, primarily within the past couple of years, this
review aims to shed light on the current state of knowledge and identify emerging trends
or promising directions in the application of biosurfactants in the pharmaceutical and
biomedical sectors. Compared to our previous literature output [12], particular attention
will be directed towards the latest and cutting-edge applications of biosurfactants, with
a particular focus on areas such as innovative coatings, drug and gene delivery, wound
healing and anticancer. In addition, emphasis will be given to marine organisms and
probiotic lactic acid bacteria as natural sources with the potential to provide a wealth
of distinctive bioactive compounds such as biosurfactants endowed with antimicrobial
properties. Finally, a section detailing the most recent patents that integrate biosurfactants
for use in the biomedical and pharmaceutical sectors has been included. Through examining
the most recent advancements in the field, this review will shed light on the innovative uses
of biosurfactants and their potential in improving the efficacy of drugs and conventional
treatments.

Table 1. List of the most common low- and high-molecular-weight biosurfactants and their corre-
sponding microorganisms (adapted from [5,38,39]).

Biosurfactants Molecules Producing Microorganisms

Low molecular weight
Lipopeptides surfactin Bacillus subtilis

fengycin, iturin Bacillus subtilis
pumilacidin Bacillus pumilus
lychenisin Bacillus lycheniformis
serrawettin Serratia marcescens
viscosin Pseudomonas fluorescens
arthrofactin Arthrobacter sp.
polymyxins Paenibacillus sp.
echinocandins Aspergillus sp.
daptomycin Streptomyces sp.
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Table 1. Cont.

Biosurfactants Molecules Producing Microorganisms

Glycolipids rhamnolipids Pseudomonas aeruginosa
trehalolipids Rhodococcus sp.

sophorolipids
Wickerhamiella domercqiae,
Starmerella bombicola
Trichosporon asahii

cellobiose lipids
Sympodiomycopsis paphiopedili,
Cryptococcus humicola,
Pseudozyma sp.

mannosylerythritol lipids Candida antarctica, Ustilago sp.,
Pseudozyma sp.

High molecular weight emulsan Arthrobacter calcoaceticus
mannan lipid protein Candida tropicalis
liposan Candida lipolytica

2. Biosurfactants: A Real Prospect for Biomedical and Pharmaceutical Use?

The discovery and selection of bioactive molecules is one of the main challenges of
the modern era in the fight against many diseases and infections. Biosurfactants are very
valuable and important products for possible biomedical and pharmaceutical applications
(Figure 4); lipopeptides and glycolipids are especially of particular interest. They are
characterised by antibacterial, antifungal and antiviral activities, in addition to anticancer,
immunological and neurological properties. They are also able to increase in the electrical
conductance of bimolecular lipid membranes and the inhibition of fibrin clot formation.
Moreover, with their ability to decrease surface tensions between immiscible or miscible liq-
uids, blocking hydrogen bonding and augmenting hydrophilic/hydrophobic interactions,
they can be used as antiadhesive/antibiofilm agents on medical devices and applications
in transplantation [36,40]. Furthermore, BSs are not only applied to enhance some physical–
chemical properties of some pharmaceutical formulations but also to improve the efficacy
and performance of these pharmaceutical products. In synergy with nanotechnology, BSs
also play essential roles in the development of micro-/nano-based drug delivery systems,
self-emulsifying drug delivery systems (SEDDS) and liposomes, controlling the particle
size and the stability or solubility of drugs in liquid, semi-solid and solid formulations [41].

It should be remembered that some biosurfactants can be produced by pathogenic
microorganisms such as Pseudomonads aeruginosa and their biosynthesis is related to the
potential pathogenicity of the producing strains and, for these reasons, precautions are
essential to avoid allergic reactions and potential skin irritations [34].

Finally, despite their extensive range of applications, it is essential to thoroughly assess
the safety of each biosurfactant before considering using it within clinical applications. A
limited number of studies conducted on animal models to investigate BSs’ in vivo toxicity
and biological activities however highlighted significant challenges in utilising them as
therapeutic agents [42,43].

A recent study by Rana et al. (2021) evaluated the toxicity of polymeric nanoparticles
loaded with a novel biosurfactant product from Candida parapsilosis in a rodent model using
biochemical, haematological and histopathological evaluations. The findings indicated that
there were no noteworthy variations in haematological parameters between the control and
treated groups and only minor, yet not significant, alterations in biochemical parameters.
In addition, no toxicological characteristics were observed in the tissue samples, suggest-
ing that the biosurfactant encapsulated within the PLA-PEG copolymeric nanoparticles
presents a secure and suitable platform for potential biomedical applications [43]. Other re-
cent toxicity profile testing for rhamnolipid BSs produced by Marinobacter and Pseudomonas
strains showed no cytotoxicity using the in vitro models of human liver and skin cells and
no mutagenic/anti-mutagenic potential or significant antioxidant capabilities [44].
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Adu et al. (2023) very recently reported on the safety and lack of cytotoxicity of
sophorolipid and rhamnolipid (RL) BSs, which showed insignificant effects on human ker-
atinocyte cell line morphology, viability and the production of pro-inflammatory cytokines
and potential for use in skincare applications [45].

3. Biosurfactants for Innovative Coatings

It is well known that indwelling medical devices are widely used in the healthcare in-
dustry and have significantly contributed to improve the treatment of multiple pathologies
and the quality of life of patients. However, they can constitute a favourable substrate for
the adhesion and growth of microorganisms as biofilms, which are one of the main causes
of healthcare-associated infections [46]. In contact with human body fluids, implants are
rapidly covered by a conditioning film (composed of proteins, other organic molecules
and ions) that attracts microorganisms. After deposition, microbial cells adhere to sur-
faces, forming micro-colonies that grow as complex communities embedded within an
exopolysaccharide matrix. In their sessile form, microbial cells acquire a typical physiologi-
cal state, becoming more resistant to the host defence mechanisms and up to 1000-fold less
susceptible to various antimicrobial agents [47].

One of the most appealing applications of biosurfactants is their use as coating agents
in order to prevent biofilm formation on medical devices. They can be utilised to create thin,
uniform films on various surfaces, providing numerous benefits, such as enhanced wetting
and reduced surface tension, impairing microbial adhesion (Figure 5). With ongoing re-
search and advancements in biosurfactant production and formulation techniques, surface
coating methods (such as physical adsorption, bulk incorporation or covalent grafting)
have been proposed and used to attach these molecules on a wide range of materials. More-
over, biosurfactant-based coatings exhibit excellent biocompatibility and biodegradability,
making them attractive alternatives to conventional synthetic coatings [48–50].
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In a recent study by Kannan et al. (2021), liposomes encapsulated with a lipopeptide
produced by the human skin bacterium Paenibacillus thiaminolyticus and copper oxide
nanoparticles were able to strongly interfere with Methicillin-resistant Staphylococcus aureus
(MRSA) and the Pseudomonas aeruginosa biofilm formation on urinary catheters. EL-LP-
CuNPs possessed marked antibacterial activity with Minimal Inhibitory Concentrations
(MICs) of 105 �g/mL (for MRSA) and 89 �g/mL (for P. aeruginosa), stimulated reactive
oxygen species (ROS) production and accumulation, decreased carotenoid synthesis and ex-
opolysaccharides secretion as well as an induced profound collapse of the cell arrangement
and severe destruction on cell walls [51]. The same year, different types of biosurfactants
(rhamnolipids, sophorolipids and lipopeptides) were used as anti-adhesive molecules to
counteract the colonisation of medical-grade silicone by a cell combination of Staphylococcus
spp. and Candida albicans cultures. The BS coating films, obtained by physical adsorption,
significantly limited microbial adhesion and markedly inhibited the formation of the dual
species biofilms in a range from 74% to 95% up to 3 days, while reducing their cell viability,
metabolic activity and biomass yield at the same time, thus keeping silicone surfaces free
from microbial contamination, as confirmed by SEM observations [52]. In another study
by Cheffi et al. (2021), lipopeptides Bios-PHKT produced by a Halomonas venusta strain
isolated from contaminated seawater showed interesting antiadhesive activity towards
Gram-negative and Gram-positive human pathogens due to the electrostatic repulsion be-
tween the BS coating films on the polystyrene surfaces and bacterial cells. The inhibition of
cell adhesion increased in function of Bios-PHKT concentrations, reaching a near-constant
level from 0.5 mg/mL onwards, with a maximum effect against Escherichia coli (72.3%
reduction in cell biomass) [53].

Very recently, rhamnolipids were employed by Sharaf et al. (2022) for the preparation
of biosurfactant-coated iron oxide nanoparticles as an innovative multitarget approach
to combat some food-borne Escherichia coli serotypes and MRSA. In particular, the an-
tibiofilm and antiadhesive properties of rhamnolipid-coated Fe3O4 nanoparticles (NPs)
were combined with two antimicrobial drugs, gallic acid (GA) and p-coumaric acid (p-
CoA). The biosurfactant-coated iron oxide nanoparticles (RHL-Fe3O4@PVA@p-CoA/G)
significantly interfered with growth and significantly limited the biofilm formation when
down-regulating operon IcaABCD, which is responsible for the formation of the slime layer
in S. aureus, and CsgBAC, which is responsible for the production of curli fimbriae E. coli [54].
In another study, a glycopeptide biosurfactant produced by Lactobacillus delbrueckii alpha2
was applied at different concentrations (from 2.5 mg/mL to 25 mg/mL) on polystyrene
surfaces for the evaluation of its antiadhesive potential against four pathogenic strains
(Klebsiella spp., Bacillus spp., S. aureus, E. coli and Pseudomonas spp.) with percentages
of inhibition ranging from 56% to 71% at the 25 mg/mL concentration. In addition, the
authors demonstrated that a glycoprotein-coating of medical-grade silicone tubes was
effective in preventing the growth of S. aureus and E. coli biofilms [55].

Findose et al. (2023) evaluated the protective effect of rhamnolipid coating against
the attachment and formation of biofilms in ESKAPE pathogens such as Acinetobacter
baumannii and Enterococcus faecium. The pre-treatment of 96-well plates with BSs prevented
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the deposition and adhesion of bacterial cells on surfaces in a concentration-dependent and
strain-dependent manner, with the most significant results at a concentration of 31.2 �g/mL
for E. faecium with a reduction of 91% and at 250 �g/mL for Ac. baumannii with a reduction
of 76% [56].

Section 6 elucidates a collection of recently patented and ground-breaking methodolo-
gies utilised for the functionalization of biomaterials with biosurfactants, thus evidencing
the strong scientific interest in these anti-adhesive coatings.

4. Biosurfactants as Biological Control Agents

The declining effectiveness of conventional antimicrobials due to the increasing number
of multi-resistant pathogens highlights the urgent need for alternative approaches [57,58].
Biosurfactants can effectively affect the growth of a wide range of pathogenic microor-
ganisms, including both Gram-negative and Gram-positive bacteria, as well as various
types of fungi. Furthermore, unlike synthetic drugs, these molecules can offer unique
antimicrobial mechanisms of action as reducing cell surface hydrophobicity, disrupting
membrane integrity, increasing its permeability, altering protein conformation and inhibit-
ing membrane functions (transport and energy generation) or blocking the quorum-sensing
system and down-regulating gene expression (Figure 6) are difficult for microorganisms
to overcome and develop resistance to, thus making biosurfactants a valuable tool for
developing sustainable and environmentally conscious approaches to combating microbial
infections [12,59,60].
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4.1. Biosurfactants as Antibacterial and Antifungal Agents
4.1.1. Marine Microorganisms

The vast and diverse marine ecosystem harbours a plethora of microorganisms that
have adapted to survive in extreme conditions and could offer a rich source of unique
bioactive compounds; among which, novel biosurfactants with potent antibacterial and
antifungal activities can effectively combat microbial infections. In addition, harnessing
the biosurfactants produced by marine microorganisms not only opens up possibilities for
developing alternative and sustainable antimicrobial agents, but also contributes to the
conservation and exploration of marine biodiversity [61–63].

Lipopeptides from marine Bacillus amyloliquefaciens showed antibacterial activity
against S. aureus CCM 4223 planktonic cells with MIC = 15 mg/mL, and gradually limited
its biofilm formation in a dose-dependent manner up to a complete inhibition at MIC
by down-regulating the expression of biofilm-associated genes fnbA, fnbB, sortaseA and
icaADBC operon [64].
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The rhamnolipid mixture GBB12 produced by Shewanella algae, a marine isolate from
the Persian Gulf, exerted significant antimicrobial activities against Gram-negative and
Gram-positive clinical pathogens such as Streptococcus pneumoniae, MRSA, P. aeruginosa, E.
coli, K. pneumoniae and Ac. baumannii, with MIC values ranging between 7.8 mg/mL and
12.5 mg/mL. In addition, the glycolipid biosurfactant was able to totally, or almost com-
pletely, inhibit the growth of MRSA and Ac. baumannii biofilms, and exhibited considerable
dislodging activity on the pathogenic preformed biofilms with a maximum effect (>90%)
against P. aeruginosa and Ac. baumannii [65,66].

More recently, a rhamnolipid mixture from the Antarctic marine bacterium Pseu-
domonas gessardii M15 demonstrated marked bactericidal activity against a panel of S.
aureus multidrug-resistant clinical isolates with MICs ranging from 12.5 to 50 �g/mL and
MBCs equal to MIC or 2 � MIC values. M15RL killed the entire population of S. aureus
6538 in 30 min and 5 min at MIC and 2 � MIC, respectively, and as revealed by SEM visu-
alisations, induced the accumulation of intracellular material due to cellular damage and
loss of structural integrity. In addition, rhamnolipids were able to significantly compromise
S. aureus and MRSA biofilms at all the stages of their development and, when applied
on cotton swabs, had completely eradicated the bacterial load, radically preventing the
proliferation of the pathogens [67].

4.1.2. Probiotic Lactic Acid Bacteria

Lactic acid bacteria (LAB) are typically known for their probiotic properties and
benefits on human health. The pharmaceutical and biomedical industries are directing their
attention towards the search for LAB that produce cell-bounded and excreted biosurfactants
due to their inhibitory activity against the growth of various pathogens, including bacteria,
fungi and viruses [68–70].

In a recent study, the cell-bound biosurfactant from a Lactobacillus rhamnosus strain iso-
lated from human breast milk inhibited various bacterial pathogens’ (such as P. aeruginosa,
S. aureus and E. coli) adhesion to surfaces and promoted the eradication of their pre-formed
biofilms by altering the integrity and viability of bacterial cells as well as by reducing
the total exopolysaccharide matrix content [71]. The glycolipid produced by a Lactobacil-
lus plantarum strain isolated from a yoghurt sample decreased virulence in P. aeruginosa
and Chromobacterium violaceum, disabling the quorum-sensing control system. A dose-
dependent inhibitory effect of the tested biosurfactant on swarming motility and biofilm
formation, violacein, acyl homoserine lactone, pyocyanin and exopolysaccharide produc-
tion, and a reduction in LasA protease and LasB elastase activities, were reported [72]. In
another study, the non-homogeneous lipopeptide produced by Lactobacillus crispatus BC1
in co-incubation conditions demonstrated moderate antibiofilm (up to 66%) and dislodging
(up to 43%) activity against Candida albicans and Candida non-albicans clinical isolates. The
biological effect was then increased through the inclusion of the lipopeptides inside con-
ventional liposomes and was further enhanced by the coverage of the nanocarriers with
hyaluronic acid, leading to percentages of reduction up to 85% for biofilm formation and
up to 81% for biofilm dispersal [73].

4.1.3. Other BS Producers

The mixture of lactonic and acidic sophorolipids (SLs) produced by Starmerella ri-
odocensis GT-SL1R sp. nov. strain displayed good antifungal activity against an oppor-
tunistic pathogen, Candida albicans. The SLs effectively inhibited hyphal transition in a
dose-dependent way, starting from 32 �g/mL up to 500–1000 �g/mL, where the treatment
reduced cell survival and the fungal strain remained in yeast formation. Furthermore, SLs
at 500 �g/mL showed good potential in preventing biofilm formation and reducing it, both
in terms of metabolic activity and biomass, by approximately 50%, leading to fragmented
yeast cells with swollen, wrinkled, punctured and diminished fragmented bodies [74].

In a study carried out by Haddaji and co-workers (2022), the lipopeptides extracted
from a probiotic Bacillus strain were tested in terms of antibacterial and antibiofilm abilities
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against four vaginal-associated pathogenic Staphylococcus strains. The tested BSs inhibited
the growth of Staphylococcus clinical isolates known to have multidrug resistance, giving
inhibitory zones on agar plates with diameters ranging between 27 and 37 mm and cellular
growth inhibition at an MIC of 1 mg/mL; this was quite effective against the biofilm
formation of the different pathogenic strains tested [75].

In the study conducted by Manikkasundaram et al. (2022), the glycolipid HRB1 was
evaluated for its biomedical potential by testing its antifungal activity against Magna-
porthe grisea and Alternaria spp., its antibiofilm activity against P. aeruginosa and its ability
in blocking C. violaceum quorum-sensing signalling; they concluded that the glycolipid
had antiphytofungal, antibiofilm, anti-quorum-sensing, antioxidant, anticancer and dye-
degradation abilities [76].

4.2. Biosurfactants as Antivirals

To date, viral infections are one of the most remaining challenges that the scientific
community faces daily. Antiviral drug resistance is mainly developed by the amount of viral
antigenic peptides that are inactive or not properly anchored for maximum efficacy [77].
In general terms, the genetic materials of viruses are enclosed by protein layers known as
capsids, whereas in virions, the capsids are surrounded by lipid bilayers that contain viral
proteins which facilitate binding to the host cells [78]. Given the amphiphilic properties
of biosurfactants, it has been shown that they are able to mediate the interaction with
the hydrophobic domain within the lipid membrane of enveloped viruses, promoting
disruption [79]. Following this context, several (bio)surfactant delivery systems for different
applications have been reported, including micro-/nano-based drug carriers, microspheres,
micro-/nanoemulsions, liposomes, solid lipid nanoparticles (SLNs), self-emulsifying drug
delivery systems (SEDDS), novel powders, hydrogels and polymeric micelles [80–85].

Cirrhosis is a severe scarring of the liver, where in many cases, is due to the presence
of Hepatitis C Virus (HCV). Different treatments based on interferon-free antivirals are the
current methods to treat HCV infections; however, the number of successful treatments
equals the number of patients that have acquired HCV due to the constitution of the virus
itself [78]. HCV contains a positive single-strand RNA that is associated with core protein
and encased by two glycoproteins E1 and E2 [78], of which are responsible for the viral entry,
while the most important nucleoid-associated protein for replication is the RNA-dependent
RNA polymerase (NS5B) [86]. Hegazy et al. (2021) studied the antiviral properties of a
biosurfactant produced by haloarchaeon Natrialba sp. against HCV, specifically against E2
(binding receptor) and NS5B (RNA-dependent RNA polymerase), and for the first time, a
biosurfactant has shown antiviral properties against HCV in dual antiviral mode: through
reactivity against HCV E2 and as an inhibitor of NS5B and HSV polymerase, showing an
advantage in comparison to the single antiviral mode [78].

One Health is a well-known collaborative and multidisciplinary approach that works
at different global levels with the aim of addressing the existing connection between people,
animals, plants and their environment. Following this connection, animal viral diseases
are as important as any other for the impact that they have towards people, plants and
the surrounding environment. Newcastle disease virus (NDV) is a poultry- and bird-
based contagious viral disease affecting the nervous, respiratory and digestive systems.
Behzadnia et al. (2022) have reported the first study showing the effect of two Lactobacillus-
derived biosurfactants (waste-based and synthetic) against NDV LaSota strains, where the
biosurfactant products inactivated the NDV LaSota strain at concentrations of 3.75 mg/mL
and 7.5 mg/mL; this is much lower than the lipopeptide biosurfactants synthesized from
B. cereus, which had an inhibitory concentration of 10 mg/mL [87]. Despite having great
antiviral properties, biosurfactants have not been used in any clinical settings; they have,
however, displayed their potential applications in the therapy and pharmacology sectors.

The recent outbreaks have emerged, without a doubt, as the world’s state of flow has
changed. Despite all efforts and the great advances and accomplishments that the medicine
and research field have made, to date, the diagnosis and control of viral outbreaks is still
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a challenge due to the high mutation rate that viruses have. The last report published
in May 2021 showed that around 170 million people were affected by COVID-19 [88]; a
total of 3.5 million people died worldwide, and the world’s healthcare systems, economic
circumstances and the social wellbeing of people were hugely impacted.

As mentioned before, biosurfactants have been reported as antiviral agents due to their
physical properties, altering viral membrane structures and disrupting their outer covering,
finally causing eradication [89]. Glycolipids are one of the groups of biosurfactants more
widely studied. Sophorolipids, a group of glycolipids produced by Starmerella bombicola,
have shown properties as antimicrobials, biofilm disruptors, immunomodulators and
anti-inflammatory agents. It has been previously reported that via the acetylation of the
sophorose head groups, they have been active against both the Herpes virus and HIV
virus. This modification is considered to promote its antiviral and cytokine-stimulating
properties, increasing the hydrophobic side of the molecule [42,90,91]. Given their unique
characteristics, biosurfactants can make a difference to the future of the healthcare system
as they could be considered as an alternative natural antiviral agent and may be effective
against many other viruses in the future [92].

5. Perspectives of Biosurfactants for Wound-Healing, Anticancer and
Immuno-Modulatory Applications

Potential contributions of biosurfactants to improving human health and well-being
have also been described, in recent years, in the context of wound healing, where they have
shown potential in promoting tissue regeneration and accelerating the healing process.
Additionally, their antimicrobial properties make them attractive candidates for combating
infections in wounds. Moreover, biosurfactants have exhibited anticancer activities by
inhibiting tumour growth and inducing apoptosis in cancer cells. Furthermore, they possess
immuno-modulatory properties, making them potential candidates for immunotherapy
and immunomodulation strategies [12,40,93,94].

5.1. Wound Healing

Wound healing is a natural biological process where four distinctive phases are in-
volved: haemostasis, inflammatory, proliferation and remodelling [95]. Although wound
healing has been driven by an innate immune response [96], multiple factors can lead to
impaired wound healing; for example, a chronic wound generally takes over 6 weeks to
heal, and can lead to major hurdles regarding therapeutic approaches, since any therapy
must effectively be sequenced to the appropriate stage [94]. Therefore, biocompatible and
safety approaches are ideal characteristics for topical wound therapies [97].

The effect of biosurfactants on wound healing has been a point of interest for over
15 years due to their therapeutics properties [97]. Cheffi et al. [53] evaluated the effect of
Bios-PHKT (a lipopeptide molecule) on HEK-293 cells, showing that Bios-PHKT-stimulated
cell migration and proliferation can be compared to the controls. Interestingly, the con-
centrations required of the Bios-PHKT to achieve wound healing were lower than that
exhibiting cytotoxic effects on the HEK-293 cells. Lipopeptides are one of the biosurfactants
more widely studied in terms of their emulsion, antitumour and antimicrobial properties,
and their effect on the immune response [98]. Ohadi et al. [99] reported that a lipopeptide
generated by A. junii B6 helps to protect mice cells from free radicals’ damage with evidence
of recovery of the cells, using an excision wound model.

Li et al. (2007) [100] highlighted the importance of using angiogenesis in wound
repair, making emphasis on growth factors and the role that those factors play on the
extracellular matrix. Following that context, Afsharipour et al. (2021) [101] assessed
the impact of lipopeptides (LPBs) on angiogenesis. They observed that it triggered tube
formation and promoted the migration of endothelial cells, marking significant progression
in the angiogenesis process. Additionally, LPB exhibited notable enhancements in the
protein expressions of HIF-1� and VEGF in Human Umbilical Vein Endothelial Cells,
as compared to the control group. This is in line with the effect of another lipopeptide,
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surfactin (a biosurfactant produce by Bacillus subtilis), which displays wound-healing
activity most likely through inducing keratinocyte migration and enhancing the expression
of VEGE and HIF-1� proteins [102]. More recent studies displayed that it is not just
the amphiphilic properties of LPB which play an important role on wound healing, but
the size of the molecule within effective formulations in in vivo models. Afsharipour
et al. (2021) [101] have shown that it is possible to use a nano-lipopeptide biosurfactant
(NLPB) formulation from LPB, highlighting the maximum efficacy at smaller sizes of LPBs.
Lipopeptides are not the only type of biosurfactant that displays a positive effect on the
treatment of wound healing. Sophorolipids have been well known for having strong
antimicrobial properties [103] which contribute to their significant healing activity on
wounds when compared to commercial creams [104]; this aligns with results previously
reported by Sekhon Randhawa and Rahman [105], where there was a notable effectiveness
of rhamnolipids on different skin treatments. At present, the commercial skincare and
cosmetic products that contain biosurfactants in their formulation include SopholianceTM

S (face cleaner, deodorant and shower gel), RelipidiumTM (face and body moisturizer),
and Kanebo skincare (UV filter, moisturizer and cleanser) [106,107]. The excellent healing
activity of biosurfactants makes them a potential alternative in cosmetic formulations
through the replacement of their chemical counterparts with the purpose to produce more
environmentally friendly products.

5.2. Anticancer Agents

Despite significant advances in cancer therapy, cancer remains the second leading
cause of death worldwide. Specifically, the World Health Organization (WHO) presented,
in 2020, data which estimated 10 million deaths, with new cases rising to 19.3 million [108].
To combat this life-threatening disease, new cancer treatments have been constantly devel-
oped over the years, with radiotherapy and chemotherapy remaining the main options
in cancer treatment [109,110]. Despite some positive aspects of these therapies, the in-
creasing mortality rates can be attributed to the lack of specificity of anticancer drugs for
cancer cells, leading to severe side effects, low success rates [111], and the development
of multidrug resistance by cancer cells [112]. Given the current circumstances, there is an
urgent need to develop highly targeted and less toxic molecules for effective cancer therapy.
Therefore, efforts have been made worldwide to find new anticancer agents and drugs that
can selectively target and sensitize cancer cells [113]. Natural anticancer drugs should be
explored as a replacement for chemical drugs to overcome their limitations. Microorgan-
isms, particularly bacteria, have gained significant attention as a potential source for new
anti-cancer compounds due to their high biodegradability, specificity and low toxicity [114].
Furthermore, biosurfactants have recently emerged as promising alternative molecules for
treating various types of cancer, including pancreatic, breast, cervical, oral, colon, lung and
liver cancers [114,115]. They have demonstrated potential for the treatment of cancer as
they are able to regulate certain functions in mammalian cells so that they can prevent the
abnormal progression of cancer, resulting in the inhibition of cell proliferation, viability and
migration [116]. A study conducted by Adu SA et al. showed that certain biosurfactants,
including glycolipids and lipopeptides, have the ability to inhibit tumour cell proliferation
and survival [117].

Moreover, in this study, the authors demonstrated that glycolipids, especially
sophorolipids and rhamnolipids, have different effects on human skin cells depending
on their chemical structure. In particular, lactic mono-rhamnolipids and sophorolipids
were found to have a significant cytotoxic effect on malignant melanoma cells (SK-MEL-28)
compared to healthy human keratinocytes (HaCaT). In addition, the study found that
glycolipids induced cell death in melanoma cells by necrosis, and sophorolipids signifi-
cantly inhibited the migration of SK-MEL-28 melanoma cells, indicating their potential
as antimetastatic agents. This study suggests that glycolipids are potential candidates
for novel therapies against skin cancer and could be used to replace synthetic surfactants
in sunscreens. Further research using appropriate models is needed to fully understand
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the mechanisms and explore the potential of glycolipids as targeted anticancer agents for
malignant melanoma [117]. In a recent study, Haque et al. (2021) investigated the mech-
anism of action of glycolipids, specifically acidic and lactonic sophorolipids, bolalipids
and glucolipids against cancer cells. The experiments were performed with three different
cell lines: the lung cancer cell line (A549), the breast cancer cell line (MDA-MB 231), and
the mouse skin melanoma cell line (B16F10). The results suggest that glucolipids inhibit
tumour cell migration, possibly through interference with actin filaments, and that both
lactonic sophorolipids and glucolipids induce the formation of reactive oxygen species in
cells. In addition, these biosurfactants altered the mitochondrial membrane potential and
eventually resulted in cell death by necrosis. [118]. A lipopeptide (LP) produced by Bacillus
halotolerans has also shown promising anticancer activity against the MCF-7 human breast
cancer cell line in very low concentrations. In this case, the IC50 values of the purified
LP on MCF-7 cells were 46.1 �g/mL after 24 h, 42.16 �g/mL after 48 h, and 40.4 �g/mL
after 72 h of incubation. These values indicate that the purified LP was effective in the
growth inhibition of MCF-7 cells in a dose-dependent manner. It is noteworthy that the
purified LP did not show cytotoxic effects on normal cells (HEK-293), specifically normal
human embryonic kidney cells. Moreover, after 24 h of treatment with a concentration of
45 �g/mL, the MCF-7 cancer cells underwent apoptosis, as evidenced by the flow cytome-
try analysis [119]. In addition to their high potential as anticancer drugs, biosurfactants can
also be used as carriers or delivery systems for anticancer drugs (see Section 6) [120].

5.3. Immuno-Modulatory Agents

Biosurfactants have demonstrated immunomodulatory activity, making them valu-
able agents in the field of immunology. These natural compounds can act as ligands,
binding to immune cells and influencing their activation and function. They have been
shown to affect different types of immune cells such as macrophages, neutrophils, B cells
and T cells, leading to the production of cytokines and chemokines so that an effective
adaptive immune response can be generated [121]. For example, as reviewed by Thakur
et al. (2021), rhamnolipids can act as immunomodulators and regulate the humoral and
cellular immune response, leading to the release of pro-inflammatory cytokines [122]. In
addition, biosurfactants are able to modulate the balance between proinflammatory and
anti-inflammatory factors and thus have a regulatory effect on immunological diseases
and disorders. Recently, Kwak et al. (2022) investigated the therapeutic effect of dietary
supplementation with sophorolipids in a mouse model of colitis induced by DSS (dextran
sodium sulphate). The results suggest that dietary supplementation with SLs has beneficial
effects on gut health; for example, it reduces inflammation, upregulates the gene expression
of protective factors (MUC2, IL-10 and TGF-�) and improves mucosal barrier function.
Thus, it has potential as a therapeutic intervention for colitis [123]. Moreover, as reported
by Daverey et al. (2021), the purified natural mixtures of sophorolipids have exhibited
immunomodulatory properties by reducing inflammatory cytokines like IL-1� and TNF-�
and increasing anti-inflammatory cytokines (TGF-�1) in animal models [124]. Due to their
natural origin, biocompatibility and diverse biological activities, biosurfactants hold great
potential for the development of immunotherapies, vaccine adjuvants and other therapeutic
applications in the field of immunology. Adu SA et al. (2023) investigated the effects of
highly purified glycolipids, including acidic and lactonic sophorolipids (SLs) and mono-RL
and di-RL congeners, on human keratinocytes (HaCaT cells) compared to the commonly
used surfactant SLES (sodium lauryl ether sulphate). They observed that the glycolipids
had varying effects on HaCaT cells depending on their chemical structure. Acidic SL and
mono-RL had minimal impact on cell morphology, viability and pro-inflammatory cytokine
production compared to SLES. Notably, di-RL significantly reduced IL-8 production and
CXCL8 expression, while increasing IL-1RA production and IL1RN expression in cells stim-
ulated with lipopolysaccharides (LPSs). These effects were not observed with SLES or other
glycolipids. These findings suggest that glycolipids could serve as potential alternatives
to synthetic surfactants in skincare formulations and may have immunopharmacological
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implications for skin infections like psoriasis [45]. In another in vitro study, conducted by
Sharifi et al. (2023), researchers had investigated the effects of a lipopeptide biosurfactant
(LPB) produced by Acinetobacter junii B6 on Leishmania tropica infection and cytokine gene ex-
pression in infected macrophages alone and in combination with glucantime® (meglumine
antimoniate, MA). When LPB and MA were combined, there was a substantial reduction
in the expression of Th2 cytokines and a significant increase in Th1 transcription factors
and cytokines compared to individual treatments. This suggests that LPB + MA could be
a potential therapy for anthroponotic cutaneous leishmaniasis, opening possibilities for
novel treatments against leishmaniasis and other protozoan parasites [125].

Developing efficient formulations combined with safe and effective adjuvants re-
mains a significant challenge in vaccine development. As extensively reviewed by Kho-
davirdipour et al. (2022) and Kumari et al. (2023), lipopeptides derived from Bacillus subtilis
have been identified as non-pyrogenic, non-toxic and effective immunological adjuvants for
antigenic priming and vaccine design. These lipopeptide adjuvants activate the immune
system through Toll-like receptor (TLR2) signalling, and by recognizing viral peptides
coupled with major histocompatibility complex (MHC) class 1, lipopeptides can stimulate
cytotoxic T lymphocytes that are specific to the virus. They can enhance immunity when
combined with other medications or serve as an effective solution when primary immunity
against a virus is lacking. For example, surfactin possesses emulsifying properties and can
serve as an immunological adjuvant in vaccines or drugs [89,126].

6. Utilizing Biosurfactants as Adjuvants in Medicine: Drug Delivery Systems

Drug delivery systems play a crucial role in pharmaceutical and medicinal sciences,
serving as formulations or devices/vehicles that enable the controlled administration and
release of the active ingredients to specific parts of the body via various routes depending on
the desired effect and the nature of the disease, thereby enhancing efficiency and safety [38].
These numerous advantages offered by these systems include optimal drug loading capacity
without loss of the drug, aqueous solubility and improvement in bioavailability as well
as facilitated and controlled transport of the active substance across membranes to the
intended site, maximizing efficacy [127]. Nanoparticles, nanoemulsions, microemulsions
and liposomes are distinct types of drug delivery systems utilized in various medical
applications. Nanoparticles are dispersed particulates or solid particles that have a size
range of 10–1000 nm. They can be prepared as nanospheres or nanocapsules. Nanoparticles
have been used in various treatment strategies, including drug delivery, due to their unique
physical properties, their potential use in controlled release and their ability to protect
drugs or other molecules with biological activity against their neighbouring environments,
thus improving their bioavailability and therapeutic index [128].

Nanoemulsions and microemulsions are therefore colloidal systems composed of oil,
water and surfactants. They have small droplet sizes and can enhance drug solubility and
stability [129]. Liposomes are vesicles formed by hydrating a mixture of cholesterol and
phospholipids. They improve drug efficacy by delaying clearance from the circulation
system and protecting the drug from their biological environment [130].

Biosurfactants can be employed in drug delivery due to their unique surface-active
properties and benefits. Overall, the use of biosurfactants in drug delivery holds promise
for improving drug solubility, achieving controlled release, ensuring biocompatibility,
providing protection and enabling targeted delivery. These advantages make biosurfactants
attractive candidates for developing innovative and efficient drug delivery systems.

An investigation on the effect of two biosurfactants (BSs) produced by Lactobacillus
gasseri BC9 and Lactobacillus crispatus BC1 and on the skin permeation profile of hydro-
cortisone (HC) was carried out. Both BSs increased the solubility of HC, particularly at
concentrations above their critical micellar concentrations (CMCs). At concentrations be-
low the CMC, drug permeation through the skin was improved due to the formation of a
superficial lipophilic environment and the interaction between BS and the stratum corneum
(SC). When skin hydration tests and differential scanning calorimetry (DSC) analyses were
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carried out to further investigate the BS interaction with the outermost layer of the skin, the
data showed that both BS products may be considered as new promising green excipients
for drug permeation enhancement through the skin [131]. Another study by the same re-
search group explored the potential of the L. gasseri BC9 biosurfactant as a natural excipient
to enhance the hydrocortisone solubility and nasal delivery and its mucoadhesive proper-
ties at concentrations both below and above the CMC. Diffusion studies performed using
sheep nasal mucosa with BC9-BS at a concentration below the CMC indicated that BC9-BS
interacted with the nasal mucosa components, leading to increased drug solubilization and
permeation at lower concentrations, suggesting that BC9-BS has potential as a promising
alternative to chemical surfactants for nasal drug delivery applications [132]. Lipopeptides
produced by Bacillus velezensis showed antibacterial activity on the surface of both vegeta-
tive cells and spores. Strains with the highest levels of activity also exhibited detectable
lipopeptide micelles, which were heat- and gastric-stable and able to entrap other antimi-
crobials produced by the host bacterium itself. In addition, the naturally produced micelle
formulations were able to entrap other antimicrobial compounds, such as vancomycin,
resveratrol and clindamycin, and the incorporation of antibiotics into micelles increased
their activity, suggesting their potential use to enhance drug delivery [133]. In a study by
Lassenberger et al. (2021), silk-based composite hydrogels incorporating anionic biosur-
factant assemblies (sophorolipids SL-C18:0 and SL-C18:1) were generated to enhance the
properties of silk fibroin. The inclusion of sophorolipid assemblies accelerated the gelation
of silk fibroin, suggesting promising potential for improving the functionality and mechan-
ical properties of SF-based hydrogels. These advancements present exciting opportunities
for controlled cell culture applications, tissue engineering and drug delivery [134].

Interestingly, sophorolipids have also been used as green delivery carriers to create
scalable, cost-effective and environmentally friendly nanopesticide systems for agronomic
applications [135].

6.1. Nanoparticles

Biosurfactants have emerged as highly promising candidates for the development and
synthesis of eco-friendly bioactive nanoparticles, thereby replacing synthetic surfactants.
Numerous studies in recent years have described the use of biosurfactants as substitutes
for conventional surfactants in the field of nanoparticle synthesis, exhibiting significant
promise for applications in biomedical science, including antimicrobial activity, drug
delivery, controlled release and anticancer activity [136–141].

6.1.1. Nanoparticles with Antibacterial Activity

The utilisation of biosurfactants for the production of nanoparticles with antibacte-
rial activity offers a promising avenue in nanotechnology and biomedical applications.
On the one hand, biosurfactant-based nanoparticles have demonstrated great potential
in combating bacterial infections as they can efficiently target and destroy bacterial cells
through multiple mechanisms. Biosurfactants can act as stabilisers, reducing agents and
templates in the synthesis of nanoparticles, thus enabling precise control over their size,
shape and surface properties. On the other hand, the internalisation into the metal nanopar-
ticles contributes to a further increase in the antimicrobial activity of BSs, enhancing their
biodistribution and limiting unfavourable interactions with unspecific targets. For example,
in Chauhan et al. (2022), lipopeptide OXDC12 silver nanoparticles possessed remarkable
antibacterial activities against Gram-negative Salmonella typhimurium, Klebsiella pneumnoniae
and E. coli strains, with MIC values lower than the lipopeptide mixture alone [142]. In
2020, Shikha and collaborators developed gold nanoparticle (AuNps) green synthesis using
sophorolipids (SLs) as a non-toxic reducing and stabilising agent; they demonstrated that
the obtained AuNPs-SL had higher efficacy in inhibiting the metabolic activity of viable
Gram-negative Vibrio cholerae and E. coli cells as well as in killing V. cholerae in its non-
multiplying stage, compared to AuNPs or SL alone. In addition, the authors showed that
the bactericidal activity of AuNPs-SL on V. cholerae cells was attributable to inhibiting the
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the dehydrogenases of the respiratory chain or inducing morphological changes that lead
to cell membrane disruption and intracellular fluid leakage [143]. In another study, rham-
nolipids were applied to synthesise CuO nanoparticles to counteract multi-drug-resistant
pathogens. RL-CuO NPs showed excellent antibacterial activity both against Gram-positive
strains, such as Streptococcus mutans, S. aureus and Enterococcus faecalis, and Gram-negative
strains, such as Shigella dysentriae and Salmonella typhi, with MIC values at concentrations
around 7.8 �g/mL and 250 �g/mL, respectively, demonstrating that RL and CuO NPs can
combine their activities in synergy to increase cell membrane permeability and promote
bacterial cell inactivation [144].

In a recent study by Falakaflaki et al. (2022), a cryogel nanocomposite scaffold enriched
with the antimicrobial agent usnic acid encapsulated in rhamnolipid (RH) biosurfactant
nanoparticles were designed with dual purpose for antimicrobial activity against Staphylo-
coccus aureus biofilm and bone regeneration. Rhamnolipid biosurfactant in the preparation
of nanovesicles improved usnic acid solubility and enhanced the antimicrobial effects of the
drug. In particular, the biocompatible usnic acid/rhamnolipid containing cryogel scaffolds
had an osteogenic effect, and an increase in the expression of bone repair markers was de-
tected by RT-PCR. Strong antibacterial effects of the scaffold on S. aureus, with an inhibition
zone of 1.4 � 0.2 cm and antibiofilm activity of 43.7 � 1.6%, were demonstrated [145].

6.1.2. Nanoparticles for Drug Delivery

Numerous investigations have been carried out on the application of rhamnolipids
or lipopeptides in nanoparticles’ stabilisation for their use in the drug delivery field, with
particular interest toward cancer therapy and transdermal administration.

For example, Müller et al. (2017) used several rhamnolipids as nano-carriers for dif-
ferent hydrophobic drugs like dexamethasone, Nile red, or tacrolimus for skin delivery
in ex vivo studies, and demonstrated that rhamnolipid nanoparticles efficiently deliver
Nile red into the skin without causing toxic effects at concentrations higher than CMC
values [146]. In a paper by Lewińska et al. (2022), poly(D,L-lactide) nanoparticles stabilised
by surfactin were developed for potential administration transdermally. The nanoprecipita-
tion approach was used to obtain nanoparticles. Skin permeability tests obtained on pig
ear skin proved the enhanced ability of nanoparticles to penetrate deeper into the epider-
mis, demonstrating the suitability of surfactin-stabilised poly(D,L-lactide) nanoparticles as
biocompatible options for transdermal applications [147].

As for cancer therapy applications, in 2019, rhamnolipid nanoparticles loaded with
hydrophobic photosensitizers were injected into the SCC7-cancer-bearing mice. Interest-
ingly, nanoparticles promoted both a significant accumulation of “pheophorbide a” into
the targeted tissue and cancer suppression by photodynamic therapy [148]. In 2020, the
lipopeptide from Acinetobacter junii B6 was used to produce gold nanoparticles; the cyto-
toxic activity against U87, A549 and MCF7 cancer cell lines was dose-dependent with IC50
values of 89.08 � 0.4 �g/mL, 646.12 � 0.5 �g/mL and 3.37 � 0.1 �g/mL [149]. Another
study explored the possibility to use rhamnolipids for the preparation of double-emulsion
nanoparticles (NPs) containing doxorubicin and erlotinib (RL-NP-DOX-ER) as a drug deliv-
ery system for combination therapy to provide an efficient drug delivery to tumour tissues
with a synergistic effect. The double-emulsion method enabled the simultaneous loading
of hydrophilic doxorubicin and hydrophobic erlotinib in the NPs, and biosurfactants pro-
vided stable surface coating. The resulting nanoparticles demonstrated a rapid cellular
uptake and the synergistic killing of tumour cells. Notably, RL-NP-DOX-ERL exhibited
enhanced tumour suppression compared to the control groups treated with free drugs
or nanoparticles containing a single drug, highlighting the potential of double-emulsion
nanoparticles and rhamnolipid coating for efficient tumour combination therapy [150].

In the work proposed by Wadhawan et al. (2022), a novel biosurfactant isolated from C.
parapsilosis loaded into polymeric nanoparticles was investigated as a promising therapeutic
system against MDA-MB-231 breast cancer cells. The nanoparticles were prepared using a
polymer material called PLA-PEG (polylactic acid–polyethylene glycol), which contained
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BS concentrations ranging from 1.25 to 20 �g/mL; these nanoparticles were compared with
pure nanoparticles without biosurfactant and nanoparticles conjugated with folic acid (FA)
to target cancer cells. The formulation with folic acid showed maximal internalization and
superior cytotoxicity compared to non-targeted formulations against MDA-MB-231 cells.
In addition, this formulation was observed to induce apoptosis in the breast cancer cell
line, thereby killing the cancer cells. It is important to note that these results were specific
to the MDA-MB-231 breast cancer cell line used in the study, and further studies would
be required to determine the cytotoxic and apoptotic effects of the biosurfactant-loaded
nanoparticles in other cancer cell lines or in vivo models [151].

6.2. Microemulsions and Nanoemulsions

Micro- and nanoemulsions are dispersed systems extensively utilized for effective
and precise drug delivery via different administration routes. Interestingly, the disparity
between micro- and nanoemulsions is not solely determined by their size scale, as the
names imply, as both systems can contain droplets with diameters below 100 nm. The
primary distinction between these systems lies in the method of achieving the droplet size:
nanoemulsions involve a mechanical reduction process, whereas microemulsions form
spontaneously [152]. A microemulsion delivery system based on commercial biosurfactant
sophorolipids (SLs) was developed to improve the solubility and stability of Xanthohumol,
a compound with numerous physiological activities such as antioxidant, antimicrobial,
anticancer, anti-inflammatory, anti-osteoporosis and neuroprotective activities. The SL-
based microemulsion system increased the solubility of Xanthohumol by about 4000 times
and extended its half-life to over 150 days, making it a potential green solubilization and
delivery method for Xanthohumol and other hydrophobic drugs [153].

In a study published in 2022, submicron emulsions (ESEs) loaded with etoposide, a
traditional anticancer chemotherapeutic agent, were prepared using lactonic sophorolipids
(LSLs) and acidic sophorolipids (ASLs), compared to the chemical surfactant Tween-80.
The results showed that ASL exhibited superior properties and activities compared to LSL
and Tween-80 in the ESE formation. The ASL-ESE demonstrated a higher drug-loading
capacity and slower drug release rate. It also significantly increased antitumour activity
against the ovarian cancer cell line A2780 through apoptosis when compared to Tween-ESE
and commercial etoposide injections. Additionally, ASL-ESE showed no haemolysis and
displayed comparable long-term and autoclaving stability to Tween-ESE; this therefore
highlights the exceptional capabilities of ASL in the ESE formation, efficacy enhancement
and improvement in safety [154].

Stable oil-in-water nanoemulsions were prepared by combining different biosurfac-
tants (plant-derived saponin and microbial rhamnolipid and surfactin) using high-energy
ultrasonication techniques. The rhamnolipid–surfactin system formed a more stable na-
noemulsion compared to the combinations rhamnolipid–saponin and surfactin–saponin.
The study suggested that the optimal synergy between mixed biosurfactants at the oil–water
interface leading to stable nanoemulsion is primarily dictated by the type and composition
of the biosurfactants used in the formulation. In addition, antimicrobial and scavenging
investigations of stable nanoemulsions revealed that two biosurfactant systems showed
comparable efficacies to single biosurfactant nanoemulsions [155].

In another work, rhamnolipids were used in combination with tea-tree oil to develop
a biocompatible nanoformulation to deliver the herbal drug tanshinone-IIA (TSIIA), which
is used for the treatment of acute lung injury (ALI), a severe condition often observed in
patients with COVID-19. The nanoemulsion (NE) was optimised using ultrasound, and
its efficacy was evaluated in an ALI model induced by lipopolysaccharides. Compared to
free medication and blank-NE, TSIIA-NE demonstrated superior efficacy. Furthermore,
the loading of TSIIA into the nanoemulsion formulation potentially amplified this effect,
possibly due to the inherent pharmacological activities of tea-tree oil and rhamnolipids, as
well as the improved in vivo performance of the nanoformulation [156].
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In a study by Kubendiran et al. (2021), a natural biosurfactant extracted from Lacto-
bacillus casei (MT012285) was used to develop a biosurfactant-based nano-topical ointment
for wound treatment using a blend of Tridax procumbens-infused oil and gelatine-stabilised
silver nanoparticles. The prepared ointment exhibited potent antimicrobial activity against
clinical pathogens, including S. aureus, E. coli, P. aeruginosa and K. pneumoniae, with minimal
haemolytic effects on red blood cells and low cytotoxicity on L929 fibroblastic cell lines. A
wound scratch assay revealed a cell migration rate of 62% within 24 h, suggesting potential
for topical wound treatment [157].

6.3. Liposomes

Biosurfactants have been increasingly utilised in the preparation of liposomes, which
are lipid-based nanoparticles used for drug delivery and various biomedical applications,
to replace PEG–lipids that may cause hypersensitivity reactions [158]. Glycolipids, such as
rhamnolipids, in particular, can be employed to develop liposomes, as demonstrated with
rhamnolipid-modified curcumin-loaded liposomes [159]. By incorporating biosurfactants
into liposome formulations, several advantages can be achieved. Firstly, biosurfactants
can enhance the stability and integrity of liposomes, optimise drug delivery efficiency,
improve their shelf life and prevent aggregation [146,158,159]. Furthermore, biosurfactants
can enhance the biocompatibility and biodegradability of liposomes, reducing potential
toxic effects [159]. In a recently published study from 2022, researchers explored the
use of sophorolipids for the modification of liposomes containing the nutraceutical drug
pipeline. The study highlights the effectiveness of sophorolipids in enhancing the stability
and dispersion of the liposomal formulation, while also improving the drug-loading
efficiency [158].

7. Patents in the Biomedical and Pharmaceutical Fields Incorporating Biosurfactants

Patents related to the usage of biosurfactants in biomedical, pharmaceutical and re-
lated fields have been widely issued, indicating the growing interest and recognition of their
therapeutic and functional properties. These legal protections not only provide recognition
for the innovative efforts spent in developing biosurfactant-based solutions, but serve as
a means for advancing research and development in the biomedical and pharmaceutical
sectors, where the demand for novel, effective and safe therapies is paramount. Patents,
therefore, provide a framework for incentivizing innovation, ensuring competition, and
facilitating the translation of biosurfactant advancements from laboratory discoveries to im-
pactful medical applications. These patents cover a range of topics, including biosurfactant
formulation for purposes such as antimicrobial, antibiofilm, and coating agents, utilization
in drug delivery systems, enhancements of pharmaceutical stability and bioavailability, as
well as involvement in nanoparticle synthesis and modification for targeted therapies.

As confirmation of the interesting antiadhesive and antibiofilm activities of biosur-
factants, several methodologies have been patented to covalently bind these molecules
to the surfaces of various natures in order to prevent biofouling. The broad applicability
and versatility of these natural surfactants extend their antiadhesive applications beyond
the biomedical field, encompassing all sectors where microbial proliferation needs to be
combated (ranging from agriculture and food industries to maritime transportation). In
relation to applications employed to tackle microbial infection associated with the use of
medical devices, methodologies for covalently linking biosurfactants to different materials
have been described. A patent issued in 2022 describes protocols for coating polymeric and
metallic materials with biosurfactants from Pseudomonas aeruginosa, Bacillus amyloliquefaciens
and Serratia marcescens to inhibit biofilm formation by surface oxidation and the use of
silane linkers [160]. In the same year, another patent was granted describing methods for
coating medical devices with irregular and/or curved silicone surfaces via rhamnolipid
grafting. This method involves different steps, such as another Brazilian patent describing
a surfactin production process by isolates of Bacillus subtilis ATCC 19659 with anti-adhesive
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and antimicrobial properties against biofilm-forming pathogens on silicone-coated latex
pieces [161].

Very recently, a patent concerning albofungin from Streptomyces chrestomyceticus BCC
24,770, issued as copolymer coating to inhibit fouling by marine microorganisms, demon-
strated antibiofilm activity against ESKAPE bacteria [162]. In 2022, a patent was issued
regarding medical devices, including voice prostheses, with irregular and/or curved sili-
cone surfaces coated with rhamnolipids for the prevention or reduction of biofilm formation
on the surface of the medical device. The method described involves the surface func-
tionalization of silicone using the atmospheric or vacuum plasma discharge of argon with
(3-Aminopropyl)triethoxysilane (APTES) or cyclopropylamine, followed by the covalent
grafting of rhamnolipids using carbodiimide chemistry. The covalent grafting of rham-
nolipids on APTES-modified silicone surfaces allowed for us to maintain the anti-biofilm
activity up to 72 h with 80% reduction in C. albicans biofilm and more than 90% in S. aureus
biofilm [163].

Another invention provides constituents and methods for treating, preventing, or
disrupting biofilm formation on surfaces and in various bodily locations. The compositions
utilize biological amphiphilic molecules produced by microorganisms (such as glycolipids,
lipopeptides, flavolipids, phospholipids, fatty acid ether compounds, fatty acid ester
compounds, and high-molecular-weight polymers), which can be combined with other
biocidal substances such as antibiotics or essential oils to attack and weaken the bacterial
biofilm matrix through enhancing the penetration of the biocidal substance. Such methods
can be used to treat or prevent biofilm-related infections in various sites of the body
and can also be applied to inert surfaces to inhibit the proliferation of biofilm-forming
microbes [164]. Another Brazilian invention describes the production of surfactin by
Bacillus subtilis isolates with anti-adhesive and antimicrobial properties against biofilm-
forming isolates such as S. aureus, S. epidermidis and E. coli on stainless steel and titanium
parts used in orthopaedic procedures [165]. A recent patent published in 2023 describes a
method utilizing an extract containing biosurfactants derived from a bacterium, such as
Bacillus, Streptomyces, Mycobacterium, Micrococcus, Rhodococcus, Pseudomonas, Arthrobacter,
or Staphylococcus, as an effective antimicrobial agent against foodborne, plant bacterial or
fungal pathogens [166].

In recent years, there has been growing interest in the use of probiotics that also possess
the ability to produce biosurfactants. Patents have been filed to explore the potential of
probiotics producing biosurfactants in improving health and wellbeing. By harnessing
the synergistic effects of probiotics and biosurfactants, these patents aim to provide novel
solutions for a wide range of health concerns, such as the enhancement of innate barrier
functions in various areas of the body; the inhibition of pathogenic biofilm growth and
adhesion; the promotion of commensal biofilm growth, treatment and prevention of fungal
infections; the improvement in skin microbiome health; and the amelioration of skin barrier
damage and inflammation, particularly in the context of inflammatory skin diseases like
atopic dermatitis, psoriasis and acne [167–171].

As described in Section 5, biosurfactants have gained significant attention in the field
of drug delivery, leading to their utilization in various patents. Overall, the incorporation of
biosurfactants in patents for drug delivery holds great potential for improving therapeutic
outcomes and expanding the possibilities of pharmaceutical formulations. A recently
issued patent involves the development of nanostructured drug formulations that enhance
both the effectiveness and bioavailability of the drugs, particularly in cancer treatment.
These formulations utilize biosurfactants derived from microbial sources, replacing syn-
thetic surfactants, to enhance the safety and efficacy of chemotherapy [172]. Another patent
issued in 2023 provides a method for improving the penetration of a therapeutic agent into
a microbial biofilm via the administration of a cavitation-enhancing agent, followed by
exposure of the biofilm to at least one therapeutic agent. In this patent, it was demonstrated
that rhamnolipids, in combination with antibiotics, have potent activity against persister
cells and recalcitrant populations including anaerobically growing cells, non-respiring cells
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and small colony variants [173]. A patent issued in 2021 describes a combination treat-
ment of rhamnolipids and niclosamide for non-alcoholic fatty liver disease; non-alcoholic
steatohepatitis, including liver cirrhosis; and type 2 diabetes mellitus. By combining rham-
nolipids with niclosamide, the water solubility of niclosamide is enhanced, leading to an
increase in its oral bioavailability [174].

Biosurfactants have also emerged as valuable ingredients in the cosmetic field, offering
unique properties and benefits for skincare, haircare and personal care products. Topical
therapeutic compositions that utilize microbial biosurfactants have been patented for
enhanced wound healing, scar reduction and an improvement in various skin conditions.
These compositions and methods have been developed to reduce the healing time for skin
wounds, diminish the appearance of scars, and provide benefits for conditions like acne,
psoriasis and eczema [175]. In another patent, natural nano- or micro-emulsions containing
rhamnolipids, mannosylerythritol lipids and the methods for producing them have been
described for the treatment of the skin, hair follicles and related conditions as well as for
the treatment of skin and hair pigmentation [176]. Cosmetic compositions and detergents
containing biosurfactants have also been recently patented as environmentally friendly
alternatives to cosmetic compositions based on non-renewable resources that may contain
microplastic [177,178].

8. Conclusions and Future Perspectives

Interest and research continue to explore and optimize the utilization of biosurfactants
for effective and eco-friendly pharmaceutical ingredients and biomedical components
mainly due to their unique positive properties which meet the general environmental
awareness, lifestyle and health aspirations and drive towards sustainability. Their wide-
ranging potential applications vary from antimicrobial, antibiofilm, antiadhesive, antitu-
mour, anti-inflammatory and antioxidant applications to possibilities of use in wound
healing, immuno-modulation, probiotic and adjuvant capabilities, and nanoparticles and
vaccine formulations for drug delivery. At present, biosurfactants remain to occupy a
small market niche among surfactants due to their high production and purification cost;
however, they are forecast to expand much further due to their increased functionality
and synergistic interactions, which are helped by the commitment of some big industry
players in the field. One of the main issues regarding the uptake of biosurfactants by the
biomedical and pharmaceutical industries, in our opinion, is the purity of compounds
generated, considering that most biosurfactants are typically produced as a combination of
several congeners that can have different properties. The drive towards engineered strains
for higher productivity or selectivity in product generation in addition to extensive toxicity
testing and regulatory compliance are needed and will help future exploitation within the
pharmaceutical, biomedical and health-related applications.

Author Contributions: Conceptualization, L.F. and I.M.B.; resources, C.C. and A.C.S.; writing—original
draft preparation, L.F., C.C., A.C.S. and M.A.D.D.R.; writing—review and editing, L.F., C.C., M.A.D.D.R.
and I.M.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Monciardini, P.; Iorio, M.; Maffioli, S.; Sosio, M.; Donadio, S. Discovering new bioactive molecules from microbial sources. Microb.

Biotechnol. 2014, 7, 209–220. [CrossRef] [PubMed]
2. Chen, W.; Wang, Z.; Wang, Y.; Li, Y. Natural Bioactive Molecules as Potential Agents Against SARS-CoV-2. Front. Pharmacol. 2021,

12, 702472. [CrossRef] [PubMed]

https://doi.org/10.1111/1751-7915.12123
https://www.ncbi.nlm.nih.gov/pubmed/24661414
https://doi.org/10.3389/fphar.2021.702472
https://www.ncbi.nlm.nih.gov/pubmed/34483904


Pharmaceutics 2023, 15, 2156 21 of 27

3. Karthikeyan, A.; Joseph, A.; Nair, B.G. Promising bioactive compounds from the marine environment and their potential effects
on various diseases. J. Genet. Eng. Biotechnol. 2022, 20, 14. [CrossRef]

4. Theodoridis, S.D.; Drakou, E.G.; Hickler, T.; Thines, M.; Nogues-Bravo, D. Evaluating natural medicinal resources and their
exposure to global change. Lancet Planet. Health 2023, 7, e155–e163. [CrossRef] [PubMed]

5. Shekhar, S.; Sundaramanickam, A.; Balasubramanian, T. Biosurfactant producing microbes and their potential applications: A
review. Crit. Rev. Environ. Sci. Technol. 2015, 45, 1522–1554. [CrossRef]

6. Pradhan, A.; Bhattacharyya, A. Quest for an eco-friendly alternative surfactant: Surface and foam characteristics of natural
surfactants. J. Clean. Prod. 2017, 150, 127–134. [CrossRef]

7. Geetha, S.J.; Banat, I.M.; Joshi, S.J. Biosurfactants: Production and potential applications in microbial enhanced oil recovery
(MEOR). Biocatal. Agric. Biotechnol. 2018, 14, 23–32. [CrossRef]

8. Sena, H.H.; Sanches, M.A.; Rocha, D.F.S.; Segundo, W.O.P.F.; de Souza, É.S.; de Souza, J.V.B. Production of Biosurfactants by Soil
Fungi Isolated from the Amazon Forest. Int. J. Microbiol. 2018, 2018, 5684261. [CrossRef]

9. Fenibo, E.O.; Ijoma, G.N.; Selvarajan, R.; Chikere, C.B. Microbial surfactants: The next generation multifunctional biomolecules
for applications in the petroleum industry and its associated environmental remediation. Microorganisms 2019, 7, 581. [CrossRef]

10. Santos, D.K.F.; Rufino, R.D.; Luna, J.M.; Santos, V.A.; Sarubbo, L.A. Biosurfactants: Multifunctional biomolecules of the 21st
century. Int. J. Mol. Sci. 2016, 17, 401. [CrossRef]

11. Sharma, J.; Sundar, D.; Srivastava, P. Biosurfactants: Potential Agents for Controlling Cellular Communication, Motility, and
Antagonism. Front. Mol. Biosci. 2021, 8, 727070. [CrossRef] [PubMed]

12. Ceresa, C.; Fracchia, L.; Fedeli, E.; Porta, C.; Banat, I.M. Recent Advances in Biomedical, Therapeutic and Pharmaceutical
Applications of Microbial Surfactants. Pharmaceutics 2021, 13, 466. [CrossRef] [PubMed]

13. Holmberg, K. Natural surfactants. Curr. Opin. Colloid Interface Sci. 2001, 6, 148–159. [CrossRef]
14. Banat, I.M.; Franzetti, A.; Gandolfi, I.; Bestetti, G.; Martinotti, M.G.; Fracchia, L.; Smyth, T.J.; Marchant, R. Microbial biosurfactants

production, applications and future potential. Appl. Microbiol. Biotechnol. 2010, 87, 427–444. [CrossRef] [PubMed]
15. Naughton, P.J.; Marchant, R.; Naughton, V.; Banat, I.M. Microbial biosurfactants: Current trends and applications in agricultural

and biomedical industries. J. Appl. Microbiol. 2019, 127, 12–28. [CrossRef] [PubMed]
16. Kamalakannan, S.; Gopalakrishnan, A.V.; Thangarasu, R.; Kumar, N.S.; Vellingiri, B. Biosurfactants and anti-inflammatory

activity: A potential new approach towards COVID-19. Curr. Opin. Environ. Sci. Health 2020, 17, 72–81. [CrossRef]
17. Marchant, R.; Banat, I.M. Biosurfactants: A sustainable replacement for chemical surfactants? Biotechnol. Lett. 2012, 34, 1597–1605.

[CrossRef]
18. Akbari, S.; Abdurahman, N.H.; Yunus, R.M.; Fayaz, F.; Alara, O.R. Biosurfactants—A new frontier for social and environmental

safety: A mini review. Biotechnol. Res. Innov. 2018, 2, 81–90. [CrossRef]
19. Tripathy, D.B.; Mishra, A. Sustainable Biosurfactants. Encycl. Inorg. Bioinorg. Chem. 2011, 1–17. [CrossRef]
20. Vecino, X.; Barbosa-Pereira, L.; Devesa-Rey, R.; Cruz, J.M.; Moldes, A.B. Study of the surfactant properties of aqueous stream

from the corn milling industry. J. Agric. Food Chem. 2014, 62, 5451–5457. [CrossRef]
21. Vecino, X.; Barbosa-Pereira, L.; Devesa-Rey, R.; Cruz, J.M.; Moldes, A.B. Optimization of liquid-liquid extraction of biosurfactants

from corn steep liquor. Bioprocess Biosyst. Eng. 2015, 38, 1629–1637. [CrossRef]
22. Najmi, Z.; Ebrahimipour, G.; Franzetti, A.; Banat, I.M. In situ downstream strategies for cost-effective bio/surfactant recovery.

Biotechnol. Appl. Biochem. 2018, 65, 523–532. [CrossRef] [PubMed]
23. Helmy, Q.; Kardena, E.; Funamizu, N.; Wisjnuprapto. Strategies toward commercial scale of biosurfactant production as potential

substitute for its chemically counterparts. Int. J. Biotechnol. 2011, 12, 66–86. [CrossRef]
24. Banat, I.M.; Satpute, S.K.; Cameotra, S.S.; Patil, R.; Nyayanit, N.V. Cost effective technologies and renewable substrates for

biosurfactants’ production. Front. Microbiol. 2014, 5, 697. [CrossRef] [PubMed]
25. Biosurfactant Market. Available online: https://www.marketsandmarkets.com/Market-Reports/biosurfactant-market-16364492

2.html (accessed on 7 July 2023).
26. Vijayakumar, S.; Saravanan, V. Biosurfactants-types, sources and applications. Res. J. Microbiol. 2015, 10, 181–192. [CrossRef]
27. Fracchia, L.; Ceresa, C.; Franzetti, A.; Cavallo, M.; Gandolfi, I.; Van Hamme, J.; Gkorezis, P.; Marchant, R.; Banat, I.M. Industrial

Applications of Biosurfactants. In Biosurfactants: Production and Utilization-Processes, Technologies and Economics; Kosaric, N., Sukan,
F.V., Eds.; CRC Press Taylor & Francis Group: Boca Raton, FL, USA, 2014; pp. 245–267.

28. Swarnalatha, M.S.; Rani, J.C. Biosurfactants: Unique properties and their versatile applications. Pharm. Innov. J. 2019, 8, 684–687.
29. Sandeep, L.; Rajasree, S. Biosurfactant: Pharmaceutical Perspective. J. Anal. Pharm. Res. 2017, 4, 00105. [CrossRef]
30. Mondal, M.H.; Malik, S.; Roy, A.; Saha, R.; Saha, B. Modernization of surfactant chemistry in the age of gemini and bio-surfactants:

A review. RSC Adv. 2015, 5, 92707–92718. [CrossRef]
31. Patel, S.; Ahmed, S.; Eswari, J.S. Therapeutic cyclic lipopeptides mining from microbes: Latest strides and hurdles. World J.

Microbiol. Biotechnol. 2015, 31, 1177–1193. [CrossRef]
32. Lukic, M.; Pantelic, I.; Savic, S. An overview of novel surfactants for formulation of cosmetics with certain emphasis on acidic

active substances. Tenside Surfactants Deterg. 2016, 53, 7–19. [CrossRef]
33. Fracchia, L.; Ceresa, C.; Banat, I.M. Biosurfactants in Cosmetic, Biomedical and Pharmaceutical Industry. In Microbial Biosurfactants

and Their Environmental and Industrial Applications; Banat, I.M., Thavasi, R., Eds.; CRS Press: Boca Raton, FL, USA, 2019;
pp. 258–288.

https://doi.org/10.1186/s43141-021-00290-4
https://doi.org/10.1016/S2542-5196(22)00317-5
https://www.ncbi.nlm.nih.gov/pubmed/36754471
https://doi.org/10.1080/10643389.2014.955631
https://doi.org/10.1016/j.jclepro.2017.03.013
https://doi.org/10.1016/j.bcab.2018.01.010
https://doi.org/10.1155/2018/5684261
https://doi.org/10.3390/microorganisms7110581
https://doi.org/10.3390/ijms17030401
https://doi.org/10.3389/fmolb.2021.727070
https://www.ncbi.nlm.nih.gov/pubmed/34708073
https://doi.org/10.3390/pharmaceutics13040466
https://www.ncbi.nlm.nih.gov/pubmed/33808361
https://doi.org/10.1016/S1359-0294(01)00074-7
https://doi.org/10.1007/s00253-010-2589-0
https://www.ncbi.nlm.nih.gov/pubmed/20424836
https://doi.org/10.1111/jam.14243
https://www.ncbi.nlm.nih.gov/pubmed/30828919
https://doi.org/10.1016/j.coesh.2020.09.002
https://doi.org/10.1007/s10529-012-0956-x
https://doi.org/10.1016/j.biori.2018.09.001
https://doi.org/10.1002/9781119951438.eibc2433
https://doi.org/10.1021/jf501386h
https://doi.org/10.1007/s00449-015-1404-9
https://doi.org/10.1002/bab.1641
https://www.ncbi.nlm.nih.gov/pubmed/29297935
https://doi.org/10.1504/IJBT.2011.042682
https://doi.org/10.3389/fmicb.2014.00697
https://www.ncbi.nlm.nih.gov/pubmed/25566213
https://www.marketsandmarkets.com/Market-Reports/biosurfactant-market-163644922.html
https://www.marketsandmarkets.com/Market-Reports/biosurfactant-market-163644922.html
https://doi.org/10.3923/jm.2015.181.192
https://doi.org/10.15406/japlr.2017.04.00105
https://doi.org/10.1039/C5RA18462B
https://doi.org/10.1007/s11274-015-1880-8
https://doi.org/10.3139/113.110405


Pharmaceutics 2023, 15, 2156 22 of 27

34. Markande, A.R.; Patel, D.; Varjani, S. A review on biosurfactants: Properties, applications and current developments. Bioresour.
Technol. 2021, 330, 124963. [CrossRef]

35. Ambaye, T.G.; Vaccari, M.; Prasad, S.; Rtimi, S. Preparation, characterization and application of biosurfactant in various industries:
A critical review on progress, challenges and perspectives. Environ. Technol. Innov. 2021, 24, 102090. [CrossRef]

36. Sarma, H.; Prasad, M.N.V. Biosurfactants for a Sustainable Future: Production and Applications in the Environment and Biomedicine;
John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2021; p. 544.

37. Inamuddin; Ahamed, M.I.; Prasad, R. Microbial Biosurfactants Preparation, Properties and Applications; Springer Nature: Singapore,
2021; p. 314.

38. Mnif, I.; Ghribi, D. Glycolipid biosurfactants: Potential related biomedical and biotechnological applications. Carbohydr. Res. 2015,
416, 59–69. [CrossRef]

39. Mnif, I.; Ghribi, D. Review lipopeptides biosurfactants: Mean classes and new insights for industrial, biomedical, and environ-
mental applications. Biopolymers 2015, 104, 129–147. [CrossRef] [PubMed]

40. Inamuddin; Adetunji, C.O.; Ahamed, M.I. Green Sustainable Process for Chemical and Environmental Engineering and Science Biomedical
Application of Biosurfactant in the Medical Sector; Academic Press: Cambridge, MA, USA; Elsevier: Amsterdam, The Netherlands,
2022; p. 708.

41. Ismail, R.; Baaity, Z.; Csóka, I. Regulatory status quo and prospects for biosurfactants in pharmaceutical applications. Drug Discov.
Today 2021, 26, 1929–1935. [CrossRef]

42. Smith, M.L.; Gandolfi, S.; Coshall, P.M.; Rahman, P.K.S.M. Biosurfactants: A COVID-19 Perspective. Front. Microbiol. 2020, 11,
1341. [CrossRef]

43. Rana, S.; Singh, J.; Wadhawan, A.; Khanna, A.; Singh, G.; Chatterjee, M. Evaluation of In Vivo toxicity of Novel Biosurfactant
from Candida parapsilosis loaded in PLA-PEG Polymeric Nanoparticles. J. Pharm. Sci. 2021, 110, 1727–1738. [CrossRef] [PubMed]

44. Voulgaridou, G.P.; Mantso, T.; Anestopoulos, I.; Klavaris, A.; Katzastra, C.; Kiousi, D.E.; Mantela, M.; Galanis, A.; Gardikis, K.;
Banat, I.M.; et al. Toxicity Profiling of Biosurfactants Produced by Novel Marine Bacterial Strains. Int. J. Mol. Sci. 2021, 22, 2383.
[CrossRef]

45. Adu, S.A.; Twigg, M.S.; Naughton, P.J.; Marchant, R.; Banat, I.M. Characterisation of cytotoxicity and immunomodulatory effects
of glycolipid biosurfactants on human keratinocytes. Appl. Microbiol. Biotechnol. 2023, 107, 137–152. [CrossRef]

46. Caldara, M.; Belgiovine, C.; Secchi, E.; Rusconi, R. Environmental, Microbiological, and Immunological Features of Bacterial
Biofilms Associated with Implanted Medical Devices. Clin. Microbiol. Rev. 2022, 35, e0022120. [CrossRef]

47. Singh, S.; Singh, S.K.; Chowdhury, I.; Singh, R. Understanding the Mechanism of Bacterial Biofilms Resistance to Antimicrobial
Agents. Open Microbiol. J. 2017, 11, 53–62. [CrossRef] [PubMed]

48. Tambone, E.; Marchetti, A.; Ceresa, C.; Piccoli, F.; Anesi, A.; Nollo, G.; Caola, I.; Bosetti, M.; Fracchia, L.; Ghensi, P.; et al.
Counter-Acting Candida albicans-Staphylococcus aureus Mixed Biofilm on Titanium Implants Using Microbial Biosurfactants.
Polymers 2021, 13, 2420. [CrossRef] [PubMed]

49. Dardouri, M.; Bettencourt, A.; Martin, V.; Carvalho, F.A.; Santos, C.; Monge, N.; Santos, N.C.; Fernandes, M.H.; Gomes,
P.S.; Ribeiro, I.A.C. Using plasma-mediated covalent functionalization of rhamnolipids on polydimethylsiloxane towards the
antimicrobial improvement of catheter surfaces. Biomater. Adv. 2022, 134, 112563. [CrossRef] [PubMed]

50. Ali, S.A.M.; Sayyed, R.Z.; Mir, M.I.; Khan, M.Y.; Hameeda, B.; Alkhanani, M.F.; Haque, S.; Mohammad Al Tawaha, A.R.; Poczai, P.
Induction of Systemic Resistance in Maize and Antibiofilm Activity of Surfactin from Bacillus velezensis MS20. Front. Microbiol.
2022, 13, 879739. [CrossRef]

51. Kannan, S.; Solomon, A.; Krishnamoorthy, G.; Marudhamuthu, M. Liposome encapsulated surfactant abetted copper nanoparticles
alleviates biofilm mediated virulence in pathogenic Pseudomonas aeruginosa and MRSA. Sci. Rep. 2021, 11, 1102. [CrossRef]

52. Ceresa, C.; Rinaldi, M.; Tessarolo, F.; Maniglio, D.; Fedeli, E.; Tambone, E.; Caciagli, P.; Banat, I.M.; Diaz De Rienzo, M.A.; Fracchia,
L. Inhibitory Effects of Lipopeptides and Glycolipids on C. albicans-Staphylococcus spp. Dual-Species Biofilms. Front. Microbiol.
2021, 11, 545654. [CrossRef]

53. Cheffi, M.; Maalej, A.; Mahmoudi, A.; Hentati, D.; Marques, A.M.; Sayadi, S.; Chamkha, M. Lipopeptides production by a newly
Halomonas venusta strain: Characterization and biotechnological properties. Bioorg. Chem. 2021, 109, 104724. [CrossRef]

54. Sharaf, M.; Sewid, A.H.; Hamouda, H.I.; Elharrif, M.G.; El-Demerdash, A.S.; Alharthi, A.; Hashim, N.; Hamad, A.A.; Selim,
S.; Alkhalifah, D.H.M.; et al. Rhamnolipid-Coated Iron Oxide Nanoparticles as a Novel Multitarget Candidate against Major
Foodborne E. coli Serotypes and Methicillin-Resistant S. aureus. Microbiol. Spectr. 2022, 10, e0025022. [CrossRef]

55. Goyal, S.; Singh, J. Bioprocess optimization for glycopeptide biosurfactant production by means of Lactobacillus delbrueckii: Design
expert laden approach. J. Food Process. Preserv. 2022, 46, e17195. [CrossRef]

56. Firdose, A.; Chong, N.H.H.; Ramli, R.; Aqma, W.S. Antimicrobial, antiadhesive, and antibiofilm actions of rhamnolipids on
ESKAPE pathogens. Lett. Appl. Microbiol. 2023, 76, ovad013. [CrossRef]

57. van Duin, D.; Paterson, D.L. Multidrug-Resistant Bacteria in the Community: An Update. Infect. Dis. Clin. N. Am. 2020, 34,
709–722. [CrossRef] [PubMed]

58. Marquez, L.; Quave, C.L. Prevalence and Therapeutic Challenges of Fungal Drug Resistance: Role for Plants in Drug Discovery.
Antibiotics 2020, 9, 150. [CrossRef] [PubMed]

59. Satpute, S.K.; Banpurkar, A.G.; Banat, I.M.; Sangshetti, J.N.; Patil, R.H.; Gade, W.N. Multiple Roles of Biosurfactants in Biofilms.
Curr. Pharm. Des. 2016, 22, 1429–1448. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biortech.2021.124963
https://doi.org/10.1016/j.eti.2021.102090
https://doi.org/10.1016/j.carres.2015.07.016
https://doi.org/10.1002/bip.22630
https://www.ncbi.nlm.nih.gov/pubmed/25808118
https://doi.org/10.1016/j.drudis.2021.03.029
https://doi.org/10.3389/fmicb.2020.01341
https://doi.org/10.1016/j.xphs.2021.01.004
https://www.ncbi.nlm.nih.gov/pubmed/33450216
https://doi.org/10.3390/ijms22052383
https://doi.org/10.1007/s00253-022-12302-5
https://doi.org/10.1128/cmr.00221-20
https://doi.org/10.2174/1874285801711010053
https://www.ncbi.nlm.nih.gov/pubmed/28553416
https://doi.org/10.3390/polym13152420
https://www.ncbi.nlm.nih.gov/pubmed/34372023
https://doi.org/10.1016/j.msec.2021.112563
https://www.ncbi.nlm.nih.gov/pubmed/35525746
https://doi.org/10.3389/fmicb.2022.879739
https://doi.org/10.1038/s41598-020-79976-7
https://doi.org/10.3389/fmicb.2020.545654
https://doi.org/10.1016/j.bioorg.2021.104724
https://doi.org/10.1128/spectrum.00250-22
https://doi.org/10.1111/jfpp.17195
https://doi.org/10.1093/lambio/ovad013
https://doi.org/10.1016/j.idc.2020.08.002
https://www.ncbi.nlm.nih.gov/pubmed/33011046
https://doi.org/10.3390/antibiotics9040150
https://www.ncbi.nlm.nih.gov/pubmed/32244276
https://doi.org/10.2174/1381612822666160120152704
https://www.ncbi.nlm.nih.gov/pubmed/26786675


Pharmaceutics 2023, 15, 2156 23 of 27

60. Paraszkiewicz, K.; Moryl, M.; Płaza, G.; Bhagat, D.; Satpute, S.K.; Bernat, P. Surfactants of microbial origin as antibiofilm agents.
Int. J. Environ. Health Res. 2021, 31, 401–420. [CrossRef]

61. Satpute, S.K.; Banat, I.M.; Dhakephalkar, P.K.; Banpurkar, A.G.; Chopade, B.A. Biosurfactants, bioemulsifiers and exopolysaccha-
rides from marine microorganisms. Biotechnol. Adv. 2010, 28, 436–450. [CrossRef]

62. Gudiña, E.J.; Teixeira, J.A.; Rodrigues, L.R. Biosurfactants Produced by Marine Microorganisms with Therapeutic Applications.
Mar. Drugs 2016, 14, 38. [CrossRef]

63. Kubicki, S.; Bollinger, A.; Katzke, N.; Jaeger, K.E.; Loeschcke, A.; Thies, S. Marine Biosurfactants: Biosynthesis, Structural Diversity
and Biotechnological Applications. Mar. Drugs 2019, 17, 408. [CrossRef]
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