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ARTICLE INFO ABSTRACT

Keywords: Biosurfactants are the chemical compounds that are obtained from various micro-organisms and possess the
Biosurfactants ability to decrease the interfacial tension between two similar or different phases. The importance of bio-
Micrf’bef surfactants in cosmetics, pharmaceuticals, biotechnology, agriculture, food and oil industries has made them an
gﬁi :cczsglr:) Sgy interesting choice in various physico-chemical and biological applications. With the aim of representing different

properties of biosurfactants, this review article is focused on emphasizing their applications in various industries
summarizing their importance in each field. Along with this, the production of recently developed chemically and
biologically important biosurfactants has been outlined. The advantages of biosurfactants over the chemical
surfactants have also been discussed with emphasis on the latest findings and research performed worldwide.
Moreover, the chemical and physical properties of different biosurfactants have been presented and different
characterization techniques have been discussed. Overall, the review article covers the latest developments in
biosurfactants along with their physico-chemical properties and applications in different fields, especially in

Pharmaceuticals

pharmaceuticals and biotechnology.

1. Introduction

Surfactants or surface-active agents are the chemical compounds
containing both hydrophobic as well as hydrophilic regions making them
amphiphilic in nature. They alter the properties of the surface or interfa-
cial tension of a fluid that allow forming a microemulsion, which lead to
solubilization of colloidal solutions, micellar systems and water-oil sus-
pensions [1, 2]. This phenomenon of surfactants makes them an essential
component in many sectors such as pharmaceuticals, cosmetics, agricul-
ture, oils and food industries etc. Surface tension, which measures the
force of attraction between the liquid-liquid, liquid-solid, or liquid-gas
interfaces that are in contact with it, is the elastic tendency of liquid sur-
faces [3, 4]. Small liquid drops and soap bubbles with a roughly spherical
shape are the most common manifestations of this phenomena. It is a
critical parameter for evaluating the effectiveness of a surfactant, leading
to decrease in the surface tension when their concentration in the solution
increases, which results in micelle formation [5]. Micelle formation occurs
due to the inability of lipophilic region of the surfactant to form
hydrogen-bond in aqueous phase and thereby contributing to the system’s
free energy. Dealing with this increased free energy is required to aid in
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isolation of hydro-carbon tail from water by its absorption onto organic or
aqueous surfaces enabling the hydrophobic region oriented towards the
centre while hydrophilic region facing water [6, 7, 8]. Surfactants
decrease the interfacial tension between two molecules in a liquid by
decreasing the intermolecular interactions between them. The surfactants
consist of large hydrocarbon chains in their structure. When these sur-
factants are incorporated in a liquid solvent system, they occupy the
intermolecular spaces between the liquid particles. This result in weak
intermolecular forces between the molecules and result in decreased
interfacial tension. The decrease in surface tension between the molecules
allows the solid or liquid solute particles to form hydrophilic or hydro-
phobic interactions with the solvent making immiscible fluids miscible,
due to formation of new additional surfaces [9]. Micelles are defined as
aggregated molecules containing both hydrophobic and hydrophilic
groups, with hydrophilic groups oriented towards water, while hydro-
phobic groups oriented towards oil [10, 11]. The formation of micelles
leads to distribution of hydrophobic compounds into the pseudocore
residing in the centre thereby enhancing solubility. This leads to better
dispersion of compounds and leads to increased mobility of adsorbed
hydrophobic soil contaminants by decreasing the capillary forces. The
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minimum surfactant concentration at which solution properties of a liquid
shows an abrupt change is regarded as Critical Micelle Concentration
(CMOQ) [12].

Biosurfactants are biological compounds of microbial origin that have
surface active properties and can be used effectively instead of chemical
surfactants [13]. They have lower CMC compared to that of synthetic
ones and they lead to higher decrease in surface tension of oil-water or
air-water interfaces at a very low concentration [14, 15]. These charac-
teristics make biosurfactants a good choice for froth stabilization and
emulsification. Microbial surfactants provides more efficiency and ad-
vantages over the chemical ones, in particular with respect to their
biodegradability, mild creation conditions, ecological compatibilities,
lower toxicity, higher selectivity, explicit action over extraordinary
temperatures, pH and salinities, thus promoting their use in various in-
dustries as represented in Figure 1 [16, 17, 18].

2. Biosurfactants

Amphiphilic substances with hydrophilic tail and hydrophobic head
ends are termed as biosurfactants. Cyclic peptides, phosphates, carboxyl
acids, or alcoholic groups are typically found in the hydrophilic region of
biomolecules, whereas long chain fatty acids, hydroxyl fatty acids,
a-alkyl-p-hydroxyl fatty acids, etc. are found in the hydrophobic zone
[19]. These moieties can likewise incredibly affect the interfacial conduct
and mass exchange, other than bringing down the fluids surface pressure,
as they likewise bring down the interfacial strain between diverse fluid
stages on the limit of the interface that exists between stages that are
immiscible [20, 21]. Microbial surfactants possess an intense property to
decrease the tension between surfaces and show diverse properties such
as emulsification, lubrication ability, phase dispersion, detergency etc.
They are majorly used in food, petroleum, cosmetics industries, biore-
mediation, environmental and pharmaceutical industries [22, 23]. Sur-
factant molecules are amphipathic in nature that get partitioned between
two phases, having varying degrees of polarity. At their micelle con-
centration, these microbial surfactants works best and this value can be
around 10 to 40 times lower than the chemical surfactants [24]. Due to
moisturizing and low toxicity properties of complex lipids such as lip-
opeptides and glycolipids, microbial surfactants are commonly consid-
ered as low or non-poisonous compounds. Biosurfactants segment at
interfaces with particular polarities along with hydrogen holding, thus
influencing the attachment of microorganisms [25]. The presence of
biosurfactant in a media can be detected by various techniques using
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colorimetric analysis, emulsification index determination, drop
collapsing test and thin layer chromatography [26, 27].

3. Production

Biosurfactants are produced from non-exhaustible renewable sources
thus having high surface activities, along with high specificity and the
ability to function under extreme conditions [28]. They are generally
produced by aerobically growing microorganisms utilizing feedstock’s as
source of carbohydrates, fats etc. Microbial surfactants are actively
secreted in the culture media and are supposed to aid in the growth of
microbes by facilitating transport of solutes that are insoluble across the
cell membrane [29, 30]. They are usually non-ionic or anionic moieties
and have both lipophilic as well as hydrophilic groups.

Both high and low molecular weight biosurfactants are developed
from microorganisms. Low molecular weight biosurfactants incorporate
glycolipids like trehalose, fructose lipids and sophorolipids while pep-
tidyl lipids incorporate surfactin, polymyxin, and so forth. Surfactin is a
biosurfactant produced by Bacillus subtilis, which possesses amphiphilic
structure and serves as a potent inhibitor of bacterial and tumour growth,
and are associated in decreasing the surface tension of the fluids [31, 32,
33]. On the other hand, biosurfactants with higher molecular weights are
amphiphilic polysaccharides that provide formation of stable emulsions
and do not lower the interfacial tension [34]. Due to their capacity of
forming strong emulsions, they facilitate in sturdy adhesion of bacteria to
hydrophobic surfaces. Most of the biosurfactants are obtained from
Arthrobacter, Bacillus subtilis, Pseudomonas aeruginosa, Acinetobacter cal-
coaceticus, Candida lipolytica, Corynebacterium, Nocardia, Bacillus subtilis,
Bacillus licheniformis, Candida spp. and many others [35, 36, 37]. Majority
of biosurfactants are comprised of substrates which are insoluble in
water. Some researchers have acquired biosurfactants with the aid of
developing a culture of Candida lipolytica on groundnut oil. Similarly,
Candida glabrata grown on vegetable oil also provide biosurfactants. Few
studies also describes production of rhamnolipids from low value carbon
resources from Pseudomonas aeruginosa [38, 39, 40, 41].

Rhamnolipids have been acquired by using restaurant waste oil in
bioreactor configuration from strains of Pseudomonas aeruginosa [42].
Siddhartha et al. reported another low-cost medium having cassava waste
water and waste cooking oil to obtain rhamnolipids [43]. Endophytic
fungi have also been used to attain biosurfactants, they are found in
tropical regions on trees like Piper hispidum, which act as potent source
for ultimate production of biosurfactants as reported by Silva et al. [44].

Figure 1. Applications of biosurfactants in various industries.
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Many researchers have demonstrated the importance of glycolipids and
lipopeptides in producing microbial biosurfactants. Some of the certain
progresses made in this research includes production of rhamnolipids
from Pseudomonas aeruginosa [45], trehalolipids created by Rhodococcus
erythropolis [46], sophorolipids produced from Candida bombicola [47]
and mannosyl erythritol lipids (MELs) created by Pseudozyma yeasts
[48]. A list of some common biosurfactants along with the microorgan-
isms from which they have been produced is presented in Table 1.

For upgrading the conditions to enhance the biosurfactant produc-
tion, the metabolic pathway of the producing organism as well as the
chemical structure of biosurfactants should be well known. By employing
this information, Zouari et al utilized poultry farming waste and
buttermilk as potential sources of nitrogen and carbon [58]. This mixture
was found to be proficient for creation of SPB1 lipopeptide. These days,
oil determined manufactured surfactants end up being the most broadly
utilized across various ventures, essentially because of significant
expense of creation of biosurfactants, additionally the way that wide
scale creation of these has not been characterized at this point to satisfy
the modern needs. This area is being worked upon to track down ways of
reducing the cost of creation, mainly focusing on use of alternate sub-
strates, microbial culture and culture conditions. The utilization of
minimal expense media can likewise help in reducing the cost of bio-
surfactants production [59, 60, 61].

A huge amount of organic waste is being produced via food, forest,
municipalities and agriculture industries. Despite the fact that bio-
surfactants are very beneficial over engineered surfactants, they actually
are bit costly to prepare. The best way to lessen their expense of pro-
duction is through modification in fermentation technologies and using
renewable substrates and different microbial strains [62, 63]. Further
optimizing operating parameters like temperature, pH, agitation speed,
duration and recovery of products make them more efficient, but still a
bit costly compared to synthetic ones. Use of low cost agro-industrial
waste may overcome the issue of cost [64]. It is necessary to develop
techniques which allow easy production and downstream processing of
the product so as to be able to be used at a large scale. It relies on the
design, organization and centralization of surfactant to pick a feasible
recuperation strategy. Xiaowei et al. solved this problem by using in-
dustrial by-products like vegetal waste oil and glycerol in appropriate
concentrations. It was observed that these by-products did not restrained
development and filled in as an amazing wellspring of carbon [65]. A
gigantic measure of waste produced by enterprises can be refined and
utilized as phenomenal elective substrates. Thus, producing low cost
biosurfactants through this approach is an alternative for production of
biosurfactants as compared to that of petroleum derived methods.

4. Properties

Biosurfactants have certain unique properties that differentiate them
from chemical surfactants and make them a preferable choice for

Table 1. Some common biosurfactants obtained from various microorganisms.

S. Biosurfactants ~ Class Micro-organism References
No.

1 Rhamnolipid Glycolipids Pseudomonas aeruginosa, other [49]

species of Pseudomonas

2 Surfactin Lipopeptide Bacillus subtilis [14]
3 Emulsan Polymer Acinetobacter calcoaceticus [50]
4 Sophorolipids Glycolipids Candida bombicola [51]
5 Liposan Polymer Candida lipolytica [52]
6 Viscosin Lipoproteins  Pseudomonas fluorescens [53]
7 Alasan Polymer Acinetobacter radioresistens [54]
8 Trehalolipids Glycolipids Rhodococcus sp. [55]
9 Arthrofactin Polypeptide Arthrobacter spp. [56]
10 Lipomannan Polymer Candida tropicalis [57]
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utilization in various formulation developments and aggregation studies.
Some of the important properties of biosurfactants have been discussed
in this section explaining their advantages over the common chemical
surfactants.

4.1. Excellent surface and interface activity

In terms of their surface and interfacial activity, biosurfactants have
been found to be more effective and efficient than chemical surfactants.
Furthermore, it has been noted that their CMC values are significantly
lower than those of chemical surfactants [66]. Due to these properties,
surface tension of a liquid surface can be decreased by using much less
amount of biosurfactants. According to the findings of Cooper et al., the
biosurfactant surfactin generated by B. subtilis effectively lowers the
interfacial tension of water and hexadecane to less than 1 mN m ™! and
reduces the surface tension of water to 25 mN m ™! [67]. According to a
different study, Pseudomonas aeruginosa-produced rhamnolipids lower
water’s surface tension to 26 mN m™! and the interfacial tension between
water and the hexadecane solvent system to less than 1 mN m ! [68].

4.2. Biodegradability

Biosurfactants are environmental friendly compounds and can easily
be degraded into simpler metabolites when compared to the chemical
surfactants. The biosurfactants derived from marine micro-organisms
have been effectively used in various bioremediation and biosorption
processes [69]. They have been reported for biosorption of cochlodinium
having high removal efficiency of more than 90% within half an hour.
Apart from this, the biosurfactants have also been used for biosorption of
phenanthrene and polycyclic aromatic hydrocarbons from aquatic sur-
faces [68, 69].

4.3. Anti-adhesiveness

The biosurfactants are considered as more appropriate anti-adhesive
agents to alter the hydrophobicity which helps in decreasing the adhe-
sion of microbial organisms to the surface of a biofilm [70]. This property
of biosurfactants helps in formulating a stable biofilm as foreign sources
such as micro-organisms, hydrophobicity or electrical charges do not
adhere to the surface of biofilm. Some examples of this property include
the surfactant produced from Streptococcus thermophilus, that did not
allowed the accumulation of other thermophilic strains over a steel sur-
face and prevented it from rusting [71]. In a similar study, a biosurfactant
produced from P. fluorescens did not allowed the adhesion of Listeria
monocytogens on the surface of a steel [72].

4.4. Emulsifying agents

Biosurfactants are better emulsifying agents than chemical surfac-
tants as they do not degrade easily and forms stable emulsions that can be
stored for a long time [73]. Cirigliano and Carman demonstrated this
property by preparing the emulsions from liposan, produced from
Candida lipolytica and compared it with the chemical based surfactant
emulsions. The results suggested better emulsifying property of the bio-
surfactant with better stability [52].

4.5. Low toxicity

The biosurfactants are considered as very low to non-toxic com-
pounds for use in pharmaceutical, cosmetics and food industries [74].
Since the high concentration of chemical surfactants in consumable
products can lead to various side-effects and toxic reactions, the bio-
surfactants generally metabolize to form non-toxic products and thus
widely used in these sectors. The comparative toxicity studies of chemical
and bio-surfactants were performed by Poremba et al. The research work
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reported that rhamnolipids were 10 times less toxic than the chemical
surfactant (Corexit) used in the study [75].

4.6. Thermophilic

The temperature and pH tolerance capacity of biosurfactants makes
them a preferable choice over chemical surfactants. Biosurfactants are
known to resist the changes in temperature and pH to a wide range.
Mclnerney et al. reported the temperature resistant capacity of lichen-
ysin, produced from Bacillus licheniformus up to 50 °C and pH resistance
over a range of 4.5-9 [76]. Another study reported that the production of
biosurfactant from Arthrobacter protophormiae was temperature as well as
pH resistant between the range of 30 ‘'C-100 °C and 2-12, respectively
[771.

5. Characterization

The biosurfactants can be characterized using various spectroscopic
techniques. From the Nocardia sp. L417 strain, Kim et al. developed two
different types of biosurfactants and characterized them using techniques
such as ammonium sulphate fractionation, chilled acetone and hexane
treatments, silica-gel column chromatography, and Sephadex LH-20 gel
filtering [78]. In an another study, Kruijt et al. performed the purification
and chemical analysis of biosurfactants developed from Pseudomonas
putida 267 strain by using reverse phase high performance liquid chro-
matography (RP-HPLC) and liquid chromatography-mass spectrometry
(LC-MS) techniques [79]. Similarly, Janek et al utilized ultra perfor-
mance liquid chromatography-tandem mass spectrometer (UPLC-MS)
method to identify the structures of novel biosurfactants produced from
Pseudomonas putida BD2 isolate of Arctic bacterium [80].

In a recent research, Ribeiro et al. evaluated the cytotoxic activity of a
biosurfactant derived from Candida utilis using MTT assay (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). This test was created
by utilising mouse macrophage and fibroblast cells, which were main-
tained at 37 °C in a culture flask with 5% CO5 [81]. Another interesting
work by Yang et al. describes the utilization of biosurfactant produced
from B. subtilis Y9 as insecticidal metabolite. The biosurfactant property
was identified by performing column chromatography and preparative
high performance liquid chromatography (HPLC) analysis [82]. Moro
et al. isolated a new surfactin from oil-contaminated soil by employing
qualitative drop-collapse test, oil-spreading and emulsification assays.
The resulting biosurfactant thus obtained along with other isolates of
B. subtilis were characterized by using thin layer chromatography (TLC)
and ultra-high-performance liquid chromatography-high-resolution mass
spectrometry (UHPLC-HRMS) techniques [83]. Similar characterization
methods were used by Luong et al. for purification of trehalolipid bio-
surfactants obtained from Rhodococcus erythropolis S67 strain. The study
was performed at low temperatures (10 °C and 26 °C) and the resulting
biosurfactants were identified using mass spectrometric (MS) analysis
[46]. In the latest published research work, Rosas-Galvan et al. evaluated
the effect of carbon and nitrogen on the biosurfactants produced from
Serratia marcescens and its isogenic SMRG-5 strains. The molecular struc-
ture of biosurfactants was further identified by gas chromatography-mass
spectrometry (GC-MS) analysis [84].

Microbial surfactants can be sorted by their method of activity, sub-
atomic weight and general physicochemical properties. They are gener-
ally classified according to their synthetic strategy and sub-atomic
weight, as low (for example glycolipids and lipopeptides) and high
atomic weight (for example polysaccharides, proteins and lipoproteins)
surfactants. Microbial surfactants create an atomic interfacial coating in
heterogeneous frameworks that affects the initial surface’s wettability
and surface vitality. Other than bringing down the fluids surface pres-
sure, these can incredibly affect the interfacial conductance and mass
exchange, as they likewise bring down the interfacial strain between
diverse fluid stages on the interfacial limit existing between immiscible
stages.
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6. Applications

Chemical approaches are used to obtain commercially viable bio-
surfactants from the petrochemical sector. Microbes and other sources
have been investigated for the manufacture of surfactants in an effort to
limit the use of chemicals. Examples of organic surfactants include sa-
ponins produced by plants, biliary salts produced by people, and glyco-
lipids secreted by microbes [85, 86, 87]. Since the term is being used
broadly, it also includes some of the by-products made by yeasts, bac-
teria, and some filamentous bacteria, such as emulsifiers and dispersion
agents, which are frequently utilised in the petrochemical industry, food
industry, and pharmaceutical industry. Surfactants are frequently utilised
in the detergent and soap-making sectors of the cleaning industry. Sur-
factants are also employed in increased oil recovery and bioremediation
of hydrocarbon contamination [88]. In the food industry, biosurfactants
are also employed as emulsifiers. Some major applications are:

6.1. Gene transfection

Transfecting genes into a cell are the core of clinical quality treat-
ment. Lipofection carried out by cationic liposomes is seen as a promising
strategy for imparting external qualities into the cells, as liposomes have
high transfection productivity, less toxicity, simple arrangement and are
application focused [89, 90]. The effectiveness of transfection is influ-
enced by the physicochemical characteristics of cationic liposomes, such
as lipid pressing density, zeta potential, and shape. By starting the layer
integration between the target cells and the cationic liposomes, the
biosurfactant increases the effectiveness of transfection.

A recent research by Madihalli et al. discovered that monolayers made
of L-a-dipalmitoyl phosphatidylcholine (DPPC) containing MEL-A had
more prominent transfection effect than those containing just DPPC.
Mannosylerythritol lipids (MELs) are structurally classified into four
different types i.e. MEL-A, MEL-B, MEL-C and MEL-D. MELs have a
property of self-assembly that can be used in chain delivery and drug
encapsulation processes [91]. Additionally, as the continuing environ-
mental, economic, and healthcare issues throughout the world continue
to worsen, biosurfactants provide hope. With this line of reasoning,
research is currently focusing on developing viral vectors and investi-
gating non-viral vectors for DNA editing [92].

6.2. As drug delivery agents

Biosurfactants are widely used as drug delivery and therapeutic agents
in pharmaceutical industries. The study performed by Baferani et al. shows
that biosurfactants exhibit properties like emulsification, frothing,
detergency and scattering [93]. Lecithin can be used to blend rhamnoli-
pids and sophorolipids to create biocompatible microemulsions. Because
of this, their phase behaviour is resistant to temperature and salt changes,
making them ideal for use in drug administration [94, 95]. A recent work
by Sadeghi et al. also confirmed that microemulsions obtained by utilizing
biosurfactants are thermodynamically steady and its isotropic frameworks
generate spontaneously. Apart from their high solubilization limit, ease of
preparation, and long-term stability, biosurfactants-aided micro-
emulsions are thought to be particularly encouraging fluid vehicles for
future drug delivery systems [96]. In addition, compared to conventional
drug administration methods, the merging of an emulsion into a gel boosts
its strength and effectiveness. Souto et al proposed the semi-solid
hydrogels for drug delivery system, for the benefit of environmental
bioremediation in biotechnology. As an alternative to pesticides, these
delivery methods give producers a platform to save production costs and
their environmental impact [97].

6.3. In preparation of micro-emulsion systems and nano-particles

A watery stage, oil-stage, a surfactant, and a co-surfactant are required
to build a microemulsion-based colloidal drug delivery system, according
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to astudy by Feng et al [98]. Potentially isolating the dispersed phase from
the continuous phase, these structures can solubilize the hydro-
phobic/hydrophilic medicines inside the dispersed phase’s structural
core. These structures exhibit increased solubilization and very low
interfacial tension at oil and water, making them appropriate for appli-
cation in the delivery of medications. They are also thermodynamically
stable. In a different work, Nguyen et al. created an alcohol-free micro--
emulsion system using rhamnolipid biosurfactant and its combinations.
Phase diagrams, which provide significant information on the selection of
surfactant systems and their ratio for future studies, were used to effec-
tively illustrate the results [99]. Another study that involves creating
lecithin-based micro-emulsions from rhamnolipid and sophorolipid was
conducted concurrently with this one [100].

Size and shape of nanoparticles are used to describe them. The cur-
rent processes result in a lot of waste and inadequate nanoparticles with
limited functionality. Microbial surfactants are being employed as al-
ternatives to follow greener bio-handling. Gold nanoparticles are mostly
used in medicine, quality delivery, focused therapy, and imaging ad-
vancements [101, 102, 103]. Since biosurfactants efficiently create liquid
crystals in aqueous solutions, they can be used to produce superior
nanomaterials. In addition to silver and iron oxide nanomaterials, bio-
surfactants assisted gold nanoparticles have also found considerable use
in medical and health technologies [104, 105]. Additionally, Aminabhavi
et al. used ultrasonic irradiation to create the nanostructured materials
using green sonochemical methods. The development in the production
of tailored nanomaterials with diverse dimensionalities that are safe for
the environment has been described [106]. Verma and Das used
water-in-oil and oil-in-water micro-emulsion methodologies to explain
the impacts of nanomaterials [107]. In addition, it has been discovered
that biosurfactants and nanoparticles can be combined with synthetically
produced surfactants to produce brand-new, more effective surface active
agents for better oil recovery. Based on research in the literature, it was
discovered that these formulations can improve the flow back of the
injected stimulation fluids and further mobilise the oil to be extracted
from the matrix and micro-fractures [108].

6.4. Biofilm disruption

Bacteria have the capacity to modify how they express themselves in
response to their surroundings. Quorum sensing (QS), a rare phenomena
that only some gram positive (+ve) and gram negative (—ve) bacteria
have, allows them to interact with one another and detect their own cell
density [109]. Although it also depends on the nutritional environment
that is available for bacteria to carry out QS activity, this ability of bac-
teria has been linked in the creation of biofilms. The cells connected to
the surface begin to organise into clusters of micro-colonies that are
surrounded by other cells known as water channels during the biofilm
development and maturation event [110, 111]. In the food industry,
biofilms are a major source of disease and contamination. Therefore, the
formation of biofilm on food surfaces is avoided by using biosurfactants
to disrupt the adherence of microbial cells to the surface, thereby pre-
venting food deterioration. According to Huang et al’s illustration, the
application of rhamnolipids and surfactin in particular reduced the
adherence of microbial cells to polypropylene surfaces [112]. In order to
stop the development of biofilm in the oral cavity, biosurfactants can also
be found in health and hygiene products.

Microbial surfactants, often known as biosurfactants, have the ca-
pacity to degrade biofilms and inhibit adhesion. Enzymatic surfactants
like lauryl-glucose, which are created from synthetic materials, destroy
the biofilms that many bacteria and fungus produce [113]. Rhamnoli-
pids, a group of surfactants generated from Pseudomonas aeruginosa, are
effectively employed in biofilm removal. By causing cellular clustering
and subsequent colony formation on the already-existing biofilms, the
overproduction of rhamnolipids prevents the formation of biofilms [114,
115]. Cells from biofilms are also dispersed by them. Pseudomonas aer-
uginosa biofilms were developed on flow cells in a recent study by Rienzo
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et al. Using a peristaltic pump, oxygen and nutrients were delivered to the
chamber from a flask containing 50% tryptic soy broth. The used medium
was collected in a waste container. To check the development of a bio-
film, the cells were labelled with LIVE/DEAD cells. Fluorescence micro-
scopy was used to observe the biofilm that was generated on cover slips
to ascertain the impact of various treatments. Rhamnolipids were found
to limit the bacterial biofilm production, as evidenced by a decrease in
the number of active cells and the formation of reddish-brown luminous
cells (Figure 2). Adjuvant addition, such as caprylic acid, had no impact
on biofilm dispersal on its own. Rhamnolipid and caprylic acid together
had a stronger impact on biofilm deterioration. Moreover, even at low
doses, this combination proved extremely efficient [49].

Antibiotics and biocidal substances are highly resistant to biofilms,
which are heterogeneous formations. Rhamnolipids have been linked to
improving bacterial transport across columns by causing steric hindrance
as a result of the bacteria’s contact with the surface. Although rhamnoli-
pids have been evaluated with a variety of strains and conditions, they
consistently appear to impair cell-to-cell adhesion and biofilm disruption
[116]. When rhamnolipid and caprylic acid are used together, biofilm
disruption is found to be more effective [117]. This behaviour may have
emerged as a result of a synergistic impact. Rhamnolipids appear to
eliminate microcolonies and extracellular polymeric substances, changing
the biofilm environment and making cells more vulnerable to the effects of
caprylic acid, which permeates cell membranes and causes cell death.
Additionally, mechanical disturbance caused by shear forces may result in
the dispersal of biofilm [118, 119]. The detailed discussion of implants
and the illnesses connected to them, which are brought on by the presence
of foreign material during biofilm development, followed. Current
research has been altered by the development of novel techniques and
treatments to inhibit bacterial growth or division that results in cell death
or dormancy, cause biofilm breakup, or look into ways to prevent biofilm
formation due to the rise in antimicrobial resistance [120].

6.5. As antioxidants

Certain biosurfactants are known to possess antioxidant properties
which have been utilized in pharmaceutical formulation process. Man-
nosyl erythritol lipids (MELSs) are versatile biosurfactants having interfa-
cial and biochemical properties. MEL-C possesses free radical ion
scavenging activity and has the highest antioxidant activity [121].
Therefore, it provides the highest protection and is actively used in skin-
care cosmetics manufacturing. Similar activity has been shown by RW1, a
biosurfactant derived from Bacillus subtilis, proving a natural alternative to
antioxidants [122].

6.6. As anti-adhesives

Numerous biosurfactants display antimicrobial properties, as well as
anti-adhesive properties. Rhamnolipids and surfactin possess anti-
adhesive properties against Listeria monocytogenes and Staphylococcus
aureus on polystyrene surfaces [123, 124]. Similar anti-adhesive activ-
ities were shown by biosurfactants produced from Candida sphaerica
against many strains of Streptococcus, Staphylococcus, and Candida on
plastic tissues [125]. These properties of biosurfactants promote their use
as coating agents or in cooking utensils to reduce fouling, as well as in
dairy industries. Rodrigues et al. depicted the utilization of biosurfactants
as probiotics like Lactobacillus acidophilus strain [126].

6.7. In food industries

In a quest to find natural sources for obtaining biosurfactants rather
than those obtained from genetically modified plants, many natural re-
sources, mostly microbial sources are being explored as they are inex-
haustible. Emulsions are widely used in food industries and they contain
at least one non-soluble liquid mixed in another one in droplet form.
Their stability can be improved by using biosurfactants [127].
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Figure 2. Biofilm formation in the presence of different biosurfactants.

Emulsification imparts texture, consistency and dispersion patterns to
food products. An emulsifier stabilizes the emulsion by managing the
mixture by aggregation of globules [128]. Additives are compounds
having zero nutritional value, but are added to improve chemical and
biological properties during manufacturing, packing and transport. Ad-
ditives provide properties like thickening, gelling, stabilizing and emul-
sifying. Glyceryl monostearate, a synthetic additive is widely used in food
industries [15].

Emulsifiers are typically surface-active substances that helps in pro-
ducing emulsions by lowering interfacial tension and improving their
stability. Low molecular weight amphiphiles are used to provide stability
to various food products as beverages, dressings, sauces etc. [129].
Emulsifiers like lecithin and gum Arabic derived from plants are also
being used but they suffer some functional limitations. Lecithin is
employed for production of cocoa powder which are a common ingre-
dient for many desserts [130]. Many of the modern-day food products
like mayonnaise, butter, cream, salad dressings are produced using
emulsions. Therefore, natural resources are being explored to produce
bio-emulsifiers. Manno-proteins produced via Saccharomyces cerevisiae
stabilizes water-oil emulsion and is used to produce various food prod-
ucts [131]. The majority of biosurfactants made by yeasts and bacteria
can function in a variety of pH and temperature conditions, hence they
are employed in place of traditional emulsifiers. Microbial surfactants are
also used to provide texture, to improve shelf life and to modify rheo-
logical properties of dough. They are also used to enhance texture, delay
staling and stabilize fats in ice creams [132].

Microbial biosurfactants are also utilized for making cookie formu-
lations. In a latest research work, Ribeiro et al. prepared dough for the
cookie in 3 different ways as represented in Figure 3. The standard dough
had ingredients used in normal formulations, while in other formulation,
50% of the pasteurized egg yolk used in standard formulations was
replaced with biosurfactant UFPEDA1009 produced by Candida utilis. In
the last formulation, the pasteurized egg yolk was fully substituted with
the microbial biosurfactant, and they were ultimately baked. After
baking, physical characteristics such as shape, texture, diameter, thick-
ness and spreadability of the cookie were characterized. Texture analyser
was used to record the texture profile of the cookie dough before baking,
while only firmness could be recorded after baking them. It was found
that the protein content in both the alternative formulations was lower as
compared to that of standard formulation. Since the biosurfactant used in
this study was a carboxylic acid derivative from Candida utilis, thus it
lacked proteins. However, the formulation which replaced egg yolk by
100% had high lipid contents, which happens to be the reason for high
energy content of this formulation [81].

6.8. Biodegradation

Surfactants have the tendency to make less soluble and recalcitrant
chemicals more accessible to microorganisms during the biodegradation

process. Compounds being less soluble i.e. with high hydrophobicity get
bonded strongly to organic matrix and are not desorbed easily to be
available for degradation. During the hydrocarbon degradation, low mo-
lecular weight hydrocarbons are degraded first leaving recalcitrant com-
pounds [133]. Since surfactants increase the solubility in water and lead to
better mass transfer, they are used to enhance biodegradation of hydro-
carbons. Utilizing this application of biosurfactants to facilitate diesel
hydrocarbon biodegradation, Franzetti et al. selected a suitable bio-
surfactant by assessing its physico-chemical properties, biodegradability
and its effect on the rate of biodegradation. For the selection purposes,
environmental fate and toxicity were assessed by using Koc and ECsg using
a QSAR model. Ko is defined as the organic carbon-water partition co-
efficient in the ratio of chemical mass adsorbed on the soil per unit mass of
the organic carbon of the soil split by the equilibrium concentration of
chemical in aqueous solution [134]. ECso (half maximal effective con-
centration) is defined as the concentration of a poisonous compound
which induces a response halfway in between the maximum and baseline
value, and is used to determine toxicity [135]. QSAR is Quantitative
Structure Activity Relationship, a procedure using which the chemical
structure of a molecule is corresponded with a definite property like bio-
logical activity etc. [136]. Respirometric analysis was used to assess the
biodegradability of the surfactants, using Biochemical Oxygen Demand
(BOD) apparatus. Solid phase respirometric tests were conducted to obtain
biodegradation of surfactants in soil samples. The studies concluded that
mobilities along with the amount of time the surfactant remains in the soil
is affected by biodegradability and sorption characteristics [137]. For
being efficient in biodegradation, the surfactant must be less toxic,
persistent and must not have affinity towards soil. Non-ionic surfactants
are more biodegradable and less toxic as compared to others [138, 139].

6.9. Bioremediation

The intricate physical-mixture interactions at interfaces serve as a
representation of the degree of interaction between natural and inorganic
poisons. Toxins bind to the soil’s surface and then sequester themselves
there, generating a liquid known as the Non-Aqueous Phase Liquid
(NAPL). Natural substances known as NAPL are long-lasting pollutants
that are insoluble in water. Continuously replacing dissipated concen-
trations with them reduces the amount of contaminated particles that can
be biodegraded in the water phase [140]. Enhancing the breakdown of
biological substances to lessen the impact of poisons is known as biore-
mediation. The practise of bio-augmentation involves introducing
cultured bacteria to promote pollutant degradation, reinforced by the use
of surfactants to promote pollutant desorption, which enhances the
decomposition of hydrocarbons [141]. Surfactants are used in oil
washing and oil pipe cleaning to recover secondary oil. For desorption
purposes, a variety of biosurfactants and synthetic surfactants are used.
Due to their expensive manufacturing costs, biosurfactants are not
frequently employed in bioremediation. This issue might be remedied by
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Figure 3. Representation of formulations used in cookies: (a). Standard Formulation (b). Formulation having 50% egg yolk replaced with biosurfactant (c).

Formulation having 100% egg yolk replaced with biosurfactant.

employing less expensive substrates, like agro-industrial waste and in-
dustrial oil waste, to cultivate the microorganisms that manufacture
these microbial surfactants. The type of biosurfactant generated is
significantly influenced by the quality and quantity of nitrogen and
carbon present in the substrate and soil. Because there is less nitrogen
available, more biosurfactants are produced, which helps with biore-
mediation [142, 143]. In order to increase the microbial activity that
results in higher synthesis of biosurfactants, nitrogen is frequently
omitted from the supply of bioremediation systems.

The ability to make biosurfactants and to separate hydrocarbon-
degrading bacteria from oil-contaminated areas is made possible by the
addition of naturally hydrophobic materials to the culture medium
[144]. For this purpose, sources of carbon include aliphatic and aromatic
hydrocarbons. The main contributors to soil pollution are organic com-
pounds and metallic contaminants. Poly-cyclic aromatic hydrocarbons
(PAH) and poly-chlorinated biphenyls (PCB) are examples of organic
hydrocarbons, with PHA being more prevalent as a result of their use in
the refining of crude oil [145]. The non-linear rate-limited biodegrada-
tion and sorption processes in soil are what determine how contaminants
are transported there. The majority of hydrophobic pollutants attach by
sorption to organic soil components. Humic acid and non-humic sub-
stances (such as proteins and waxes) are both engaged in the sorption
process [146].

Pollutant degradation in soil is a result of physico-chemical and bio-
logical interactions between the pollutants and other biological elements.
Numerous parameters, including the availability of pollutants to the
microbes, pH, water, aeration, nutrients, temperature, etc., regulate
degradation through microbial activity. A thorough understanding of the
microorganism’s metabolic processes might improve biodegradation
[147]. As a result of greater oil breakdown caused by the formation of a

stable oil-in-water emulsion by microbes, the nutrients available to the
bacteria are increased. In natural systems, this phenomenon is produced
by using the autochthonous surfactant bio-population, which results in
the development of stable emulsions [148]. Additionally, microbes have
the capacity to attach to and create complexes with the contaminants,
which makes the process of degrading pollutants more laborious and
challenging. As a result, by alkylating heavy metals, bacteria can elimi-
nate them [149]. Microbial surfactants are typically utilised to degrade
oil spills because synthetic surfactants are hazardous to the microor-
ganisms that break them down. Composting systems are employed in this
procedure to improve oxygen transport and, as a result, decrease soil
pollution within a few months [150]. Introducing bacteria with the
ability to break down hydrocarbons with high oxygenase activity, like
Acinetobacter, is a systematic technique to promote the breakdown of
crude oil in contaminated environments. Additionally, several complexes
made from biosurfactants are separated using the solvent methyl
tertiary-butyl ether [151].

One of the reasons that organic and metallic pollutants stay in soil for
such a long time without being destroyed is because the contaminants are
not available to the micro-organisms for breakdown. Furthermore, the

Table 2. List of various traits tested and reagents used by Bee et al.

S. No. Trait tested Reagent/Protocol used

1 Ammonia Production Nessler’s reagent

2 Solubilization of Phosphate ~ Pikovskaya’s Agar having tricalcium phosphate
3 Phytase activity Phytic acid medium

4 Production of siderophore CAS agar plate system

5 Production of IAA Nutrient agar supplemented with L-tryptophan.
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Figure 4. Antifungal activity of the biosurfactant against the chosen fungi representing: (a) Fusarium oxysporumf. sp. ricini inhibited by means of lipopeptide. (b)

Fusarium oxysporum f. sp. ricini inhibited by means of rhamnolipids.

interaction of the contaminants with the environment and the microor-
ganism may not be adequate, preventing the microorganism from per-
forming the necessary catabolic activities. Therefore, it is crucial to
produce biosurfactants from bacteria and fungi since they have a pro-
pensity to solubilize hydrophobic pollutants, allowing for their simple
destruction. Amato et al. highlighted the benefits and drawbacks of
various biotechnological strategies in their discussion of multiple patents
on the subject of bioremediation of sediments contaminated with poly-
cyclic aromatic hydrocarbons. This knowledge may be useful in resolving
problems and enhancing the efficiency of bioremediation. It can serve as
a benchmark of data for bioremediation firms to find and investigate the
most promising ways that are suitable to the field [152].

6.10. Agriculture

The health and productivity of plant crops are monitored on a regular
basis to ensure the quality of the food and its availability to meet the
increasing demands of growing population. Metabolic compounds
referred to as green/renewable surfactants are widely used nowadays to
improve the quality and quantity of crops. Epiphytic and endophytic
microbes are involved in biosurfactant production that aids in seed
germination [153]. They also inhibit the action of phytopathogens and
helps in bioremediation by acting as biocontrol agents. Since the use of
pesticides on plants must be avoided to obtain chemically free plant
products; rhizospheric bacteria have been explored by researchers that
secrete metabolites which increase the yield of plant products [154,
155].

Bacillus and Pseudomonas are the majority of microbes in Rhizobac-
teria group, which secrete metabolites having versatile applications as
plant growth promoters, fungicidal agents like siderophores, phenazines,
pyrrolnitrin and cyclic peptides. The enzymes like chitinase and gluca-
nase also possess hydrolysing activities [156]. These green compounds
possess lower critical micellar concentration compared to that of syn-
thetic ones and lead to higher decrease in surface tension of oil/water or
air/water interfaces to a minimal value. Rhamnolipids and lipopeptides
are the majorly studied biosurfactants, which have tremendous applica-
tions in agricultural field, along with other industries like pharmaceuti-
cals, cosmetics, petrochemicals, food etc. They are well known to
promote seed germination, reduce the growth of phytopathogens and
induce resistance in the plants [157].

In a recent study, Bee et al. utilized the rhizosphere portion of many
cereals for bacterial isolation. The isolated bacteria were tested for
ammonia production, antifungal activity, phosphates solubilising ability
and capability to produce indole acetic acid. The antifungal ability of

bacteria was evaluated against Fusarium oxysporum f. sp. ricini which was
ranged between 72 and 80%. From the results, it was observed that 67%
of Pseudomonas sp. and 58% of Bacillus sp. possessed PGP traits as
mentioned in Table 2. Further, it was concluded from the study that raw
biosurfactants containing rhamnolipid and lipopeptides showed fungi-
cidal activity against Fusarium oxysporum f. ricini. sp. as represented in
Figure 4.

Rhizobacteria have been known to promote plant growth activity,
alongside which they also depict strong antifungal or fungicidal activities
making them a preferable choice as bio-inoculants and in agriculture. Crop
yield and sustainable agricultural conditions still prevail due to the regular
application of chemicals which also pollute the environment. To overcome
this shortcoming, non-toxic bacterial metabolites which tend to inhibit the
growth of fungal pathogens and enhance seed germination are suitable
alternatives for chemical compounds [158]. In a recent research, Silva
et al. presented many methods for formulating simultaneous production
and process optimization using statistical and genetic tools in relation to
process parameters and variables. The primary obstacles to overcoming
the large-scale manufacturing of fungal biosurfactants have been identi-
fied to be economic concerns and low process productivity. The economic
viability of using waste streams for biosurfactant synthesis can only be
achieved with careful analysis between cost reduction and low yield due to
the creation of inhibitory chemicals [159].

7. Conclusion

Biosurfactants have certain unique properties like excellent surface
and interface activity, biodegradability, anti-adhesiveness, emulsifying
properties, low toxicity and thermal resistance. Due to this diversity in
properties they are used in a wide array of industries like petrochemical,
petroleum, coal, metallurgical and mining industries, dairy, cosmetics,
pharmaceuticals, food, agricultural and fertilizer, cosmetics, food and
beverages etc. These compounds have been majorly obtained from bac-
teria and this is well documented. The bio-surfactants are also obtained
from fungi, though there is less data on this subject. Many tropical species
of plants worldwide have been used to isolate numerous endophytic
microorganisms which produce biosurfactants. They are currently not
used at industrial level in a large scale, since their effect needs to be first
determined by an experimental setup in greenhouse conditions and
actual field studies, following which it can be stated if they can act as
potential alternatives against the chemical agents. This review article
emphasizes on the advantages of using biosurfactants and discusses
various sectors where they have been successfully utilized and resulted in
environmental friendly and better products than chemical surfactants.
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8. Future perspective and challenges

Microbial derived surfactant molecules are generally non-ionic at low
pH. They are anionic at high pH because of nearness of carboxylic
gatherings. Microbial surfactants can possibly be utilized for the
targeted-drug delivery. Additionally, pH-delicate liposomes containing
rhamnolipids and di-oleoyl-phosphatidyl-ethanolamide have been
depicted as effective frameworks for cytoplasmic conveyance of particles
into cells. There is a critical need to investigate microbial frameworks to
acquire surfactants and use them as effective drug delivery systems. In-
dustries are seeking to find natural alternatives for biosurfactant pro-
duction for their utilization at industrial scale. Since biosurfactants are
economically a bit costly to prepare in current scenario, it is essential to
find ways to decrease the cost of production. Through the application of
specialized cost-effective testing and discussion, it might be possible to
find a breakthrough to allow the use of biosurfactant at a large scale.
Some latest research works have shown promising results in developing
bacterial culture using poultry waste flour and buttermilk, waste cassava
fry oil, agro-industrial waste etc., thus serving as low cost alternative for
producing the biosurfactants. Also, Piper hispidum has also been identified
as a potential alternative for the isolation of micro-organisms producing
biosurfactants, which can be utilized in various industries. Biosurfactants
owing to their higher biodegradability, biocompatibility and lower
toxicity can be optimized by tweaking fermentation conditions so as to
obtain biosurfactants at an affordable cost.

Declarations
Author contribution statement

All authors listed have significantly contributed to the development
and the writing of this article.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Data availability statement

No data was used for the research described in the article.
Declaration of interests statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.

References

[1] N. Pal, S. Kumar, A. Bera, A. Mandal, Phase behaviour and characterization of
microemulsion stabilized by a novel synthesized surfactant: implications for
enhanced oil recovery, Fuel 235 (2019) 995-1009.

[2] S.Verma, V.V. Kumar, Relationship between oil-water interfacial tension and oily
soil removal in mixed surfactant systems, J. Colloid Interface Sci. 207 (1998)
1-10.

[3] J. Welty, G.L. Rorrer, D.G. Foster, Fundamentals of Momentum, Heat, and Mass
Transfer, John Wiley & Sons, 2020.

[4] F.M. Fowkes, F.L. Riddle, W.E. Pastore, A.A. Weber, Interfacial interactions
between self-associated polar liquids and squalane used to test equations for
solid—liquid interfacial interactions, Colloids Surf., A 43 (1990) 367-387.

[5] V. Abbot, V. Bhardwaj, P. Sharma, Investigation of intermolecular interactions of
anionic surfactant SDS and rutin: a physico-chemical approach for pharmaceutical
application, J. Mol. Liq. 337 (2021), 116352.

[6] D. Attwood, Surfactant Systems: Their Chemistry, Pharmacy and Biology, Springer
Science & Business Media, 2012.

[7] K. Sakamoto, R. Lochhead, H. Maibach, Y. Yamashita, Cosmetic Science and
Technology: Theoretical Principles and Applications, Elsevier, 2017.

[8]

[9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

Heliyon 8 (2022) e10149

D. Lombardo, M.A. Kiselev, S. Magazli, P. Calandra, Amphiphiles self-assembly:
basic concepts and future perspectives of supramolecular approaches, Adv.
Condens. Matter Phys. 2015 (2015), e151683.

V. Abbot, P. Sharma, Thermodynamics and acoustic effects of quercetin on
micellization and interaction behaviour of CTAB in different hydroethanol solvent
systems, Z. Fiir Phys. Chem. 1 (2020).

D.E. Otzen, Biosurfactants and surfactants interacting with membranes and
proteins: same but different? Biochim. Biophys. Acta BBA - Biomembr. 1859
(2017) 639-649.

D. Chandler, Interfaces and the driving force of hydrophobic assembly, Nature 437
(2005) 640-647.

T. Tadros, Critical micelle concentration, in: T. Tadros (Ed.), Encycl. Colloid
Interface Sci., Springer, Berlin, Heidelberg, 2013, pp. 209-210.

I.M. Banat, A. Franzetti, I. Gandolfi, G. Bestetti, M.G. Martinotti, L. Fracchia,
T.J. Smyth, R. Marchant, Microbial biosurfactants production, applications and
future potential, Appl. Microbiol. Biotechnol. 87 (2010) 427-444.

R. Jahan, A.M. Bodratti, M. Tsianou, P. Alexandridis, Biosurfactants, natural
alternatives to synthetic surfactants: physicochemical properties and applications,
Adv. Colloid Interface Sci. 275 (2020), 102061.

J.M. Campos, T.L.M. Stamford, L.A. Sarubbo, J.M. de Luna, R.D. Rufino,

1.M. Banat, Microbial biosurfactants as additives for food industries, Biotechnol.
Prog. 29 (2013) 1097-1108.

W. Tian, J. Yao, R. Liu, M. Zhu, F. Wang, X. Wu, H. Liu, Effect of natural and
synthetic surfactants on crude oil biodegradation by indigenous strains,
Ecotoxicol. Environ. Saf. 129 (2016) 171-179.

K.R. Edwards, J.E. Lepo, M.A. Lewis, Toxicity comparison of biosurfactants and
synthetic surfactants used in oil spill remediation to two estuarine species, Mar.
Pollut. Bull. 46 (2003) 1309-1316.

S. Shekhar, A. Sundaramanickam, T. Balasubramanian, Biosurfactant producing
microbes and their potential applications: a review, Crit. Rev. Environ. Sci.
Technol. 45 (2015) 1522-1554.

D.K.F. Santos, R.D. Rufino, J.M. Luna, V.A. Santos, L.A. Sarubbo, Biosurfactants:
multifunctional biomolecules of the 21st century, Int. J. Mol. Sci. 17 (2016) 401.
P. Mekwichai, C. Tongcumpou, S. Kittipongvises, N. Tuntiwiwattanapun,
Simultaneous biosurfactant-assisted remediation and corn cultivation on
cadmium-contaminated soil, Ecotoxicol. Environ. Saf. 192 (2020), 110298.

L. Daoshan, L. Shouliang, L. Yi, W. Demin, The effect of biosurfactant on the
interfacial tension and adsorption loss of surfactant in ASP flooding, Colloids Surf.
A Physicochem. Eng. Asp. 244 (2004) 53-60.

D.P. Sachdev, S.S. Cameotra, Biosurfactants in agriculture, Appl. Microbiol.
Biotechnol. 97 (2013) 1005-1016.

A.P. Karlapudi, T.C. Venkateswarulu, J. Tammineedi, L. Kanumuri, B.K. Ravuru,
V. ramu Dirisala, V.P. Kodali, Role of biosurfactants in bioremediation of oil
pollution-a review, Petroleum 4 (2018) 241-249.

D.A. Vaz, E.J. Gudina, E.J. Alameda, J.A. Teixeira, L.R. Rodrigues, Performance of
a biosurfactant produced by a Bacillus subtilis strain isolated from crude oil
samples as compared to commercial chemical surfactants, Colloids Surf. B
Biointerfaces 89 (2012) 167-174.

Y. Zhang, J. Jiang, Q. Zhao, Y. Gao, K. Wang, J. Ding, H. Yu, Y. Yao, Accelerating
anodic biofilms formation and electron transfer in microbial fuel cells: role of
anionic biosurfactants and mechanism, Bioelectrochemistry 117 (2017) 48-56.
M. Heyd, A. Kohnert, T.-H. Tan, M. Nusser, F. Kirschhofer, G. Brenner-Weiss,

M. Franzreb, S. Berensmeier, Development and trends of biosurfactant analysis
and purification using rhamnolipids as an example, Anal. Bioanal. Chem. 391
(2008) 1579-1590.

A.A. Bodour, R.M. Miller-Maier, Application of a modified drop-collapse technique
for surfactant quantitation and screening of biosurfactant-producing
microorganisms, J. Microbiol. Methods 32 (1998) 273-280.

Characterization of Biosurfactants Produced by Novel Strains of Ochrobactrum
Anthropi HM-1 and Citrobacter Freundii HM-2 from Used Engine Oil-
Contaminated Soil - ScienceDirect, (n.d.). https://www.sciencedirect.com/scienc
e/article/pii/S111006211630174X (accessed August 11, 2020).

E.O. Fenibo, S.I. Douglas, H.O. Stanley, A review on microbial surfactants:
production, classifications, properties and characterization, J. Adv. Microbiol.
(2019) 1-22.

R.C. Knox, Subsurface Transport and Fate Processes, CRC Press, 2018.

L. Wu, L. Lai, Q. Lu, P. Mei, Y. Wang, L. Cheng, Y. Liu, Comparative studies on the
surface/interface properties and aggregation behavior of mono-rhamnolipid and
di-rhamnolipid, Colloids Surf. B Biointerfaces 181 (2019) 593-601.

A. Roy, R. Dutta, N. Kundu, D. Banik, N. Sarkar, A comparative study of the
influence of sugars sucrose, trehalose, and maltose on the hydration and diffusion
of DMPC lipid bilayer at complete hydration: investigation of structural and
spectroscopic aspect of lipid-sugar interaction, Langmuir 32 (2016) 5124-5134.
S.A. Goussous, M.T.L. Casford, A.C. Murphy, G.P.C. Salmond, F.J. Leeper,

P.B. Davies, Structure of the fundamental lipopeptide surfactin at the air/water
interface investigated by sum frequency generation spectroscopy, J. Phys. Chem. B
121 (2017) 5072-5077.

S. Tian, W. Gao, Y. Liu, W. Kang, Study on the stability of heavy crude oil-in-water
emulsions stabilized by two different hydrophobic amphiphilic polymers, Colloids
Surf. A Physicochem. Eng. Asp. 572 (2019) 299-306.

P.C. Martins, C.G. Bastos, P.A. Granjeiro, V.G. Martins, New lipopeptide produced
by Corynebacterium aquaticum from a low-cost substrate, Bioproc. Biosyst. Eng.
41 (2018) 1177-1183.

A.P.P. Santos, M.D.S. Silva, E.V.L. Costa, R.D. Rufino, V.A. Santos, C.S. Ramos,
L.A. Sarubbo, A.L.F. Porto, A.P.P. Santos, M.D.S. Silva, E.V.L. Costa, R.D. Rufino,
V.A. Santos, C.S. Ramos, L.A. Sarubbo, A.L.F. Porto, Production and


http://refhub.elsevier.com/S2405-8440(22)01437-2/sref1
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref1
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref1
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref1
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref2
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref2
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref2
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref2
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref2
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref3
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref3
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref3
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref4
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref4
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref4
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref4
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref4
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref5
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref5
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref5
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref6
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref6
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref6
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref7
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref7
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref8
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref8
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref8
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref9
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref9
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref9
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref10
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref10
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref10
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref10
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref11
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref11
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref11
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref12
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref12
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref12
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref13
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref13
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref13
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref13
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref14
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref14
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref14
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref15
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref15
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref15
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref15
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref16
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref16
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref16
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref16
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref17
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref17
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref17
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref17
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref18
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref18
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref18
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref18
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref19
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref19
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref20
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref20
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref20
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref21
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref21
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref21
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref21
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref22
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref22
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref22
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref23
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref23
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref23
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref23
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref24
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref24
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref24
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref24
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref24
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref24
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref25
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref25
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref25
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref25
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref26
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref26
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref26
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref26
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref26
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref26
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref27
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref27
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref27
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref27
https://www.sciencedirect.com/science/article/pii/S111006211630174X
https://www.sciencedirect.com/science/article/pii/S111006211630174X
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref29
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref29
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref29
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref29
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref30
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref31
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref31
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref31
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref31
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref32
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref32
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref32
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref32
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref32
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref32
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref33
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref33
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref33
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref33
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref33
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref34
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref34
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref34
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref34
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref35
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref35
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref35
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref35
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref36
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref36
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref36

V. Abbot et al.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

characterization of a biosurfactant produced by Streptomyces sp. DPUA 1559
isolated from lichens of the Amazon region, Braz. J. Med. Biol. Res. 51 (2018).
Production of Biosurfactants by Bacillus Licheniformis and Candida Albicans for
Application in Microbial Enhanced Oil Recovery - ScienceDirect, (n.d.). https://
www.sciencedirect.com/science/article/pii/$1110062115300143 (accessed
August 11, 2020).

C.A.B. de Gusmao, R.D. Rufino, L.A. Sarubbo, Laboratory production and
characterization of a new biosurfactant from Candida glabrata UCP1002
cultivated in vegetable fat waste applied to the removal of hydrophobic
contaminant, World J. Microbiol. Biotechnol. 26 (2010) 1683-1692.
Optimization and Characterization of Biosurfactant Production from Kitchen
Waste Oil Using Pseudomonas aeruginosa | SpringerLink, (n.d.). https://link.spri
nger.com/article/10.1007/s11356-018-1691-1 (accessed August 11, 2020).
K.S.M. Rahman, T.J. Rahman, S. McClean, R. Marchant, .M. Banat, Rhamnolipid
biosurfactant production by strains of Pseudomonas aeruginosa using low-cost
raw materials, Biotechnol. Prog. 18 (2002) 1277-1281.

S.D. Wadekar, S.B. Kale, A.M. Lali, D.N. Bhowmick, A.P.P.A. Professor, Microbial
synthesis of rhamnolipids by Pseudomonas aeruginosa (ATCC 10145) on waste
frying oil as low cost carbon source, Prep. Biochem. Biotechnol. 42 (2012)
249-266.

S. George, K. Jayachandran, Production and characterization of rhamnolipid
biosurfactant from waste frying coconut oil using a novel Pseudomonas
aeruginosa D, J. Appl. Microbiol. 114 (2013) 373-383.

S.G.V.A.O. Costa, F. Lépine, S. Milot, E. Déziel, M. Nitschke, J. Contiero, Cassava
wastewater as a substrate for the simultaneous production of rhamnolipids and
polyhydroxyalkanoates by Pseudomonas aeruginosa, J. Ind. Microbiol. Biotechnol.
36 (2009) 1063-1072.

M.E.T. Silva, S. Duvoisin, R.L. Oliveira, E.F. Banhos, A.Q.L. Souza, P.M.
Albuquerque, Biosurfactant production of Piper hispidum endophytic fungi, J.
Appl. Microbiol. n/a (n.d.).

M. Benincasa, A. Abalos, I. Oliveira, A. Manresa, Chemical structure, surface
properties and biological activities of the biosurfactant produced by Pseudomonas
aeruginosa LBI from soapstock, Antonie Leeuwenhoek 85 (2004) 1-8.

T.M. Luong, O.N. Ponamoreva, I.A. Nechaeva, K.V. Petrikov, Ya.A. Delegan,
AK. Surin, D. Linklater, A.E. Filonov, Characterization of biosurfactants produced
by the oil-degrading bacterium Rhodococcus erythropolis S67 at low temperature,
World J. Microbiol. Biotechnol. 34 (2018) 20.

JoséA. Casas, F. Garcia-Ochoa, Sophorolipid production by Candida bombicola:
medium composition and culture methods, J. Biosci. Bioeng. 88 (1999) 488-494.
M. Konishi, T. Morita, T. Fukuoka, T. Imura, K. Kakugawa, D. Kitamoto,
Production of different types of mannosylerythritol lipids as biosurfactants by the
newly isolated yeast strains belonging to the genus Pseudozyma, Appl. Microbiol.
Biotechnol. 75 (2007) 521-531.

M.A.D.D. Rienzo, P.S. Stevenson, R. Marchant, .M. Banat, Pseudomonas
aeruginosa biofilm disruption using microbial surfactants, J. Appl. Microbiol. 120
(2016) 868-876.

Z. Zosim, D. Gutnick, E. Rosenberg, Properties of hydrocarbon-in-water emulsions
stabilized by Acinetobacter RAG-1 emulsan, Biotechnol. Bioeng. 24 (1982)
281-292.

M. Ohadi, A. Shahravan, N. Dehghannoudeh, T. Eslaminejad, .M. Banat,

G. Dehghannoudeh, Potential use of microbial surfactant in microemulsion drug
delivery system: a systematic review, Drug Des. Dev. Ther. 14 (2020) 541-550.
M.C. Cirigliano, G.M. Carman, Purification and characterization of liposan, a
bioemulsifier from Candida lipolytica, Appl. Environ. Microbiol. 50 (1985)
846-850.

H.S. Saini, B.E. Barragan-Huerta, A. Lebron-Paler, J.E. Pemberton, R.R. Vazquez,
A.M. Burns, M.T. Marron, C.J. Seliga, A.A.L. Gunatilaka, R.M. Maier, Efficient
purification of the biosurfactant viscosin from Pseudomonas libanensis strain M9-
3 and its physicochemical and biological properties, J. Nat. Prod. 71 (2008)
1011-1015.

N. Christofi, I.B. Ivshina, Microbial surfactants and their use in field studies of soil
remediation, J. Appl. Microbiol. 93 (2002) 915-929.

D.A. White, L.C. Hird, S.T. Ali, Production and characterization of a trehalolipid
biosurfactant produced by the novel marine bacterium Rhodococcus sp., strain
PMLO026, J. Appl. Microbiol. 115 (2013) 744-755.

Cloning and Characterization of the Gene Cluster Encoding Arthrofactin
Synthetase from Pseudomonas Sp. MIS38 - ScienceDirect, (n.d.). https://www.sci
encedirect.com/science/article/pii/$1074552103001960 (accessed August 15,
2020).

Department of Genetics, Faculty of Biology, University of Bucharest, Romania, V.
Corbu, O. Csutak, Candida —produced biosurfactants— beneficial agents for
environmental remediation biotechnologies, Romanian Biotechnol. Lett. 24
(2019) 381-387.

R. Zouari, S. Ellouze-Chaabouni, D. Ghribi, Use of butter milk and poultry-
transforming wastes for enhanced production of Bacillus subtilis SPB1
biosurfactant in submerged fermentation, J. Microbiol. Biotechnol. Food Sci. 4
(2015) 462-466.

Most Common Surfactants Employed in Chemical Enhanced Oil Recovery -
ScienceDirect, (n.d.). https://www.sciencedirect.com/science/article/pii/S24056
56116300621 (accessed August 15, 2020).

R.S. Makkar, S.S. Cameotra, .M. Banat, Advances in utilization of renewable
substrates for biosurfactant production, Amb. Express 1 (2011) 5.

R. de C.F. Soares da Silva, D.G. Almeida, H.M. Meira, E.J. Silva, C.B.B. Farias,
R.D. Rufino, J.M. Luna, L.A. Sarubbo, Production and characterization of a new
biosurfactant from Pseudomonas cepacia grown in low-cost fermentative medium

10

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]
771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

Heliyon 8 (2022) e10149

and its application in the oil industry, Biocatal. Agric. Biotechnol. 12 (2017)
206-215.

A. Rodriguez, T. Gea, A. Sanchez, X. Font, Agro-wastes and Inert Materials as
Supports for the Production of Biosurfactants by Solid-State Fermentation, Waste
Biomass Valorization, 2020.

R.A. Lima, R.F.S. Andrade, D.M. Rodr&iguez, H.W.C. Araujo, V.P. Santos,

G.M. Campos-Takaki*, Production and characterization of biosurfactant isolated
from Candida glabrata using renewable substrates, Afr. J. Microbiol. Res. 11
(2017) 237-244.

A. Dominguez Rivera, M.A. Martinez Urbina, V.E. Lépez y Lépez, Advances on
research in the use of agro-industrial waste in biosurfactant production, World J.
Microbiol. Biotechnol. 35 (2019) 155.

X. Fu, F. Feng, B. Huang, Physicochemical characterization and evaluation of a
microemulsion system for antimicrobial activity of glycerol monolaurate, Int. J.
Pharm. 321 (2006) 171-175.

E. Corazza, A. Abruzzo, B. Giordani, T. Cerchiara, F. Bigucci, B. Vitali, M.P. di
Cagno, B. Luppi, Human Lactobacillus biosurfactants as natural excipients for
nasal drug delivery of hydrocortisone, Pharmaceutics 14 (2022) 524.

D.G. Cooper, C.R. Macdonald, S.J.B. Duff, N. Kosaric, Enhanced production of
surfactin from Bacillus subtilis by continuous product removal and metal cation
additions, Appl. Environ. Microbiol. 42 (1981) 408-412.

J.D. Desai, .M. Banat, Microbial production of surfactants and their commercial
potential, Microbiol. Mol. Biol. Rev. 61 (1997) 47-64.

V. Kumari, Biosurfactant as an antimicrobial and biodegradable agent a review, in:
Microb. Surfactants, CRC Press, 2022.

N. Haddaji, K. Ncib, W. Bahia, M. Ghorbel, N. Leban, N. Bouali, O. Bechambi,
R. Mzoughi, A. Mahdhi, Control of multidrug-resistant pathogenic staphylococci
associated with vaginal infection using biosurfactants derived from potential
probiotic Bacillus strain, Fermentation 8 (2022) 19.

N. Pandhi, S. Shrinivasan, Marine bacteria: a storehouse of novel compounds for
biodegradation, in: M.P. Shah (Ed.), Microb. Bioremediation Biodegrad., Springer,
Singapore, 2020, pp. 485-503.

T. Meylheuc, C.j. Van Oss, M.-N. Bellon-Fontaine, Adsorption of biosurfactant on
solid surfaces and consequences regarding the bioadhesion of Listeria
monocytogenes LO28, J. Appl. Microbiol. 91 (2001) 822-832.

J. Zhang, W. Feng, Q. Xue, Biosurfactant production and oil degradation by
Bacillus siamensis and its potential applications in enhanced heavy oil recovery,
Int. Biodeterior. Biodegrad. 169 (2022), 105388.

T. Mallik, D. Banerjee, Biosurfactants: the potential green surfactants in the 21st
century, J. Adv. Sci. Res. 13 (2022) 97-106.

K. Poremba, W. Gunkel, S. Lang, F. Wagner, Toxicity testing of synthetic and
biogenic surfactants on marine microorganisms, Environ. Toxicol. Water Qual. 6
(1991) 157-163.

M.J. McInerney, M. Javaheri, D.P. Nagle Jr., Properties of the biosurfactant
produced by Bacillus licheniformis strain JF-2, J. Ind. Microbiol. 5 (1990) 95-101.
P. Singh, S.S. Cameotra, Potential applications of microbial surfactants in
biomedical sciences, Trends Biotechnol. 22 (2004) 142-146.

S.H. Kim, E.J. Lim, S.O. Lee, J.D. Lee, T.H. Lee, Purification and characterization of
biosurfactants from Nocardia sp. L-417, Biotechnol. Appl. Biochem. 31 (2000)
249-253.

M. Kruijt, H. Tran, J.M. Raaijmakers, Functional, genetic and chemical
characterization of biosurfactants produced by plant growth-promoting
Pseudomonas putida 267, J. Appl. Microbiol. 107 (2009) 546-556.

T. Janek, M. Lukaszewicz, A. Krasowska, Identification and characterization of
biosurfactants produced by the Arctic bacterium Pseudomonas putida BD2,
Colloids Surf. B Biointerfaces 110 (2013) 379-386.

B.G. Ribeiro, B.O. de Veras, J. dos Santos Aguiar, J. Medeiros Campos Guerra,
L.A. Sarubbo, Biosurfactant produced by Candida utilis UFPEDA1009 with
potential application in cookie formulation, Electron. J. Biotechnol. 46 (2020)
14-21.

S.Y. Yang, D.J. Lim, M.Y. Noh, J.C. Kim, Y.C. Kim, LS. Kim, Characterization of
biosurfactants as insecticidal metabolites produced by Bacillus subtilis Y9,
Entomol. Res. 47 (2017) 55-59.

G.V. Moro, R.T.R. Almeida, A.P. Napp, C. Porto, E.J. Pilau, D.S. Liidtke, A.V. Moro,
M.H. Vainstein, Identification and ultra-high-performance liquid chromatography
coupled with high-resolution mass spectrometry characterization of
biosurfactants, including a new surfactin, isolated from oil-contaminated
environments, Microb. Biotechnol. 11 (2018) 759-769.

N.S. Rosas-Galvan, F. Martinez-Morales, S. Marquina-Bahena, R. Tinoco-Valencia,
L. Serrano-Carre6n, B. Bertrand, R. Leén-Rodriguez, J. Guzmén-Aparicio,

L. Alvaréz-Berber, M.R. Trejo-Hernandez, Improved production, purification, and
characterization of biosurfactants produced by Serratia marcescens SM3 and its
isogenic SMRG-5 strain, Biotechnol. Appl. Biochem. 65 (2018) 690-700.

R. Najjar, Application and Characterization of Surfactants, BoD — Books on
Demand, 2017.

M.C. di Gregorio, L. Travaglini, A. Del Giudice, J. Cautela, N.V. Pavel, L. Galantini,
Bile salts: natural surfactants and precursors of a broad family of complex
amphiphiles, Langmuir 35 (2019) 6803-6821.

J. Griininger, A. Delavault, K. Ochsenreither, Enzymatic glycolipid surfactant
synthesis from renewables, Process Biochem. 87 (2019) 45-54.

N.E. Kreling, M. Zaparoli, A.C. Margarites, M.T. Friedrich, A. Thomé, L.M. Colla,
Extracellular biosurfactants from yeast and soil-biodiesel interactions during
bioremediation, Int. J. Environ. Sci. Technol. 17 (2020) 395-408.

A. Elouahabi, V. Flamand, S. Ozkan, F. Paulart, M. Vandenbranden, M. Goldman,
J.-M. Ruysschaert, Free cationic liposomes inhibit the inflammatory response to


http://refhub.elsevier.com/S2405-8440(22)01437-2/sref36
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref36
https://www.sciencedirect.com/science/article/pii/S1110062115300143
https://www.sciencedirect.com/science/article/pii/S1110062115300143
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref38
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref38
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref38
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref38
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref38
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref38
https://link.springer.com/article/10.1007/s11356-018-1691-1
https://link.springer.com/article/10.1007/s11356-018-1691-1
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref40
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref40
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref40
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref40
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref41
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref41
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref41
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref41
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref41
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref42
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref42
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref42
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref42
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref43
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref43
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref43
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref43
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref43
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref43
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref43
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref45
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref45
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref45
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref45
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref46
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref46
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref46
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref46
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref47
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref47
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref47
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref47
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref48
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref48
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref48
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref48
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref48
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref49
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref49
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref49
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref49
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref50
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref50
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref50
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref50
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref51
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref51
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref51
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref51
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref52
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref52
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref52
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref52
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref53
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref54
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref54
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref54
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref55
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref55
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref55
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref55
https://www.sciencedirect.com/science/article/pii/S1074552103001960
https://www.sciencedirect.com/science/article/pii/S1074552103001960
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref57
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref57
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref57
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref57
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref57
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref57
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref57
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref58
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref58
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref58
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref58
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref58
https://www.sciencedirect.com/science/article/pii/S2405656116300621
https://www.sciencedirect.com/science/article/pii/S2405656116300621
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref60
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref60
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref61
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref61
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref61
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref61
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref61
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref61
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref62
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref62
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref62
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref62
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref63
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref63
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref63
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref63
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref63
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref63
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref63
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref64
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref64
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref64
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref64
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref64
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref64
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref65
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref65
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref65
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref65
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref66
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref66
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref66
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref67
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref67
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref67
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref67
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref68
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref68
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref68
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref69
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref69
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref70
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref70
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref70
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref70
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref71
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref71
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref71
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref71
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref72
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref72
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref72
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref72
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref73
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref73
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref73
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref74
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref74
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref74
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref75
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref75
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref75
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref75
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref76
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref76
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref76
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref77
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref77
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref77
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref78
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref78
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref78
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref78
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref79
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref79
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref79
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref79
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref80
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref80
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref80
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref80
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref81
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref81
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref81
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref81
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref81
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref82
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref82
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref82
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref82
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref83
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref83
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref83
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref83
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref83
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref83
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref84
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref85
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref85
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref85
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref86
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref86
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref86
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref86
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref87
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref87
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref87
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref88
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref88
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref88
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref88
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref88
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref88
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref89
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref89

V. Abbot et al.

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

cationic lipid-DNA complex injected intravenously and enhance its transfection
efficiency, Mol. Ther. 7 (2003) 81-88.

R. Ran, Y. Liu, H. Gao, Q. Kuang, Q. Zhang, J. Tang, K. Huang, X. Chen, Z. Zhang,
Q. He, Enhanced gene delivery efficiency of cationic liposomes coated with
PEGylated hyaluronic acid for anti P-glycoprotein siRNA: a potential candidate for
overcoming multi-drug resistance, Int. J. Pharm. 477 (2014) 590-600.

C. Madihalli, H. Sudhakar, M. Doble, Production and investigation of the physico-
chemical properties of MEL-A from glycerol and coconut water, World J.
Microbiol. Biotechnol. 36 (2020) 88.

Dr.R. Patil, S. Ishrat, Dr.A. Chaurasia, Biosurfactants - a new paradigm in
therapeutic dentistry, Saudi J. Med. 6 (2021) 20-28.

A.H. Baferani, R. Keshavarz, M. Asadi, A.R. Ohadi, Effects of silicone surfactant on
the properties of open-cell flexible polyurethane foams, Adv. Polym. Technol. 37
(2018) 71-83.

L.R. Rodrigues, Microbial surfactants: fundamentals and applicability in the
formulation of nano-sized drug delivery vectors, J. Colloid Interface Sci. 449
(2015) 304-316.

R. Kanwar, M. Gradzielski, S. Prevost, M.-S. Appavou, S.K. Mehta, Experimental
validation of biocompatible nanostructured lipid carriers of sophorolipid:
optimization, characterization and in-vitro evaluation, Colloids Surf. B
Biointerfaces 181 (2019) 845-855.

S. Sadeghi, P. Ehsani, R.A. Cohan, S. Sardari, I. Akbarzadeh, H. Bakhshandeh,

D. Norouzian, Design and physicochemical characterization of lysozyme loaded
niosomal formulations as a new controlled delivery system, Pharm. Chem. J. 53
(2020) 921-930.

T.R. Bjerk, P. Severino, S. Jain, C. Marques, A.M. Silva, T. Pashirova, E.B. Souto,
Biosurfactants: properties and applications in drug delivery, biotechnology and
ecotoxicology, Bioengineering 8 (2021) 115.

C.-H. Feng, J.F.G. Martin, C. Li, B.-L. Liu, X.-Y. Song, Q.-L. Dong, W. Wang,

Y. Yang, Evaluation of physicochemical properties and microbial attributes of
cooked sausages stuffed in casing modified by surfactants and lactic acid after
immersion vacuum cooling and long-term storage, Int. J. Food Sci. Technol. 51
(2016) 2270-2279.

T.T. Nguyen, D.A. Sabatini, Formulating alcohol-free microemulsions using
rhamnolipid biosurfactant and rhamnolipid mixtures, J. Surfactants Deterg. 12
(2009) 109-115.

T.T.L. Nguyen, A. Edelen, B. Neighbors, D.A. Sabatini, Biocompatible lecithin-
based microemulsions with rhamnolipid and sophorolipid biosurfactants:
formulation and potential applications, J. Colloid Interface Sci. 348 (2010)
498-504.

M.R. Singh, D. Singh, N.S. Chauhan, J. Kanwar, Advances and Avenues in the
Development of Novel Carriers for Bioactives and Biological Agents, Elsevier,
2020.

V. Anoop, L.I. Cutinho, P. Mourya, A. Maxwell, G. Thomas, B.S. Rajput,
Approaches for encephalic drug delivery using nanomaterials: the current status,
Brain Res. Bull. 155 (2020) 184-190.

M. Bouché, J.C. Hsu, Y.C. Dong, J. Kim, K. Taing, D.P. Cormode, Recent advances
in molecular imaging with gold nanoparticles, Bioconjugate Chem. 31 (2020)
303-314.

N.A. Azeez, M. Saravanan, N.R.K. Chandar, M.K. Vishaal, V.S. Deepa, Enhancing
the aspirin loading and release efficiency of silver oxide nanoparticles using oleic
acid-based bio-surfactant from enteromorpha intestinalis, Appl. Organomet.
Chem. n/a (n.d.) e5934.

H.F. Khalid, B. Tehseen, Y. Sarwar, S.Z. Hussain, W.S. Khan, Z.A. Raza, S.Z. Bajwa,
A.G. Kanaras, I. Hussain, A. Rehman, Biosurfactant coated silver and iron oxide
nanoparticles with enhanced anti-biofilm and anti-adhesive properties, J. Hazard
Mater. 364 (2019) 441-448.

M. Kamali, R. Dewil, L. Appels, T.M. Aminabhavi, Nanostructured materials via
green sonochemical routes — sustainability aspects, Chemosphere 276 (2021),
130146.

Biosynthesized Nanomaterials, Elsevier, 2021.

Q. Ma, W. Xia, Y. Tang, M. Haroun, M. Motiur Rahman, M. Gibrata, L. Rouis,

Y. Djanuar, M. Abdelhadi Eldali, A. [jaz Rabbani, J. Abubacker Ponnambathayil,
A. Suboyin, Novel Nano and Bio-Based Surfactant Formulation for Hybrid
Enhanced Oil Recovery Technologies, OnePetro, 2021.

I. Ahmad, F.M. Husain, Biofilms in Plant and Soil Health, John Wiley & Sons,
2017.

D.L. Hamilos, Biofilm formations in pediatric respiratory tract infection, Curr.
Infect. Dis. Rep. 21 (2019) 6.

M.S. Aparna, S. Yadav, Biofilms: microbes and disease, Braz. J. Infect. Dis. 12
(2008) 526-530.

H. Huang, Q. Yu, H. Ren, J. Geng, K. Xu, Y. Zhang, L. Ding, Towards
physicochemical and biological effects on detachment and activity recovery of
aging biofilm by enzyme and surfactant treatments, Bioresour. Technol. 247
(2018) 319-326.

T.J. Gutiérrez, Chapter 19 - antibiofilm enzymes as an emerging technology for
food quality and safety, in: M. Kuddus (Ed.), Enzym. Food Biotechnol., Academic
Press, 2019, pp. 321-342.

T.L. Wood, T. Gong, L. Zhu, J. Miller, D.S. Miller, B. Yin, T.K. Wood, Rhamnolipids
from Pseudomonas aeruginosa disperse the biofilms of sulfate-reducing bacteria,
Npj Biofilms Microbiomes 4 (2018) 1-8.

M. Jovanovic, J. Radivojevic, K. O’Connor, S. Blagojevic, B. Begovic, V. Lukic,
J. Nikodinovic-Runic, V. Savic, Rhamnolipid inspired lipopeptides effective in
preventing adhesion and biofilm formation of Candida albicans, Bioorg. Chem. 87
(2019) 209-217.

11

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Heliyon 8 (2022) e10149

S.R. Schooling, U.K. Charaf, D.G. Allison, P. Gilbert, A role for rhamnolipid in
biofilm dispersion, Biofilms 1 (2004) 91-99.

M.A. Diaz De Rienzo, P.S. Stevenson, R. Marchant, .M. Banat, Effect of
biosurfactants on Pseudomonas aeruginosa and Staphylococcus aureus biofilms in
a BioFlux channel, Appl. Microbiol. Biotechnol. 100 (2016) 5773-5779.

H. Jang, R. Rusconi, R. Stocker, Biofilm disruption by an air bubble reveals
heterogeneous age-dependent detachment patterns dictated by initial extracellular
matrix distribution, Npj Biofilms Microbiomes 3 (2017) 1-7.

J. Yan, A. Moreau, S. Khodaparast, A. Perazzo, J. Feng, C. Fei, S. Mao,

S. Mukherjee, A. Kosmrlj, N.S. Wingreen, B.L. Bassler, H.A. Stone, Bacterial biofilm
material properties enable removal and transfer by capillary peeling, Adv. Mater.
30 (2018), 1804153.

S. Haider, A. Haider, B. Bano, R. Khan, A. Alrahlah, Microbial Biofilm Infections in
Tissue Implant: A Review, (n.d.) 5.

A.L.S. Coelho, P.E. Feuser, B.A.M. Carciofi, C.J. de Andrade, D. de Oliveira,
Mannosylerythritol lipids: antimicrobial and biomedical properties, Appl.
Microbiol. Biotechnol. 104 (2020) 2297-2318.

E. Yalcin, K. Cavusoglu, Structural analysis and antioxidant activity of a
biosurfactant obtained from Bacillus subtilis RW-I, Turk. J. Biochem.-Turk
Biyokim. Derg. 35 (2010) 243-247.

Y. Shen, P. Li, X. Chen, Y. Zou, H. Li, G. Yuan, H. Hu, Activity of sodium lauryl
sulfate, rhamnolipids, and N-acetylcysteine against biofilms of five common
pathogens, Microb. Drug Resist. 26 (2019) 290-299.

S. Abdollahi, Z. Tofighi, T. Babaee, M. Shamsi, G. Rahimzadeh, H. Rezvanifar, E. Saeidi,
M. Mohajeri Amiri, Y. Saffari Ashtiani, N. Samadi, Evaluation of anti-oxidant and anti-
biofilm activities of biogenic surfactants derived from Bacillus amyloliquefaciens and
Pseudomonas aeruginosa, Iran, J. Pharm. Res. 19 (2020) 115-126.

A. Andrade, A. Soares, A. Pereira, E. Naves, Practical Applications in Biomedical
Engineering, BoD — Books on Demand, 2013.

L. Rodrigues, I.M. Banat, J. Teixeira, R. Oliveira, Biosurfactants: potential
applications in medicine, J. Antimicrob. Chemother. 57 (2006) 609-618.

V.K. Gaur, R.K. Regar, N. Dhiman, K. Gautam, J.K. Srivastava, S. Patnaik,

M. Kamthan, N. Manickam, Biosynthesis and characterization of sophorolipid
biosurfactant by Candida spp.: application as food emulsifier and antibacterial
agent, Bioresour. Technol. 285 (2019), 121314.

S. Roy Choudhury, A. Mandal, D. Chakravorty, M. Gopal, A. Goswami, Evaluation
of physicochemical properties, and antimicrobial efficacy of monoclinic sulfur-
nanocolloid, J. Nanoparticle Res. 15 (2013) 1491.

Z. Wei, J. Cheng, Q. Huang, Food-grade Pickering emulsions stabilized by
ovotransferrin fibrils, Food Hydrocolloids 94 (2019) 592-602.

D. Sozeri Atik, E. Boliik, O.S. Toker, 1. Palabiyik, N. Konar, Investigating the effects
of 1Lecithin-PGPR mixture on physical properties of milk chocolate, LWT 129
(2020), 109548.

A.D. Iseppi, A. Curioni, M. Marangon, S. Vincenzi, G. Kantureeva, G. Lomolino,
Characterization and emulsifying properties of extracts obtained by physical and
enzymatic methods from an oenological yeast strain, J. Sci. Food Agric. 99 (2019)
5702-5710.

S. Nalini, R. Parthasarathi, D. Inbakanadan, Biosurfactant in food and agricultural
application, in: K.M. Gothandam, S. Ranjan, N. Dasgupta, E. Lichtfouse (Eds.),
Environ. Biotechnol, 2, Springer International Publishing, Cham, 2020, pp. 75-94.
F. Abbasian, R. Lockington, M. Mallavarapu, R. Naidu, A comprehensive review of
aliphatic hydrocarbon biodegradation by bacteria, Appl. Biochem. Biotechnol. 176
(2015) 670-699.

G.W. VanLoon, S.J. Duffy, Environmental Chemistry: A Global Perspective, Oxford
University Press, 2017.

Y. Yuan, Y. Yu, H. Xi, Y. Zhou, X. He, Comparison of four test methods for toxicity
evaluation of typical toxicants in petrochemical wastewater on activated sludge,
Sci. Total Environ. 685 (2019) 273-279.

H.M. Patel, M.N. Noolvi, P. Sharma, V. Jaiswal, S. Bansal, S. Lohan, S.S. Kumar,
V. Abbot, S. Dhiman, V. Bhardwaj, Quantitative structure-activity relationship
(QSAR) studies as strategic approach in drug discovery, Med. Chem. Res. 23
(2014) 4991-5007.

A. Franzetti, P. Di Gennaro, G. Bestetti, M. Lasagni, D. Pitea, E. Collina, Selection
of surfactants for enhancing diesel hydrocarbons-contaminated media
bioremediation, J. Hazard Mater. 152 (2008) 1309-1316.

N. Ali, M. Bilal, A. Khan, F. Ali, H.M.N. Igbal, Effective exploitation of anionic,
nonionic, and nanoparticle-stabilized surfactant foams for petroleum hydrocarbon
contaminated soil remediation, Sci. Total Environ. 704 (2020), 135391.

M. Cheng, G. Zeng, D. Huang, C. Yang, C. Lai, C. Zhang, Y. Liu, Advantages and
challenges of Tween 80 surfactant-enhanced technologies for the remediation of
soils contaminated with hydrophobic organic compounds, Chem. Eng. J. 314
(2017) 98-113.

D.J. Mateas, G.R. Tick, K.C. Carroll, In situ stabilization of NAPL contaminant
source-zones as a remediation technique to reduce mass discharge and flux to
groundwater, J. Contam. Hydrol. 204 (2017) 40-56.

Q.-Q. Zhang, G.-F. Yang, K.-K. Sun, G.-M. Tian, R.-C. Jin, Insights into the effects of
bio-augmentation on the granule-based anammox process under continuous
oxytetracycline stress: performance and microflora structure, Chem. Eng. J. 348
(2018) 503-513.

S.J. Varjani, V.N. Upasani, Carbon spectrum utilization by an indigenous strain of
Pseudomonas aeruginosa NCIM 5514: production, characterization and surface
active properties of biosurfactant, Bioresour. Technol. 221 (2016) 510-516.

R. Patowary, K. Patowary, M.C. Kalita, S. Deka, Application of biosurfactant for
enhancement of bioremediation process of crude oil contaminated soil, Int.
Biodeterior. Biodegrad. 129 (2018) 50-60.


http://refhub.elsevier.com/S2405-8440(22)01437-2/sref89
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref89
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref89
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref89
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref90
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref90
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref90
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref90
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref90
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref91
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref91
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref91
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref92
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref92
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref92
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref93
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref93
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref93
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref93
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref94
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref94
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref94
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref94
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref95
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref95
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref95
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref95
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref95
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref96
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref96
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref96
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref96
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref96
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref97
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref97
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref97
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref98
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref98
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref98
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref98
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref98
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref98
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref99
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref99
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref99
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref99
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref100
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref100
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref100
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref100
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref100
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref101
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref101
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref101
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref102
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref102
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref102
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref102
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref103
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref103
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref103
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref103
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref103
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref105
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref105
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref105
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref105
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref105
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref106
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref106
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref106
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref106
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref107
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref108
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref108
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref108
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref108
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref109
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref109
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref109
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref110
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref110
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref111
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref111
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref111
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref112
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref112
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref112
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref112
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref112
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref113
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref113
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref113
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref113
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref113
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref114
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref114
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref114
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref114
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref115
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref115
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref115
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref115
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref115
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref116
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref116
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref116
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref117
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref117
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref117
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref117
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref118
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref118
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref118
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref118
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref119
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref119
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref119
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref119
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref119
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref121
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref121
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref121
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref121
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref122
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref122
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref122
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref122
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref123
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref123
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref123
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref123
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref124
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref124
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref124
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref124
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref124
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref125
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref125
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref125
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref126
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref126
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref126
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref127
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref127
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref127
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref127
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref128
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref128
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref128
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref129
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref129
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref129
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref130
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref130
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref130
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref130
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref130
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref131
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref131
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref131
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref131
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref131
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref132
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref132
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref132
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref132
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref133
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref133
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref133
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref133
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref134
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref134
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref135
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref135
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref135
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref135
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref136
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref136
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref136
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref136
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref136
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref136
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref137
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref137
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref137
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref137
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref138
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref138
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref138
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref139
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref139
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref139
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref139
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref139
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref140
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref140
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref140
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref140
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref141
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref141
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref141
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref141
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref141
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref142
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref142
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref142
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref142
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref143
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref143
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref143
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref143

V. Abbot et al.

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

A.H. Ali Khan, S. Tanveer, S. Alia, M. Anees, A. Sultan, M. Igbal, S. Yousaf, Role of
nutrients in bacterial biosurfactant production and effect of biosurfactant
production on petroleum hydrocarbon biodegradation, Ecol. Eng. 104 (2017)
158-164.

S. Mitra, S. Corsolini, K. Pozo, O. Audy, S.K. Sarkar, J.K. Biswas, Characterization,
source identification and risk associated with polyaromatic and chlorinated
organic contaminants (PAHs, PCBs, PCBzs and OCPs) in the surface sediments of
Hooghly estuary, India, Chemosphere 221 (2019) 154-165.

Y. Yuan, P. Zhang, A. Schaffer, B. Schmidt, 3,4-Dichloroaniline revisited: a study
on the fate of the priority pollutant in a sediment-water system derived from a rice
growing region in Italy, Sci. Total Environ. 574 (2017) 1012-1020.

M.B. Kurade, J.R. Kim, S.P. Govindwar, B.-H. Jeon, Insights into microalgae
mediated biodegradation of diazinon by Chlorella vulgaris: microalgal tolerance to
xenobiotic pollutants and metabolism, Algal Res. 20 (2016) 126-134.

M.J. Martin-Pinero, M.C. Garcia, J. Munoz, M.-C. Alfaro-Rodriguez, Influence of
the welan gum biopolymer concentration on the rheological properties, droplet
size distribution and physical stability of thyme oil/W emulsions, Int. J. Biol.
Macromol. 133 (2019) 270-277.

A.J. Das, S. Lal, R. Kumar, C. Verma, Bacterial biosurfactants can be an ecofriendly
and advanced technology for remediation of heavy metals and co-contaminated
soil, Int. J. Environ. Sci. Technol. 14 (2017) 1343-1354.

H.-T. Tran, C. Lin, X.-T. Bui, H.-H. Ngo, N.K. Cheruiyot, H.-G. Hoang, C.-T. Vu,
Aerobic composting remediation of petroleum hydrocarbon-contaminated soil.
Current and future perspectives, Sci. Total Environ. 753 (2021), 142250.

R. Kandasamy, M. Rajasekaran, S.K. Venkatesan, M. Uddin, New trends in the
biomanufacturing of green surfactants: biobased surfactants and biosurfactants, in:
Gener. Biomanufacturing Technol., American Chemical Society, 2019, pp. 243-260.
F. Beolchini, M. Hekeu, A. Amato, A. Becci, A.B. Ribeiro, E.P. Mateus,

A. Dell’Anno, Bioremediation of sediments contaminated with polycyclic aromatic

12

[153]

[154]

[155]

[156]

[157]

[158]

[159]

Heliyon 8 (2022) e10149

hydrocarbons: the technological innovation patented review, Int. J. Environ. Sci.
Technol. (2021).

D. Saleh, J. Jarry, M. Rani, K.A. Aliferis, P. Seguin, S.H. Jabaji, Diversity,
distribution and multi-functional attributes of bacterial communities associated
with the rhizosphere and endosphere of timothy (Phleum pratense L.), J. Appl.
Microbiol. 127 (2019) 794-811.

Bacillus Subtilis: A Plant-Growth Promoting Rhizobacterium that Also Impacts
Biotic Stress - ScienceDirect, (n.d.).
https://www.sciencedirect.com/science/article/pii/S1319562X19300890+#!
(accessed October 12, 2020).

L.B. Taiwo, A.O. Oyedele, B.V. Ailenokhuoria, O.T. Okareh, Plant-microbes
relationships in soil ecological system and benefits accruable to food health, in:
D.K. Maheshwari, S. Dheeman (Eds.), Field Crops Sustain. Manag. PGPR, Springer
International Publishing, Cham, 2019, pp. 177-190.

M. Meena, P. Swapnil, K. Divyanshu, S. Kumar, Harish, Y.N. Tripathi, A. Zehra,
A. Marwal, R.S. Upadhyay, PGPR-mediated induction of systemic resistance and
physiochemical alterations in plants against the pathogens: current perspectives,
J. Basic Microbiol. 60 (2020) 828-861.

M. Robineau, S. Le Guenic, L. Sanchez, L. Chaveriat, V. Lequart, N. Joly,

M. Calonne, C. Jacquard, S. Declerck, P. Martin, S. Dorey, E. Ait Barka, Synthetic
mono-rhamnolipids display direct antifungal effects and trigger an innate immune
response in tomato against botrytis cinerea, Molecules 25 (2020) 3108.

A. Moran, S. Gutiérrez, H. Martinez-Blanco, M.A. Ferrero, A. Monteagudo-Mera,
L.B. Rodriguez-Aparicio, Non-toxic plant metabolites regulate Staphylococcus
viability and biofilm formation: a natural therapeutic strategy useful in the
treatment and prevention of skin infections, Biofouling 30 (2014) 1175-1182.
AF. da Silva, .M. Banat, A.J. Giachini, D. Robl, Fungal biosurfactants, from nature
to biotechnological product: bioprospection, production and potential
applications, Bioproc. Biosyst. Eng. 44 (2021) 2003-2034.


http://refhub.elsevier.com/S2405-8440(22)01437-2/sref144
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref144
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref144
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref144
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref144
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref145
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref145
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref145
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref145
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref145
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref146
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref146
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref146
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref146
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref146
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref147
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref147
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref147
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref147
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref148
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref148
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref148
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref148
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref148
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref148
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref148
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref149
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref149
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref149
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref149
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref150
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref150
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref150
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref151
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref151
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref151
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref151
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref152
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref152
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref152
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref152
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref153
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref153
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref153
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref153
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref153
https://www.sciencedirect.com/science/article/pii/S1319562X19300890#!
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref155
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref155
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref155
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref155
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref155
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref155
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref156
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref156
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref156
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref156
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref156
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref157
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref157
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref157
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref157
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref158
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref158
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref158
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref158
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref158
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref158
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref158
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref159
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref159
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref159
http://refhub.elsevier.com/S2405-8440(22)01437-2/sref159

	A review on the physicochemical and biological applications of biosurfactants in biotechnology and pharmaceuticals
	1. Introduction
	2. Biosurfactants
	3. Production
	4. Properties
	4.1. Excellent surface and interface activity
	4.2. Biodegradability
	4.3. Anti-adhesiveness
	4.4. Emulsifying agents
	4.5. Low toxicity
	4.6. Thermophilic

	5. Characterization
	6. Applications
	6.1. Gene transfection
	6.2. As drug delivery agents
	6.3. In preparation of micro-emulsion systems and nano-particles
	6.4. Biofilm disruption
	6.5. As antioxidants
	6.6. As anti-adhesives
	6.7. In food industries
	6.8. Biodegradation
	6.9. Bioremediation
	6.10. Agriculture

	7. Conclusion
	8. Future perspective and challenges
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


