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1. Introduction

Due to the advancement in technology, people worldwide use different natural resources through exploration and
intervention activities. Crude-oil-related products (kerosene, diesel, petrol, crude oil exploration, excavation of fossil
fuels), various agricultural, pharmaceutical, and chemical products play a progressive role in the world’s current economy.
However, some interventions have become detrimental to the environment because of injudicious use of resources like
solvents, chemicals, and heavy metals. They also generate unwanted substances or pollutants that can severely impact
terrestrial and aquatic environments and affect humans and other creatures (Figueiredo et al., 2019; Wilton et al., 2018).
Unwanted poisonous chemicals substances as a pollutant can affect human health by absorbing through human skin or
inhalation or accumulate in body parts.

Worldwide, researchers have noticed that these compounds can leach from point and non-point sources to water
and soil and indirectly affect human beings by accumulating fish, fruits, vegetables, and other food products, which
enhance toxicity, severe injuries, and leads to death (Ahamed and Lichtfouse, 2021). Hence, developing sustainable or
low-cost alternative pathways to restore contaminated environments has attracted more attention from policymakers and
scientists (Collivignarelli et al., 2018; Jimoh and Lin, 2019a). Different biological techniques such as biodegradation and
bioremediation are used to remove pollutants from the environment through mineralization or biochemical solubilization.
However, such a process has some limitations, such as affinity to strong soil particles binding, low biological availability,
low water solubility, and most of them are expensive. Moreover, these methods are not widely applied to restore the
environment due to their cost effectiveness (Bezza and Chirwa, 2015; Chaprdo et al., 2015; Ahamed and Lichtfouse, 2021).

As a natural greener material, biosurfactants are presently gaining significant importance because they are eco-
friendly, like biodegradation and bioremediation techniques. In addition to this, when compared to chemical surfactants,
biosurfactants have many potential advantages such as high selectivity, biodegradability, biocompatibility, bioavailability,
and ecological acceptability, increased effectiveness in the extreme condition of temperature and salt concentrations.
Currently, tremendous research has been carried out in biosurfactant development and their use to restore contaminated
environments and remediation of inorganic and organic contaminants of different sectors. Biosurfactants are successfully
applied in microbial enhanced oil recovery, pharmaceutical products, cosmetics, wastewater treatment, and sludge
treatment. Furthermore, they are preferably used as an emerging remediation technology for heavy metals removal from
water and soil (Bezerra et al., 2018; Sun et al., 2019). However, recently biosurfactant efficiency for biotechnological and
environmental applications is limited due to its low insolubility and bioavailability, strong adsorption to soil particles,
and pollutant hydrophobicity. Moreover, compared with chemical surfactants, it still has some problems related to the
recovery and downstream process and low production yield, making the production cost of biosurfactants expensive (Al-
Wabhaibi et al.,, 2014; Jimoh and Lin, 2019b). Therefore, novel biosurfactants must be developed to solve the problems
mentioned above and consider their properties, such as improving fermentation and recovery process using genetic
engineering, which can apply in different biotechnological and environmental applications.

This paper aims to review the progress and challenges of biosurfactant production using cheap raw material with
descriptions of its properties, progress in the improvement of microbial strains, optimization of media components,
modified statistical techniques, and the growth of hyper-producing genetic micro-organisms. It also discusses the novel
and green techniques for biosurfactants’ production using recombinant DNA technology and its application, challenge,
and perspectives in different biotechnological industries for environmental sustainability.
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Chemical Examples Possible impacts References
substances
Hydrocarbons Polycyclic aromatic hydrocarbons (PAHs), Hydrocarbons have diverse effects on the Kuppusamy et al. (2017)

polyaromatic, unsaturated, saturated,
polychlorinated biphenyl (PCBs)

environment and human health due to
their hazardous nature

Heavy metals

Nickel, thallium, cadmium, copper,
titanium, zinc, iron, arsenic, mercury

Heavy metals causing severe toxicity to
humans and other living organisms, even at
very low concentrations

Liang et al. (2017)

Air contaminants

Acid rain, ozone, carbon monoxide,
particulate matter, volatile organics
(chloroform, xylenes, ethylbenzene,
benzene, toluene)

Respiratory diseases.
Cardiovascular damage, fatigue, headaches,
and anxiety

Posada-Baquero et al.
(2019) and Prasad et al.
2021

Organophosphorus

Perchloroethylene, chlorinated,

Organophosphorus compounds have diverse

Laszlova et al. (2018)

effects on the environment and human
health

compounds hydrocarbons, nitroaromatic compounds,

and trichloroethylene

2. Use of the chemical substances and their impacts

Chemicals are part of our everyday life. Every living and dead matter is made up of chemicals, and essentially every
created product involves chemicals. When properly used, many chemicals can significantly contribute to the quality
of life, health, and well-being (Zhang et al., 2012; Liang et al., 2017). Chemical substances used as surfactants are
generally employed as emulsifiers or as surface energy reducers, especially at the interface oil-water. A surfactant is
considered suitable or not for a particular application based on its solubility, reduction capability, micelle concentration,
and wettability. Chemical surfactants are generally petrochemical or oleochemical derivatives and have been applied for
large scale applications.

In general, chemicals can be utilized as a raw material in big and small-scale industrial and manufacturing activities,
food and consumer product production and storage, and attempts to manage or eradicate insect-borne diseases (e.g., Lyme
disease, West Nile virus... ). Furthermore, application of chemicals to increase crop yields and control fungi, weeds, insects,
and other pests has increased the use of chemical surfactants. Other applications led to surfactants accumulation in surface
water such as the improper disposal of household products e.g., lawn care materials, pharmaceuticals, cleaning products,
batteries, paint, automotive products... Some chemicals are very hazardous and can negatively affect the health of living
beings and the environment when improperly managed (Wu et al,, 2017) as summarized in Table 1. These potential
contaminants can be transported to sea, lakes, rivers, and soil, which enhance biomagnification and bioaccumulation in
creatures over a long period and further affect the aquatic life and terrestrial environment (Kuppusamy et al., 2017;
Laszlova et al., 2018; Posada-Baquero et al., 2019).

Hence the effect of the chemicals on the human and environment leads to a quest for the development of technology
that aid in the cleanup of inorganic and organic contaminants such as metals and hydrocarbons. The use of biosurfactants
and biosurfactant-producing microorganisms is an alternative and environmentally benign way of environmental remedi-
ation technology for these pollutants. Biosurfactants are a versatile class of chemicals with potential uses in a wide range
of industrial and biotechnological fields (Pacwa-Ptociniczak et al., 2011) mainly produced by bacteria, fungi and yeasts.

3. Global market of biosurfactant

Currently, biosurfactants’ demand increases globally due to promising biodegradable properties, less toxic, and a green
solution of personal care, home care, and environmentally friendly industries. According to the world biosurfactant market
estimates, in 2017, its worth value was about 4.20 billion dollars and predicted to grow about 5.52 billion dollars in 2022
with a compound annual growth rate of 5.6%. Global biosurfactants demand/share in various industries are presented in
Fig. 1.

The annual growth rate shows a massive demand and application of biosurfactants in different industries around the
globe. Among the various biosurfactants, the market for glycolipids is expected to grow at a higher compound annual
growth rate due to its high purity and rhamnolipids functionality. Biosurfactants are currently used globally in personal
care, pharmaceutical, agriculture, food processing, and detergent manufacturing. Among these applications, biosurfactant
demand is highest in detergent production because of its high degradability and removal of hydrophobic strains, and high
performance under neutral conditions. In terms of regional demand, the global market of biosurfactants is extended and
prevailing from Middle East Africa, North, South, and Central America, Asia Pacific, and Europe to Asia. According to the
biosurfactants market report 2016, it was the highest marketed in Europe and forecasted to continue in the future. The
regional/continental biosurfactants demand is presented in Fig. 2.

In Europe, the biosurfactants’ market increased due to society’s high awareness, as they consume more biosurfactants
to prevent environmental hazards from chemicals. However, biosurfactants’ production has a higher cost mainly because
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2012 2014 2016 2018 2020

Household detergents Personal care Industrial cleaners
Food processing Oilified chemicals Agriculture chimicals
[ ] Textiles [ ] Other markets

Fig. 1. Global biosurfactants demand and share in various industries Biosurfactants adapted from Market Size, Share & Trends Analysis Report by
Product (Rhamnolipids, MES, APG, Sorbitan Esters, Sucrose Esters), By Application (Household Detergents, Personal Care, Industrial Cleaners) And
Segment Forecasts, 2014-2020.

2018 2020 2022 2024 2026

North America Europe [ ] Asia Pacific
MEA Latin America

Fig. 2. Regional/continental biosurfactants demand Biosurfactant Market — Global Industry Analysis and Forecast (2019-2026) by Type, application,
and geography.

of its low productivity, high raw material cost, and inadequate technology for product purification compared to chemical
biosurfactant production. Therefore, biosurfactants production costs should be reduced through the advancement of
biosurfactant process technologies.

4. Biosurfactants and their production

Biosurfactants are surface-active molecules and have amphiphilic ends, mediating the surface interactions at the
interface through the two ends (Mnif et al., 2014; Mesbaiah et al.,, 2016). The first end is non-polar groups such as
(fatty acids and saturated or unsaturated hydrocarbon chains), having the water-repelling property. The second groups
are polar ends such as (mono-, di- or polysaccharides, acid, peptide, anions, or cations), which has the property of
water affinity produced by a specific microorganism (Hassanshahian, 2014; Sharma and Saharan, 2016). In the current
scenario, biosurfactants as an eco-friendly processed material can be applied in various industries such as oil refinery,
food, cosmetics, agriculture, pharmaceutics, and restoring the contaminated environment (Anjum et al., 2016; Chebbi
et al., 2020).



T.G. Ambaye, M. Vaccari, S. Prasad et al.

Environmental Technology & Innovation 24 (2021) 102090

Table 2
Microbial strains and specific use of biosurfactants.
Genera Microbial strains Substrate used Biosurfactants yield References
and specific use
P. cepacia CCT6659 Canola waste frying oil 405 g L! (Soares et al., 2018)
Pseudomonas P. aeruginosa DN1 Palm oil; C/N ratio 20 2598 g L7! Ma et al. (2016)
P. aeruginosa M408 Olive oil (40 g 17") 126 g L™! Ji et al. (2016)
Rhodococcus R. erythropolis ATCC 4277 Glycerol, NaNOs, MgS04 0.285 g L™! Pacheco et al. (2010)
Bacillus B. subtilis HSO121 Maltose, L-arginine 4758 g L' Haddad et al. (2014)
Bacillus subtilis E8 Soluble starch (80 g I71), 1220 g L} Gong et al. (2009)

Lactobacillus

L. delbrueckii N2
L. cellobiosus TM1
L. plantarum G88

C

bombicola

Molasses

Glycerol

MRS broth

Corn liquor, molasses, waste

243 to 3.03 g L1
232 t0 282 g L1
0.30to 051 + gLt
61gL!

Mouafo et al. (2018)
Mouafo et al. (2018)
Mouafo et al. (2018)
Pinto et al. (2018)

Candida oil 5% (v/v)
C. lipolytica UCP 0988 Animal fat (5%), corn steep 10 to 40 g L' Santos et al. (2017)
liquor (2 -5%)
C. tropicalis UCP0996 Molasses, corn liquor, waste 736 gL' Almeida et al. (2017)

oil (2 -5%)

Biosurfactants are amphiphilic compounds that can be produced with a range of surface and chemical properties by a
varied group of micro-organisms (Li et al., 2016; Martins and Martins, 2018; Lopez-Prieto et al., 2019). The microorganisms
used in the production of biosurfactants are ranging from low molecular weight to high molecular weight and belong to
different genera such as Clostridium, Brevibacterium, Pseudomonas, Rhodococcus, Acinetobacter, Thiobacillus, Bacillus, Leu-
conostoc, Lactobacillus, Enterobacter, Saccharomyces, Aspergillus, Ustilago, Penicillium, Corynebacterium, Citrobacter, Candida
and Paenibacillus sp. D9 (Fooladi et al., 2016; Magalhdes et al.,, 2018; Singh et al., 2019; Ahamed and Lichtfouse, 2021).
Microbial strains and their specific uses as biosurfactants belonging to various genera are given in Table 2.

Biosurfactants are classified into different groups based on various compound structures such as lipopeptides (surfactin,
polymyxin, iturin subtilisin, vixcosin, serrawetin); glycolipids (sophorolipids, xylolipid, mannosylerythritol, cellobiose,
lipids, rhamnolipids, trehalose lipids), flavolipid, phospholipids, fatty acids, polymeric surfactants (liposan, alasan, emul-
san) lipids and polysaccharide-protein complexes, (Hemlata et al., 2015; Martins and Martins, 2018; Jimoh and Lin, 2019b;
Ahamed and Lichtfouse, 2021). The other group of molecules that can be used can replace the biosurfactants referred to
as bioemulsifiers. These compounds have an active surface and an emulsion between hydrocarbons and water mixture
and quickly decrease surface tension (Gudifia et al.,, 2015a). However, in some cases, biosurfactants are also referred to
as bioemulsifiers if the bioemulsifiers compounds are produced from high molecular weight of heteropolysaccharides,
lipoproteins, and lipopolysaccharides (Perfumo et al., 2018; De Souza Monteiro et al., 2012; Smyth et al., 2010).

4.1. Strategy to improve production of biosurfactant

Biosurfactants are natural surface-active compounds that can be produced biologically from microbial strains by using
various substrates ranging from hydrophobic mixtures, hydrocarbons, hydrophobic mixtures, solvents, chemicals, waste
products, oil wastes, dairy products, and vegetable oils (Gudifia et al., 2015b; Chirwa et al., 2017). The promising strategies
for enhanced biosurfactant production and low-cost materials may be microbial strain-engineering, cost-effective carbon
sources, improved fermentation process, and downstream processing of the products at the industrial level higher
cost-effectiveness (Dell’Anno et al., 2018; Jimoh and Lin, 2019b).

In the past few years, researchers have reported the biosurfactants production from industrial wastes such as liquor,
animal fat, soap stock, starch waste, molasses, corn steep, including different agricultural products like vegetable oils,
corn, cassava flour, sugar cane bagasse, wheat straw, rice straw, beet molasses, rice bran, etc., as potential substrates for
the production of biosurfactants (Darvishi et al., 2011; Datta et al., 2018; Jimoh and Lin, 2019b). However, fermentative
production of biosurfactants can be affected by various factors such as temperature, inoculum size, agitation speed,
aeration, and stress (Joshi et al., 2008; Chebbi et al., 2018; Jimoh and Lin, 2019¢).

The availability and non-availability of nutrients such as phosphorus, manganese, sulfur, iron, nitrogen, and carbon
and their ratio, especially C:N, C:Fe, C:P, and C, affect the biosurfactants fermentative processes (Maass et al., 2016; Noha
et al.,, 2018). Therefore, it is imperative to optimized these parameters to enhance the production of biosurfactants for
obtaining cost-effective products so that they can be applied effectively in industry at a large scale (Kanna et al., 2014; Lee
et al., 2018). Furthermore, to produce biosurfactants economically, it must integrate the production through downstream
processing and explore the alternative to improve its production by using the innovative statistical approach of surface
methodology, as shown in Fig. 3, along with using genetically engineered bacteria superlative mutants.

As mentioned below, genetically engineered microbial strains, cost-effective substrate, optimized media, improved
fermentation process, and downstream processing, purification of end products using well developed statically models can
be commercially viable biological and engineering solutions to achieve cost-effective large scale industrial biosurfactants
production for the substantiality of the environment (Sekhon et al., 2012; Varadharajan and Subramaniyan, 2014; Sidkey
et al., 2016; Jimoh and Lin, 2019a; Jimoh et al., 2021). The schematic representation of various strategies involved in
biosurfactant production is shown in Fig. 4.
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Fig. 3. Graphical representation of various methodologies used in medium optimization.
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Fig. 4. Schematic representation of various strategies involved in biosurfactants production.

4.2. Production of biosurfactants using recombinant DNA technology

Currently, the biotechnological application using genetic engineering recombinant DNA technology to produce biosur-
factants is gaining importance in the scientific community due to the potential of recombinant strains, as they have many
utilities from the industrial viewpoint (Hu et al., 2019; Wu et al., 2019). It is well understood that during the production of
biosurfactants, the micro-organism can also have the capacity to degrade the different substrates. However, little informa-
tion about the microbes is used to produce the biosurfactants in their cloning, functional characterization, degradative,
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and molecular characteristics (Satpute et al., 2016). Furthermore, Sekhon et al. (2012) reported that introducing some
specific genes in the presence of carbon and hydrocarbon as a source could increase biosurfactants’ production. That has
opened a new research area for scientists to develop new microorganisms using recombinant DNA technology to improve
biosurfactants’ production and efficiency in diverse industrial applications.

According to Bachmann et al. (2014) and De Almeida et al. (2019), microbial strain improvement through recombinant
DNA technology can provide higher biosurfactants production yield at a lower cost due to modifying the chemical
properties. Moreover, they found that the biosurfactants produced from this process technology can also resist extreme
high temperature, salt, and pH conditions. Therefore, if recombinant DNA technology has cloned microbial strain to achieve
maximum potentiality to make biosurfactants at the industrial scale, these conditions need to be optimized. There is also a
need to introspect the genetic composition characteristics of micro-organisms that limit the biosurfactant’s yield (Satpute
et al.,, 2010).

Kandasamy et al. (2019) compared the production of biosurfactants from olive oil using recombinant Escherichia coli
pSKA clones containing the BioS gene, srfA, and showed that production of biosurfactants was improved as compared to
biosurfactants produce from its parent strain of Bacillus sp. SK320 due to the cloning and expression of modified genes
and enzymes activities in Escherichia coli recombinants. Sekhon et al. (2012) also reported a similar result for biosurfactant
production by comparing microbial cloning mutant gene expression. They found that biosurfactant production was
increased two-fold from recombinant strain compared to its parent strain. They also claimed that the recombinant strains
could improve the product’s characteristics, solve the problems related to reducing protein secreted in the system, and
recover and purify biosurfactants. These studies showed microbes’ potential to enhance biosurfactants’ production using
Recombinant DNA technology towards the environment (Balan et al., 2019; Hisham et al., 2019; Kubicki et al., 2019;
Williams et al., 2019).

5. Characterization of biosurfactants

In the past years, different range of techniques such as high performance-liquid chromatography (HPLC), thin-layer
chromatography (TLC), liquid chromatography-mass spectrometry (LC-MS), gas chromatography-mass spectrometry
(GC-MS), nuclear magnetic resonance (NMR) spectrometry, and matrix-assisted laser desorption/ionization-time of flight
mass spectroscopy (MALDI-TOF) are familiarized for characterizing and identifying the properties of biosurfactants
compounds produced by a different micro-organism (Jimoh and Lin, 2019a)

One of the most extensive techniques to identify and detect an unknown ingredient found in biosurfactants is TLC.
This technique took place in a sheet of aluminum foil covered with a thin layer of silica gel as adsorbent material and
detects the presence or absence of groups such as carbohydrate groups, lipids, and protein (Silva et al., 2014). For example,
according to Ibrahim (2018), in their research to characterize the biosurfactant of produced from Ochrobactrum anthropi
HM-1 and Citrobacter freundii HM-2 using TLC shows that it was positive to the lipids when treated using iodine vapors
and Molash’s reagents, respectively, and this indicates that the existence of glycolipid and glycosyl moiety along with
lipid moiety on the nature of these biosurfactants of rhamnolipid. However, this shows the absence of an amino group in
the biosurfactant when exposed to the ninhydrin solution.

On the other hand, another sophisticated and precise version with the same TLC approach was High-performance
thin-layer chromatography (HPTLC). For example, Al-Wahaibi et al. (2014) reported that biosurfactants produced from
Bacillus subtilis, B30, isolated, and characterized products showed that the HPTLC technique was more accurate and
precise for data obtained as compared to TLC. Many pieces of research have also reported similar findings using HPTLC
techniques for the extraction and separation of different groups of biosurfactant compounds depend upon the polarity of
the solvent (Biniarz and tukaszewicz, 2017; Geissler et al., 2017; Joshi et al., 2016; Moro et al., 2018). HPLC is another
method used for the separation extraction, performance, and separation of the biosurfactant samples. This method can
characterize each component present in a massive volume mixture within a short period in the cascade process. For
instance, Dalili et al. (2015) investigated the HPLC technique to purify and identify cyclic lipopeptide’s novel structure
from biosurfactants produced from Corynebacterium xerosis NS5 termed as coryxin. However, they confirm that it has
low efficacy to determine the separated compounds’ purity compared to TLC.

Fourier Transform-Infrared Spectroscopy was used to identify the chemicals and organic substances found in the
biosurfactants. This spectroscopy technique is used to determine the biosurfactants’ molecular components and structures
by measuring the sample material’'s wavelength with infrared radiation (Ibrahim, 2018). For instance, Chakraborty and
Das (2017) analyzed the organic chemical constituent using the FT-IR analytical technique. They have shown that all
analytes of biosurfactants can be found in the range of 4000 to 400 cm™', and peak bands could be characterized as
O-H stretching and H-bonds consisting of alcohols and phenols, and water. The characterization of the biosurfactant of
glycolipid produced from a strain of Pseudomonas aeruginosa HAKO1 using FTIR spectroscopy showed that the purified
biosurfactant presents a peak at 3336 cm~! which was attributed to the -OH functional group of H bonding. This
indicates that the presence of polysaccharides, hydrocarbon chains of C-H bands (CH,-CH3) with strong bonds at 2856
and 2924 cm~! as well as the presence of ester compounds indicated at the stretching peak of 1645 cm~!. In addition to
this, the presence of amino acids observed at the bands 1550, 3420, and 3245 cm~!, and these all results indicate that
biosurfactant has a long chain of hydrocarbons with rhamnose rings and rhamnolipid structure. FTIR analytical technique,
as reported by many researchers, can easily and quickly determine the chemical structure of the biosurfactants at a low
cost (Chooklin et al., 2014; Datta et al., 2018; Patowary et al., 2018).
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Mass spectrometry is also used for determining the structure and chemical bonds present in the biosurfactant sample.
In this method, the instrument is coupled with liquid or gas chromatography to identify its structure and gives the
qualitative and quantitative analysis of each compound present in the biosurfactants sample (Sharma et al., 2014). The
same result was also reported by Ibrahim et al. (2013), who showed that the hydrophilic and hydrophobic parts of
the biosurfactants produced from bacteria could be analyzed by using LC-MS and GC-MS respectively. It has more
advantages with accuracy than HPLC in the molecular determinants of the compound. In addition to the above methods,
mass spectrometry coupled with electrospray ionization to identify the different biological molecules such as proteins,
peptides from biosurfactants using high voltage separate fragments of macromolecules of ions produced gives better
and precise accuracy (Monteiro et al., 2007). Jimoh and Lin (2019b) investigated that electrospray ionization coupled
with liquid chromatography helps to identify the biomolecule with low concentration and secondary metabolites as
in the biosurfactant compound. For instance, Yin et al. (2009) also used electrospray ionization coupled with liquid
chromatography to identify the chemicals constituents from biosurfactants produced from Paenibacillus dendritiformis CN5.
They identify eight amino acid constituents from biosurfactant biomolecule produced from P. aeruginosa S6, including four
crucial amino acids, such as RhaC12:1C10, RhaC8C10, RhaRhaC10C12:1, and RhaC10C10.

Likewise, Guo et al. (2012) used matrix-assisted laser desorption/ionization-time of flight mass spectroscopy to identify
the chemical constituent found in biosurfactants made from the genus Paenibacillus. They found that the biosurfactants
have 13 amino acid residues with cyclic lipopeptide and finally noted that using this coupled technique can help identify
the different complex compounds with less time with high-resolution data for the essential characterization in lass
cost. However, it demands more energy for the formation of ions. NMR technique is also used widely by researchers
for identifying chemical structures found in biosurfactants. This spectroscopic technique determines the biosurfactants’
structure and establishes its purity and composition (Chakraborty and Das, 2017). Li et al. (2016) used the NMR technique
to characterize the constituent found in the biosurfactants produced from Bacillus pseudomycoides BS6, having a long chain
of long hydrocarbon in the chemical shift of the 0.8-1.4 and 3.3-5.5 ppm regions as well as the presence of sugar moiety
in the structure of the biosurfactant indicated at the signals at of 0.49 and 4.87 ppm. Moreover, they claimed that this
technique could determine deuterated solvents used to digest biosurfactants before going to characterization and further
contended that it needs more study to optimize the solvent to identify each component of the biosurfactants quickly.

6. Application of biosurfactants

As discussed above, biosurfactants have unique properties due to their cell surface’s hydrophobicity. These hydrophilic
and hydrophobic properties of biosurfactants decreasing the surface tension between block hydrogen and immiscible
or miscible liquids. In addition to this, due to their substrate specificity, rapid, controlled inactivation and degradation
properties, biosurfactants can be used in remediation technology in hydrocarbon and microbial enhanced oil recovery,
food, commercial laundry detergent, paint industries, petrochemicals, medicine, textiles, pollution control as well as
mediated biosynthesis of metallic nanoparticles (Geetha et al., 2018; Kandasamy et al., 2019; Olasanmi and Thring, 2018;
Yuliani et al., 2018). Various applications of biosurfactants in industrial product manufacturing are shown in Fig. 5.

Examples of biosurfactants application in various industries and households, especially petroleum oil recovery en-
hancer, bioremediation/cleaning oils spills, precious metals mining, agriculture, and food processing industries, medicine/
pharmaceuticals/bioprocessing, lather/textile/paper/paint/coating protection, chemical synthesis, cosmetics, and deter-
gents production are presented in Table 3.
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Fig. 6. The removal of potentially toxic elements through the mediation of biosurfactants. Adapted from (Fenibo et al,, 2019).

6.1. Application of biosurfactants for restoring contaminated environments

Worldwide rapidly increasing economy and industrialization have boosted the use of chemical surfactants, leading
negatively due to many toxic chemicals discharged to the environment. Around the world, a large amount of wastewater
is released to the water bodies and pollutes the surface and drinking water. Organic and inorganic pollutants generated
from hazardous waste and its dumping in the environment have a negative impact on human health and severe effects
on the ecological system and dangerous to the environment (Makkar et al., 2011; Meenakshisundaram and Pramila, 2017;
Olasanmi and Thring, 2018). Removing such pollutants from the environment is the biggest challenge for government,
policymakers, scientists, and societies. Therefore, there is a need to develop safer environmental rules and legislation and
develop sustainable technologies that remove pollutants from the environment.

In recent years, few researches have been carried out on biosurfactants’ utilization to restore the contaminated
environment. Biosurfactants are highly biodegradable and non-toxic for creatures and valuable in restoring the polluted
environment (Lima et al., 2011). Globally much research has been carried out to compare the effect of biosurfactants with
synthetic surfactants on the remediation of pollutants. Many researchers have found that biosurfactants have anionic and
cationic properties that decrease the lethal chemical’s toxicity in the aquatic and terrestrial environment compared to
synthetic surfactants (Vijayakumar and Saravanan, 2015).

The other advantage of biosurfactants is their ability to act as antibiofilm, and an anti-adhesive agent to different
contaminates. That leads to microbial biofilm and improves the microbial interaction of the hydrophobicity surface of
the active biosurfactants to remove the pollutants from the contaminated environment (Banat et al., 2014). Karlapudi
et al. (2020) investigated the properties of various biosurfactants produced from different micro-organisms. They found
that biosurfactants produced from micro-organisms possess highly powerful anti-cancer, anti-microbial, and anti-biofilm
potential of biosurfactant extracted from an Acinetobacter M6 strain. These unique properties of biosurfactants produced
from micro-organisms improve the solubilization and bioavailability of the toxic substances.

The unique properties of biosurfactants were also used to remediate hydrophobic compounds and heavy metals from
the contaminated environment. However, when biosurfactants were compared with synthetic surfactants, they have less
efficiency in removing heavy metals from contaminated soil. So biosurfactants need further investigation to remove heavy
metals from the polluted environment and apply on an extensive scale (Bustamante et al,, 2012; Mao et al., 2015).

The application of biosurfactants for removal of heavy metals from the polluted wastewater showed biosurfactants
could remove the heavy metals through the complexation process by the attraction of the negatively charged molecules
of the biosurfactants with the cation of the heavy metals, as shown in Fig. 6 (Lal et al., 2018; Sarubbo et al., 2018).
Therefore, biosurfactants can be utilized for wastewater treatment to improve the environmental and health aspects of
society. Biosurfactants as future green remediation technology needs further investigation using different wastewater to
study the removal of phosphorus, nitrogen, detergents, pesticides, and hydrocarbon, heavy metal, and other pollutants.

Jimoh and Lin (2019a) investigated the removal of heavy metals using biosurfactants produced from Paenibacillus
sp. D9 at different concentrations with and without the formation of aggregates. They showed that the biosurfactants
produced from the Paenibacillus sp. D9 has a high removal efficiency of lead and copper and lower efficiency for removing
the zinc due to the biosurfactants’ weak binding affinity. They also claimed that the concentration of bases or acids, charge
of heavy metal, soil properties, and the biomolecule present in the pollutant could influence biosurfactants’ affinity to
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drop coalescence

Table 3
Examples of biosurfactants application in various industries and households.
Industry Biosurfactant Field Mechanism/Functioning Reference
Glycolipids and Crude oil extraction Enhance stable emulsion Almeida et al. (2017)
Petroleum/enhance Lipopeptide from reservoirs formation, break down oil film
oil recovery. in the rock, reduces tensions
and capillary forces that
impede oil flow through the
rock pores
Emulsan, Crude oil Form a stable water-in-oil Perfumo et al. (2010),
alasan, pipelines/Transport emulsion that aids oil mobility,
biodispersan viscosity reduction, prevents

Bioremedia-
tion/cleaning oils
spills

Glycolipid and
Trehalose

Rhamnolipids

Lipopeptides

Rhamnolipids,

sophorolipids

Rhamnolipids

Spill remediation

Treatment of soil and
wastewater

Hydrocarbon

remediation

Heavy metal
remediation

Solubilize oil spills make them
available to
hydrocarbon-degraders for
faster biodegradability

Act as
emulsifiers/de-emulsifiers,
bioavailability enhancers,
reduce tensions, mobilize,
remove oil/ chemicals from the
soil

Solubilize contaminants into
the aqueous phase, increase
their bioavailability for
biodegradation.

Heavy metal remediation from
soils by metal entrapment, ion
exchange, interactions, binding,
desorption, and mobilization.

Souza et al. (2014)

Ahmad et al. (2018)

Aulwar and Awasthi
(2016)

Asci et al. (2010)

Agriculture and
Food industry

Glycolipid
Rhamnolipids
lipopeptides

Lipopeptides

Rhamnolipids

Soil quality

Plant protection

Pest control

Food stabilizer

Soil-related toxic metals and
other pollutants bioremediation
Act on the target cell by
disrupting cell surface
structures of the plant
pathogen

Detergency property exhibit
toxicity against nematodes and
insects

Modification of food to a
desired consistency and texture

Marchut-Mikolajczyk
et al. (2018)
Oluwaseun et al.
(2017)

Zhao et al. (2010)

Campos et al. (2013)

Medicine
/Pharmaceuticals
/bioprocessing

Rhamnolipids

Sophorolipids

Sophorolipid

Rhamnolipids

Anti-microbial agent

Anticancer activity

Antiviral activity

Antibiotics recovery

Act as an anti-microbial agent,
manifested through
detergent-like activities

As an antiviral agent, check
cell replication in favor of cell
differentiation

Inactivation of viral lipid
envelopes and capsid
Extraction of antibiotics and
proteins using their surfactant
properties

Lee and Song (2018)

Yuewen et al. (2017)

Muthusamy et al.
(2008)
Chai et al. (2019)

Mining precious metals

Biodispersan

Precious metal
recovery

Biosurfactant producing
micro-organisms convert
(Ag-Au) NOs to silver/gold
particles using an enzyme such
as nitrate reductase.

Eswari et al. (2018)

(continued on next page)

remove heavy metals and toxic compounds from the contaminated environment. Luna et al. (2016) have investigated
adding of hydrochloric acid with biosurfactants produced from Candida sphaerica. They showed that the biosurfactants
introduced with HCl could remove about 95% of Fe and Zn with a concentration of 0.1% of the biosurfactants.
Biosurfactants can also be used to remove PAHs from the contaminated aquatic environment due to the adsorption and
solubilization of the biosurfactants towards the PAHs. Laszlova et al. (2018) reported the biodegradation and adsorption
of PCBs and hydrophobic organic compounds from the polluted aquatic environment. They found that biosurfactants’
application can increase the pollutants’ solubility and enhance the pollutants’ bioavailability between the hydrophobic
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Table 3 (continued).

Industry Biosurfactant Field Mechanism/Functioning Reference
Leather/Textile/ Biodispersan Detergent, emulsifier Degrease use of detergent,
Paper/ A emulsifier; tanning and dyeing Fracchia et al. (2014)
Paint/coating agent
protection Trehaosete- Pre-treatment Remove lipophilic components
traester from fiber surface, oil from
Unspecified fibers, and enhanced dispersion
cHAL2 of dyes for uniform and better
fiber penetration.
Biodispersan Pulp processing Washing and deresinification of
pulp by defoaming, dispersion
Biodispersan Papermaking Used as a filter in

papermaking, calendaring
through the coating, and

coloring
Cosmetic industry Sophorolipids Cosmetics products Used in cosmetics product Roy (2017)
Rhamno- manufacturing due to low
lipids/MELs irritancy, anti-aging agent,

antioxidant, moisturizing,
healing, and skin toning

properties
Laundry detergents Sophorolipids Used in the detergent making Vecino et al. (2017)
MEL due to foaming agent, surface
tension reducer, solubilizer
properties
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Fig. 7. Hydrocarbon and biosurfactants interaction with soil during the bioremediation process. Adapted from (Fenibo et al,, 2019).
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and micro-organisms contaminates, as shown in Fig. 7. However, they advised that further consideration is needed to
optimize the additives to apply on a large scale as a greener remediation technology.

6.2. Application of biosurfactants in food processing industries as greener alternatives

Biosurfactants also have shown potential applications in the processing industry. It has unique properties, such as
emulsion, anti-adhesive, and anti-microbial activities, to benefit food processing. These properties enhance emulsification,
surface area with high stabilization of products that can provide safe and healthy food to consumer health on a large scale.
Nitschke and Silva (2018) investigated the possibility of using biosurfactants in the food industry at a laboratory scale (Giri
et al,, 2017). They confirm that biosurfactants’ utilization as additives in the food is safe or can remove heavy metals from
the products. They also claimed that biosurfactants could also enhance the removal of toxic substances present in food
crops, vegetables, and soil. Jimoh and Lin (2020) reported that biosurfactants produced from Bacillus sp. MTCC 5877 can
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remove Cd from the vegetables by about to 73%, while biosurfactants produced from Pseudomonas putida can remove Zn
by 50% compared to control. Overall, when compared with synthetic surfactants, biosurfactants have high anti-biofilm and
anti-microbial activities related to food pathogens. That makes biosurfactants one of the main additives in food processing.

6.3. Application of biosurfactants in bio-nanotechnology

The integration of biosurfactants produced from microbes with nanoparticles is currently considered the next genera-
tion of alternative green chemistry or bio-nanotechnology sources. Biosurfactant-mediated synthesis of nanoparticles has
tremendous potential in remediating the contaminated environment (Christopher et al., 2018; Joanna et al., 2018). How-
ever, the synthesized biosurfactant-mediated nanoparticles must be cost-effective. In addition, it must have zero-energy
demand and high toxicant removal efficiency, and environmental compatibility.

Gomez-Grafa et al. (2017) reported that microbes in the biosurfactants could stabilize and reduce nanoparticle
formation. Likewise, Rane et al. (2017) showed that nanoparticles such as gold and silver could be produced from micro-
organisms. This biologically active nanoparticle production opens a new vision for other researchers and scientists to
make metallic nanoparticles using a reducing agent of biosurfactants.

Kumar et al. (2010), reported that the biosurfactants could produce from Brevibacterium casei MSA19, and it reduces
the nanoparticles and allows them to stay stable for about two months by reducing the formation of aggregates through
the electrostatic force of attraction and this enhance to serve as an eco-friendly material for different product service.
However, the research on stabilizing nanoparticles using biosurfactants is still in the initial stage. So, there is an
urgent need to carry out more research to stabilize nanoparticles using biosurfactants before applying them to different
nanotechnology applications.

6.4. Application of biosurfactants in the petroleum industry for oil recovery

Biosurfactants can also be used in the petroleum industry to clean up oil spills, remove oil residue from storage tanks,
and microbial-enhanced oil recovery. Many investigators reported that as compared to chemical surfactants, biosurfactants
are more selective. As a result, they are required in small quantities and more effective under a broader range of oil and
reservoir conditions. It can also be used in the various industrial processes to increase solubility, lubrication, mobility,
and removing soils and scouring (Karlapudi et al., 2018; Lee and Song, 2018; Liu et al., 2018).

Nerurkar et al. (2012), conducted research using biosurfactant produced from Bacillus licheniformis JF-2 in oil injection
water and found that biosurfactant was more effective thermotolerant and anaerobic as compared to other surfactants. In
another study, Das (2018) recovered oil from saturated sand oil column using biosurfactants produced from two strains
of Bacillus subtilis MTCC1427 and MTCC2423. The author showed that biosurfactants can recover oil around 62% in-situ
experiments and more stable in the pH range from 4.5 to 10.5.

Jha et al. (2016) reported that biosurfactants could be used for bio-solubilization, biosorption, and bioremediation of
pollutants from the environment. They claimed that it could also be used in the petroleum industry to recover microbial
enhanced oil, oil immobilization and storage tanks, and oil immobilization due to stable environmental conditions.
Similarly, (McClements and Gumus, 2016) also reported that biosurfactants could act as emulsifiers or de-emulsifiers
to remove hydrophobic pollutants from the environment. In addition to this, they have also reported that as compared
to synthetic surfactants, biosurfactants have high emulsifying activities and enhance ecological compatibility with the
environment.

The efficiency of biosurfactants and chemical surfactants for remediation of petroleum pollutants was studied by
Satpute et al. (2017, 2018). They showed that the biosurfactants have high efficiency in removing the petroleum pollutant
than the chemical surfactants. This may be due to biosurfactants higher surface action and more compatibility with the
environment. In addition to this, biosurfactants are less toxic, eco-friendly, and biodegradable, which can be considered
greener technology towards the environment (Arora, 2018a,b; Chowdhary and Bhargava, 2019).

6.5. Application of biosurfactants in the pharmaceutical industry

Biosurfactants can also be used in different pharmaceutical and biomedical applications due to their intrinsic anti-
microbial properties and the ability to act as anti-adhesive surfaces and have a disruptive biofilm structure. Chen et al.
(2017) reported that biosurfactants could be used in various pharmaceutical industry applications. Their intrinsic anti-
microbial makes them suitable molecules for fighting various diseases and disorders as therapeutic agents in respiratory
failure, antiadhesive, immunological adjuvants, inhibition of pathogens, stimulation of skin fibroblast metabolism, or even
in cancer.

Chakraborty and Das (2017), revealed that biosurfactants have high emulsion-forming ability properties compared
to chemical surfactants. Therefore, they can be used as anti-microbial agents in the cosmetics and pharmaceutical
industries. In addition to this, other researchers confirmed that when compared with synthetically available surfactants,
biosurfactants have remarkable properties to produce in large scale commercial formulation of industrial products of
cosmetics and drugs as they have high resistance to extreme environmental conditions, make them primary raw material
in those industries (Bockmiihl, 2012; Rincon-Fontan et al., 2018; Vecino et al., 2017).
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Biosurfactants are used in various products formulations such as detergent, ornamentals, cosmetics, pharmaceuticals,
antifungal, antibacterial, germicidal, anti-cancer products, wound dressings, skin and personal care products due to
their emulsifying, foaming, phase dispersion, emulsion polymerization, and emulsification and de-emulsification property
(Bratovcic et al., 2018; Dave and Joshi, 2017; Sil et al., 2017). They are more stable in the extreme condition of temperature
range between (50-100 °C), pH (2-12), and even at a high salt concentration (Al-Wahaibi et al., 2014; Bockmiihl, 2012;
Dhundale et al.,, 2018). In general, biosurfactants have a huge biotechnological application, but it needs further research
advancement to produce stable biosurfactants on a large scale.

6.6. Application of biosurfactants in agriculture and agrochemical industries

To meet the rising population demands for various food products, agricultural production is a matter of big concern for
every nation. The application of green technology to achieve sustainable agricultural productivity is a necessity. Biosur-
factants can be used in herbicides, fungicides, and pesticides as plant protection measures. It has the potential to enhance
the nutrients available for beneficial plant-associated microbes. There are specific reports that infer biosurfactants’ role
in promoting soil health by soil remediation (Thavasi et al., 2014). Biosurfactants in the industries act as adjuvants
with insecticides, herbicides, pesticides, and fungicides, due to their property like emulsifying, spreading, dispersing, and
wetting agents’ efficiency.

Biosurfactants can be considered a vital part of modern agriculture (Mnif and Ghribi, 2015). Hassen et al. (2018)
reported that biosurfactants produced from bacteria of Pseudomonas sp. and Burkholderia sp could use as safe bio-
pesticides. In addition to this, these pesticides can be made from cationic, anionic, anionic, and amphoteric surfactants.
Certain biosurfactants from microbes have anti-microbial activity against plant disease. They can be considered a
promising biocontrol agent for sustainable agriculture. Biosurfactants facilitate the biocontrol mechanism of plant growth-
promoting (PGR) microbes such as parasitism, antibiosis, competition, induced systemic resistance, and hypovirulence.
Agricultural pesticides produced from biosurfactants can effectively use in different field crops. It has opened the door to
boost agrochemical industries to formulate new chemicals by combining different biosurfactant mixtures and polymers
for various agricultural applications.

6.7. Application of biosurfactants in the cosmetic industry

Biosurfactant in the cosmetic industry plays an important role, as an active surface substance in our daily-consume
products (Vecino et al,, 2017). The unique biosurfactant properties such as de-emulsification, foaming, emulsification,
spreading, wetting properties affect the viscosity of product consistency and water-binding capacity, make it a primary
utilization material in the cosmetic industry. Biosurfactants are used in making personal care cosmetics products such as
skin moisturizers, perfumes, aftershave lotions, lipsticks, eye, and facial makeup preparations, nail polishes, shampoos,
hair colors, toothpaste, contact lens solution, acne pads, body massage products, antiperspirants, and denture cleansers,
etc. Biosurfactants are used in baby care products, antiseptics, soap, oil, lotions, and creams. Health and beauty products
as foot care, lotions, creams, films, gels, sprays, sticks, powders, pastes, and liquids can be prepared or even replaced
by biosurfactants (Ferreira et al,, 2017; Rincon-Fontan et al., 2018). Monoglyceride is one of the most widely used
biosurfactants produced from glycerol tallow via Pseudomonas fluorescens lipase treatment. It can be effective in
removing whiteboard marker stains compared to chemical surfactants die due to having high foaming capability of
the biosurfactants (Turbekar et al., 2014). Biosurfactants are currently considered an alternative substitute for chemical
surfactants due to their higher biodegradability and low toxicity properties.

7. Ecotoxicity study of biosurfactants

Biosurfactants could act as indicators in determining the germination index, which includes developing seeds and roots
to assess biosurfactants’ toxic effects. In an experiment conducted by Da Rocha Junior et al. (2019), the germination index
was found >80%, which shows that the biosurfactants’ introduction was non-existence phytotoxicity. Jimoh and Lin (2020)
studied the toxic effect of biosurfactants on the cabbage germination index. They introduced it at different concentrations
of 1, 10, 100, 200 mg/L and showed a higher value for the germination index: 92.6, 87.8, 89.8, and 94.7%, respectively.
That demonstrated that biosurfactants toxicity is dependent upon the concentration of the biosurfactants introduced to
the environment. Likewise, research also reported by Bezerra de Souza Sobrinho et al. (2013) in a study to determine the
toxic effect of biosurfactant introduced at concentration of 10, 50, 125, 250, 500, and 1000 mg/L on cabbage seeds. In
this study, the germination index values were 34, 108, 111, 100, 83, and 81%, respectively. This experiment also explains
that increasing the concentration of biosurfactants can inhibit seed germination or root elongation. However, studies on
biosurfactants application’ aspects of assessing its ecotoxicity on environments need to be investigated systematically.
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8. Future perspectives

It is known that biosurfactants have a significant advantage in biotechnological and environmental applications of
industrial settings. However, the study on the synthesis, utilization of biosurfactants through different environmental
complexes, and limiting factors to a large scale still need more refinement. Therefore, research must focus on producing
novel biosurfactants that can rapidly recover product and microbial degradation of pollutants. Research also focused
on exploring suitable microbes with high-level metabolic activities through genetic engineering, molecular biology,
and surface science, making biosurfactants economically competent to apply in different industries such as cosmetics,
pharmaceutics, textile, petroleum, oral hygiene, wastewater treatment, and agriculture. The other important area to
be considered in the future is proper understanding the knowledge of the biomolecules and the precise monitoring
and testing method to screen the best biosurfactant producers, which are still unknown. Further, research is needed
to understate the biosurfactant pathway’s biosurfactant pathway at the gene and species level using genomics and
proteomics principles.

9. Conclusions

This review showed the widespread prospects of biosurfactants in the nanotechnology product formulation, petroleum
industry, personal health care products making, pharmaceutical industry, agriculture, agrochemical industries, food
processing industries, including restoring contaminated environments and their sustainability. Biosurfactants are natural,
greener, and eco-friendly substitutes for chemical or synthetic surfactants. They can be produced from bioresources by
selecting low-cost material and biotechnological approaches at lower production costs. However, its biotechnological and
environmental applications process can be inhibited due to its low insolubility and bioavailability, strong adsorption to
soil particles, and pollutant hydrophobicity. This issue can be managed by optimized growth/production conditions using
economically feasible renewable substrates and efficient multi-step downstream processing. This would help to produce
a more profitable biosurfactant. Furthermore, knowing the social and economic benefits of these materials, the optimal
conditions for their preparation need to be further investigated.

CRediT authorship contribution statement

Teklit Gebregiorgis Ambaye: Conceptualization, Writing - original draft. Mentore Vaccari: Supervision. Shiv Prasad:
Writing - original draft. Sami Rtimi: Conceptualization, Supervision, , Writing - review & editing last version.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

Italian Agency for Development Cooperation supported this study through the partnerships for knowledge (PFK)
program. S. Rtimi thanks EPFL.

References

Ascl, Y., Nurbas, M., Agikel, Y.S., 2010. Investigation of sorption/desorption equilibria of heavy metal ions on/from quartz using rhamnolipid
biosurfactant. J. Environ. Manag. 91 (3), 724-731.

Ahamed, M.I,, Lichtfouse, E. (Eds.), 2021. Water Pollution and Remediation: Photocatalysis. Springer International Publishing.

Ahmad, Z., Imran, M., Qadeer, S., Hussain, S., Kausar, R., Dawson, L., Khalid, A., 2018. Biosurfactants for sustainable soil management. In: Advances
in Agronomy. AcademicPress, pp. 81-130. http://dx.doi.org/10.1016/bs.agron.2018.02.002.

Al-Wahaibi, Y., Joshi, S., Al-Bahry, S., Elshafie, A., Al-Bemani, A., Shibulal, B., 2014. Biosurfactant production by Bacillus subtilis B30 and its application
in enhancing oil recovery. Colloids Surf. B 114, 324-333. http://dx.doi.org/10.1016/j.colsurfb.2013.09.022Get.

Almeida, D.G., Soares da Silva, RD.CF., Luna, J.M., Rufino, R.D., Santos, V.A., Sarubbo, L.A., 2017. Response Surface Methodology for optimizing the
production of biosurfactant by Candida tropicalis on industrial waste substrates. Front. Microbiol. 8, 157, https://www.frontiersin.org/articles/10.
3389/fmicb.2017.00157/full.

Anjum, F., Gautam, G., Edgard, G., Negi, S., 2016. Biosurfactant production through Bacillus sp. MTCC 5877 and its multifarious applications in food
industry. Bioresour. Technol. 213, 262-269. http://dx.doi.org/10.1016/j.biortech.2016.02.091.

Arora, N.K.,, 2018a. Biodiversity conservation for sustainable future. Environ. Sustain. http://dx.doi.org/10.1007/s42398-018-0023-1.

Arora, N.K., 2018b. Environmental Sustainability—necessary for survival. Environ. Sustain. http://dx.doi.org/10.1007/s42398-018-0013-3.

Aulwar, U., Awasthi, R.S., 2016. Production of Biosurfactant and their Role in Bioremediation. J. Ecosyst. Ecogr. 6 (3), 202.

Bachmann, R.T., Johnson, A.C., Edyvean, R.G., 2014. Biotechnology in the petroleum industry: an overview. Int. Biodeterior. Biodegrad. 86, 225-237.
http://dx.doi.org/10.1016/j.ibiod.2013.09.011.

Balan, S.S., Kumar, C.G., Jayalakshmi, S., 2019. Physicochemical, structural and biological evaluation of Cybersan (trigalactomargarate), a new glycolipid
biosurfactant produced by a marine yeast, Cyberlindnera saturnus strain SBPN-27. Process Biochem. 80, 171-180. http://dx.doi.org/10.1016/j.
procbio.2019.02.005.

14


http://refhub.elsevier.com/S2352-1864(21)00734-3/sb1
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb1
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb1
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb2
http://dx.doi.org/10.1016/bs.agron.2018.02.002
http://dx.doi.org/10.1016/j.colsurfb.2013.09.022Get
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00157/full
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00157/full
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00157/full
http://dx.doi.org/10.1016/j.biortech.2016.02.091
http://dx.doi.org/10.1007/s42398-018-0023-1
http://dx.doi.org/10.1007/s42398-018-0013-3
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb9
http://dx.doi.org/10.1016/j.ibiod.2013.09.011
http://dx.doi.org/10.1016/j.procbio.2019.02.005
http://dx.doi.org/10.1016/j.procbio.2019.02.005
http://dx.doi.org/10.1016/j.procbio.2019.02.005

T.G. Ambaye, M. Vaccari, S. Prasad et al. Environmental Technology & Innovation 24 (2021) 102090

Banat, .M., De Rienzo, M.A.D., Quinn, G.A., 2014. Microbial biofilms: biosurfactants as antibiofilm agents. Appl. Microbiol. Biotechnol. 98, 9915-9929.
http://dx.doi.org/10.1007/s00253-014-6169-6.

Bezerra, K.G.O., Rufino, R.D., Luna, J.M., Sarubbo, L.A., 2018. Saponins and microbial biosurfactants: potential raw materials for the formulation of
cosmetics. Biotechnol. Prog. 34, 1482-1493. http://dx.doi.org/10.1002/btpr.2682.

Bezerra de Souza Sobrinho, H., de Luna, J.M., Rufino, R.D., Figueiredo Porto, A.L., Sarubbo, L.A., 2013. Assessment of toxicity of a biosurfactant from
Candida sphaerica UCP 0995 cultivated with industrial residues in a bioreactor. Electron. J. Biotechnol. 16, 4. http://dx.doi.org/10.2225/vol16-
issue4-fulltext-4.

Bezza, F.A., Chirwa, EM.N,, 2015. Biosurfactant from Paenibacillus dendritiformis and its application in assisting polycyclic aromatic hydrocarbon
(PAH) and motor oil sludge removal from contaminated soil and sand media. Process. Saf. Environ. Prot. 98, 354-364. http://dx.doi.org/10.1016/
j-psep.2015.09.004.

Biniarz, P., Lukaszewicz, M., 2017. Direct quantification of lipopeptide biosurfactants in biological samples via HPLC and UPLC-MS requires sample
modification with an organic solvent. Appl. Microbiol. Biotechnol. 101, 4747-4759. http://dx.doi.org/10.1007/s00253-017-8272-y.

Bockmiihl, D., 2012. Biosurfactants as antimicrobial ingredients for cleaning products and cosmetics. Tenside Surfactants Deterg. 49, 196-198.
http://dx.doi.org/10.3139/113.110182.

Bratovcic, A., Nazdrajic, S., Odobasic, A., Sestan, 1., 2018. The influence of type of surfactant on physicochemical properties of liquid soap. Int. J. Mat.
Chem. 8, 31-37. http://dx.doi.org/10.5923/j.ijmc.20180802.02.

Bustamante, M., Duran, N., Diez, M., 2012. Biosurfactants are useful tools for the bioremediation of contaminated soil: a review. J. Soil Sci. Plant.
Nutr. 12, 667-687. http://dx.doi.org/10.4067/5S0718-95162012005000024.

Campos, ].M., Montenegro Stamford, T.L., Sarubbo, L.A., de Luna, ].M., Rufino, R.D., Banat, LM., 2013. Microbial biosurfactants as additives for food
industries. Biotechnol. Prog. 29, 1097-10108. http://dx.doi.org/10.1002/btpr.1796.

Chai, T., Yan, H., Zhang, Z., Xu, M., Wu, Y., Jin, L., Huang, G., Fu, H., 2019. Optimization of enhanced ultrafiltration conditions for cd with mixed
biosurfactants using thebox-behnken response surface methodology. Water 11, 442. http://dx.doi.org/10.3390/w11030442.

Chakraborty, J., Das, S., 2017. Application of spectroscopic techniques for monitoring microbial diversity and bioremediation. Appl. Spectrosc. Rev.
52, 1-38. http://dx.doi.org/10.1080/05704928.2016.1199028.

Chaprdo, M., Ferreira, LN., Correa, P.F.,, Rufino, R.D., Luna, .M., Silva, EJ., Sarubbo, L.A., 2015. Application of bacterial and yeast biosurfactants for
enhanced removal and biodegradation of motor oil from contaminated sand. Electron. ]. Biotechnol. 18, 471-479. http://dx.doi.org/10.1016/j.ejbt.
2015.09.005.

Chebbi, A., Franzetti, A, Gomez Tovar, F.H. Sbaffoni, S., Vaccari, M., 2020. Potentials of winery and olive oil residues for the production of
rhamnolipids and other biosurfactants: A step towards achieving a circular economy model. Waste Biomass Valoriz. 12, 4733-4743. http:
//dx.doi.org/10.1007/512649-020-01315-8.

Chebbi, A., Hentati, D., Cheffi, M., Bouabdallah, R., Choura, C., Sayadi, S., Chamkha, M., 2018. Promising abilities of mercapto-degrading staphylococcus
capitis strain SH6 in both crude oil and waste motor oil as sole carbon and energy sources: its biosurfactant production and preliminary
characterization. J. Chem. Technol. Biotechnol. 93, 1401-1412. http://dx.doi.org/10.1002/jctb.5508.

Chen, ], Wu, Q., Hua, Y., Chen, ], Zhang, H., Wang, H., 2017. Potential applications of biosurfactant rhamnolipids in agriculture and biomedicine.
Appl. Microbiol. Biotechnol. 101, 8309-8319. http://dx.doi.org/10.1007/s00253-017-8554-4.

Chirwa, E.M.N., Mampholo, C.T., Fayemiwo, O.M., Bezza, F.A., 2017. Biosurfactant assisted recovery of the C5-C11 hydrocarbon fraction from oily sludge
using biosurfactant producing consortium culture of bacteria. J. Environ. Manage. 196, 261-269. http://dx.doi.org/10.1016/j.jenvman.2017.03.011.

Chooklin, C.S., Petmeaun, S., Maneerat, S., Saimmai, A., 2014. Isolation and characterization of a biosurfactant from Deinococcus caeni PO5 using
jackfruit seed powder as a substrate. Ann. Microbiol. 64, 1007-1020. http://dx.doi.org/10.1007/S13213-013-0738-2.

Chowdhary, P., Bhargava, R.N., 2019. Green Technologies and Environmental Sustainability. Springer, http://dx.doi.org/10.1007/s10668-018-00304-1.

Christopher, F.C., Ponnusamy, S.K., Ganesan, ].J., Ramamurthy, R., 2018. Investigating the prospects of bacterial biosurfactants for metal nanoparticle
synthesis-a comprehensive review. IET Nanobiotechnol. 13, 243-249. http://dx.doi.org/10.1049/iet-nbt.2018.5184.

Collivignarelli, M.C., Vaccari, M., Abba, A., Canato, M., Sorlini, S., 2018. Wet oxidation of fine soil contaminated with petroleum hydrocarbons. A way
towards a remediation cycle. Environments 5 (6), 69. http://dx.doi.org/10.3390/environments5060069.

Da Rocha Junior, R.B.,, Meira, H.M., Almeida, D.G., Rufino, R.D., Luna, J.M., Santos, V.A., Sarubbo, L.A., 2019. Application of a low-cost biosurfactant in
heavy metal remediation processes. Biodegradation 30, 215-233. http://dx.doi.org/10.1007/s10532-018-9833-1.

Dalili, D., Amini, M., Faramarzi, M.A., Fazeli, M.R, Khoshayand, M.R.,, Samadi, N., 2015. Isolation and structural characterization of Coryxin,
a novel cyclic lipopeptide from Corynebacterium xerosis NS5 having emulsifying and anti-biofilm activity. Colloids Surf. B 135, 425-432.
http://dx.doi.org/10.1016/j.colsurfb.2015.07.005.

Darvishi, P., Ayatollahi, S., Mowla, D., Niazi, A., 2011. Biosurfactant production under extreme environmental conditions by an efficient microbial
consortium, ERCPPI-2. Colloids Surf. B 84, 292-300. http://dx.doi.org/10.1016/j.colsurfb.2011.01.011.

Das, M.D., 2018. Application of biosurfactant produced by an adaptive strain of C. tropicalis MTCC230 in microbial enhanced oil recovery (MEOR)
and removal of motor oil from contaminated sand and water. J. Pet. Sci. Eng. 170, 40-48. http://dx.doi.org/10.1016/j.petrol.2018.06.034.

Datta, P., Tiwari, P., Pandey, L.M., 2018. Isolation and characterization of biosurfactant producing and oil-degrading Bacillus subtilis MG495086 from
formation water of Assam oil reservoir and its suitability for enhanced oil recovery. Bioresour. Technol. 270, 439-448. http://dx.doi.org/10.1016/
j.biortech.2018.09.047.

Dave, N., Joshi, T., 2017. A concise review on surfactants and its significance. ]J. Appl. Chem. 13, 663672, https://www.ripublication.com/ijac17/
ijacv13n3_21.pdf.

De Almeida, D.G., Brasileiro, P.P.F., Rufino, R.D., de Luna, J.M., Sarubbo, L.A., 2019. Production, formulation and cost estimation of a commercial
biosurfactant. Biodegradation http://dx.doi.org/10.1007/s10532-018-9830-4.

De Souza Monteiro, A., Domingues, V.S., Souza, M.V,, Lula, 1., Gongalves, D.B., de Siqueira, E.P., dos Santos, V.L., 2012. Bioconversion of biodiesel refinery
waste in the bioemulsifier by Trichosporon mycotoxinivorans CLA2. Biotechnol. Biofuels 5, 29. http://dx.doi.org/10.1186/1754-6834-5-29.

Dell’Anno, F., Sansone, C., lanora, A., Dell’Anno, A., 2018. Biosurfactant-induced remediation of contaminated marine sediments: Current knowledge
and future perspectives. Mar. Environ. Res. 137, 196-205. http://dx.doi.org/10.1016/j.marenvres.2018.03.010.

Dhundale, V.R,, Hemke, V.M., Salve, S., Sharyu, G., Budhwant, J., Aglave, T., Desai, D., 2018. Production and stability studies of the Biosurfactant
Isolated from Alkaliphilic Bacterium SJS1. Bio Sci. Res. Bull. 34, 1-7. http://dx.doi.org/10.5958/2320-3161.2018.00001.9.

Eswari, J.S., Dhagat, S., Mishra, P., 2018. Biosurfactant assisted silver nanoparticle synthesis: A critical analysis of its drug design aspects. Adv. Nat.
Sci. Nanosci. Nanotechnol. 9, 045007. http://dx.doi.org/10.1088/2043-6254/aaecOe.

Fenibo, Emmanuel O., [joma, Grace N., Selvarajan, Ramganesh, Chikere, Chioma B., 2019. Microbial Surfactants: The Next Generation Multifunctional
Biomolecules for Applications in the Petroleum Industry and Its Associated Environmental Remediation. Microorganisms http://dx.doi.org/10.3390/
microorganisms7110581.

Ferreira, A., Vecino, X., Ferreira, D., Cruz, ].M., Moldes, A.B., Rodrigues, L.R.,, 2017. Novel cosmetic formulations containing a biosurfactant from
Lactobacillus paracasei. Colloids Surf. B 155, 522-529. http://dx.doi.org/10.1016/j.colsurfb.2017.04.026.

Figueiredo, A.S., Icart, L.P., Marques, F.D., Fernandes, E.R,, Ferreira, L.P., Oliveira, G.E., Souza, Jr., F.G., 2019. Extrinsically magnetic poly (butylene
succinate): An up-and-coming petroleum cleanup tool. Sci. Total Environ. 647, 88-98. http://dx.doi.org/10.1016/j.scitotenv.2018.07.421.

15


http://dx.doi.org/10.1007/s00253-014-6169-6
http://dx.doi.org/10.1002/btpr.2682
http://dx.doi.org/10.2225/vol16-issue4-fulltext-4
http://dx.doi.org/10.2225/vol16-issue4-fulltext-4
http://dx.doi.org/10.2225/vol16-issue4-fulltext-4
http://dx.doi.org/10.1016/j.psep.2015.09.004
http://dx.doi.org/10.1016/j.psep.2015.09.004
http://dx.doi.org/10.1016/j.psep.2015.09.004
http://dx.doi.org/10.1007/s00253-017-8272-y
http://dx.doi.org/10.3139/113.110182
http://dx.doi.org/10.5923/j.ijmc.20180802.02
http://dx.doi.org/10.4067/S0718-95162012005000024
http://dx.doi.org/10.1002/btpr.1796
http://dx.doi.org/10.3390/w11030442
http://dx.doi.org/10.1080/05704928.2016.1199028
http://dx.doi.org/10.1016/j.ejbt.2015.09.005
http://dx.doi.org/10.1016/j.ejbt.2015.09.005
http://dx.doi.org/10.1016/j.ejbt.2015.09.005
http://dx.doi.org/10.1007/s12649-020-01315-8
http://dx.doi.org/10.1007/s12649-020-01315-8
http://dx.doi.org/10.1007/s12649-020-01315-8
http://dx.doi.org/10.1002/jctb.5508
http://dx.doi.org/10.1007/s00253-017-8554-4
http://dx.doi.org/10.1016/j.jenvman.2017.03.011
http://dx.doi.org/10.1007/S13213-013-0738-2
http://dx.doi.org/10.1007/s10668-018-00304-1
http://dx.doi.org/10.1049/iet-nbt.2018.5184
http://dx.doi.org/10.3390/environments5060069
http://dx.doi.org/10.1007/s10532-018-9833-1
http://dx.doi.org/10.1016/j.colsurfb.2015.07.005
http://dx.doi.org/10.1016/j.colsurfb.2011.01.011
http://dx.doi.org/10.1016/j.petrol.2018.06.034
http://dx.doi.org/10.1016/j.biortech.2018.09.047
http://dx.doi.org/10.1016/j.biortech.2018.09.047
http://dx.doi.org/10.1016/j.biortech.2018.09.047
https://www.ripublication.com/ijac17/ijacv13n3_21.pdf
https://www.ripublication.com/ijac17/ijacv13n3_21.pdf
https://www.ripublication.com/ijac17/ijacv13n3_21.pdf
http://dx.doi.org/10.1007/s10532-018-9830-4
http://dx.doi.org/10.1186/1754-6834-5-29
http://dx.doi.org/10.1016/j.marenvres.2018.03.010
http://dx.doi.org/10.5958/2320-3161.2018.00001.9
http://dx.doi.org/10.1088/2043-6254/aaec0e
http://dx.doi.org/10.3390/microorganisms7110581
http://dx.doi.org/10.3390/microorganisms7110581
http://dx.doi.org/10.3390/microorganisms7110581
http://dx.doi.org/10.1016/j.colsurfb.2017.04.026
http://dx.doi.org/10.1016/j.scitotenv.2018.07.421

T.G. Ambaye, M. Vaccari, S. Prasad et al. Environmental Technology & Innovation 24 (2021) 102090

Fooladi, T., Moazami, N., Abdeshahian, P., Kadier, A., Ghojavand, H., Yusoff, W.M.W., Hamid, A.A., 2016. Characterization, production, and optimization
of lipopeptide biosurfactant by new strain Bacillus pumilus 2IR isolated from an Iranian oil field. J. Pet. Sci. Eng. 145, 510-519. http:
//dx.doi.org/10.1016/j.petrol.2016.06.015.

Fracchia, L., Ceresa, C., Franzetti, A., Cavallo, M., Gandolfi, I, Van Hamme, ]., Gkorezis, P., Marchant, R., Banat, .M., 2014. Industrial applications of
biosurfactants. In: Kosaric, N., Sukan, F.V. (Eds.), Biosurfact: Production and Utilization—Processes, Technologies, and Economics, Vol. 3. CRC Press,
Florida, FL, USA, pp. 245-360.

Geetha, S., Banat, .M., Joshi, S.J., 2018. Biosurfactants: Production and potential applications in microbial enhanced oil recovery (MEOR). Biocatal.
Agric. Biotechnol. 14, 23-32. http://dx.doi.org/10.1016/j.bcab.2018.01.010.

Geissler, M., Oellig, C., Moss, K., Schwack, W., Henkel, M., Hausmann, R., 2017. High-performance thin-layer chromatography (HPTLC) for the
simultaneous quantification of the cyclic lipopeptides surfactin, iturin A and fengycin in culture samples of Bacillus species. J. Chromatogr.
B 1044, 214-224. http://dx.doi.org/10.1016/j.jchromb.2016.11.013.

Giri, S.S., Sen, S.S., Jun, JW., Sukumaran, V., Park, S.C., 2017. Role of Bacillus licheniformis VS16-derived biosurfactant in mediating immune responses
in Carp Rohu and its application to the food industry. Front. Microbiol. 8, 514. http://dx.doi.org/10.3389/Fmicb.2017.00514.

Gomez-Grafia, S., Perez-Ameneiro, M., Vecino, X., Pastoriza-Santos, I., Perez-Juste, J., Cruz, ].M., Moldes, A.B., 2017. Biogenic synthesis of metal
nanoparticles using a biosurfactant extracted from corn and their antimicrobial properties. Nanomaterials 7, 139. http://dx.doi.org/10.3390/
nano7060139.

Gong, G., Zheng, Z., Chen, H., Yuan, C.,, Wang, P., Yao, L., Yu, Z.,, 2009. Enhanced production of surfactin by Bacillus subtilis E8 mutant obtained by
ion beam implantation. Food Technol. Biotechnol. 47, 27-31, https://hrcak.srce.hr/33048?lang=en.

Gudifia, EJ., Pereira, J.F.,, Costa, R., Evtuguin, D.V., Coutinho, J.A., Teixeira, ].A., Rodrigues, L.R., 2015a. Novel bioemulsifier produced by a Paenibacillus
strain isolated from crude oil. Microb. Cell Factories 14, 14. http://dx.doi.org/10.1186/s12934-015-0197-5.

Gudifia, EJ., Rodrigues, A, Alves, E.,, Domingues, M.R., Teixeira, J.A., Rodrigues, L.R., 2015b. Bioconversion of agro-industrial by-products in
rhamnolipids toward applications in enhanced oil recovery and bioremediation. Bioresour. Technol. 177, 87-93. http://dx.doi.org/10.1016/j.
biortech.2014.11.069.

Guo, Y., Huang, E., Yuan, C, Zhang, L., Yousef, A.E., 2012. Isolation of a Paenibacillus sp. strain and structural elucidation of its broad-spectrum
lipopeptide antibiotic. Appl. Environ. Microbiol. 78, 3156-3165. http://dx.doi.org/10.1128/AEM.07782-11.

Haddad, N., Gang, H., Liu, J., Maurice Mbadinga, S., Mu, B., 2014. Optimization of surfactin production by Bacillus subtilis HSO121 through
Plackett-Burman and response surface method. Protein Pep. Lett. 21, 885-893. http://dx.doi.org/10.2174/0929866521666140411112458.

Hassanshahian, M., 2014. Isolation and characterization of biosurfactant producing bacteria from Persian Gulf (Bushehr provenance). Mar. Pollut. Bull.
86, 361-366. http://dx.doi.org/10.1016/j.marpolbul.2014.06.043.

Hassen, W., Neifar, M., Cherif, H., Najjari, A., Chouchane, H., Driouich, R.C, Salah, A, Naili, F., Mosbah, A. Souissi, Y., Raddadi, N., 2018.
Pseudomonas rhizophila S211, a new plant growth-promoting rhizobacterium with potential in pesticide-bioremediation. Front. Microbiol. 9,
34. http://dx.doi.org/10.3389/fmicb.2018.00034.

Hemlata, B., Selvin, J., Tukaram, K., 2015. Optimization of iron-chelating biosurfactant production by stenotrophomonas maltophilia NBS-11. Biocatal.
Agric. Biotechnol. 4, 135-143. http://dx.doi.org/10.1016/j.bcab.2015.02.002.

Hisham, M.B., Hanisah, N., Ibrahim, M.F., Ramli, N., Abd-Aziz, S., 2019. Production of biosurfactant produced from used cooking oil by Bacillus sp.
HIP3 for heavy metals removal. Molecules 24, 2617. http://dx.doi.org/10.3390/molecules24142617.

Huy, F, Liy, Y., Li, S., 2019. Rational strain improvement for surfactin production: enhancing the yield and generating novel structures. Microb. Cell
Factories 18, 42. http://dx.doi.org/10.1186/s12934-019-1089-x.

Ibrahim, H.M., 2018. Characterization of biosurfactants produced by novel strains of Ochrobactrum anthropi HM-1 and Citrobacter freundii HM-2
from used engine oil-contaminated soil. Egypt. J. Pet. 27, 21-29. http://dx.doi.org/10.1016/j.ejpe.2016.12.005.

Ibrahim, M., ljah, U., Manga, S., Bilbis, L., Umar, S., 2013. Production and partial characterization of biosurfactants produced by crude oil-degrading
bacteria. Int. Biodeterior. Biodegrad. 81, 28-34. http://dx.doi.org/10.1016/j.ibiod.2012.11.012.

Jha, S.S., Joshi, SJ., SJ, G., 2016. Lipopeptide production by bacillus subtilis R1 and its possible applications. Braz. ]. Microbiol. 47, 955-964.
http://dx.doi.org/10.1016/j.bjm.2016.07.006.

Ji, F, Li, L, Ma, S., Wang, ], Bao, Y., 2016. Production of rhamnolipids with a high specificity by Pseudomonas aeruginosa M408 isolated from
petroleum-contaminated soil using olive oil as sole carbon source. Ann. Microbiol. 66, 1145-1156. http://dx.doi.org/10.1007/s13213-016-1203-9.

Jimoh, A.A,, Lin, ]., 2019a. Biosurfactant: A new frontier for greener technology and environmental sustainability. Ecotoxicol. Environ. Saf. 184, 109607.
http://dx.doi.org/10.1016/j.ecoenv.2019.109607.

Jimoh, A., Lin, J., 2019b. Production and characterization of lipopeptide biosurfactant producing Paenibacillus sp. D9 and its biodegradation of diesel
fuel. Int. J. Environ. Sci. Technol. 16, 4143-4158. http://dx.doi.org/10.1007/s13762-019-02341-3.

Jimoh, A, Lin, J., 2019c. Production and characterization of lipopeptide biosurfactant producing Paenibacillus sp. D9 and its biodegradation of diesel
fuel. Int. J. Environ. Sci. Technol. 16, 4143-4158. http://dx.doi.org/10.1007/s13762-019-02341-3.

Jimoh, A.A,, Lin, ]., 2020. Biotechnological applications of Paenibacillus sp. D9 Lipopeptide Biosurfactant produced in low-cost substrates. Appl. Biochem.
Biotechnol. 1-21. http://dx.doi.org/10.1007/s12010-020-03246-5.

Jimoh, AA. Senbadejo, T.Y., Adeleke, R, Lin, ], 2021. Development and genetic engineering of hyper-producing microbial strains for improved
synthesis of biosurfactants. Mol. Biotechnol. 1-22. http://dx.doi.org/10.1007/s12033-021-00302-1.

Joanna, C., Marcin, L, Ewa, K, Grazyna, P., 2018. A nonspecific synergistic effect of biogenic silver nanoparticles and biosurfactant towards
environmental bacteria and fungi. Ecotoxicology 27, 352-359. http://dx.doi.org/10.1007/s10646-018-1899-3.

Joshi, SJ., Al-Wahaibi, Y.M., Al-Bahry, S.N., Elshafie, A.E., Al-Bemani, A.S., Al-Bahri, A., Al-Mandhari, M.S., 2016. Production, characterization, and
application of Bacillus licheniformis W16 biosurfactant in enhancing oil recovery. Front. Microbiol. 7, 1853. http://dx.doi.org/10.3389/fmicb.2016.
01853.

Joshi, S., Bharucha, C,, Jha, S., Yadav, S., Nerurkar, A., Desai, AJJ., 2008. Biosurfactant production using molasses and whey under thermophilic conditions.
Bioresour. Technol. 99, 195-199. http://dx.doi.org/10.1016/j.biortech.2006.12.010.

Kandasamy, R., Rajasekaran, M., Venkatesan, S.K., Uddin, M., 2019. New Trends in the Biomanufacturing of Green Surfactants: Biobased Surfactants and
Biosurfactants, Next Generation Biomanufacturing Technologies. ACS Publications, pp. 243-260. http://dx.doi.org/10.1021/bk-2019-1329.ch011.

Kanna, R., Gummadi, S.N., Kumar, G.S., 2014. Production and characterization of biosurfactant by Pseudomonas putida MTCC 2467. ]. Biol. Sci. 14,
436-445. http://dx.doi.org/10.3923/jbs.2014.436.445.

Karlapudi, A.P., Venkateswarulu, T.C., Srirama, K., Kota, R.K., Mikkili, I., Kodali, V.P., 2020. Evaluation of anti-cancer, anti-microbial, and anti-biofilm
potential of biosurfactant extracted from an Acinetobacter M6 strain. J. King Saud Univ. Sci. 32, 223-227. http://dx.doi.org/10.1016/j.jksus.2018.
04.007.

Karlapudi, A.P., Venkateswarulu, T.C., Tammineedi, J., Kanumuri, L., Ravuru, B.K, ramu Dirisala, V., Kodali, V.P., 2018. Role of biosurfactants in
bioremediation of oil pollution - a review. Petroleum 4, 241-249. http://dx.doi.org/10.1016/j.petlm.2018.03.007.

Kubicki, S., Bollinger, A., Katzke, N., Jaeger, KEE., Loeschcke, A., Thies, S., 2019. Marine biosurfactants: Biosynthesis, structural diversity, and
Biotechnological applications. Mar. Drugs 17, 408. http://dx.doi.org/10.3390/md17070408.

16


http://dx.doi.org/10.1016/j.petrol.2016.06.015
http://dx.doi.org/10.1016/j.petrol.2016.06.015
http://dx.doi.org/10.1016/j.petrol.2016.06.015
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb47
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb47
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb47
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb47
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb47
http://dx.doi.org/10.1016/j.bcab.2018.01.010
http://dx.doi.org/10.1016/j.jchromb.2016.11.013
http://dx.doi.org/10.3389/Fmicb.2017.00514
http://dx.doi.org/10.3390/nano7060139
http://dx.doi.org/10.3390/nano7060139
http://dx.doi.org/10.3390/nano7060139
https://hrcak.srce.hr/33048?lang=en
http://dx.doi.org/10.1186/s12934-015-0197-5
http://dx.doi.org/10.1016/j.biortech.2014.11.069
http://dx.doi.org/10.1016/j.biortech.2014.11.069
http://dx.doi.org/10.1016/j.biortech.2014.11.069
http://dx.doi.org/10.1128/AEM.07782-11
http://dx.doi.org/10.2174/0929866521666140411112458
http://dx.doi.org/10.1016/j.marpolbul.2014.06.043
http://dx.doi.org/10.3389/fmicb.2018.00034
http://dx.doi.org/10.1016/j.bcab.2015.02.002
http://dx.doi.org/10.3390/molecules24142617
http://dx.doi.org/10.1186/s12934-019-1089-x
http://dx.doi.org/10.1016/j.ejpe.2016.12.005
http://dx.doi.org/10.1016/j.ibiod.2012.11.012
http://dx.doi.org/10.1016/j.bjm.2016.07.006
http://dx.doi.org/10.1007/s13213-016-1203-9
http://dx.doi.org/10.1016/j.ecoenv.2019.109607
http://dx.doi.org/10.1007/s13762-019-02341-3
http://dx.doi.org/10.1007/s13762-019-02341-3
http://dx.doi.org/10.1007/s12010-020-03246-5
http://dx.doi.org/10.1007/s12033-021-00302-1
http://dx.doi.org/10.1007/s10646-018-1899-3
http://dx.doi.org/10.3389/fmicb.2016.01853
http://dx.doi.org/10.3389/fmicb.2016.01853
http://dx.doi.org/10.3389/fmicb.2016.01853
http://dx.doi.org/10.1016/j.biortech.2006.12.010
http://dx.doi.org/10.1021/bk-2019-1329.ch011
http://dx.doi.org/10.3923/jbs.2014.436.445
http://dx.doi.org/10.1016/j.jksus.2018.04.007
http://dx.doi.org/10.1016/j.jksus.2018.04.007
http://dx.doi.org/10.1016/j.jksus.2018.04.007
http://dx.doi.org/10.1016/j.petlm.2018.03.007
http://dx.doi.org/10.3390/md17070408

T.G. Ambaye, M. Vaccari, S. Prasad et al. Environmental Technology & Innovation 24 (2021) 102090

Kumar, C.G., Mamidyala, S.K., Das, B., Sridhar, B., Devi, G.S., Karuna, M.S., 2010. Synthesis of biosurfactant-based silver nanoparticles with purified
rhamnolipids isolated from Pseudomonas aeruginosa BS-161R. ]J. Microbiol. Biotechnol. 20, 1061-1068. http://dx.doi.org/10.4014/jmb.1001.01018.

Kuppusamy, S., Thavamani, P., Venkateswarlu, K., Lee, Y.B., Naidu, R., Megharaj, M., 2017. Remediation approaches for polycyclic aromatic hydrocarbons
(PAHs) contaminated soils: Technological constraints, emerging trends, and future directions. Chemosphere 168, 944-968. http://dx.doi.org/10.
1016/j.chemosphere.2016.10.115.

Lal, S., Ratna, S., Said, O.B., Kumar, R., 2018. Biosurfactant and exopolysaccharide-assisted rhizobacterial technique for the remediation of heavy metal
contaminated soil: An advancement in metal phytoremediation technology. Environ. Technol. Innov. 10, 243-263. http://dx.doi.org/10.1016/j.eti.
2018.02.011.

Laszlova, K. Dudasovd, H., Olejnikova, P., Horvathova, G., Velickd, Z., Horvathova, H. Dercovd, K., 2018. The application of biosurfactants in
bioremediation of the aged sediment contaminated with polychlorinated biphenyls. Water Air Soil Pollut. 229, 219. http://dx.doi.org/10.1007/
s11270-018-3872-4.

Lee, D.W., Lee, H., Kwon, B.O., Khim, J.S., Yim, U.H., Kim, B.S., Kim, J.J., 2018. Biosurfactant-assisted bioremediation of crude oil by indigenous bacteria
isolated from Taean beach sediment. Environ. Pollut. 241, 254-264. http://dx.doi.org/10.1016/j.envpol.2018.05.070.

Lee, D.S., Song, H.G., 2018. Antibacterial activity of isolated bacteria against Propionibacterium acnes causing acne vulgaris. Korean J. Microbiol. 54,
272-279. http://dx.doi.org/10.7845/kjm.2018.8048.

Li, J., Deng, M., Wang, Y., Chen, W., 2016. Production and characteristics of biosurfactant produced by bacillus pseudomycoides BS6 utilizing soybean
oil waste. Int. Biodeterior. Biodegrad. 112, 72-79. http://dx.doi.org/10.1016/j.ibiod.2016.05.002.

Liang, X.F., Wang, H.D., Yi, H,, Li, D., 2017. Warship reliability evaluation based on dynamic bayesian networks and numerical simulation. Ocean Eng.
136, 129-140. http://dx.doi.org/10.1016/j.oceaneng.2017.03.023.

Lima, T.M., Procépio, L.C., Brandao, F.D., Ledo, B.A., Tétola, M.R., Borges, A.C., 2011. Evaluation of bacterial surfactant toxicity towards petroleum
degrading microorganisms. Bioresour. Technol. 102, 2957-2964. http://dx.doi.org/10.1016/j.biortech.2010.09.109.

Liu, G, Zhong, H., Yang, X, Liu, Y., Shao, B., Liu, Z., 2018. Advances in applications of rhamnolipids biosurfactant in environmental remediation: A
review. Biotechnol. Bioeng. 115, 796-814. http://dx.doi.org/10.1002/bit.26517.

Lépez-Prieto, A., Rodriguez-Lépez, L., Rincén-Fontan, M., Moldes, A.B., Cruz, ].M., 2019. Effect of biosurfactant extract obtained from the corn-milling
industry on probiotic bacteria in drinkable yogurt. J. Sci. Food Agric. 99, 824-830. http://dx.doi.org/10.1002/jsfa.9251.

Luna, J.M., Santos Filho, A., Rufino, R.D., Sarubbo, L.A., 2016. Production of biosurfactant from Candida bombicola URM 3718 for environmental
applications. Chem. Eng. Trans. 49, 583-588. http://dx.doi.org/10.3303/CET1649098.

Ma, K.Y., Sun, M.Y., Dong, W., He, C.Q., Chen, F.L, Ma, Y.L, 2016. Effects of nutrition optimization strategy on rhamnolipid production in a Pseudomonas
aeruginosa strain DN1 for bioremediation of crude oil. Biocatal. Agric. Biotechnol. 6, 144-151. http://dx.doi.org/10.1016/j.bcab.2016.03.008.

Maass, D., Moya Ramirez, 1., Garcia Roman, M., Jurado Alameda, E., Ulson de Souza, A.A., Borges Valle, ].A., Altmajer Vaz, D., 2016. Two-phase olive mill
waste (alpeorujo) as carbon source for biosurfactant production. J. Chem. Technol. Biotechnol. 91, 1990-1997. http://dx.doi.org/10.1002/jctb.4790.

Magalhdes, E.R.B., Silva, F.L, Sousa, M.A.D.S.B., Dos Santos, E.S., 2018. Use of different agro-industrial waste and produced water for biosurfactant
production. Biosci. Biotechnol. Res. Asia 15, 17-26. http://dx.doi.org/10.13005/bbra/2604.

Makkar, RS., Cameotra, S.S., Banat, .M., 2011. Advances in utilization of renewable substrates for biosurfactant production. AMB Express 1, 5.
http://dx.doi.org/10.1186/2191-0855-1-5.

Mao, X, Jiang, R, Xiao, W., Yu, J., 2015. Use of surfactants for the remediation of contaminated soils: a review. J. Hazard. Mater. 285, 419-435.
http://dx.doi.org/10.1016/j.jhazmat.2014.12.009.

Marchut-Mikolajczyk, O., Drozdzyriski, P., Pietrzyk, D., Antczak, T., 2018. Biosurfactant production and hydrocarbon degradation activity of endophytic
bacteria isolated from Chelidonium majus L. Microb. Cell Fact. 17, 171. http://dx.doi.org/10.1186/s12934-018-1017-5.

Martins, P.C., Martins, V.G., 2018. Biosurfactant production from industrial wastes with potential removal of insoluble paint. Int. Biodeterior. Biodegrad.
127, 10-16. http://dx.doi.org/10.1016/j.ibiod.2017.11.005.

McClements, DJ., Gumus, CE. 2016. Natural emulsifiers—Biosurfactants, phospholipids, biopolymers, and colloidal particles: Molecular and
physicochemical basis of functional performance. Adv. Colloid Interface Sci. 234, 3-26. http://dx.doi.org/10.1016/j.cis.2016.03.002.

Meenakshisundaram, M., Pramila, M., 2017. Detoxification of heavy metals using microbial biosurfactant. Int. J. Curr. Microbiol. Appl. Sci. 6, 402-411.
http://dx.doi.org/10.20546/ijcmas.2017.603.046.

Mesbaiah, F.Z., Eddouaouda, K., Badis, A., Chebbi, A., Hentati, D., Sayadi, S., Chamkha, M., 2016. Preliminary characterization of biosurfactant produced
by a PAH-degrading Paenibacillus sp. under thermophilic conditions. Environ. Sci. Pollut. Res. 23, 14221-14230. http://dx.doi.org/10.1007/s11356-
016-6526-3.

Mnif, L, Ellouze-Chaabouni, S. Ayedi, Y. Ghribi, D., 2014. Treatment of diesel-and kerosene-contaminated water by B. subtilis SPB1
biosurfactant-producing strain. Water Environ. Res. 86, 707-716. http://dx.doi.org/10.2175/106143014X13975035525780.

Mnif, 1., Ghribi, D., 2015. Review lipopeptides biosurfactants: mean classes and new insights for industrial, biomedical, and environmental applications.
Pept. Sci. 104, 129-147. http://dx.doi.org/10.1002/bip.22630.

Monteiro, S.A., Sassaki, G.L., de Souza, LM., Meira, J.A.,, de Aratjo, J.M., Mitchell, D.A., Ramos, L.P., Krieger, N., 2007. Molecular and structural
characterization of the biosurfactant produced by Pseudomonas aeruginosa DAUPE 614. Chem. Phys. Lipids 147, 1-13. http://dx.doi.org/10.1016/
j.chemphyslip.2007.02.001.

Moro, G.V., Almeida, R.T., Napp, A.P., Porto, C,, Pilau, EJ., Liidtke, D.S., Moro, A.V., Vainstein, M.H., 2018. 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, 759-769. http://dx.doi.org/10.1111/1751-7915.13276.

Mouafo, T.H., Mbawala, A., Ndjouenkeu, R., 2018. Effect of different carbon sources on biosurfactants’ production by three Strains of Lactobacillus
spp. BioMed. Res. Int. http://dx.doi.org/10.1155/2018/5034783.

Muthusamy, K., Gopalakrishnan, S., Ravi, T.K, Sivachidambaram, P., 2008. Biosurfactants: Properties, commercial production and application. Curr.
Sci. 94, 736-747, https://[www.jstor.org/stable/24100627.

Nerurkar, A.S., Suthar, H.G., Desai, AJ., 2012. Biosystem development for microbial enhanced oil recovery (MEOR). In: Microorganisms in Sustainable
Agriculture and Biotechnology. Springer, pp. 711-737. http://dx.doi.org/10.1007/978-94-007-2214-9.

Nitschke, M., Silva, S.S.e., 2018. Recent food applications of microbial surfactants. Crit. Rev. Food Sci. Nutr. 58, 631-638. http://dx.doi.org/10.1080/
10408398.2016.1208635.

Noha, E., Hamid, A.-E., Rawhia, A., 2018. Evaluation of different screening methods for biosurfactant producers isolated from Egyptian fresh water
samples contaminated by oil spills using bacillus subtilis and bacillus licheniformis. J. Environ. Sci. 44, 29-49. http://dx.doi.org/10.21608/JES.2018.
31854.

Olasanmi, 1.0., Thring, RW., 2018. The role of biosurfactants in the continued drive for environmental sustainability. Sustainability 10, 4817.
http://dx.doi.org/10.3390/su10124817.

Oluwaseun, A.C., Phazang, P., Sarin, N.B., 2017. Significance of rhamnolipids as a biological control agent in the management of crops/plant pathogens.
Curr. Trends Biomed. Eng. Biosci. 10, 1-2. http://dx.doi.org/10.19080/CTBEB.2017.10.555788.

Pacheco, GJ., Ciapina, E.M.P., Gomes, E.D.B., Pereira Junior, N., 2010. Biosurfactant production by Rhodococcus erythropolis and its application to oil
removal. Braz. ]J. Microbiol. 41, 685-693. http://dx.doi.org/10.1590/S1517-83822010000300019.

17


http://dx.doi.org/10.4014/jmb.1001.01018
http://dx.doi.org/10.1016/j.chemosphere.2016.10.115
http://dx.doi.org/10.1016/j.chemosphere.2016.10.115
http://dx.doi.org/10.1016/j.chemosphere.2016.10.115
http://dx.doi.org/10.1016/j.eti.2018.02.011
http://dx.doi.org/10.1016/j.eti.2018.02.011
http://dx.doi.org/10.1016/j.eti.2018.02.011
http://dx.doi.org/10.1007/s11270-018-3872-4
http://dx.doi.org/10.1007/s11270-018-3872-4
http://dx.doi.org/10.1007/s11270-018-3872-4
http://dx.doi.org/10.1016/j.envpol.2018.05.070
http://dx.doi.org/10.7845/kjm.2018.8048
http://dx.doi.org/10.1016/j.ibiod.2016.05.002
http://dx.doi.org/10.1016/j.oceaneng.2017.03.023
http://dx.doi.org/10.1016/j.biortech.2010.09.109
http://dx.doi.org/10.1002/bit.26517
http://dx.doi.org/10.1002/jsfa.9251
http://dx.doi.org/10.3303/CET1649098
http://dx.doi.org/10.1016/j.bcab.2016.03.008
http://dx.doi.org/10.1002/jctb.4790
http://dx.doi.org/10.13005/bbra/2604
http://dx.doi.org/10.1186/2191-0855-1-5
http://dx.doi.org/10.1016/j.jhazmat.2014.12.009
http://dx.doi.org/10.1186/s12934-018-1017-5
http://dx.doi.org/10.1016/j.ibiod.2017.11.005
http://dx.doi.org/10.1016/j.cis.2016.03.002
http://dx.doi.org/10.20546/ijcmas.2017.603.046
http://dx.doi.org/10.1007/s11356-016-6526-3
http://dx.doi.org/10.1007/s11356-016-6526-3
http://dx.doi.org/10.1007/s11356-016-6526-3
http://dx.doi.org/10.2175/106143014X13975035525780
http://dx.doi.org/10.1002/bip.22630
http://dx.doi.org/10.1016/j.chemphyslip.2007.02.001
http://dx.doi.org/10.1016/j.chemphyslip.2007.02.001
http://dx.doi.org/10.1016/j.chemphyslip.2007.02.001
http://dx.doi.org/10.1111/1751-7915.13276
http://dx.doi.org/10.1155/2018/5034783
https://www.jstor.org/stable/24100627
http://dx.doi.org/10.1007/978-94-007-2214-9
http://dx.doi.org/10.1080/10408398.2016.1208635
http://dx.doi.org/10.1080/10408398.2016.1208635
http://dx.doi.org/10.1080/10408398.2016.1208635
http://dx.doi.org/10.21608/JES.2018.31854
http://dx.doi.org/10.21608/JES.2018.31854
http://dx.doi.org/10.21608/JES.2018.31854
http://dx.doi.org/10.3390/su10124817
http://dx.doi.org/10.19080/CTBEB.2017.10.555788
http://dx.doi.org/10.1590/S1517-83822010000300019

T.G. Ambaye, M. Vaccari, S. Prasad et al. Environmental Technology & Innovation 24 (2021) 102090

Pacwa-Plociniczak, M., Plaza, G.A., Piotrowska-Seget, Z., Cameotra, S.S., 2011. Environmental applications of biosurfactants: recent advances. Int. ].
Mol. Sci. 12, 633-654. http://dx.doi.org/10.3390/ijms12010633.

Patowary, R., Patowary, K., Kalita, M.C., Deka, S., 2018. Application of biosurfactant for enhancement of bioremediation process of crude
oil-contaminated soil. Int. Biodeterior. Biodegrad. 129, 50-60. http://dx.doi.org/10.1016/j.ibiod.2018.01.004.

Perfumo, A., Banat, LM., Marchant, R., 2018. Going green and cold: biosurfactants from low-temperature environments to biotechnology applications.
Trends Biotechnol. 36, 277-289. http://dx.doi.org/10.1016/j.tibtech.2017.10.016.

Perfumo, A., Rancich, 1., Banat, .M., 2010. Possibilities and challenges for biosurfactants use in petroleum industry. Adv. Exp. Med. Biol. 672, 135-145.
http://dx.doi.org/10.1007/978-1-4419-5979-9_10.

Pinto, M.I, Ribeiro, B., Guerra, J.M.C., Rufino, R., Sarubbo, L., Luna, J., 2018. Production in bioreactor, toxicity and stability of a low-cost biosurfactant.
Chem. Eng. 64, 595-600. http://dx.doi.org/10.3303/CET1864100.

Posada-Baquero, R., Grifoll, M., Ortega-Calvo, J.-J., 2019. Rhamnolipid-enhanced solubilization and biodegradation of PAHs in soils after conventional
bioremediation. Sci. Total Environ. 668, 790-796. http://dx.doi.org/10.1016/].scitotenv.2020.137608.

Rane, A.N., Baikar, V.V., Ravi Kumar, V., Deopurkar, R.L, 2017. Corrigendum: Agro-industrial wastes for production of Biosurfactant by Bacillus subtilis
ANR 88 and its application in Synthesis of Silver and Gold Nanoparticles. Front. Microbiol. 8, 878. http://dx.doi.org/10.3389/fmicb.2017.00878.

Rincén-Fontan, M., Rodriguez-Lépez, L., Vecino, X., Cruz, J., Moldes, A., 2018. Design and characterization of greener sunscreen formulations based
on mica powder and a biosurfactant extract. Powder Technol. 327, 442-448. http://dx.doi.org/10.1016/j.powtec.2017.12.093.

Roy, A, 2017. A review on the biosurfactants: Properties, types and its application. ]. Fundam. Renew. Energy Appl. 8, 1-14. http://dx.doi.org/10.
4172/2090-4541.1000248.

Santos, D.K.F., Meira, H.M., Rufino, R.D., Luna, J.M., Sarubbo, L.A., 2017. Biosurfactant production from candida lipolytica in bioreactor and evaluation
of its toxicity for application as a bioremediation agent. Process Biochem. 54, 20-27. http://dx.doi.org/10.1016/j.procbio.2016.12.020.

Sarubbo, L., Brasileiro, P., Silveira, G., Luna, ]J., Rufino, R., 2018. Application of a low cost biosurfactant in the removal of heavy metals in soil. Chem.
Eng. Trans. 64, 433-438. http://dx.doi.org/10.3303/CET1864073.

Satpute, S.K., Bhuyan, S.S., Pardesi, K.R., Mujumdar, S.S., Dhakephalkar, P.K., Shete, A.M., Chopade, B.A., 2010. Molecular genetics of biosurfactant
synthesis in microorganisms. In: Biosurfactants. Springer, New York, NY, pp. 14-41. http://dx.doi.org/10.1007/978-1-4419-5979-9_2.

Satpute, S.K., Kulkarni, G.R.,, Banpurkar, A.G., Banat, .M., Mone, N.S., Patil, R.H., Cameotra, S.S., 2016. Biosurfactant/s from lactobacilli species: Properties,
challenges and potential biomedical applications. J. Basic Microbiol. 56, 1140-1158. http://dx.doi.org/10.1002/jobm.201600143.

Satpute, S.K., Plaza, G.A., Banpurkar, A.G., 2017. Biosurfactants’ production from renewable natural resources: example of innovativeand smart
technology in circular bioeconomy. Manag. Qual. Prod. Eng. 25, 46-54. http://dx.doi.org/10.1515/mspe-2017-0007.

Satpute, S.K., Zinjarde, S.S., Banat, M., 2018. Recent updates on biosurfactants in the food industry. Microb. Cell Factories 1-20.

Sekhon, K.K.,, Khanna, S., Cameotra, S.S., 2012. Biosurfactant production and potential correlation with esterase activity. ]. Pet. Environ. Biotechnol. 3,
2157-74631000133. http://dx.doi.org/10.4172/2157-7463.1000133.

Sharma, S.K., Mulligan, C.N., Mudhoo, A., 2014. Biosurfactants: research trends and applications. CRC press. Shekhar, s. Sundaramanickam, a.
Balasubramanian, t. 2015. Biosurfactant producing microbes and their potential applications: a review. Crit. Rev. Environ. Sci. Technol. 45,
1522-1554. http://dx.doi.org/10.1080/10643389.2014.955631.

Sharma, D., Saharan, B.S., 2016. Functional characterization of biomedical potential of biosurfactant produced by Lactobacillus helveticus. Biotechnol.
Rep. 11, 27-35. http://dx.doi.org/10.1016/j.btre.2016.05.001.

Sidkey, N., Mohamed, H., Elkhouly, H., 2016. Evaluation of different screening methods for biosurfactant producers isolated from contaminated
Egyptian samples grown on industrial olive oil processing waste. Microbiol. Res. J. Int. 1-19. http://dx.doi.org/10.9734/BMR]/2016/28437.

Sil, J., Dandapat, P., Das, S., 2017. Health care applications of different biosurfactants. Int. J. Sci. Res. 6 (6), 41-50. http://dx.doi.org/10.21275/
ART20177093.

Silva, EJ., e Silva, NM.P.R,, Rufino, R.D., Luna, ].M,, Silva, R.O., Sarubbo, L.A., 2014. Characterization of a biosurfactant produced by Pseudomonas
cepacia CCT6659 in the presence of industrial wastes and its application in the biodegradation of hydrophobic compounds in soil. Colloids Surf.
B 117, 36-41. http://dx.doi.org/10.1016/j.colsurfb.2014.02.012.

Singh, P., Patil, Y., Rale, V., 2019. Biosurfactant production: emerging trends and promising strategies. J. Appl. Microbiol. 126, 2-13. http://dx.doi.org/
10.1111/jam.14057.

Smyth, T., Perfumo, A., Marchant, R., Banat, 1., 2010. Isolation and analysis of low molecular weight microbial glycolipids. In: Handbook of Hydrocarbon
and Lipid Microbiology. Springer, Berlin, Heidelberg, pp. 3705-3723. http://dx.doi.org/10.1007/978-3-540-77587-4_291.

Souza, E.C,, Vessoni-Penna, T.C., de Souza Oliveira, R.P., 2014. Biosurfactant-enhanced hydrocarbon bioremediation: An overview. Int. Biodeterior.
Biodegrad. 89, 88-94. http://dx.doi.org/10.1016/j.ibiod.2014.01.007.

Sun, S., Wang, Y., Zang, T., Wei, ]., Wu, H., Wei, C, Qiu, G, Li, F., 2019. A biosurfactant-producing Pseudomonas aeruginosa S5 isolated from coking
wastewater and its application for bioremediation of polycyclic aromatic hydrocarbons. Bioresour. Technol. 281, 421-428. http://dx.doi.org/10.
1016/j.biortech.2019.02.087.

Thavasi, R., Marchant, R., Banat, .M., 2014. 15 Biosurfactant applications in agriculture. Biosurfactants: Prod. Util.—Process. Technol. Econom. 159,
313, https://app.knovel.com/web/toc.v/cid:kpBPUPTEQ4/viewerType:toc/.

Turbekar, R., Malik, N., Dey, D., Thakare, D., 2014. Development of rhamnolipid based white board cleaner. Int. ]J. Appl. Sci. Biotechnol. 2, 570-573.
http://dx.doi.org/10.3126/ijasbt.v2i4.11589.

Varadharajan, S., Subramaniyan, V., 2014. Production of biosurfactant by Pseudomonas aeruginosa PB3a using agroindustrial wastes as a carbon
source. Malays. ]. Microbiol. 10, 57-62. http://dx.doi.org/10.21161/mjm.56813.

Vecino, X., Cruz, J.M., Moldes, A.B., Rodrigues, L.R., 2017. Biosurfactants in cosmetic formulations: Trends and challenges. Crit. Rev. Biotechnol. 37,
911-923. http://dx.doi.org/10.1080/07388551.2016.1269053, 2017.

Vijayakumar, S., Saravanan, V., 2015. Biosurfactants-types, sources and applications. Res. ]J. Microbiol. 10, 181. http://dx.doi.org/10.3923/jm.2015.181.
192.

Williams, W., Kunorozva, L., Klaiber, I., Henkel, M., Pfannstiel, J., Van Zyl, LJ., Hausmann, R., Burger, A., Trindade, M., 2019. Novel metagenome-
derived ornithine lipids identified by functional screening for biosurfactants. Appl. Microbiol. Biotechnol. 103, 4429-4441. http://dx.doi.org/10.
1007/s00253-019-09768-1.

Wilton, N., Lyon-Marion, B.A., Kamath, R., McVey, K., Pennell, K.D., Robbat, Jr., A., 2018. Remediation of heavy hydrocarbon impacted soil using
biopolymer and polystyrene foam beads. J. Hazard. Mater. 349, 153-159. http://dx.doi.org/10.1016/j.jhazmat.2018.01.041.

Wuy, H,, Lai, C, Zeng, G., Liang, ]J., Chen, ]J., Xu, J., Dai, J., Li, X,, Liu, ]J., Chen, M., Lu, L., 2017. The interactions of composting and biochar and their
implications for soil amendment and pollution remediation: a review. Crit. Rev. Biotechnol. 37 (6), 754-764. http://dx.doi.org/10.1080/07388551.
2016.1232696.

Wu, Q., Zhi, Y., Xu, Y., 2019. Systematically engineering the biosynthesis of a green biosurfactant surfactin by Bacillus subtilis 168. Metab. Eng. 52,
87-97. http://dx.doi.org/10.1016/j.ymben.2018.11.004.

Yin, H., Qiang, J., Jia, Y., Ye, J., Peng, H., Qin, H., Zhang, N., He, B., 2009. Characteristics of biosurfactant produced by Pseudomonas aeruginosa S6
isolated from oil-containing wastewater. Process Biochem. 44, 302-308. http://dx.doi.org/10.1016/j.procbio.2008.11.003.

18


http://dx.doi.org/10.3390/ijms12010633
http://dx.doi.org/10.1016/j.ibiod.2018.01.004
http://dx.doi.org/10.1016/j.tibtech.2017.10.016
http://dx.doi.org/10.1007/978-1-4419-5979-9_10
http://dx.doi.org/10.3303/CET1864100
http://dx.doi.org/10.1016/j.scitotenv.2020.137608
http://dx.doi.org/10.3389/fmicb.2017.00878
http://dx.doi.org/10.1016/j.powtec.2017.12.093
http://dx.doi.org/10.4172/2090-4541.1000248
http://dx.doi.org/10.4172/2090-4541.1000248
http://dx.doi.org/10.4172/2090-4541.1000248
http://dx.doi.org/10.1016/j.procbio.2016.12.020
http://dx.doi.org/10.3303/CET1864073
http://dx.doi.org/10.1007/978-1-4419-5979-9_2
http://dx.doi.org/10.1002/jobm.201600143
http://dx.doi.org/10.1515/mspe-2017-0007
http://refhub.elsevier.com/S2352-1864(21)00734-3/sb127
http://dx.doi.org/10.4172/2157-7463.1000133
http://dx.doi.org/10.1080/10643389.2014.955631
http://dx.doi.org/10.1016/j.btre.2016.05.001
http://dx.doi.org/10.9734/BMRJ/2016/28437
http://dx.doi.org/10.21275/ART20177093
http://dx.doi.org/10.21275/ART20177093
http://dx.doi.org/10.21275/ART20177093
http://dx.doi.org/10.1016/j.colsurfb.2014.02.012
http://dx.doi.org/10.1111/jam.14057
http://dx.doi.org/10.1111/jam.14057
http://dx.doi.org/10.1111/jam.14057
http://dx.doi.org/10.1007/978-3-540-77587-4_291
http://dx.doi.org/10.1016/j.ibiod.2014.01.007
http://dx.doi.org/10.1016/j.biortech.2019.02.087
http://dx.doi.org/10.1016/j.biortech.2019.02.087
http://dx.doi.org/10.1016/j.biortech.2019.02.087
https://app.knovel.com/web/toc.v/cid:kpBPUPTE04/viewerType:toc/
http://dx.doi.org/10.3126/ijasbt.v2i4.11589
http://dx.doi.org/10.21161/mjm.56813
http://dx.doi.org/10.1080/07388551.2016.1269053
http://dx.doi.org/10.3923/jm.2015.181.192
http://dx.doi.org/10.3923/jm.2015.181.192
http://dx.doi.org/10.3923/jm.2015.181.192
http://dx.doi.org/10.1007/s00253-019-09768-1
http://dx.doi.org/10.1007/s00253-019-09768-1
http://dx.doi.org/10.1007/s00253-019-09768-1
http://dx.doi.org/10.1016/j.jhazmat.2018.01.041
http://dx.doi.org/10.1080/07388551.2016.1232696
http://dx.doi.org/10.1080/07388551.2016.1232696
http://dx.doi.org/10.1080/07388551.2016.1232696
http://dx.doi.org/10.1016/j.ymben.2018.11.004
http://dx.doi.org/10.1016/j.procbio.2008.11.003

T.G. Ambaye, M. Vaccari, S. Prasad et al. Environmental Technology & Innovation 24 (2021) 102090

Yuewen, L., Ran, L., Zhifei, L, Jing, C., Xinli, L, 2017. Comparison of the pharmaceutical activities of sophorolipids and nano-hydroxyapatite
sophorolipids on cervical cancer cells. Chin. ]. Appl. Environ. Biol. 3, 386-490. http://dx.doi.org/10.3724/SP.].1145.2016.07041.

Yuliani, H., Perdani, M.S., Savitri, I, Manurung, M., Sahlan, M., Wijanarko, A., Hermansyah, H., 2018. Antimicrobial activity of biosurfactant derived
from Bacillus subtilis C19. Energy Procedia 153, 274-278. http://dx.doi.org/10.1016/j.egypro.2018.10.043.

Zhang, W., Xu, D., Niu, Z, Yin, K., Liu, P., Chen, L., 2012. Isolation and characterization of Pseudomonas sp. DX7 capable of degrading sulfadoxine.
Biodegradation 23, 431-439. http://dx.doi.org/10.1007/s10532-011-9522-9.

Zhao, Z., Wang, Q., Wang, K., Brian, K, Liu, C, Gu, Y., 2010. Study of the antifungal activity of Bacillus vallismortis ZZ185 in vitro and identification
of its antifungal components. Biores. Technol. 101, 292. http://dx.doi.org/10.1016/j.biortech.2009.07.071.

19


http://dx.doi.org/10.3724/SP.J.1145.2016.07041
http://dx.doi.org/10.1016/j.egypro.2018.10.043
http://dx.doi.org/10.1007/s10532-011-9522-9
http://dx.doi.org/10.1016/j.biortech.2009.07.071

	Preparation, characterization and application of biosurfactant in various industries: A critical review on progress, challenges and perspectives
	Introduction
	Use of the chemical substances and their impacts
	Global market of biosurfactant
	Biosurfactants and their production
	Strategy to improve production of biosurfactant
	Production of biosurfactants using recombinant DNA technology

	Characterization of biosurfactants
	Application of biosurfactants
	Application of biosurfactants for restoring contaminated environments
	Application of biosurfactants in food processing industries as greener alternatives
	Application of biosurfactants in bio-nanotechnology
	Application of biosurfactants in the petroleum industry for oil recovery
	Application of biosurfactants in the pharmaceutical industry
	Application of biosurfactants in agriculture and agrochemical industries
	Application of biosurfactants in the cosmetic industry

	Ecotoxicity study of biosurfactants
	Future perspectives
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


